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Introduction

Introduction
Sudden cardiac death (SCD) is a leading cause of mortality in the industrialized 
world.1,2 Most cases are attributed to ventricular tachyarrhythmias3 and occur in the 
setting of coronary artery disease.2,4 The arrhythmogenic consequences of coronary 
artery disease have been studied extensively.5 Our understanding of the pathophysi-
ological mechanisms of SCD in other patient groups, however, is often less com-
plete. This thesis focuses on the pathophysiological mechanisms involved in two 
such groups: those with Brugada syndrome and arrhythmogenic right ventricular 
cardiomyopathy (ARVC).

The Brugada syndrome
The Brugada syndrome is characterized by coved ST-segment elevation (≥0.2 mV) 
followed by a negative T wave in the right precordial leads. It was this hallmark ECG 
pattern that set the patients apart from other victims of idiopathic ventricular fibril-
lation (VF) at the introduction of the Brugada syndrome as a clinical entity in 1992.6 
This electrocardiographic feature has become known as the ‘coved-type’ or ‘type 1’ 
Brugada ECG and will be referred at as the Brugada sign or Brugada ECG pattern 
throughout the remainder of this thesis.
A familial occurrence was suspected in 2 of 8 patients in the first case reports.6 In-
deed, genetic mutations have been identified in Brugada syndrome patients. The first 
identified were loss-of-function mutations located in SCN5A7, the gene encoding the 
pore-forming α-subunit of the cardiac sodium channel. These SCN5A mutations can 
be found in 15-25% of patients.8,9 Other loss-of-function mutations with clinically 
significant prevalence are located in the genes encoding the α1- and β2b-subunit of 
the L-type calcium channel.10 The reported combined prevalence of these mutations 
is 2-9%.9,10 
According to the 2005 consensus report, the Brugada syndrome can be diagnosed 
if the Brugada ECG pattern is recorded in >1 right precordial leads and occurs in 
conjunction with indications of ventricular tachyarrhythmias, inducibility of these 
arrhythmias by programmed electrical stimulation or a suspected familial occur-
rence of the Brugada syndrome.11 A familial occurrence of the Brugada syndrome is 
suspected in the presence of a family history of sudden cardiac death at <45 years old 
or the presence of the Brugada ECG pattern in family members.11 Noteworthy, many 
other conditions can cause ST-segment elevation12 and may mimic the Brugada ECG 
pattern. Such conditions and alternative causes of syncope should be considered and 
excluded before diagnosing the Brugada syndrome.11

Demography
The Brugada syndrome occurs predominately in men13 which outnumber women in a 
2.6 : 1 ratio in the largest registry to date.14 The average age at diagnosis is in the fifth 
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decade of life.14 The prevalence of the Brugada syndrome is hard to estimate as the 
Brugada ECG pattern is dynamic and can even disappear temporarily.13,15 Screening 
of ECGs for the Brugada ECG pattern will therefore underestimate the prevalence of 
the Brugada syndrome. The Brugada ECG pattern could be identified in 0.8/100016 
and 1.2/100017 ECGs recorded during medical checkup in a largely middle aged pop-
ulation in Japan. The prevalence of the Brugada ECG pattern in Western Europe18,19 
and the United States of America20 using similar methods appears to be much lower. 

The relation between the Brugada ECG pattern and ventricular tachyarrhythmias
Absence of mapping studies that univocally demonstrate the arrhythmogenic sub-
strate in Brugada syndrome patients has left room for speculation and made the 
underlying pathophysiological mechanism subject of debate.21,22 What is generally 
agreed upon is that a single mechanism underlies both the Brugada ECG pattern 
and the ventricular tachyarrhythmias. Indirect support for this notion can be found 
in patients with a temporarily normalization of the ECG in whom the Brugada ECG 
pattern reappears prior to the initiation of a ventricular tachyarrhythmia.23 Secondly, 
premature ventricular complexes preceding and initiating ventricular tachyarrhyth-
mia commonly have a vector opposite of the ST-segment of the Brugada ECG pat-
tern indicating that both stem from the same myocardial area.24 Recently, a more 
direct demonstration of the origin of the Brugada ECG pattern and the associated 
arrhythmias has been provided in an epicardial mapping and ablation study in highly 
symptomatic Brugada syndrome patients.25 Unipolar electrograms recorded at the 
right ventricular outflow tract strongly resembled the Brugada EGG pattern and ab-
lation at these sites resulted in a marked reduction in arrhythmic events and disap-
pearance of the Brugada ECG pattern in most patients.25 Elucidation of the mecha-
nism of the Brugada ECG pattern will therefore also elucidate the arrhythmogenic 
mechanism of the Brugada syndrome.

Genesis of electrocardiographic waveforms

QRS complex and T wave
Essential to this thesis’ aim of delineating the pathophysiological mechanism of the 
Brugada ECG pattern is the understanding of the genesis of the ECG. In healthy in-
dividuals, the ventricular electrocardiographic waveforms are usually limited to the 
QRS complex and the T wave which reflect the physiological heterogeneities during 
ventricular activation and repolarization. The ST-segment in healthy individuals is 
usually isoelectric with the exception of the precordial leads which may display a 
modest elevation of the QRS-ST junction termed early repolarization.26 The activa-
tion sequence underlying the QRS complex in man was clarified by Durrer et al. in 
1970.27 Ventricular activation in the human heart is initiated and spreads from areas 
high on the left anterior paraseptal wall below the attachment of the mitral valve, the 
central left side of the intraventricular septum, the left posterior paraseptal area about 
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a third from the apex to the base and from the endocardium near the anterior papil-
lary muscle of the tricuspid valve. Last activated are the posterobasal left and basal 
right ventricle.27 Repolarization is a much slower process from a cellular perspective 
than activation. Consequently, characterization of the T wave as a result of a spe-
cific repolarization sequence is inaccurate as the T wave reflects potential gradients 
present during all phases of cellular repolarization.28 The repolarization gradients 
underlying the T wave in man are subject of debate in the absence of whole heart 
mapping data of repolarization in the human heart.29 Nevertheless, the repolarization 
and activation sequence must generally have an opposite direction to account for the 
concordant direction of the QRS-complex and T wave.(Figure 1) 

ST-segment elevation
ST-segment elevation is a common eletrocardiographic feature that can occur in 

Figure 1. Schematic drawing of three cardiomyocytes with the corresponding action potentials de-
picted in their center during three different phases of the cardiac cycle (QRS complex, ST-segment and 
T wave). The direction of activation (open) and repolarization fronts (closed) are indicated by arrows. 
The effect of activation and repolarization on the intra- and extracellular potentials is depicted by + and 
–. The ECG until the indicated phases is depicted in black to the right.

ECG
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ST-segment

T wave
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many different cardiac conditions.12 Nonetheless, the action potential configurations 
underlying the ST-segment elevation in these conditions can be reduced to only six 
(Figure 2). 

The isoelectric ST-segment in man reflects the absence of a potential gradient dur-
ing the action potential plateau phase of the ventricular myocardium. Disruption of 
the overlap in plateau phase of the ventricular myocardium is a binding factor of 
five action potential configurations underlying ST-segment elevation. The overlap 
can be disrupted by activation delay (e.g. bundle branch block), which will cause 
ST-segment deviation discordant with the QRS complex. Secondly, marked regional 
activation delay can obscure the distinction between the QRS-complex and the ST-
segment. Consequently, the ensuing deflection may be misinterpreted as ST-segment 
deviation although it reflects activation and is therefore part of the QRS complex.30 
Thirdly, regional excitation failure in electrically coupled myocardium will lead to 
a large potential gradient with the excited neighboring myocardium. The action po-
tential of the neighboring myocardium will be visible as a monophasic ST-segment 
elevation on the ECG.31,32 Regional changes in the action potential shape are a fourth 
reason of causing a potential gradient during the plateau phase of the action potential 
and of ST-segment elevation.33 Fifth, action potentials can be shortened to such an 
extent that the distinction between the ST-segment and the T-wave is obscured and 
the deflection may be misinterpreted to reflect ST-segment elevation.34 Alternatively, 
ST-segment elevation on the ECG can reflect depression during the diastolic inter-
val (TQ-segment) which acts as a reference potential for the ST-segment. Regional 
changes in the resting membrane potential will cause such a TQ-segment depres-
sion.35,36,37

These six action potential configurations are not exclusive. For example, TQ-seg-
ment depression, changes in the action potential shape and excitation failure all con-
tribute to the ST-segment elevation in regional myocardial ischemia.37 

Hypothesized	action	potential	configurations	underlying	the	Brugada	ECG	pattern
The action potential configuration and thereby the mechanism of the Brugada syn-
drome has been debated for many years.21 Before initiation of the research incor-

Figure 2. Schematic drawing of action potential configurations potentially underlying ST-segment 
elevation. AP = action potential.
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porated in this thesis, two hypothesized mechanisms in particular were met with 
acclaim. The first hypothesis was based on intrinsic ventricular heterogeneities in 
the repolarization characteristics and suggested that a combination of subepicardial 
changes in the action potential shape and early completion of repolarization causes 
the Brugada ECG pattern.34 The second hypothesis considered marked activation 
delay in the right ventricle, via an unspecified mechanism, the action potential con-
figuration underlying the Brugada ECG pattern.30 None of these hypotheses how-
ever, have been rigorously tested in patients.22 The challenges met in testing of these 
hypothesis is that the substrate of the Brugada syndrome is located subepicardially25 
and difficult to assess directly in a clinical setting. 

Factors to be incorporated in hypothesized mechanisms of the Brugada syndrome
In contrast with local mechanistic measurements, much information has appeared on 
modulators of the Brugada syndrome.11,22 The mechanisms by which some of these 
modulators, such as vagal activity of the autonomic nervous system23, febrile illness38 
and the eating of a copious meal39, exert their effect is unclear. Other modulators 
have a more predictable effect on the myocardium and have been used in deductive 
reasoning on the mechanism of the Brugada syndrome.22 The cardiac sodium current 
(INa) appears to be the most potent of these modulators: sodium channel blockers can 
augment or provoke the Brugada ECG pattern40 and SCN5A mutations are the most 
common identified mutations in patients.9 Conversely, the class Ia sodium channel 
blocker quinidine and isoproterenol can ameliorate the Brugada ECG pattern41,40 and 
have been used to prevent arrhythmic events.42,43 The effect of quinidine is gener-
ally considered to result from blockade of the transient outward current (Ito) and the 
effect of isoproterenol by augmentation of the L-type calcium current (ICaL).11 Muta-
tions leading to a loss-of-function of the L-type calcium channel have been identified 
in Brugada syndrome patients as well10,44, albeit at a lower frequency than SCN5A 
mutations.9 It therefore seems reasonable that any hypothesized mechanism of the 
Brugada syndrome should incorporate modulation by the INa, Ito and ICaL.
More controversial is the question whether structural abnormalities should be in-
corporated in hypothesized mechanisms of the Brugada syndrome as its diagnosis 
requires the exclusion of structural heart disease.11 Overt histological abnormalities 
have however, been observed in patients with the Brugada ECG pattern after sudden 
cardiac death45,46,47 and more subtle changes were found in endocardial biopsies of 
Brugada syndrome patients.48,49,50 Interestingly, the Brugada ECG pattern could also 
be provoked in patients with a preexisting cardiac condition leading to structural 
abnormalities such as ARVC51 and Chagas disease52. This suggests that a factor in 
these patients, such as structural discontinuities, predispose them to development the 
Brugada ECG pattern.
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The Brugada syndrome in this thesis
In Chapter 2 of this thesis, the complete ventricular activation and repolarization 
characteristics are presented of the explanted heart of a loss-of-function mutation 
carrier in SCN5A (G752R) and dilated cardiomyopathy after provocation of right-
sided ST-segment elevation by the sodium channel blocker Ajmaline. Local electro-
grams and histological examinations indicate that excitation failure in discontinuous 
myocardium underlies the ST-segment elevation via current-to-load mismatch. The 
feasibility of this hypothesis is tested in a computer model encompassing the heart 
and thorax.
In Chapter 3, an in vitro model is presented of ST-segment elevation via excitation 
failure by current-to-load mismatch. Subsequently, the modulation of current-to-load 
mismatch by Ito and ICaL is tested in the same computer model used in Chapter 2.
In Chapter 4, the genetic background, function modulation and indications of struc-
tural abnormalities in the Brugada syndrome are reviewed with the aim to form a 
unifying hypothesis on the mechanism of the Brugada syndrome.
In Chapter 5, the overlap in features between idiopathic VF victims with inferolater-
al J-point elevation and the Brugada syndrome is explored in an editorial comment.

Arrhythmogenic right ventricular cardiomyopathy
ARVC is a myocardial disorder in which cardiomyocytes are replaced by fibrous tis-
sue and adipocytes and an arrhythmogenic ventricular substrate is formed. For long, 
it was considered to be primarily a right ventricular condition of which the anterior 
aspect of the outflow tract, apex and inferior wall or so-called “triangle of dysplasia” 
were thought to be most severely affected.53 It has become clear however, that left 
ventricular involvement is common and that predominate left ventricle manifesta-
tions can even occur.54 In light of these observations, the term “arrhythmogenic car-
diomyopathy” has recently been proposed as an improved nomenclature.55 ARVC 
can be progressive56,57 and is associated with a significant risk of cardiovascular mor-
tality by sudden cardiac death and heart failure.58,59,60 To date, no therapy has been 
demonstrated to slow or prevent the development of ARVC.
 
The pathophysiological mechanism of arrhythmogenic right ventricular cardiomyo-
pathy
Mechanical overload of the myocyte-myocyte junction is considered to be the piv-
otal mechanism in ARVC.61 This concept arose after the demonstration of mutations 
in ARVC patients which are located in the genes encoding the so-called desmo-
somal proteins, which are important components of the adhering junctions between 
cardiomyocytes.62,63 These mutations can be identified in ~40% of ARVC patients54 
and are located in the genes encoding plakoglobin64, desmoplakin65, plakophilin-266, 
desmoglein-267 and desmocollin-268. Mouse models based on the altered expression 
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of desmosomal proteins69,70,71 recapitulate ARVC in man and have been used to study 
the pathophysiological mechanism.
Besides reduced strength, increased load on the myocyte-myocyte junction has also 
been implicated to cause development or progression of ARVC. Endurance training 
increases the mechanical load on the heart and especially the right ventricle: a single 
episode of prolonged, strenuous exercise such as an Ironman Triathlon72 or ultra-
marathon at altitude73 results in a dilatation of specifically the right ventricle which 
resolves within 1-2 days after the race.72,73 In line with this concept, daily endur-
ance training accelerates the development of the ARVC phenotype in the model of 
heterozygous plakoglobin deficient mice.70 Not surprisingly, a history of endurance 
training has been associated with a greater severity of ARVC.54 

Arrhythmogenic right ventricular cardiomyopathy in this thesis
In Chapter 6, the concept that mechanical overload of the myocyte-myocyte junc-
tion causes ARVC is challenged by testing of the hypothesis that pharmacologi-
cal reduction of the mechanical load on myocyte-myocyte junction can prevent the 
development of ARVC in the model of trained heterozygous plakoglobin-deficient 
mice. If so, this would be the first demonstration of a pharmacological intervention 
that may prevent the development or progression ARVC.
In Chapter 7, the overlap of clinical features between the Brugada syndrome and 
ARVC is discussed to aid in the diagnostic process of these conditions.

Cardiac energy consumption during ventricular fibrillation
The last experimental chapter of this thesis focuses on the consequences rather than 
the cause of VF. VF causes the myocardium to contract uncoordinatedly at a high 
frequency and is followed rapidly by loss of the perfusion pressure74 and death if 
left untreated. Survival of out-of-hospital cardiac arrest by VF depends on the swift 
initiation of cardiopulmonary resuscitation to maintain some perfusion and early ter-
mination of VF by providing a countershock.74,75,76,77 Despite the high defibrillation 
success rate of countershocks, patients still spend time in VF after the first shock be-
cause of recurrences of VF.78,79,80 Such recurrences occur in 60-80% of resuscitations 
for VF78,79,80 and cause such patients to spend a median of 4 minutes in recurrent VF.78 
The duration spent in recurrent VF is inversely correlated with survival of cardiac 
arrest by VF.78 The effect of recurrent VF on the myocardium during resuscitation 
attempts is currently unknown. 

In Chapter 8, the hypothesis is tested that ventricular fibrillation increases the car-
diac oxygen consumption and hampers the recovery of the myocardial energy state 
and contractility. This hypothesis is tested during simulated resuscitations in the 
Langendorff-perfused porcine hearts.
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Abstract
Background The Brugada sign has been associated with mutations in SCN5A and 
with right ventricular structural abnormalities. Their role in the Brugada sign and the 
associated ventricular arrhythmias is unknown.

Objective The purpose of this study was to delineate the role of structural abnor-
malities and sodium channel dysfunction in the Brugada sign.

Methods Activation and repolarization characteristics of the explanted heart of a 
patient with a loss-of-function mutation in SCN5A (G752R) and dilated cardiomyo-
pathy were determined after induction of right-sided ST-segment elevation by aj-
maline. In addition, right ventricular structural discontinuities and sodium channel 
dysfunction were simulated in a computer model encompassing the heart and thorax.

Results In the explanted heart, disappearance of local activation in unipolar elec-
trograms at the basal right ventricular epicardium was followed by monophasic ST-
segment elevation. The local origin of this phenomenon was confirmed by coaxial 
electrograms. Neither early repolarization nor late activation correlated with ST-
segment elevation. At sites of local ST-segment elevation, the subepicardium was 
interspersed with adipose tissue and contained more fibrous tissue than either the left 
ventricle or control hearts. In computer simulations entailing right ventricular struc-
tural discontinuities, reduction of sodium channel conductance or size of the gaps 
between introduced barriers resulted in subepicardial excitation failure or delayed 
activation by current-to-load mismatch and in the Brugada sign on the ECG.

Conclusion Right ventricular excitation failure and activation delay by current-to-
load mismatch in the subepicardium can cause the Brugada sign. Therefore, current-
to-load mismatch may underlie the ventricular arrhythmias in patients with the Bru-
gada sign.
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Introduction
The Brugada sign of right precordial ST-segment elevation followed by a negative 
T-wave is associated with ventricular tachyarrhythmias and sudden cardiac death.1 
In the Brugada syndrome, the sign occurs in the absence of gross structural abnor-
malities.1 However, the Brugada sign is not limited to structurally normal hearts. 
Right ventricular (RV) structural abnormalities have been demonstrated in a signifi-
cant portion of patients with the Brugada sign.2-5 In addition, sodium channel block-
ers can provoke the Brugada sign in patients with arrhythmogenic right ventricular 
cardiomyopathy (ARVC)6 and Chagas disease,7 conditions characterized by severe 
structural derangements. The role of structural derangements in the mechanism of 
the Brugada sign and the associated arrhythmias is unknown.
To date, two mechanisms of ST-segment elevation have been proposed for the Bru-
gada sign: (1) early repolarization8 and (2) late activation2 in the RV wall. Sodium 
channel function is important in both mechanisms because sodium channel blockers 
can provoke the Brugada sign,9 and loss-of-function mutations in the gene encoding 
the cardiac sodium channel (SCN5A) can be identified in approximately 20% of pa-
tients with Brugada syndrome.1 Neither hypothesis has been confirmed in patients.10

Structural abnormalities cause geometric variation in myocardial organization. Sites 
where structural abnormalities lead to sudden expansion of myocardium are suscep-
tible to conduction block by current-to-load mismatch, especially when the available 
sodium current (INa) is reduced.11-14 If excitation fails at these sites, the potential gra-
dient between the unexcited myocardium and the myocardium proximal to the site 
of conduction block will cause ST-segment elevation. Therefore, we hypothesized 
that RV excitation failure by current-to-load mismatch can cause the Brugada sign 
in patients with structural abnormalities, especially when INa is reduced by loss-of-
function mutations in SCN5A or sodium channel blockade. To test this hypothesis, 
we determined the activation and repolarization characteristics of the explanted heart 
of a patient with a loss-of-function mutation in SCN5A and structural discontinuities 
in the setting of dilated cardiomyopathy, before and after induction of ST-segment 
elevation by sodium channel blockade. Furthermore, we simulated the effect of INa 
reduction and structural discontinuities on ECG in a computer model encompassing 
the heart and thorax.

Methods
The study was performed in accordance with the Declaration of Helsinki. Written 
informed consent was obtained from the patient’s guardians. Cardiac transplantation 
was performed in May 2007 at the Erasmus Medical Center, Rotterdam, The Neth-
erlands. The explanted heart was submerged in ice-cold modified Tyrode’s solution2 
and transported (within 1 hour) to the Laboratory of Experimental Cardiology (Aca-
demic Medical Center, Amsterdam, The Netherlands).
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Genetic study
Genomic DNA was extracted from lymphocytes using standard protocols. The en-
tire coding regions of SCN5A and LMNA were screened for mutations by denatur-
ing high-performance liquid chromatography followed by sequencing of amplicons 
displaying an aberrant elution profile. Screening of genes associated with ARVC 
(plakophilin-2 (PKP2), junction-plakoglobin (JUP), desmoglein-2 (DSG2), desmo-
collin-2 (DSC2), desmoplakin (DSP)) was performed by direct sequencing of the 
entire coding region.

Experimental setup
The right and left coronary arteries were cannulated, and the heart was connected 
to a perfusion setup. The heart was perfused with a mixture of washed erythrocytes 
(800 mL) and modified Tyrode’s solution.2 The potassium concentration was 4.0 
mmol/L. Coronary flow was set to 300 mL/min. The heart was suspended in a cy-
lindrical container (diameter 20 cm, height 14 cm) filled with perfusion fluid. Myo-
cardial temperature was 37.0°–37.5°C throughout the experiment. The pH of the 
oxygenated perfusate was 7.34.

Electrophysiologic studies 

Mapping experiment
Seven electrode strips (14 electrodes per strip in two rows, interelectrode distance 
1.5 cm, distance between strips ≈2 cm) were equally distributed over and attached to 
the ventricular epicardium. An inflatable balloon (64 electrodes, interelectrode dis-
tance ≈1.5 cm) was inserted through the mitral orifice into the left ventricle (LV), and 
an inflatable balloon (32 electrodes, interelectrode distance ≈1.5 cm) was inserted 
through the tricuspid orifice into the RV. Three electrodes at the side of the container 
were used to record a pseudo-ECG. One electrode was positioned at the bottom 
below the apex of the heart, one faced the lateral LV, and one faced the lateral RV. 
A reference electrode was placed at the bottom of the container. Electrode positions 
were documented with digital photography.
The heart was stimulated from the basal RV septum at twice diastolic threshold 
(steady-state pacing at cycle length 2,000–1,500–1,000–800 ms). The stimulation 
protocol was repeated after addition of ajmaline 2.4 μmol/L (Solvay Pharmaceuti-
cals GmbH, Hannover, Germany), a rate-dependent blocker of the cardiac sodium 
channel.15

Data acquisition and analysis
Simultaneous recordings (sampling rate 2 kHz) were made from all electrodes during 
selected episodes. Signals were analyzed using a custom-made analysis program16 
based on MATLAB R2006b (The MathWorks, Inc., Natick, MA, USA). The instant 
of maximal negative dV/dt in the QRS complex and the instant of maximal positive 
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dV/dt in the T wave of the unipolar electrogram were used as local activation and re-
polarization time, repectively.17 The local contribution to unipolar electrograms was 
determined by calculation of coaxial electrogram by subtracting the mean of values 
of neighboring electrodes from a central electrogram at each sample.

Cellular electrophysiology
After the mapping procedure, LV myocytes were isolated as previously described.18 
INa and action potentials were recorded using an Axopatch 200B amplifier (Molec-
ular Devices Corp., Sunnyvale, CA, USA). Voltage control, data acquisition, and 
analysis were accomplished using custom software. Signals for INa were low-pass 
filtered with a cutoff frequency of 5 kHz and digitized at 20 kHz. Action potentials 
were filtered and digitized at 10 and 40 kHz, respectively. Cell capacitance and series 
resistance were compensated for by at least 80%. Potentials were compensated for 
the calculated liquid junction potential.
INa was recorded at room temperature (20°C) in the ruptured whole-cell configura-
tion of the patch-clamp technique. The bath solution contained the following (in 
mmol/L): 7.0 NaCl, 133 CsCl, 1.8 CaCl2, 1.2 MgCl2, 11.0 glucose, 5.0 HEPES, and 
0.005 nifedipine; pH 7.4 (CsOH). Patch pipettes (1.5–2.0 MΩ) were filled with the 
following (in mmol/L): 3.0 NaCl, 133 CsCl, 2.0 MgCl2, 2.0 Na2ATP, 2.0 TEACl, 10 
EGTA, and 5.0 HEPES; pH 7.3 (CsOH). INa amplitude and (in)activation properties 
were measured using a double-pulse protocol (see Figure 2A). Voltage dependence 
of (in)activation was determined by fitting a Boltzmann function to the individual 
curves. Current density was calculated by dividing whole-cell current amplitude by 
the cell capacitance.
Action potentials were recorded at 36°C ± 0.2°C with the amphotericin B perfo-
rated patch-clamp technique. Action potentials were elicited at 1 Hz by 3-ms, 1.5× 
threshold current pulses through the patch pipette. The bath solution contained the 
following (in mmol/L): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5.5 glucose, and 5 
HEPES; pH 7.4 (NaOH). The pipette solution contained the following (in mmol/L): 
125 K-gluc, 20 KCl, 5 NaCl, 0.22 amphotericin-B, and 10 HEPES; pH 7.2 (KOH). 
We analyzed resting membrane potential, action potential duration at 90% repolari-
zation (APD90), and maximal action potential upstroke velocity (dV/dtmax), a measure 
of INa availability. Values from 10 consecutive action potentials were averaged.

Histology
After the electrophysiologic studies, the remainder of the heart was fixed in 4% 
buffered formalin. Transmural tissue samples from the RV outflow tract, basal RV 
free wall, and basal LV free wall were routinely processed and embedded in paraffin. 
Sections 7-μm thick were stained with picrosirius red F3A for visualization of col-
lagens in fibrous tissue. The content of adipose and fibrous tissue in the subepicardial 
rim of myocardium (outer 1 mm) was quantified by computerized morphometry on 
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10× objective fields of each section (mean 11.4 fields per section). Red (fibrous tis-
sue) and white (adipose tissue) areas were expressed as a percentage of the total area 
using Image-Pro 6.2 (Media Cybernetics, Inc., Bethesda, MD, USA). The epicardial 
fat and large areas of perivascular adipose tissue were excluded from measurements. 
Transmural sections of six structurally normal hearts sampled from the same sites 
and obtained at autopsy from patients without a history of cardiac disease served as 
control samples.

Computer simulations 
Propagating action potentials were simulated with a whole-heart reaction-diffusion 
model containing 90 million nodes, each represented by a membrane model of 
the human ventricular myocyte.19 Transmural fiber rotation was represented in the 
model. Membrane ionic currents were computed with a human membrane model 
that included the differential characteristics of subendocardial, midmyocardial, and 
subepicardial myocytes.20 The ECG was computed using a bidomain model of the 
human heart and torso, including lungs and intracavitary blood volumes. Structural 
discontinuities were simulated by the introduction of barriers (thickness 0.4 mm) in 
the outer 50% of the RV wall. In these barriers, no intercellular coupling was present, 
but the interstitium was unaffected. The barriers contained gaps of 0.2 mm width in 
which intercellular coupling was present. Intercellular coupling in the gaps was re-
duced in steps from 100% to 8% of normal to simulate smaller gaps. Sodium channel 
conductivity (GNa) was reduced in steps from 100% to 20% of normal in the entire 
heart. Single cardiac cycles were simulated in 12 hours on 128 processors of an SGI 
Altix 4700 supercomputer.

Statistical analysis 
Values are given as mean ± SD unless specified otherwise. Unpaired, two-tailed, 
Student’s t-tests were used for statistical comparison of normally distributed data. P 
<0.05 was considered significant.

Results 
Patient data 
The female patient (age 13 years) presented for medical attention after experiencing 
syncope during exercise in 2004. She had a low exercise tolerance and reported two 
episodes of syncope over the last year, one of which occurred at rest. 
Her ECG showed atrial flutter with a flutter rate of 258/min and ventricular rate 
of 43/min, left axis with QRS duration of 150 ms, poor R-wave progression in the 
precordial leads, and negative T waves in leads I, aVL and V2–V6 (Figure 1). Echo-
cardiography revealed LV fractional shortening was reduced (21%) and LV end-
diastolic diameter was increased (53 mm, >95th percentile). No RV abnormalities 
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were reported. A dual-chamber pacemaker was implanted. Two weeks after dis-
charge, the patient was readmitted due to fatigue, loss of ventricular capture of the 
pacemaker, and pericardial effusion. Pericardiocentesis was performed, and the ven-
tricular lead was repositioned. Over the next year, the patient developed episodes of 
exercise intolerance during paroxysms of atrial flutter. A trial radiofrequency ablation 
to terminate the atrial flutter was performed. However, the symptoms progressed, 
and cardiac transplantation was conducted 2.5 years after initial presentation for end-
stage heart failure in dilated cardiomyopathy. No sodium channel provocation test 
was performed, no spontaneous Brugada sign was observed, and the patient was not 
diagnosed with the Brugada syndrome. The patient did not receive antiarrhythmic 
drugs prior to transplantation.

Family history and genetic data 
The patient had a heterozygous mutation in SCN5A (c.2254G>A; numbering ac-
cording to NM_198056.2) with substitution of glycine by arginine at position 752 
(p.Gly752Arg) located in the second transmembrane segment of channel domain II. 
This mutation previously has been shown to reduce cardiac sodium channel function 
and was associated with the Brugada syndrome in a French family.21 No mutation 
was found in LMNA or in the ARVC–associated genes PKP2, JUP, DSG2, DSC2, 
and DSP. The patient’s mother and grandmother also carried the G752R mutation in 
SCN5A. The family history revealed that a great-uncle and a great-aunt (brother and 
sister of the grandfather on the mother’s side of the family) had died suddenly at the 
age of 35 years and ~45 years, respectively. The mother’s ECG did not show any 
abnormalities, but the Brugada sign was induced by flecainide.

Cellular electrophysiologic studies 
Figure 2A shows typical examples of INa in an isolated ventricular myocyte. V1/2 of 
activation and inactivation was −40.0 ± 4.4 mV and −85.2 ± 8.3 mV, respectively 

Figure 1. ECG recorded at initial presentation in 2004.
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(n = 6, Figure 2B). Figure 2C shows representative action potential upstrokes. The 
dV/dtmax is compared to that of single LV myocytes from a patient with a heterozy-
gous mutation (G1935S) in SCN5A with unaltered sodium channel characteristics 
except for enhanced slow inactivation as previously reported.2 The average dV/dtmax 
in G752R ventricular myocytes was 165 ± 101 V/s versus 337 ± 74 V/s of those in 
G1935S ventricular myocytes (n = 3 and n = 7, respectively, P <.05). Resting mem-
brane potential was −79.0 ± 6.3 mV, and APD90 was 502 ± 124 ms.

Isolated heart 
At baseline, ST segments of the pseudo-ECG were isoelectric during stimulation at 
any cycle length. At a cycle length of 800 ms, QRS and QT duration were 150 and 
710 ms, respectively. After ajmaline, the ST segment in pseudo-aVR was elevated by 
0.3 mV at a cycle length of 800 ms, whereas QRS and QT duration increased to 180 
and 750 ms, respectively (Figure 3).

Figure 2. Sodium channel characteristics and action potential upstrokes of isolated left ventricular 
myocytes. Typical whole cell-current recordings (A) and corresponding current–voltage relations 
(mean ± SEM) (B) show a normal voltage dependency of the sodium current. C: Typical action 
potential upstrokes and dV/dt show significantly reduced upstroke velocities compared to myocytes of 
a previously reported control patient. Insets illustrate the voltage and stimulus protocols.

A

C
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Activation and repolarization mapping 
Figure 4 shows the activation (panel A) and repolarization (panel B) times projected 
on pseudo-aVR and a three-dimensional reconstruction of the activation and repo-
larization pattern after ajmaline. Reference times were earliest activation or repo-
larization, respectively. ST-segment elevation was present after the moment of latest 
activation and before the moment of earliest repolarization. Latest recorded activa-
tion coincided with the J point, and earliest repolarization occurred at the start of 
the T wave, 250 ms after the J point. A three-dimensional reconstruction shows the 
spread of activation from the RV septum over both ventricles. Latest activation was 
recorded at the RV free wall and LV free wall, and crowding of isochrones was most 
pronounced at the endocardium of the RV. Earliest repolarization occurred at the ba-
sal endocardium of the RV and LV. Of note, epicardial repolarization was later than 
endocardial repolarization at the RV (mean 128 ms and 84 ms, respectively).

Figure 3. Pseudo-ECG of the isolated heart 
before (black) and after (red) sodium channel 
blockade (stimulation from right ventricular 
septum at basic cycle length = 800 ms). Note ST-
segment elevation in pseudo-AVR after sodium 
channel blockade. Bars = 200 ms, 1 mV.
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ST-segment elevation in unipolar electrograms 
ST-segment elevation after ajmaline in pseudo-aVR coincided with ST-segment el-
evation in unipolar electrograms (Figure 5A, site indicated by asterisk in Figure 
5B). A voltage map of epicardial unipolar electrograms 100 ms after the J point in 
pseudo-aVR illustrates that ST-segment elevation in unipolar electrograms was lim-
ited to the basal epicardial RV (Figure 5B, time indicated by arrow in Figure 5A).
Calculated coaxial electrograms confirmed that the local ST-segment elevation was 
not the result of far-field effects, contrary to the initial deflection in the unipolar elec-
trogram. ST-segment elevation increased with stimulation frequency. Note that the 
local activation signal in the unipolar and coaxial electrogram virtually disappeared 
when ST-segment elevation was observed (Figure 5A).

Figure 4. Activation and repolarization after sodium channel blockade (right ventricular septal 
stimulation at cycle length of 800 ms). Activation (A) and repolarization (B) times are depicted on the 
corresponding complex in pseudo-aVR and on a three-dimensional reconstruction of the heart. Anterior 
view of the heart is depicted on the left; posterior view is depicted on the right. The epicardium is 
viewed as transparent. No sign of activation or repolarization was found throughout the ST segment. 
Lines are 20-ms isochrones.

A
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Figure 5.  Regional ST-segment elevation in unipolar electrograms after sodium channel blockade. A: 
Pseudo-aVR (top row), unipolar electrogram (middle row), and calculated coaxial electrogram (bottom 
row) from the epicardial basal right ventricle (site indicated by asterisk in panel B) during stimulation 
from the right ventricular septum at increasing frequencies (cycle length indicated at top). ST-segment 
elevation in pseudo-aVR increased with higher stimulation frequencies and coincided with disap-
pearance of the main activation signal followed by monophasic ST-segment elevation in the unipolar 
electrogram. The local origin of ST-segment elevation was confirmed using coaxial electrograms. B: 
Three-dimensional reconstruction of ST-segment amplitude on unipolar epicardial electrograms 100 
ms after the J point in pseudo-aVR (moment indicated by arrows in panel A) at cycle length of 800 
ms. ST-segment elevation was limited to the basal epicardial right ventricle. Right ventricular view is 
shown on the left; left ventricular view is shown on the right. Color scale is given in millivolts. LV = 
left ventricle; RV = right ventricle.

B
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Pathology of the heart 
Macroscopically, the heart showed hypertrophy and dilation of both ventricles. Pro-
nounced endocardial fibroelastosis was seen, particularly in the LV. A thick layer of 
epicardial fat covered the RV. The coronary arteries, including coronary ostia, and 
all heart valves were normal. Microscopically, the myocardium showed cytonuclear 
features of hypertrophy and multizonal distinct cytoplasmatic vacuolization of myo-
cytes.

The subepicardial myocardium of the RV outflow tract and basal RV free wall, but 
not of the basal LV free wall, was locally interspersed with adipose tissue. The fatty 

Figure 6. Subepicardial histologic sections and quantification of subepicardial fibrous and adipose 
tissue. A–C: Subepicardial sections from the right ventricular outflow tract (RVOT; A), basal right 
ventricular free wall (RVFW; B), and basal left ventricular free wall (LVFW, C). Low-magnification 
images show fatty infiltration (white) in the subepicardial myocardium of the RVOT and RVFW and 
interstitial-type fibrosis (red) at all locations. Picrosirius red staining; bar = 500 μm. Note that the 
epicardial rim of collagen seen in panel C was excluded from measurements. D, E: Morphometric 
analysis of fibrous (D) and adipose (E) tissue content as percent of total measured myocardial area in 
the heart of the patient (red dots) and in the hearts of controls (black dots). Analysis reveals that the 
heart of the patient contained more fibrous tissue at any location than did any of the control hearts, and 
that the adipose tissue content of the RVOT and RVFW was greater than in the LVFW. However, no 
difference in adipose tissue content was found between the patient and the control hearts. Bars in panel 
D indicate mean ± SD of controls.

A B C
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infiltration focally reached the subendocardium but was not transmural at any site 
(Figures 6A, 6B, and 6C). 
Both ventricles showed focal increase of lymphocytes, including sparse clusters, 
indicating borderline myocarditis. Morphometric analysis showed that the subepi-
cardium of the RV outflow tract, RV free wall, and LV free wall of the patient (red) 
contained more fibrous tissue than did any of the controls. The adipose tissue content 
of the RV outflow tract and RV free wall was greater than of the LV free wall in both 
the patient and the controls (Figures 6D and 6E).

Computer simulations 
The ECG derived from the simulated heart without structural abnormalities had QRS 
duration of 80 ms and isoelectric ST segments (Figure 7A, black ECG). Reduction 
of GNa in the normal heart to 30% of normal caused global activation delay, and QRS 
duration increased to 130 ms but did not lead to ST-segment elevation (Figure 7A, 
red ECG). 
The introduction of structural discontinuities with 30% of normal coupling in the 
gaps at normal GNa resulted in QRS prolongation to 100 ms and negative T waves in 
the right precordial leads but not in ST-segment elevation (Figure 7B, black ECG). 
The negative T wave was caused by activation delay of the RV subepicardium 
(Figure 7C). Reduction of GNa after introduction of these structural discontinuities 
caused excitation failure at the anterior RV subepicardium (Figure 7D, black sites). 
The current received from and given to surrounding elements and corresponding 
action potentials at five neighboring sites in and immediately distal to the gaps are 
shown in the left and right graph, respectively. Subepicardial excitation failure oc-
curred when insufficient depolarizing current was received distal of the introduced 
structural discontinuities to reach threshold potential. The potential gradient between 
the excited and unexcited myocardium caused ST-segment elevation in the right 
precordial leads. Activation at other RV subepicardial sites was delayed, leading to a 
negative T wave in the right precordial leads (Figure 7B, red ECG).
In the presence of structural discontinuities with 30% of normal coupling in the 
gaps, the percentage of elements that were not excited throughout the cardiac cycle 
depended on GNa and correlated well with cumulative ST-segment elevation in leads 
V1 and V2 of the third and fourth intercostal spaces. Both increased markedly when 
GNa was reduced below 50% of normal (Figure 8A). Likewise, a decrease of the size 
of the gaps in the barriers at normal sodium conductance resulted in a reduction in 
excited elements. The amplitude of ST-segment elevation by excitation failure after 
reduction of the size of the gaps was limited by the increased resistance between the 
excited and unexcited myocardium (Figure 8B).
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Figure 7.  Simulated subepicardial discontinuities and sodium channel dysfunction. A, B: ECGs of 
the heart without (A) and with structural discontinuities in the right ventricular subepicardium (B) 
at baseline (black) and after (red) reduction of sodium channel conductivity (GNa) to 30% of normal. 
Bars = 200 ms, 1 mV. C, D: Basal short-axis view of the heart with structural discontinuities at the 
right ventricular subepicardium before (C) and after (D) reduction of GNa to 30% of normal. Colors 
indicate activation time; sites that failed to excite throughout the cardiac cycle are depicted in black. 
The current received from and given to surrounding elements and the corresponding action potentials 
at five neighboring sites are depicted in the left and right graphs, respectively. The locations of these 
elements were 0.2 mm (black) and 0.4 mm in (brown) and 0.2 mm (red), 0.4 mm (orange), and 1.0 
mm (yellow) behind the gaps in the barriers. After reduction of GNa, insufficient current was received 
by many elements behind the introduced structural discontinuities to reach threshold potential. This 
resulted in excitation failure and activation delay of the right ventricular subepicardium and in ST-
segment elevation followed by a negative T wave in the right precordial leads. LV = left ventricle; RV 
= right ventricle.
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Discussion 
This study shows for the first time the activation and repolarization characteristics of 
the complete heart of a carrier of a loss-of-function mutation in SCN5A after provo-
cation of right-sided ST-segment elevation by sodium channel blockade. ST-segment 
elevation coincided with the local disappearance of the initial activation and the ap-
pearance of monophasic ST-segment elevation in unipolar electrograms at the basal 
epicardial RV. At these sites, fibrosis and fatty infiltration caused discontinuities in 
the subepicardium. In a computer model encompassing the heart and thorax, struc-
tural discontinuities were simulated by the introduction of nonconducting barriers 
containing gaps in the RV subepicardium. Successful conduction through these gaps 
depended on their simulated size and was modulated by the available cardiac sodium 
current. Excitation failure and activation delay of the RV subepicardium resulted in 

Figure 8. Simulated ECGs in structurally abnormal heart during reduction of sodium conductance (A) 
or of simulated size of the gaps in introduced barriers by reduction of coupling in the gaps (B) and 
corresponding graphs relating excited elements with ST-segment elevation in the right precordial leads. 
Reduction of sodium channel conductance (GNa) below 50% of normal resulted in a rapid reduction 
in excited elements and ST-segment elevation on the ECG. A reduction in the size of the gaps in the 
barriers at normal sodium conductance also resulted in a reduction in excited elements and ST-segment 
elevation on the ECG. However, the increased resistance between the excited and unexcited elements 
limited the ST-segment amplitude.

A B

A
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ST-segment elevation and a negative T wave in the right precordial leads of the ECG, 
respectively. Therefore, current-to-load mismatch may underlie the Brugada sign in 
patients with RV structural discontinuities.
In the isolated heart, we found no support for either of the preexisting hypotheses 
of ST-segment elevation in the Brugada sign.2,8 Latest activation coincided with the 
end of the QRS complex and earliest repolarization with the start of the T wave on 
pseudo-ECG, leaving 250 ms of ST-segment elevation that could not be explained 
by either late activation or early repolarization. Other causes of ST-segment eleva-
tion that were not assessed directly in this heart are regional differences in rest-
ing membrane potential or in plateau potential amplitude.22 A regional difference in 
resting membrane potential generates TQ-segment depression that cannot be distin-
guished from true ST-segment elevation by AC electrograms. However, the resting 
membrane potentials in isolated myocytes were similar to those previously found 
in dilated and ischemic cardiomyopathy,18 and INa reduction has no direct effect on 
the resting membrane potential. Likewise, regional differences in plateau potential 
amplitude likely did not play a role as local ST-segment elevation was accompanied 
by the virtual disappearance of the QRS complex in unipolar electrograms.
The computer model is based on a membrane model of human ventricular myo-
cytes that incorporates transmural differences in the density of the transient out-
ward current.19 Reduction of INa alone did not cause either early repolarization or a 
reduced plateau potential amplitude at the RV subepicardium and did not result in 
ST-segment elevation. However, reduction of INa did result in the Brugada sign after 
the introduction of discontinuous barriers in the RV subepicardium. The cause was 
the combination of excitation failure (ST-segment elevation) and activation delay 
(negative T-wave) of the subepicardium by current-to-load mismatch. The plateau 
potential amplitude was reduced proximal to the site of excitation failure. However, 
this was caused by electrotonic interaction with the unexcited myocardium.
Whether current-to-load mismatch can also cause the Brugada sign in patients with 
the Brugada syndrome is unclear because its diagnosis requires exclusion of struc-
tural heart disease.1 Several histologic and imaging studies recently demonstrated 
that a variety of myocardial changes, not recognized during standard clinical inves-
tigation, are present in many patients with Brugada syndrome.2,4,5,23 In addition, late 
potentials on signal-averaged ECGs, usually associated with structural heart disease, 
are a common finding in the Brugada syndrome.24 Therefore, lack of sensitivity of 
standard imaging modalities may render structural abnormalities at the RV subepi-
cardium undetected. Thus, excitation failure in discontinuous myocardium can be 
the mechanism of the Brugada sign in the Brugada syndrome as well.
The heart of our patient showed the gross pathology of an end-stage dilated car-
diomyopathy. Histologically, we found structural abnormalities that have been de-
scribed as occurring in biopsy samples from patients with Brugada syndrome and 
proven SCN5A mutations (fibrosis, cardiomyopathic cellular changes);2,4,5 however, 
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these pathologic changes also have been reported in patients with Brugada syndrome 
but no such a mutation, particularly lymphocytic myocarditis.4 Therefore, whether 
the current-to-load mismatch in the RV subepicardium relates to structural pathology 
resulting from the SCN5A mutation, other coincidental inflammatory pathology, or 
both remains unsettled.
An argument against the involvement of excitation failure by current-to-load mis-
match in the Brugada syndrome is the observation that ST-segment amplitude and 
risk of ventricular arrhythmias appear largest during slow heart rhythms (at night or 
at rest).25,26 In our study, ST-segment elevation increased with stimulation frequency. 
This can be explained in part by the use of ajmaline, which has a rate-dependent 
capacity to block sodium channels.15 Another explanation is the absence of auto-
nomic innervation in the isolated heart. When the safety factor for conduction is 
reduced, the depolarizing current of the L-type calcium channel can be crucial for 
conduction success.27,28 The L-type calcium current decreases during increased vagal 
and decreased sympathetic activity. Therefore, the autonomic nervous system may 
modulate the success of conduction in current-to-load mismatch and ST-segment el-
evation by excitation failure. In addition, the decrease of ST-segment elevation in the 
Brugada syndrome by beta-adrenergic stimulation and the increase by acetylcholine 
can be explained by the effect of the L-type calcium current on conduction.9

The rapid variability of the Brugada sign over time likely is not related to structural 
changes. Besides modulation by pharmacologic agents and the autonomic nervous 
system, other factors may influence the Brugada sign by excitation failure. Fish oil 
reduces the cardiac sodium current after acute administration and reduces the L-
type calcium current both after acute administration and in feeding experiments.29 
Therefore, intake of fish oil may reduce the success of conduction in current-to-load 
mismatch and may augment the Brugada sign by this mechanism. Furthermore, the 
load at sites of sudden myocardial expansion depends on the intercellular resistance 
with the surrounding myocardium and is modulated by electrical coupling via con-
nexin43. The half-life of connexin43 is short (~1.3 hours).30 Changes in the turnover 
of connexin43 can have a rapid effect on excitation failure by current-to-load mis-
match and on the Brugada sign by this mechanism.
Excitation failure by current-to-load mismatch provides a unifying hypothesis for 
the ST-segment elevation and predisposition to ventricular arrhythmias seen in pa-
tients with the Brugada sign. Previous studies have demonstrated that unexcited tis-
sue shortens the action potential duration and effective refractory period of myocar-
dium proximal to the site of block by electrotonic interaction.11- 13 This combination 
of unidirectional block and a local decrease in refractoriness can initiate reentry even 
without the need for a premature beat.11 It also explains why the duration of ST-seg-
ment elevation in unipolar electrograms observed in this study was shorter than the 
activation-recovery interval, which is a measure of action potential duration, before 
sodium channel blockade.
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Study limitations 
No sodium channel provocation protocol was performed prior to cardiac explanta-
tion, which hinders extrapolation of the pseudo-ECG to the patient’s ECG. However, 
the concentration of ajmaline used in our study was similar to those used clinically 
to provoke the Brugada sign, and our simulations confirm that subepicardial excita-
tion failure and activation delay at the RV shows as the Brugada sign in the right 
precordial leads. Therefore, the mechanisms described in our study likely would 
have occurred in the patient as well.

Conclusion 
Structural discontinuities at the RV subepicardium can cause excitation failure and 
activation delay by current-to-load mismatch, especially when the available cardiac 
sodium current is reduced. Excitation failure and activation delay at the RV sub-
epicardium show as the Brugada sign on ECG. Therefore, current-to-load mismatch 
may underlie ventricular arrhythmias in patients with the Brugada sign and RV struc-
tural discontinuities.
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Abstract
Background Recently, we demonstrated that ajmaline caused ST-segment eleva-
tion in the heart of a SCN5A mutation carrier by excitation failure in structurally 
discontinuous myocardium. In patients with Brugada syndrome, ST-segment eleva-
tion is modulated by cardiac sodium (INa), transient outward (Ito), and L-type calcium 
currents (ICaL).

Objective To establish experimentally whether excitation failure by current-to-load 
mismatch causes ST-segment elevation and is modulated by Ito and ICaL.

Methods In porcine epicardial shavings, isthmuses of 0.9, 1.1, or 1.3 mm in width 
were created parallel to the fiber orientation. Local activation was recorded electri-
cally or optically (di-4-ANEPPS) simultaneously with a pseudo-electrocardiogram 
(ECG) before and after ajmaline application. Intra- and extracellular potentials and 
ECGs were simulated in a computer model of the heart and thorax before and after 
introduction of right ventricular structural discontinuities and during varying levels 
of INa, Ito, and ICaL.

Results In epicardial shavings, conduction blocked after ajmaline in a frequency-
dependent manner in all preparations with isthmuses ≤1.1 mm width. Total conduc-
tion block occurred in three of four preparations with isthmuses of 0.9 mm ver-
sus one of seven with isthmuses ≥1.1 mm (P<.05). Excitation failure resulted in 
ST-segment elevation on the pseudo-ECG. In computer simulations, subepicardial 
structural discontinuities caused local activation delay and made the success of con-
duction sensitive to INa, Ito, and ICaL. Reduction of Ito and increase of ICaL resulted in a 
higher excitatory current, overcame subepicardial excitation failure, and reduced the 
ST-segment elevation.

Conclusion Excitation failure by current-to-load mismatch causes ST-segment el-
evation and, like ST-segment elevation in Brugada patients, is modulated by Ito and 
ICaL. 
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Introduction
Coved ST-segment elevation followed by a negative T wave in the right precordial 
leads is the electrocardiographic (ECG) hallmark of the Brugada syndrome.1 Thus 
far, no mechanism of this so-called Brugada ECG pattern has been demonstrated in 
patients.2

A reduced function of the cardiac sodium channel plays an important role in the 
mechanism of the Brugada syndrome: sodium channel blockers can provoke or aug-
ment the Brugada ECG pattern,3 and loss-of-function mutations in SCN5A, the gene 
encoding the α-subunit of the cardiac sodium channel, are identified in ~20% of 
patients.4 Additionally, structural discontinuities appear to play a role because subtle 
signs of right ventricular structural discontinuities are common in patients with Bru-
gada syndrome.2,5-8

Recently, we demonstrated in the explanted heart of an SCN5A mutation carrier that 
sodium channel blockade caused excitation failure in discontinuous myocardium, 
which showed as ST-segment elevation on a pseudo-ECG.9 At sites at which struc-
tural discontinuities cause sudden expansion of the myocardium, more depolarizing 
current is required for cells to reach threshold potential, and conduction can fail 
especially if available excitatory current is reduced (current-to-load mismatch).10,11 
In addition, we demonstrated in a computer model that excitation failure and activa-
tion delay by current-to-load mismatch can result in the Brugada ECG pattern and 
concluded that current-to-load mismatch may underlie the Brugada ECG pattern.9 
However, a direct experimental proof that excitation failure by current-to-load mis-
match results in ST-segment elevation is still lacking.
The Brugada ECG pattern is modulated not only by cardiac sodium current (INa) but 
also by transient outward (Ito) and L-type calcium current (ICaL). Quinidine, a class 
1A sodium channel blocker that also blocks Ito,

12 can ameliorate the ST-segment el-
evation of the Brugada ECG pattern13 and reduces inducibility of ventricular arrhyth-
mias.14 Likewise, pharmacological enhancement of ICaL by isoproterenol can reduce 
the Brugada ECG pattern3 and is applied to treat electrical storms.15 Furthermore, 
mutations in CACNA1C and CACNB2b that reduce ICaL were recently associated 
with the Brugada syndrome in concurrence with a short QT duration.16

At sites of local activation delay, the current available for excitation is modulated by 
currents activated after the upstroke of the action potential such as Ito

17 and ICaL. 11,18,19 
Therefore, we established experimentally whether excitation failure by current-to-
load mismatch results in ST-segment elevation on a pseudo-ECG in porcine epi-
cardial shavings with introduced structural discontinuities. Second, we determined 
whether the Brugada ECG pattern by current-to-load mismatch is modulated by Ito 
and ICaL in a computer model encompassing the heart and thorax.
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Methods
The experimental protocol complied with the Guide for the Care and Use of Labora-
tory Animals published by the U.S. National Institutes of Health and was approved 
by the institutional animal experiments committee.

Epicardial shavings
Eight male pigs (25–35 kg) were premedicated with an intramuscular injection of 
ketamine (10–15 mg/kg, Animal Health BV, Bladel, The Netherlands) and mida-
zolam (1.0 mg/kg, F. Hoffmann, La Roche Ltd., Basel, Switzerland). After induction 
of anesthesia with pentobarbital (20 mg/kg IV, CEVA Santé Animale, La Ballastière, 
France) and heparin (Leo Pharma BV, Breda, The Netherlands), VF was induced by 
a DC current, and the heart was removed and rapidly placed in ice-cold modified 
Tyrode’s solution (NaCl 128 mmol/L, KCl 4.7 mmol/L, CaCl2 1.5 mmol/L, MgCl2 
0.7 mmol/L, NaHCO3 28 mmol/L, NaH2PO4 0.5 mmol/L, glucose 11.0 mmol/L). 
Epicardial shavings (~30 × 20 × 0.5 mm) were cut with a dermatome parallel to the 
epicardial surface, while carefully avoiding regions containing the main coronary 
vasculature. Suitable preparations were immediately transferred to the superfusion 
setup and pinned to the wax floor of the perfusion chamber. The preparations were 
superfused (100 mL/min) with 0.5 L of recirculating modified Tyrode’s solution at 
37°C. The superfusate was gassed with 95% O2/5% CO2. Eleven preparations were 
used in this study. Three preparations were derived from the right ventricular free 
wall, and eight from the left ventricle. After determination of the fiber direction, 
isthmuses were created in a line parallel to the fiber orientation at~6 mm intervals by 
puncturing of the epicardial shaving with two needles positioned at a fixed distance 
(either 0.9, 1.1, or 1.3 mm). After puncturing of the epicardial shavings, cuts were 
made parallel to the fiber direction away from the needles using an opthalmic scal-
pel. This technique allowed precise control over isthmus width (0.9, 1.1, or 1.3 mm). 
The preparations were then allowed to equilibrate for 1 hour.

Experimental setup
Preparations were stimulated at twice the diastolic threshold. A pseudo-ECG was 
recorded at 2 kHz from electrodes placed 5 mm from the epicardial shaving in the 
superfusion solution at either side of the preparation in a line perpendicular to the 
line of the isthmuses. The ECG electrode at the side of stimulation was the negative 
pole. Local activation was recorded either electrically (n = 4) or optically (n = 7). 
For electrical activation recording, two electrodes containing two silver wires were 
positioned on the epicardial surface of the epicardial shaving, one proximal and one 
distal to the isthmus. For the optical mapping, epicardial shavings were stained with 
di-4-ANEPPS 20 μmol/L (Invitrogen Corp., Carlsbad, CA) during 7.5 minutes and 
± blebbistatin 10 μmol/L (Tocris Bioscience, Bristol, UK) was added to the modified 
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Tyrode’s solution to avoid mechanical artifacts caused by contraction. Fluorescence 
was obtained by exciting the stained tissue with a 5-W light emitting diode (cyan, 
505 nm) reflected by a dichroic mirror and focused at the preparation through a tan-
dem lens set. The emitted fluorescent light was transmitted through the tandem lens 
setup, filtered (>610 nm) and projected on a Micam Ultima optical camera (Scimedia 
USA Ltd., Costa Mesa, CA). The camera had 100 × 100 pixels and 1-kHz sampling 
frequency. The viewing window of the optical setup was 9 × 9 mm.
Recordings were made at varying basic cycle lengths (2000–200 ms) before and 
after addition of ajmaline 5 μmol/L (Solvay Pharmaceuticals GmbH, Hannover, Ger-
many), a rate-dependent blocker of the cardiac sodium channel.20 At baseline, the 
conduction velocity of the epicardial shavings was determined using activation maps 
during central stimulation at a cycle length of 500 ms. Preparations with successful 
conduction at baseline over the isthmuses at all tested frequencies were included in 
this study.

Data analysis
Data were analyzed using custom-made software based on MATLAB R2006b 
(MathsWorks Inc., Natick, MA).21 Local electrograms or optical mapping data were 
aligned with the pseudo-ECG on the stimulation artifact.
The modulation of current-to-load mismatch by Ito and ICaL in addition to ajmaline 
could not be tested in epicardial shavings because porcine ventricular cardiomyo-
cytes do not express Ito1.

22 Furthermore, reduction of ICaL reduces the action potential 
duration,23 and this will increase the diastolic interval during steady state pacing, 
which will affect the use-dependent blockade of the sodium channel by ajmaline. 
Therefore, we studied the effects of Ito and ICaL in computer simulations.

Computer simulations
As before9, propagating action potentials were simulated with a whole-heart reac-
tion-diffusion model containing 90 million nodes, each represented by a membrane 
model of the human ventricular myocyte.24 Membrane ionic currents were computed 
with a human membrane model that included the differential characteristics of sub-
endocardial, midmyocardial, and subepicardial myocytes.25 Transmural fiber rota-
tion was represented in the model. The ECG was computed using a bidomain model 
of the human heart and torso, including lungs and intracavitary blood volumes.26 
Structural discontinuities were simulated by the introduction of barriers (thickness 
0.4–0.6 mm) in the outer 50% of the right ventricular wall. In these barriers, no 
intercellular coupling was present, but the interstitium was unaffected. The barriers 
contained gaps of 0.2 mm width in which the intercellular coupling was reduced to 
30% of normal to mimic smaller gaps. Sodium channel conductivity (GNa) was simu-
lated at 100% or 30% of normal in the entire heart. The conductivity of the L-type 
calcium channels (GCaL) was modified in steps from 50% to 400% of normal, and 
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the conductivity of the transient outward channels (Gto) from 0% to 400% of normal 
in the entire heart. Simulation of a single cardiac beats in this model required 7–12 
hours (SGI Altix computer, 128 processors).

Statistical analysis
The occurrence of conduction block after ajmaline was compared between groups 
of preparations with similar isthmus width using a Fisher’s exact test. The level of 
statistical significance was set to P<.05.

Results
Epicardial shavings
At baseline, the conduction velocity of the epicardial shavings was 60.7 ± 5.7 cm/s 
longitudinal and 15.2 ± 3.7 cm/s (mean ± SD) transversal to the fiber direction. A 
typical example of an activation map and pseudo-ECG of an epicardial shaving after 
creation of an isthmus is shown in Figure 1.

After ajmaline, conduction blocked at the isthmuses in most of the preparations. The 
fraction of blocked beats was greater at shorter cycle lengths and in preparations 
with the smallest isthmus width (Figure 2). Total conduction block occurred in three 
of four preparations with isthmuses of 0.9 mm versus one of seven with isthmuses 
≥1.1 mm (P<.05). No blocked beats at any cycle length were observed in two of 

Figure 1. Optical map and pseudo-ECG of a porcine epicardial shaving after the introduction of 
isthmuses during stimulation from below. Colors correspond with local activation times, lines are 2.5-
ms isochrones, viewing window is 9 × 9 mm. Tracing shows QRS complex and ST-T segment of the 
pseudo-ECG.
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three preparations with isthmuses of 1.3 mm versus eight of eight with isthmuses 
≤1.1 mm (P = .055).

Figure 3 shows the activation maps, optically recorded action potentials, and pseu-
do-ECGs of two consecutive beats of an epicardial shaving containing three isth-
muses (one outside the recording area) of 1.1 mm after ajmaline during stimulation 
at a cycle length of 300 ms. In the upper panel, conduction over one of the isthmuses 
is successful and the myocardium distal of the isthmuses was activated with a long 
delay. This resulted in a long fractionated QRS complex followed by a negative T 
wave on the pseudo-ECG. In the lower panel, conduction fails at both isthmuses, 
resulting in excitation failure of the myocardium distal of the isthmuses. Activation 
at the proximal site of the barrier gives rise to a potential gradient over the isthmuses 
and current flow toward the positive ECG electrode, which is seen as ST-segment 
elevation on the pseudo-ECG.

Computer simulations

Local activation
All simulations were run with a model of both ventricles. Three-dimensional activa-
tion maps of a subepicardial section of this model after introduction of subepicardial 
structural discontinuities are shown in Figure 4. For clarity, the structural disconti-
nuities were made transparent. Graphs below show local action potentials; INa, Ito, 

Figure 2. Graph showing the portion of beats conducted over the isthmuses in epicardial shavings at 
increasing pacing rates after ajmaline (5 μmol/L). The conduction block depended on the width of the 
isthmuses and on the pacing rate; n = no. of preparations.
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and ICaL; and the total current given or received through the gap junctions at four 
different locations indicated in the activation maps. 

At baseline (Figure 4A), activation is delayed at the distal end of the isthmuses, but 
all myocardium distal from the isthmuses reached threshold potential and was acti-
vated. As shown before,9 reduction of the conductance of the cardiac sodium channel 
to 30% of normal (Figure 4B) resulted in activation block at some of the isthmuses 
and in excitation failure in part of the subepicardial tissue distal to the isthmuses. 

Figure 3. Activation maps showing two out of three isthmuses of 1.1 mm width of an epicardial 
shaving, optically recorded action potentials, and pseudo-ECGs of two consecutive beats after ajmaline 
during stimulation at a cycle length of 300 ms. In the upper panel, conduction over the right isthmus 
was successful and the myocardium distal of the isthmus was activated late, resulting in a long QRS 
duration followed by a negative T wave on the pseudo-ECG. In the lower panel, conduction failed 
at all isthmuses, resulting in excitation failure of the myocardium distal of the isthmuses and in a 
potential gradient over the isthmuses, which is seen as ST-segment elevation on the pseudo-ECG. 
Colors correspond with local activation; lines are 5-ms isochrones; viewing window is 9 × 9 mm; and 
S1 indicates the stimulation artifact, QRS complex, and ST-T segment of the pseudo-ECG.
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Reduction of the conductance of Gto to 0% of normal (Figure 4C) prevented sub-
epicardial excitation failure at some sites. Phase 1 repolarization at subepicardial 
locations was reduced (see red action potential), and more current was provided to 
sites distal to the isthmus (green), which enabled it to reach threshold potential and 
prevented subepicardial excitation failure. Likewise, an increase in GCaL to 150% of 
normal (Figure 4D) resulted in a higher depolarizing current being provided to the 
location distal of the isthmuses (green) and prevented excitation failure.

Simulated ECGs
The subepicardial activation delay and excitation failure after reduction of GNa to 

Figure 4. Three-dimensional activation map of a subepicardial section of the computer model after 
introduction of subepicardial structural discontinuities and graphs showing action potentials and ion 
currents at four locations, which are indicated by colored spheres in the activation map. At baseline (A), 
activation is delayed at the distal end of the isthmuses. However, all distal myocardium is activated. 
After reduction to 30% of the conductance of the cardiac sodium channel (B), activation is blocked 
at the isthmuses and subepicardial sites failed to excite. After reduction of the conductance of the 
transient outward current to 0% of normal (C), the phase 1 repolarization at subepicardial locations 
is reduced (red) and more current is provided to sites distal of the isthmus (green), and excitation 
threshold potential is reached. Likewise, an increase in the L-type calcium current to 150% of normal 
(D) resulted in a higher depolarizing current being provided to the location distal of the isthmuses 
(green) and prevented excitation failure. Colors in the activation map correspond with local activation 
time. Endo indicates the endocardial side and epi the epicardial side of the section. In panels A and D, 
Ito at the gray marker is small, because it is located in endocardial tissue, where the expression of Ito 
is relatively low.

Endo

Epi

A B C D
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30% in structurally discontinuous heart resulted in ST-segment elevation followed 
by a negative T wave in the right precordial leads of the ECG. The percentage of 
elements of the entire heart that failed to excite and the right precordial ST-segment 
elevation after GNa reduction were modulated by Gto and GCaL. 

An increase of Gto (Figure 5) or a reduction of GCaL (Figure 6) resulted in more sites 
that failed to excite and in greater amplitude of the right precordial ST-segment el-
evation. Conversely, a reduction of Gto or an increase of GCaL improved the success 
of conduction, decreased the number of sites that failed to excite, and reduced the 

Figure 5. Simulated ECGs of the heart with structural discontinuities and reduced sodium current 
at different levels of conductivity of the channel underlying the transient outward current (Gto). The 
graphs on the right relate the corresponding percentage of excited elements of the whole heart with 
the cumulative ST-segment elevation in the four right precordial leads. Gto modulated success of 
conduction in structurally discontinuous right ventricular subepicardium. Reduction of Gto prevented 
excitation failure at some subepicardial sites and decreased the right precordial ST-segment elevation 
on the ECG. V1ICS3 and V2ICS3 indicate leads V1 and V2 positioned in the third intercostal space.

Figure 6. Simulated ECGs of the heart with right ventricular structural discontinuities and reduction 
of the cardiac sodium current at different levels of conductivity of the L-type calcium channel (GCaL). 
The graphs on the right relate the corresponding percentage of excited elements of the whole heart with 
the cumulative ST-segment elevation in the four right precordial leads. GCaL modulated success of 
conduction in structurally discontinuous right ventricular subepicardium. Increased GCaL prevented 
excitation failure at some subepicardial sites and decreased the right precordial ST-segment elevation 
on the ECG.
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amplitude of the right precordial ST-segment elevation. The same changes in Gto and 
GCaL did not result in ST-segment deviation in the heart without structural discon-
tinuities either at normal GNa or after reduction of GNa to 30% of normal (data not 
shown).

Discussion
In this study, we directly demonstrated that excitation failure by current-to-load mis-
match results in ST-segment elevation on the ECG. In porcine epicardial shavings, 
success of conduction across an isthmus depended on the width of the isthmus and 
on the available INa, which was varied by addition of the rate-dependent sodium 
channel blocker ajmaline and by changing the pacing frequency. Small isthmuses 
(≤ 1.1 mm) in combination with reduced sodium current resulted in excitation fail-
ure and ST-segment elevation on the pseudo-ECG. Additionally, we demonstrated 
in a computer model that Ito and ICaL modulate the excitation failure-induced Bru-
gada ECG pattern in discontinuous myocardium. At sites of sudden expansion of the 
myocardium, a small source volume must activate a large sink volume. This caused 
activation delay and made the success of conduction sensitive to currents activated 
shortly after the upstroke of the action potential, such as Ito and ICaL. The repolarizing 
Ito reduced, and the depolarizing ICaL increased the current available for downstream 
depolarization and success of conduction.
These results are in line with clinical observations in patients with Brugada syn-
drome. Subtle signs of structural discontinuities in histological studies,8 imaging 
studies,5 and electrophysiological studies6,7 are common in patients with Brugada 
syndrome. Additionally, enhancement of ICaL by isoproterenol can reduce the Bru-
gada ECG pattern3 and can suppress electrical storms.15 Likewise, blockade of Ito 
by quinidine can reduce the ST-segment elevation13 and lower the inducibility of 
arrhythmias.14 In a case report, Watanabe et al. have demonstrated that quinidine 
reversibly eliminated late potentials on the signal-averaged ECG of a patient with 
Brugada syndrome.27 Therefore, the observation that the Brugada syndrome is mod-
ulated by Ito and ICaL is consistent with the hypothesis that conduction disturbances 
by current-to-load mismatch cause the Brugada ECG pattern.
As shown schematically in Figure 7, current-to-load mismatch can cause unidirec-
tional conduction block depending on the distribution of structural discontinuities 
and the depolarizing current available for conduction. The first observed extrasystole 
can be caused by reentrant activation. The ventricular arrhythmias associated with 
the Brugada ECG pattern can therefore be explained by current-to-load mismatch 
without the need for an extrasystole by a focal mechanism.
The question remains whether excitation failure by current-to-load mismatch can 
also underlie the ST segment elevation and ventricular fibrillation in other patient 
groups. Haïssaguerre et al. have demonstrated that elevation of the QRS-ST junc-
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tion on the inferior and lateral leads (also termed inferolateral early-repolarization 

sign (ERS)) is associated with idiopathic VF and that these patients are at high risk of 
recurrent VF.28 As in the Brugada syndrome, isoproterenol28, 29 and quinidine29 reduce 
or eliminate inferolateral ERS and may prevent arrhythmias in these patients.29,30 
Furthermore, inferolateral ERS is a common feature in patients with Brugada syn-
drome,31 and sodium channel blockade can provoke the Brugada ECG pattern in in-
ferior or lateral leads in ~5% of patients with Brugada syndrome.30 However, sodium 
channel blockade, the most potent modulator of the Brugada ECG pattern, usually 
has no effect on inferolateral ERS.30,31 Despite these similarities, the mechanisms 
of ST segment elevation in patients with the Brugada syndrome and in those with 
inferolateral ERS are therefore likely different but share modulation by Ito and ICaL.

Figure 7. Schematic drawings illustrating the induction of reentrant arrhythmias by current-to-load 
mismatch in myocardium containing two isthmuses. A: During normal conditions, the redundancy in 
excitatory current makes conduction successful over both isthmuses and there is no reentrant activation. 
B: A reduction of the cardiac sodium current or L-type calcium current or an increase of the transient 
outward current lowers the excitatory current and can cause unidirectional conduction block depending 
on the local geometry of the myocardium. In the top drawing, activation is blocked at the left but not 
at the right isthmus. The asymmetrical distribution of the structural discontinuities at the left isthmus 
make conduction in the opposite direction successful, and activation reenters the proximal myocardium. 
Colors depict activation time; black indicates fibrous tissue between myocardium.

A

B
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Study limitations
Variation of Ito and ICaL was only performed in the computer model of the Brugada 
syndrome and not in epicardial shavings. However, others have provided ample dem-
onstration of the effects of Ito

17 and ICaL
11,19,32 on the success of conduction in the set-

ting of local activation delay. Furthermore, the width of the isthmuses in epicardial 
shavings that resulted in conduction block in the present study as well as in previous 
reports33 was larger than those in the computer model. To obtain conduction block 
by current-to-load mismatch in a computer model with isthmus sizes comparable to 
those of the epicardial shavings, it may be necessary to account for the discontinui-
ties at the cellular level.34 With the currently available computing power, this is not 
feasible for a whole-heart model. In addition, the cutting of the epicardial shavings 
may have changed the interstitial conductivity. Because the nature and size of these 
changes are unknown, they were not accounted for in the computer model.

Conclusions
Excitation failure by current-to-load mismatch causes ST-segment elevation and, 
like ST-segment elevation in Brugada patients, is modulated by INa, Ito, and ICaL. 
Therefore, current-to-load mismatch may underlie the Brugada syndrome.
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The Brugada ECG pattern

In 1992, Brugada and Brugada introduced a new clinical entity characterized by right 
precordial ST-segment elevation followed by a negative T-wave and a high incidence 
of ventricular fibrillation (VF) in the absence of structural heart disease.1 The typical 
ECG anomaly is currently known as the Brugada ECG pattern and the conglomer-
ate of features as the Brugada syndrome. Over the years, the Brugada syndrome 
has been recognized as an important cause of sudden cardiac death in young men, 
especially in Southeast Asia,2 and has attracted much attention from researchers and 
clinicians alike. This has led to substantial progress in identification of modulating 
factors of the Brugada ECG pattern, the associated ventricular arrhythmias, and in 
the risk stratification of patients.3 However, the development of effective therapeu-
tic strategies has lagged behind. Currently, symptomatic treatment with implantable 
cardioverter-defibrillators (ICDs) is the mainstay in the prevention of sudden cardiac 
death,3 although it is costly and associated with a high risk of complications.4

The pathophysiological mechanism of the Brugada syndrome remains elusive,5 and 
no single causal factor appears to link all patients. The Brugada ECG pattern is 
modulated by genetic mutations and pharmacological agents that alter the function 
of ion channels active during the early phases of the action potential. Furthermore, 
signs of right ventricular structural abnormalities are often found in patients with 
Brugada syndrome. The aim of this study is to review the available literature on the 
Brugada syndrome in an attempt to provide a unifying hypothesis of the mechanism 
of the Brugada syndrome. This unifying hypothesis should be able to explain the 
ECG pattern, the arrhythmogenic mechanism, their modulation by ion channels, and 
the relation of structural abnormalities to the Brugada syndrome. 

Is the Brugada syndrome a channelopathy?
The Brugada syndrome was introduced shortly after the first demonstration of statis-
tical linkage between the long-QT syndrome (LQTS) and a gene locus.6 Since then, 
genetic mutations that alter ion channel functions and prolong the QT duration were 
linked with the LQTS.7 These observations defined the LQTS as a channelopathy. In 
analogy with the LQTS, a hereditary pattern was suspected in half the Brugada syn-
drome cases. Additionally, no structural heart disease was demonstrated, suggesting 
that the Brugada syndrome also was a channelopathy.1 Over the years, this analogy 
was substantiated by further observations of similarity with the LQTS. 

Genetics
Genetic mutations that alter ion channel functions have been identified in patients 
with Brugada syndrome. The first identified mutations were located in SCN5A, the 
gene encoding the α-subunit of the cardiac sodium channel, leading to reduced cardi-
ac sodium current (INa).

8 The prevalence of SCN5A mutations is ≈20%9 and is higher 
in patients with than without a family history of Brugada syndrome.10 Recently, mu-
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tations in GPD1L11, a gene probably involved in the transportation of cardiac sodium 
channels to the membrane and in SCN1B12 and SCN3B,13 encoding ß-subunits of 
sodium channels, have also been associated with the Brugada syndrome. However, 
these mutations are rare among patients.14,15 A mutation in KCNE3 has been associ-
ated with the Brugada syndrome in 1 family.16 This gene encodes MiRP2, a ß-subunit 
of several potassium channels. Mutations in CACNA1C and CACNB2b, genes en-
coding the α1- and ß2b-subunits of the L-type calcium channel, which reduce the 
L-type calcium current (ICaL), have been associated with the Brugada phenotype in 
combination with a relatively short QT interval.17

Modulators of the Brugada ECG pattern and arrhythmias
The Brugada ECG pattern can vary spontaneously and can even disappear temporar-
ily.18 Before VF, the Brugada ECG pattern becomes more prominent19 and is often 
accompanied by shortly coupled premature ventricular complexes (PVCs) that ini-
tiate VF.19,20 Interestingly, the origin of these PVCs appears to depend on whether 
patients carry an SCN5A mutation. In patients without an SCN5A mutation, most 
PVCs have left bundle-branch block morphology and probably originate from the 
right ventricle. In SCN5A mutation carriers, PVC morphologies are more diverse and 
often have right bundle-branch block morphology in line with a left ventricular ori-
gin.20 Like in the LQTS,21 the Brugada ECG pattern and ventricular arrhythmias ap-
pear to have specific triggers. The Brugada ECG pattern is usually more pronounced 
at night or at rest22 and after large meals,23 when most VF episodes and sudden deaths 
in the Brugada syndrome also occur.2,23,24 Fluctuations in heart frequency during 
Holter monitoring have suggested that increased vagal activity precedes VF.19 Also, 
123I-MIBG SPECT imaging has shown that cardiac norepinephrine uptake is reduced 
in patients with Brugada syndrome.25 However, it is unclear whether this represents 
reduced neuronal uptake or regional denervation and whether it underlies the vagal 
modulation of the Brugada syndrome. Febrile illness can also augment or provoke 
the Brugada ECG pattern and trigger arrhythmias.26 Therapeutic hypothermia after 
resuscitation for VF concealed the Brugada ECG pattern in a patient in whom fever 
during phlebitis unmasked the Brugada ECG pattern,27 suggesting a direct modulat-
ing effect of temperature. 

Responsiveness to pharmacological agents
Like the QT-prolongation in LQTS, the Brugada ECG pattern can be augmented or 
provoked by pharmacological agents such as sodium channel blockers (class 1A and 
1C), β-blockers, and acetylcholine.28 Paradoxically, the class 1A sodium channel 
blocker quinidine reduces the Brugada ECG pattern29 and inducibility of VF.30 Be-
sides blocking sodium channels, quinidine has vagolytic effects and blocks several 
potassium currents.31 Likewise, isoproterenol can attenuate the Brugada ECG pat-
tern28 and can be beneficial in the treatment of electrical storms.32
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The canine right ventricular wedge preparation
The canine right ventricular wedge preparation has provided mechanistic support for 
the Brugada syndrome as a repolarization-related disorder.33 The transient outward 
current (Ito) is larger in subepicardial than in subendocardial myocytes.34 In this prep-
aration, the subepicardial abundance of Ito in combination with slow pacing rates, 
sodium channel blockade, and acetylcholine led to loss of the action potential dome 
and early completion of repolarization in the right ventricular subepicardium but not 
the subendocardium. This transmural repolarization gradient caused ST-segment el-
evation on a transmural pseudo-ECG and was suggested to underlie the ST-segment 
elevation of the Brugada ECG pattern (Figure 1, loss of action potential dome, solid 
line). Other subepicardial myocytes have a prolonged action potential and were sug-
gested to underlie the negative T-wave of the Brugada ECG pattern (Figure 1, loss of 
action potential dome, dashed line). 

This “transmural dispersion of repolarization” hypothesis also tentatively provides 
a mechanism for initiation of VF in the Brugada syndrome. The repolarization gra-
dient causes an electrotonic transmural current from sites with normal to sites with 
early repolarization, flowing during phase 2 of the action potential. This current was 
suggested to initiate action potentials at sites of early repolarization (phase 2 reen-
try). Spontaneous extrasystoles in the canine right ventricular wedge preparation 
originate from sites of early repolarization.33 In this model, quinidine and isoproter-

Figure 1. Suggested mechanisms of the Brugada ECG pattern. Loss of the action potential dome at 
the right ventricular subepicardium but not the subendocardium causes ST-segment elevation, action 
potential prolongation at neighboring sites causes the negative T-wave; late activation of the right 
ventricle causes ST-segment elevation and repolarization of the same myocardium the negative T-wave; 
excitation failure at the right ventricular subepicardium causes ST-segment elevation and moderate 
activation delay at neighboring sites causes the negative T-wave. 
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enol attenuate the Brugada ECG pattern by blocking of Ito or increase in ICaL, respec-
tively, thereby restoring the balance between repolarizing and depolarizing currents 
during phase 1 of the action potential and preventing subepicardial loss of the action 
potential dome.33

Limitations to the concept of the Brugada syndrome as a channelopathy
The causality between loss-of-function mutations in SCN5A and the Brugada syn-
drome has been questioned.35 Only ≈20% of patients carry an SCN5A mutation,9 and 
the prevalence in those without a family history is even lower.10 If the Brugada syn-
drome were a congenital channelopathy, the overwhelming part of patients should 
carry mutations. However, no hereditary pattern is evident in most index patients.9,10 
Still, de novo mutations or a multifactorial genetic background could underlie the 
Brugada syndrome. Ideally, such a complex hereditary origin of a syndrome is dem-
onstrated by twin studies. So far, only 1 report of an identical male twin with the Bru-
gada syndrome has been published, and, of these twins, only 1 brother manifested 
the Brugada syndrome.36

Second, unlike the SCN5A mutations in LQT3,37 no statistical linkage has been dem-
onstrated between loss-of-function SCN5A mutations and the Brugada syndrome in 
families affected by both.38 In these families, 8 of the 62 individuals with the Bru-
gada ECG pattern did not carry the familial SCN5A mutation.38

Third, the hypothesized loss of action potential dome as cause of the Brugada syn-
drome has not been confirmed in patients. In 2 studies, unipolar electrograms from 
the epicardium of the right ventricular outflow tract demonstrated no early repolari-
zation during the ST-segment.39,40 Similarly, monophasic action potentials recorded 
at the right ventricular epicardium during open heart surgery demonstrated no loss 
of dome or early repolarization.41 Also, arrhythmias appeared to originate from the 
subendocardium rather than from the subepicardium during a mapping study.42

Finally, sodium channel blockers do not provoke the Brugada ECG pattern in healthy 
individuals or in all SCN5A mutation carriers.9,43 These findings suggest that other 
factors besides a reduced sodium channel function are essential for the Brugada syn-
drome. 

Is the Brugada ECG pattern a marker of structural heart 
disease?
Before the description of the Brugada syndrome, Martini et al44 presented 3 patients 
with idiopathic VF and right precordial ST-segment elevation. One of these patients 
demonstrated what was later to be called the Brugada ECG pattern. In contrast with 
Brugada and Brugada,1 structural right ventricular abnormalities were found on care-
ful reevaluation of these patients. This led the authors to suggest that right ventricular 
structural abnormalities underlie the Brugada syndrome.45 Since then, signs of right 
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ventricular structural abnormalities were found in more studies on patients with the 
Brugada ECG pattern. Conversely, the Brugada ECG pattern can also be provoked 
in patients with cardiac structural changes. 

Histopathological studies
Corrado et al identified 13 young sudden cardiac death victims who retrospectively 
showed the Brugada ECG pattern. Twelve of them demonstrated structural heart 
disease consistent with arrhythmogenic right ventricular cardiomyopathy (ARVC).46 
In an autopsy series of patients of southeast Asian descent with sudden unexpected 
death syndrome later shown to overlap with the Brugada syndrome,2 cardiomyopa-
thy, right or left ventricular hypertrophy or dilatation, and a variety of conduction 
system abnormalities occurred in almost every case.47

In 2 reports, deceased index patients of families affected by sudden cardiac death 
and the Brugada ECG pattern ARVC was demonstrated at autopsy.48,49 Furthermore, 
in a long-term follow-up study of patients with Brugada syndrome, the only sud-
den death victim showed ARVC at autopsy despite rigorous investigation at time 
of diagnosis.50 However, gross structural abnormalities are unlikely to be always 
present because retrospectively screened autopsy reports of 11 sudden death victims 
in families affected by Brugada syndrome did not mention structural heart disease.9

To date, 2 systematic studies on endocardial biopsies in patients with Brugada syn-
drome are available.51,52 Frustaci et al52 demonstrated abnormalities in all 18 patients 
undergoing endocardial biopsy. Lymphocytic myocarditis and atypical cardiomyo-
pathic alterations (hypertrophy and diffuse vacuolization) were the most common 
findings. Zumhagen et al51 demonstrated moderate changes such as hypertrophy, 
mild fibrosis, and fatty infiltration in endocardial biopsies of most patients. In both 
studies, fibrofatty infiltration consistent with ARVC was demonstrated in only sev-
eral cases. 

Functional and anatomic imaging studies
Using computed tomography, Takagi et al53 have described wall motion abnormali-
ties of mainly the right ventricular outflow tract in 19 of 27 Brugada syndrome pa-
tients and focal aneurysmal changes in another 2 patients. Both functional and struc-
tural disorders can underlie wall motion abnormalities. However, fibrosis or fatty 
infiltration was demonstrated in endocardial biopsies in 4 of 13 patients.53 MRI in 
20 Brugada syndrome patients demonstrated a larger right ventricular outflow tract 
area compared with control subjects and a high intramyocardial T1 signal sugges-
tive for fatty infiltration in 4 patients.54 Recently, a more elaborate MRI study also 
identified right ventricular wall motion abnormalities and increased right ventricular 
end-systolic and inflow tract diameters55 in Brugada syndrome patients. On echocar-
diography, right ventricular contraction is delayed by sodium channel blockade in 
Brugada syndrome compared with control patients,56 indicative for subtle structural 
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abnormalities or altered functional properties of the right ventricle. 

Electrophysiologic studies
Late potentials on signal averaged ECGs are common in Brugada syndrome, espe-
cially in symptomatic patients.57 Late potentials are associated with structural heart 
disease and are found after myocardial infarction58 or in ARVC.59 In the Brugada 
syndrome, late potentials probably have a subepicardial origin because they coin-
cided with late activation in epicardial but not endocardial electrograms of the right 
ventricular outflow tract.60

Furthermore, fragmentation of QRS complexes in the right precordial leads are 
found in the majority of Brugada syndrome patients with a spontaneous Brugada 
ECG pattern.61 Fragmented QRS complexes result from discontinuous activation 
and, like late potentials, are common after myocardial infarction62 and in ARVC.63

Moderate conduction abnormalities were found in Brugada syndrome patients in 
right ventricular endocardial stimulation and mapping studies.64,65 Unipolar electro-
grams of Brugada syndrome patients contained more fractionation65 and more right 
ventricular activation delay after shortly coupled premature stimuli than of control 
patients.64,65 Activation delay on shortly coupled premature stimuli has been dem-
onstrated to depend on the arrangement of structural discontinuities in the myocar-
dium.66

The Brugada ECG pattern can also be provoked in patients with cardiac conditions 
characterized by overt structural abnormalities. In a study by Chiale et al,67 ajmaline 
provoked the Brugada ECG pattern and shortly coupled PVCs in 7 of 101 patients 
in the early stage of Chagas disease. Likewise, ajmaline provoked the Brugada ECG 
pattern in 9 of 55 ARVC patients.68

Limitations of the concept of the Brugada ECG pattern as a marker of structural 
heart disease
The main argument against the concept of the Brugada ECG pattern as a marker of 
structural heart disease is that signs of structural abnormalities are not found in all 
patients. Furthermore, the structural abnormalities demonstrated are often subtle and 
not specific for a disease process and patients do not meet the diagnostic criteria for 
ARVC, either at the time of diagnosis or at follow-up.50

In short, the classification of the Brugada syndrome as a channelopathy or as marker 
of structural heart disease is currently not justified. Therefore, the challenge remains 
to unify the functional modulation and signs of structural abnormalities in a hypoth-
esis on the mechanism of the Brugada syndrome. 
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A unifying hypothesis of the Brugada syndrome: 
two conspiring factors
Thus far, 2 explanted Langendorff-perfused hearts of sodium channel mutations car-
riers have been studied and provided alternative hypotheses of the Brugada syn-
drome in which decreased cardiac excitability by sodium current reduction and right 
ventricular structural abnormalities conspire. The first heart was of a Brugada syn-
drome patient undergoing cardiac transplantation for intolerable ICD discharges for 
VF.42 No transmural gradient of repolarization was found and when VF was induced 
by programmed stimulation the first reentrant activation originated from subendo-
cardial, not subepicardial, myocardium. Marked activation delay was observed in 
the right ventricle, which contained abundant fibrous and adipose tissue. As long as 
a part of the right ventricle is not activated, a potential gradient exist. Therefore, we 
suggested that the Brugada ECG pattern can be caused by delayed right ventricular 
activation throughout the whole ST-segment (Figure 1, late activation).42

The second heart came from a loss-of-function mutation carrier in SCN5A, undergo-
ing cardiac transplantation for end-stage heart failure in dilated cardiomyopathy.69 In 
this heart, sodium channel blockade provoked right-sided ST-segment elevation on a 
pseudo-ECG. Neither early repolarization nor late activation was found as a cause of 
the ST-segment elevation. However, the ST-segment elevation did coincide with loss 
of local activation at the basal right ventricular subepicardium, which contained fi-
brosis and fatty infiltration.69 Fibrosis and fatty infiltration form barriers that can cre-
ate sites of sudden expansion of the myocardium. At the site of “tissue expansion,” 
few myocytes have to produce the depolarizing current to excite a large mass of 
neighboring myocytes and conduction may fail (current-to-load mismatch). There-
fore, we suggested that excitation failure by current-to-load mismatch causes the 
ST-segment elevation and that modest activation delay at neighboring sites causes 
the negative T-wave of the Brugada ECG pattern (Figure 1, excitation failure). The 
modeling part of this study has supported the feasibility of this hypothesis.69

Success of action potential propagation in structural discontinuous myocardium de-
pends on the tissue architecture69,70 and on the current available for propagation, 
which is modulated by INa

69,71, ICaL
71,72 and Ito

73 (Figure 2). The tissue architecture can 
be asymmetrical and may result in unidirectional block and in reentrant arrhythmias 
without the need of an extrasystole by a focal mechanism. According to these con-
duction hypotheses, isoproterenol attenuates the Brugada ECG pattern by increas-
ing the ICaL, thereby preventing conduction block under current-to-load mismatch 
conditions.71,72 Likewise, reduction of Ito benefits conduction as demonstrated at the 
Purkinje-ventricular junction and in simulation studies.73 In a case report, quinidine 
reversibly eliminated late potentials and attenuated the Brugada ECG pattern,74 prob-
ably because it blocks the repolarizing Ito. Therefore, both increase in ICaL and block-
ade of Ito may attenuate the Brugada ECG pattern and the associated arrhythmias by 
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preventing conduction block caused by current-to-load mismatch. 
The question arises of why these conduction abnormalities preferentially occur at 
the right ventricular subepicardium. The embryological origin (contributions of the 
second heart field, neural crest cells) of the right ventricle differs from left ventricle 
and has been suggested to predispose the right ventricle to arrhythmias in adult-
hood.75,76 The adult right ventricular subepicardium contains most structural discon-
tinuities. The collagen content is markedly higher in the right than the left ventricle 
in patients without cardiovascular disease77 and fatty infiltration—predominately the 
right ventricular subepicardium—and can be identified in 85% of subjects and even 
more so in elderly subjects.78 Second, the right ventricular subepicardium may have 
the lowest redundancy in current available for conduction. In guinea pigs, the right 
ventricle contains fewer sodium channels than the left ventricle.79 The expression of 
cardiac sodium channels is lower at the subepicardium than the subendocardium in 
mice, which results in a reduced action potential upstroke velocity.80 The subepicar-
dium in humans also has a higher Ito

34, which may reduce the safety of conduction.73 
This makes the right ventricular subepicardium more sensitive to sodium channel 
blockade. Finally, the subepicardial basal right ventricle is the last activated part of 
the heart81, limiting the chance of excitation via secondary routes in case of conduc-
tion block. 
In these conduction hypothesis, fewer structural discontinuities are required for the 

Figure 2. Illustration depicting the role of the cardiac sodium (INa), L-type calcium (ICaL) and transient 
outward current (Ito) and the extent of structural abnormalities in conduction block by current-to-load 
mismatch, which can result in excitation failure or activation delay of the subepicardium. Activation 
may circle these sites of conduction block and cause reentry if activation distal to the site of block is 
sufficiently delayed. Colors depict activation time; arrows show direction of activation. 
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development of the Brugada ECG pattern if the depolarizing current is reduced by, 
for example, SCN5A mutations69 (Figure 3). If we accept that most structural abnor-
malities are acquired throughout life, we understand the rarity of the Brugada ECG 
pattern in children82 and the relatively late age of diagnosis of the Brugada syndrome 
(≈40 years)9 compared with the LQTS.21 Additionally, we understand why the preva-
lence of SCN5A mutations among exceptional cases of children with the Brugada 
syndrome is markedly higher than in adults even when patients who were identified 
during family screening are excluded.83 These children will have had less time to 
acquire structural abnormalities than adults, and their Brugada ECG pattern may 
depend more on reduced depolarizing current rather than on structural abnormalities. 
In the conduction hypotheses, structural abnormalities are intrinsic to the Brugada 
syndrome. However, alternative relations between structural abnormalities and the 
Brugada syndrome have received attention. 

Figure 3. Hypothesized relation between loss-of-function mutations in SCN5A, right ventricular 
structural abnormalities, and the Brugada ECG pattern. Right precordial ST-elevation in the presence 
(red line) or absence (black line) of loss-of-function mutations in SCN5A are indicated in the graph. 
Level of structural abnormalities that will be recognized as structural heart disease is indicated by a 
vertical dashed line, ST-segment elevation sufficient for the diagnosis of the Brugada syndrome is 
indicated by a horizontal dashed line. In the presence of a loss-of-function mutation in SCN5A, fewer 
structural abnormalities are required for the development of the Brugada ECG pattern.
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Alternative relations between structural abnormalities and 
the Brugada syndrome
Presentation bias
A higher incidence of arrhythmias in patients with structural abnormalities can lead 
to a presentation bias in the clinic and overrepresentation of structural abnormalities 
in the Brugada syndrome in literature. Signs of structural abnormalities in the Bru-
gada syndrome are associated with a higher risk of arrhythmias. Late potentials have 
a higher prevalence in patients with syncope or aborted sudden death than in asymp-
tomatic patients.57 Furthermore, symptomatic Brugada syndrome patients with frag-
mented QRS complexes are at increased risk of recurrent VF.61 However, fibrosis 
and fatty replacement in endocardial biopsies51, late potentials57, and fragmented 
QRS complexes61 are also common in asymptomatic patients. Furthermore, sodium 
channel blockade can frequently provoke the Brugada ECG pattern in patients with 
conditions characterized by severe structural abnormalities such as ARVC68 or Cha-
gas disease67 but not in healthy individuals.9,43 Therefore, a presentation bias cannot 
be the sole cause of the association between the Brugada syndrome and structural 
abnormalities. 

Different patients, different mechanisms
The Brugada ECG pattern may be caused by a different mechanism in patients with 
structural abnormalities (eg, excitation failure) than in patients without structural ab-
normalities (eg, loss of action potential dome). In this case, diagnostics based on the 
Brugada ECG pattern will increase the prevalence of structural abnormalities in the 
Brugada syndrome. Different mechanisms probably will have different modulating 
factors and result in different ventricular arrhythmias. 
As in the Brugada syndrome, sodium channel blocking agents can provoke the 
Brugada ECG pattern in patients with conditions characterized by severe structur-
al abnormalities such as ARVC68 and Chagas disease.67 In these patients, similar 
non–pause-dependent, shortly coupled PVCs can accompany the Brugada ECG pat-
tern67,84 and initiate similar polymorphic ventricular tachycardias that deteriorate in 
VF84 as in patients with the Brugada ECG pattern without structural heart disease.19 
Likewise, sudden cardiac death in ARVC patients with the Brugada ECG pattern 
also appears to occur in the setting of increased vagal tone such as during sleeping 
or at rest.46,49

Therefore, no difference in modulating factors of the Brugada ECG pattern, triggers, 
or ventricular arrhythmias have been identified between patients with or without 
gross structural abnormalities. Thus, it is unlikely that the mechanism of the Brugada 
ECG pattern or the arrhythmias is different between these conditions. 
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A single cause of the Brugada ECG pattern and structural abnormalities
A third alternative explanation is that structural abnormalities and the Brugada ECG 
pattern stem from a single cause without the structural abnormalities being a prereq-
uisite for the Brugada ECG pattern. Support for such a relation can be found in mice 
with haploinsufficiency in SCN5A who develop fibrosis on aging.85 Thus far, the 
mechanism causing fibrosis is unknown. Long-term toxicity studies with flecainide 
in rodents did not result in cardiac fibrosis.86 Therefore, development of fibrosis may 
depend on sodium channel dysfunction during early development. Recently, Sato et 
al87 demonstrated that plakophilin-2 colocalizes with the cardiac sodium channel at 
the intercalated disc and that reduction in plakophilin-2 expression results in reduced 
INa of isolated neonatal rat cardiomyocytes. Mutations in the gene encoding plako-
phillin-2 (PKP2) have been associated with ARVC.88 Hence, PKP2 mutations may 
cause structural abnormalities and reduce INa. However, most Brugada syndrome 
patients do not carry a mutation in SCN5A9 or plakophilin-214, and such a common 
cause has not yet been identified. 

Structural changes secondary to the mechanism of the Brugada ECG pattern
On echocardiography, Brugada syndrome patients demonstrated delayed onset of 
right ventricular contraction that increased after flecainide and correlated well with 
the ST-segment amplitude of the Brugada ECG pattern.56 Therefore, a single mecha-
nism probably underlies the delayed contraction and Brugada ECG pattern. This de-
layed contraction may increase the right ventricular wall stress and over time cause 
structural abnormalities. However, progression or development of structural abnor-
malities during follow-up is rare in Brugada syndrome patients.50 Furthermore, in 
preexisting conditions characterized by structural abnormalities (ARVC68 or Chagas 
disease67), sodium channel blockade also often provokes the Brugada ECG pattern. 
Therefore, structural abnormalities probably are essential for and not secondary to 
the mechanism of the Brugada ECG pattern. 

Conclusion
Structural abnormalities probably are intrinsic to the Brugada syndrome, and limited 
sensitivity of our diagnostic modalities may render these structural discontinuities 
difficult to distinguish from normal. None of the proposed mechanisms of the Bru-
gada syndrome has so far been irrefutably demonstrated in patients. To date, right 
ventricular conduction disturbances by current-to-load mismatch is the only mech-
anism that unifies the often observed structural abnormalities with the functional 
modulation of the Brugada ECG pattern and associated arrhythmias by changes in 
INa, ICaL, and Ito. 
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In this issue of Heart Rhythm, Takagi and colleagues evaluated the prognostic value 
of inferolateral J-point elevation in a large cohort of Brugada syndrome (BrS) pa-
tients.1 Inferolateral J-point elevation followed by a horizontal ST-segment was as-
sociated with an increased risk of arrhythmic events in both patients groups with and 
without a history of aborted sudden cardiac death by ventricular fibrillation (VF). 
The authors conclude that the combination of electrocardiographic patterns may help 
identify BrS patients with a highly arrhythmogenic substrate. The paper by Takagi 
once more shows the intertwinement of BrS and early repolarization syndrome.1 
The intricate interrelation between the two syndromes has invoked the idea that the 
pathophysiological mechanisms underlying the syndromes is the same.2

The identification of ECG anomalies in idiopathic VF victims has enabled their dif-
ferentiation into subgroups with a presumably shared arrhythmogenic substrate. It 
was the Brugada ECG pattern that set BrS patients apart from other idiopathic VF 
victims at the initial description of the syndrome.3 This has sparked great interest in 
the mechanism underlying both the ECG pattern and arrhythmogenesis in BrS.4 Re-
cently, a high prevalence of J-point elevation in the inferolateral leads, termed early 
repolarization, was reported in idiopathic VF patients.5 Subsequent reports on this 
so-called early repolarization syndrome indicated that inferolateral J-point elevation 
followed by horizontal or descending ST segment in particular is associated with an 
increased risk of arrhythmic death at a population level6 as well as with idiopathic 
VF.7 
A degree in overlap in patient characteristics and modulators of arrhythmic events 
has prompted some to consider the BrS and early repolarization syndrome the result 
from a single pathophysiological mechanism and grouped them under the term “J 
wave syndromes”.2 Indeed, inferolateral J-point elevation has a higher prevalence in 
BrS patients (~11% )8,9 than in either their unaffected relatives (~6%)8 or the general 
population (~5%).5,6 The study by Takagi et al takes this idea a step further by look-
ing at the prognostic value of the early repolarization pattern in a BrS population.
 
Although their study obviously was not designed to address the pathophysiologi-
cal mechanism(s) underlying early repolarization syndrome and BrS, the paper by 
Takagi et al. raises several questions.
First, in what aspect does the arrhythmogenic substrate differ between Brugada syn-
drome patients with and without inferolateral J-point elevation? One explanation 
may be that the arrhythmogenic substrate encompasses a larger myocardial area in 
patients with inferolateral J-point elevation than in other BrS patients. Support for 
this notion can be found in body surface mapping studies that demonstrated that a 
larger body surface area of ST-elevation after sodium channel blockade is related 
with inducibility of ventricular arrhythmias in the BrS.10 Furthermore, the Brugada 
ECG pattern is not always confined to the right precordial leads11 and can be pro-
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voked quite frequently in the inferior leads of BrS patients with inferolateral J-point 
elevation by sodium channel blockade.8 
Second, if a single mechanism accounts for the Brugada ECG pattern and for infe-
rolateral J-point elevation in idiopathic VF patients how does this explain the dif-
ferential pharmacological modulation of the ECG features in these patient groups? 
Sodium channel blockade augments or provokes the Brugada ECG pattern12 and is 
considered such a pivotal modulator of BrS that such provocation tests have been 
incorporated in its diagnostic criteria.13 In contrast, sodium channel blockers attenu-
ate the inferolateral J-point elevation observed in idiopathic VF patients.14,15 Like-
wise, isoproterenol, which enhances the L-type calcium current (ICaL), also has a 
differential effect in these two conditions: normalization of the J-point elevation was 
achieved in the majority of idiopathic VF patients with inferolateral J-point eleva-
tion, whereas normalization of the Brugada ECG pattern was not achieved in any 
patient by Roten et al.16

It will be a challenge to determine the pathophysiological mechanism(s) in these 
patient groups. One first step is to determine whether the Brugada ECG pattern and 
inferolateral J-point elevation are caused by a conduction or repolarization anomaly. 
Differentiation based on modulation of these ECG patterns by the ICaL and transient 
outward current (Ito) is not possible as these currents can influence both conduction17 
as well as shape of the action potential.18 In conditions of local conduction slowing, 
the current available for conduction depends not only on the cardiac sodium current 
but on the sum of all inward (depolarizing) and outward (repolarizing) currents dur-
ing the early phase of the action potential. A reduction in repolarizing Ito or increase 
in depolarizing ICaL will increase the current available for conduction and have been 
demonstrated to reduce the Brugada ECG pattern in a model based on local conduc-
tion disturbances by current-to-load mismatch.17 Similarly, a reduction in Ito and an 
increase in ICaL determine the early repolarization phase (phase 1 of the action poten-
tial) which has been suggested to be altered in these conditions.18 Local recordings 
at the site of the arrhythmogenic substrate may therefore be essential for gaining 
mechanistic insight in these conditions. Thus far, only one clinical study reported 
ST-segment elevation in epicardial unipolar electrograms of BrS patients indicat-
ing that these electrograms originated from the myocardial area responsible for the 
Brugada ECG pattern.19 This myocardial area showed low voltage areas containing 
marked fractionation of activation indicative of a local conduction disturbance. Sim-
ilar unipolar electrograms were previously provoked by sodium channel blockade 
in the explanted heart of a loss-of-function mutation carrier in SCN5A undergoing 
cardiac transplantation for heart failure in dilated cardiomyopathy.20 These electro-
grams in this heart were located at sites where fibrous and fatty tissue interspersed 
the myocardium which suggest that conduction abnormalities based on current-to-
load mismatch is the pivotal mechanism in BrS. 
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From a mechanistic point of view there is at present insufficient basis to group BrS 
and early repolarization syndrome as “J wave syndromes” with a repolarization 
anomaly as a common mechanism. More direct measurements of the arrhythmo-
genic substrate will be required to solve the J wave conundrum.
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Abstract
Objectives We used a murine model of arrhythmogenic right ventricular cardio-
myopathy (ARVC) to test whether reducing ventricular load prevents or slows de-
velopment of this cardiomyopathy.

Background At present, no therapy exists to slow progression of ARVC. Geneti-
cally conferred dysfunction of the mechanical cell–cell connections, often associated 
with reduced expression of plakoglobin, is thought to cause ARVC.

Methods Littermate pairs of heterozygous plakoglobin-deficient mice (plako+/–) 
and wild-type (WT) littermates underwent 7 weeks of endurance training (daily 
swimming). Mice were randomized to blinded load-reducing therapy (furosemide 
and nitrates) or placebo.

Results Therapy prevented training-induced right ventricular (RV) enlargement in 
plako+/– mice (RV volume: untreated plako+/– 136 ± 5 μl; treated plako+/– 78 ± 5 μl; 
WT 81 ± 5 μl; p < 0.01 for untreated vs. WT and untreated vs. treated; mean ± SEM). 
In isolated, Langendorff-perfused hearts, ventricular tachycardias (VTs) were more 
often induced in untreated plako+/– hearts (15 of 25), than in treated plako+/– hearts (5 
of 19) or in WT hearts (6 of 21, both p < 0.05). Epicardial mapping of the RV identi-
fied macro–re-entry as the mechanism of ventricular tachycardia. The RV longitu-
dinal conduction velocity was reduced in untreated but not in treated plako+/– mice 
(p < 0.01 for untreated vs. WT and untreated vs. treated). Myocardial concentration 
of phosphorylated connexin43 was lower in plako+/– hearts with VTs compared with 
hearts without VTs and was reduced in untreated plako+/– compared with WT (both 
p < 0.05). Plako+/– hearts showed reduced myocardial plakoglobin concentration, 
whereas β-catenin and N-cadherin concentration was not changed.

Conclusions Load-reducing therapy prevents training-induced development of 
ARVC in plako+/– mice.
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Introduction
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an important cause of 
sudden death in young athletes.1-5 Dysfunction of the mechanical cell-cell junction 
seems to play a central role in ARVC: mutations in genes encoding the mechanical 
cell-cell contact proteins plakophilin-2, plakoglobin, desmocollin-2, desmoglein-2, 
and desmoplakin are found in ARVC patients.6-12 These proteins are localized in spe-
cial junctions of the area composita (constituting >90% of the intercalated disk area), 
which consists of desmosomal and fascia adherens components.13,14

Transgenic mouse models have verified the biological relevance of mechanical cell–
cell contact dysfunction for ARVC: heterozygous deletion of plakoglobin is suffi-
cient to provoke an ARVC phenotype comprising right ventricular (RV) enlarge-
ment and dysfunction and inducible ventricular tachycardias (VTs) without cardiac 
fibro-fatty infiltration.15 Heterozygous deletion of desmoplakin causes a biventricu-
lar cardiomyopathy with myocardial deposition of fat and fibrous tissue16, and trans-
genic expression of desmoglein causes biventricular myocardial necrosis.17 Recent 
analyses in myocardial tissue from ARVC patients extend these findings and suggest 
that reduced immunohistological plakoglobin light intensity might be a sensitive and 
specific marker for ARVC in patients.4

Despite progress in the prevention of sudden cardiac death in ARVC patients by 
antiarrhythmic drugs and implanted defibrillators18,19, there is at present no treatment 
available that slows or prevents development of the disease.1,20 21 Clinical observa-
tions suggest that endurance training, especially when performed at a competitive 
level, might accelerate the manifestation of ARVC in susceptible individuals22, and 
current recommendations suggest that ARVC patients should abstain from high-
level sports activity.23 Likewise, endurance training can accelerate the development 
of ARVC in heterozygous plakoglobin-deficient mice (plako+/–)15, suggesting that 
chronically increased volume load might contribute to development of ARVC in 
susceptible patients. Therefore, we tested whether reducing ventricular pressure and 
volume load can prevent or slow training-induced development of ARVC.

Methods
Animal model and study design
We studied young adult plako+/– mice and their wild-type (WT) littermates.15 After 
a baseline echocardiography, all mice underwent 7 weeks of endurance training by 
daily swimming, initiated at 5 min/day and increased to 90-min/day swimming du-
ration.15 Mice were randomized to a load-reducing therapy consisting of the loop 
diuretic furosemide (4 mg/kg/day continuous treatment) and nitrates (isosorbide di-
nitrate 20 mg/kg for 15 h/day alternating with molsidomine 8 mg/kg for 9 h/day to 
avoid nitrate tolerance)24 or to sham therapy (water) (Fig. 1). These agents were cho-
sen because they are clinically available and reduce ventricular load: chronic therapy 
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with nitrates lowers RV pressure24,25, and furosemide reduces pulmonary capillary 
wedge pressure and volume load.24,25

All drugs were administered via drinking water. Individual daily water intake was 
monitored, and drug concentrations in the drinking water were adapted accordingly. 
Therapy was well-tolerated and reduced blood pressure, measured as mean of 5 tail-
cuff measurements/mouse on 2 independent occasions (n = 6 mice, mean ± SEM), 
from 98 ± 2/66 ± 1 mm Hg (mean pressure 77 ± 1 mm Hg) to 87 ± 5/60 ± 3 mm Hg 
(mean pressure 69 ± 3 mm Hg, p < 0.05). Therapy also reduced RV pressure meas-
ured as maximal trans-pulmonary Doppler flow velocity from 2.8 ± 0.3 m/s to 2.3 
± 0.2 m/s (18% difference, n = 13 mice, p = 0.03, mean ± SEM, all measurements 
performed during light sedation).
After training, follow-up echocardiography was performed; hearts were isolated for 
electrophysiological studies and immediately shock-frozen or fixated in formalin 
for protein chemistry and histological studies. All functional tests were blinded to 
genotype and therapy.

Echocardiography
All mice underwent echocardiography (VEVO 770 and 2100, Visualsonics, Toronto, 
Ontario, Canada, or HP5500, Philips Medical Systems, Andover, Massachusetts) 
during light sedation (oxygenated isoflurane 1.5% by inhalation) following validated 
protocols for left ventricular (LV) and RV size and function.15

Electrophysiological studies
Mice were anesthetized (urethane 2 g/kg bodyweight IP) and heparinized, and their 
hearts were excised. Preparation time was between 3:00 and 4:30 min from excision 
of the heart to initiation of perfusion on a modified Langendorff apparatus.15,26,27 A 
2-F octapolar catheter (interelectrode distance 500 μm) was inserted through the 
tricuspid orifice into the RV, and a 247-point multielectrode (13 × 19 grid, intere-
lectrode distance 300 μm) was positioned over either the RV or LV. The heart was 
stimulated from the center of the multi-electrode or from the tip of the octapolar 
catheter at twice diastolic threshold with steady-state pacing at 100-ms cycle length 
or an 8-pulse drive train at a pacing cycle-length of 100 ms followed by a single 
premature stimulus. The coupling interval of the premature stimulus started at 60 ms 
and was reduced in steps of 2 ms until the effective refractory period was reached.
Unipolar electrograms from the multielectrode were recorded at a 2-kHz sampling 
rate. The metal aortic cannula was used as reference. Signals were analyzed with 
a custom-made analysis program and manually validated.28 The time of maximal 
negative dV/dt in the QRS complex in the unipolar electrograms was defined as local 
activation. Sustained VT was defined as either monomorphic VT of more than 1-s 
duration or any arrhythmia requiring defibrillation or termination of the experiment. 
We counted spontaneous arrhythmias and arrhythmias induced by a single RV extra 
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stimulus.15

Western blots
Hearts were snap-frozen in liquid nitrogen. Left ventricular tissue was homogenized 
(3,000 rpm, 45 s) with Mikro-Dismembrator S (Sartorius) and resuspended in lysis 
buffer (50 mmol/l tris(hydroxymethyl)amino methane pH 7.4, 150 mmol/l sodium 
chloride, 0.5% Triton-X-100), supplemented with a protease inhibitor cocktail tab-
let (Complete Mini, Roche, Indianapolis, Indiana). Homogenates were centrifuged 
(2,500 rpm, 5 min). Total protein lysate (30 μg) was loaded onto a 12% sodium dode-
cyl sulfate–polyacrylamide resolving gel (1-mm-thick) and electrophoresed (60 min, 
200 V). Gels were blotted to a nitrocellulose membrane (Protran, Whatman, Piscata-
way, New Jersey) by means of a wet transfer system (60 min, 100 V). Membranes 
were incubated overnight at 4°C with mouse-derived anti-plakoglobin (BD TL [BD 
Transduction Laboratories, San Jose, California] clone 15, 1:2,000), anti-β-catenin 
(BD TL clone 14, 1:1,000), anti-N-cadherin (BD TL 32, 1:5,000), and anti–glyceral-
dehyde-3-phosphate dehydrogenase (Ambion, AM4300, 1:20,000). The membranes 
were then incubated with the polyclonal rabbit anti-mouse Ig, HRP-linked, second-
ary antibody (Dako, 1 h). Detection was performed with ECL plus (GE Healthcare, 
Amersham, Piscataway, New Jersey).
Membrane proteins were isolated.29 Protein (50 μg) was added to a 12% sodium 

Figure 1. Flow chart of the study protocol
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dodecyl sulfate–polyacrylamide resolving gel (1-mm-thick) and electrophoresed (75 
min, 160 V). Gels were blotted to a pre-equilibrated PVDF membrane (Immobilon-
P, Millipore, Bedford, Massachusetts) by means of a semi-dry system (60 min, 12 
V, 500 mA). Post-blot membrane was incubated with rabbit-derived anti-calnexin 
(1:2000 dilution in block buffer) or pan-cadherin (rabbit polyclonal, Sigma C3678, 
Sigma, St. Louis, Missouri) and anti-connexin43 (Cx43) rabbit-derived primary an-
tibody (1:800 dilution in block buffer, 4 h each), anti-plakoglobin antibody (mouse 
monoclonal clone PG 5.1, Progen #61005, Progen Biotechnik, Heidelberg, Germa-
ny), or anti-β-catenin antibody (BD mouse monoclonal, #610153) antibodies.

Immunohistology
Immunofluorescence microscopy was performed as described.13,14 We used mono-
clonal antibodies specific for desmoplakin (murine mAb, clone DP447, Progen Bio-
technik), β-catenin (rabbit antibodies, Sigma, Taufkirchen, Germany), plakoglobin 
(murine AB, clone PG 5.1., Progen Biotechnik), and plakophilin-2 (murine mAB, 
mix of clones PP2/62, PP2/86, and PP2/150, Progen Biotechnik).
Immunohistochemistry was performed on freshly fixed heart tissue with a monoclo-
nal mouse anti-Cx43 antibody (Chemicon #3067, 1:250, Chemicon, Temecula, Cali-
fornia) and a biotin-labeled goat anti-mouse IgG (Santa Cruz Biotechnology, Santa 
Cruz, California) followed by visualization with peroxidase-coupled streptavidin 
and 4′,6-diamidino-2-phenylindole. Nuclei were counterstained with hematoxylin.

Quantitative polymerase chain reaction (PCR)
Total ribonucleic acid isolated from hearts of plako+/–, embryonal plako-/-, and WT 
hearts was reverse transcribed with the Multi-Scribe RT kit (Applied Biosystems, 
Carlsbad, California) and random hexamers. Subsequently, quantitative PCRs were 
conducted in triplicate with SYBR-Green I master mix (Applied Biosystems) and 10 
ng of complementary deoxyribonucleic acid as template in a Stratagene Mx3000P 
cycler (Stratagene, Amsterdam, the Netherlands). Relative expression compared 
with WT tissue was calculated with the ΔΔCt method. Two housekeeping genes (hy-
poxanthine phosphoribosyltransferase 1 and 60S acidic ribosomal protein PO) were 
assayed. Intron-spanning gene-specific primers were designed with the Primer3 soft-
ware.30

Statistical analysis
Values are shown as mean ± SEM. One-way analysis of variance followed by a 
Holm-Sidak test to correct for multiple group testing was used to compare numeri-
cal parameters between study groups. Paired t test was used to assess the effect of 
therapy on numerical parameters within each group. Because there was no effect of 
therapy on cardiac size or function in WT mice, we combined WT measurements 
for most of the tissue analyses. Categorical variables were compared by Fisher exact 
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test. A statistical significance was assumed at a 2-sided p < 0.05.

Results
Load-reducing therapy prevents RV enlargement and induction of VTs in trained 
plako+/– mice
Training caused mild LV hypertrophy without altering LV function in both WT and 
plako+/– mice (Table 1). Training slightly affected RV parameters in WT mice and 
treated plako+/– mice but markedly increased RV size in untreated plako+/– mice (Fig. 
2, Table 1) (compare Kirchhof et al.15). 

Figure 2. Training-induced RV enlargement is prevented by preload-reducing therapy in heterozygous 
plako+/– mice. (A) representative echocardiographic long-axis views of the heart of 4 mice after 
endurance training: wild-type mouse without therapy (WT), treated wild-type mouse (treated WT), 
heterozygous plakoglobin-deficient mouse without therapy (plako+/–), and treated plako+/– mouse 
(treated plako+/–). Right ventricular (RV) diameters are indicated by arrows. (B) Mean RV volume 
in the 4 study groups. Training increased RV size in untreated plako+/– mice, therapy prevented RV 
enlargement. All data given as mean±SEM.

B

A
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Although therapy completely prevented training-induced RV enlargement (Fig. 2, 
Table 1), training-induced LV hypertrophy was not affected (Table 1).
In isolated beating perfused hearts, sustained VTs occurred more often in untreated 
plako+/– hearts than in treated plako+/– hearts or WT hearts (Fig. 3). 

Figure 3. Inducibility of macro-re-entrant VTs is prevented by preload-reducing therapy in trained 
plako+/– mouse hearts. (A) Tracing (top) and activation map (bottom) of a polymorphic ventricular 
tachycardia (VT) in a trained, untreated plako+/– mouse after a single premature stimulus (S2, coupling 
interval 30 ms) at the RV epicardium. Colors show scale activation time, lines indicate 2-ms isochrones. 
The single premature stimulus was followed by an inhomogeneous activation pattern showing 
functional conduction block. Activation circled around the area of activation block (thick black line) 
and re-entered at the center and left of the electrode grid. In the map of the S2 activation of the first beat 
of the VT, the same isochrones appear in the left upper corner. (B) Sustained VTs occurred more often 
in untreated than in treated plako+/– or WT mouse hearts. 
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Mean cycle length of VTs was 46 ± 3 ms in untreated plako+/– hearts (n = 11), 44 ± 3 
ms in treated plako+/– hearts (n = 7), and 37 ± 2 ms in WT hearts (n = 7, p = 0.02 for 
WT vs. all plako+/– hearts combined). Premature stimulation from the LV (i.e., from 
a site distant to the suspected pathology) rarely resulted in sustained VTs in either 
group.27 Effective refractory periods were not statistically different between study 
groups (Table 2). Induction of VTs was associated with functional conduction block 
and macro-reentry in untreated plako+/– hearts (example in Fig. 3, upper panels). 

Figure 4. Preload-reducing therapy prevents training-induced longitudinal RV conduction allowing in 
plako+/– mouse hearts. (A) Activation patterns after central stimulation from the right ventricle (RV) and 
left ventricle (LV) of a trained WT, an untreated plako+/–, and a treated plako+/– mouse heart. Conduction 
slowing is indicated by closely spaced isochrones. Conduction slowing was observed in the RV activation 
maps of trained, untreated but not in trained, treated plako+/– mice. Color scale shows activation time, 
lines are 1-ms isochrones. (B) Mean RV conduction velocities in the longitudinal (left)and transversal 
(right) direction to the fiber orientation. Longitudinal RV conduction velocity was reduced in untreated 
plako+/– mice compared with either WT or treated plako+/– mouse hearts after training, both during fix 
frequent pacing and at premature stimulation (S2 = 50 ms). Number is indicated in the bars. All data 
given as mean±SEM. Abbreviations as in Figures 2 and 3.
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To further investigate whether anatomic factors (enlargement of the RV) or func-
tional effects (conduction slowing in RV myocardium) caused prolongation of acti-
vation, high-density ventricular activation maps during pacing from the center of the 
multielectrode were reconstructed and conduction velocities were computed. Lon-
gitudinal RV conduction velocity was reduced in untreated plako+/– compared with 
treated plako+/– or WT hearts. Treated mouse hearts showed normal longitudinal con-
duction velocities. Transverse conduction velocity was not altered (Fig. 4, Table 2).

Reduced phosphorylation of Cx43 in myocardium from plako+/– hearts after training 
is improved by therapy
Plakoglobin, β-catenin, and plakophilin-II seemed normally localized in treated and 
untreated plako+/– hearts (12 sections/heart, 3 hearts) (Fig. 5A).15 The absolute light 
intensity of plakoglobin was not different between groups (12 sections and 1,600 
to 2,400 images/group, not shown). When β-catenin was used as reference protein, 
immunohistological plakoglobin light intensity was reduced in plako+/– hearts as 
expected (plakoglobin/β-catenin ratio: WT 0.64 ± 0.2; plako+/– 0.43 ± 0.1; treated 
plako+/– 0.45 ± 0.08, mean ± SEM; 12 sections/heart, 3 hearts, 1,600 to 2,400 images/
group; p = 0.01 WT vs. plako+/–).
Western blots confirmed reduced plakoglobin expression in LV homogenates (Fig. 
5B), whereas β-catenin and N-cadherin concentration was not significantly altered 
(Fig. 5B). 

Values are mean±SEM or n (%). Electrophysiological parameters of WT (untrained and trained), trained 
treated, and trained untreated heterozygous plako+/– mice. CV = conduction velocity in cm/s; ERP = 
effective refractory period; S1 = pacing with fix cycle length, S2 = 50 ms programmed stimulation 
applying a single extra stimulus at 50-ms coupling interval; VT = sustained ventricular tachycardia; 
other abbreviations as in Table 1. * p < 0.001 versus WT; † p < 0.01 versus treated plako+/– mice; ‡ p < 
0.05 versus WT; § p < 0.05 versus treated plako+/– mice.

Table 2. Electrophysiological parameters of WT, trained treated, and trained untreated heterozygous 
plako+/– mice. 

WT Plako+/– Treated Plako+/–

RV longitudinal CV S1 (cm/s) 53.1 ± 1.3 44.0 ± 1.8*† 52.5 ± 2.2RV longitudinal CV S1 (cm/s) 53.1 ± 1.3 44.0 ± 1.8 † 52.5 ± 2.2

RV longitudinal CV S2 = 50 ms (cm/s) 50.4 ± 2.0 41.4 ± 1.4*† 50.8 ± 1.4

RV transversal CV (cm/s) 30.8 ± 1.7 29.5 ± 1.7 30.9 ± 1.8

RV transversal CV S2 = 50 ms (cm/s) 26 3 ± 2 6 25 8 ± 1 7 28 8 ± 2 4RV transversal CV S2 = 50 ms (cm/s) 26.3 ± 2.6 25.8 ± 1.7 28.8 ± 2.4

RV ERP (ms) 38 ± 3 35 ± 3 34 ± 3

LV longitudinal CV (cm/s) 55.6 ± 2.8 56.4 ± 3.8 55.7 ± 3.5

LV transversal CV (cm/s) 29.2 ± 2.2 28.9 ± 2.4 30.3 ± 1.9

LV ERP (ms) 47 ± 5 46 ± 3 42 ± 5

ERP RV catheter (ms) 37 ± 4 34 ± 4 35 ± 5

VT-induced during RV pacing 6/21 (29%) 15/25 (60%)‡§ 5/19 (26%)
VT-induced during LV pacing 1/19 (5%) 2/20 (10%) 1/16 (6%)
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Figure 5. Localization and concentration of cell adhesion proteins. (A) Normal localization of 
area composita proteins at cell-cell interfaces. Shown are immunofluorescence micrographs of RV 
sections of a WT, an untreated plako+/–, and a treated plako+/– mouse heart. The β-catenin (green) and 
plakoglobin (red) localize in area composita junctions at the short cell axes, irrespective of study group. 
Both proteins localize in intercalated disk areas in addition to often laterally situated small capillaries. 
By contrast, plakophilin-2 (red) is restricted to the intercalated disk regions. (B) Reduced myocardial 
concentration of plakoglobin but not β-catenin or N-cadherin. Shown are mean±SEM protein levels 
in LV myocardium (left panel) and representative blots of plakoglobin, β-catenin, N-cadherin, and 
the respective GAPDH loading control (right panel). GAPDH = glyceraldehyde-3-phosphate 
dehydrogenase; other abbreviations as in Figure 2 and 3.
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Furthermore, we did not find a significantly different plakoglobin or β-catenin con-
centration in LV membrane preparations between treated and untreated plako+/– 
hearts (plakoglobin untreated 0.4 ± 0.1, treated 0.9 ± 0.5; β-catenin untreated 1.6 ± 
0.4, treated 2.4 ± 0.6; mean ± SEM; both p > 0.2; n = 4 to 6/group).
Histological examination of myocardial slices from untreated plako+/– and WT mice 
did not reveal abnormalities (Figs. 5A and 6A).15 Target genes of the wnt signaling 
pathway were neither differentially expressed in plako+/– hearts (PCR ratio compared 
with WT: peroxisome proliferator-activated receptor gamma 1.22; cyclin D1 1.12; 
collagen 1a 1.41; collagen 3a 1.17) nor in embryonal plako-/- hearts (Day 10 to 11 
after conception, PCR ratio compared with WT: peroxisome proliferator-activated 
receptor gamma 0.93; cyclin D1 0.71; collagen 1a 0.78; collagen 3a 0.73).

Figure 6. Reduced Cx43 concentration in plako+/– mouse hearts. (A) Connexin43 was normally located 
in plako+/– mouse hearts. (B, C) Representative Western blot of Cx43 in WT, plako+/–, and treated 
plako+/– LV (B) and RV (C) tissue. (D) Quantitative comparison of the mean concentration levels of 
phosphorylated connexin43 (P-Cx43) and non-phosphorlyated Cx43 (Cx43) in LV tissue normalized to 
the housekeeping protein calnexin and expressed as a fraction of the mean value of untreated plako+/– 
mice (mean of 3 blots). Both P-Cx43 and Cx43 were reduced in untreated plako+/– hearts. (E) P-Cx43 
concentration in plako+/– hearts with and without VT. P-Cx43 concentration was lower in plako+/– hearts 
with than without VTs (mean of 1 blot performed specifically to compare hearts with and without VT). 
Columns show mean±SEM; n is indicated in the columns; *p < 0.05 versus WT; †p < 0.05 versus 
hearts with VTs. F: Bar graph of mean LV Cx43 and P-Cx43 expression levels in the 3 study groups. 
Abbreviations as in Figures 2 and 3.
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Localization of Cx43 at the short ends of cardiomyocytes was not different between 
groups (Fig. 6A). Connexin43 concentration was lower in untreated plako+/– hearts 
than in WT hearts, and this effect was attenuated in treated plako+/– hearts: Three 
consecutive Western blots consistently showed a lower level of non-phosphorylated 
Cx43 and phosphorylated connexin43 (P-Cx43) in untreated plako+/– mice compared 
with WT hearts (examples in Figs. 6B and 6C). The Cx43 and P-Cx43 concentra-
tions were significantly lower in untreated plako+/– hearts than in WT, whereas we 
found no statistically significant difference between treated plako+/– and WT hearts 
(Fig. 6D, 3 blots). Individual blots showed similar trends in RV myocardium (Fig. 
6C), albeit with higher intraindividual variability. The P-Cx43 concentration was 
higher in a separate blot in tissue from plako+/– mice without VTs compared to pla-
ko+/– mice with VTs (Fig. 6E).

Discussion
Main	findings
We report for the first time that a therapy aimed at reducing RV load prevents de-
velopment of ARVC in a model with reduced expression of the gene encoding the 
mechanical cell–cell contact protein plakoglobin. Therapy completely prevented the 
development of RV enlargement and conduction slowing and normalized inducibil-
ity of VTs, thereby rendering treated plakoglobin-deficient animals phenotypically 
indistinguishable from their trained WT littermates. In untreated animals, conduction 
slowing was associated with reduced concentration and phosphorylation of Cx43. 
Our data suggest that load reduction could be a simple and effective way to prevent 
or slow the development of ARVC in genetically susceptible hearts.

Training-induced dilation of the RV might confer ARVC
Endurance training can provoke or accelerate the development of ARVC or RV ar-
rhythmias.2,22,23,29,31 Our study suggests that increased RV load during training peri-
ods contributes to the accelerated expression of ARVC in susceptible persons (e.g., 
in endurance athletes carrying a genetic predisposition for the disease).

Therapy prevents RV enlargement and increased Cx43 expression in trained plako+/– 
mice
Conduction slowing was associated with reduced Cx43 expression in this study, 
whereas there were no histo-morphological changes in affected RVs. Cx43, the main 
protein that forms gap junctions and confers electrical coupling between cardiomyo-
cytes, co-localizes with desmosomal proteins in the area composita region.32 It has 
been suggested that mechanical dysfunction of cell–cell contacts (e.g., caused by 
reduced plakoglobin gene expression) interferes with formation of gap junctions and 
reduces electrical cell–cell coupling.33 Indeed, patients with ARVC might contain 
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less Cx43 at the myocardial intercalated disks.4,33 Our study provides further support 
of this hypothesis: training dilated the RV, provoked arrhythmias, and reduced Cx43 
content in plako+/– hearts. It is conceivable that reduced mechanical contacts between 
cells resulted in lesser binding of connexins to the cell–cell contacts, thereby pro-
moting conduction slowing.

Decreased myocardial plakoglobin in ARVC
Myocardial plakoglobin content might be a sensitive and specific marker of ARVC 
in patients.4 Reduced concentration of plakoglobin with normal localization was 
confirmed by Western blots and immunohistology in this study, although we did 
not identify obvious alterations in β-catenin, N-cadherin, or plakophilin-II. Further 
studies are warranted to characterize the composition of cell adhesion complexes 
in ARVC in more detail. Taken together with published clinical4 and experimental 
findings15, our study supports the hypothesis that reduced myocardial plakoglobin 
concentration might constitute a key component and possibly a “final common path-
way” in the development of ARVC.

Reduced concentration and phosphorylation of Cx43 explains longitudinal conduc-
tion slowing in plako+/– hearts
Although statistically robust, the observed changes in conduction velocity were 
modest. However, the combination of reduced conduction velocity and increased 
RV and LV size enhances the arrhythmogenic substrate for re-entry. Transverse con-
duction velocity was not altered in plako+/– hearts in this study, possibly because gap 
junctions are preferentially expressed in the longitudinal interfaces of myocardial 
fibers (Fig. 6A).26 The observed longitudinal conduction delay will cause conduction 
heterogeneity and can thereby explain functional reentry and induction of ventricular 
arrhythmias (Fig. 3) in untreated plako+/– hearts.

ARVC develops without activation of the wnt pathway in this model
Unlike observations in most but not all33 patients with ARVC, fibro-fatty replacement 
of RV myocardium is not found in plakoglobin-deficient mice, and gene expression 
is not different from WT tissue in affected hearts (Fig. 2A in Kirchhof et al. [15]). 
These surprising observations led to a speculation that fibro-fatty replacement could 
be a prominent but not a required finding in ARVC15, possibly driven by nuclear 
translocation of plakoglobin and suppression of the wnt signaling pathway16—which 
might occur when mutations in desmoplakin or desmoglein reduce desmosmal bind-
ing of plakoglobin but not when plakoglobin is reduced generally, as in the present 
model. In line with this hypothesis, we did not find alterations of wnt signaling in 
plakoglobin-deficient mice.
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Study limitations
We did not investigate whether load-reducing therapy has beneficial effects when 
ARVC has already developed or whether such a therapy has effects when fibro-fatty 
replacement is present. Therapy-induced increased myocardial Cx43 concentration 
and phosphorylation might suggest an effect on electrical conduction even in such 
conditions, but this requires further study. Although reduced expression of plako-
globin appears as a specific and sensitive molecular change in ARVC patients4, the 
findings of this experimental study require confirmation in other models and in pa-
tients.

Conclusions
Load-reducing therapy consisting of furosemide and nitrates completely prevents 
the development of an ARVC-phenotype in heterozygous plakoglobin-deficient 
mice. Our data invite further validation of such an intervention in other models of 
ARVC and in patients.
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Abstract
Arrhythmogenic right ventricular cardiomyopathy (ARVC) and Brugada syndrome 
are distinct clinical entities which diagnostic criteria exclude their coexistence in 
individual patients. ARVC is a myocardial disorder characterized by fibro-fatty re-
placement of the myocardium and ventricular arrhythmias. In contrast, the Brugada 
syndrome has long been considered a functional cardiac disorder: no gross structural 
abnormalities can be identified in the majority of patients and its electrocardiograph-
ic hallmark of coved-type ST-segment elevation in right precordial leads is dynamic. 
Nonetheless, a remarkable overlap in clinical features has been demonstrated be-
tween these conditions. This review focuses on this overlap and discusses its poten-
tial causes and consequences.
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Introduction
The potential overlap between Brugada syndrome and arrhythmogenic right ven-
tricular cardiomyopathy (ARVC) has been subject of heated debate.1,2 Contested in 
this debate are the myocardial condition and thereby the arrhythmogenic mechanism 
underlying the Brugada syndrome. This review will described the clinical features 
and explore the overlap of these features between these syndromes.

Arrhythmogenic right ventricular cardiomyopathy
Marcus et al. published a case series that for the first time captured the clinical profile 
of ARVC. In 24 patients, they described the fibro-fatty replacement, the ventricu-
lar tachyarrhythmias, and premature ventricular complexes with left bundle branch 
block morphology, the repolarization abnormalities in the form of inversed T-waves 
in the right precordial leads, delayed activation on standard or signal averaged ECGs, 
the morphological features of increased dimensions and wall motion abnormalities 
of the right ventricle and the familial occurrence of this disorder. The causative 
mechanism was unknown and was speculated to lie in the development of the right 
ventricle hence it was termed “arrhythmogenic right ventricular dysplasia”.3

Since, our understanding of the causative mechanism of ARVC has progressed sub-
stantially. An important step was made by the association of ARVC with mutations 
in the genes encoding the desmosomal proteins plakoglobin4, desmoplakin5, pla-
kophilin-26, desmoglein-27, and desmocollin-2.8 These proteins are located at the 
intercalated disk in adhering junctions, which in the heart contain both desmosomal 
and fascia adherens components, and provide mechanical strength to the cell–cell 
junction.9,10 Mechanical overload of the cell–cell junction is considered to trigger the 
pathophysiological myocardial changes in ARVC.11 Mutations in these genes can be 
identified in ∼40% of ARVC patients.12

The concept of mechanical overload of the cell–cell junction has been substantiated 
further by mouse models of ARVC.13-15 Consistent with the concept of mechanical 
overload of the cell–cell junctions, the development of cardiomyopathy in mouse 
models can be influenced by altering the mechanical load on the heart: endurance 
training accelerates14 and pharmacological therapy that lowers the hemodynamic 
load slows the development of the ARVC phenotype in heterozygous plakoglobin 
deficient mice.16 Indeed, ARVC patients engaged in endurance training appear to 
have a more severe ARVC phenotype than those that are not.17

The mutations associated with ARVC have been incorporated in the revised diagnos-
tic Task Force Criteria as published in 2010.18 These diagnostic criteria are divided in 
six categories: depolarization/conduction abnormalities, repolarization abnormali-
ties, ventricular arrhythmias, right ventricular structural or functional characteri-
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Table 1. Revised Task force criteria for arrhythmogenic right ventricular cardiomyopathy
Depolarization/conduction abnormalities
 Major Epsilon wave (V1, V2 or V3)

 Minor Signal averaged ECG in the absence of QRSD >110 ms
fQRS duration >114 ms or
Duration of terminal QRS <40µV ≥38 ms or
Root-mean-square voltage of terminal 40 ms ≤20 µV

Terminal activation delay ≥55 ms

Repolarization abnormalities (in patients >14 years of age)
 Major Negative T-wave in V1, V2 and V3 (without complete RBBB)

 Minor Negative T-wave in V1 and V2 or in V4, V5 or V6 (without complete RBBB)
Negative T-wave in V1, V2, V3 and V4 with complete RBBB

Ventricular arrhythmias
 Major Nonsustained or sustained VT with LBBB pattern with superior axis

 Minor Nonsustained or sustained VT with LBBB pattern with inferior or unknown axis
> 500 premature ventricular complexes/24 hours

Imaging techniques
 Major 2D echocardiography

Regional RV akinesia, dyskinesia, or aneurysm and
PLAX RVOT >32 mm (or PLAX RVOT >19mm/m2) or
PSAX RVOT >36 mm (or PSAX RVOT >21 mm/m2) or
Fractional area change <33%

MRI
Regional RV akinesia, dyskinesia or dyssynchronous RV contraction and

Ratio of RVEDV to BSA >110 ml/m2 (male) or >100 ml/m2 (female) or
RV ejection faction <40%

RV angiography
Regional RV akinesia, dyskinesia or aneurysm

 Minor 2D echocardiography
Regional RV akinesia or dyskinesia and

PLAX RVOT ≥29 to <32 mm (or PLAX RVOT ≥16 to <19mm/m2) or
PLAX RVOT ≥32 to <36 mm (or PLAX RVOT ≥18 to <21 mm/m2) or
Fractional area change  ≥33% to < 40%

MRI
Regional RV akinesia, dyskinesia or dyssynchronous RV contraction and

Ratio of RVEDV to BSA ≥100 to < 110 ml/m2 (male) or ≥90 to >100 ml/m2 (female) or
RV ejection faction ≥40% to <45%

Histology (endomyocardial biopsy from RVFW with fibrous replacement)
 Major Residual myocytes <60% on morphometric analysis (or <50% estimated)

 Minor Residual myocytes 60% to 75% on morphometric analysis (or 50% to 65% estimated)

Family history
 Major First degree relative with ARVC according to Current Task Force criteria

First degree relative with pathologically confirmed ARVC (surgery or atopsy)
Pathogenic mutation categorized as associated or probably associated with ARVC

 Minor First degree relative with ARVC undetermined whether diagnosis meets Current Task Force criteria
First degree relative with sudden death <35 years of age suspected to be related to ARVC
Second degree relative with ARVC according to Current Task Force criteria
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tics as demonstrated by imaging techniques, histological criteria, and familial oc-
currence of ARVC or presence of mutations associated or probably associated with 
ARVC (Table  1). In each category, a major or minor criteria can be scored. A definite 
diagnosis of ARVC is made in the presence of two major, one major and two minor 
or four minor criteria. The presence of one major and one minor or three minor cri-
teria is classified as “borderline” and one major or two minor criteria as “possible” 
diagnosis of ARVC.

The Brugada syndrome
Brugada and Brugada introduced a new clinical entity characterized by right precor-
dial ST-segment elevation followed by a negative T-wave and sudden cardiac arrest 
by ventricular fibrillation in otherwise healthy individuals. No underlying cause of 
the arrhythmias in the form of electrolyte disturbances, coronary, or structural heart 
disease could be identified in these now called Brugada syndrome patients.19

The characteristic electrocardiographic feature (Brugada ECG pattern) is dynamic 
and can even disappear temporarily.20 Prior to the initiation of ventricular fibrilla-
tion however, the Brugada ECG pattern reappears in these patients.21 The Brugada 
ECG pattern is most pronounced at night or at rest22, during febrile illness23, and 
after consumption of a copious meal24 which also are known triggers of ventricular 
tachyarrhythmias and sudden death in Brugada syndrome patients.23-26 Furthermore, 
pharmacological agents have been demonstrated to modulate the Brugada ECG pat-
tern. Sodium channel blockers are known to augment or provoke the Brugada ECG 
pattern.27 Other drugs can ameliorate the Brugada ECG pattern such as isoproter-
enol27 and quinidine28 and have been used to prevent arrhythmias in observational 
studies and case reports.29,30 These findings suggested the Brugada syndrome to be a 
functional electrical cardiac disorder.31

Thus far, mutations in 11 genes have been associated with the Brugada syndrome. 
Most of these mutations reduce the cardiac sodium current (INa) and are located in 
SCN5A32 the gene encoding the cardiac sodium channel, its β-subunits SCN1B33 and 
SCN3B34 or in GPD1L35 and MOG136 which are thought to impair trafficking of the 
cardiac sodium channel to the cell membrane. Other mutations associated with the 
Brugada syndrome reduce the L-type calcium current (ICaL) and are located in CAC-
NA1C, CACNB2b37 and CACNA2D138 which encode the α1-, β2b-, and α2δ-subunit 
of the L-type calcium channel. Lastly, mutations in KCNE3 which encodes MiRP2, a 
β-subunit of several potassium channels39, and in KCNJ8 encoding the ATP-sensitive 
potassium channel40 have been associated with the Brugada syndrome. These muta-

Adapted from Marcus et al.18 RBBB, right bundle branch block; VT, ventricular tachycardia; LBBB, 
left bundle branch block; PLAX, parasternal long-axis view; RVOT, right ventricular outflow tract; 
PSAX, parasternal short-axis view; RVEDV, right ventricular end diastolic volume; BSA, body surface 
area; RV, right ventricle; ARVC, arrhythmogenic right ventricular cardiomyopathy.
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tions have been suggested to increase repolarizing currents activated early during the 
action potential.39,40

The role these mutations play in the Brugada syndrome is subject of debate. The 
most common of these mutations appear to be located in SCN5A which can be identi-
fied in ∼25% of Brugada syndrome patients.41 Even in these patients, the role of loss-
of-function mutations in SCN5A appears to be more complex than that of a dominant 
mutation with incomplete penetrance. In families affected by the Brugada syndrome 
in which the index patient carried a mutation in SCN5A, a significant number of Bru-
gada syndrome patients (∼1 in 8) does not carry the mutation in SCN5A.42,43

The mutations associated with Brugada syndrome have not been incorporated in 
the diagnostic criteria for Brugada syndrome as put forward in the 2005 consensus 
report (Table 2).42,44

Overlapping features between Brugada syndrome and ARVC
As apparent from the diagnostic criteria, Brugada syndrome and ARVC are distinct 
clinical entities with a different scope of clinical features. Nonetheless, a remarkable 
number of publications have shown that features of both syndromes occur in con-
junction in some patients.

Brugada syndrome features in ARVC patients
Prior to the introduction of the Brugada syndrome, Martini et al. presented a patient 
with right precordial ST-segment elevation and idiopathic ventricular fibrillation. 

Table 2. Diagnostic criteria for Brugada syndrome

Adapted from Antzelevitch et al.44 VT, ventricular tachycardia; VF, ventricular fibrillation; ARVC, 
arrhythmogenic right ventricular cardiomyopathy.

Brugada ECG pattern spontaneous or drug induced > 1 precordial lead and

(Signs of) ventricular tachyarrhythmias in the patient or his/her family
Documented VT/VF or
Syncope or nocturnal agonal breathing or
Inducibility of VT/VF with programmed electrical stimulation or
Family history of sudden cardiac death <45 years of age or
Family history of the Brugada ECG pattern without

Confouding factors and factors accounting for the Brugada ECG pattern or syncopes
Conditions that can mimic the Brugada ECG pattern: 
 (e.g. pericarditis, myocardial ischemia, pulmonary embolism) or
Electrolyte disturbances or hypothermia or
Structural heart disease such as ARVC or
Miscellaneous



129

Diagnostic dilemmas

One patient demonstrated what was later to be called the Brugada ECG pattern.45 
Careful clinical re-evaluation demonstrated enlargement of the right ventricular out-
flow tract and right ventricular wall motion abnormalities. This caused the authors to 
conclude that a concealed form of ARVC was present in this patient. Since, more his-
tological findings consistent with ARVC have been demonstrated at autopsy series of 
patients with the Brugada ECG.46,47 The largest series was presented by Corrado et 
al. and consisted of 13 young sudden cardiac death victims with a Brugada ECG pat-
tern on their last recorded ECG.48 Of these patients, 12 demonstrated structural heart 
disease consistent with ARVC at autopsy. Similar to Brugada syndrome patients25, 
most of these patients died at night or at rest.47,48 Furthermore, polymorphic VTs as 
observed in the Brugada syndrome were recorded in some these ARVC patients.48

Secondly, sodium channel blockers can induce the Brugada ECG pattern ∼1 in 6 
patients previously diagnosed with ARVC.49,50 These data indicate the Brugada ECG 
pattern, the associated ventricular arrhythmias are present and can be modulated by 
INa in some ARVC patients.

ARVC features in Brugada syndrome patients
Diagnostic ARVC criteria18 have vice-versa been demonstrated in Brugada syndrome 
patients. Thus far, the diagnostic criteria of ARVC have been validated to distinguish 
ARVC from idiopathic right ventricular outflow tract tachycardias51,52 but not from 
Brugada syndrome.
Ventricular activation abnormalities in the Brugada syndrome are well known.53 
Thus far, Letsas et al. published the only paper that described the presence of electro-
cardiographic ARVC criteria in Brugada syndrome patients in the absence of sodium 
channel blockers.54 Epsilon waves appear to be rare in Brugada syndrome patients 
and were found in 2 of 47 patients. Other conduction abnormalities appear to be 
more common with 40% demonstrating terminal activation delay >55 ms.54 Late 
potential on signal averaged ECG also appear to be common in Brugada syndrome 
patients and could be identified by Ikeda et al.55 in the majority of patients despite 
using more restrictive cut-off values than the revised Task Force Criteria of ARVC 
(≥2 LP criteria vs ≥1).
The monomorphic VTs with left bundle branch block are rare in Brugada syndrome 
patients but have been described in case reports.56 Premature ventricular complexes 
are rare in Brugada syndrome patients.57 Ventricular arrhythmias therefore, are un-
likely to cause suspicion of ARVC in Brugada syndrome patients.
Imaging studies have revealed moderate structural abnormalities in Brugada syn-
drome patients despite exclusion of structural heart disease in the process of diag-
nosing the Brugada syndrome. Magnetic resonance imaging (MRI) in 20 Brugada 
syndrome patients demonstrated a larger right ventricular outflow tract area com-
pared with control subjects and a high intramyocardial T1 signal suggestive for fatty 
infiltration in 4 patients.58 A more elaborate MRI study also identified right ven-
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tricular wall motion abnormalities and increased right ventricular end-systolic and 
inflow tract diameters in Brugada syndrome patients.59 The structural and functional 
abnormalities on MRI appear to be more outspoken in patients with spontaneous 
than a drug-induced Brugada ECG pattern.60 Right ventricular angiography is rarely 
used in the work-up of Brugada syndrome patients, however microaneurysms during 
angiography were identified by Frustaci et al. in 7 out of 18 patients undergoing RV 
endocardial biopsy.61

Thus far, three studies systematically analyzed endocardial biopsies of Brugada syn-
drome patients.61-63 These studies produced varied findings. In a series of septal right 
and left ventricular biopsies 1 out of 18 patient was consistent with ARVC in the 
series by Frustaci et al.61 The biopsies in other patients demonstrated lymphocytic 
infiltration in 14 and hypertrophy and diffuse vacuolization in 3 patients. No mi-
croaneurysms during right ventricular angiography or signs of myocarditis in en-
docardial biopsies from multiple RV locations were detected by Zumhagen et al.63 
However, mild myocardial abnormalities were detected in endocardial biopsies of 
most patients. These changes consisted of hypertrophy, fatty replacement, or fibro-
sis. The combination of fatty replacement and fibrosis as required for the diagnosis 
of ARVC, was present in 2 patients.63 A biopsy series from Japan, 5 out of 25 patients 
moderate to severe fatty replacement was present in RV septal biopsies which were 
accompanied by fibrosis in 4 patients.62

Mutations in genes associated with ARVC appear to be rare in Brugada syndrome 
patients. No mutations in the gene encoding plakophilin-2, the gene most commonly 
involved in ARVC64, could be identified in screening of 38 Brugada syndrome pa-
tients in whom SCN5A were previously excluded.65

Potential causes of the overlapping features between Brugada 
syndrome and ARVC patients
Arrhythmogenic right ventricular cardiomyopathy and Brugada syndrome show an 
overlap: (1) the Brugada ECG pattern and the associated polymorphic VTs are pre-
sent or can be provoked by sodium channel blockers in a subgroup of ARVC patients 
and (2) three of the diagnostic categories of the Task Force Criteria of ARVC namely 
conduction abnormalities, wall motion abnormalities and histology of the right ven-
tricle are present in Brugada syndrome patients. The question arises at what level 
these conditions interact.
Firstly, these syndromes could interact at a genetic level. Mutations in genes associ-
ated with ARVC patients could cause electrophysiological changes that facilitate the 
pathophysiological mechanism of the Brugada syndrome. Support for this hypothesis 
can be found in cellular models of reduced mechanical coupling of cardiomyocytes. 
The adhering junctions, cardiac sodium channels and gap-junctions, responsible for 
the electrical coupling between cardiomyocytes, colocalize at the intercalated disk. 
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Mechanical stability of the intercalated disk is thought to be important for the func-
tion of cardiac sodium channels and gap-junctions.11 In cultured neonatal rat ven-
tricular myocytes a reduction in the expression of plakophilin-2 is associated with a 
reduction in the INa

66 and electrical coupling.67 However, no indications of altered INa 
characteristics could be found recently in a murine model of heterozygous desmo-
plakin knockout.68 Reversely, loss-of-function in SCN5A associated with Brugada 
syndrome may predispose patients to develop structural myocardial derangements 
as observed in ARVC. Support for such an hypothesis can be found in heterozygous 
SCN5A-knockout mice which develop cardiac fibrosis upon aging.69 The mecha-
nism by which the reduced expression of the cardiac sodium channel causes fibrosis 
is currently unknown. Toxicity studies with the sodium channel blocker flecainide 
question whether the observed cardiac fibrosis is the direct result of reduced INa. 
Long-term treatment with flecainide did not result in cardiac fibrosis in mice and was 
even associated with a reduced prevalence of cardiac fibrosis in rats.70 It is therefore 
uncertain whether these observations in cellular or mouse models can be extrapolat-
ed to man. In case these mechanisms are operational in man, interaction at a genetic 
level is unlikely to fully account for the overlap between ARVC and Brugada syn-
drome. As indicated above, no mutations in the gene encoding plakophilin-2 could 
be identified in screening of Brugada syndrome patients65 and a mutation in SCN5A 
could be identified in only 1 out of 17 ARVC patients with a drug-induced Brugada 
ECG pattern.50 Furthermore, structural abnormalities in Brugada syndrome patients 
could also be identified in the absence of SCN5A mutations.61,63

Secondly, the electrophysiological mechanism of the Brugada syndrome could cause 
structural derangements. Support for this hypothesis can be found in MRI studies. 
Right ventricular derangements are more outspoken in patients with a spontaneous 
than those with a drug-induced Brugada ECG pattern.60 Patients with a spontaneous 
Brugada ECG pattern are known to be at increased risk of arrhythmic events.41 One 
could therefore also argue that patients with more structural derangements are more 
severely affected and are more likely to demonstrate a spontaneous Brugada ECG 
pattern. The fact that sodium channel blockers can provoke the Brugada ECG pattern 
in some ARVC patients indicate that the electrophysiological mechanism depends on 
structural derangements and not the other way around.49

Thirdly, structural abnormalities could facilitate the development of the Brugada 
syndrome and that the structural abnormalities inherent to ARVC underlie its over-
lap with the Brugada syndrome. Thus far, two hypotheses of the pathophysiological 
mechanism of the Brugada syndrome have been coined. One suggests that that a 
functional change causes subepicardial abbreviation of action potential (“repolariza-
tion hypothesis”)71, while the other suggest that a structural change in the subepicar-
dium causes conduction abnormalities that lead to activation delay72 or excitation 
failure73 (“depolarization hypothesis”) underlies the Brugada syndrome. Both hy-
potheses account for the modulation of the Brugada syndrome by pharmacological 
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or genetically determined changes in the INa
27,32-36, ICaL

27,37,38, and transient outward 
current (Ito).

28,39 In the repolarization hypothesis, the balance during phase-1 of the 
action potential between depolarizing (INa and ICaL) and repolarizing (Ito) influence 
the action potential shortening and ST-segment similarly as in Brugada syndrome 
patients.71 In the depolarization hypothesis, regional activation delay in structural 
discontinuous myocardium make conduction sensitive to currents activated after the 
upstroke of the action potential. Both depolarizing (INa and ICaL) and repolarizing (Ito) 
influence the current available for conduction during this phase of the action poten-
tial and can modulate the Brugada ECG pattern.74

Testing of these hypothesis has been troublesome because of the epicardial local-
ization of the arrhythmogenic substrate in the Brugada syndrome. Until recently 
measurements were limited to electrograms recorded through the conus artery which 
runs over the right ventricular outflow tract75-77, monophasic action potentials during 
open chest surgery78, and a rare explanted heart in the setting of cardiac transplanta-
tion.72 None of these studies was able to demonstrate ST-segment elevation in local 
electrograms underlying the Brugada ECG pattern. Recently, Nademanee et al. did 
demonstrate ST-segment elevation in unipolar electrograms in an epicardial map-
ping and ablation study in nine highly symptomatic Brugada syndrome patients.79 
The ST-segment elevation in unipolar electrograms strongly resembled the Brugada 
EGG pattern. These electrograms were located at low-voltage areas with fraction-
ated activation that markedly exceeding the QRS complex. Ablation at these sites re-
sulted in a marked reduction in arrhythmic events and disappearance of the Brugada 
ECG pattern in eight out of nine patients. Morphologically identical unipolar elec-
trograms were previously provoked by sodium channel blockade in the explanted 
heart of a SCN5A mutation carrier at sites were the subepicardium was interspersed 
by fibrous and adipose tissue.73 However, no data are available on asymptomatic 
Brugada syndrome patients and the mechanism underlying the Brugada syndrome 
is still at debate.

Consequences of the overlapping features of ARVC and 
Brugada syndrome
In conclusion, the clinical features of Brugada syndrome and ARVC coincide fre-
quently in patients. The recent publication of the first epicardial electrograms un-
derlying the Brugada ECG pattern support the notion that conduction disturbances 
in structural discontinuous myocardium underlie the Brugada syndrome.73,79 The 
structural right ventricular abnormalities in ARVC therefore most likely predispose 
patients to develop the Brugada ECG pattern and the associated ventricular arrhyth-
mias.80 The strict exclusion of structural heart disease in the Brugada syndrome as 
advocated in the 2005 consensus report44 appear arbitrary. These conclusions plead 
for a broadening of the diagnostic criteria by making a distinction in patients with 
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the Brugada features in the presence and absence (Brugada syndrome) of identifiable 
underlying structural heart disease.
The treatment of these patients with the Brugada features in the setting of structural 
heart disease remains challenging. The arrhythmogenic risk in these patients has 
not been clearly established and may prove to be difficult to determine in the future. 
First of all, this patients group is heterogeneous and incorporates various underly-
ing cardiac conditions besides ARVC46-49: the Brugada ECG pattern can also occur 
in the setting of Chagas disease.81,82 Thus far, prospective data are available of only 
17 ARVC patients with drug-induced Brugada ECG50 which is associated with a low 
arrhythmogenic risk in the setting of Brugada syndrome.41 Only one monomorphic 
ventricular was recorded during follow-up.50 Secondly, the myocardial condition and 
arrhythmogenic substrate that facilitates the Brugada features may change over time 
in patients with and underlying cardiomyopathy. In the ARVC follow-up study by 
Peters, the reproducibility of drug-induced Brugada ECG pattern was four out of 
eight.50 Until the arrhythmogenic risk in patients with the Brugada ECG pattern in 
the setting of structural heart disease has been assessed, it appears reasonable to 
avoid or treat known triggers arrhythmias in Brugada syndrome patients such as 
certain pharmacological agents83 and fever.23



134

CHAPTER 7

References
 1.  Martini B, Cannas S, Nava A. Brugada by any other name? Eur Heart J 2001;22:1835-1836.

 2.  Pérez Riera AsR, Antzelevitch C, Schapacknik E, Dubner S, Ferreira C. Is there an overlap 
between Brugada syndrome and arrhythmogenic right ventricular cardiomyopathy/dysplasia? 
J Electrocardiol 2005;38:260-263.

 3.  Marcus FI, Fontaine GH, Guiraudon G, Frank R, Laurenceau JL, Malergue C, Grosgogeat Y. 
Right ventricular dysplasia: a report of 24 adult cases. Circulation 1982;65:384-398.

 4.  McKoy G, Protonotarios N, Crosby A, Tsatsopoulou A, Anastasakis A, Coonar A, Norman 
M, Baboonian C, Jeffery S, McKenna WJ. Identification of a deletion in plakoglobin in 
arrhythmogenic right ventricular cardiomyopathy with palmoplantar keratoderma and woolly 
hair (Naxos disease). Lancet 2000;355:2119-2124.

 5.  Rampazzo A, Nava A, Malacrida S, Beffagna G, Bauce B, Rossi V, Zimbello R, Simionati B, 
Basso C, Thiene G, Towbin JA, Danieli GA. Mutation in human desmoplakin domain binding 
to plakoglobin causes a dominant form of arrhythmogenic right ventricular cardiomyopathy. 
Am J Hum Gen 2002;71:1200-1206.

 6.  Gerull B, Heuser A, Wichter T, Paul M, Basson CT, McDermott DA, Lerman BB, 
Markowitz SM, Ellinor PT, MacRae CA, Peters S, Grossmann KS, Michely B, Sasse-
Klaassen S, Birchmeier W, Dietz R, Breithardt G, Schulze-Bahr E, Thierfelder L. Mutations 
in the desmosomal protein plakophilin-2 are common in arrhythmogenic right ventricular 
cardiomyopathy. Nat Genet 2004;36:1162-1164.

 7.  Pilichou K, Nava A, Basso C, Beffagna G, Bauce B, Lorenzon A, Frigo G, Vettori A, 
Valente M, Towbin J, Thiene G, Danieli GA, Rampazzo A. Mutations in desmoglein-2 
gene are associated with arrhythmogenic right ventricular cardiomyopathy. Circulation 
2006;113:1171-1179.

 8.  Heuser A, Plovie ER, Ellinor PT, Grossmann KS, Shin JT, Wichter T, Basson CT, Lerman 
BB, Sasse-Klaassen S, Thierfelder L, MacRae CA, Gerull B. Mutant desmocollin-2 causes 
arrhythmogenic right ventricular cardiomyopathy. Am J Hum Gen 2006;79:1081-1088.

 9.  Borrmann CM, Grund C, Kuhn C, Hofmann I, Pieperhoff S, Franke WW. The area composita 
of adhering junctions connecting heart muscle cells of vertebrates. II. Colocalizations 
of desmosomal and fascia adhaerens molecules in the intercalated disk. Eur J Cell Biol 
2006;85:469-485.

 10.  Franke WW, Borrmann CM, Grund C, Pieperhoff S. The area composita of adhering junctions 
connecting heart muscle cells of vertebrates. I. Molecular definition in intercalated disks of 
cardiomyocytes by immunoelectron microscopy of desmosomal proteins. Eur J Cell Biol 



135

Diagnostic dilemmas

2006;85:69-82.

 11.  Delmar M, McKenna WJ. The cardiac desmosome and arrhythmogenic cardiomyopathies. 
Circ Res 2010;107:700-714.

 12.  Sen-Chowdhry S, Syrris P, McKenna WJ. Role of genetic analysis in the management of 
patients with arrhythmogenic right ventricular dysplasia/cardiomyopathy. J Am Coll Cardiol 
2007;50:1813-1821.

 13.  Garcia-Gras E, Lombardi R, Giocondo MJ, Willerson JT, Schneider MD, Khoury DS, Marian 
AJ. Suppression of canonical Wnt/β-catenin signaling by nuclear plakoglobin recapitulates 
phenotype of arrhythmogenic right ventricular cardiomyopathy. J Clin Invest 2006;116:2012-
2021.

 14.  Kirchhof P, Fabritz L, Zwiener M, Witt H, Schafers M, Zellerhoff S, Paul M, Athai T, Hiller 
KH, Baba HA, Breithardt G, Ruiz P, Wichter T, Levkau B. Age- and training-dependent 
development of arrhythmogenic right ventricular cardiomyopathy in heterozygous 
plakoglobin-deficient mice. Circulation 2006;114:1799-1806.

 15.  Pilichou K, Remme CA, Basso C, Campian ME, Rizzo S, Barnett P, Scicluna BP, Bauce B, 
van den Hoff MJB, de Bakker JMT, Tan HL, Valente M, Nava A, Wilde AAM, Moorman 
AFM, Thiene G, Bezzina CR. Myocyte necrosis underlies progressive myocardial dystrophy 
in mouse dsg2-related arrhythmogenic right ventricular cardiomyopathy. J Exp Med 
2009;206:1787-1802.

 16.  Fabritz L, Hoogendijk MG, Scicluna BP, van Amersfoorth SCM, Fortmueller L, Wolf S, 
Laakmann S, Kreienkamp N, Piccini I, Breithardt G, Ruiz Noppinger P, Witt H, Ebnet K, 
Wichter T, Levkau B, Franke WW, Pieperhoff S, de Bakker JMT, Coronel R, Kirchhof P. Load-
reducing therapy prevents development of arrhythmogenic right ventricular cardiomyopathy 
in plakoglobin-deficient mice. J Am Coll Cardiol 2011;57:740-750.

 17.  Sen-Chowdhry S, Syrris P, Ward D, Asimaki A, Sevdalis E, McKenna WJ. Clinical and genetic 
characterization of families with arrhythmogenic right ventricular dysplasia/cardiomyopathy 
provides novel insights into patterns of disease expression. Circulation 2007;115:1710-1720.

 18.  Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA, Calkins H, Corrado 
D, Cox MGPJ, Daubert JP, Fontaine G, Gear K, Hauer R, Nava A, Picard MH, Protonotarios 
N, Saffitz JE, Sanborn DMY, Steinberg JS, Tandri H, Thiene G, Towbin JA, Tsatsopoulou 
A, Wichter T, Zareba W. Diagnosis of arrhythmogenic right ventricular cardiomyopathy/
dysplasia: Proposed modification of the task force criteria. Circulation 2010;121:1533-1541.

 19.  Brugada P, Brugada J. Right bundle branch block, persistent ST segment elevation and 
sudden cardiac death: a distinct clinical and electrocardiographic syndrome. A multicenter 
report. J Am Coll Cardiol 1992;20:1391-1396.



136

CHAPTER 7

 20.  Brugada J, Brugada P. Further characterization of the syndrome of right bundle branch block, 
st segment elevation, and sudden cardiac death. J Cardiovasc Electrophysiol 1997;8:325-331.

 21.  Kasanuki H, Ohnishi S, Ohtuka M, Matsuda N, Nirei T, Isogai R, Shoda M, Toyoshima Y, 
Hosoda S. Idiopathic ventricular fibrillation induced with vagal activity in patients without 
obvious heart disease. Circulation 1997;95:2277-2285.

 22.  Mizumaki K, Fujiki A, Tsuneda T, Sakabe M, Nishida K, Sugao M, Inoue H. Vagal activity 
modulates spontaneous augmentation of ST elevation in the daily life of patients with Brugada 
syndrome. J Cardiovasc Electrophysiol 2004;15:667-673.

 23.  Amin AS, Meregalli PG, Bardai A, Wilde AAM, Tan HL. Fever increases the risk for cardiac 
arrest in the Brugada syndrome. Ann Intern Med 2008;149:216-218.

 24.  Ikeda T, Abe A, Yusu S, Nakamura K, Ishiguro H, Mera H, Yotsukura M, Yoshino H. The 
full stomach test as a novel diagnostic technique for identifying patients at risk of Brugada 
syndrome. J Cardiovasc Electrophysiol 2006;17:602-607.

 25.  Matsuo K, Kurita T, Inagaki M, Kakishita M, Aihara N, Shimizu W, Taguchi A, Suyama 
K, Kamakura S, Shimomura K. The circadian pattern of the development of ventricular 
fibrillation in patients with Brugada syndrome. Eur Heart J 1999;20:465-470.

 26.  Takigawa M, Noda T, Shimizu W, Miyamoto K, Okamura H, Satomi K, Suyama K, Aihara 
N, Kamakura S, Kurita T. Seasonal and circadian distributions of ventricular fibrillation in 
patients with Brugada syndrome. Heart Rhythm 2008;5-1525-1527.

 27.  Miyazaki T, Mitamura H, Miyoshi S, Soejima K, Ogawa S, Aizawa Y. Autonomic and 
antiarrhythmic drug modulation of ST segment elevation in patients with Brugada syndrome. 
J Am Coll Cardiol 1996;27:1061-1070.

 28.  Alings M, Dekker LRC, Sadee A, Wilde AAM. Quinidine induced electrocardiographic 
normalization in two patients with Brugada syndrome. Pacing Clin Electrophysiol 
2001;24:1420-1422.

 29.  Belhassen B, Glick A, Viskin S. Efficacy of quinidine in high-risk patients with Brugada 
syndrome. Circulation 2004;110:1731-1737.

 30.  Tanaka H, Kinoshita O, Uchikawa S, Kasai H, Nakamura M, Izawa A, Yokoseki O, 
Kitabayashi H, Takahashi W, Yazaki Y, Watanabe N, Imamura H, Kubo K. Successful 
prevention of recurrent ventricular fibrillation by intravenous isoproterenol in a patient with 
Brugada syndrome. Pacing Clin Electrophysiol 2001;24:1293-1294.

 31.  Ackerman MJ, Priori SG, Willems S, Berul C, Brugada R, Calkins H, Camm AJ, Ellinor PT, 



137

Diagnostic dilemmas

Gollob M, Hamilton R, Hershberger RE, Judge DP, Le Marec H, McKenna WJ, Schulze-
Bahr E, Semsarian C, Towbin JA, Watkins H, Wilde A, Wolpert C, Zipes DP. HRS/EHRA 
Expert Consensus Statement on the State of Genetic Testing for the Channelopathies and 
Cardiomyopathies: This document was developed as a partnership between the Heart 
Rhythm Society (HRS) and the European Heart Rhythm Association (EHRA). Heart Rhythm 
2011;8:1308-1339.

 32.  Chen Q, Kirsch GE, Zhang D, Brugada R, Brugada J, Brugada P, Potenza D, Moya A, 
Borggrefe M, Breithardt G, Ortiz-Lopez R, Wang Z, Antzelevitch C, O’Brien RE, Schulze-
Bahr E, Keating MT, Towbin JA, Wang Q. Genetic basis and molecular mechanism for 
idiopathic ventricular fibrillation. Nature 1998;392:293-296.

 33.  Watanabe H, Koopmann TT, Le Scouarnec S, Yang T, Ingram CR, Schott J, Demolombe S, 
Probst V, Anselme F, Escande D, Wiesfeld A, Pfeurer A, Kääb S, Wichmann H, Hasdemir 
C, Aizawa Y, Wilde AAM, Roden D, Bezzina C. Sodium channel ß1 subunit mutations 
associated with Brugada syndrome and cardiac conduction disease in humans. J Clin Invest 
2008;118:2260-2268.

 34.  Hu D, Barajas-Martinez H, Burashnikov E, Springer M, Wu Y, Varro A, Pfeiffer R, Koopmann 
T, Cordeiro J, Guerchicoff A, Pollevick G, Antzelevitch C. A mutation in the ß3 subunit 
of the cardiac sodium channel associated with Brugada ECG phenotype. Circ Arrhythmia 
Electrophysiol 2009;2:270-278.

 35.  London B, Michalec M, Mehdi H, Zhu X, Kerchner L, Sanyal S, Viswanathan PC, Pfahnl 
AE, Shang LL, Madhusudanan M, Baty CJ, Lagana S, Aleong R, Gutmann R, Ackerman MJ, 
McNamara DM, Weiss R, Dudley SC, Jr. Mutation in glycerol-3-phosphate dehydrogenase 
1-like gene (GPD1-L) decreases cardiac Na+ current and causes inherited arrhythmias. 
Circulation 2007;116:2260-2268.

 36.  Kattygnarath D, Maugenre S, Neyroud N, Balse E, Ichai C, Denjoy I, Dilanian G, Martins RP, 
Fressart V, Berthet M, Schott JJ, Leenhardt A, Probst V, Le Marec H, Hainque B, Coulombe 
A, Hatem SN, Guicheney P. MOG1: A new susceptibility gene for Brugada syndrome. Circ 
Cardiovasc Genet 2011;4:261-268.

 37.  Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O, Sanguinetti MC, Aizawa Y, Guerchicoff 
A, Pfeiffer R, Oliva A, Wollnik B, Gelber P, Bonaros EP, Jr., Burashnikov E, Wu Y, Sargent 
JD, Schickel S, Oberheiden R, Bhatia A, Hsu LF, Haïssaguerre M, Schimpf R, Borggrefe M, 
Wolpert C. Loss-of-function mutations in the cardiac calcium channel underlie a new clinical 
entity characterized by ST-segment elevation, short QT intervals, and sudden cardiac death. 
Circulation 2007;115:442-449.

 38.  Burashnikov E, Pfeiffer R, Barajas-Martinez H, Delpόn E, Hu D, Desai M, Borggrefe M, 
Haïssaguerre M, Kanter R, Pollevick GD, Guerchicoff A, Laiño R, Marieb M, Nademanee K, 
Nam GB, Robles R, Schimpf R, Stapleton DD, Viskin S, Winters S, Wolpert C, Zimmern S, 
Veltmann C, Antzelevitch C. Mutations in the cardiac L-type calcium channel associated with 
inherited J-wave syndromes and sudden cardiac death. Heart Rhythm 2010;7:1872-1882.



138

CHAPTER 7

 39.  Delpόn E, Cordeiro J, Nunez L, Thomsen P, Guerchicoff A, Pollevick G, Wu Y, Kanters 
J, Larsen C, Burashnikov E, Christiansen M, Antzelevitch C. Functional effects of 
KCNE3 mutation and its role in the development of Brugada syndrome. Circ Arrhythmia 
Electrophysiol 2009;1:209-218.

 40.  Barajas-Martínez H, Hu D, Ferrer T, Onetti CG, Wu Y, Burashnikov E, Boyle M, Surman T, 
Urrutia J, Veltmann C, Schimpf R, Borggrefe M, Wolpert C, Ibrahim BB, Sánchez-Chapula 
JA, Winters S, Haïssaguerre M, Antzelevitch C. Molecular genetic and functional association 
of Brugada and early repolarization syndromes with S422L missense mutation in KCNJ8. 
Heart Rhythm 2012;9:548-555.

 41.  Probst V, Veltmann C, Eckardt L, Meregalli PG, Gaita F, Tan HL, Babuty D, Sacher F, 
Giustetto C, Schulze-Bahr E, Borggrefe M, Haissaguerre M, Mabo P, Le Marec H, Wolpert C, 
Wilde AAM. Long-term prognosis of patients diagnosed with Brugada syndrome. Circulation 
2010;121:635-643.

 42.  Probst V, Wilde AAM, Barc J, Sacher F, Babuty D, Mabo P, Mansourati J, Le Scouarnec S, 
Kyndt F, Le Caignec C, Guicheney P, Gouas L, Albuisson J, Meregalli PG, Le Marec H, Tan 
HL, Schott JJ. SCN5A mutations and the role of genetic background in the pathophysiology 
of Brugada syndrome. Circ Cardiovasc Genet 2009;2:552-557.

 43.  Santos LF, Rodrigues B, Moreira D, Correia E, Nunes L, Costa A, Elvas L, Pereira T, 
Machado JC, Castedo S, Henriques C, Matos A, Santos JO. Criteria to predict carriers of 
a novel SCN5A mutation in a large Portuguese family affected by the Brugada syndrome. 
Europace 2012;14:882-888.

 44.  Antzelevitch C, Brugada P, Borggrefe M, Brugada J, Brugada R, Corrado D, Gussak I, 
LeMarec H, Nademanee K, Perez Riera AR, Shimizu W, Schulze-Bahr E, Tan H, Wilde 
A. Brugada syndrome: report of the second consensus conference: endorsed by the Heart 
Rhythm Society and the European Heart Rhythm Association. Circulation 2005;111:659-
670.

 45.  Martini B, Nava A, Thiene G, Buja GF, Canciani B, Scognamiglio R, Daliento L, la Volta S. 
Ventricular fibrillation without apparent heart disease: Description of six cases. Am Heart J 
1989;118:1203-1209.

 46.  Corrado D, Nava A, Buja G, Martini B, Fasoli G, Oselladore L, Turrini P, Thiene G. Familial 
cardiomyopathy underlies syndrome of right bundle branch block, ST segment elevation and 
sudden death. J Am Coll Cardiol 1996;27:443-448.

 47.  Tada H, Aihara N, Ohe T, Yutani C, Hamada S, Miyanuma H, Takamiya M, Kamakura S. 
Arrhythmogenic right ventricular cardiomyopathy underlies syndrome of right bundle branch 
block, ST-segment elevation, and sudden death. Am J Cardiol 1998;81:519-522.



139

Diagnostic dilemmas

 48.  Corrado D, Basso C, Buja G, Nava A, Rossi L, Thiene G. Right bundle branch block, 
right precordial ST-segment elevation, and sudden death in young people. Circulation 
2001;103:710-717.

 49.  Peters S, Trummel M, Denecke S, Koehler B. Results of ajmaline testing in patients with 
arrhythmogenic right ventricular dysplasia-cardiomyopathy. Int J Cardiol 2004;95:207-210.

 50.  Peters S. Arrhythmogenic right ventricular dysplasia-cardiomyopathy and provocable 
coved-type ST-segment elevation in right precordial leads: clues from long-term follow-up. 
Europace 2008;10:816-820.

 51.  Cox MGPJ, Nelen MR, Wilde AAM, Wiesfeld AC, Smagt J, Loh P, Cramer MJ, Doevendans 
PA, Tintelen JP, de Bakker JMT, Hauer RNW. Activation delay and VT parameters in 
arrhythmogenic right ventricular dysplasia/cardiomyopathy: Toward improvement of 
diagnostic ECG criteria. J Cardiovasc Electrophysiol 2008;19:775-781.

 52.  Nasir K, Bomma C, Tandri H, Roguin A, Dalal D, Prakasa K, Tichnell C, James C, Jspevak 
P, Marcus F, Calkins H. Electrocardiographic features of arrhythmogenic right ventricular 
dysplasia/cardiomyopathy according to disease severity. Circulation 2004;110:1527-1534.

 53.  Postema PG, van Dessel PFHM, Kors JA, Linnenbank AC, van Herpen G, Ritsema van Eck 
HJ, van Geloven N, de Bakker JMT, Wilde AAM, Tan HL. Local depolarization abnormalities 
are the dominant pathophysiologic mechanism for type 1 electrocardiogram in Brugada 
syndrome: A study of electrocardiograms, vectorcardiograms, and body surface potential 
maps during Ajmaline provocation. J Am Coll Cardiol 2010;55:789-797.

 54.  Letsas KP, Efremidis M, Weber R, Korantzopoulos P, Protonotarios N, Prappa E, Kounas 
SP, Evagelidou EN, Xydonas S, Kalusche D, Sideris A, Arentz T. Epsilon-like waves and 
ventricular conduction abnormalities in subjects with type 1 ECG pattern of Brugada 
syndrome. Heart Rhythm 2011;8:874-878.

 55.  Ikeda T, Sakurada H, Sakabe K, Sakata T, Takami M, Tezuka N, Nakae T, Noro M, Enjoji Y, 
Tejima T, Sugi K, Yamaguchi T. Assessment of noninvasive markers in identifying patients at 
risk in the brugada syndrome: insight into risk stratification. J Am Coll Cardiol 2001;37:1628-
1634.

 56.  Viskin S, Belhassen B. When you only live twice. N Engl J Med 1995;332:1221-1225.

 57.  Krittayaphong R, Veerakul G, Nademanee K, Kangkagate C. Heart rate variability in patients 
with Brugada syndrome in Thailand. Eur Heart J 2003;24:1771-1778.

 58.  Papavassiliu T, Wolpert C, Flüchter S, Schimpf R, Neff W, Haase KK, Düber C, Borggrefe 
M. Magnetic resonance imaging findings in patients with Brugada syndrome. J Cardiovasc 
Electrophysiol 2004;15:1133-1138.



140

CHAPTER 7

 59.  Catalano O, Antonaci S, Moro G, Mussida M, Frascaroli M, Baldi M, Cobelli F, Baiardi P, 
Nastoli J, Bloise R, Monteforte N, Napolitano C, Priori SG. Magnetic resonance investigations 
in Brugada syndrome reveal unexpectedly high rate of structural abnormalities. Eur Heart J 
2009;30:2241-2248.

 60.  Papavassiliu T, Veltmann C, Doesch C, Haghi D, Germans T, Schoenberg SO, van Rossum 
AC, Schimpf R, Brade J, Wolpert C, Borggrefe M. Spontaneous type 1 electrocardiographic 
pattern is associated with cardiovascular magnetic resonance imaging changes in Brugada 
syndrome. Heart Rhythm 2010;7:1790-1796.

 61.  Frustaci A, Priori SG, Pieroni M, Chimenti C, Napolitano C, Rivolta I, Sanna T, Bellocci 
F, Russo MA. Cardiac histological substrate in patients with clinical phenotype of Brugada 
syndrome. Circulation 2005;112:3680-3687.

 62.  Ohkubo K, Watanabe I, Okumura Y, Takagi Y, Ashino S, Kofune M, Sugimura H, Nakai 
T, Kasamaki Y, Hirayama A, Morimoto SI. Right ventricular histological substrate and 
conduction delay in patients with Brugada syndrome. Int Heart J 2010;51:17-23.

 63.  Zumhagen S, Spieker T, Rolinck J, Baba HA, Breithardt G, Bocker W, Eckardt L, Paul M, 
Wichter T, Schulze-Bahr E. Absence of pathognomonic or inflammatory patterns in cardiac 
biopsies from patients with Brugada syndrome. Circ Arrhythmia Electrophysiol 2009;2:16-
23.

 64.  Kapplinger JD, Landstrom AP, Salisbury BA, Callis TE, Pollevick GD, Tester DJ, Cox MGPJ, 
Bhuiyan Z, Bikker H, Wiesfeld ACP, Hauer RNW, van Tintelen JP, Jongbloed JDH, Calkins 
H, Judge DP, Wilde AAM, Ackerman MJ. Distinguishing arrhythmogenic right ventricular 
cardiomyopathy/dysplasia-associated mutations from background genetic noise. J Am Coll 
Cardiol 2011;57:2317-2327.

 65.  Koopmann TT, Beekman L, Alders M, Meregalli PG, Mannens MMAM, Moorman AFM, 
Wilde AAM, Bezzina CR. Exclusion of multiple candidate genes and large genomic 
rearrangements in SCN5A in a Dutch Brugada syndrome cohort. Heart Rhythm 2007;4:752-
755.

 66.  Sato PY, Musa H, Coombs W, Guerrero-Serna G, Patino GA, Taffet SM, Isom LL, Delmar M. 
Loss of plakophilin-2 expression leads to decreased sodium current and slower conduction 
velocity in cultured cardiac myocytes. Circ Res 2009;105:523-526.

 67.  Oxford EM, Musa H, Maass K, Coombs W, Taffet SM, Delmar M. Connexin43 remodeling 
caused by inhibition of plakophilin-2 expression in cardiac cells. Circ Res 2007;101:703-711.

 68.  Gomes J, Finlay M, Ahmed AK, Ciaccio EJ, Asimaki A, Saffitz JE, Quarta G, Nobles M, Syrris 
P, Chaubey S, McKenna WJ, Tinker A, Lambiase PD. Electrophysiological abnormalities 
precede overt structural changes in arrhythmogenic right ventricular cardiomyopathy due to 



141

Diagnostic dilemmas

mutations in desmoplakin-A combined murine and human study. Eur Heart J 2012;33:1942-
1953.

 69.  Royer A, van Veen TAB, Le Bouter S, Marionneau C, Griol-Charhbili V, Leoni AL, Steenman 
M, van Rijen HVM, Demolombe S, Goddard CA, Richer C, Escoubet B, Jarry-Guichard 
T, Colledge WH, Gros D, de Bakker JMT, Grace AA, Escande D, Charpentier F. Mouse 
model of SCN5A-linked hereditary Lenegre’s disease: Age-related conduction slowing and 
myocardial fibrosis. Circulation 2005;111:1738-1746.

 70.  Case MT, Sibinski LJ, Steffen GR. Chronic oral toxicity and oncogenicity studies of 
flecainide, an antiarrhythmic, in rats and mice. Toxicol Appl Pharmacol 1984;73:232-242.

 71.  Yan GX, Antzelevitch C. Cellular basis for the Brugada syndrome and other mechanisms of 
arrhythmogenesis associated with ST-segment elevation. Circulation 1999;100:1660-1666.

 72.  Coronel R, Casini S, Koopmann TT, Wilms-Schopman FJG, Verkerk AO, de Groot 
JR, Bhuiyan Z, Bezzina CR, Veldkamp MW, Linnenbank AC, van der Wal AC, Tan HL, 
Brugada P, Wilde AAM, de Bakker JMT. Right ventricular fibrosis and conduction delay in 
a patient with clinical signs of Brugada syndrome: a combined electrophysiological, genetic, 
histopathologic, and computational study. Circulation 2005;112:2769-2777.

 73.  Hoogendijk MG, Potse M, Linnenbank AC, Verkerk AO, den Ruijter HM, van Amersfoorth 
SCM, Klaver EC, Beekman L, Bezzina CR, Postema PG, Tan HL, Reimer AG, van der Wal 
AC, ten Harkel ADJ, Dalinghaus M, Vinet A, Wilde AAM, de Bakker JMT, Coronel R. 
Mechanism of right precordial ST-segment elevation in structural heart disease: Excitation 
failure by current-to-load mismatch. Heart Rhythm 2010;7:238-248.

 74.  Hoogendijk MG, Potse M, Vinet A, de Bakker JMT, Coronel R. ST segment elevation 
by current-to-load mismatch: an experimental and computational study. Heart Rhythm 
2011;8:111-118.

 75.  Nagase S, Kusano KF, Morita H, Fujimoto Y, Kakishita M, Nakamura K, Emori T, Matsubara 
H, Ohe T. Epicardial electrogram of the right ventricular outflow tract in patients with the 
Brugada syndrome: Using the epicardial lead. J Am Coll Cardiol 2002;39:1992-1995.

 76.  Nagase S, Kusano KF, Morita H, Nishii N, Banba K, Watanabe A, Hiramatsu S, Nakamura 
K, Sakuragi S, Ohe T. Longer repolarization in the epicardium at the right ventricular outflow 
tract causes type 1 electrocardiogram in patients with Brugada syndrome. J Am Coll Cardiol 
2008;51:1154-1161.

 77.  Shimizu W, Aiba T, Kurita T, Kamakura S. Paradoxic abbreviation of repolarization in 
epicardium of the right ventricular outflow tract during augmentation of brugada-type ST 
segment elevation. J Cardiovasc Electrophysiol 2001;12:1418-1421.



142

CHAPTER 7

 78.  Kurita T, Shimizu W, Inagaki M, Suyama K, Taguchi A, Satomi K, Aihara N, Kamakura 
S, Kobayashi J, Kosakai Y. The electrophysiologic mechanism of ST-segment elevation in 
Brugada syndrome. J Am Coll Cardiol 2002;40:330-334.

 79.  Nademanee K, Veerakul G, Chandanamattha P, Chaothawee L, Ariyachaipanich A, 
Jirasirirojanakorn K, Likittanasombat K, Bhuripanyo K, Ngarmukos T. Prevention of 
ventricular fibrillation episodes in Brugada syndrome by catheter ablation over the anterior 
right ventricular outflow tract epicardium. Circulation 2011;123:1270-1279.

 80.  Hoogendijk MG, Opthof T, Postema PG, Wilde AAM, de Bakker JMT, Coronel R. The 
Brugada ECG pattern: A marker of channelopathy, structural heart disease, or neither? 
Toward a unifying mechanism of the Brugada syndrome. Circ Arrhythmia Electrophysiol 
2010;3:283-290.

 81.  Brito MR, Miranda CE, Rabelo W, Marino RL. Type 1 electrocardiographic Brugada pattern 
in a woman with Chagas disease: a case report. Europace 2010;12:1345-1346.

 82.  Chiale PA, Przybylski J, Laiño RA, Halpern MS, Sbnchez RA, Gabrieli A, Elizari MV, 
Rosenbaum MB. Electrocardiographic changes evoked by ajmaline in chronic chagas’ 
disease without manifest myocarditis. Am J Cardiol 1982;49:14-20.

 83.  Postema PG, Wolpert C, Amin AS, Probst V, Borggrefe M, Roden DM, Priori SG, Tan HL, 
Hiraoka M, Brugada J, Wilde AAM. Drugs and Brugada syndrome patients: Review of the 
literature, recommendations, and an up-to-date website (www.brugadadrugs.org). Heart 
Rhythm 2009;6:1335-1341.



143

Diagnostic dilemmas





CHAPTER 8

Ventricular fibrillation hampers the restoration of 
creatine-phosphate levels during

simulated cardiopulmonary resuscitations

Mark G. Hoogendijk, Cees A. Schumacher, Charly N. W. Belterman, Bas J. 
Boukens, Jocelyn Berdowski, Jacques M. T. de Bakker, Rudolph W. Koster, Ruben 

Coronel

Europace 2012;14:1518–1523



146

CHAPTER 8

Abstract
Aims Recurrences of ventricular fibrillation (VF) during cardiopulmonary resusci-
tation (CPR) are associated with a reduced chance of survival. The effect of VF dur-
ing CPR on the myocardium is unknown. We tested the hypothesis that VF during 
simulated CPR reduces the restoration of the myocardial energy state and contractile 
function.

Methods and results Twelve porcine hearts were isolated and perfused with the 
pig’s own blood. First, cardiac oxygen consumption was measured by blood gas 
analysis. Secondly, we simulated sudden cardiac arrest by VF (7 min VF, zero flow) 
followed by simulated CPR (7 min, 0.3 mL/g/min perfusion rate) in the absence and 
presence of VF [six hearts were maintained in VF (VF-group), six were defibrillated 
(defib-group)].  The VF increased the cardiac oxygen consumption by 71% (0.87 
± 0.12 vs. 1.49 ± 0.14 μmol O2/g/min; mean ± SEM, P< 0.001) compared with a 
ventricular rhythm of 62 beats/min. The presence of VF during simulated CPR af-
ter 7 min of cardiac arrest hampered restoration of myocardial creatine-phosphate 
levels compared with defibrillated hearts (61 ± 9 vs. 87 ± 7% of baseline values, 
respectively; P< 0.05). The cardiac contractile function was significantly higher in 
the defib- than in the VF-group (area under the pressure curve 2.29 ± 0.22 vs. 1.72 ± 
0.14 s×mm Hg respectively; P< 0.05).

Conclusions These data demonstrate that the cardiac oxygen consumption is in-
creased by VF and that the presence of VF during CPR hampers the restoration of the 
myocardial energy state and contractility. Strategies that reduce VF duration without 
disrupting chest compressions will benefit the restoration of the cardiac energy state 
during resuscitations.
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Introduction
Prompt initiation of cardiopulmonary resuscitation (CPR) and early defibrillation are 
major determinants of the survival of sudden cardiac arrest by ventricular fibrillation 
(VF).1–3 Countershocks have a high defibrillation success rate but recurrences of VF 
during CPR are common.4–6

Experimental studies have demonstrated that interruption of chest compressions 
during resuscitations for detection and defibrillation of recurrent VF worsens the 
resuscitation outcome.7,8 The 2005 resuscitation guidelines (GL2005) have incorpo-
rated these findings and aimed to minimize the interruption of chest compressions by 
promoting immediate resumption of chest compressions after defibrillation attempts 
(without confirmation of the success of a defibrillation shock) and by prolongation of 
each CPR cycle after each rhythm assessment from 1 to 2 min. As defibrillation suc-
cess is <100% and recurrent VF is observed in at least 60% of cases, fewer interrup-
tions of chest compressions for rhythm assessment and defibrillation may result in 
more and longer episodes of VF. Indeed, we have shown that under GL2005 patients 
spend 48% more time in VF as under the 2000 resuscitation guidelines.6

Ventricular fibrillation involves a high-frequency of activation and contraction of 
the myocardium and is associated with an increased cardiac oxygen consumption in 
non-ischaemic conditions.9 In the setting of cardiac arrest, such conditions will only 
be present briefly because the onset of VF is rapidly followed by deterioration of car-
diac perfusion.8 The effect of VF on the myocardial energy status during ischaemic 
conditions encountered thereafter is unknown. However, several observations have 
indicated that VF may directly influence the chance of survival of cardiac arrest: re-
currences of VF during CPR are inversely related with survival from out-of-hospital 
cardiac arrest (OHCA).10 This inverse relation with survival also exists with ‘VF 
burden’, the cumulative time a patient is in recurrent VF.6

In this study, we tested the hypothesis that the increased cardiac energy consumption 
by VF during CPR reduces the restoration of the cardiac energy state and contractil-
ity. We therefore determined the restoration of the creatine-phosphate (CrP) levels 
and contractility during simulated resuscitations in the isolated, Langendorff-per-
fused porcine heart. 

Methods
The experimental protocol complied with the guide for the Care and use of Labora-
tory Animals published by the US National Institute of Health and was approved by 
the institutional animal experiments committee. 

Experimental set-up
Twelve male pigs (28.9 ± 2.6 kg; mean ± SD) were premedicated with an intramus-
cular injection of ketamine (10–15 mg/kg, Animal Health BV, Bladel, The Nether-
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lands) and midazolam (1.0 mg/kg, F. Hoffmann – La Roche Ltd., Basel, Switzer-
land). After induction of anaesthesia with pentobarbital (15–20 mg/kg IV, CEVA 
Santé Animale, La Ballastière, France), the animals were intubated and ventilated 
with a mixture of ambient air and oxygen. The thorax was opened by median ster-
notomy, heparin (Leo Pharma BV, Breda, The Netherlands) was infused, and blood 
was collected from the superior caval vein. Ventricular fibrillation was induced by 
a direct current to prevent air from entering the coronary vasculature upon removal 
of the heart. The hearts were rapidly removed, submerged in ice-cold modified Ty-
rode’s solution and weighed. 
The aorta was cannulated, connected to a Langendorff set-up and defibrillated. The 
heart was perfused with the collected blood, which was diluted to a haematocrit 
of 0.30 vol./vol. with modified Tyrode’s solution (NaCl 128.0 mmol/L, KCl 4.7 
mmol/L, CaCl2 1.5 mmol/L, MgCl2 0.7 mmol/L, NaHCO3 28.0 mmol/L, NaH2PO4 
0.5 mmol/L, glucose 11.0 mmol/L, insulin 10 IU/L, heparin 5000 IU/L) and was 
gassed with O2/CO2 95/5%. The perfusion rate was normalized to heart weight and 
continuously measured using an ultrasonic flow sensor (Transonic Systems Inc., 
Ithaca, NY, USA). Intramural myocardial temperature was monitored throughout 
the experiment. 
Total AV block was created by clamping the AV node. A bipolar hook electrode was 
positioned at the basal left ventricular free wall. A compliant latex balloon (length 
4.2 cm, diameter 2.2 cm) was inserted in the conical part of the right ventricular 
outflow tract (RVOT) and secured to the pulmonary artery to record pressure curves 
throughout the experiment. The RVOT was selected because of its conical shape and 
because it reduced the chance of puncturing of the balloon by transmural sampling 
of the apical left ventricular myocardium as described in the experimental protocol. 
The balloon was filled with warmed modified Tyrode’s solution until a diastolic pres-
sure of 9−10 mm Hg was reached. The pressure in the balloon was monitored using a 
Gould-Statham P23 ID pressure transducer (Gould Instruments, Oxnard, CA, USA). 
Right ventricular outflow tract pressure curves were continuously recorded on paper 
using a Graphtec WR5000 Thermal Array Recorder (Graphtec Corp., Yokohama, 
Japan) at a speed of 1 mm/s; selected episodes were recorded at 25 mm/s. A sheet of 
aluminium foil was positioned posterior of the heart for thermal isolation. The heart 
was allowed to equilibrate for 10 min before the start of the experimental protocol. 

Experimental protocol

Cardiac oxygen consumption during ventricular fibrillation
Before simulation of CPR for sudden cardiac arrest by VF, we determined the effect 
of VF on the oxygen consumption during non-ischaemic conditions using blood gas 
analysis. Blood samples were obtained from the aorta (arterial) and the coronary 
sinus (venous) using glass syringes during a constant perfusion rate of 1.1 mL/g/
min under two conditions: (i) spontaneous ventricular rhythm and (ii) 1min after the 
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initiation of VF by a direct current. Blood gas analysis and haemoglobin measure-
ments were performed as soon as possible (within 5 min) after sampling using a 
Radiometer ABL505 blood gas analyser (Radiometer Medical ApS, Brønshøj, Den-
mark). After obtaining the blood samples, the hearts were defibrillated and allowed 
to equilibrate for 15 min before continuation of the protocol. 
Using the blood gas data, we calculated the O2 content (CaO2) and the cardiac O2 
consumption as follows:

 CaO2(ml O2/dl blood) = Hb(g/dl) × SaO2 × 1.36 + PaO2(mmHg) × 0.0031

where SaO2 denotes oxygen saturation and PaO2 partial oxygen tension.

Cardiac O2 consumption(μmol/g/min) = 
(Arterial CaO2 − Venous CaO2) × blood flow(dl/min) : heart weight(g) : 

22.4 × 10-3

The CO2 content (TCO2) was calculated according to

TCO2(mmol/l) = [HCO3
−](mmol/l) + 0.03 × PaCO2(mmHg)

and the cardiac CO2 production according to

Cardiac CO2 production(μmol/g/min) = (Venous TCO2 − Arterial TCO2) × 
blood flow(l/min) × 103 : heart weight(g)

 
Simulated cardiopulmonary resuscitation
Figure 1 shows a diagrammatic representation of the experimental protocol of the 
simulated CPR for sudden cardiac arrest by VF. 
At baseline, the heart was stimulated at twice the diastolic threshold from the basal 
left ventricular free wall at a cycle length of 400 ms during perfusion at 1.1 mL/g/
min. A transmural myocardial sample was obtained from the apical left ventricle 
while carefully avoiding the local vasculature using a hollow rotating drill (diameter 
4 mm) and snap frozen in liquid nitrogen. Pressure curves from the RVOT were 
recorded during stimulation. Then, sudden cardiac arrest by VF was simulated by 
initiation of VF using a direct current and stopping of the perfusion pump during 7 
min. This period was chosen to reflect the average arrival time of paramedics to the 
scene of OHCA in the Netherlands. During these 7 min, the intramyocardial tem-
perature was maintained using two heating lamps aimed at the heart. Intramyocardial 
temperature was continuously monitored with a miniature thermistor incorporated in 
a needle. After 7min, a second, left ventricular transmural myocardial sample was 
obtained and snap frozen. 
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After 7 min of global ischaemia and VF, CPR was simulated by low flow perfu-
sion at 0.3 mL/g/min.11 Two groups were studied: (i) hearts that were defibrillated 
using a 25 J shock (n= 6, defib-group), (ii) hearts that were not defibrillated (n= 6, 
VF-group). In each group, a transmural myocardial sample was obtained and snap 
frozen at 8, 10, and 14 min (see Figure 1). If myocardial sampling reinitiated VF 
in the defibrillation group, the hearts were defibrillated as soon as possible. After 
14 min, the perfusion rate was normalized to 1.1 mL/g/min in both groups, and the 
hearts of the VF-group were defibrillated. All hearts were then paced from the basal 
left ventricular free wall at a cycle length of 400 ms as before. Pressure curves from 
the RVOT were recorded 15, 20, 30, 45, and 60 min after the start of the simulated 
cardiac arrest. One heart in the defib-group developed a small, well-defined cyanotic 
area on the RVOT following restart of normal perfusion and was excluded from 
analysis of the RVOT pressure curves. End diastolic pressure and the systolic area 
under the curve were calculated from five consecutive scanned pressure curves with 
the use of Adobe Photoshop CS2 (Adobe Systems Integrated, San Jose, CA, USA). 

Biochemical analysis
During ischaemia, the decrease in ATP levels themselves is limited during the first 
~15 min.12 However, the free energy available by ATP hydrolysis is reduced rapidly 
and is reflected by the CrP concentration.13 We therefore chose to determine the CrP 
concentration as a marker of the myocardial energy state. The tissue samples were 
freeze-dried overnight, and epi- and endocardial myocardium was removed. The 
remaining midmural myocardium was pulverized, weighed and deproteinized in 4% 
perchloric acid. The supernatant was neutralized to pH 7.0 with triethanolamine/KCl 
buffer. The amount of CrP in the neutralized extracts was determined by the direct 
enzymatic method of Lowry and Passonneau.14

Figure 1. Flow chart of the simulated cardiopulmonary resuscitation protocol. Simulated sudden cardiac 
arrest by ventricular fibrillation (VF) (7 min, zero flow) was followed by simulated cardiopulmonary 
resuscitation (CPR) (7 min, perfusion rate 0.3 mL/g/min). Hearts were studied in two groups: a defib-
group in which the hearts were defibrillated and a VF-group which were not defibrillated during 
cardiopulmonary resuscitation. Transmural left ventricular biopsies were obtained before and during 
the simulated cardiopulmonary resuscitation. Right ventricular outflow tract pressure curves were 
measured before and after the resuscitation. D: defibrillation; RVOT: right ventricular outflow tract. 
Numbers: minutes after onset of VF.
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Statistical analysis
Data are presented as mean ± SEM unless indicated otherwise. Normally distributed 
biochemical data, intramyocardial temperature, and perfusion rates were compared 
between groups using one-way analysis of variance (ANOVA). Factor correction 
was applied on the RVOT pressure curves of the defib- and VF-group based on 
the pressure curves prior to the start of the simulated resuscitations.15 End-diastolic 
pressure and systolic area under the curve of the corrected pressure curves were 
compared between groups using one-way ANOVA. The level of significance was set 
at P< 0.05. 

Results
Cardiac	oxygen	consumption	during	ventricular	fibrillation
Using blood gas analysis, we confirmed9 that VF increases the cardiac oxygen con-
sumption: VF increased both the cardiac oxygen consumption (1.49 ± 0.14 vs. 0.87 
± 0.12 μmol/g/min; mean ± SEM, P< 0.001, paired t-test) and CO2 production (1.18 
± 0.12 vs. 0.71 ± 0.13 μmol/g/min; mean ± SEM, P< 0.001, paired t-test) compared 
with a spontaneous ventricular rhythm of 62 beats/min. In accordance, VF induced 
significant changes in the venous pH, pCO2, HCO3

–, and base excess (Table 1). 

Simulated cardiopulmonary resuscitation
The CrP level decreased equally during 7 min of VF without cardiac perfusion in the 
defib- and VF-group (baseline 52.0 ± 2.7 vs. 51.8 ± 3.6 μmol/g dry wt., 7 min. of VF 
without cardiac perfusion 3.5 ± 0.3 vs. 4.1 ± 0.7 μmol/g dry wt.; defib- vs. VF-group, 
respectively; P > 0.05 between groups). Restoration of CrP during simulated CPR 
was significantly higher in the defib- than in the VF-group (Figure 2). After 7 min of 
simulated CPR following 7 min of simulated cardiac arrest, the CrP levels reached 

Arterial Venous Arterial Venous
Heart rate (bpm) 62 ± 5 NA
Perfusion rate (mL/g/min) 1.10 ± 0.00 1.09 ± 0.01
Temperature (°C) 38.1 ± 0.1 38.1 ± 0.1
pH 7.415 ± 0.008 7.392 ± 0.007 7.413 ± 0.006 7.386 ± 0.007*
pCO2 (mm Hg) 41.9 ± 0.3 45.2 ± 0.4 41.6 ± 0.4 46.5 ± 0.4*
pO2 (mm Hg) 646.9 ± 7.7 130.5 ± 15.1 636.2 ± 10.4 76.0 ± 4.0*
HCO3– (mmol/L) 26.4 ± 0.5 26.9 ± 0.4 26.3 ± 0.5 27.3 ± 0.5*
Base excess (mmol/L) 2.0 ± 0.6 2.2 ± 0.5 1.8 ± 0.4 2.4 ± 0.5*
sO2 97.4 ± 0.6 96.4 ± 1.4 99.8 ± 0.0 90.2 ± 2.3*
Hb (g/dL) 9.8 ± 0.1 9.8 ± 0.1 9.7 ± 0.1 9.7 ± 0.1
O2 consumption (μmol/g/min) 0.87 ± 0.12 1.49 ± 0.14*
CO2 production (μmol/g/min) 0.71 ± 0.13 1.18 ± 0.12*

Spontaneous rhythm VF

Table 1. Blood gas data during spontaneous rhythm and ventricular fibrillation

Mean±SEM, NA, not applicable. *P < 0.001 VF vs. spontaneous rhythm, paired t-test.
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87 ± 7% of baseline levels in defib-group vs. 61 ± 9% in the VF-group (P< 0.05). 
Moreover, CrP had reached a plateau in the VF-group, whereas it was still increasing 
in the defib-group (Figure 2). 

The perfusion rate and average temperature during the simulated CPR did not differ 
significantly between groups (0.304 ± 0.005 vs. 0.300 ± 0.004 mL/g/min and 36.9 ± 
0.2 vs. 37.2 ± 0.1°C; defib- vs. VF-group, respectively; P> 0.05). Transmural myo-
cardial sampling during simulated CPR always initiated VF in the defib-group. The 
average number of defibrillation shocks in the defib-group was 5.3 (range 4–8). In 
the VF-group, each heart received only one shock during simulated CPR. Hearts in 
the defibrillation group spent 38 ± 9 s in VF during the 7 min of CPR. 
No significant differences were observed in the diastolic pressure between the groups 
at any moment. The systolic area under the curve increased in five out of six hearts 
in the VF-group 1 min after defibrillation. However, this increase was followed by a 
decline in pressure curves (see Figure 3). At 60 min after the start of simulated CPR, 
the area under the curve was significantly lower in the VF- than in the defib-group 
(Figure 3). 

Figure 2 Myocardial creatine-phosphate (CrP) normalized to baseline levels during simulated 
cardiopulmonary resuscitation. Creatine-phosphate restoration was significantly higher in the defib-
group (open symbols) than in the VF-group (closed symbols) after 7 min of simulated cardiopulmonary 
resuscitation.
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Figure 3. Typical example of a right ventricular outflow tract pressure curve of a heart in the VF-group 
and graph showing the area under the curve in the VF- and defib-groups. The peak pressure and area 
under the curve increased after defibrillation in five out of six VF hearts but was followed by a marked 
decline of the pressure curves. At 60 min the AUC was significantly lower in the VF- than in the defib-
group.
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Discussion
In this study, we confirmed that VF markedly increases the cardiac oxygen consump-
tion during non-ischaemic conditions9 that are present briefly after the onset of sud-
den cardiac arrest by VF. Furthermore, we demonstrated that VF during simulated 
CPR after a prolonged episode of untreated VF hampers the restoration of the myo-
cardial energy state and of the ventricular contractile function. 
In the setting of OHCA by VF, defibrillation is usually delayed for ~9 min.6 Our ob-
servations demonstrate that in this time frame the myocardial energy state will have 
deteriorated markedly, unless efficient CPR is delivered. However, in many cases of 
OHCA the myocardial function cannot be sufficiently restored even when optimal 
CPR is performed and the patient dies either in asystole or with a non-perfusing 
rhythm. Hence, any factor that adversely affects the restoration of myocardial energy 
state during CPR should be removed. Our findings suggest that continued or recur-
rent VF is an important adverse factor and that immediate termination of (recurrent) 
VF without disruption of chest compressions may benefit the outcome of resuscita-
tions. 
The GL2005 guidelines involved reduction of the number of interruptions of CPR 
by immediate resumptions of chest compressions after the delivery of a defibrillation 
shock (without confirmation of the success of a defibrillation shock) and the prolon-
gation of each CPR cycle from 1 to 2 min. Our results may in part explain why im-
plementation of the GL2005 did not meet expectations in terms of patient outcome 
with several studies failing to demonstrate increased survival6,16,17, as they may have 
led to improved coronary perfusion but at the same time have increased the duration 
of VF and cardiac energy consumption during CPR. The new 2010 resuscitation 
guidelines have made no essential change to this approach.18

Recently, new techniques have emerged that may enable rapid detection and de-
fibrillation of recurrent VF without interruption of chest compressions. First, ad-
vanced electrocardiographic filtering techniques have been shown to remove motion 
artefacts from the  electrocardiogram during chest compressions.19 Secondly, chest 
compression devices or the wearing of protective gloves may enable defibrillation 
of VF during continuous chest compressions.20 These developments may reduce the 
need for ‘hands-off’ periods for defibrillation and rhythm assessment during CPR 
and may enable an ideal resuscitation strategy with minimal interruptions of CPR 
and a minimal VF burden. 

Methodological considerations
In this study, we used isolated, Langendorff-perfused hearts because it enabled us 
to control the coronary perfusion rate for the determination of the cardiac oxygen 
consumption and it allowed us to obtain transmural myocardial samples. Transmural 
sampling is essential for the determination of the myocardial energy state because 
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diffusion of oxygen spares the subendo- and subepicardium from the most severe 
ischaemia.21 Furthermore, controlling the coronary perfusion rate or sequential trans-
mural tissue sampling is not feasible during CPR in vivo. 
In contrast to the in vivo heart, the isolated, Langendorff-perfused heart contracts in 
an unloaded state, in the absence of circulating cathecholamines and is denervated. 
In vivo, defibrillation of prolonged VF is usually followed by a non-organized and 
most likely non-perfusing rhythm.22 Similar to our model, the loading conditions 
in vivo are independent of a recurrence of VF. Circulating cathecholamines and in-
nervation are unlikely to annul the increased myocardial energy consumption by VF 
because it is caused by the intrinsic high frequency of activation and contraction of 
VF. However, the extent by which VF increases the energy consumption may be 
affected, which is likely larger in the loaded than in unloaded state. Our data may 
therefore represent an underestimation of the effects in vivo. 
We observed that cardiac contractility transiently increased during several minutes 
after reperfusion in the VF group. To the best of our knowledge, this has not been 
described before in the setting of resuscitation. We speculate that the combination of 
ischaemia/reperfusion23 and rapid activation by VF caused calcium overload, leading 
to a temporary increase in contractility. 
In our study left ventricular transmural samples showed an almost complete return to 
baseline levels of CrP, whereas the RVOT pressures had not returned to baseline, but 
were still declining, albeit slower in the defib- than in the VF-group. This indicates 
that there is no direct 1 : 1 correlation between CrP alone and RVOT contractility. 

Conclusions
Ventricular fibrillation increases cardiac oxygen consumption and hampers restora-
tion of the myocardial energy state and ventricular contractile function during simu-
lated resuscitations following 7 min of cardiac arrest. Early detection and defibril-
lation of recurrent VF during CPR without interruption of chest compressions may 
improve survival of OHCA by reduction of the energy consumption by the ischaemic 
myocardium. 
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The Brugada syndrome
The pathophysiological mechanism of the Brugada syndrome has been elusive. Two 
prominent schools of thought on this mechanism existed prior to the initiation of the 
research incorporated in this thesis. The first considered subepicardial abbreviation 
of the right ventricular action potential to be the pivotal mechanism.1 The second 
suggested that right ventricular activation delay underlies the Brugada syndrome.2 
Direct testing of these hypotheses in patients had proven to be cumbersome. No 
ST-segment elevation was recorded in local electrograms in either endocardial3,4 or 
epicardial mapping studies5,6 indicating that the origin of the Brugada ECG pattern 
and thereby the substrate of the Brugada syndrome had been missed. In 2008, Na-
gase et al. did record ST-segment elevation in epicardial electrograms in a Brugada 
syndrome patient (figure 3C of the publication)7 but left this finding unmentioned. 
Against this background, we had the opportunity to study the explanted, Langen-
dorff-perfused heart of loss-of-function mutation carrier in SCN5A (G752R) under-
going cardiac transplantation for heart failure in dilated cardiomyopathy (Chapter 
2). ST-segment elevation in a pseudo-ECG was provoked by the sodium channel 
blocker Ajmaline. We were unable to identify either early completion of repolariza-
tion or late activation as cause of the ST-segment elevation. ST-segment elevation in 
local electrograms was, however, accompanied by loss of the local activation signal 
at the basal right ventricular epicardium. The subepicardium at these sites of local 
ST-segment elevation was interspersed with adipose and fibrous tissue. Such discon-
tinuities in the myocardium can influence conduction by creating non-conductive 
barriers. At sites where barriers cause a sudden tissue expansion more excitatory 
current is required for normal conduction and conduction will fail if the available 
excitatory current is insufficient (current-to-load mismatch).8,9 We hypothesized that 
excitation failure by current-to-load mismatch underlies the ST-segment elevation of 
the Brugada ECG pattern. The feasibility of this hypothesis was tested in Chapter 
2 and 3. Excitation failure by current-to-load mismatch indeed caused ST-segment 
elevation on the pseudo-ECG of porcine 2D epicardial tissue preparations with arti-
ficial structural discontinuities. The success of conduction in this model depended on 
the width of the isthmuses and on the available sodium current which was reduced 
by Ajmaline and by increasing the pacing frequency (Chapter 3). In a computer 
model encompassing the heart and thorax, we demonstrated that structural discon-
tinuities in the right ventricular subepicardium and reduced cardiac sodium current 
(INa) indeed results in the Brugada ECG pattern of which the ST-segment elevation 
was caused by excitation failure and negative T-wave by modest activation delay at 
neighbouring sites (Chapter 2). Remarkably, tissue discontinuities or sodium chan-
nel block in isolation did not have this effect.
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Current-to-load mismatch
Current-to-load mismatch as a mechanism has been well studied as it influences 
conduction in many conditions and can initiate re-entrant arrhythmia under the right 
circumstances.10,11 It affects conduction at sites where the activation front encounters 
a sudden tissue expansion9,12 or a change in the myocardial fibre direction.13 In a nor-
mal heart, current-to-load mismatch conditions occurs at the transition between the 
sino-atrial node and the atrial myocardium12, at branching sites in the trabeculated 
atrial myocardium13 and at the Purkinje-muscular junction.9 Interestingly, conduc-
tion disorders at these sites (sinus exit block14, prolonged His-ventricular conduc-
tion times15,16, infra-Hisian and atrio-ventricular block17) have been associated with 
loss-of function mutations in SCN5A. This indicates that clinical manifestations of 
SCN5A mutations via current-to-load mismatch are not limited to, as we hypoth-
esized, the Brugada syndrome.
The conduction disturbances by current-to-load mismatch can initiate re-entrant 
arrhythmias. Sites of sudden tissue expansion leading to current-to-load mismatch 
are by definition asymmetrical. This means that the effect on conduction is asym-
metrical as well and that conduction may fail in only one direction. This so-called 
unidirectional block is a prerequisite for the initiation of re-entrant arrhythmias.18 
Unidirectional block can occur spontaneously if the load is sufficiently increased by 
a sudden tissue expansion19 or can be provoked by reduction of the myocardial excit-
ability8,9 or premature stimulation.11,13 A classical clinical example of such conditions 
is the Wolff-Parkinson-White syndrome in which current-to-load mismatch causes 
unidirectional block at the junction between the accessory atrio-ventricular pathway 
and the myocardium which initiates atrioventricular circus movement (re-entrant) 
tachycardias.10,20

Modulators of the Brugada syndrome and current-to-load mismatch
If current-to-load mismatch indeed is the causative pathophysiological mechanism 
of the Brugada syndrome it should explain not only the Brugada ECG pattern and the 
initiation of arrhythmias but also their characteristic modulation in patients. 
The Brugada syndrome has many modulators of which the sodium current, INa, ap-
pears to be the most important. Sodium channel blockers can provoke the Brugada 
ECG pattern in patients with a concealed form of the Brugada syndrome21 and are 
used in the diagnostic work-up of suspected patients.22 Furthermore, loss-of-function 
mutations in SCN5A, encoding the pore-forming α-subunit of the cardiac sodium 
channel, are by far the most common mutations encountered in Brugada syndrome 
patients23, although they can be identified in only 15-25% of patients.23,24 INa is the 
main depolarizing current in the ventricular myocardium and is crucial for normal 
conduction.25 The increased load in current-to-load mismatch conditions locally re-
duces the safety of conduction. This predisposes these sites to develop conduction 
block especially after reduction of INa.

8,9 Use-dependent sodium channel blockers 
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are particularly effective in causing conduction block under these conditions. An in-
creased load has been demonstrated to prolong the open time of sodium channels in 
cable models.26 Use-dependent sodium channel blockers preferentially block chan-
nels in its open state and will be more effective when their open time is increased. 
Evidence for this effect can be found in the preferential slowing of conduction lon-
gitudinal (low resistance, high load) compared to transversal (high resistance, low 
load) to the fiber direction by use-dependent but not inactivated-state sodium chan-
nel blockers.26,27 Therefore, the association of loss-of-function mutations in SCN5A 
with the Brugada syndrome and its modulation by use-dependent sodium channel 
blockers, such as Ajmaline28 and Flecainide29, is consistent with current-to-load mis-
match being the underlying pathophysiological mechanism.
Other important modulators of the Brugada syndrome are the L-type calcium current 
(ICaL) and the transient outward current (Ito). Enhancement of the ICaL by Isoproterenol 
and blockade of the Ito by Quinidine can normalize the ECG30,31 and suppress ven-
tricular arrhythmias in Brugada syndrome patients.32,33 Furthermore, mutations lead-
ing to a loss-of-function of the L-type calcium channel can be identified in 2-9% of 
patients.23,34 As a depolarizing current, ICaL can help sustain conduction in conditions 
in which the INa alone is insufficient for conduction.25 Current-to-load mismatch is 
such a condition.8,35 In contrast, Ito is a repolarizing current and its modulatory effect 
has been used in support of the hypothesis that the Brugada syndrome is a repolariza-
tion disorder.1 Ito can, however, also influence conduction because the current avail-
able for conduction depends on the sum of all inward (depolarizing) and outward 
(repolarizing) currents during the early phase of the action potential. A reduction of 
Ito has been shown to help maintain successful conduction between cardiomyocytes 
during conditions of increased resistance of coupling in simulations.36 In Chapter 
3, we tested the hypothesis that ICaL and Ito modulate the Brugada ECG pattern in the 
same model based on current-to-load mismatch as in Chapter 2. Indeed, an increase 
of ICaL and a decrease of Ito enhanced conduction, prevented excitation failure and 
attenuated the Brugada ECG pattern. The modulation of the Brugada syndrome by 
Isoproterenol and Quinidine is therefore consistent with the hypothesis that current-
to-load mismatch is its underlying pathophysiological mechanism.
Other well known modulators in the Brugada syndrome are febrile illness37, vagal 
activity of the autonomic nervous system38, and the eating of a copious meal.39 The 
effect of febrile illness appears to be directly temperature dependent as therapeutic 
hypothermia (32 °C) after resuscitation was associated with the disappearance of 
the Brugada ECG pattern in a patient with sudden cardiac arrest.40 A missense mu-
tation in SCN5A has been demonstrated to affect gating of the sodium channel in a 
temperature sensitive manner and cause a loss-of-function at higher temperatures.41 
The data, however, do not dismiss the hypothesized pathophysiological mechanisms 
of the Brugada syndrome as they all incorporate the modulatory effect of the car-
diac sodium current.1,2,42 As indicated in Chapter 4, the mechanism by which the 
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autonomic nervous system modulates the Brugada syndrome is unknown. The Bru-
gada syndrome has been associated with a reduced norepinephrine reuptake, but it 
is unclear whether this is a functional disorder or indicates local denervation.43 The 
mechanism by which the eating of a copious meal augments the Brugada syndrome 
is also unclear.39 A reduction in the extracellular potassium levels after a large intake 
of carbohydrates has be postulated to augment the features of the Brugada syndrome. 
However, no relation could be identified between the modest changes in the plasma 
potassium levels and provocation of the Brugada ECG pattern in patients after infu-
sion of glucose and insulin.44

Lastly, changes in the potassium concentration also appear to modulate the Bru-
gada syndrome. Hypokalemia has been suggested to trigger arrhythmias in some 
patients.45,46,47 Additionally, hypokalemia by a low dietary potassium intake has been 
suggested to underlie the high prevalence in the north-east region of Thailand of sud-
den unexplained death syndrome48, a condition shown to be identical to the Brugada 
syndrome.49 The Brugada ECG pattern has also been described in patients hyper-
kalemia in the setting of renal failure.50 Consistently with the hypothesis addressed 
in this thesis, a similar concentration dependent effect of potassium exists on con-
duction. This effect is the result of the influence of the extracellular potassium con-
centration on the resting membrane potential. Lowering the potassium concentration 
from 4.0 to 2.7 mM hyperpolarizes the resting membrane potential and increases the 
required excitatory current to reach threshold potential and thus slows conduction 
in Purkinje fibers.51 Increasing the potassium concentration from 4.0 to 7.0 mM also 
slows conduction.51 The effect of hyperkalemia is caused by depolarization of the 
resting membrane potential which inactivates cardiac sodium channels and reduces 
INa.

52 The same concentration dependent effect of potassium has been observed in 
current-to-load mismatch conditions at the Purkinje-ventricular junction.9 Current-
to-load mismatch is therefore fully consistent with the modulation of the Brugada 
syndrome in patients.
 
Structural abnormalities and the role of genetic background in the Brugada syn-
drome
The hypothesis that current-to-load mismatch underlies the Brugada syndrome im-
plies the presence of structural myocardial discontinuities. This seems to be in con-
flict with the widely held concept of the Brugada syndrome as a channelopathy and 
a functional heart disease, without structural abnormalities.22,53 In Chapter 4, we 
review the indications of structural abnormalities and the role of genetic background 
in the Brugada syndrome. We come to the conclusion that a mere reduction of INa 
is insufficient to cause the Brugada syndrome and that subtle signs of structural 
abnormalities are present in many patients. We suggest that subtle structural discon-
tinuities are essential for the development of the Brugada syndrome and that loss-of-
function mutations in SCN5A have the role of a modulator. These subtle structural 
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abnormalities are not detected by current non-invasive clinical techniques.

Brugada syndrome and “J wave syndromes”
In 2008, Haïssaguerre et al. demonstrated a high prevalence of J-point elevation 
in the inferolatereral leads (termed early repolarization) in patients with idiopathic 
ventricular fibrillation (VF).54 This early repolarization in inferolateral leads can also 
be observed frequently (~11%) in Brugada syndrome patients.55 The apparent over-
lap between these patient groups prompted some to consider the pathophysiological 
mechanisms underlying the Brugada ECG pattern and early repolarization to be the 
same and to use a covering terminology for these conditions: “J wave syndromes”.56 
In Chapter 5, the overlap between idiopathic VF victims with inferolateral J-point 
elevation and the Brugada syndrome is explored. The differences in the modulation 
of the ECG patterns in these patient groups by pharmacological agents argue against 
a single pathophysiological mechanism underlying both conditions.

Recent developments in the Brugada syndrome
In 2011, much awaited data on the epicardial substrate of the Brugada syndrome 
were published by Nademanee et al.47 Epicardial mapping identified low-voltage 
areas with fractionated electrograms at the anterior right ventricular outflow tract of 
9 highly symptomatic patients. Fractionation of extracellular electrograms is caused 
by asynchronous conduction at the recording site due to structural abnormalities.57 
Ablation of these sites successfully prevented arrhythmic events in all but one pa-
tient.47 The unipolar electrograms recorded at these locations strongly resembled 
those provoked by sodium channel blockade in Chapter 2. We were, however, not 
able to find such fractionated and late activation in either unipolar or bipolar elec-
trograms (bipolar electrograms not shown). This raises the question whether these 
severe conduction abnormalities are present in all patients and underlie the Brugada 
ECG pattern or occur only in such highly symptomatic patients. Support for the se-
lective presence in symptomatic patients can be found using signal averaged ECG 
studies in which late potentials were associated with arrhythmic events in the Bru-
gada syndrome.58 
Another important question relates to the cause of this delayed and fractionated 
activation described by Nademanee et al.47 Besides conduction block and conduc-
tion slowing by current-to-load mismatch other mechanisms can also cause regional 
impairment of conduction and fractionation of electrograms. Zigzag conduction in 
surviving muscle bundles after a myocardial infarction is such an example. The iso-
lation of individual bundles in this setting can cause fractionation of electrograms 
and the increase in the activation path leads to activation delay even if the conduc-
tion velocity itself is normal.57 At normal conduction velocities ICaL lags behind the 
activation front and will not influence conduction.25 Activation delay by an increased 
length of the activation path is therefore not sensitive to modulation by ICaL in the 
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absence of regional conduction slowing by f.e. current-to-load mismatch at branch-
ing points of the myocardial bundles and is not consistent with the modulation of 
the Brugada syndrome by Isoproterenol.30 Electrical uncoupling can also cause sig-
nificant activation delay and the ICaL can help maintain conduction at severe levels 
of uncoupling.25 The conduction velocity at such levels of uncoupling is, however, 
already severely reduced leaving little room for modulation of the conduction delay 
by ICaL. Lastly, reduced excitability can cause activation delay by conduction slowing 
and is influenced by ICaL.25 The level of conduction slowing by reduced excitability 
is however limited to ~1/3 of normal before conduction fails.25 As the large activa-
tion delay is generated over a short distance it cannot be explained by solely a local 
reduction in myocardial excitability.47 Furthermore, a homogeneous reduction in INa 
or electrical coupling will homogenously slow conduction and will not result in frac-
tionation of electrograms.59 Therefore, neither zigzag conduction, electrical uncou-
pling nor reduced excitability can on their own explain the features of the Brugada 
syndrome but may contribute to the observed subepicardial activation delay and the 
arrhythmogenic substrate in patients.

Arrhythmogenic right ventricular cardiomyopathy
In Chapter 6, we tested the hypothesis that pharmacological reduction of the me-
chanical load on myocyte-myocyte junction can prevent the development of ar-
rhythmogenic right ventricular cardiomyopathy (ARVC) in the model of trained het-
erozygous plakoglobin-deficient mice. As shown previously60, endurance training 
(swimming) causes right ventricular enlargement, activation delay and extrasystoles 
in this ARVC model. We demonstrated that pharmacological load reduction by nitric 
oxide donors and loop diuretics prevented right ventricular enlargement, conduction 
slowing and inducibility of ventricular arrhythmias, and preserves connexin43 ex-
pression after endurance training. The findings in our study support the concept that 
mechanical overload of the myocyte-myocyte junction causes ARVC. These results 
may on the long-run result in a pharmacological intervention study to slow the pro-
gression of ARVC in patients.61 There are however, several drawbacks to the extrapo-
lation of the findings to the clinic beyond the obvious reservations of extrapolation of 
mouse models to patients. First of all, the load reduction in our model prevented the 
development of the ARVC phenotype. This is an interesting finding as ARVC can be 
a progressive disease in some patients.62,63 However, patients with advanced ARVC 
may not benefit from treatment as the fibrofatty replacement is likely irreversible. 
Secondly, mutations in desmosomal proteins have been identified in only ~40% of 
ARVC patients.64 It is uncertain to what extent the overload of myocyte-myocyte 
junctions contributes to ARVC in patients without these mutations. Nonetheless, our 
data are encouraging because to date no pharmacological treatment exists that slows 
progression of ARVC in patients.
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In Chapter 7, the overlap of clinical features between the Brugada syndrome and 
ARVC is reviewed. The current diagnostic criteria of ARVC and Brugada syndrome 
exclude their coexistence in patients.22,65 All clinical features of the Brugada syn-
drome do, however, occur in a subgroup of ARVC patients. In acknowledgement 
of this overlap in pathophysiological mechanisms in these patients a broadening of 
the diagnostic criteria of the Brugada syndrome is proposed by the addition of a 
category: “Brugada features in the presence of underlying structural heart disease”. 

Energy consumption during ventricular fibrillation
Lastly, in Chapter 8, we tested the hypothesis that VF increases the cardiac energy 
consumption during simulated cardiopulmonary resuscitations. In isolated, Langen-
dorff-perfused porcine hearts, VF markedly increased the cardiac oxygen consump-
tion during non-ischemic conditions (fixed coronary perfusion) and reduced the 
recovery of the creatinephosphate levels and contractility during simulated cardio-
pulmonary resuscitation (reduced coronary flow) after 7 minutes of simulated cardi-
ac arrest by VF (VF, no coronary perfusion). Our data demonstrate a potential down-
side to the increased focus on minimizing interruptions of chest compression from 
the 2005 resuscitation guidelines onwards.66 The strategies used to minimize these 
interruptions increase the VF duration during cardiopulmonary resuscitations.67 This 
in turn will increase the myocardial energy consumption and may adversely affect 
the restoration of the myocardial energy state. Our results advocate the testing of 
resuscitation strategies that can immediately detect and defibrillate VF during CPR 
without interruption of chest compressions. 
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Een hartstilstand is een van de meest voorkomende doodsoorzaken in de 
geïndustrialiseerde wereld.1,2 Als belangrijkste onderliggende oorzaak worden snelle 
ventriculaire ritmestoornissen3 optredend in het kader van coronairlijden gezien.2,4 
De aritmogene consequenties van coronairlijden zijn uitgebreid onderzocht.5 
Onze kennis binnen andere patiëntengroepen over de oorzaken van dit soort 
ritmestoornissen is echter minder compleet. Het onderzoek in dit proefschrift richt 
zich op de aritmogene mechanismen in twee van zulke patiëntengroepen: zij met 
het Brugada syndroom en zij met aritmogene rechter ventrikel cardiomyopathie 
(ARVC).

Het Brugada syndroom
Het Brugada syndroom wordt gekarakteriseerd door ECG afwijkingen in de vorm 
van ST-segment elevatie gevolgd door een negatieve T-top in de rechts precordiale 
afleidingen van het ECG en een aanzienlijk risico op het ontwikkelen van een 
hartstilstand door ventrikelfibrilleren.6 Deze ECG afwijking wordt ook wel het 
Brugada ECG patroon genoemd.
Het Brugada syndroom komt met name bij mannen voor.7,8 De leeftijd waarop 
patiënten meestal gediagnosticeerd worden ligt rond het 45ste levensjaar.8 Het 
aritmogene substraat van het Brugada syndroom is nog niet opgehelderd.9,10 Wat 
duidelijk is, is dat er een genetische component bijdraagt aan het Brugada syndroom. 
Loss-of-function mutaties in SCN5A, het gen dat de alpha-subunit van het cardiale 
natriumkanaal codeert, werden als eerste met het Brugada syndroom geassocieerd11 en 
kunnen in 15-25% van de patienten aangetoond worden.12,13 Andere loss-of-function 
mutaties die met het Brugada syndroom geassocieerd worden zijn gelokaliseerd in 
de genen die de α1- en β2b-subunit van het L-type calcium kanaal coderen.14 De 
gecombineerde prevalentie van deze mutaties is 2-9%.13,14

Voor aanvang van het onderzoek in dit proefschrift waren er twee prominente 
hypotheses over het pathosfysiologische mechanisme van het Brugada syndroom. 
De eerste beschouwde het Brugada syndroom als een repolarisatiestoornis waarbij de 
actiepotentiaal in het subepicard van de rechter ventrikel sterk verkort is.15 De tweede 
beschouwde late activatie van de rechter ventrikel als onderliggende oorzaak van het 
Brugada syndroom.16 Het toetsen van deze hypotheses bleek problematisch te zijn. 
In verschillende endocardiale17,18 en epicardiale19,20 mapping studies kon geen lokale 
ST-segment elevatie aangetoond worden, wat betekent dat het verantwoordelijk deel 
van het myocard gemist werd.
In tegenstelling tot directe metingen van het artimogene substraat van het Brugada 
syndroom bestaat er wel een duidelijk inzicht in factoren die invloed hebben op dit 
substraat (modulatoren).10,21 Van sommige van deze modulatoren is het onduidelijk 
hoe ze hun effect uitoefenen. Hiertoe behoren toename van de vagale tonus van 
het autonome zenuwstelsel22, koorts23 en consumptie van een royale maaltijd.24 
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Van andere modulatoren lijkt de manier waarop ze hun effect uitoefenen meer 
voor de hand liggend. Van deze lijkt de natriumstroom (INa) het meest potent. 
Natriumkanaalblokkers kunnen het Brugada ECG patroon opwekken of verergeren25 
en mutaties in SCN5A zijn de meest frequent met het Brugada syndroom geassocieerde 
mutaties.13 Daarentegen kan blokkade van de transient outward stroom (Ito) met 
Quinidine en stimulatie van de L-type calcium stroom (ICaL) met Isoproterenol 
het Brugada ECG patroon verminderen25,26 en ritmestoornissen onderdrukken.27,28 
Hiernaast zijn mutaties die tot een loss-of-function van het L-type calcium kanaal 
leiden geassocieerd met het Brugada syndroom.14,29 Het lijkt daarom redelijk dat 
hypothetische mechanismen van het Brugada syndroom diens modulatie door de INa, 
Ito en ICaL kunnen verklaren.
De vraag of dat hypothetische mechanismen van het Brugada syndroom ook 
(subtiele) structurele afwijkingen in het myocard moeten incorporeren is onduidelijk. 
De huidige diagnostische criteria van het Brugada syndroom vereisen het uitsluiten 
van structurele hartziekten vereisen.21 Daarentegen zijn uitgesproken structurele 
afwijkingen wel beschreven in patiënten met het Brugada ECG patroon na plotse 
hartdood.30,31,32 Meer subtiele afwijkingen werden gevonden in endocardiale biopten 
van Brugada syndroom patiënten.33,34,35 Verder kunnen natriumkanaalblokkers het 
Brugada ECG patroon opwekken in een substantiële groep patienten met structurele 
hartziekten zoals ARVC36 en de ziekte van Chagas.37 Deze observaties suggereren 
dat subtiele structurele afwijkingen in de hartspier een voorwaarde kunnen zijn voor 
ontwikkeling van het Brugada syndroom.
Tegen deze achtergrond hadden wij de mogelijkheid een geëxplanteerd, geperfundeerd 
hart van een drager van een SCN5A mutatie te bestuderen die harttransplantatie 
onderging wegens hartfalen (hoofdstuk 2). Met de natriumkanaalblokker Ajmaline 
werd ST-segment elevatie op een pseudo-ECG geprovoceerd. Vroege repolarisatie 
of late activatie konden niet aangetoond worden als oorzaak van de ST-segment 
elevatie. ST-segment elevatie in lokale epicardiale electrogrammen van de rechter 
ventrikel gingen gepaard met het wegvallen van het lokale activatiesignaal. Op 
deze locaties werd het myocard onderbroken door apidocyten en fibrose. Dit soort 
discontinuïteiten in het myocard kan de voortgeleiding beïnvloeden, omdat ze niet 
geleidende barrières kunnen vormen. Waar dit soort barrières een plotse verbreding in 
het myocard veroorzaken is meer depolariserende stroom nodig voor de voortgeleiding 
en zal de voortgeleiding falen als deze stroom niet afdoende is (current-to-load 
mismatch).38,39 Daarom formuleerden wij de hypothese dat ongeactiveerd myocard 
door current-to-load mismatch de ST-segment elevatie van het Brugada ECG patroon 
veroorzaakt. In hoofdstuk 2 en 3 werden de voorwaarden voor deze hypothese 
getest. In een twee dimensioneel model van current-to-load mismatch bestaand uit 
epicardiale preparaten van een varkenshart met aangebrachte discontinuïteiten werd 
gedemonstreerd dat ongeactiveerd myocard inderdaad zichtbaar is als ST-segment 
elevatie op een pseudo-ECG. Het succes van voortgeleiding in dit model was 
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afhankelijk van de mate van verbreding van het myocard en van de natriumstroom 
welke werd verminderd door Ajmaline en de frequentie van pacing (hoofdstuk 3). In 
een computer model lieten we zien dat de combinatie van structurele onderbrekingen 
in het subepicard van de rechter ventrikel en een verminderde INa inderdaad resulteren 
in het Brugada ECG patroon op het ECG, waarbij de ST-segment elevatie veroorzaakt 
werd door niet geactiveerd myocard en de negatieve T-top door vertraagde activatie. 
Het introduceren van structurele onderbrekingen of vermindering van de INa alleen 
had dit effect niet.
In hoofdstuk 3, testten wij de hypothese dat ICaL en Ito het Brugada ECG patroon 
veroorzaakt door current-to-load mismatch moduleren in hetzelfde computer 
model als in hoofdstuk 2. Inderdaad, een toename in de ICaL en een afname in Ito 
voorkwamen excitation failure en deden het Brugada ECG patroon afnemen net 
zoals Isoproterenol en Quinidine dat in patiënten doen. Het lijkt tegenstrijdig dat 
zowel de depolariserende stromen INa en ICaL als de repolariserende stroom Ito de 
voortgeleiding in current-to-load mismatch condities kunnen beïnvloeden. De 
voor de voortgeleiding beschikbare stroom is echter afhankelijk van de som van 
alle inwaartse (depolariserede) als uitwaartse (repolariserende) stromen die actief 
zijn gedurende de vroege fasen van de actiepotentiaal. Hierdoor zullen in sommige 
situaties zowel een toename van de vroede depolariserende stromen als een afname 
van repolariserende stromen de stroom voor de voortgeleiding doen toenemen.
Onze hypothese dat current-to-load mismatch het centrale mechanisme van het 
Brugada syndroom is impliceert dat wij ervan uitgaan dat er structurele afwijkingen 
binnen de hartspier aanwezig zijn. Dit lijkt te conflicteren met het breed gedragen 
concept dat het Brugada syndroom een zogenaamde channelopathie en daarmee een 
functionele hartziekte is.21,40 In hoofdstuk 4, reviewen wij de aanwijzingen voor 
de aanwezigheid van structurele afwijkingen en de rol van genetische afwijkingen 
in het Brugada syndroom. We concluderen dat een vermindering in INa alleen niet 
verantwoordelijk kan zijn voor het Brugada syndroom. Daarbij vinden wij veel 
aanwijzingen voor de aanwezigheid van subtiele structurele afwijkingen in Brugada 
syndroom patienten. We stellen voor dat de aanwezigheid van zulke structurele 
afwijkingen essentieel zijn voor de ontwikkeling van het Brugada syndroom en 
dat een verminderde INa door bijvoorbeeld loss-of-function mutaties in SCN5A de 
rol hebben van modulator. Subtiele structurele afwijkingen zijn echter (nog) niet 
detecteerbaar met de huidige beeldvormende technieken.
In 2008, demonstreerde Haïssaguerre en collega’s een hoge prevalentie van elevatie 
van het J-punt in de inferolaterale afleidingen, welke geïnterpreteerd werd als vroege 
repolarisatie, van patienten met idiopatisch VF.41 Dit vroege repolarisatiepatroon 
wordt ook frequent (~11%) waargenomen in Brugada syndroom patiënten.42 
Deze ogenschijnlijke overlap tussen deze patientengroepen hebben ertoe geleid 
dat sommigen het pathofysiologische mechanisme van het Brugada ECG patroon 
en inferolaterale vroege repolarisatie als hetzelfde beschouwen en stelden een 
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overlappende terminologie voor, voor beide ziektebeelden: “J wave syndromes”.43 In 
hoofdstuk 5, wordt de overlap tussen deze patientengroepen besproken. Aangezien 
modulatie van beide ECG patronen door medicamenten evident verschillen, doet ons 
concluderen dat het onderliggende mechanisme niet dezelfde kan zijn.

Aritmogene rechter ventrikel cardiomyopathie
ARVC is een aandoening van de hartspier waarin myocardweefsel vervangen wordt 
door fibrose en adipocyten en een aritmogeen substraat ontstaat. Aanvankelijk 
werd deze aandoening gezien als een selectief probleem van de rechter ventrikel 
waarvan m.n. het anterieure deel van de outflow tract, de apex en de onderwand (de 
zogenaamde “triangle of dysplasia”) was aangedaan.44 Het is nu echter duidelijk 
dat de linkerventrikel vaak ook betrokken is in dit proces en dat zelfs selectieve 
betrokkenheid van de linker ventrikel voorkomt.45 De term “arrhythmogenic 
cardiomyopathy” werd recent dan ook naar voren gebracht om recht te doen aan deze 
observaties.40 ARVC kan een progressieve aandoening zijn46,47 en is geassocieerd 
met een aanzienlijke kans op overlijden door een hartstilstand of hartfalen.48,49,50 Er 
is geen farmacologische therapie beschikbaar welke de ontwikkeling of progressie 
van ARVC kan vertragen of voorkomen.
Overbelasting van de mechanische myocyte-myocyte verbinding wordt gezien 
als de oorzaak van ARVC.51 In ongeveer 40% van de ARVC patiënten kunnen 
mutaties aangetoond worden in de genen die coderen voor eiwitten met een rol in de 
mechanische verbinding tussen myocyten.45 Behalve een afgenomen kracht van deze 
verbindingen is een toegenomen belasting van deze verbindingen ook geassocieerd 
met progressie van ARVC. Duursport doet de mechanische belasting van het hart 
en m.n. van de rechter ventrikel toenemen: een enkele episode van exceptionele 
belasting zoals het volbrengen van een Ironman Triathlon52 of een ultramarathon 
ruim boven zeeniveau53 resulteren in dilatatie van de rechter ventrikel die in 1 à 
2 dagen weer verdwijnt.52,53 Zoals verwacht, is een voorgeschiedenis van duurport 
geassocieerd met ernstigere vormen van ARVC.45 In het muizenmodel van ARVC, 
gebaseerd op heterozygote deficiëntie van plakoglobine, leidt duurtraining tot het 
sneller tot ontwikkeling komen van het ARVC fenotype.54 
In hoofdstuk 6 hebben wij de hypothese getest dat een farmacologische vermindering 
van de mechanische belasting van de myocyte-myocyte koppeling de ontwikkeling 
van ARVC kan vertragen of voorkomen in het model van heterozygote plakoglobine 
deficiënte muizen. Eerder werd reeds aangetoond dat duurtraining (zwemmen) 
resulteert in dilatatie van de rechter ventrikel, late activatie en extrasystolen in dit 
ARVC model.54 Vermindering van de mechanische belasting door behandeling 
met stikstofoxide donoren en lisdiuretica voorkwam de ontwikkeling van de 
rechter ventrikel dilatatie, de geleidingsvertraging in de rechter ventrikel, de 
induceerbaarheid van aritmieën en zorgde voor behoud van de connexiene 43 
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expressie na duurtraining. De bevindingen in onze studie ondersteunen het concept 
dat mechanische overbelasting van de myocyte-myocyte verbinding resulteert in 
ARVC. Op termijn kan onze studie resulteren in een farmacologische studie in ARVC 
patienten.55 Er zijn echter enkele beperkingen buiten de normale reserveringen in 
de vertaling van muismodelen naar de kliniek. Allereerst voorkwam de therapie de 
vorming van ARVC. Dit is interessant gezien ARVC een progressieve aandoening 
kan zijn.46,47 Het is daarentegen onzeker of de therapie ook effect heeft in patienten in 
wie reeds veel van het myocard verloren is gegaan, gezien dat als irreversibel gezien 
moet worden. Verder worden mutaties die leiden tot een verzwakte mechanische 
koppeling maar in ~40% van de ARVC patiënten en gevonden.56 Het is onzeker of in 
de overige patienten mechanische overbelasting van de myocyte-myocyte koppeling 
ook het centrale mechanisme is en dus of vermindering van de mechanische belasting 
een effectieve invalshoek is. Desalniettemin bestaat er tot heden geen effectieve 
therapie voor ARVC en zijn onze bevindingen bemoedigend.
In hoofdstuk 7 wordt de overlap in klinische eigenschappen tussen Brugada 
syndroom en ARVC gereviewed. De huidige diagnostische criteria sluiten het stellen 
van beide diagnosen in een patiënt uit.21,57 Desondanks komen alle klinische aspecten 
van het Brugada syndroom ook in een subgroep van ARVC patienten voor. Er wordt 
daarom voorgesteld de diagnose uit te breiden met een groep “Brugada syndroom in 
het kader van onderliggende structurele hartaandoening”. 

Energieverbuik tijdens ventrikel fibrilleren
In het laatste experimentele hoofdstuk van dit proefschrift worden niet de oorzaken, 
maar de gevolgen van VF nader bekeken. VF zorgt ervoor dat de ventrikels op een 
ongecoördineerde manier en met een snelle frequentie samentrekken wat leidt to het 
snel wegvallen van de perfusiedruk.58 Als hartmassage niet snel gestart en het VF 
niet spoedig beëindigd wordt middels defibrillatie zal dit resulteren in het overlijden 
van de patiënt.58,59,60,61 Ook na afhankelijk succesvolle defibrillatie treden er frequent 
nieuwe episodes van VF op.62,63,64 Hierdoor brengen patienten mediaan nog 4 minuten 
in VF door na de eerste defibrillatie.62 De duur die patienten in hernieuwd VF 
doorbrengen is omgekeerd gecorreleerd met de kans een reanimatie te overleven.62 
Het effect dat VF op het myocard heeft gedurende reanimaties is niet bekend. 
In hoofdstuk 8 testten wij de hypothese dat VF de energie consumptie van het 
hart vergroot gedurende gesimuleerde reanimaties. In geïsoleerde, geperfundeerde 
varkensharten deed VF de zuurstofconsumptie toenemen gedurende niet ischemische 
situaties (continue perfusie van het hart). Verder reduceerde VF het herstel van de 
creatinefosfaat waarden en de contractiliteit gedurende gesimuleerde reanimaties 
(beperkte perfusie) na een gesimuleerde hartstilstand door VF (VF zonder 
perfusie). Onze data laten zien dat er een potentiële keerzijde is aan de huidige 
focus op het minimaliseren van de onderbreking van hartmassage sinds de 2005 
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reanimatierichtlijnen.65 De strategieën om de onderbrekingen van hartmassage te 
minimaliseren gaan namelijk gepaard met een toename van de duur dat patienten in 
hernieuwd VF doorbrengen.62 Dit zal de energieconsumptie door het hart vergroten 
en mogelijk het beperkte herstel van de energiestatus gedurende hartmassage 
verminderen. Onze resultaten pleiten voor het testen van nieuwe reanimatiestrategieën 
waarin hernieuwd VF zo spoedig mogelijk ontdekt en beëindigd wordt, zonder te 
zorgen voor extra onderbrekingen van hartmassage.
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