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INTRODUCTION

Normal excitation of the human heart depends on the proper movement of charged ions 
through special cardiac ion channels across the surface membrane of millions of cardiac 
cells. Disorders of cardiac ion channels may lead to a heterogeneous group of diseases, also 
known as cardiac channelopathies, which may predispose to sudden cardiac death (SCD).1 
SCD accounts for up to half a million of deaths yearly in the US,2 and originates from 
cardiac arrhythmias which drastically decline cardiac output finally resulting in fatal cerebral 
ischemia. About 80% of SCD is the result of cardiac ischemia due to coronary artery disease, 
but in the remaining 20% other causes -like channelopathies- play a causal role. In the last 
decade there have been major advances in the recognition of pathophysiological mechanisms 
leading to SCD. Cardiac channelopathies in particular may predispose the young and very 
young to a premature death. In this chapter we will review the basic biophysical properties of 
the cardiac ion channels, various cardiac channelopathies and their clinical relevance.  

CARDIAC ION CHANNELS 

Ion channels consist of specific transmembrane proteins through which ionic currents 
flow with each cycle of the heart and bring about an electrical signal across the membrane, 
also known as the ‘action potential’ (figure 1). Each ionic current has its own specific ionic 
selectivity and time course, which generally means that ion channels are selective for one type 
of ion over all others in their physiological environment. When the ion channels open, they 
tend to bring the membrane potential of the cell towards the equilibrium potential of that 
specific ion. 

The cardiac action potential 
The cardiac action potential (figure 1) is divided into 5 phases (phase 0 to 4) in which the 
net effect of different ion currents is described. Phase 0 starts with the voltage-gated sodium 
channels which open quickly in response to a voltage stimulus from a neighboring cell. This 
results in the rapid influx of positively charged sodium (Na+) ions into the negatively charged 
cardiomyocyte, also known as the rapid depolarization phase. Then, the sodium channels 
inactivate quickly and completely. On the surface of the body this depolarization wave can 
be documented with an electrocardiogram (ECG). The cascade of depolarization of the atrial 
cardiomyocytes corresponds on the ECG to the P wave and for the ventricular cardiomyocytes 
it corresponds to the Q, R and S waves. 

After the rapid depolarization, a moment of repolarization, phase 1, follows which 
starts as a result of the closure of the fast sodium channels and outward movement of 
potassium (K+) ions. A plateau phase in the action potential then quickly follows, known 
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as phase 2, and an almost 
perfect balance between influx 
of calcium (Ca2+) ions and 
outward movement of K+ ions 
maintains the action potential 
at a relatively constant voltage. 
Compared to Na+ channels, 
voltage-gated calcium channels 
inactivate less rapidly and less 
completely and so they feature 
prominently in maintaining 
plateau depolarization. This 
plateau phase of the ventricular 
cardiomyocytes corresponds 
to the first part of the ST-T 
segment on the ECG. Phase 
3, the repolarization phase, 
is determined by the efflux 
of K+ ions from the cells and 
corresponds to the last part 
of the ST-T segment on the 
ECG. In contrast to the Na+ and 
Ca2+ channels which force the 
potential of the cardiomyocytes 
to positive levels of at least 
40 mV after opening, the K+ 

channels steer the cell to a 
negative level of -90 mV. Phase 
4 is referred to as the resting 
membrane potential and is 
determined by the selective 
permeability of the membrane 
to various ions, in particular 
K+ ions, keeping the resting 
membrane potential in the 
vicinity of the potassium equilibrium potential. On the ECG the T-U-P segment represents 
phase 4 (i.e. the diastolic phase).  

So, depending on which cardiac ion channels are open or closed, the cardiomyocytes 

Figure 1    ECG, action potential, ion channels 

Schematic representation of the ionic currents contributing to the 
action potential; A. the electrocardiogram (ECG) and the P-QRS-TU 
segments in time aligned with; B. the ventricular action potential with 
phase 0 to 4 and the ionic currents originating from; C. the cardiomyo-
cyte displaying (only) those transmembrane ion channels, β-subunits 
and ionic currents involved in the pathogenesis of the described inher-
ited arrhythmia syndromes. In panel C, ankyrin-B, an adapter protein 
involved in Long QT Syndrome type 4, is not shown. Abbreviations as 
in the text.
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are either positively or negatively charged. Moreover, type and level of expression of ion 
channels on the cardiomyocyte membrane differ in the different areas of the heart (e.g. atria 
vs. ventricles) and in the different myocardial layers (e.g. endocardium vs. epicardium), 
thereby inducing different action potentials and subsequent potential differences with each 
heart cycle.  

Mutations in the genes encoding ion channels can cause abnormal channel 
functioning and may thereby lead to changes in the action potential morphology. These action 
potential changes may subsequently give rise to electrical instability with life-threatening 
arrhythmias as a direct result. 

Sodium channels 
Voltage-gated Na+ channels (figure 2) are responsible for the upstroke of the action 
potential and for the generation of cell-to-cell current which underlies propagation of the 
action potential in excitable tissues including muscle, nerve and the heart. The channels are 
composed of pore-forming α subunits of ~260 kDa associated with one or two β-subunits 
of 30–40 kDa that alter the properties of the channel. The α-subunit gene family consists 
of nine genes3 (and one additional sodium channel-like gene), that are highly conserved 
across species. The channels are characterized by differential (in)activation kinetics and 
by different sensitivities to the sodium channel blocker tetrodotoxin (TTX): highly TTX-
sensitive α-subunits (encoded by SCN1A, SCN2A, SCN3A, SCN4A, SCN8A, SCN9A) have 
faster inactivation kinetics compared to α-subunits that are less sensitive to TTX (encoded by 
SCN5A, SCN10A, SCN11A). 
 The four β-subunit isoforms, which are all expressed in the heart, can be divided into 
2 groups: β1 (SCN1B)4 and β3 (SCN3B)5,6 are most similar in amino acid sequence and are 
noncovalently associated with the α-subunits6,7; β2 (SCN2B) and β4 (SCN4B)8 subunits are 
also closely related in amino acid sequence to one another but as opposed to β1 and β3 are 
disulfide-linked to the α-subunits.5,8 

Sodium channel α-subunits 
The pore-forming α-subunit of the cardiac specific voltage-gated sodium channel (encoded 
by SCN5A), is a large transmembrane protein that contains four structurally homologous 
domains (DI-DIV), each composed of six helical transmembrane segments (S1-S6) (figure 2). 
The S5 and S6 segments and the P-loop between them line the channel pore. The pore contains 
the selectivity filter also referred to as the DEKA ring (consisting of aspartic acid, glutamate, 
lysine, alanine; one of these amino acids per P-loop), which attracts positive Na+ ions and 
excludes negatively charged ions.9 The lysine residue in the P-loop of DIII is important for 
discrimination for Na+ over Ca2+.10,11 

Depending on the membrane potential, voltage-gated Na+ channels can occupy 
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three functional states: resting (closed), activated (open), and inactivated (closed). The highly 
conserved S4 region in each domain has a positive amino acid at every third position, and 
is considered the voltage sensor. The transition from the resting state to the activated state 
occurs when a change in transmembrane voltage moves S4 from inside the pore towards 
the extracellular side of the cell, activating the channel which becomes permeable to ions.12 
Inactivation is mediated mainly by the inactivation gate (DIII-DIV linker), that blocks the 
inside of the channel shortly after it has been activated, and the C-terminal cytoplasmic 
domain.13-15 During an action potential the channel normally remains open for only a few 
milliseconds after depolarization before it is being inactivated. When the membrane potential 
reaches the threshold potential during the repolarization phase, the channels return to their 
resting state and can be activated again during the next action potential. 

Sodium channel β-subunits 
β-Subunits consist of one transmembrane segment, an intracellular domain and a glycosylated 
extracellular domain. The structure of the extracellular domain resembles the structure of 
the V-like family of Ig-fold proteins, containing domains similar to the variable regions of 
antibodies and including motifs as found in cell adhesion molecules.16 The multifunctional 
β-subunits modulate channel gating, regulate the level of expression of the α-subunit at 
the plasma membrane,17 and are involved in cell adhesion through interaction with the 
cytoskeleton, extracellular matrix, and other cell adhesion molecules that regulate cell 
migration and aggregation.18

Potassium channels 
Many types of K+ channels act together to determine the configuration and duration of the 
cardiac action potential (figure 1). In the heart, K+ channels include voltage-gated channels, 
such as the rapidly activating and inactivating transient outward current (Ito), the ultrarapid 
(IKur), rapid (IKr) and slow (IKs) components of the delayed rectifier current, and the inward 
rectifier current (IK1). 

The delayed rectifier K+ current (IK) has a major role in modulating action potential 
duration and in the heart comprises at least three distinct components: IKur, IKr and IKs. These 
currents are easily distinguished on the basis of their pharmacological and biophysical 
properties. IKur has been recorded in human atria but not in human ventricular tissue. This 
means that IKur is the predominant delayed rectifier current responsible for human atrial 
repolarization. This K+ current activates rapidly in the plateau range and inactivates very 
slowly during the time course of the action potential.19,20 IKr activates rapidly compared to 
IKs, but also partially inactivates. In cardiac myocytes, IKs activates very slowly in response to 
membrane depolarization. Due to its slow rate of activation, the contribution of IKs to the net 
repolarizing current is greatest in phase 3 of the cardiac action potential. 
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Figure 2   Cardiac ion channel proteins 

Schematic representation of the cardiac ion channel proteins Nav1.5, Cav1.2, KvLQT1, Kir2.1 and the HCN4 
encoded nonspecific cation channel. See text for further explanation. Courtesy of A.C. Linnenbank, PhD, Heart 
failure research center, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands.

SCN5A Sodium channel Nav1.5 (INa)

CACNA1c Calcium channel Cav1.2 (ICa-L)

KCNQ1 Potassium channel KvLQT1 (IKs) KCNJ2 Potassium channel Kir2.1 (IK1)

HCN4 non-selective cation channel (If)
Permeable to sodium and potassium
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The transient outward current Ito can be divided into two distinct transient outward 
K+ currents, Ito,f and Ito,s, which are differentially distributed in the myocardium. These currents 
are differentiated based on their rate of inactivation and recovery from inactivation. 

The cardiac inward rectifying potassium current (IK1) stabilizes the resting membrane 
potential and is responsible for determining the threshold for the initial depolarization and 
final repolarization of the action potential.21 IK1 is a strong rectifier that passes K+ currents 
over a limited range of membrane potentials. Upon depolarization, IK1 channels close almost 
immediately, remain closed during the plateau phase and open again at negative potentials. 

Potassium channel α-subunits 
The membrane-spanning domain of all voltage-gated K+ channels contains two highly 
conserved parts: the voltage-sensing part that surrounds the central pore and the pore 
domain itself. The channels are composed of a tetramer of the primary subunits: functional 
potassium channels are made up of four identical primary subunits, that each contain six 
transmembrane-spanning domains (S1–S6), with the S4 domain containing six positive 
charges.22 The pore domain, S5, the P-loop, and S6 all together make up the ion permeation 
pathway, including the selectivity filter.23 The opening of the channel and generation of the 
alleged gating current is caused by membrane depolarization, which mediates a movement of 
the positively charged residues of S4 through the gating channel. However, the voltage sensor 
of voltage-gated K+ channels is not exclusively S4. Transmembrane segments S2 and S3 (and 
possibly S1) also contribute to voltage sensing.24 

The human ether-a-go-go-related gene KCNH2 encodes the α-subunit of the IKr 
channel (HERG). Similar to other voltage-gated K+ channels, changes in membrane potential 
induce a sequence of conformational changes within the HERG protein that allow permeation 
of K+ ions. Opening of the channel involves widening of the inner helices.23 The S6 of HERG 
has a conserved glycine, which might be involved in channel opening by splaying of the inner 
helices.25 In the closed state, the four inner helices that line the channel pore create a narrow 
opening that prevents passage of ions by leaning towards the membrane and interlace near 
the cytoplasmic border. HERG channels contain a PAS (Per–Arnt–Sim) domain on their 
cytoplasmic N-terminus that may interact with other regions of HERG such as the S4–S5 
linker to affect channel deactivation,26,27 but the exact role of this domain in HERG remains 
unclear. 

KCNQ1, encoding the α-subunit of the IKs channel, has a typical pore loop (figure 
2). The structural basis of KCNQ1 channel activation has not been studied, but it is likely 
that most of the general features of S4 movement and involvement of S6 in channel opening 
will be similar to HERG. Unlike HERG, KCNQ1 has a motif similar to the S6 proline-X-
proline sequence of other voltage-gated potassium channels: proline-alanine-glycine, which 
is expected to play a role in gating. Furthermore, S6 contains an alanine hinge, a residue 
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that would favor maintenance of the α-helical structure. Membrane repolarization causes a 
transient increase in KCNQ1 channel conductance that precedes deactivation. The molecular 
mechanism of KCNQ1 channel inactivation is poorly understood, but is independent of 
extracellular K+ concentration.28 

Kv4.3 is the pore-forming subunit for Ito,f in human hearts. Voltage-gated K+ channels 
only form homomultimers (multimerize) with members of their own subfamily. This means 
that Kv4.x genes can only multimerize and form functional channels with other Kv4.x genes. 
The structural feature responsible for this, is the highly conserved C-terminus of the channel 
known as the tetramerization domain (T1 domain),29 which is a ~130 amino acid sequence 
directly preceding the first transmembrane domain. This domain is also thought to play a role 
in channel gating. 

Different gene families (Kir2.1–2.3) have been found in human heart encoding IK1. 
Similar to voltage gated K+ channels, the Kir2.x channels are tetramers.30 However, Kir subunits 
contain only two transmembrane domains (M1 and M2), which are highly homologous to the 
S5 and S6 of the abovementioned voltage-gated K+ channels (figure 2).31 Each Kir subunit has 
cytoplasmic amino-terminal and carboxyl-terminal regions and a pore loop structure (P or 
H5 region) between M1 and M2. The P loop contains a selectivity filter that determines K+ 
selectivity. 

Potasium channel and interacting subunits 
Heterologous expression of the pore-forming α-subunits is sufficient to generate functional 
K+ channels. However, the essential role of β-subunits in current characteristics is being 
increasingly recognized: an expanding family of function-altering β-subunits has been 
identified, which can modulate functional expression.32

KCNQ1 encoded subunits interact with KCNE1 encoded minK subunits; small 
channel subunits (<130 amino acids) that coassemble with α-subunits to form functional 
channels that considerably alter gating.33,34 The role of MinK-related protein (MiRP1), 
encoded by KCNE2, as a physiologically relevant modulator of HERG channels is currently 
investigated. The structural basis of altered KCNQ1 gating by MiRP subunits has not been 
determined yet. 
 Besides several cytoskeletal proteins, Kv4.3 interacts with: (1) K+ channel interacting 
proteins (KChIPs),35 which have a conserved c-terminus that contains four EF-hand-like 
calcium-binding motifs; (2) NCS-1 (also called frequenin), which increases the current 
density and slows the rate of inactivation of the Kv4.x current when coexpressed with Kv4.x 
α-subunits.36,37 In contrast to KChIPs, however, NCS-1 does not affect the voltage dependence 
of inactivation or rate of recovery from inactivation of the channel; (3) K+ channel accessory 
proteins (KChAPs),38 which can increase current expression, without an effect on current 
kinetics; (4) dipeptidyl aminopeptidase-like protein 6 (DPPX), which causes an increase 
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in surface expression, an increase of recovery from inactivation, and a shift in inactivation 
voltage dependence when coexpressed with Kv4.3.39,40 

Calcium channels 
Muscle contraction is regulated by elevation of the intracellular Ca2+ concentration mediated 
by the interaction of two membrane proteins, the L-type voltage-gated calcium channels 
and the ryanodine receptors. Cardiac muscle contraction requires Ca2+ entry with each beat 
which triggers Ca2+ release from the sarcoplasmic reticulum (SR) via Ca2+-release channels, 
such as the ryanodine receptor, resulting in a cascade of Ca2+ ions released into the cytosol, 
i.e. calcium-induced calcium release. The cardiac L-type calcium channel is assembled from 
three tissue-specific isoforms; α1 (α11.2), α2δ1, and β isoforms, which are considered the 
functional minimum core for Ca2+ channel assembly (for review see Bodi et al.41). Four 
hydrophilic and nonglycosylated β-subunit isoforms (β1– β4) have been described, but only 
β2 and β3 form cardiac L-type voltage-gated calcium channels. The accessory subunits (β, 
α2/δ) are tightly but not covalently bound to the α1 subunit and modulate the biophysical 
properties and trafficking of the α1 subunit to the membrane. 

Calcium channel α-subunits 
Like voltage-gated sodium channels, Ca2+ channel α1-subunits (170–240 kDa) consist of 4 
homologous domains (I–IV), each composed of 6 transmembrane-spanning α-helices (S1 to 
S6) linked by variable cytoplasmic loops (figure 2). To date, 10 α1 subunit genes have been 
identified and separated into 4 classes: Cav1.1 (α1S), 1.2 (α1C), 1.3 (α1D), and 1.4 (α1F). 
Only the α1C (dihydropyridine-sensitive) -subunit is highly expressed in cardiac muscle. The 
α1-subunit consists of the ion-selective pore, voltage sensor and the binding sites for channel-
modulating drugs and is autoregulatory. The S5 and S6 segments and the P-loop between 
them from each domain line the channel pore. The pore contains the selectivity filter, with 
one conserved glutamate residue (E) per P-loop.42 The positively charged S4 region of each 
domain is highly conserved and has a positively charged residue (arginine or lysine) at every 
third or fourth position. Like voltage-gated Na+ channels and K+ channels, this segment is 
considered the voltage-sensor. 

Calcium channel β-subunits 
The β-subunit, which does not have a membrane-spanning region, is tightly bound to a highly 
conserved motif in the cytoplasmic linker between domains I and II of voltage–gated α1-
subunit isoforms, called the α-interaction domain (AID), and also to a secondary site.43-45 
The β-interaction domain (BID), connects with the AID through a α-binding pocket (ABP), 
a conserved hydrophobic crevice.46 Coexpression of β-subunits modulates the biophysical 
properties of the α1-subunit. A 153-aa sequence in the human cardiac short β2f and β2g-
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subunits was recently described as being essential for modulating Ca2+ channel function and 
interaction with the α1C subunit.47 

Calcium channel α2/δ-subunits
The α2δ-subunits are closely associated with the α1-subunit by surface interaction and 
are intracellularly linked to the δ-subunit through a disulfide bridge. The α2-subunit is 
completely extracellular, while the δ-subunit has a single transmembrane region with a 
short intracellular part. Both subunits are encoded by the same gene, which is separated 
by proteolytic cleavage.48 The in vivo function (and structure) of the α2/δ-subunits is still 
unknown, however, coexpression of these subunits in heterologous expression systems affects 
α1 function by increasing channel density with variable minor effects on channel kinetics.49 

HCN channels 
HCN (hyperpolarization-activated cyclic-nucleotide-modulated) channels form a family 
of nonselective cation channels, which are present mainly in neurons and heart cells, and 
are responsible for If, the “funny” current in heart tissue, mainly in pacemaker cells (K+-Na+ 
inward current). If is activated upon hyperpolarization and is the main source of depolarizing 
current and responsible for the duration of diastolic depolarization interval, thereby it 
controls the heart rate in normal conditions. Because of the functional properties of HCN 
channels and their presence in sinoatrial node (SAN) cells, the HCN channels are considered 
pacemaker channels. Four different isoforms have been described and except for HCN3, 
these isoforms are significantly expressed in the human heart. The dominant HCN isoform 
in the adult SAN is HCN4.50,51 It is thought that the slowly activating HCN4 contributes to 
the pacemaker activity and the modulation of the heart rate by β-adrenergic stimulation, but 
the faster activated HCN1 and HCN2 may play a role in maintaining the resting potential of 
pacemaker cells and other cells.
  The HCN channels share a highly conserved core region containing 6 transmembrane 
segments, with the S4 segment being the voltage sensor (figure 2). The intracellular N and 
C termini are less conserved between the different HCN channels except for a 120 amino 
acid long cyclic nucleotide binding domain starting about 80 amino acids downstream of 
S6. The S1, S1-S2 linker, S2, and S6 C-terminal region are essential for the activation of HCN 
channels.52-54

CHANNELOPATHIES AND CLINICAL RELEVANCE 

Normal cardiac functioning is determined by the appropriate timing and functioning of 
millions of cardiac cells. Loss-of-function or gain-of-function of the above mentioned cardiac 
ion channels may result in critical changes of the action potential in parts or throughout 
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the heart, which may subsequently result in abnormal cardiac behaviour. Complete loss-of-
function channelopathies are considered to be not compatible with life, so most clinically 
observed channelopathies will show moderate impairment or attenuation of ion channel 
function. Importantly, as malignant arrhythmias may only occur once or intermittently 
during life, day to day functioning of the heart is most often normal, or at least sufficient. This 
implies that only during certain conditions (such as psychological stress, exercise, auditory 
stimuli, hyperthermia, use of certain drugs, premature ventricular contractions, bradycardia 
etc.) and a simultaneously increased vulnerability of the heart, the channelopathy emerges 
and gives rise to the aforementioned arrhythmias, which may ultimately lead to syncope or, 
not rarely, SCD. 
 Most channelopathies follow a Mendelian pattern of inheritance and are classified 
as either autosomal dominant (most observed) or autosomal recessive (rare). The phenotypic 
expression of channelopathies is often heterogeneous; where it may give a disastrous outcome 
in one patient, another may experience no or only minor complaints. Probably, delicate gene-
gene interactions and co-existing abnormalities play an important role in determining the 
ultimate phenotype of the disease. Furthermore, abnormal ion channel functioning may not 
only alter the cardiac action potential in different ways, but in rare cases may also give rise to 
other cardiac or extra-cardiac abnormalities. 

Cardiac ion channelopathies are often classified according to their phenotypic 
expression; these include Long QT syndrome, Short QT syndrome, Brugada syndrome, 
Catecholaminergic Polymorphic Ventricular Tachycardia, Idiopathic Ventricular Fibrillation, 
Sick Sinus Syndrome and Familial Atrial Fibrillation,55 all of which will be discussed in the 
following section. 

Long QT syndrome 
The Long QT syndrome (LQTS) is a cardiac arrhythmia characterized by a prolonged (heart 
rate corrected) QT interval on the ECG (QTc). LQTS is associated with syncope and sudden 
death caused by polymorphic ventricular tachycardia also known as torsades de pointes.56 
LQTS is estimated to affect 1 per 2000 to 1 per 5000 individuals.57,58 The LQTS phenotype is 
caused by mutations in different genes which have been classified into different LQTS types 
(table 1). 

The most common form of LQTS inherits in an autosomal dominant fashion, 
also referred to as Romano-Ward syndrome.59,60 Autosomal recessive inheritance is rare 
and described as Jervell-Lange-Nielsen syndrome61 in combination with deafness and 
homozygosity or compound heterozygosity for mutations in KCNQ1 (JLN1) or KCNE1(JLN2). 
This latter form particularly is very malignant and has a high incidence of syncope and death 
during follow-up.62 

Of importance, the use of many drugs and/or substances is associated with 
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 Table 1     Inheritable arrhythmia syndromes

Syndrome Subtype Gene Protein Locus Affected 
current

Current 
effect

Long QT syndrome 
(LQTS)

LQTS1 KCNQ1 KvLQT1 11p15.5 IKs ↓

LQTS2 KCNH2 HERG 7q35-q36 IKr ↓

LQTS3 SCN5A Nav1.5 3p21 INa ↑

LQTS4 ANK2 Ankyrin-B 4q25-q27 multiple NA

LQTS5 KCNE1 minK 21q22.1-q22.2 IKs ↓

LQTS6 KCNE2 MiRP1 21q22.1 IKr ↓

LQTS7 KCNJ2 Kir2.1 17q23.1-q24.2 IK1 ↓

LQTS8 CACNA1C Cav1.2 12p13.3 ICa-L ↑

LQTS9 CAV3 Caveolin-3 3p25 INa ↑

LQTS10 SCN4B Navβ.4 11q23 INa ↑

LQTS11 AKAP9 Yotiao 7q21-q22 IKs ↓

LQTS12 SNTA1 α-Syntrophin 20q11.2 INa ↑

LQTS13 KCNJ5 Kir3.4 11q24 IKACh/IK1 ↓

JLN1 KCNQ1 KvLQT1 11p15.5 IKs ↓

JLN2 KCNE1 minK 21q22.1-q22.2 IKs ↓

Short QT syndrome
(SQTS)

SQTS1 KCNH2 HERG 7q35-q36 IKr ↑

SQTS2 KCNQ1 KvLQT1 11p15.5 IKs ↑

SQTS3 KCNJ2 Kir2.1 17q23.1-q24.2 IK1 ↑

Brugada syndrome (BrS) BrS1 SCN5A Nav1.5 3p21 INa ↓

BrS2 GPD1L Gpd1l 3p22.3 INa ↓

BrS3 CACNA1c Cav1.2 12p13.3 ICa-L ↓

BrS4 CACNB2b Cavβ2b 10p12 ICa-L ↓

BrS5 SCN1B Navβ.1 19q13.1 INa ↓

BrS6 KCNE3 Kv7.3 11q13-q14 Ito ↑

BrS7 SCN3B Navβ.3 11q23.3 INa ↓

Cardiac conduction 
disease (CCD)

CCD1 TRPM4 Trpm4 19q13 uncertain NA

CCD2 SCN5A Nav1.5 3p21 INa ↓

CCD3 unknown NA 16q23-q24 NA NA

CCD4 unknown NA 1q32.2-q32.3 NA NA

Catecholaminergic 
polymorphic ventricular 
tachycardia (CPVT)

CPVT1 RYR2 Ryr 1q42.1-q43
SR Ca2+ 
release

↑

CPVT2 CASQ2 Casq2 1p13.3-p11
SR Ca2+ 
release

↑

Sick sinus syndrome 
(SSS)

SSS1 SCN5A Nav1.5 3p21 INa ↓

SSS2 HCN4 Hcn4 15q24-q25 If ↓
SR, sarcoplasmic reticulum; NA, not applicable.
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prolongation of the QT interval, leading to ‘acquired’ LQTS, which may subsequently 
result in malignant arrhythmias.63 Probably, some of these patients exhibit a subclinical 
form of congenital LQTS, either with mutations or polymorphisms in the LQTS genes. 
Also hypokalemia and factors influencing pharmacokinetics and pharmacodynamics of the 
aforementioned drugs, may predispose these patients to prolongation of the QT interval and 
arrhythmias. Clearly, these provoking factors need to be avoided in all patients with LQTS. 
The different types of the LQTS mostly have distinct triggers for cardiac arrest. In LQTS type 
1, for example, arrhythmias typically manifest during exercise (e.g. swimming), in LQTS type 
2 this is true for unexpected auditory stimuli (e.g. arousal by an alarm clock or telephone) and 
emotional stress64 and LQTS type 3 is typically bradycardia dependent (e.g. when sleeping). 
Together, LQTS type 1 to 3 account for up to approximately 95% for LQTS.65

Long QT syndrome ion channel mutations 
The most common cause of LQTS involve mutations in the genes that encode α-subunits 
of K+ channels that conduct the slow (IKs, KCNQ1; LQT1) and rapid (IKr, KCNH2; LQT2) 
delayed rectifier K+ currents. LQT-causing KCN mutations lead to dominant negative loss 
of IK function or trafficking defective loss of IK function that results in attenuated outward 
currents, prolongation of the action potential duration and subsequent prolongation of 
the QTc interval. Also mutations in KCNE1 and KCNE2, encoding K+ channel interacting 
subunits, have been associated with LQTS (LQT5 and LQT6 respectively).66-68 

The 3rd type of LQTS is associated with mutations in SCN5A (LQT3). Gain-of-
function mutations in SCN5A result in an increase in the late component of the Na+ current 
by slowing of inactivation or an increase in the reversibility of inactivation, resulting in a 
small but constant entry of Na+ in the plateau phase of the action potential.69 Because in 
SCN5A-related LQTS QT-prolongation is most pronounced at lower heart rates, bradycardia 
presents an important risk factor for developing lethal arrhythmias in LQTS families with 
mutations in SCN5A.70 Recently, the first mutation in the SCN4B gene encoding Navβ.4 was 
presented, which alters sodium channel function.71 Thus far, over 70 LQTS-causing missense 
mutations and small (in frame) insertions and deletions have been identified in SCN5A.72 

Long QT syndrome adaptor protein mutations 
Mutations in the gene encoding ankyrin-B (Ank2), a non-ion channel protein, present QT 
interval prolongation with unusual electrocardiographic features (LQT4).73,74 Ankyrin-B 
has three major isoforms, generated by alternative splicing. The major form of ankyrin-B in 
cardiac cells is 220 kDa. Ankyrins typically contain three functional domains that consist of 
the membrane binding domain, the spectrin binding domain, and the regulatory domain.75 
Ankyrins are thought to participate in localization of sodium or calcium channels to the 
sarcolemma and bind to several ion channel proteins, such as the anion exchanger (Cl-/
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HCO3-exchanger), Na+,K+–ATPase, voltage-gated sodium channels and Na+/Ca2+ exchanger 
(NCX). How loss of ankyrin-B function can lead to ventricular arrhythmias remains unclear, 
but it is thought that disturbed Ca2+ dynamics may play a role.76 

Caveolin-3 is a component of the dystrophin glycoprotein complex, which plays a 
role in mediating interactions between the cytoskeleton, membrane and extracellular matrix 
in cardiac and skeletal muscle. CAV3 can form caveolae, small membrane invaginations that 
participate in signal transduction, protein transcytosis and fluid homeostasis. Interestingly, 
caveolae have been described to colocalize with SCN5A and thereby may be involved in 
the formation of a Na+ channel macromolecular complex.77 Electrophysiological studies of 
mutations in LQTS associated CAV3 mutations (LQT9) demonstrated a gain-of-function 
effect on late sodium current which is quantitatively similar to that reported in LQT3,69,78 
suggesting that this may cause the prolonged QT interval and associated arrhythmias. 
However, the molecular mechanisms between these CAV3 mutations and the changed 
sodium channel function are not fully defined. 

Long QT syndrome and multisystem disorders
Mutations in KCNJ2, encoding the inward rectifier potassium channel Kir2.1 or IK1 are 
associated with QT interval prolongation in the context of the multisystem disorder Andersen 
Syndrome (LQT7).79 Andersen syndrome (also referred to as Andersen-Tawil syndrome) is a 
rare skeletal muscle disorder often associated with slight prolongation of the QT interval, with 
the classical triad of periodic paralysis, cardiac arrhythmias, and congenital dysmorphisms.80,81 
Interestingly, the U-wave is pronounced in this syndrome,82 and contrary to other long 
QT syndromes sudden death occurs infrequently. Andersen-Tawil syndrome associated 
mutations in KCNJ2 causes dominant-negative suppression of Kir2.1 channel function.79,83 
Inheritance of Andersen-Tawil syndrome is autosomal dominant, although penetrance of the 
disease and disease expression and severity are highly variable. For instance, patients with the 
heterozygous missense mutation p.Arg67Trp have been found to display nonspecific ECG 
abnormalities but no QT prolongation, despite a history of syncope and frequent ventricular 
premature beats.84 

Gain-of function mutations in the voltage-gated calcium channel CACNA1c 
present QT interval prolongation in the context of the multisystem disorder Timothy 
Syndrome (LQT8).85 This disorder is characterized by multiorgan dysfunction, including 
lethal arrhythmias, congenital heart defects, immune deficiency, intermittent hypoglycemia, 
syndactyly, cognitive abnormalities, and autism. De novo mutations were identified in exon 8 
and in the alternatively spliced exon 8a of the gene, encoding transmembrane segment S6 of 
domain I, resulting in a reduction of channel inactivation and thereby leading to maintained 
depolarizing Ca2+ currents during the plateau phase of the action potential. 
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Short QT syndrome 
The short QT syndrome (SQTS) is an inherited syndrome characterized by a QTc ≤ 320 ms and 
high incidence of ventricular tachycardia/fibrillation in infants, children and young adults.86,87 
The first genetic defect responsible for the SQTS (SQT1), involved two different missense 
mutations resulting in the same amino acid substitution in KCNH2 (p.Asn588Lys), which 
caused a gain of function in IKr.

88 Hereafter, a missense mutation in KCNQ1 was reported that 
caused a gain of function in IKs (SQT2).89 The third gene to be associated with this syndrome 
is KCNJ2.90 SQT3 is associated with QTc intervals, around 330-350 ms, not quite as short as 
SQT1 and SQT2. This mutation in KCNJ2 causes a gain of function in IK1.

Mutations in CACNA2c and CACNB2b, encoding the α1- and β2b-subunits of the 
L-type calcium channel, have recently been documented in patients with Brugada syndrome 
and shorter than normal QT intervals (ranging from 330 to 370 ms).91 The clinical significance 
of moderate shortening of the QT interval is currently under debate.92 

Brugada syndrome 
Brugada syndrome is characterized by specific ‘coved type’ or ‘type-1’ ST segments in the 
right precordial ECG leads (V1 to V3 and leads placed in a higher intercostal space) and is 
associated with SCD at young age particularly in situations with an augmented vagal tone 
(e.g. during sleep).93-95 Brugada syndrome has an estimated prevalence of 1 case per 2000 
individuals,93 although this is probably too high for the specific ‘type-1’ ECG. It is thought 
to be more prevalent in Asia than in Europe and the US, but exact figures are uncertain 
because large prevalence studies are scarce and the typical ECG may often be concealed. It 
is believed to cause 4 to 12% of all sudden cardiac deaths and ~20% of deaths in patients 
without gross structural abnormalities.96 However, most patients with Brugada syndrome are 
-and remain- asymptomatic.97 Furthermore, the pathophysiologic mechanisms determining 
the vulnerability of the heart for ventricular arrhythmias and the coved type morphology on 
the ECG are still under debate. 

Brugada syndrome displays an autosomal dominant inheritance, but the genetic 
origin of Brugada syndrome is still largely unraveled with a yield of genetic testing of only 15-
30%. Mutations leading to loss of Nav1.5 channel function can result in Brugada syndrome 
(table 1).98 To date, over 90 mutations in SCN5A (of which ~14 % are nonsense or frameshift 
mutations, leading to truncation of the protein) have been described in BrS patients.72 These 
loss-of-function mutations are associated with dysfunctional channels or with a reduction of 
membrane expression of the channel due to a trafficking defect. Loss of Na+ channel function 
reduces the upstroke of the action potential and may slow down action potential propagation. 
Thus, not surprisingly, patients with Brugada syndrome often present with (progressive) 
conduction defects.99,100 Furthermore, a haplotype in the promoter region of SCN5A that 
frequently occurs in Asians was found to be associated with slower conduction in control 
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patients and also in Brugada patients,99,101 suggesting that decreased expression of SCN5A 
transcripts may contribute to differences in Brugada syndrome prevalence as a function of 
ethnicity.  

As mentioned earlier, mutations in the cardiac voltage-gated Na+ channel α-subunit 
gene SCN5A result in multiple arrhythmia syndromes, among which LQT3, conduction 
disorders or as overlap syndromes displaying combinations of these disorders.102 The same 
may be true for calcium channel mutations. Genetic and heterologous expression studies 
recently revealed loss-of-function missense mutations in CACNA1c and CACNB2b in 
Brugada syndrome patients with shorter-than-normal QT intervals.91  

Another gene associated with BrS is in the glycerol-3-phosphate dehydrogenase 
1-like gene (GPD1L).103 Mutations in this gene modulate the sodium channel in the heart, 
but are rare.104 
  Recent reports indicate that there could be (ultra)structural abnormalities involved 
in Brugada syndrome.105,106 Overlap with arrhythmogenic right ventricular cardiomyopathy 
has even been suggested before the original report on Brugada syndrome.107 

The ECG and arrhythmias associated with Brugada syndrome may -alike LQTS- be 
provoked by many drugs.95 In daily clinical practice this knowledge is used to provoke the 
type-1 Brugada-ECG with potent sodium channel blockers (e.g. ajmaline or flecainide) in 
patients suspected of Brugada syndrome who do not spontaneously display the type-1 ECG. 
These drugs include antiarrhythmic drugs and psychotropic drugs but also substances like 
cocaine and alcohol. Obviously, these drugs need to be avoided in Brugada syndrome patients. 
Intriguingly, also hyperthermia108,109 (e.g. fever) may provoke the ECG and arrhythmias in a 
subset of Brugada syndrome patients. 

Conduction disease 
Cardiac conduction disease is most often caused by fibrosis of the conductive tissue in the 
heart following myocardial infarction, surgery, neuromuscular disease or in combination 
with congenital cardiac defects. However, cardiac conduction disease may also be caused 
by channelopathies. Four loci have been described for cardiac conduction disease with an 
autosomal dominant form of inheritance. Progressive conduction disease is often referred 
to as Lev-Lenègre’s (or Lenègre-Lev’s) disease.110,111 Typical of Lev-Lenègre’s disease is the 
progression of the disease with aging. One form of progressive cardiac conduction disease 
or progressive familial heart block is caused by loss-of-function mutations in SCN5A (table 
1).112,113 The decrease of depolarizing current induced by the SCN5A mutation will slow the 
upstroke of the action potential and also decrease the depolarizing current to neighboring 
cells, thereby slowing conduction. Early fibrosis of the conduction system, distinct from the 
fibrosis observed in normal aging, also seems to be related to the SCN5A mutations.112,114,115 
The other forms of conduction disease have been described as diseases with different 
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electrocardiographic characteristics of conduction disturbance,116 and have been linked to 
chromosome 19q13.2–q13.3117 and 16q23– 24.118 Another locus on chromosome 1q32.2-q32.3 
was recently linked to conduction defects in a family with dilated cardiomyopathy.119 The 
causative gene in the two latter forms is, however, not yet identified.  

Catecholaminergic polymorphic ventricular tachycardia 
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare, autosomal-
dominant or -recessive inherited disorder, mainly affecting children or adolescents with 
structurally normal hearts.120 It is characterized by (polymorphic) ventricular tachycardia 
and a high risk of sudden cardiac death (30-50% by the age of 20-30 years) triggered by 
adrenergic stimuli. Recent studies have identified mutations in genes encoding the cardiac 
ryanodine receptor 2 (RyR2) or calsequestrin 2 (CASQ2) in patients with this phenotype 
(table 1).121-124 Mutations in RyR2 cause autosomal dominant CPVT, whereas mutations in 
CASQ2 are responsible for either an autosomal recessive or dominant form of CPVT. It is 
suggested that RyR2 mutations in the presence of high adrenergic tone can lead to leaking of 
intracellular Ca2+ ions which then generates inward depolarizing membrane currents, delayed 
after depolarizations and subsequent ventricular arrhythmias. Recently, adaptive changes to 
CASQ2 deficiency (increased posttranscriptional expression of calreticulin and RyR2) were 
found to maintain electrical-mechanical coupling, but increase RyR2 leakiness.125 The central 
role of RyR2 dysfunction in CASQ2 deficiency therefore merges the pathophysiological 
mechanism underlying CPVT due to RyR2 or CASQ2 mutations. 

Idiopathic ventricular fibrillation
Apart from the ion channelopathies mentioned there remains an elusive portion of patients 
and their families at increased for a sudden and premature cardiac death who do not display a 
defined arrhythmogenic signature or substrate. Our inability to identify a plausible cause for 
the SCD that affects these patients is best mirrored in the terminology ‘idiopathic ventricular 
fibrillation’ or IVF.126 Because there is no phenotype apart from VF and SCD, these cases are 
notoriously difficult to manage. The magnitude of this group is estimated at 5% of all SCD, 
about 9,000 to 12,500 per year in the US.127 As IVF occurs in families, in those families there 
will be a trait associated with IVF. Accordingly, it is comprehensible that isolated cases may 
have similar genetic alterations. When this trait would be uncovered it could serve as the only 
means to identify patients at risk. However, such a trait has not been discovered yet. Although 
authors have associated IVF with loss-of-function mutations in SCN5A,128 as expected this 
phenotype consisted of severe conduction disease, which can not be accepted as IVF but 
should be classified as conduction disease.
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Sick sinus syndrome 
Sick sinus syndrome (SSS) is an abnormality involving the generation of the action potential by 
the sinus node and is characterized by an inappropriate atrial rate (too slow) for physiological 
requirements. The most common clinical manifestations are syncope, presyncope, dizziness, 
and fatigue. Electrophysiological manifestations include severe sinus bradycardia, sinus 
pauses or arrest, sinus node exit block and periods of atrial bradyarrhythmias. Many patients 
with SSS also have atrial tachyarrhythmias (e.g. atrial fibrillation; also referred to as brady-
tachy syndrome). Mutations in SCN5A cause a recessive form of SSS (SSS1, Table), 129 which is 
paradoxical because Nav1.5 is absent in the center of the node. For this reason, it is speculated 
that the dysfunction is the result of impaired function of Nav1.5 at the periphery of the node. 
This feature occasionally is part of a SCN5A-related overlap syndrome.130,131 Mutations in 
the cardiac pacemaker channel gene HCN4 cause autosomal dominant SSS (SSS2).132-134 The 
described mutations in this gene are responsible for loss of HCN4 function: the first report 
showed that the mutated channel is insensitive to cAMP and exhibits altered deactivation 
kinetics.133 Most recently, a point mutation in the cyclic nucleotide binding domain in a 
large family with mild sinus bradycardia was described, which caused a shift of the channel 
activation to more hyperpolarized potentials, while cAMP modulation remained unaffected 
[131]. It was suggested that this changed activation behavior decreases the inward diastolic 
current in SAN cells and consequently slows the heart rate like a mild vagal stimulation. 

Familial atrial fibrillation 
Atrial fibrillation is the most common cardiac arrhythmia worldwide and is often associated 
with a poor prognosis (mainly thrombotic events). The majority of patients have atrial 
fibrillation in association with underlying (cardiac) diseases. However, in 15–30% of the 
patients an underlying etiology is not found. This condition is referred to as lone atrial 
fibrillation.135 Some of these patients have a positive family history for atrial fibrillation 
(Familial Atrial Fibrillation; FAF) and may have a genetic cause or predisposition. Possible 
genes responsible for triggering and maintaining atrial fibrillation may include genes that 
affect automaticity, atrial refractory period duration and conduction. In 2003 Chen et al. 
published data on a mutation (p.Ser140Gly) in KCNQ1, found in a large Chinese family 
with autosomal dominantly inherited permanent lone atrial fibrillation.136 Functional 
analysis of this mutation revealed a gain-of-function effect on the KCNQ1/KCNE1 and the 
KCNQ1/KCNE2 currents, thereby reducing the action potential duration and the effective 
refractory period in atrial myocytes, which consecutively could be the cause for initiation and 
maintenance of atrial fibrillation. The same group also identified a mutation (p.Arg27Cys) 
in the KCNE2 gene in 2 Chinese families with lone atrial fibrillation.137 The age at diagnosis 
was older than observed in the families with the KCNQ1 mutation and most patients in these 
families had symptomatic paroxysmal atrial fibrillation and also frequent premature atrial 
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complexes. Functional analyses also revealed a gain-off unction effect resulting in both inward 
and outward KCNQ1/KCNE2 potassium currents resulting in a shortening of the action 
potential duration, which again may trigger and bring about atrial fibrillation. 

SYNOPSIS 

Research into inherited arrhythmia syndromes has provided significant insight into the role 
of various ion channels and mechanisms of arrhythmias. Although many of the disorders 
discussed in this chapter are quite rare, their understanding is essential to unravel the 
pathogenesis of arrhythmias in the general population. Also the availability of genetic 
diagnostic tests has added an important diagnostic tool, providing new opportunities 
for patient management such as early (presymptomatic) identification and treatment of 
individuals at risk for developing fatal arrhythmias. The identification of genetic modifiers 
(such as polymorphisms) is the challenging next step in our understanding of the pathogenesis 
of arrhythmias. In the next years, our increasing knowledge may lead to better targeted 
treatment of patients suffering from these disorders. 
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ABSTRACT

Background 
Long QT-Syndrome (LQTS) is a prevalent and possibly lethal disease. Unfortunately, it has 
recently been shown that the majority of physicians, including many cardiologists, do not 
recognize a long QT interval when they see one. Conversely, almost 40% of patients referred 
to specialized centers with a presumed diagnosis of LQTS have a normal QT.

Objective 
The purpose of this study was to investigate whether we are able to teach inexperienced elec-
trocardiogram (ECG) readers a method that will result in a higher accuracy of QT measure-
ments. 

Methods 
Four previously published ECGs (two LQTS, two normal) were assessed by 151 medical stu-
dents using the following QT measurement method: (1) the end of the T wave is the intersec-
tion of a tangent to the steepest slope of the last limb of the T wave and the baseline, in lead 
II or V5; (2) QTc=QT/√RR; (3) QTc of 450 ms is prolonged. Four months later, 71 students 
measured the ECGs again. Student results were compared with previously published results 
on the same ECGs of 25 LQTS experts, 106 arrhythmia experts, and 771 cardiologists and 
noncardiologists.

Results 
Correct QT interval interpretations were achieved by 71% and 77% of students during the 
first and second test, respectively, as compared with 62% by the arrhythmia experts and <25% 
by the cardiologists and noncardiologists.

Conclusions 
In this proof-of-principle study, inexperienced ECG readers were able to rather accurately 
and reproducibly diagnose prolonged and normal QT intervals on four ECGs, as opposed to 
877 cardiologists and noncardiologists. If the presented method is used by physicians, a better 
stratification of their patients’ risk for sudden death due to LQTS (drug induced or congeni-
tal) should be possible.
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INTRODUCTION

For the past 50 years, assessment of the QT-interval on the ECG has been used to evaluate 
the risk of a sudden cardiac death due to the Long QT Syndrome (LQTS).1-3 Unfortunately, 
the majority of physicians world-wide, including many cardiologists, do not recognize a 
long QT when they see one, as recently shown by Viskin et al.4 Conversely, almost 40% of 
patients referred to specialized centers with a presumed diagnosis of LQTS have a normal 
QT.5 This paradox is dramatic, as LQTS has a prevalence of at least 1 per 2000 persons and 
is thus sufficiently common to be encountered in the clinical practice of every physician. 
Furthermore, treatment for LQTS is very effective whereas unrecognized LQTS may have 
fatal consequences. Importantly, LQTS may be inherited or induced by cardiovascular and 
non-cardiovascular drugs (e.g. antibiotics, antipsychotics, anesthetics).6 Without doubt, 
many patients at risk for sudden cardiac death are not identified, whereas others undergo 
unnecessarily treatment.
 The present study was undertaken to investigate whether we are able to teach 
inexperienced ECG-readers a standardized method resulting in higher accuracy of QT-
measurements. We hypothesized that such a method should focus on defining the end of the 
T-wave and correcting for heart rate (QTc). An optimal method should furthermore be easy, 
quick to learn, and give reproducible results. When efficacious, broad implementation would 
inevitably result in higher recognition of LQTS and thus results in better treatment of these 
patients. Furthermore, it could also prevent misdiagnosis of patients and subsequent reduce 
physician induced harm. 
 
METHODS

A proof-of-principle study was initiated with the same methods as used by Viskin et al. to 
warrant comparability. The Viskin et al. study was assembled around ECG traces of two 
patients (1 male, 1 female) with congenital LQTS (ECG A+B) and of two healthy females 
(ECG C+D) (Figure 1). Further patient details were not provided. A gold QT-standard was 
set for these ECGs by 25 world-renowned LQTS-experts and they have been subsequently 
interpreted by 106 arrhythmia-experts and 771 cardiologists and non-cardiologists.4 

As a standardized method for the QT-measurements by the inexperienced ECG-
readers, a 3-step approach was used (Figure 2); 1) the end of the T-wave was defined as the 
intersection of a tangent7 to the steepest slope of the last limb of the T-wave and the baseline, 
in lead II or V5; 2) QTc was defined as QT/√RR from the RR interval between the measured 
and the preceding complex (Bazett); and 3) a QTc threshold of 450 ms was used to differentiate 
normal from prolonged QT-intervals. 

As inexperienced ECG-readers, 151 2nd year medical students were willing to 
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cooperate after they were informed of the aim and nature of the study. The students were 
presented our method in 10 minutes and they received Figure 2. Subsequently, the students 
were asked to study the four ‘Viskin ECGs’, measure the QT and QTc-interval and determine 
whether the QTs were normal or prolonged. To assess reproducibility, 71 students were willing 
to measure the ECGs again four months later. This time however, they only received Figure 2 
as guidance without further explanation.

The results of the students were first interpreted using the results of the LQTS-
experts consulted by Viskin et al. The range of QTc values and the classification as either 
a normal or prolonged QT of these LQTS-experts were defined as correct results. Then 
we compared the students with the other physicians consulted by Viskin et al.4 These 877 
physicians were located in university hospitals in 12 countries across the world (Australia, 
Austria, Brazil, Canada, China, England, France, Israel, Japan, Mexico, Paraguay, and the 
United States). The physicians were grouped as following; 1) arrhythmia specialists (n=106, 
cardiac electrophysiologists or cardiologists whose main activity is the treatment of cardiac 
arrhythmias); 2) cardiologists (n=329); and 3) noncardiologists (n=442, physicians in all 

Figure 1 . The Viskin ECGs

ECGs A and B are from congenital LQTS patients, ECGs C and D are from two healthy females. Reproduced from 
Viskin et al.4 with permission.
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fields of internal medicine 
except cardiology). The 
last group consisted 
of internists (33%), 
neurologists (16%), 
pediatricians (15%), 
emergency medicine or 
intensive care specialists 
(18%), gastroenterologists 
(5%), and others (13%).

Analyses were 
performed in SPSS 15.0 
(SPSS inc., USA). As 
measure of interobserver 
agreement we used the 
kappa coefficient.4 Kappa values above 0.8 were considered to present excellent agreement, 
whereas values below 0.4 were considered to present low agreement. 

RESULTS

The student results for the first and second test are summarized in Table 1 and 2. Correct 
classification of all the four ECGs with a QTc threshold of 450ms to distinguish between 

Figure 2 . How to assess the QT 

Illustration of the lectured method. A tangent is drawn to the steepest slope 
of the last limb of the T wave in lead II or V5. The end of the T wave is the 
intersection of the tangent with the baseline. QT is heart rate corrected with 
Bazett’s formula with use of the preceding RR interval.

 Table 1     Student results on ECG A+B

ECG A ECG B

LQTS expert QTc range4 460–530 454–520

Student test number 1 2 1 2

Student QTc mean±SD (ms) 514±25 526±37 463±18 484±29

Student QTc range (ms) 449–589 451–616 433–512 428–578

Student correct QTc (%) 76 61 77 86

Student correct QT classification (%) 99 99 78 96

Student results during the first (n=151) and second test (n=71) for ECG A and B as compared with the results of 
the LQTS experts4 (who only assessed the ECGs once). Any QTc value of the students within the range of QTc 
values provided by the LQTS experts is regarded as a “correct QTc” and the LQTS expert classification of the QT 
interval as either normal or prolonged is regarded as the “correct QT classification.” The data presented are the 
mean, standard deviation (SD), and range of the student QTc assessments (all in milliseconds) and the percentage 
of students who entered a correct QTc and/or QT classification during their first and second test.
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normal and prolonged QT-intervals, was achieved by 71% of the students during the first 
test. The subset of students in the first test who also participated in the second test, achieved 
80% correct classifications on all the four ECGs during the first test. In the second test, 77% 
of the students correctly classified the four ECGs. In Figure 3 the student results have been 
implemented in the results achieved by the 106 arrhythmia experts (62% correct classification 
for ECG A-D) and the 771 cardiologists and non-cardiologists (both <25% correct classification 
for ECG A-D)4.

The students’ interobserver agreement was comparable for the first and second test 
with kappa coefficients of 0.82 and 0.78 respectively. The LQTS-experts had a kappa coefficient 
of 0.82, whereas the arrhythmia experts had a kappa coefficient 0.44 and the cardiologists and 
non-cardiologists both had a kappa coefficient <0.3.

DISCUSSION

In this proof-of-principle study we found that inexperienced ECG-readers are able to rather 
accurately, uniform and reproducible diagnose prolonged and normal QT-intervals on four 
ECGs with this, apparently, easy to learn method of a tangent for end of the T-wave7 and 
Bazett’s correction for heart rate. It should be noted that the students were compared with 
physicians of whom probably the majority did not use this method of a tangent in combination 
with Bazett’s correction. In addition, the physicians got only one opportunity to perform the 
measurements and were only prepared on assessing QT-intervals on the basis of their medical 
training and experience as professionals in arrhythmias, cardiology or internal medicine. 

 Table 2     Student results on ECG C+D

ECG C ECG D

LQTS expert QTc range4 386–430 380–414

Student test number 1 2 1 2

Student QTc mean±SD (ms) 420±18 435±25 396±19 402±26

Student QTc range (ms) 381–493 451–498 357–453 365–545

Student correct QTc (%) 75 53 48 62

Student correct QT classification (%) 97 84 99 97

Student results during the first (n=151) and second test (n=71) for ECG C and D as compared with the results of 
the LQTS experts4 (who only assessed the ECGs once). Any QTc value of the students within the range of QTc 
values provided by the LQTS experts is regarded as a “correct QTc” and the LQTS expert classification of the QT 
interval as either normal or prolonged is regarded as the “correct QT classification.” The data presented are the 
mean, standard deviation (SD), and range of the student QTc assessments (all in milliseconds) and the percentage 
of students who entered a correct QTc and/or QT classification during their first and second test.
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LQTS is a prevalent disease and physicians in all fields of medicine may well be 
confronted with a patient with possible LQTS. Risk of sudden cardiac death and Torsades de 
pointes in LQTS is thought to be largely dependent on the magnitude of prolongation of the 
QT-interval.2,8,9 The cornerstone of a LQTS diagnosis starts with a careful history, physical 
examination and QT-assessment on the ECG. A history of palpitations, dizziness, seizures, 
syncope or aborted sudden cardiac death, or a family history of LQTS or sudden cardiac 
death, are among the most important clinical aspects.2,4,8,9 Physicians should also be well 
aware of the many cardiovascular and non-cardiovascular drugs that may induce acquired 
LQTS.6 Unfortunately, the majority of physicians appear to misinterpret QT-intervals.4,5 
Moreover, many LQTS-experts doubt the accuracy of computer measurements.5 This may 
result in both physician induced harm, e.g., unnecessary initiation of severe emotional stress, 
pharmacological treatment or implantation of implantable cardioverter defibrillators,5 and on 
the other hand erroneous reassurance of patients at risk for sudden cardiac death. 
  Accurate QT-assessment using a simple method thus seems warranted. With this 
study we show that it is possible to teach inexperienced ECG-readers a rather accurate method 

Figure 3  Student results 

Correct classification of the four ECGs as either normal or prolonged. QE: LQTS experts; S1: students during first 
test; S2: students during second test; AE: arrhythmia experts; C: cardiologists; NC: noncardiologists. Modified 
from Viskin et al.4
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to assess the QT-interval on this (very) limited number of ECGs. Notwithstanding this fact, 
difficulties will unavoidably arise when confronted with biphasic T-waves, arrhythmias or 
conduction disturbances, especially for inexperienced ECG-readers. Nonetheless, with the 
use of this method, physicians confronted with an ECG should be able to better stratify their 
patients’ (drug induced or congenital) risk for sudden cardiac death due to LQTS. 

We believe that further studies into the use of the ‘tangent method’ with Bazett’s 
correction for assessment of the QT-interval and the risk for sudden cardiac death due to 
LQTS, are to be recommended. Meanwhile, this method may be informative for all physicians 
who interpret an ECG and aim to measure the QT-interval.
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ABSTRACT

Objectives 
This study was undertaken to determine if the short-lived sinus tachycardia that occurs 
during standing will expose changes in the QT-interval of diagnostic value.

Background 
The QT shortens during heart rate acceleration but this response is not instantaneous. We 
tested whether the transient, sudden sinus tachycardia that occurs during standing would 
expose abnormal QT prolongation in patients with long QT syndrome (LQTS). 

Methods 
Patients (68 LQTS [LQT1: 46%, LQT2: 41%, LQT3: 4%, not genotyped: 9%] and 82 controls) 
underwent a baseline electrocardiogram (ECG) while resting in the supine position and were 
then asked to get up quickly and stand still during continuous ECG recording. The QT-interval 
was studied at baseline and during maximal sinus tachycardia, maximal QT prolongation and 
maximal “QT-stretching.”  

Results
In response to brisk standing, patients and controls responded with similar heart rate 
acceleration of 28±10 beats/min (p=0.261). However, the response of the QT-interval to this 
tachycardia differed. On average the QT-interval of controls shortened by 21±19ms while 
the QT-interval of LQTS-patients increased by 4±34ms (p<0.001). Since the RR-interval 
shortened more than the QT, during maximal tachycardia the QTc increased by 50±30ms in 
the control-group and by 89±47ms in the LQTS-group (p<0.001). Receiver operator curves 
showed that the test adds diagnostic value. The response of the QT-interval to brisk standing 
was particularly impaired in patients with LQT2.

Conclusions 
Evaluation of the response of the QT-interval to the brisk tachycardia induced by standing 
provides important information that aids in the diagnosis of LQTS. 
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INTRODUCTION

The diagnosis of the long QT syndrome (LQTS) is straightforward when torsade de pointes is 
documented in a patient with obvious QT prolongation.1,2 Often, however, diagnosing LQTS 
is problematic for several reasons: first, arrhythmic symptoms occur infrequently, making it 
difficult to document torsade de pointes. Second, overlap in the duration of the QT-interval 
exists between carriers of LQTS-mutations and healthy controls.3 Third, failing to identify 
a mutation does not exclude the diagnosis of LQTS and misinterpreting innocent genetic 
changes as “mutations” may occur.4 Thus, diagnosing LQTS remains a challenge.5

The QT-interval shortens during tachycardia but adaptation of the QT-interval to 
sudden heart rate acceleration is not instantaneous.6,7 Moreover, patients with LQTS often 
display abnormal responses to heart rate changes.8,9 We therefore aimed to take advantage 
of the abrupt sinus tachycardia that normally occurs during standing to evaluate whether 
maladaptation of the QT-interval to heart rate acceleration would expose pathologic QT-
changes in LQTS-patients.   

METHODS.

Patient groups. 
The LQTS-Group consisted of patients with high-probability for LQTS (International LQTS-
Registry Score ≥4 points10) or definite LQTS (documented torsade de pointes and/or LQTS 
mutation). The control group consisted of healthy volunteers (92%) and asymptomatic 
relatives of LQTS-patients who are non-carriers of the familial mutation (8%) that take no 
medications. The study was approved by our Institutional Review Committee. 

Interventions. 
LQTS-patients taking beta-blockers underwent the test 26 to 30 hours after their last dosage. 
For the test, participants rested supine for 10 minutes. They then got-up quickly and remained 
standing for 5 minutes during continued ECG recording. Implanted devices were programmed 
to single-chamber ventricular pacing at 35 beats/min for the duration of the test.

Measurements. 
As subjects stand up, there are movement related artifacts that preclude QT measurements 
for ≤5 s followed by transient sinus tachycardia. One investigator, blinded to the patients’ 
grouping, performed the measurements specified below at 4 points in time: 1) Baseline: during 
the maximal sinus bradycardia recorded as the patient rested supine; 2) Maximal Tachycardia: 
during the fastest sinus rate achieved in response to standing; 3) Maximal QT: at the time of 
maximal prolongation (if any) of the QT-interval during the first 30 s after standing and 4) 
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Maximal QT-Stretching: time where (due to R-R shortening without QT-shortening) the end 
of the T-wave gets nearest to the next P-wave. At all these stages the QTc was corrected for 
the heart rate using Bazett’s formula. We then repeated our analysis with the Fridericia and 
Framingham formulas.

Statistics. 
To examine the hypothesis that rapid standing influences QT parameters of LQTS-patients and 
controls differently, analysis of variance (ANOVA) for repeated measures was preformed with 
the RR, QT and QTc as dependent variables and with stage (i.e., baseline, maximal tachycardia, 
etc.) and subject’s status (LQTS or control) as between-subject variable. Contrast analysis was 
then preformed to compare QT-parameters in relation to baseline for both patient groups. We 
excluded from this analysis all patients with obviously long and obviously normal QT-intervals 
at baseline because additional tests are superfluous for them.5 Accordingly, we limited this 
analysis to males with baseline QTc 390-450ms and to females with QTc 400-480ms.5 DeLong 
and DeLong’s method (nonparametric comparison of areas under multiple correlated ROC 
curves) was used to compared ROC curves before and after standing. Discriminant analysis 
was performed to examine the best separation between the two groups. For this purpose, 70% 
of the total sample was randomly selected and a discriminant U-function was applied in a 
stepwise method. Simple comparisons between the two groups of patients were done using 
student’s t-test for continuous variables and Chi-square for categorical variables. Two tailed 
p-value ≤0.05 was considered significant. Values >1.5 times or >3 times the inter-quartile 
range are termed regular outliers and extreme outliers, respectively. The SPSS statistical 
package was used for all statistical evaluation (SSPS Inc. Chicago, IL, USA).

RESULTS

The study cohort consisted of 68 LQTS-patients and 82 controls subjects. Among LQTS-
patients, 31(46%) have LQT1, 28(41%) LQT2 and 3(4%) LQT3 and 6(9%) have unsuccessfully 
genotyped LQTS. Patients and controls were of similar age. We recruited a similar number of 
healthy males and females for the control group whereas female gender predominated in the 
LQTS group. (Table 1, Figure 1A). 

Normal response of the QT-interval to standing
In response to standing, the sinus rate increased within 10 s to 95±14 beats/min (Table 1). 
Males and females had similar heart rate acceleration (p=0.7) and the response of their 
QT-interval to this heart rate speeding was similar (the QT shortened by 21±19ms in both 
genders, p=0.8). Since the QT decreased less than the RR-interval during standing-induced 
tachycardia, the QTc of controls increased (by 50±28ms [12±7%] in males and by 50±32ms 
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[13±9%] in females, p=0.9). 

Response of patients with LQTS
The LQTS-patients and controls had similar heart rate acceleration in response to standing 
(Table 1). However, the response of their QT-interval to this sudden change in heart rate was 
different (Figures 2, 3 and 4). During maximal sinus tachycardia, the QT of controls shortened 
by ≥20ms in 59%, remained unchanged (varied by <20ms) in 39% and increased by ≥20ms 
in only 2%. In contrast, among LQTS-patients, the QT shortened in only 24%, remained 
unchanged in 43% and actually increased in 34% (p<0.001). Thus, while the averaged QT of 
controls shortened by 21±19ms, the QT of LQTS-patients hardly changed (it lengthened by 
4±34ms, p<0.001, Figure 1E). Consequently, during maximal tachycardia the QTc of controls 
increased by only 50±30ms (13±8% from baseline), whereas the QTc of LQTS-patients 
increased by 89±47ms (20±11% from baseline, p<0.001, Figure 1F). 

We then identified the complex with longest uncorrected QT-interval during 
standing-induced tachycardia. Despite a similar heart rate at this point, only the QT of LQTS-
patients had increased in comparison to baseline [by 37±44ms (p=0.001)]. 

 Table 1     Baseline characteristics and response to standing

Control
subjects
(n=82)

LQTS 
patients
(n=68) p value

Age (years) 35± 10 32±15 0.154

Female gender 38(46) 50(74) 0.001

Baseline heart rate (beats/min) 68±10 65±11 0.166

Baseline QT (ms) 383±28 449±48 <0.001

Baseline QTc (ms) 405±25 465± 44 <0.001

Response to standing

  Time to maximal heart rate (s) 9.8±4.1 9.6±4.3 0.847

  Increment in heart rate (beats/min) 28±10 26±11 0.261

  Maximal heart rate (beats/min) 95±14 91±13 0.053

  ΔQT during maximal tachycardia (ms) -21±19 4±34 <0.001

  ΔQTc during maximal tachycardia (ms) 50±30 89±47 <0.001

  ΔQT during longest QT (ms) -5±34 37±44 <0.001

  ΔQTc during longest QT (ms) 48±42 100±54 <0.001

  ΔQT during maximal QT-stretching (ms) -15±30 13±38 <0.001

  ΔQTc during maximal QT-stretching (ms) 54±38 94±49 <0.001
Data are mean±SD or n(%). ∆QT, QT interval change from baseline; ∆QTc, corrected QT interval change from 
baseline; QTc, corrected QT.
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At the point of maximal QT-stretching the QTc increased by 54±38ms in controls 
and by 94±49ms in LQTS-patients, p<0.001 (figure 1D). Ventricular extrasystoles representing 
early-afterdepolarizations1 or T-wave alternans were observed during maximal QT-stretching 
in 4 LQTS-patients (Figure 4). 

Analysis of our results after excluding LQTS-patients with very long baseline QT or 
with unknown genotype, or with the use of Fridericia’s or Framingham formulas, also showed 
that the difference in QTc between LQTS-patients and controls at all stages of the test was 
statistically significant.

Comparison of LQT1 and LQT2
Patients with LQT1 and LQT2 had similar baseline QT/QTc intervals and developed 
similar heart rate acceleration upon standing (Table 2). However, the groups had discordant 

Figure 1 . Box plots of results obtained in LQTS patients and control subjects

The colored boxes represent the interquartile range (25th to 75th percentiles). The red boxes represent long QT 
syndrome (LQTS) patients; the gray boxes represent control subjects. The black line in the middle of the box is the 
50th percentile, and the bars represent the range of results excluding outliers. Solid black circles indicate outliers 
and * indicate extreme outliers; ∆QT, QT interval change from baseline; ∆QTc, corrected QT interval change from 
baseline.
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responses of the QT-interval: The QT of LQT1-patients shortened by 8±32ms while it 
lengthened by 21±28ms among LQT2-patients. Consequently, LQT2-patients displayed the 
maximal QTc prolongation (Table 2, Figures 1G-1H).

Diagnostic value of the test
The QTc of LQTS-patients and controls was different already at baseline but the difference 
increased during standing (Figure 1A-1D). ROC-curves demonstrate incremental diagnostic 
value (Table 3). For example, for the population with QTc 390–480ms at baseline, the 
baseline-QTc that identified LQTS with 90% sensitivity had only 61% specificity. In contrast, 

Figure 2 . QT interval stretching in a healthy control and in a LQT2 patient

(Top trace) A 39-year-old healthy volunteer. At baseline (left panel), heart rate is 65 beats/min, QT interval is 400 
ms, and corrected QT interval (QTc) is 420 ms. Six seconds after standing (right panel), the shortest RR interval 
is 570 ms; by then, the QT interval has shortened to 360 ms. Since the RR interval shortened more than the QT 
interval, the QTc interval increased to 480 ms. Maximal QT interval stretching (when the end of the T-wave is 
nearest the next P-wave) is marked (*). (Bottom trace) A 38-year-old man with long QT syndrome mutation 
LQT2. At baseline, heart rate is 60 beats/min, QT interval and QTc interval are 440 ms. Note the fairly normal 
T-wave morphology. Shortly after standing (right panel), motion artifact is visible; the shortest RR interval is 640 
ms, and by then the QT interval actually increased to 460 ms (*). Consequently, the QTc interval increased to 570 
ms. Note the development of classic T-wave notching while standing.
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during maximal QT-stretching, the QTc value identifying LQTS with 90% sensitivity also 
had 86% specificity. With DeLong and DeLong analysis, the ROC curves of QT and QTc at 
maximal heart rate were significantly better than the ROC for baseline QT (p=0.008) and QTc 
(p=0.026).

DISCUSSION

Accurate diagnosis of the LQTS is crucial because this is a potentially lethal disorder for which 
effective therapy exists. We report that just observing the response of the QT-interval to the 
sudden heart rate acceleration provoked by quick standing provides diagnostic information. 

The normal response of the QT-interval to brisk standing. 
The fact that the QT-shortening in response to sudden heart rate acceleration is not 
instantaneous has been known for almost a century.11 Already in 1920, Bazett emphasized 

Figure 3 . QT interval stretching in a LQT1 patient

A 22-year-old woman with long QT syndrome mutation LQT1. (Left panel) At baseline, heart rate is 68 beats/min, 
QT interval is 480 ms, and corrected QT interval (QTc) is 512 ms. (Middle panel) Immediately after standing, 
there is movement artifact; heart rate increases to 82 beats/min but the QT interval fails to shorten, and the QTc
interval increases to 582 ms (the QT interval stretches all the way to the next P-wave). (Right panel) At the end of 
the test, heart rate returns to baseline but the QT interval remains prolonged, and the QTc interval is 565 ms long 
and has abnormal morphology.
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that “with exercise, the heart rate increases promptly but the QT shortens more slowly”.11 
Animal12 and clinical6 studies show that following an abrupt increase in ventricular pacing-
rate it takes up to 2 minutes until the ventricular refractory period12 and the QT-interval6 
shorten (accommodate) to a new steady state. Beat-to-beat analysis of the human action 
potential show that during a sudden increase in pacing rate, the action potential shortens 
abruptly at the first fast heart beat but then requires several hundred beats to finally shorten 
to a new steady state.7 In our study, maximal heart rate acceleration occurred within 15 s of 
standing and such timing is too short for QT-accommodation.7 Thus, the insufficient QT-
shortening of our healthy controls is actually expected. The fact that during standing-induced 
sinus tachycardia the QT shortened in 59% of controls while it remained unchanged in the 
rest is consistent with observations from Holter recordings in healthy volunteers.13 Such 
studies show that the speed of response of the QT-interval to sudden changes in heart rate is 
highly individual and independent of the basic QTc.13 

Figure 4 . Provocation of arrhythmias by standing in LQTS

A 34-year-old woman with previous cardiac arrest and documented pause-dependent torsades de pointes. (Left 
panel) At baseline, heart rate is 83 beats/min, QT interval is 400 ms, and corrected QT interval (QTc) is 470 ms. 
(Middle panel) During maximal tachycardia (8 s after standing), heart rate is 115 beats/min, QT interval is 440, 
and QTc interval is 461 ms. (Right panel) Ventricular extrasystoles appear during maximal QT interval stretching 
15 s after standing. Note that the post-extrasystolic pauses (*) expose the small amplitude of P waves (arrows). It is 
therefore evident that during sinus tachycardia there is a late component of a very long QT interval on top of the 
P-wave (arrowheads).
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The response of LQTS-patients to brisk standing
Adaptation of the QT-interval to gradual changes in heart rate is impaired in the LQTS8 and 
we show that this maladaptation worsens when the changes in heart rate are sudden. The 
sympathetic stimulation that occur while standing affects the QT-interval independently 
of the concomitant tachycardia;14 such adrenergic stimulation would be expected to exert 
different effects on patients with normal versus abnormal QT.15,16  
 The LQT2-patients developed maximal QTc prolongation in response to standing. 
This observation was unexpected because during epinephrine-infusion tests, the largest QT-
changes occur in LQT1.16 However, predominant prolongation of the M-cell action potential 
– leading to increased transmural dispersion of repolarization and early-afterdepolarization 

 Table 2     Baseline characteristics and response to standing, LQT1 versus LQT2

LQT1
(n=31)

LQT2 
(n=28) p value

Age (years) 33± 15 30±13 0.400

Female gender 21(68) 23(82) 0.243

Baseline heart rate (beats/min) 67±11 62±9 0.051

Baseline QT (ms) 445±42 455±45 0.375

Baseline QTc (ms) 468±39 460± 39 0.445

Response to standing

  Increment in heart rate (beats/min) 24±10 26±11 0.474

  Maximal heart rate (beats/min) 95±14 91±13 0.053

  ΔQT during maximal tachycardia (ms) -8±32 21±28 0.001

  ΔQTc during maximal tachycardia (ms) 67±41 114±42 <0.001

  ΔQTc during longest QT (ms) 80±50 126±49 0.001

  ΔQTc during maximal QT-stretching (ms) 73±43 119±48 <0.001
Data are mean±SD or n(%). ∆QT, QT interval change from baseline; ∆QTc, corrected QT interval change from 
baseline; QTc, corrected QT.

 Table 3     ROC curve analysis of variables

AUC 95% CI
90% sensitivity

    Cutoff         Specificity

Baseline QT interval 0.836 0.758–0.914* 395 50.9%

Baseline QTc interval 0.850 0.775–0.925* 423 61.4%

QT interval at maximal heart rate 0.900 0.840–0.960* 375 70.2%

QTc interval at maximal heart rate 0.933 0.889–0.978* 474 75.4%

QT interval during maximal QT stretching 0.923 0.874–0.973* 487 86%

*p <0.001 for all receiver-operating characteristic (ROC) curves. AUC, area under the curve; CI, confidence inter-
val; QTc, corrected QT.
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activity – is a well recognized response to sudden heart rate acceleration in models of LQT2.17 
Interestingly, clinical arrhythmias in LQT2 are characteristically triggered by situations 
involving sudden (as opposed to gradual) heart rate acceleration, like sudden startling by 
noise.18 

Limitations
Although all QT measurements were performed by a blinded investigator, the QT-duration 
and T-wave morphology would often reveal the patients’ identity. Thus, potential for biased 
measurements exists. However, a small study comparing the effects of standing on 16 patients 
with LQT2 and 27 controls also showed significantly larger increments in the QTc of LQT2-
patients.19

Conclusions
Diagnostic implications Our test is easy to perform and should be used in addition to more 
accepted tests when necessary. Conversely, it is important to avoid over-diagnosis of LQTS 
based on QTc estimations performed when the patient stands. We have patients referred for 
evaluation following the incidental finding of a long QT interval in a single ECG but with 
strictly normal QT intervals in subsequent recordings. In these cases, the culprit ECG was 
the baseline ECG of an exercise test. Rather than representing a truly resting ECG, these were 
traces demonstrating the normal QTc prolongation in response to brisk standing immediately 
prior to exercise. Similarly, inadvertent QT-stretching during Holter recordings may lead to 
over-diagnosis of LQTS.  

Clinical implications The onset of QT-interval related ventricular ectopy observed in a few 
LQTS-patients upon standing suggests that untreated patients are at risk for more serious 
arrhythmias every time they stand up. This is important because physicians are likely to 
misinterpret syncope as vasovagal if this occurred upon standing. Interestingly, standing is 
reported as trigger for syncope by one third of symptomatic LQTS-patients.20 We did not 
evaluate the effects of therapy but Walker reported that beta-blocker therapy attenuates the 
QT-stretching effects of standing.19

Research implications An intriguing aspect of this study relates to the outliers in the control 
group. A few controls demonstrated exaggerated QT-stretching during standing that was of 
the magnitude observed in the LQTS-group (Figure 1C-1D). Rather than simply representing 
false positives, it is possible that these are individuals with normal QT but impaired 
repolarization reserve. Larger studies should be conducted to determine if these outliers share 
genotypic characteristics or demonstrate exaggerated QT prolongation in response to drugs 
or other insults.



Chapter 03

| 58

Acknowledgments
Ori Rogowski performed the statistical analysis. Hila Zohar and Ilana Meir provided 
invaluable technical help. In addition, we thank the patients for their cooperation.

REFERENCES

1 Viskin S. The long QT syndromes and torsade de pointes. Lancet. 1999;354:1625-1633.
2 Moss AJ. Long QT Syndrome. JAMA. 2003;289:2041-2044.
3 Vincent GM, Timothy KW, Leppert M, Keating M. The spectrum of symptoms and QT intervals in 

carriers of the gene for the long QT syndrome. N Engl J Med. 1992;327:846-852.
4 Vincent GM. Role of DNA testing for diagnosis, management and genetic screening in long QT 

syndrome, hypertrophic cardiomyopathy and Marfan syndrome. J Cardiovasc Electrophysiol. 
2001;86:12-14.

5 Viskin S. The QT interval: too long, too short or just right. Heart Rhythm. 2009;6:711-715.
6 Lau CP, Freedman AR, Fleming S et al. Hysteresis of the ventricular paced QT interval in response 

to abrupt changes in pacing rate. Cardiovasc Res. 1988;22:67-72.
7 Franz MR, Swerdlow CD, Liem LB, Schaefer J. Cycle length dependence of human action potential 

duration in vivo. Effects of single extrastimuli, sudden sustained rate acceleration and deceleration, 
and different steady-state frequencies. J Clin Invest. 1988;82:972-979.

8 Merri M, Moss AJ, Benhorin J et al. Relation between ventricular repolarization duration and 
cardiac cycle length during 24-hour Holter recordings. Findings in normal patients and patients 
with long QT syndrome. Circulation. 1992;85:1816-1821.

9 Tan HL, Bardai A, Shimizu W et al. Genotype-specific onset of arrhythmias in congenital long-QT 
syndrome: possible therapy implications. Circulation. 2006;114:2096-2103.

10 Schwartz PJ, Moss AJ, Vincent GM, Crampton RS. Diagnostic criteria for the long QT syndrome. An 
update. Circulation. 1993;88:782-784.

11 Bazett HC. An analysis of the time-relations of electrocardiograms. Heart. 1920;7:353-370.
12 Janse MJ, van der Steen AB, van Dam RT. Refractory period of the dog’s ventricular myocardium 

following sudden changes in frequency. Circ Res. 1969;24:251-262.
13 Malik M, Hnatkova K, Novotny T, Schmidt G. Subject-specific profiles of QT/RR hysteresis. Am J 

Physiol Heart Circ Physiol. 2008;295:H2356-H2363.
14 Browne E, Zipes D, Heger J, Prystowsky E. Influence of the autonomic nervous system on the QT 

interval in man. Am J Cardiol. 1982;50:1099-1103.
15 Antzelevitch C. Sympathetic modulation of the long QT syndrome. Eur Heart J. 2002;23:1246-1252.
16 Ackerman MJ, Khositseth A, Tester DJ et al. Epinephrine-induced QT interval prolongation: a gene-

specific paradoxical response in congenital long QT syndrome. Mayo Clin Proc. 2002;77:413-421.
17 Burashnikov A, Antzelevitch C. Acceleration-induced action potential prolongation and early 

afterdepolarizations. J Cardiovasc Electrophysiol. 1998;9:934-948.
18 Schwartz PJ, Priori SG, Spazzolini C et al. Genotype-phenotype correlation in the long-QT 

syndrome: gene-specific triggers for life-threatening arrhythmias. Circulation. 2001;103:89-95.
19 Walker BD, Krahn AD, Klein GJ, et al. Effect of change in posture and exercise on repolarization in 

patients with long QT syndrome with HERG channel mutations. Can J Cardiol. 2005;21:33-38.
20 Colman N, Bakker A, Linzer M et al. Value of history-taking in syncope patients: in whom to suspect 

long QT syndrome? Europace. 2009;11:937-943. 





PP0904



04
I
K1

 modulates the U-wave 

Insights in a 100-year-old enigma

Heart Rhythm
2009;6:393-400

*P.G. Postema
*H.J. Ritsema van Eck

T. Opthof
G. van Herpen

P.F.H.M. van Dessel
S.G. Priori
C. Wolpert

M. Borggrefe
J.A. Kors

A.A.M. Wilde

*These authors contributed equally

Academic Medical Center, Amsterdam, The Netherlands
Erasmus Medical Center, Rotterdam, The Netherlands

Fondazione Salvatore Maugeri, University of Pavia, Pavia, Italy
University Hospital Mannheim, Mannheim, Germany



Chapter 04

| 62

ABSTRACT

Background
Since the U-wave was first described over a century ago, its genesis has been a matter of 
debate. There are two main hypotheses: intrinsic potential differences in the terminal part of 
the action potential, and mechanoelectrical feedback during diastolic relaxation.

Objective
We aimed to investigate the relationship between the U-wave and the inward rectifier current 
IK1 as this current predominantly regulates the terminal part of the action potential.

Methods
Fiducial segment averaged electrocardiograms (FSA-ECGs) were recorded in control subjects 
and in patients with a gain- or loss-of-function mutation in KCNJ2 (IK1↑ or IK1↓). Additionally 
we studied patients with a gain-of-function mutation in KCNQ1 or KCNH2 (IKs↑ or IKr↑). 

Results
FSA-ECGs revealed a U-wave in every recording (n=51). U-wave areas and amplitudes were 
found to decrease with increasing IK1 activity, from IK1↓, over normal IK1 to IK1↑. Comparison 
with previously published echocardiograms in the IKr↑-patients revealed that the U-wave starts 
well before aortic valve closure and, thus, cannot solely be explained by diastolic relaxation.

Conclusions
This study gives further insight in the 100 year old enigma of the U-wave in the human 
electrocardiogram. Not only is a U-wave noticeable in every electrocardiogram after 
appropriate signal averaging, it is modulated by either an IK1 decrease or increase with a 
corresponding increase or decrease of its amplitude. Furthermore, it occurs before aortic 
valve closure in IKr↑-patients. This strongly supports the long-lived notion that the U-wave is 
caused by intrinsic potential differences in the terminal part of the action potential.



IK1 modulates the U-wave

63 | 

INTRODUCTION

In 1906, eleven years after Einthoven’s first description of the P-QRS-T complex in a human 
electrocardiogram in 1895,1 he reported the existence of a wave after the T-wave, accordingly 
named U-wave, in a patient with ‘degenerative myocardial disease’.2 In the following years, 
Einthoven and Lewis noted the existence of a U-wave in the majority of their tracings.3,4 
Einthoven stated that the U-wave is normally of low amplitude but may reach considerable 
height in pathological cases.3 Lewis related the U-wave to the diastolic phase of the cardiac 
cycle since it appeared directly following the second heart sound.4 At present, the clinical 
significance of the U-wave is not much valued. It often escapes observation and its genesis 
has been debated over the last century. Yet, interference of a U-wave with measurement of the 
QT-interval may lead to iatrogenic harm.5-7 Further, a negative U-wave where this deflection 
is usually positive is almost always associated with cardiac pathology.5,6 The mere fact that the 
U-wave genesis remains an enigma after its first description over 100 years ago, justifies its 
further investigation.6

Historically and at present,5,6,8-11 there are 2 main hypotheses on the U-wave origin: 
1) it is generated by intrinsic potential differences between the terminal parts of action 
potentials, and 2) it is actuated by mechanoelectrical feedback with a prolonging effect on late 
repolarizing myocardium.5,8,12 For the first hypothesis different causes have been considered: 
1a) potentials occurring in the terminal part of the action potential, previously referred to 
as ‘after-potentials’, which are intrinsic to the action potential and not equivalent to early or 
delayed afterdepolarizations,5,8,13 1b) longer duration of the action potential in some parts 
of the ventricles, such as Purkinje fibers,14 papillary muscle15 or ‘M-cells’,16 and 1c) early 
or delayed afterdepolarizations.11 In contrast, the second hypothesis relates the U-wave to 
myocardial stretch during diastolic relaxation.6 

Recently, the unresolved problem of the U-wave genesis attracted renewed 
attention.17-21 Based on a computer simulation model of the left ventricle, Ritsema van Eck 
et al. reported that the U-wave is an intrinsic part of repolarization, subject to a substantial 
amount of cancellation and that, presumably, the action potential has a tapering tail that 
extends well beyond what is conventionally taken to be the end of the T-wave.18 Morita et al., 
using an experimental Andersen-Tawil-syndrome (often referred to as long QT syndrome 
type 7 [LQTS-7]) model, reported that the U-wave is associated with a delay in the late phase 
3 of the action potential.19 Both these studies are thus in support of the hypothesis that regards 
the U-wave genesis as an intrinsic part of repolarization (1a). In contrast, by comparing 
echocardiograms with the U-wave onset in SQTS-patients, it was concluded by Schimpf et 
al. that the U-wave coincided with aortic valve closure and isovolumetric relaxation, thus 
supporting the mechanoelectrical hypothesis (2).21 These contradictory results prompted us 
to further investigate this phenomenon. 
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The terminal part of the action potential is predominantly regulated by the inward 
rectifier repolarizing current IK1.

22 In the present study we further investigated the relationship 
between the U-wave and this current in the human electrocardiogram. Accordingly, we 
conducted electrocardiographic studies in controls and in patients with either a gain- or a 
loss-of-function mutation in the gene responsible for IK1 (KCNJ2) to assess the effect of these 
mutations on the U-wave. Hence, we studied patients with either SQTS-3 (IK1↑) or Andersen-
Tawil-syndrome (IK1↓). In addition, because in patients with SQTS, the short QT-interval 
facilitates observation of the U-wave, we studied patients with SQTS-1 (KCNH2 gain-of-
function mutation/IKr↑) and SQTS-2 (KCNQ1 gain-of-function mutation/IKs↑). 

METHODS

Patients
ECGs were recorded in 5 SQTS-patients, encompassing all 3 types of SQTS currently known 
world-wide. Namely, in 2 patients with a gain-of-function mutation in KCNH2 (IKr↑/SQTS-
1)23,24 (patient III-3 and IV-8 of the second family in reference23), 1 patient with a gain-of-
function mutation in KCNQ1 (IKs↑/SQTS-2)25 and two patients with a gain-of-function 
mutation in KCNJ2 (IK1↑/SQTS-3).26 Note that there is only 1 other SQTS-2 patient described 
worldwide,27 and that no other SQTS-3 patients have been described. In addition, ECGs were 
recorded in 6 patients carrying a loss-of-function mutation in KCNJ2 (IK1↓/Andersen-Tawil-
syndrome/LQTS-7), some of whom have also been described earlier.28 In these Andersen-
Tawil-syndrome patients ectopic beats were frequent and often occurring in bigeminy with an 
exit from the U-wave (example in Schoonderwoerd et al28). Still, in 2 of these 6 patients none of 
multiple recordings was fit for analysis because of the many ectopic beats, leaving 4 Andersen-

 Table 1     Group characteristics 

Control 
subjects
(n=42)

KCNH2
(Ik1↑)

SQTS-1
(n=2)

KCNQ1
(Iks↑)

SQTS-2
(n=1)

KCNJ2 
(Ik1↑)

SQTS-3
(n=2)

KCNJ2
(Ik1↓)

ATS/LQTS-7
(n=4)

Age (years) 37±2 58±14 77 24±15 38±7

Male 23(55) 0(0) 1(100) 1(50) 2(50)

VT/VF/syncope 0(0) 0(0) 1(100) 0(0) 2(50)

Antiarrhythmic drugs 0(0) 0(0) 1(100) 1(50) 2(50)

Pacemaker/ICD 0(0) 2(100) 1(100) 0(0) 1(25)
Data are mean±standard error or n(%). ↑, gain of function; ↓, loss of function; ATS, Andersen-Tawil 
syndrome; ICD, implantable cardioverter defibrillator; KCNQ1, IKs encoding gene; KCNH2, IKr encod-
ing gene; KCNJ2, IK1 encoding gene; LQTS, long QT syndrome; SQTS, short QT syndrome; VT/VF, 
ventricular tachycardia/fibrillation. Analysis of variance or Fisher exact test: no significant differences.
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Tawil-syndrome patients for analysis 
(Table 1). Siblings and spouses, non-
carriers, of individuals with a disease 
causing LQTS mutation (n=42), served 
as control subjects (Table 1). Control 
subjects had a normal ECG and an 
unremarkable medical history. 

Fiducial segment averaged 
electrocardiograms
The U-wave is a low frequency signal 
with in general a low amplitude. 
This makes it vulnerable to noise 
and filtering.5,6,8 Furthermore, to a 
certain extent, there is variability in 
the configuration of both T-wave and U-wave that results from 1) changes in heart rate, 2) 
changes in local activation times, and 3) variations in action potential duration and QT-
interval that may occur even at a constant heart rate and constant activation pattern, which 
may hinder observation of the U-wave. To account for these matters, 5-minute standard 12-
lead ECG recordings were made at rest in the supine position using the Cardio Perfect system 
(Welch-Allyn CardioControl, Delft, the Netherlands) at a sampling rate of 600Hz without 
filtering. ECGs were then signal averaged with special focus on the U-wave. For this purpose 
we used fiducial segment averaging (FSA).29 FSA uses beat-to-beat coherence of relative small 
segments within the P-QRS-T complex. Briefly, individual QRS complexes are identified by 
using a matching filter technique. The obtained trigger time points are fine-adjusted by cross-
correlating in turn a segment around the trigger-point of each individual complex with the 
average segment of the remaining complexes and then shifting the complex until maximum 
correlation is obtained. This iterative process continues until no further improvement can 
be achieved. Complexes are excluded from measurement if they are abnormal (ectopics, 
distortion) or premature. In the resultant averaged ECG complex, the fiducial-points (P-onset, 
QRS-onset, QRS-offset and T-offset) are identified. The same iterative process is then applied 
to align the individual fiducial-points; each individual fiducial-point is shifted until optimal 
correlation is achieved of the segment around this fiducial-point and the remaining complexes 
(Figure 1). The amount of shifting required, is retained and constitutes the individual variation 
in the point estimate. As a result of FSA, in the 12 separate leads the average U-wave of an 
individual becomes perceptible and the end of the U-wave can be identified. Complexes with 
U-waves that overlap with the following P-wave are excluded. The usefulness of FSA in the 
present study can briefly be described as follows: it diminishes noise and variability in the 

Figure 1  Fiducial segment averaging

Illustrative example of fiducial segment averaging (FSA). A:
Multiple TU-waves from one recording when complexes are 
aligned on the start of the QRS-complex. B: Effect of FSA with 
alignment of complexes on the end of the T-wave.
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configuration of both T-wave 
and U-wave which may hinder 
their observation. 
 In the FSA-ECGs, the 
following parameters were 
studied: heart rate (bpm), QT-
interval (ms), QU-interval 
(ms), U-wave duration (QU-
interval minus QT-interval, 
ms), QTc-interval using Bazett 
(QT/√RR) (ms), mean and 
maximal absolute area under the 
U-wave across lead I, II, V1-V6 
(ms∙µV) and the spatial U-wave 
amplitude (µV) computed from 
the vectorcardiographic X-Y-Z 
leads as reconstructed from the 
standard ECG-leads.30 

Statistical analyses
Statistical analyses were performed in SPSS 15.0.Variables were compared by one-way analysis 
of variance (ANOVA) using a Tukey-HSD or Games-Howel multiple comparisons post-hoc 
test depending on equality of variances (Levene’s). Categorical variables were compared by a 
Fisher’s exact test. ANOVA post-hoc tests for linear trend were performed for U-wave mean 
and maximal area, and spatial amplitude between patients with a loss-of-function mutation 
versus controls (normal function) versus patients with a gain-of-function mutation. Because 
there was only one patient studied with a KCNQ1 gain-of-function (IKs↑), this patient had to 
be disregarded for statistical analysis. Categorical variables were also not compared against 
patients with a KCNH2 or KCNJ2 gain-of-function mutation (IKr↑, IK1↑) because of low 
numbers (n=2). A two sided p-value<0.05 was considered statistically significant.

RESULTS

Baseline and ECG characteristics
Group characteristics are shown in Table 1. Three patients used a betablocker (IKs↑, n=1; IK1↓, 
n=2) and one patient (IK1↑) used Sotalol. Plasma potassium levels were normal in all patients. 

FSA-ECGs contained on average 317±9 P-QRS-T complexes yielding 251±11 TU-
complexes after removal of complexes with a P-wave superimposed on the U-wave. On every 

Figure 2  FSA in a control subject

Example of the FSA ECG of a control subject. Shown are the PQRS-
TU complex of I-III, V1-V6, and a detail of the U-wave in lead I-III, 
V1-V6. End of the T-wave and U-wave are indicated by vertical lines. 
FSA, fiducial segment averaging.
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FSA-ECG a U-wave was clearly present in all 12 leads, but with different morphologies in 
these leads dependent on the projection on the lead axis. Figure 2 shows a typical FSA-EG in 
a control subject. A U-wave can be discerned in all leads and often has the highest amplitude 
in lead V2/V3. The U-wave normally lasts for about 200-300ms after the end of the T-wave 
(Table 2). Figure 3 shows examples of U-wave changes in patients with either IK1 decrease or 
increase caused by a KCNJ2 loss- or gain-of-function mutations. It is obvious that the U-wave 
appears much larger in the Andersen-Tawil-syndrome patient (IK1↓, Figure 3A) than in the 
control subject (Figure 2). In the SQTS-3 patient (IK1↑, Figure 3B) the U-wave is much smaller 
than in either the control (Figure 2) or the Andersen-Tawil-syndrome patient (Figure 3A). 

A FSA-ECG of a SQTS-2 patient and a SQTS-1 patient is shown in Figure 4 (panel 
A and panel B, respectively). These patients have gain-of-function mutations in the two genes 
encoding for IKs (KCNQ1) and IKr (KCNH2). From these figures it is clear that although the 
QT-interval is shorter, there remains a marked process of repolarization after the T-wave, 
namely the U-wave, which now lasts for about 350ms (Table 2). 

FSA U-wave area and amplitude
U-wave areas and amplitudes were, on average, about 2 to 3 times larger in the patients with 
a KCNJ2 loss-of-function (IK1↓, p<0.05) and about 1.5 to 2 times smaller in the patients with 
a KCNJ2 gain-of-function (IK1↑, not significant) as compared to the other patients and to the 
controls who showed little variation in these parameters (Table 2). Therefore, ANOVA post 
tests for linear trend were performed between patients with a KCNJ2 loss-of-function (IK1↓), 

 Table 2     FSA ECG parameters

Control 
subjects
(n=42)

KCNH2 
(Ikr↑)

SQTS-1
(n=2)

KCNQ1 
(Iks↑)

SQTS-2
(n=1)

KCNJ2 
(Ik1↑)

SQTS-3
(n=2)

KCNJ2
(Ik1↓)

ATS/LQTS-7
(n=4)

QT interval (ms) 413±4* 320±25†‡ 395 397±13 449±17*

QU interval (ms) 677±9§ 667±7 740 626±3† 745±89

U-wave duration (ms) 264±6 347±18 345 230±10 296±40

QTc Bazett (ms) 429±3* 355±23†‡§ 401 437±11* 434±15*

Mean heart rate (bpm) 66±2 74±2 62 73±1 56±4

Mean U area (ms∙µV) 2690±160‡ 2459±729‡ 2528 1401±219‡ 6702±2324*†§
Max. U area (ms∙µV) 5197±323‡ 5028±1312‡ 4951 2718±556‡ 13472±4621*†§
Spatial U amplitude (µV) 3646±203‡ 4154±653‡ 3773 1922±383‡ 10417±3277*†§

Data are mean±standard error or n(%). ↑, gain of function; ↓, loss of function; ATS, Andersen-Tawil syn-
drome; KCNQ1, IKs encoding gene; KCNH2, IKr encoding gene; KCNJ2, IK1 encoding gene; LQTS, long 
QT syndrome; SQTS, short QT syndrome; Analysis of variance post-hoc test. *p<0.05 vs. Ikr↑; †p<0.05 
vs. controls; ‡p<0.05 vs. Ik1↓; §p<0.05 vs. Ik1↑.  
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vs. controls (normal IK1) versus 
patients with a KCNJ2 gain-of-
function (IK1↑). This resulted 
in a significant linear down-
sloping trend for both mean and 
maximal U-wave area, and for 
spatial amplitude, going from 
IK1 loss, over normal IK1, to gain 
of IK1 (Figure 5). 

DISCUSSION

Because the U-wave is a low 
frequency signal of, in general, 
relatively low amplitude, it 
may well be that on many 
conventional ECGs the filter 
settings and/or noise prevent 
its proper recognition. 
Furthermore, at rates above 
circa 90 bpm the U-wave 
may become engulfed by 
the next P-QRS-T complex.5 
Nevertheless, Lepeschkin 
already noted U-waves in nearly 
100% of cases in the precordial 
leads, most prominent in lead 
V3.5 We found that a U-wave 
is discernable in all leads of all 
cases processed by FSA (up 
to now well over 5000 cases) 

although loss or gain of IK1 seems to pivot its appearance. We have, indeed, never seen an 
individual without a clearly noticeable U-wave. 
 We were given the unique opportunity to record FSA-ECGs in two patients with a 
KCNH2 gain-of-function (IKr↑) who were also included in the recent report by Schimpf et al.21 
and to match our FSA-ECG findings with their echocardiograms. Figure 4B shows the FSA-
ECG of the same patient as published by Schimpf et al.21 The start of the U-wave was aligned 
with closure of the aortic valves and start of isovolumetric relaxation. Indeed, the deflection 

Figure 3  FSA in KCNJ2 mutation patients

Example of KCNJ2 gain-of-function/loss-of-function mutation FSA 
ECGs. A: FSA ECG of a patient with a KCNJ2 loss-of-function muta-
tion (Andersen-Tawil syndrome/IK1↓). B: FSA ECG of a patient with 
a KCNJ2 gain-of-function mutation (SQTS-3/IK1↑). FSA, fiducial 
segment averaging.
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in lead V2 and V3 that is referred 
to as the U-wave, seems to start 
about 105ms after the end of the 
T-wave and has its peak about 
100ms later. However, in leads 
II and III a positive deflection 
immediately following the 
T-wave can be observed, having 
its start and peak both 100ms 
earlier than the U-wave in V2 and 
V3. By definition, all variations 
of potential following the T-wave 
should be ranked under the 
term U-wave.5 Spatially there is 
only one U-wave. The different 
appearances of the U-wave in 
various leads are due to the 
varying projections on different 
lead vector axes. Consequently, 
what is described as U-wave by 
Schimpf et al. is actually a later 
phase of a U-wave that already 
started at least 100ms earlier. In 
fact, closer scrutiny of Figure 4B 
reveals that there is no isoelectric 
phase between the T-wave and 
U-wave in any of the leads but 
that T-wave and U-wave are 
parts of a single repolarization 
process. Moreover, in the patients’ mother, also part of the studied patient group,21 similar 
findings were observed. At the time of their report,21 these additional data were not available 
to Schimpf et al. 
 Thus, we must conclude that the U-wave starts well before closure of the aortic 
valves, as derived from the FSA-ECGs and echocardiograms of the patients with a KCNH2 
gain-of-function mutation. The U-wave also appears to be modulated by IK1 increase or 
decrease, as demonstrated by the FSA-ECGs of patients with a KCNJ2 loss- or a gain-of-
function mutation. There is no effect on the U-wave magnitude due to mutations causing IKs 
or IKr increase. Hence, we postulate that the U-wave is associated with IK1 regulated membrane 

Figure 4  FSA in KCNH2/KCNQ1 mutation patients

Example of KCNH2 and KCNQ1 gain-of-function FSA ECGs. A: FSA 
ECG of the patient with a KCNQ1 gain-of-function mutation (SQTS-
2/IKs↑). B: FSA ECG of a patient with a KCNH2 gain-of-function 
mutation (SQTS-1/IKr↑). FSA, fiducial segment averaging.
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potential differences in the late phase 3 or phase 
4 of the cardiac cycle and not with diastolic 
relaxation as previously presumed.6,21 
    In Figure 6, a simplified representation of the 
action potential and the ECG is shown with the 
postulated influence of a decrease or increase of 
IK1. As can be appreciated from Figure 6B and 
6C, the terminal part of the action potential is 
predominantly regulated by the inward rectifier 
repolarizing current IK1 and an increase or 
decrease of this current leads to a faster or slower 
approach to the resting membrane potential. 
The resultant changes in the ECG (Figure 6A) 
show a modest attenuation of the last part of the 
T-wave and a decrease or increase of the U-wave 
amplitude. This also explains the only modest 
prolongation of the QT-interval in Andersen-
Tawil-syndrome/LQTS-7 (IK1↓)28,31 and the 
only modest shortening of the QT-interval in 
SQTS-3 (IK1↑),26 as IK1 seems to predominantly 
regulate the U-wave and to only mildly affect 
T-wave duration. In contrast, IKs or IKr increase 
predominantly affects the T-wave and not the 
U-wave. In fact, in our experience also IKs or IKr 
decrease (LQTS-1/IKs↓ or LQTS-2/IKr↓), does 
not affect the U-wave area or spatial amplitude. 
  The idea that the U-wave corresponds to 
intrinsic membrane potential differences at 
the end of the action potential (hypothesis 
1a) was first proposed by Nahum and Hoff in 
1939.9,13 These authors continued on previous 
work of Erlanger and Gasser on nerve32 which 
revealed ‘the existence of after-potentials whose 
duration far exceeds the period of excitation 
accompanying propagation of the impulse’.13 

These after-potentials show a slow but gradual approach to the resting membrane potential 
and should not be confused with afterdepolarizations with true ‘humps’ in the action 
potential. In 1969, Lepeschkin and others apparently preferred this intrinsic after-potential 

Figure 5  U-wave parameters

U-wave; mean and maximal area, and spatial 
amplitude. Mean and maximal (absolute) area 
under the U-wave (ms∙V) and spatial Uwave 
amplitude (µV) for KCNJ2 loss-of-function muta-
tion patients (Andersen-Tawil syndrome/IK1↓), 
controls (normal KCNJ2 function/IK1), and KCNJ2 
gain-of-function mutation patients (SQTS-3/IK1↑). 
Error bars show mean±standard errors. Note the 
logarithmic scale. NS, not significant; SQTS, short 
QT syndrome.
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hypothesis.5,8,9 This notwithstanding, Lepeschkin and certainly Surawicz also considered 
the mechanoelectrical hypothesis where myocardial stretch has a prolonging effect on late 
repolarizing myocardium.6,8,9 
 Low potassium levels increase the U-wave and high potassium levels decrease the 
U-wave.33 Interestingly, Lepeschkin and Surawicz already reported that for the combination of 
hypokalemia and large U-waves, patients with familial periodic paralysis were very eligible.33 It 
is tempting to speculate that these patients were actually Andersen-Tawil-syndrome patients, 
since these features represent the hallmarks of this syndrome.19,28 On a theoretical basis the 
present data are consistent with the effect of extracellular potassium. The steepness of the 
I-V curve of IK1 critically depends on extracellular potassium.22 In the presence of elevated 
extracellular potassium, its slope is steep, increasing IK1, and in the presence of low extracellular 
potassium its slope is shallow, decreasing IK1.

22 Figure 6 illustrates that IK1 increase, by either 
hyperkalemia and/or KCNJ2 gain-of-function mutations, will be associated with a reduced 
U-wave amplitude. Conversely, IK1 decrease, by either hypokalemia and/or KCNJ2 loss-of-
function mutations, will be associated with an increased U-wave amplitude. 
 When the U-wave is indeed (partially) caused by IK1 repolarizing current as the 
present study indicates, overall electrical current must flow through the ventricular wall after 
the end of the T-wave. Therefore, local disparity of action potentials is mandatory. Small 

Figure 6  IK1 and the U-wave

Simplified presentation of the ECG (A) and the action potential with its ionic currents (B, C). The effect of loss-of-
function and gain-of-function of IK1 is illustrated in the terminal phase of the action potential (dotted lines) and 
the ECG. Note the only modest prolongation and shortening of the QT-interval in loss-of-function and gain-of-
function of IK1 and the increase and decrease of the U-wave respectively.
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potential differences between the terminal parts (phase 3/4) of action potentials may be 
enough to create current for a U-wave, provided that sufficient myocardial mass is involved.18 
An interaction between repolarizing current (IK1) and depolarizing current (Na/Ca exchange) 
probably determines this overall (net) electrical current and such a condition will be 
facilitated by heterogeneous expression of these channels in the heart.22 In preparations with 
reductionism like the canine ventricular wedge preparations, block of IK1 with CsCl creates 
a pseudo Andersen-Tawil-syndrome phenotype with mild prolongation of the QT-interval, 
prominent U-waves, frequent premature activations, ventricular arrhythmia and bidirectional 
tachycardia that could be potentiated by hypokalemia, isoproterenol, and increased heart 
rate.19 In fact, all changes in interaction between repolarizing and depolarizing current in the 
terminal phase of the action potential may well explain the U-wave changes seen in cardiac 
pathology such as ischemia or heart failure,5,22 altered calcium cycling by, e.g., inhibiting 
the intracellular Ca-binding protein calmodulin34 or membrane hyperpolarization by KATP 
openers like pinacidil.35 

When it is accepted that the U-wave is the reflection of a continuous process of 
repolarization, it is no surprise that defining the true end of the T-wave (or the true onset of 
the U-wave) is complicated,5-7,36 if not impossible. Still, the U-wave should not be included in 
measurement of the QT-interval. First, it is hard to recognize on conventional ECGs. Second, 
normal references in controls are not readily available. Third, the QU-interval has, thus far, 
not been associated with arrhythmias. 

Our findings support the long-lived notion that the U-wave is caused by intrinsic 
potential differences in the terminal phase of the action potential which appear to be 
modulated by IK1. The finding that the U-wave starts well before closure of the aortic valves 
contradicts the mechanoelectrical hypothesis, albeit that mechanical factors were not 
experimentally addressed in the present study. Hence we can also not prove or disapprove 
with the current data that the U-wave may change in response to changing ventricular 
pressure or volume as this has been used in favor of the both the mechanoelectrical and the 
intrinsic afterpotential hypothesis.6,9 As for the other two ‘intrinsic’ hypotheses, namely (1b) 
longer duration of the action potential in some parts of the ventricles, such as Purkinje fibers,14 
papillary muscle15 or ‘M-cells’,16 or (1c) early or delayed afterdepolarizations,11 this study was 
not designed to test these hypotheses. However, the first of these two remaining hypotheses 
relies on modest prolongation of the plateau or early phase 3 of the action potential in a 
(very) small part of the cardiac muscle or conduction system. The amount of prolongation 
and the myocardial mass involved makes this an unlikely mechanism in the U-wave genesis, 
as discussed previously by us and others.6,10,11 The second remaining hypothesis explaining the 
U-wave by afterdepolarizations, is likewise improbable as a U-wave is notable in all hearts, 
normal and abnormal, while afterdepolarizations are certainly not of common occurrence. It 
is, however, plausible that afterdepolarizations may augment or change preexisting U-waves 
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as they cause potential differences in the terminal part of the action potential. This may also 
imply that there is a difference between the genesis of a normal U-wave (based on intrinsic 
potential differences in the terminal phase of the action potential) and a pathological U-wave. 
A pathological U-wave may occur in pathology resulting in a change in IK1 and/or Na/Ca 
exchange, but also with the addition of afterdepolarizations.16 The latter may, for example, 
explain the (catecholamine sensitive) arrhythmias with an origin from the U-wave in 
Andersen-Tawil syndrome.19,28

Limitations
The principal limitation of the present study is the paucity of patients in some of the studied 
groups. Unlike loss-of-function mutations in KCNQ1 and KCNH2, loss-of-function 
mutations in KCNJ2 are sparse. Also, patients with a KCNJ2 loss-of-function mutation may 
have so many ectopic beats that adequate signal averaging is not possible. Furthermore, gain-
of-function mutations in any of these genes are extremely rare.23-27 Unfortunately, there are no 
other SQTS-3 patients described world-wide than the two we have studied and one of these 
patients received Sotalol.

Conclusions
This study gives further insight in the 100 year old enigma of the U-wave in the human 
electrocardiogram. Not only is a U-wave noticeable in every electrocardiogram after 
appropriate signal averaging, it is modulated by either an IK1 decrease or increase with a 
corresponding increase or decrease of its amplitude. Furthermore, it occurs before aortic valve 
closure in SQTS-1 patients. This strongly supports the long-lived notion that the U-wave is 
caused by intrinsic potential differences in the terminal part of the action potential.
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ABSTRACT

In this part of a series on founder mutations in the Netherlands, we review a Dutch family 
carrying the SCN5A 1795insD mutation. We describe the advances in our understanding of 
the premature sudden cardiac deaths that have accompanied this family in the past centuries. 
The mutation carriers show a unique overlap of long-QT syndrome (type 3), Brugada 
syndrome and progressive cardiac conduction defects attributed to a single mutation in the 
cardiac sodium channel gene SCN5A. It is at present one of the largest and best-described 
families worldwide and we have learned immensely from the mouse strains with the 
murine homologue of the SCN5A 1795insD mutation (SCN5A 1798insD). From the studies 
currently performed we are about to obtain new insights into the phenotypic variability in 
this monogenic arrhythmia syndrome, and this might also be relevant for other arrhythmia 
syndromes and the general population. 
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INTRODUCTION

Just over 50 years ago, in 1958, a 16-year-old male presented at one of our university 
hospitals (Groningen) because a routine sports examination had uncovered an abnormal 
electrocardiogram.1 This presentation eventually revealed a family accompanied by premature 
(mostly nocturnal) sudden cardiac deaths throughout the last two centuries and currently 
involves over 1000 individuals in ten generations. Moreover, in 1999 it became clear that these 
deaths and the electrocardiographic abnormalities could be attributed to a single mutation in 
the cardiac sodium channel gene SCN5A (1795insD).2 Of particular interest, carriers of the 
mutation had electrocardiographic features of long-QT syndrome, Brugada syndrome and/
or progressive cardiac conduction defects, referred to as an ‘overlap syndrome’, which was not 
yet described for cardiac channelopathies at that time. As expected in a founder mutation, 
most mutation carriers clustered in a particular geographic region (in this instance in the 
provinces of Groningen and Friesland). However, the typical ECG characteristics were later 
recognised in other parts of the country and these patients appeared to be descendants from 
the same ancestors and to carry the same mutation. In the last decade we have performed 
several clinical and pre-clinical studies in the family carrying the SCN5A 1795insD mutation 
and in mice carrying a homologue mutation (SCN5A 1798insD).1-14 In this part of a series on 
founder mutations in the Netherlands we review what we have learned from these studies and 
look forward to more insights into the observed variability in this arrhythmia syndrome and 
possibly also in other populations.

The boy and the family
The ECG of the 16-year-old boy revealed an abnormal T-wave configuration (biphasic 
T-waves) with a severely prolonged QTc interval (520 ms, figure 1A). Interestingly, it was 
only one year after the first description of long-QT syndrome with associated deafness by 
Jervell and Lange-Nielsen in 1957,15 and still prior to the description of common long-QT 
syndrome by Romano16 and Ward in the early 1960s.17 At that time the ECG of the boy did not 
show conduction defects but in the following 50 years he developed a first-degree AV block 
and QRS widening (figure 1B and 1C). Of particular interest in 1958 was his family history 
with the unexpected (nocturnal) death of his mother (aged 54 years), two sisters (aged 15 
and 26 years) and a brother (aged 21 years). It was apparent that this was a familial disease 
with a disastrous outcome and therefore the boy’s remaining family members were urged 
to visit the hospital. Soon it became clear that many of his family members displayed rather 
similar abnormal ECG findings. Notably, the most profound repolarisation abnormalities 
were always found at the lowest heart rates, suggesting a relation with the nocturnal deaths. 
However, at that time the exact origin of the premature deaths was unknown and preventive 
treatment was not possible.
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After 20 years with a lack of treatment options, antibrady-pacing was introduced in the family 
in 1978. The implantation of pacemakers proved to provide tremendous relief as no more 
deaths occurred in patients treated with antibrady-pacing during 23 years of follow-up up 
to 2001.4 Also, the favourable effect of antibrady-pacing further validated the relationship 
between the repolarisation abnormalities at low heart rates and the premature deaths, 
although the exact mechanism was still not well understood.
 Another 20 years later, in 1998, the mutation linked to the ECG abnormalities was 
uncovered (SCN5A 1795insD).2 The mutation had, as expected, occurred in the cardiac 
sodium channel gene SCN5A. At that time SCN5A had just been reported to be implicated in 
long-QT syndrome (type 3),18 Brugada syndrome,19,20 and in progressive cardiac conduction 
defects.21 As the affected family members could display all three of these syndromes (figure 
2) this was the first description of an arrhythmia overlap syndrome resulting from a single 
cardiac ion channel mutation. Moreover, the identification of the mutation enabled 100% 
specific presymptomatic screening of family members. 

Mutation-ECG relations
The relationship between long-QT syndrome and SCN5A mutations is persistent 
inward sodium current (gain-of-function) during the plateau phase of the cardiac action 

Figure 1 . ECGs of the first identified family member

Note the severe repolarisation abnormalities indicative of long-QT syndrome type 3 already apparent in the first 
ECG (A). During 50 years the PQ and QRS interval clearly prolong, indicative of progressive cardiac conduction 
defects in both atria and ventricles (B and C).
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potential causing action potential prolongation and subsequent QT prolongation.18,22 In 
contrast, Brugada syndrome and conduction disease are related to SCN5A mutations 
following a decreased sodium inward current (loss-of-function) during the upstroke of the 
cardiac action potential causing a decrease of sodium current available for activation and 
subsequent conduction slowing.19,23 Only one year after the initial publication of the 1795insD 
SCN5A mutation we learned from HEK cell studies that the mutant channels indeed exhibited 
these two seemingly incompatible features of both gain- and loss-of-function.3 The SCN5A 
1795insD mutation disrupts fast inactivation, causing sustained sodium current throughout 
the action potential plateau and prolonging cardiac repolarisation. While at the same time it 
augments slow inactivation, delaying recovery of sodium channel availability between stimuli 
and reducing the fast inward sodium current. Subsequent simulation studies and additional 
experimental studies in HEK cells further established the combination of these two seemingly 
distinct sodium channel characteristics in a single mutation.6,24 Finally we were able to 
establish a mouse strain carrying the homologue mutation (SCN5A 1798insD) which again 

Figure 2 . ECGs showing the phenotypical variation in the family

ECGs of three different family members carrying the SCN5A 1795insD mutation where the huge phenotypic 
variability and overlap syndrome can be clearly appreciated. The presence of this overlap syndrome brought us to 
recognise several mutation carriers who were not earlier linked to the family. ECG A shows predominantly a long-
QT syndrome type 3 phenotype with excessive QT prolongation during bradycardia. ECG B shows predominantly 
a Brugada syndrome phenotype with elevated coved-type ST segments, low initial R waves in the right precordial 
leads, broad P waves and QRS complexes, but also QT prolongation. ECG C shows a milder mixed phenotype 
with a first-degree AV block, wide QRS complexes, a coved-type like ST-segment in V1 and QT prolongation.
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showed the same properties of an overlap syndrome with both gain- and loss-of-function 
characteristics of the cardiac sodium channel.9 
  Only recently more insights are emerging on why the SCN5A 1795insD mutation 
would cause progressive cardiac conduction defects. This is different from functional causes 
of conduction defects due to loss-of-function sodium channel mutations (as already present 
in this family) or, e.g., sodium channel blocking drugs. Cardiac conduction defects in general 
develop with degenerative changes (fibrosis) of the cardiac conduction system as occurs 
during ageing. Progressive cardiac conduction defects, or Lev-Lenegre’s disease, manifests 
when these degenerative changes present prematurely.25,26 Although histological studies of 
the family members are lacking, we were able to study this issue in detail in mice carrying 
SCN5A mutations. Mice carrying a loss-of-function SCN5A mutation may show profound 
and progressive cardiac conduction defects resulting from the initial loss of sodium channel 
function together with a progressive decrease in intracellular coupling due to progressive 
fibrotic invasion between the cardiomyoctes and altered gap junctions.27,28 Not surprisingly, 
we documented the same phenomena in the mice carrying the SCN5A 1798insD mutation.29 
Of interest, both conduction abnormalities and histological changes are most prominently 
found in the right ventricle which recapitulates the pathophysiological substrate in Brugada 
syndrome.30,31 

Clinical characteristics
Currently, we have clinical data on 
378 family members of whom 149 
carry the SCN5A 1795insD mutation. 
As far as we are aware, the ancestral 
couple who started the family in the 
late eighteenth century married in 
Westerbroek, Groningen, and lived in 
Rottevalle, Friesland. Thus, as it is a 
founder mutation it is to be expected 
that the family is unevenly distributed 
over the Netherlands (figure 3). Only 
a few (<10) family members are 
known to live outside the Netherlands 
(mainly Germany and Australia). But 
even now, we are still discovering new 
branches of the family.

As was apparent from 1958 
onward, mutation carriers may show 

Figure 3  Distribution in the Netherlands

The founder effect can be appreciated with highest prevalence 
in the north (Friesland, Groningen).
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a profoundly prolonged repolarisation, and 
frequently show atrial, AV and ventricular 
conduction slowing and ST-segment elevation. 
However, it also became apparent that this family 
was not spared from the genetic phenomenon of 
reduced penetrance with variable phenotypical 
expression of the trait. Hence, although 
virtually all mutation carriers primarily 
show some ECG abnormalities, there is huge 
overlap between carriers and non-carriers in 
both conduction and repolarisation indices 
(figure 4). In addition there is overlap between 
the different ECG features; whereas most 
mutation carriers show ECG features of long-
QT syndrome (type 3), others rather display 
features of Brugada syndrome or conduction 
disease, and some may show a combination of 
the three phenotypes (figure 2). Holter studies 
showed that some mutation carriers exhibited 
sinus node dysfunction. Additionally, besides 
the relation between bradycardia and QT 
prolongation, there also seemed to be a role 
for the autonomic cardiac control with more 
severe QT prolongation during the night.4,10 Of 
interest, a similar effect, yet now as a protective 
mechanism, was found in a large founder family 
carrying the KCNQ1 A341V mutation which 
gives rise to long-QT syndrome type 1.32 In 
this type of long-QT syndrome, arrhythmias 
are associated with higher heart rates instead 
of lower heart rates, and lower heart rates are 
therefore protective.  

During the study of the paediatric 
cohort within the family it became evident that several ECG features showed an age-dependant 
penetrance.7 Mutation carriers started to exhibit QT prolongation in the first year after birth 
with conduction disease appearing shortly thereafter, whereas ST-segment elevation only 
developed at over five years of age. From the current data we can appreciate that this age-
dependency remains throughout life, recapitulating progressive cardiac conduction defects.33 

Figure 4  ECG characteristics

Scatterplots showing the overlap between muta-
tion carriers (filled boxes) and non-carriers (open 
circles) for (A) PQ interval vs. QRS duration, (B) J 
elevation vs. QTc interval and (C) QTc interval vs. 
RR interval. Lines represent upper limits of normal 
values. It can be appreciated that mutation carriers 
show the worst phenotypes and that there is a posi-
tive relation between PQ and QRS prolongation 
and J elevation and QTc prolongation. Additionally 
the bradycardia dependent QTc prolongation can 
be appreciated.
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Of particular interest and also similar 
to the mouse strains, the conduction 
slowing observed seems to be 
primarily located in the right ventricle 
with wider and deeper S waves in the 
inferior-lateral leads, lower initial R 
waves in the right precordial leads, 
and wider and taller terminal R waves 
in aVR.4,10  Again this recapitulates 
the pathophysiological substrate in 
Brugada syndrome.4,10 

Treatment
For 25 years our approach with 
antibrady-pacing was 100% successful. 
However, in the past six years we 
have had to acknowledge several 
sudden deaths in patients carrying 
a pacemaker. It is likely that these 

patients suffered from a tachyarrythmic event which could expectedly not be treated by the 
device. In all cases there was no (brady)arrhythmic event recorded by the device. Although 
our treatment with antibrady-pacing clearly shows survival benefit (figure 5), we are currently 
also using implantable cardioverter-defibrillators (ICD) in a subset of the patients. In 
retrospect it appeared that the patients who died suddenly with a pacemaker had more severe 
(atrio-ventricular and ventricular) conduction abnormalities than most of the mutation 
carriers, while they did not have a distinct Brugada syndrome phenotype. It is possible that 
the tachyarrhythmic risk eventually dominated the bradyarrhythmic risk in these patients, 
and a causal role for increased conduction delay, creating a tachyarrhythmogenic substrate, 
seems likely. Hence, we now selectively use ICDs to treat both bradyarrhythmias as well as 
tachyarrhythmias while accepting the (much) higher complication rates of ICDs as compared 
with pacemakers.34  

Another issue in this family, and other families with cardiac ion channel mutations, 
is preventive treatment by the avoidance of certain drugs with cardiac ion channel blocking 
effects (e.g. antiarrhythmic drugs, antibiotics and psychotropic drugs). Because this family 
shows the unique combination of long-QT syndrome and Brugada syndrome, we advise them 
to refrain from using the drugs associated with long-QT syndrome,35 as well as from drugs 
associated with Brugada syndrome.36

Figure 5  Survival

Survival plot showing mortality, with or without antibrady-
pacing in mutation carriers vs. non-carriers. It can be 
appreciated that there is a clear benefit from antibrady-pacing. 
However, also in the group with antibrady-pacing, mortality is 
observed from the age of 45 years. The three deaths between 45 
and 55 years of age in this latter group were siblings.
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Genetic modification of the arrhythmic substrate
As mentioned earlier there is a largely unexplained but extensive phenotypic variability 
between the mutation carriers and also between the mutation non-carriers. Together with the 
recent failure of treatment in several patients this urged us to better explain this variability. 
It is to be expected that genetic modifiers play an important role in determining the ultimate 
arrhythmic substrate the patients face.37 In a complex trait as present in this family it is a 
daunting task to define markers which can ultimately guide preventive treatment for the 
individual. However, within the mouse strains (the 129P2 strain and the FVB/N strain) 
we have recently discovered that genetic background indeed plays a significant role in 
determining the ultimate phenotypic expression of the disease.13 In mice from the 129P2 strain 
the SCN5A 1798insD mutation resulted in more severe conduction slowing, particularly in 
the right ventricle, as compared with mice from the FVB/N strain. Additionally, pan-genomic 
mRNA expression profiling in the two mouse strains uncovered a drastic reduction in mRNA 
encoding the cardiac sodium channel auxiliary subunit β4 (SCN4b) in the 129P2 mice as 
compared with the FVB/N mice. Hence, genetically determined differences in sodium 
current characteristics on the cardiomyocyte level can modulate disease severity. Currently 
we are performing genotyping studies to find genes modulating disease severity in the family. 
Hopefully this will help us to identify those patients at highest risk of bradyarrhythmic and/
or tachyarrhythmic events, allowing appropriate preventive measures to be taken. Ultimately, 
the discovery of genetic modifiers in this arrhythmia syndrome may have similar effects in 
other populations where they can be either antiarrhythmic or proarrhythmic. It logically 
follows that the relevance of providing insight into the genetic modulation of one arrhythmia 
syndrome carries much further than this exceptional family.
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ABSTRACT

Background
The monogenic arrhythmia syndromes, caused primarily by mutations in genes encoding 
cardiac ion channel subunits, exhibit extensive clinical variability in ECG manifestations and 
occurrence of arrhythmias. Important modifiers such as age, gender and drugs are recognized. 
However, while evidence points to a role for genetic modifiers in phenotypic variability, these 
remain largely unknown. Through linkage and association analysis in a large family with 
sodium channelopathy we aimed to identify genetic variants influencing heart rate and ECG 
indices of conduction and repolarization.

Methods and results 
This study was performed in a very large family carrying the SCN5A-1795insD mutation, 
manifesting as an overlap disorder of long-QT syndrome, Brugada syndrome and cardiac 
conduction disease. We investigated a total of 1329 tag-SNPs located in or around 18 candidate 
genes encoding ion channel subunits or interacting proteins for effects on ECG parameters by 
linkage and association analyses. 
 Linkage analysis identified significant linkage (LOD=3.7) for PQ-interval at the region 
of chromosome 21 harboring the KCNE1 and KCNE2 candidate genes. Suggestive linkage was 
detected on chromosome 3 in the region of the SCN5A, GPD1L and CAV3 genes for heart 
rate (LOD=2.0) and PQ-interval (LOD=3.1). SNP rs2834506, selected for analysis by virtue 
of its location upstream of the KCNE1 gene, encoding the IKs subunit MinK, was associated 
with PQ-interval with a p-value (p=9.8e-08) that exceeded our pre-specified Bonferroni-
corrected threshold for significance (p=3.8e-06). A closer examination of the location of this 
SNP identified that it is actually located within intron 3 of the RCAN1 gene, located a few kilo 
base-pairs upstream of KCNE1. The RCAN1 gene encodes ‘Regulator of Calcineurin 1’ which 
is highly expressed in heart and regulates calcineurin, a calcium-activated phosphatase that 
promotes hypertrophic growth of the heart. Transgenic mice overexpressing constitutively 
active calcineurin display premature sudden death and profoundly prolonged PQ-intervals, 
and cells isolated from these mice before the development of hypertrophy display reduced INa. 

Conclusions
We here identify a locus on chromosome 21q22.12 as a modulator of cardiac conduction, 
providing highly relevant candidate target genes for future studies aimed at deciphering the 
molecular basis of cardiac conduction.
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INTRODUCTION

The genetic basis of the monogenic cardiac arrhythmia syndromes associated with sudden 
cardiac death (SCD) has been brought into focus over the last decade and a large spectrum 
of mutations, primarily in genes encoding components of cardiac ion channels, has been 
reported.1 This has had remarkable impact on the management of these disorders since 
it enabled genetic testing, allowing for presymptomatic identification and gene specific 
treatment of patients at risk of developing fatal arrhythmias. Moreover, the ability to diagnose 
patients independently from electrocardiographic (ECG) and arrhythmic manifestations led 
to the realization that these disorders are not spared from the genetic phenomena of reduced 
penetrance and variable expression typical of monogenic disorders.2,3 Thus, in the monogenic 
cardiac arrhythmia syndromes extensive variability in clinical manifestations may be observed 
among family members carrying an identical ion channel gene mutation. Some individuals 
carrying the mutation may exhibit overt ECG abnormalities and suffer fatal arrhythmias, 
whereas others might not have the ECG changes and may never develop arrhythmias. Ever 
since their inception in genetic research, these phenomena have been tightly linked to 
interactions between environmental and genetic modifiers with the particular pathogenic 
mutation. Some important modifiers such as age, gender, heart rate and drugs are already 
recognized.4-7 However, while evidence points to a role for genetic modifiers in phenotypic 
variability,3,8-12 these remain largely unknown.
 In the present study we aimed to identify genetic variants influencing cardiac electrical 
behavior by linkage and association analysis at chromosomal loci harboring 18 candidate genes 
involved in cardiac electrical activity. This was performed in a very large family with cardiac 
sodium channelopathy as a consequence of the SCN5A-1795insD mutation, manifesting 
as an overlap disorder of long-QT syndrome (type 3), Brugada syndrome and progressive 
cardiac conduction disease.4,5,13-15 The pleiotropic effects of this particular mutation makes 
this family an ideal sensitized “model” to uncover genetic factors modulating both cardiac 
depolarization as well as repolarization at both the atrial and ventricular levels. Accordingly, 
we sought to identify loci modulating heart rate and ECG indices of atrial, atrio-ventricular 
and ventricular conduction and ventricular repolarization. Our data provides strong evidence 
for a role of chromosome 21q22 in the region of the KCNE1, KCNE2 and RCAN1 genes in 
cardiac conduction.

METHODS

Study population
The study population consisted of a large white Dutch kindred segregating the SCN5A-
1795insD mutation associated with manifestations of long-QT syndrome (type 3), Brugada 
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syndrome and progressive conduction disease occurring either in isolation or in combinations 
thereof.4,5,13,14 Carrier status for SCN5A-1795insD was determined by direct sequencing as 
described previously.13 Only individuals with DNA and ECG available were included. All 
study participants provided their (written) informed consent and the study was approved by 
the institutional review boards. 

Phenotyping
Heart rate and ECG indices of conduction and repolarization were measured from the last 
available resting ECG in the absence of anti-arrhythmic drugs. All ECGs were digitalized 
and analyzed using ImageJ (http://rsb.info.nih.gov/ij/). Only sinus rhythm complexes were 
analyzed. Measurement of all parameters (heart rate, PQ-interval, QRS-duration and QT-
interval) were done manually on-screen, in lead II whenever possible.16 Parameters were 
averaged from up to 3 consecutive beats with similar preceding RR-intervals. For QT and 
heart rate corrected QT (QTc), the tangent method with Bazett’s correction was used.17 
Additionally we determined right precordial ST-elevation as the maximal ST-elevation at the 
J-point in any lead among leads V1-V3.

SNP selection and 
genotyping
Eighteen candidate genes 
likely to modulate heart 
rate or ECG parameters 
of conduction and 
repolarization (Table 1) 
were selected on the basis 
of either being (1) disease 
causing genes of cardiac 
arrhythmia syndromes, 
(2) associated with QT-
interval in genome-wide 
association studies in 
the general population, 
and (3) genes encoding 
key subunits of the ion 
channels encoded by the 
aforementioned genes. 
 Single nucleotide 
polymorphisms (SNPs) 

Figure 1  Pedigree of the studied kindred

Pedigree of the kindred carrying the SCN5A-1795insD founder mutation. 
Males are presented as squares, females as circles. 
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for genotyping were selected from all HapMap 
SNPs (http://www.hapmap.org/) available 
for the CEU population (Utah residents with 
ancestry from northern and western Europe) 
within these genes and 50 kb upstream and 
downstream of these genes. Tag SNPs were 
selected using the Tagger program18 such that all 
SNPs with a minor allele frequency >5% were 
captured with r2>0.8. SNPs with low Illumina 
quality design scores were replaced where 
possible by another SNP tagging the same 
haplotype block. A total of 1428 SNPs were 
derived in this way for genotype analysis in the 
family. 
 SNP genotyping was performed using 
a custom assay (GoldenGate) on an Illumina-
BeadStation500GX (Illumina Inc., SanDiego, USA). SNPs and samples with call rates <95% 
were removed from further analyses. Data were checked for Mendelian inconsistencies using 
the mistyping method implemented in Mendel 8.0.19

Statistical analyses
Except for ST-elevation, phenotypic data for mutation carriers and non-carriers were normally 
distributed (Shapiro-Wilk-test, W>0.90) and are reported as the mean±standard deviation. 
ST-elevation is reported as median and interquartile range and was rank-transformed for 
subsequent analyses. Differences in ECG characteristics of mutation carriers and non-carriers 
and effects of gender and age on these ECG-characteristics were analyzed using SOLAR 4.1.6. 
with a threshold for significance of 0.05.20 Correlations between ECG characteristics were 
expressed as Pearson correlation coefficients (r). 
 Genetic distance maps were calculated using the kosambi mapping function 
(Mendel). As this is a family-based study, very little recombination was observed resulting in 
very small distances between the genes (0.001-3.49cM). Estimation of (multipoint) identity by 
descent and linkage analyses were carried out using SOLAR. Two linkage models were used; 
1) adjusted for age and gender, and 2) additionally adjusted for SCN5A-1795insD mutation 
carrier status. The latter model was used to identify effects of SNPs independent of the (large) 
effect of the SCN5A-1795insD mutation. All logarithm of the odds (LOD)-scores reported 
were corrected for inaccuracy caused by possible non-normal trait distribution using the 
empirical LOD-adjustment in SOLAR. We considered a LOD-score >1.9 as suggestive linkage 
and >3.3 as genome-wide significant linkage following proposed thresholds.21

 Table 1       Studied loci and genes

Location Gene

1p13.3-p11 CASQ2

1q23.3-q43 NOS1AP, RYR2

2p23.3 FKBP1B

3p21-p25 SCN5A, GPD1L, CAV3

4q25-q27 ANK2

7q21-q35 AKAP9, KCNH2

11p15.5 KCNQ1

11q23.3 SCN4B

12p13.3 CACNA1C

17q23-q25.3 SCN4A, KCNJ2

19q13.1 SCN1B

21q22.12 KCNE2, KCNE1
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 Family based association analyses were performed using the linear mixed effect 
model function (lmekin) in the Kinship package (1.1.0-22, Atkinson&Therneau, 2008) in R 
(http://www.r-project.org/). For each SNP-phenotype relationship, an additive genetic model 
was initially assumed. To test this assumption, a heterozygosity indicator variable was added 
to the additive model. In case of a significant (p<0.1) deviation from additivity, the SNP-
phenotype relationship was modeled using either the dominant or recessive genetic model, 
depending on the direction of the deviation. Similar to the linkage analysis, two models were 
used; 1) adjusted for age and gender, and 2) additionally adjusted for carrier status. 
 A total of 1329 out of 1428 SNPs (93%) passed the quality control criteria and were 
included in the linkage and association analyses. The number of independent SNPs was 1308 
(Nyholt’s method).22 The significance threshold for association was calculated by dividing α 
(0.05) by the number of independent tests (1308) x6 phenotypes and x2 models, resulting in 
a stringent (bonferroni corrected) significance threshold of p<3.8e-06. 

RESULTS

Study population and ECG parameters
An extensive genealogical study allowed us to trace the family back to the eighteenth century 
(Figure 1). For this study, DNA and ECG was available for 217 cases (101 carriers) from the 
last 4 generations (Table 2). Gender, age and heart rate distributions were similar in carriers 
versus non-carriers. As expected, conduction and repolarization parameters were significantly 
prolonged in carriers versus non-carriers and carriers displayed more ST-elevation than 
non-carriers (2). There was a striking variability in all ECG-parameters, both among 
carriers and non-carriers (Figure 2). QRS-duration was correlated to PQ-interval in both 
carriers and non-carriers, but this was considerably more pronounced in carriers (carriers: 
r=0.50, p=1.1e-07; non-carriers r=0.24, p=0.01, Figure 2A). The heart rate dependency of 

 Table 2     Baseline and ECG characteristics

Carriers (n=101) Non-carriers (n=116) p-value

Age (years) 33±20 37±19 0.08

Male gender 48(48) 54(47) 0.89

Hear rate (bpm) 75±19 74±17 0.80

PQ interval (ms) 181±28 154±26 1.1e-11

QRS interval (ms) 102±17 88±13 2.0e-10

QTc interval (ms) 453±32 397±22 2.2e-36

Max. ST elevation V1-V3 (0.1 mV*) 0.5(0.25-1.00) 0.25(0.00-0.63) 1.4e-04

Data are mean±SD, n(%) or median (interquartile range). *, corresponding to 1mm on a standard calibrated ECG
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ventricular repolarization can be appreciated 
in Figure 2B. The correlation between QTc 
and heart rate differs in the carriers (r=-
0.23, p=1.9e-0.2) and non-carriers (r=0.42, 
p=3.2e-06). While in non-carriers QTc 
decreases with decreasing heart rate, we 
confirm earlier findings that in carriers QTc 
increases with decreasing heart rate.13

Influence of age and gender
Both age and gender affected the ECG 
parameters, particularly conduction indices 
(Table 3). Females had shorter PQ and QRS-
intervals and lower ST-elevation. PQ- and 
QTc-intervals increased with increasing age, 
while heart rate decreased with increasing 
age. For QRS-duration, the increase with 
increasing age was significantly larger 
for mutation carriers compared to non-
carriers, 0.47 (p=4.5e-09) vs. 0.12 (p=0.06), 
respectively (Figure 3). ST-elevation seemed 
to increase with age and specifically in 
mutation carriers. The proportion explained 
variance by the model including sex and 
age ranged from 2–12%. Carriers had 
significantly prolonged conduction (PQ, 
QRS) and repolarization (QTc) indices 
and inclusion of carrier status in the model increased the amount of explained variance 
considerably and up to 56% for QTc.

Linkage analyses
LOD scores obtained in linkage analysis using age and sex as covariates (model 1), exceeding 
the thresholds for significant and suggestive linkage are presented in Table 4. As expected due 
to the effects of the SCN5A-1795insD mutation, using this linkage model, high LOD-scores 
were observed for conduction (PQ, QRS) and repolarization (QTc) indices, at the region of 
SCN5A on chromosome 3 (LOD-scores of 12.9, 6.3 and 19.5, respectively). 
 Using the model with additional correction for SCN5A-1795insD mutation 
carriership, linkage emerged that was not detected in the previous analysis (Table 4). The 

Figure 2   ECG parameters

Relations between ECG parameters in mutation cariers 
and non-carriers. A: PQ vs. QRS, B: QTc vs. heart rate.
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chromosome 21 locus in the region of KCNE1 and KCNE2 showed significant linkage to PQ-
interval (LOD= 3.7), while the chromosome 3 region harboring the candidate genes SCN5A, 
GPD1L and CAV3 displayed suggestive linkage with PQ interval (LOD=3.1) and heart rate 
(LOD=2.0).  

Association analysis
In association analysis with correction for age and gender, all phenotypes were found to be 
highly associated with SNPs in and around the SCN5A gene on chromosome 3 (data not 
shown). In association analysis with additional correction for carriership of the mutation, 
association passing our stringent significance threshold was detected between SNP rs2834506 

on chromosome 21 in the region of the 
KCNE1 and KCNE2 genes and PQ-
interval (p=9.8e-08; Figure 4). A significant 
dominance deviation was found for this 
relationship and the best fitting model was 
a dominant genetic model. The G-allele 
was associated with increased PQ-intervals 
both in mutation carriers as well as in non-
carriers (Table 5). Although the effect of the 
G-allele tended to be greater in mutation 
carriers as compared to non-carriers, an 
interaction model between SNP rs2834506 
and carriership showed only a weak trend 
for an interaction between the effect of this 
SNP and the mutation (p=0.27). Adding 
the SNP rs2834506 to the linkage model for 

 Table 3     Effects of age, gender and carrier status

Phenotype Female vs. male Age (per year) Carriers vs. non-
carriers

Age x carrier

β±SE    β±SE p-value    β±SE p-value   β±SE p-value   β±SE p-value

Heart rate (bpm) 2.7±2.1 0.204 0.27±0.06 2.6e-06 0.7±2.1 0.749 - 0.225

PQ (ms) -8.4±2.9 0.004 0.72±0.07 3.3e-20 29±3 1.0e-18 - 0.278

QRS (ms) -8.2±1.7 2.8e-06 0.09±0.06 0.118 15±2 2.7e-15 0.28±0.09 0.002

QTc (ms) 2.8±3.5 0.423 0.38±0.09 4.8e-05 62±4 2.6e-44 - 0.386

ST (0.1mV) † lower 4.1e-04 none 0.165 higher 3.4e-04 increase 0.016

* Model 1: gender and age; model 2: gender, age and carrier status (and interaction if p<0.01). SE, standard error; †, 
rank transformed

Figure 3  Age vs. QRS

Relationship between age and QRS in female and male 
SCN5A-1795InsD carriers and non-carriers.
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PQ-interval resulted in a complete disappearance 
of the linkage signal on chromosome 21, 
indicating that this SNP underlies the linkage 
peak in the linkage analysis.
 Relaxing the p-value threshold to the arbitrary 
level of p<5.0e-05 identified two additional 
associations, rs7539281 upstream of the NOS1AP 
was associated with QTc-interval (p=4.0e-05) and 
rs1842082 within the RYR2 gene was associated 
with QRS-duration (p=1.2e-05). 

DISCUSSION

In this study we investigated the role of candidate genes encoding ion channel subunits in 
modulation of heart rate, and ECG indices of cardiac conduction and repolarization in a large 
Dutch pedigree harboring the SCN5A-1795insD mutation. Through linkage and association 
analyses in this family, we identified for the first time a region on chromosome 21 (21q22.12), 
in the region of the KCNE1 and KCNE2 genes, associated with atrio-ventricular conduction. 
We also validate SNPs associated to ECG parameters in recent GWAS studies. Furthermore, 
the large number of SCN5A-1795insD mutation carriers in this family, allowed us to extend 
on previous observations that conduction disease due to SCN5A mutation is progressive and 
that the natural age-related slowing of conduction is exacerbated in SCN5A mutation carriers.

Recent genome-wide association studies in the general population have uncovered a 
number of SNPs in various genes associated with heart rate, and ECG indices of conduction 
(PQ, QRS and repolarization (QTc).23-25 As for most biological traits the loci identified display 
small effect sizes and in aggregate explain only a small fraction of the total heritability for a given 
trait. Thus a large portion of heritability remains unexplained. A complementary approach to 
such population studies are family-based studies which although requiring appreciable effort 

 Table 3     Models

Phenotype R2 R2

Model 1* Model  2*

Heart rate (bpm) 8 9

PQ (ms) 12 41

QRS (ms) 11 33

QTc (ms) 2 56

ST (0.1mV) † 4 13

 Table 4     LOD-scores and corresponding chromosomal position

Heart rate PQ QRS QTc ST

With adjustment for age and gender - 12.9
(3p21-p25)

6.3
(3p21-p25)

19.5
(3p21-p25)

-

With adjustment for age, gender and 
SCN5A-mutation carriership

2.0
(3p21-p25)

3.7
(21q22.12)

- - -

3.1
(3p21-p25)

- - -

 Only loci with logarithm of the odds (LOD)-scores above the threshold for suggestive linkage (LOD>1.9) are 
displayed.
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and resources for recruitment of family members, offer distinct advantages.26 They are robust 
against population admixture and stratification and, allow both linkage and association to 
be tested. The family studied here also offers an additional advantage in that it represents a 
sensitized model for the traits of interest since it segregates the SCN5A-1795insD mutation 
associated with prolonged conduction and repolarization.

We provide strong evidence in support for a role of genetic variation on chromosome 
21q22.12 in modulation of PQ interval. Evidence obtained from linkage analyses is 
corroborated by the highly significant association with PQ-interval obtained for multiple 
SNPs in this chromosomal region. The most significant SNP (rs2834506) within this region 
displayed a p-value (p=9.8e-08) that not only passed our stringent pre-determined threshold 
for significance (p<3.8e-06) but was even borderline significant when one considers the 
commonly used genome-wide significance p-value cut-off of p<5.0e-8 corresponding to 
Bonferroni adjustment for 1 million independent tests.27 However, a role for this chomosomal 
region harboring KCNE1 and KCNE2 in regulation of atrio-ventricular conduction is rather 
unexpected. These genes encode β-subunits, respectively MinK and MiRP-1, of the major 
repolariation currents IKs and IKr. Thus, genetic variation at these genes would be expected 
to affect cardiac repolarization rather than conduction. However, although it is commonly 
held that the MinK subunit modulates the function of the IKs α-subunit encoded by KCNQ1, 
while MiRP-1 modulates the function of the IKr α-subunit encoded by KCNH2, the exclusivity 
of these interactions has been a subject of debate and there is evidence from co-expression 
studies in heterologous cells that the interaction of these β-subunits might not be restricted 
to one particular α-subunit. For instance, MiRP-1 has been reported to alter the functional 
expression of Kv4.2,28, KCNQ1,29 and HCN channels,30 and mutations in KCNE2 seem to 
modulate Ito generated by the Kv4.3 subunit.31 One could therefore speculate that MinK or 
MirP1 could potentially also affect channel subunits involved in conduction.32 In support of the 
idea that auxiliary channel subunits modulate multiple ioinic currents, post-transcriptional 
gene silencing of KChIP2 in neonatal rat cardiomyocytes suppressed both the repolarizing 
current Ito as well as INa, consistent with a functional coupling of these channels.33

 Another intriguing possibility is that the linkage and association signal detected for 
PQ at chromosome 21q22.12 is not arising through effects from either of the KCNE1 and 

 Table 5     PQ interval per genotype at rs2834506 in carriers and non-carriers

PQ interval

AA (n=94) AG (n=78) GG (n=34)

Carriers 170±27 (n=51) 190±25 (n=25) 197±27 (n=14)

Non-carriers 150±22 (n=43) 157±31 (n=53) 153±19 (n=20)
 Data are mean ± SD. 
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KCNE2 genes but rather 
through another gene in the 
region. Inspection of the 
association signals within 
this region shows that the 
most highly associated 
SNP, rs2834506, which we 
selected for genotyping by 
virtue of the fact that it lies 
upstream of the KCNE1 
gene, actually lies within 
intron 3 of the RCAN1 
gene (previously called 
MCIP) encoding ‘Regulator 
of Calcineurin 1’ (Figure 4). 
Rcan1 is highly expressed 
in heart and regulates 
calcineurin, a calcium-
activated phosphatase that 
promotes hypertrophic growth of the heart.34 Interestingly, transgenic mice overexpressing 
constitutively active calcineurin display premature sudden death and profoundly prolonged 
PQ-intervals.34-36 Action potential recordings in neonatal cells from these mouse hearts 
before the development of hypertrophy showed decreased action potential upstroke velocity 
(dV/dtmax) and decreased INa, suggesting that alternations in this current are directly and 
independently linked to the same calcineurin signaling pathway as myocardial hypertrophy.37 
One study also showed decreased SCN5A mRNA and Nav1.5 protein in calcineurin-
overexpressing mice.36 Taken together, these data support a role for calcineurin in regulation 
of atrio-ventricular conduction through INa and therefore provide evidence for a potential 
role of Rcan1, as an important regulqator of calcineurin, in conduction. Moreover, studies 
of calcium homeostasis in myocytes isolated from knock-in mice harbouring the mouse 
homolog of the mutation in the family,15,38 demonstrated increased intracellular Ca2+ as a 
consequence of the mutation which could be expected to activate calcineurin (C.A. Remme,  
A. Baartscheer, unpublished data). If this is the case and if the RCAN1 SNP we identified 
affects the calcineurin pathway, then one would expect to find more pronounced effects 
of rs2834506 in mutation carriers versus non-carriers. Indeed, although formal testing for 
an interaction between rs2834506 and mutation carriership only showed a trend for an 
interaction, the difference in PQ-interval as a function of genotype at this SNP was much 
more pronounced in carriers versus non-carriers. In addition, while there were four mutation 

Figure 4  Assocation of PQ with chromosome 21q22.12

Association results of SNPs at the chromosome 21q22.12 region with 
PQ-interval in the family (Figure generated using SNAP44). Recombina-
tion fraction is according to HapMap CEU data. The correlation (r2) of the 
interrogated SNPs with rs2834506 is represented by red shading, with the 
strongest red representing the strongest correlation.
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carriers who died suddenly but who did have a pacemaker, three of them were homozygous 
for this SNP.
 In this study we also report suggestive linkage of chromosome 3 in the region of 
the CAV3, GPD1L and SCN5A genes in modulation of heart rate and PQ-interval. SCN5A 
encodes the pore-forming α- subunit of the cardiac sodium channel, while CAV3 and GPD1L 
encode respectively caveolin-3 and glycerol-3-phosphate dehydrogenase 1-like protein, both 
interacting with the sodium channel α-subunit.39,40 This effect was detected in the analysis 
correcting for carriership of the SCN5A mutation, suggesting that genetic variability within 
this region, separate from the causal mutation in this family, also impacts on heart rate and 
atrio-ventricular conduction. 
 In recently published GWAS meta-analysis studies for QT-interval in the general 
population,41,42 genetic variation within or upstream of the NOS1AP gene was consistently 
the most significant association with this trait. In both of these studies rs12143842 emerged 
as the most strongly associated SNP in this region. Although in our study, this SNP was not 
genotyped directly, it was captured by SNP rs16847584 with an r2 of 0.82 (HapMap CEU) 
which was in turn significantly associated with QTc in our data (p=4.0e-04). The SNP most 
strongly associated with QTc in our data was however rs7539281 (p=4.0e-05). 
 In this study, as spontaneous type-1 Brugada ECGs were sparse within the family,13,14 
we chose for the intermediate continuous phenotype of ST-elevation. Although carriers 
showed more ST-elevation than non-carriers, we did not detect linkage or association for the 
region of SCN5A with this parameter.
 Cardiac conduction deteriorates with aging, presumably due to degenerative 
changes (fibrosis) in the conduction system. In Lenegre-Lev disease, a disorder associated 
with mutations in SCN5A, conduction disease as a consequence of the sodium channelopathy 
displays a progressive nature and a French study in a family with this disorder showed that 
above 40 years of age, worsening of conduction with increasing age was greater in individuals 
carrying the SCN5A mutation as compared to non-carriers.43 Our data, carried out in a much 
larger kindred confirms these findings. Although cardiac histological studies of carriers with 
SCN5A-1795insD are not available, the mouse model carrying this mutation indeed displays 
age-related development of fibrosis not present in wild-type, attesting to a role of the SCN5A 
mutation in this process.38 

Limitations 
As this was a candidate gene approach we are currently not informed on the effect of other 
genes. Although intuitive, the relevance of the present findings outside this family needs to be 
confirmed in other monogenic arrhythmia syndromes and population based studies.
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Conclusion
We here identify a locus on chromosome 21q22.12 as a modulator of cardiac conduction, 
providing highly relevant candidate target genes for future studies aimed at deciphering the 
molecular basis of cardiac conduction.
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ABSTRACT

We describe a family harboring two SCN5A mutations: the SCN5A ∆KPQ mutation, the 
‘classical’ gain-of-function mutation associated with Long-QT syndrome, and the SCN5A 
I1660V mutation, a loss-of-function mutation associated with Brugada syndrome. With the 
knowledge of the association of these mutations, we were surprised by the result of genetic 
testing in this family. One son who carried the ∆KPQ mutation but did not carry the I1660V  
mutation did not show the expected Long-QT phenotype but, unexpectedly, showed a 
conduction disease/Brugada phenotype. 
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INTRODUCTION

The importance of mutations in the cardiac sodium channel gene (SCN5A) in inheritable 
arrhythmia syndromes has been known since the mid 1990s.1-4 Subsequently mutations 
were described which caused either Long-QT syndrome (type 3),2 Brugada syndrome,3 
or progressive cardiac conduction defects (also known as Lev-Lenegre’s disease).4 The 
pathophysiological mechanism explaining these different phenotypic expression originate 
from either gain-of-function (Long-QT syndrome) or loss-of-function characteristics 
(Brugada syndrome, progressive cardiac conduction defects) of the mutant sodium channels.5 
The gain-of-function mutations result in persistent inward sodium current during the plateau 
phase of the cardiac action potential causing action potential prolongation. The loss-of-
function mutations result in decreased sodium inward current, causing a decrease of sodium 
current available for activation. Hence, conduction slowing ensues. In addition, structural 
derangements initiated by the mutant channels may play a role in the latter.6 Therefore, from 
the electrocardiographic phenotype one can already presume either a gain- or a loss-of-
function defect. Interestingly, in 1999 a SCN5A mutation (1795insD) was described which 
caused both Long-QT syndrome, Brugada syndrome and progressive cardiac conduction 
defects, referred to as an overlap syndrome.7,8 Not surprisingly it was discovered that the 
mutant channels exhibited both gain- and loss-of-function characteristics.9 
 In the past years it became increasingly clear that variable phenotypic expression 
(also known as incomplete penetrance) is often present. While about 50% of a family 
carries the mutation, there are often only a few who actually experience symptoms and the 
electrocardiographic signature of the mutation is present in very variable degrees. Apart from 
the influence of environmental factors, genetic modifiers may play a pivotal role in this issue.10 
However, sometimes we are even more puzzled by the result of genetic testing. In the present 
report we describe a family harboring two SCN5A mutations: the SCN5A ∆KPQ mutation, 
the ‘classical’ gain-of-function mutation associated with Long-QT syndrome,1 and the SCN5A 
I1660V mutation, a loss-of-function mutation associated with Brugada syndrome.11 With the 
knowledge of the association of these mutations, we were surprised by the result of genetic 
testing in this family. 

METHODS AND RESULTS

All patients provided written informed consent.

Case report: After the successful resuscitation of a 69 year old female (the proband), laboratory 
investigation revealed a low serum potassium (3 mmol/l) which was restored. The ECG is 
depicted in figure 1. There is sinus rhythm, 73 bpm, with normal conduction intervals and 
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a prolonged QTc of 480 ms with a stretched ST segment and a late onset T-wave. Holter 
recordings showed severe QT prolongation upon bradycardia. Additional cardiological 
investigation, including exercise testing, echo and coronary angiography, was without 
abnormalities. As the inheritable arrhythmia syndrome Long-QT syndrome was suspected, 
she was referred to our cardiogenetics outpatient clinic together with her two sons.

ECGs of her two sons (46 and 43 years old) were obtained. The ECG of the oldest 
son (46 years of age, figure 2A) shows sinus bradycardia, 59 bpm, with slightly prolonged 
conduction intervals (PQ 220 ms, QRS 105 ms). The T-wave morphology is abnormal with 
a biphasic T-wave in V4 and low amplitude late onset T-wave in other lateral leads. QTc is 
prolonged (500 ms) and there is some ST-elevation in the right precordial leads followed by 
negative a T-wave suggestive of Brugada syndrome. The ECG of the younger son (43 years 
of age, figure 3) shows sinus bradycardia, 50 bpm, high to normal PQ interval (197 ms) and 
wide QRS (130 ms). The ST-segment is somewhat elevated in the right precordial leads and 
the QTc-interval is normal (427 ms). Although the father of the family was deceased (due to a 
malignancy at the age of 73 years) an ECG performed several years before his death showed a 
high PQ interval (215 ms) and a normal QRS and QTc interval duration (not shown). 

The combination of the ECG features found in the mother and her two sons 
(bradycardia, conduction delay, QTc-prolongation and ST-elevation), closely resembled the 
electrocardiographic phenotype in the previously mentioned family with an overlap syndrome 
based on the SCN5A 1795insD mutation with both gain- and loss-of-function characteristics 
(figure 2B).7,8 This prompted us to screen SCN5A for this particular mutation first in the 
oldest son (patient II:1, figure 4) who had the most severe ECG abnormalities with a mixed 
phenotypic expression of Long-QT syndrome and Brugada syndrome. However, the SCN5A 
1795insD mutation was not found. Instead, screening of SCN5A first revealed the SCN5A 
gain-of-function ∆KPQ mutation, and, actually not unexpectedly, also a loss-of-function 
SCN5A mutation, I1660V. In the mother (patient I:1) who had the Long-QT phenotype, the 
same ∆KPQ mutation was identified. However, in the youngest son (patient II:2) who had a 

Figure 1  ECG of the resuscitated mother

The ECG shows sinus rhythm, 73 bpm, with normal conduction intervals and a prolonged QTc of 480 ms with a 
stretched ST segment and a late onset T-wave, suggestive of Long-QT syndrome type 3.
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Brugada syndrome-like phenotype and no 
Long-QT phenotype, the SCN5A I1660V 
mutation was not identified, instead he 
carried the same SCN5A ∆KPQ mutation 
as his mother and brother. Further 
screening in the family did not reveal 
other mutation carriers. In addition, all 
family members were homozygous for 
H558.12 Ajmaline provocation testing was 
not performed.

DISCUSSION

The present family displays a complex 
SCN5A-related phenotype with features 
of both Long-QT syndrome and Brugada 
syndrome (figure 2A). Overlap syndromes 
with different electrocardiographic 
features of SCN5A-related syndromes 
at different cardiac levels have been 
recognized from single mutations.7,8,13 In 
general these features are reasonably well 
explained by functional biophysical studies 
of the mutant protein in heterologous 
expression systems.9,13 For the SCN5A 
∆KPQ mutant the sentinel study of Bennett 
et al.1 clearly demonstrated the presence of 
persistent inward current during the plateau 
phase of the action potential, explaining 
the Long-QT phenotype. The SCN5A 
I1660V mutant channels show a trafficking 
defect leading to haploinsufficiency in 
the heterologous state as associated with 
Brugada syndrome.11 

Patient I:1, the mother, with 
the gain-of-function SCN5A ∆KPQ mutation has a ‘clean’ Long-QT (type 3) phenotype, as 
expected. Patient I:2, the father, from whom no DNA was available, might have harbored the 
SCN5A I1660V mutation which would explain the prolonged PQ interval. Patient II:1, the 

Figure 2  ECG of the oldest son

A. ECG of the oldest son: sinus bradycardia, 59 bpm, 
with slightly prolonged conduction intervals (PQ 220 ms, 
QRS 105 ms). The T-wave morphology is abnormal with 
a biphasic T-wave in V4 and low amplitude late onset 
T-wave in other lateral leads. QTc is prolonged (500 ms) 
and there is some ST-elevation in the right precordial 
leads followed by negative a T-wave, suggestive of an 
overlap syndrome between Long-QT syndrome type 
3 and Brugada syndrome. B. ECG of a carrier of the 
SCN5A 1795insD mutation from an earlier described 
family with an overlap syndrome between Long-QT 
syndrome type 3, Brugada syndrome and progressive 
cardiac conduction defects.7,8 Most evident in this patient 
is the Long-QT type 3 phenotype with late onset and 
biphasic T-waves. In addition, conduction intervals are 
high to normal (PQ 190 ms, QRS 113 ms) and there is 
some ST-elevation in the right precordial leads followed 
by a negative T-wave.
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oldest son, with both the gain-of-function SCN5A ∆KPQ mutation and the loss-of-function 
SCN5A I1660V mutation had prolonged QT and displayed long conduction intervals at 
different cardiac levels and a (mild) Brugada-phenotype with suggestive J elevation in V1 
and V2 (although without a type-1 or coved-type Brugada ECG) as compatible with these 
two (both gain-of-function and loss-of-function) mutations. The unexpected result, however, 
was observed in patient II:2, the youngest son. If anything, this patient demonstrates a ‘loss-
of-function-phenotype’, with clear conduction disease, some right precordial ST elevation 
and no QT prolongation. Yet only the ‘classical’ gain-of-function Long-QT ∆KPQ mutation 
was found. Interestingly, slightly prolonged conduction intervals have been noted earlier in 

SCN5A ∆KPQ mutation carriers.14

 The late onset of the T-wave in lead I, and 
especially during bradycardia, as seen in patients 
I:1 and II:1 is considered typical for SCN5A 
associated Long-QT syndrome (type 3).7,8 
Prolonged conduction indices and elevated ST-
segments resemble the Brugada and conduction 
disease phenotype associated with SCN5A 
mutations as seen in patients II:1 and II:2.15 A 
mixed phenotypic expression might be seen in 
mutations harboring both gain- and loss-of-
function characteristics, and also compound 
heterozygous mutations have been described 
which may lead to overt (mixed) phenotypes.6-8,11,13 
In addition, incomplete penetrance (different 
carriers of a single mutation who display a 
different severity of disease expression) is the rule 

Figure 3  ECG of the youngest son

The ECG shows sinus bradycardia, 50 bpm, high to normal PQ interval (197 ms) and wide QRS (130 ms). The 
ST-segment is somewhat elevated in the right precordial leads and the QT-interval is normal (427 ms). This ECG 
is most compatible with a Brugada phenotype, there is no indication of a Long-QT phenotype.
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Figure 4  Mutations in the family
 
The resuscitated proband (indicated by an arrow) 
passed the gain-of-function SCN5A ∆KPQ 
mutation through to her two sons. The oldest 
son (II:1) also carries the loss-of-function 
SCN5A I1660V mutation which might either 
be a de novo mutation or it may be inherited 
from his deceased father of whom no DNA was 
available.
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rather than the exception.5 Furthermore, it has recently been noted that SCN5A mutations 
may not be directly causal to the occurrence of Brugada syndrome and that other factors 
including genetic background may play a powerful role in its pathophysiology.16 One of 
these modifiers might be the frequently occurring polymorphism SCN5A H558R which has 
been shown to modify the basic electrophysiological phenotype of loss-of-function SCN5A 
mutations associated with Brugada syndrome and sick sinus syndrome.12,17 In the present 
study, however, all subjects carried a similar H558 genotype precluding a modifying effect. 
Aging is another modifier of the clinical phenotype in SCN5A mutations, as has been shown 
both in human and mice studies.8,10 Because of the lack of earlier ECGs of this family, this 
potential modifier could not be studied.
 Hence, the absence of a Long-QT phenotype while carrying the Long-QT mutation 
and the presence of a conduction disease/Brugada-like phenotype while not carrying the 
loss-of-function mutation was, and is, a surprise to us and remains unexplained so far. 
Unfortunately, other mutation carrying family members were not available to substantiate 
this observation. Most likely, genetic background including as yet unknown factors plays a 
substantial role in defining the ultimate phenotypic expression of the sodium channelopathy 
in this family.
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INTRODUCTION

The Brugada syndrome was described as a distinct clinical entity by the brothers Pedro 
and Josep Brugada in 1992. In their initial publication, they reported eight patients with a 
specific ECG pattern (figure 1) and repeated episodes of aborted sudden cardiac death.1 The 
contemporary concept of Brugada syndrome is a disorder characterized by sudden cardiac 
death at relatively young age, with familial segregation, an apparent absence of gross structural 
abnormalities or ischemic heart disease, and specific electrocardiographic characteristics.2,3 
Sudden cardiac death is caused by fast polymorphic ventricular tachycardia (VT) and 
ventricular fibrillation (VF) that typically occur in situations associated with an increased 
vagal tone. In some patients with Brugada syndrome, the electrocardiographic characteristics 
and the life-threatening arrhythmias are provoked by fever or drugs.
 Brugada syndrome is characterized on the electrocardiogram (ECG) by ST segment 
elevations directly followed by a negative T-wave in the right precordial leads and in leads 
positioned one intercostal space higher (figure 2), also referred to as a coved type Brugada 
ECG,4-6 or type 1 Brugada ECG.3 This specific ECG hallmark typically fluctuates over time, 
and in some patients it may only be elicited after provocation with class 1A or class 1C 
antiarrhythmic drugs.7,8 
 In retrospect, similar type 1 ECGs have been described as early as 1953 in three 
otherwise healthy patients who presented with atypical substernal discomfort or for routine 
medical testing.9 One year later, ten more patients were described with ST elevation in the 
right precordial leads, including again clear-cut type 1 ECGs, without apparent heart disease 
and lack of events during follow-up.10 Furthermore, only 3 years before the publication of 
Brugada and Brugada in 1992, the specific Brugada ECG has been described in one out of six 
cases of ventricular fibrillation without apparent heart disease.11

 In the late 1970s and 1980s in the United States, unexplained nocturnal death affected 
many refugees from East and 
Southeast Asia, mainly men.12 
This pattern of sudden death 
during sleep was already known 
for many centuries in Japan 
by the name Pokkuri (sudden 
unexpected death at night), and it 
was often prayed for as to end life 
without pain and suffering.13 In 
the Philippines it is long known 
as Bangungut (moaning and 
dying during sleep), in northeast 

Figure 1. Brugada ST morphologies

ST segment morphologies recognized in Brugada syndrome: type 1, 
type 2, and type 3.

Type 1
Coved type

Type 2
Saddleback

Type 3

V1

V2
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Thailand as Lai-Tai (died during sleep) and in Laos as non-laitai (sleep death).14,15 When 
studied, a considerable amount of these patients displayed a Brugada type ECG.14 
 Different genes have been associated with Brugada syndrome since its description. 
First, in the late 1990s, sodium channel mutations were documented in Brugada syndrome 
patients.16,17 Furthermore, it was shown with heterologous expression in Xenopus oocytes that 
sodium channels with the missense mutation recover more rapidly from inactivation than 
wild-type controls and that the frameshift mutation causes nonfunctional sodium channels. 
At present, over 90 SCN5A mutations are correlated with Brugada syndrome.18 However, 
SCN5A mutations are only discovered in about 15%–30% of clinically diagnosed cases.19,20 
Second, the gene which encodes for the glycerol-3-phosphate dehydrogenase 1-like protein, 
was correlated with Brugada syndrome in a single large family.21,22 In their report, London and 
co-workers report a reduction of sodium current in human embryonic kidney (HEK) cells 
expressing the mutated GPD1L gene versus wild-type controls, alike the SCN5A mutations 
linked with Brugada syndrome.23 Third, loss-of-function missense mutations in the genes 
encoding for the L-type calcium channel (CACNA1C, encoding the α1 subunit, and CACNB2 
encoding the ß2b subunit) were reported in 9% of Brugada syndrome patients.24 Additionally, 
in a subset of these patients carrying a calcium channel mutation, the heart rate corrected QT 
interval appeared to be shorter than normal. Finally, loss-of-function mutations in SCN1B 
and SCN3B and gain-of-function mutations in KCNE3 gene have been associated with 
Brugada syndrome.25-27 
 Notwithstanding the identification of yet unknown genetic mutations or 
pathophysiologic mechanisms, clinical 
decision making in Brugada syndrome 
remains a daunting task. Risk stratification 
in asymptomatic patients specifically, 
is heavily debated. Implantation of an 
implantable cardioverter-defibrillator 
(ICD) is the only generally accepted 
therapy for the prevention of sudden 
death in patients affected by Brugada 
syndrome.28,29 Albeit that oral therapy with 
quinidine may also prove valuable.30-34 
Irrespective of the notion that sudden 
death can be the first manifestation of 
Brugada syndrome, it is still unclear how 
to correctly identify the large number 
of patients who will not develop life 
threatening arrhythmias despite the 

Placement of the ECG leads in Brugada syndrome. For 
use in practice, V3 and V5 are oft en relocated from their 
original positions to V1ic3 and V2ic3 (adapted from 
ECGpedia.org with permission).

Figure 2  Lead placement
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diagnosis of Brugada syndrome. Currently used risk stratification for the selection of the 
best candidates for ICD implantation is imperfect, not only in Brugada syndrome however.35 
Thereby leaving some patients unprotected while they will develop these arrhythmias, and at 
the same time, many patients who receive an ICD will never need its intervention. The latter 
group of patients would therefore not require an –expensive– ICD which gives rise to a high 
risk for serious complications in this specific and young population.36 

CLINICAL PRESENTATION

Epidemiology
Since its description as a distinct clinical entity associated with sudden cardiac death in 1992, 
the prevalence of the Brugada ECG is increasingly recognized world wide and the prevalence 
is estimated at 1 per 2000.2 This is quite similar to Long QT syndrome with an estimated 
prevalence of 1 per 2000,37 but less than Hypertrophic cardiomyopathy with a prevalence of 1 
per 500.38 However, the exact prevalence of Brugada-like ECGs is difficult to estimate partly 
because the specific ECG pattern typically fluctuates over time and can be intermittently 
concealed. Furthermore, many patients with a spontaneous or inducible Brugada ECG are 
and remain asymptomatic, and therefore may well remain without diagnosis. The prevalence 
of the spontaneous Brugada syndrome ECG seems to vary between different regions in the 
world (figure 3). Brugada syndrome would be most prevalent in East and Southeast Asia, 
particularly Japan, Thailand and the Philippines, where it is part of the sudden unexplained 
(nocturnal) sudden death syndrome (SUDS or SUNDS), which is a leading cause of death 
among young men.14,39,40 In Europe, Brugada syndrome is quite extensively described.19,28,41,42 
In the United States,43 its prevalence seems to be lower. The world wide prevalence of the 
spontaneous type 1 Brugada ECG from the current prevalence studies (figure 3) is 0.06±0.14% 
and of the type 2–3 ECG this is 0.17±1.37% (n=333,685).

The patient
Malignant arrhythmic events can occur at all ages, from childhood to the elderly,1,44,45 with a 
peak around the 4th decade.2 The youngest patient clinically diagnosed with Brugada syndrome 
was 2 days old,46 and the oldest 85 years old.47 It is estimated that Brugada syndrome underlies 
4%-12% of all sudden cardiac death and up to 20% of sudden cardiac death in patients without 
apparent structural heart disease.48 It may also be a cause of sudden infant death syndrome 
(SIDS).44,49 
 The clinical presentation is heterogeneous and may include a full blown form with 
syncope and (aborted) sudden cardiac death due to ventricular tachycardia or ventricular 
fibrillation, or milder forms with palpitations or dizziness. However, increasingly the clinical 
scenario is the detection of a Brugada syndrome ECG in an asymptomatic individual.41,50,51 
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In a recent meta-analysis of 1217 Brugada syndrome patients (defined by a spontaneous or 
inducible Brugada ECG and excluding case reports), the majority of patients was asymptomatic 
(59%, range 0%–80%).52 
 When sudden death occurs, this is most likely the result of fast polymorphic VT 
originating from the right ventricle / right ventricular outflow tract,53 which subsequently 
degenerates into VF leading to cardiocirculatory arrest. The onset of these life threatening 
arrhythmias typically occurs in situations with an augmented vagal tone,54 during sleep,55 or 
after large meals.56,57 Indeed, the latter gave rise to the suggestion of the use of a ‘full stomach 

Combined prevalence data of the Brugada syndrome ECG in different parts of the world from 2000 to 2009. 
Bars represent mean prevalence in percentages. Only reports in English were considered. Prevalence studies in 
adolescents or children,189-191 were discarded for this figure. As the type 1 ECG was only recognized after the first 
consensus report,3 prevalence in two studies was acknowledged as type 1 only,192,193 a coved type ECG was acknowl-
edged as type 1, a saddleback or suspicious ECG as type 2-3. Note that the populations studied and the methods 
used vary importantly.
USA 43,193-196 n = 211272, type 1 0.03% (range 0–0.43), type 2–3 0.02% (range 0.01-0.15). Finland 42 n = 3021, type 1 
0%, type 2–3 0.60% (one study). Austria 197 n = 4491, type 1 0.25%, type 2–3 0.27% (one study, note that this popu-
lation is highly selected, another cohort revealed one type 1 out of 47606 ECGs: 0.002%). France 51,198 n = 36309, 
type 1 0.03% (range 0.03–0.1), type 2–3 0.20% (range 0.04–6). Italy 199 n = 12012, type 1 0.02%, type 2–3 0.26% 
(one study). Greece 200 n = 11488, type 1 0.02%, type 2–3 0.20% (one study). Turkey 201 n = 1238, type 1 0.08%, type 
2–3 0.40% (one study). Israel 202 n = 592, type 1 0%, type 2–3 0.85% (one study). Iran 203 n = 3895, type 1 0.36%, 
type 2–3 2.21% (one study). Pakistan 204 n = 1100, type 1 0.18%, type 2–3 0.64% (one study). Japan 192,205-208 n = 
44135, type 1 0.20% (range 0.05–0.42), type 2–3 0.45% (range 0.09–0.93). South Korea 209 n = 225, type 1 0%, type 
2–3 1.33% (one study). Philippines 210 n = 3907, type 1 0.18%, type 2–3 2.23% (one study). Combined prevalence; n 
= 333,685, type 1 0.06% (range 0–0.43), type 2–3 0.17% (range 0.01–6).
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Figure 3  Prevalence of the Brugada syndrome ECG
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test’ as a diagnostic tool.58

 Hyperthermia, for example fever, may also provoke the ECG or arrhythmias in a 
subset of affected patients.34,59-62 Furthermore, a large number of drugs have been reported 
to induce Brugada syndrome, or Brugada syndrome like, ECG characteristics, under which 
antiarrhythmic drugs, antianginal drugs, psychotropic drugs and also substances like cocaine 
and alcohol.2,3

 Some Brugada syndrome patients experience agonal respiration at night, when 
arrhythmias are most prevalent.14,55 This may be explained by self-terminating VT which 
can provoke (recurrent) syncope.63-66 Clinical presentation with sustained monomorphic 
ventricular tachyarrhythmia, although quite uncommon, has also been described.67-71

 In most patients premature ventricular complexes are scarce during 24 hour holter 
monitoring, but they may occur very frequently, up to 500 per day,63 and may increase before 
the spontaneous onset of VF.72 Repetitive episodes of ventricular fibrillation were initiated 
by premature ventricular contractions of similar morphology.72 Most premature ventricular 
contractions have a left bundle branch block morphology, indicating an origin in the right 
ventricle. There seems to be a predilection site of origin in the right ventricular outflow 
tract, but also extra systoles from the right ventricular free wall, septum and apex contribute 
and are capable of initiating VF.53 Further confirmation of the relationship between these 
right ventricular extra systoles and VF was derived from a study in three Brugada syndrome 
patients using endocardial catheter ablation of focal triggers of ventricular fibrillation at 
different sites in the right ventricle.73 This therapy resulted in the absence of further episodes 
of tachyarrhythmias during short-term follow-up. Large studies using this strategy with long-
term follow-up are lacking however. 
 Although the most impressive ECG characteristics in Brugada syndrome are the 
changes in the right precordial leads, there are more remarkable observations to be made 
from the ECG. Supraventricular arrhythmias for example, mainly atrial fibrillation, are very 
common with a prevalence between 10% and 39%.74-77 Supraventricular arrhythmias were 
found to be more prevalent in patients who had an indication for ICD for either symptoms or 
inducible VT/VF during electrophysiological study.78,79 Although this could be inherent to a 
more severe form of the disease, data is still limited. Importantly, atrial arrhythmias may often 
lead to inappropriate ICD shocks.36,78,80

 For a syndrome that inherits an autosomal dominant trait with equal transmission 
to both genders, there is a striking male to female ratio of 4 to 1.52,81 Testosterone is probably a 
contributor to this gender disparity; surgical castration of two Brugada syndrome patients for 
prostate cancer normalized their ECGs,82 and testosterone levels in Brugada syndrome patients 
are higher when compared to controls.83 Sex hormones appear to modulate potassium and 
calcium currents during the repolarization phase of the action potential.84 Where testosterone 
may shorten the action potential duration,85 estrogen may lengthen action potential duration.86 
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Furthermore, a different distribution of certain ion channels, particularly Ito, in males versus 
females may contribute.85 

ELECTROCARDIOGRAPHY AND DIAGNOSIS

The Brugada ECG
Since its description in 1992, the signature sign of Brugada syndrome is its characteristic 
ECG.1,28 Patients with a spontaneous Brugada ECG and symptoms are at a high risk for 
sudden death secondary to VT/VF.28,29,41,81 The electrocardiographic manifestation of 
Brugada syndrome is typically dynamic and may often be concealed. The latter has important 
consequences for risk stratification and follow-up of these patients as particularly patients 
with dynamic ECGs might be at risk for future arrhythmic events.56,87,88 Furthermore, the 
ECG may be influenced or elicited by hyperthermia and drugs. 
 The diagnosis of Brugada syndrome requires the demonstration of a ‘type 1’ ECG 
pattern (figure 1).2,3 This type 1 Brugada ECG consists of 2 mm J elevation in at least two 
of the three right precordial leads (V1 to V3), gradually descending into a negative T wave 
(also known as a ‘coved type’ morphology of the ST-T segment).³ The presence of a type 1 
morphology in the third intercostal space above V1 and V2 (V1ic3 and V2ic3) accompanied by 
a type 1 morphology in V1 or V2,5,6,89 is by almost all authors also considered as diagnostic for 
a Brugada ECG. Furthermore, in some patients, Brugada syndrome is exclusively diagnosed 
on a type 1 ECG in the leads positioned in the third intercostal space.5,6,90 Importantly, with 
the placement of leads in the third intercostal space above V1 and V2 (figure 2), sensitivity 
increases and there do not seem to be false positive test results. Also the prognosis of 
patients with a spontaneous type 1 morphology exclusively in the leads positioned in the 3rd 
intercostal seems to be similar to patients with a spontaneous type 1 morphology in V1 and 
V2.91 However, large prospective studies in the use of V1ic3 and V2ic3 are lacking. The type 
1 ECG may be spontaneously present or provoked by drugs or hyperthermia. Furthermore, 
the definite diagnosis of Brugada syndrome requires additional to the type 1 ECG either: 
documented VT/VF, a family history of sudden cardiac death at <45 years old, coved-type 
ECGs in family members, syncope, inducibility of VT/VF with programmed electrical 
stimulation or nocturnal agonal respiration.3,89

 There are two other ECG patterns recognized in Brugada syndrome, a type 2 and a 
type 3 ECG, although they are not specific and, importantly, not diagnostic (figure 1). A type 
2 Brugada ECG displays a ‘saddleback’ appearance; it consists of 2 mm J elevation followed by 
a descending ST segment that does not reach the baseline and then gives rise to a positive or 
biphasic T wave.³ A type 3 Brugada ECG has the morphology of a type 1 or type 2 ECG with 
2 mm J elevation but is characterized by a smaller magnitude of the ST elevation (1 mm).3 
Due to its typical dynamic nature, the type 1 ECG can change from and to a type 2, type 3 
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or normal ECG spontaneously or under influence of hyperthermia or drugs. Interestingly, 
the magnitude of ST elevation does not differ between Brugada syndrome patients with or 
without SCN5A mutation.20 
 As discussed earlier in this chapter, many drugs and substances are capable of inducing 
a type 1 ECG in patients with Brugada syndrome. For clinical purposes this knowledge is 
used as a diagnostic tool to evoke a type 1 ECG in patients suspected of Brugada syndrome 
who do not display a spontaneous type 1 ECG, for example in case of symptoms (syncope, 
aborted sudden cardiac death) or as part of familial screening for Brugada syndrome. For this 
purpose the sodium channel blockers ajmaline, flecainide, pilsicainide or procainamide are 
mostly used (table 1).2,3 The diagnostic accuracy of drug challenge in patients suspected of 
Brugada syndrome is higher with the use of ajmaline over flecainide, while equally safe.92,92 
Safety of drug challenges for Brugada syndrome is ensured when the test is performed while 
the patient is continuously monitored with 12-lead ECG, with cardioverter defibrillators and 
advanced cardiac life support close at hand and discontinuation of the test when a type 1 
ECG is reached, when ventricular extra systoles or VT develops or when the QRS duration 
increases more than 30%.3 
 As a type 1 ECG is associated with ventricular arrhythmias, drugs or substances 
associated with a type 1 ECG need to be avoided in patients diagnosed with Brugada syndrome 
(table 2). Particular attention should also be given to general anesthesia in Brugada syndrome 
patients.93-96 The administration of isoprotenerol, a ß-receptor agonist, and/or quinidine may 
effectively be used to treat repetitive ventricular arrhythmias or electrical storms.31,97-100

 As mentioned earlier, hyperthermia may also evoke a type 1 ECG or ventricular 
arrhythmias in a subset of Brugada syndrome patients. Several reports revealed the presence 
of a type 1 ECG or –sometimes fatal– episodes of arrhythmias during febrile illness, often in 
children.34,59,62,70,101,102 Elevation of the core body temperature during hot baths for example 
may have a similar effect.103 Treating fever with antipyretic agents such as paracetamol (US: 
Acetaminophen) and/or antibiotics may prove valuable in these cases. If hyperthermia 

persists and arrhythmias cannot be 
counteracted, cooling the patient by 
all means may be the ultimate rescue 
(personal communication dr. Pedro 
Brugada, ESC congress 2006). 
 There is a wide differential 
diagnosis of clinical conditions 
accompanied by coved-like or 
elevated ST segments in the right 
precordial ECG leads, and these 
should be ruled out before a 

 Table 1       Provocation of the Brugada ECG

Drug Dosage and administration

Ajmaline Max. 1 mg/kg i.v.

Flecainide Max. 2 mg/kg i.v.

Pilsicainide Max. 1 mg/kg i.v.

Procainamide Max. 10 mg/kg i.v.
I.v. denotes intravenously. Ajmaline administration particularly 
differs between studies (e.g., bolus every minute versus continu-
ous administration, 5 minutes versus 10 minutes). Adapted from 
Antzelevitch et al.2
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conclusive diagnosis of Brugada syndrome can be made (table 3).3 Relatively common causes 
include: early repolarization,104 myocardial infarction or ventricular aneurisms,51,105 vasospastic 
angina,106,107 electrolyte disturbances such as hyperkalemia or hypercalcemia,108-110 pericarditis 
or myocarditis,111-113 left or right bundle branch block and left ventricular hypertrophy.114 

   
Other electrocardiographic characteristics
Other remarkable ECG characteristics associated with Brugada syndrome include conduction 
defects in the atria, conduction system and ventricles. Frequently present are broad P 
waves,90 long PQ intervals,20 prolonged corrected sinus node recovery times, prolonged His-
ventricle (HV) intervals which may or may not be accompanied by prolonged atrio-His (AH) 
intervals,74,77,78,78 sinus and AV node dysfunction,115 QRS axis deviation,1 and broad QRS 
complexes.90 Conduction interval prolongation is frequently associated with the presence of 
SCN5A mutations.20 Furthermore, SCN5A mutations in Brugada syndrome patients may, 
similar to Lev-Lenègres disease, worsen the phenotypic expression of the disease with aging 
and may lead to the necessity of pacemaker implantation.77,116,117 
 Although there is some variability of the heart rate corrected QT interval (QTc), it 
does not seem to prolong importantly when a type 1 Brugada ECG or ventricular fibrillation 
develops.1,72,90 This clearly demonstrates distinction from Long QT syndrome where excessive 
QTc prolongation is the hallmark of the disease.118 Overlap syndromes between Brugada 
syndrome and Long QT syndrome (type 3) exist, based on a multidysfunctional sodium 
channel caused by specific SCN5A mutations.119-122 Interestingly, the phenotype of one of these 

 Table 2       Drugs associated with the Brugada ECG and/or arrhythmias

Drug category

Antiarrhythmic drugs

  To be avoided: Ajmaline, Flecainide, Pilsicainide, Procainamide, Propafenone

  Preferably avoided: Amiodarone, Cibenzoline, Disopyramide, Lidocaine, Propranolol, Verapamil

Anesthetics

  To be avoided: Bupivacaine, Propofol

Psychotropic drugs

  To be avoided: Amitriplyline, Clomipramine, Desipramine, Lithium, Loxapine, Nortriptyline,
    Trifluoperazine

  Preferably avoided: Carbamazepine, Clonazepam, Cyamemazine, Delorazepam, Doxepin, 
    Fluoxetine, Imipramine, Maprotiline, Perphenazine, Phenytoin, Thioridazine

Other drugs and substances

  To be avoided: Acetylcholine, Alcohol (toxicity), Cocaine, Ergonovine

  Preferably avoided: Demenhydrinate, Edrophonium, Indapamide
Adapted from Postema et al.187
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mutations (SCN5A 1795insD) 
seems to be similar in a mouse 
model carrying the murine 
equivalent mutation (SCN5A 
1798insD) with bradycardia, 
right ventricular conduction 
slowing, an increased 
vulnerability for arrhythmias 
and QTc prolongation.123 
Conversely, shortened QTc 
intervals were noted in a 
subset of Brugada syndrome 
patients with calcium channel 
mutations.24 However, 
data regarding the calcium 
channel mutation and/or 
shortened QTc intervals is 
presently limited.
  Wide S waves in the 
inferior leads are frequently 
observed before and after a 
type 1 ECG develops during 
drug challenge, which may 
reflect simultaneous slowing 

of right ventricular activation 90. Furthermore, S waves ³80 ms in V1 appeared to be a good 
predictor for a history of ventricular fibrillation.124 
 Signal averaged ECGs show more variation in filtered QRS duration and late 
potentials in symptomatic patients.54,56,125-128 Late potentials are generally regarded as delayed 
and disorganized ventricular activation and are related to ventricular tachyarrhythmias.129 
In Brugada syndrome however, other mechanisms have also been proposed: late potentials 
might for example represent a delayed second upstroke of the epicardial action potential, a 
local phase 2 reentry or an interventricular conduction delay.130 These latter proposals have 
however not yet been validated as primary or cooperative pathophysiologic mechanisms of 
late potentials in Brugada syndrome.
 In some case reports of patients who presented with ventricular fibrillation, ST 
elevation in the inferior and/or lateral leads has been described in the absence of electrolyte 
disturbances, hypothermia or myocardial ischemia.131-135 In a French family, different SCN5A 
mutation carrying family members displayed either inferior or right precordial coved type ST 

 Table 3       Differential diagnosis

Condition

Right or left bundle branch block, left ventricular hypertrophy

Acute myocardial ischemia or infarction

Acute myocarditis

Right ventricular ischemia or infarction

Dissecting aortic aneurysm

Acute pulmonary thromboemboli

Various central and autonomic nervous system abnormalities

Heterocyclic antidepressant overdose

Duchenne muscular dystrophy

Friedreichs ataxia

Thiamine deficiency

Hypercalcemia

Hyperkalemia

Cocaine intoxication

Mediastinal tumor compressing right ventricular outfl ow tract

Arrhythmogenic right ventricular dysplasia/cardiomyopathy

Long QT syndrome type 3

Early repolarization syndrome

Other normal variants (particularly in men)
Differential diagnosis for ST segment abnormalities in the right precordial 
ECG leads. Adapted from Wilde et al.3
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segment elevation.136 At present it is uncertain if these patients represent the same population 
as has been described by solely right precordial coved type ST segments.

PATHOPHYSIOLOGY AND GENETICS

Arrhythmia mechanisms
Ventricular arrhythmias in Brugada syndrome often originate from ventricular extra systoles 
in the right ventricle, which subsequently initiate polymorphic ventricular tachycardia or 
ventricular fibrillation. The exact pathophysiology behind Brugada syndrome is, however, 
not clear and there might be different electrophysiological mechanisms involved. It seems 
clear that an increased vulnerability of the ventricles is present before the onset of ventricular 
fibrillation. The coupling interval (i.e. the timing) of the premature ventricular complex, 
for example, may be important. In several electrophysiological studies, short coupled extra 
systoles (<200 ms) were necessary to induce ventricular fibrillation while the coupling interval 
of the first premature ventricular complex of spontaneous ventricular fibrillation is often (far) 
more than 300 ms.54,72 There might furthermore be a relation between the vulnerability of the 
ventricle and the preceding RR interval following for example an extra systole, which may 
augment ST elevation and eventually degenerate into ventricular fibrillation.137 
 Notwithstanding the associated risk for sudden cardiac death of a type 1 ECG, it 
is not necessary for arrhythmias in Brugada syndrome. This was shown in holter and ICD 
recordings documenting the onset of ventricular fibrillation,54,72 suggesting that there might 
be distinct –albeit possibly related– electrophysiological mechanisms involved. Moreover, 
numerous patients with spontaneous type 1 ECGs will never have any symptoms.9,10,138

The coved type morphology
Ever since the first descriptions of Brugada syndrome, authors have been addressing possible 
mechanisms for this characteristic ECG feature to occur.1,8,10,139-141,141,142 Currently, there are two 
leading theories addressing the coved type morphology of the right precordial ST segments in 
Brugada syndrome; the depolarization model and the repolarization model.143 
 The repolarization model has been developed by Yan and Antzelevitch in canine 
right ventricular wedge preparations.144 In this model, simultaneously measured epicardial 
and endocardial electrograms showed loss of action potential dome in the epicardium only 
when the wedge preparation was exposed to a potassium channel opener (pinacidil) or a 
combination of a sodium channel blocker (flecainide) and acetylcholine. This resulted in 
a transmural dispersion of repolarization with different lengths of action potentials across 
different cardiac layers, ST segment elevation on the ECG and it created a vulnerable window 
for (“phase 2”) re-entry to occur between these layers and degenerate into ventricular 
tachyarrhythmias. Isoprotenerol, 4-aminopyridine and quinidine were able to restore this loss 
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of action potential dome, normalize the ST segments and prevent the ventricular arrhythmias.
 This model resolves around a heterogeneous expression of the transient outward 
potassium current Ito. This current seems to be stronger expressed in the canine epicardium 
over endocardium,145 stronger in the right ventricle than in the left ventricle,146 and stronger 
in males than in females,85 resulting in a higher susceptibility for Ito augmentation over other 
currents and a consequential higher risk for ventricular tachyarrhythmias. Augmentation 
of Ito would be enhanced by sodium current (INa) reduction, either by a sodium channel 
mutation or sodium channel blockade. Furthermore, reduction of the calcium current (ICa) 
and augmentation of the ATP driven potassium current (IK-ATP) would give similar effects. 
 Another model explaining the coved type morphology resolves around a 
depolarization disorder.143 In this model conduction slowing or conduction delay in the 
right ventricular outflow tract (RVOT) causes the type 1 morphology in the right precordial 
leads. Most evidence for this model is derived from clinical studies.54,126-128,147-150 Furthermore, 
conduction slowing may create the vulnerability for re-entry of the right ventricle and give 
rise to ventricular extra systoles. The marked conduction slowing in atria and ventricles 
which is seen during drug challenges with sodium channel blockers and in SCN5A mutation 
carriers particularly, further supports this model. 
 However, neither the depolarization model nor the repolarization model fully 
explains the coved type morphology, the vulnerability for ventricular arrhythmias and 
the observed clinical and experimental data in Brugada syndrome. Alike many diseases, it 
is likely that Brugada syndrome is not explained by one single mechanism.143,151 The final 
common pathway of a spontaneous or inducible coved type ECG and the vulnerability for 
ventricular arrhythmias may be started by distinct but cooperative mechanisms and may 
require tailored risk stratifications and treatment. Moreover, there might be other cooperative 
pathophysiological mechanisms involved like structural myocardial abnormalities and gene-
gene interactions. 

Structural changes
The most recent consensus criteria for Brugada syndrome recommend the exclusion of 
structural myocardial derangements in conjunction with the documentation of a type 
1 ECG and the presence of at least one of the obligatory additional elements (see section 
Electrocardiography and diagnosis) before a conclusive diagnosis of Brugada syndrome can 
be made.2 This reflects the hypothesis that Brugada syndrome is a pure electrical disease 
involving only myocardial channel abnormalities and thus the absence of structural changes. 
This issue has however been debated in the last years. A similarity between Brugada syndrome 
and arrhythmogenic right ventricular dysplasia/cardiomyopathy has been advocated.11,152,153 
Biventricular endomyocardial biopsies in 18 Brugada syndrome patients showed myocarditis, 
cardiomyopathy-like changes or fatty infiltration in the right ventricle of all patients (without 
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a control group).154 Furthermore, in eight out of these 18 patients (45%) there were similar 
findings in the left ventricle. Both magnetic resonance imaging (MRI) and echocardiography 
were negative for structural heart disease in all patients. Interestingly, the patients displaying 
fatty infiltration and cardiomyopathy-like changes all had a SCN5A mutation.
 In another case, right ventricular fibrosis and epicardial fatty infiltration was 
documented in the explanted heart of a SCN5A mutation carrying Brugada syndrome patient 
who experienced intolerable numbers of ICD discharges (up to 129 appropriate shocks in 
5 months).155 This patient also had no clinically detected cardiac structural abnormalities. 
However, MRI was performed 10 years before transplantation. In a study using endocardial 
mapping it was noted that Brugada syndrome patients showed increased electrogram 
fractionation and abnormal conduction velocity restitution, both also related to structural 
derangements.156 
 These reports suggest that there might be cooperative functional and structural 
derangements in Brugada syndrome which may be enhanced by mutations in the cardiac 
sodium channel. In support of this hypothesis, mice and human data illustrate that SCN5A 
mutations may lead to impressive fibrosis accompanied by conduction disturbances, mainly 
in the right ventricle, which worsens with aging.157-160 Fibrosis is probably missed in clinical 
practice as the clinical modalities to asses structural changes are incapable of detecting mild or 
diffuse abnormalities.161-163 Interestingly, a meta-analysis into risk stratification for ventricular 
tachyarrhythmias did not find an increased risk for patients carrying a SCN5A mutation.81

Genetic aspects
Mutations in cardiac ion channels have been identified in only 15-30% of patients.19,20 
Although recent efforts in screening 16 putatively associated genes did document the 
association between Brugada syndrome and the calcium channel besides the sodium channel, 
still this only resulted in a mutation diagnosis in 24% of patients.24

 The first mutation in Brugada syndrome patients was presented in a collaborative 
effort of clinics in Europe and the United States in 1998.16 A loss of function mutation in the 
SCN5A gene, encoding the pore-forming a-subunit of the human cardiac sodium channel 
protein (Nav1.5), was present in three out of six families with Brugada syndrome. Mutations 
leading to loss of sodium channel function can lead to a variety of disorders:164,165 Brugada 
syndrome (OMIM 601144), (progressive) cardiac conduction defects also known as Lev-
Lenègres disease (OMIM 113900),166 sick sinus syndrome (OMIM 608567),167 Sudden infant 
death syndrome (OMIM 272120)44,49 and dilated cardiomyopathy associated with conduction 
defects and arrhythmias (OMIM 601154).168 In combination with other (atrial specific 
modifier) genes, a loss of function defect may cause atrial standstill.169 Mutations leading to 
a gain of function of the channel may cause Long QT syndrome type 3 (OMIM 603830)170 
and also Sudden infant death syndrome (OMIM 272120).171,172 As mentioned earlier, certain 
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mutations in the sodium channel gene may lead to combined phenotypes of loss of function 
and gain of function mutations, also referred to as an overlap syndrome.119,121,122 
 SCN5A promoter polymorphisms in a haplotype variant may lead to variability 
in phenotypic expression as was shown recently in a study demonstrating slower cardiac 
conduction with a gene-dose effect in patients from Asian origin.173 The same holds for 
common SCN5A polymorphisms or the combination of different SCN5A mutations which 
may modulate the expression of the mutant gene(s) and disease.174-177 
 Loss of function cardiac calcium channel mutations have recently been demonstrated 
in Brugada syndrome patients.24 These mutations involved the L-type calcium channel 
encoded by CACNA1c for the pore-forming Cav1.2 α1 subunit, and CACNB2 for the Cavß2b 
subunit involved in channel activation modulation of the α1 subunit. Mutations in the GPD1L 
gene have also been linked to Brugada syndrome in a single family.21,22 The function of this 
gene is poorly understood at present but it may be involved in sodium channel trafficking and 
probably does not contribute more than 1% in Brugada syndrome.178,179 
 Exon mutations or duplications in the SCN5A gene and a large number of other 
candidate genes (Caveolin-3, Irx-3, Irx-4, Irx-5, Irx-6, Plakoglobin, Plakophilin-2, SCN1B, 
SCN2B, SCN3B, SCN4B, KCNH2, KCNQ1, KCNJ2, KCNE1, KCNE2, KCNE3, KCND3, 
KCNIP2, KCNJ11 and CACNA2D1) have recently been investigated in SCN5A mutation 
negative Brugada syndrome patients with little success.24,179 Nevertheless, recently also 
mutations in several of these genes (SCN1B, SCN3B and KCNE3) have been associated with 
Brugada syndrome.25-27 SCN1B and SCN3B encode for subunits of the cardiac sodium channel 
and these mutations cause a loss-of-function resulting in a Brugada Syndrome phenotype. 
KCNE3 encodes for a subunit of MiRP2 which is involved in the transient outward current 
and a gain-of-function mutation resulted in the Brugada syndrome phenotype. Interestingly, 
a recent study revealed common gene expression levels in Brugada syndrome patients 
irrespective of the culprit gene.180 This expression pattern involved not only cardiac sodium 
channel and its subunits, but also potassium channels and calcium channels.
 Typically for Brugada syndrome, and other mendelian disorders, is an incomplete 
penetrance and variable expression of the disease.181 Hence, not all mutation carriers are 
affected by the same degree and will thus not require the same treatment. Even so, the 
importance of diagnosing mutation carriers with little or no phenotypic expression of the 
disease is important because they still have a 50% chance of transmitting the genetic defect 
to their offspring, who in turn may be seriously symptomatic at young age. It is however 
not clear whether pre-symptomatic genetic testing in children of Brugada syndrome patients 
is to be advised.182 As symptomatic Brugada syndrome is rare in children particularly, risk 
stratification is imperfect and treatment may do more harm than good (see also the section 
on Clinical decision making), the consequences of a positive test result of presymptomatic 
genetic testing should be carefully considered.
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CLINICAL DESCISION MAKING

Risk stratification
After diagnosing Brugada syndrome, risk stratification for future ventricular arrhythmias is 
mandatory. The prognosis and risk stratification of Brugada syndrome patients is, however, 
debated. Risk for future ventricular arrhythmias is generally accepted to be high in patients 
who are known to have already experienced life threatening ventricular arrhythmias, that 
is, patients with a history of aborted sudden cardiac death. Syncope and also dizziness or 
nocturnal agonal respiration, can also be caused by ventricular arrhythmias and are thus often 
regarded as high risk. However, this assumption can be erroneous so other causes of these 
symptoms should also be sought.
 A recent meta-analysis combined a history of sudden cardiac death and/or syncope 
as representative for a history of ventricular arrhythmias and found a relative risk (RR) of 3.34 
(95% confidence interval (CI) 2.13-4.93) for the combined event of sudden cardiac death, 
syncope or ICD shock during follow up.81 Also male gender, RR 3.47 (95% CI 1.58-7.63), 
and a spontaneous type 1 ECG versus a drug induced type 1 ECG, RR 4.65 (95% CI 2.25-
9.58), were positively associated with the occurrence of the combined events during follow 
up. A family history of sudden cardiac death, a SCN5A mutation or inducible ventricular 
arrhythmias during electrophysiological study were not associated with events during follow 
up. Importantly, these risk factors are probably not independent.
 As also asymptomatic patients may experience ventricular arrhythmias in the future 
there is a dire need for reliable risk stratification in these patients. The role of the inducibility 
of ventricular arrhythmias during electrophysiological study in this matter has been debated 
in the recent years.2,3,29,41,183,184 A meta-analysis to assess its prognostic role was not able to 
identify a significant role with regard to arrhythmic events during follow-up.52 In a combined 
effort of 14 centers in France and Japan, it was shown that 45% of the 220 studied Brugada 
syndrome patients received an ICD following inducibility of ventricular arrhythmias during 
electrophysiological study whilst being asymptomatic.36 In this study there was an 8%rate of 
appropriate shocks for ventricular arrhythmias during >3 years follow up. A relatively low 
(2 to 5 times lower) rate of appropriate shocks in asymptomatic patients compared to the 
patients with syncope or aborted sudden cardiac death was documented, however. There were 
no other factors (like a spontaneous type 1 ECG) apart from a clinical history of syncope or 
aborted sudden cardiac death predicting appropriate shocks. Of importance, circa 20% of 
patients in each group suffered from inappropriate shocks during follow-up.  

 Noninvasive risk stratification has been attempted in relatively small cohorts 
of patients and yielded the strongest predictive value in spontaneous changes in the right 
precordial ST segments.56,87,88 A standard cardiology work-up including echocardiogram, 24 
hour Holter and an exercise test may be valuable to exclude differential diagnoses and to 
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assess baseline conditions. Thorough cardiac imaging using MRI or CT does not seem to add 
significant clinical value at present, unless arrhythmogenic right ventricular cardiomyopathy 
needs to be excluded.
 A summary of the current literature on risk stratification suggests that symptoms 
likely to be related to ventricular arrhythmias identify the patients at highest risk for future 
life-threatening arrhythmic events. Conversely, as asymptomatic patients have a very low risk 
of experiencing these arrhythmias, and the currently available treatment options may do more 
harm than good, they should be identified as low risk. A spontaneous type 1 ECG, whether 
or not accompanied by inducible arrhythmias during electrophysiological study, is by some 
identified as an increased risk (see also section on Treatment). Naturally, risk stratification 
should be re-evaluated in all patients during long term follow-up with up-to-date consensus 
criteria.

Treatment
The most effective therapy to treat ventricular arrhythmias in Brugada syndrome is 
implantation of an ICD. Patients may, however, experience intolerable numbers of ICD 
shocks, up to 150 a day,70 as an ICD does not lower the vulnerability of the heart for ventricular 
arrhythmias. In some patients heart transplantation has been considered the only remaining 
option.185 Cardiologists should carefully weigh benefits versus possible harm, quality of life and 
costs of ICDs as event rates are generally low and complications (in particular inappropriate 
shocks) are high in this population.36 ICD implantation in the young specifically denotes 
several battery replacements, re-implantations over many decades and increased morbidity. 
However, some Brugada syndrome patients may benefit from an ICD when they lost a family 
member due to sudden cardiac death and intolerable anxiety diminishes their quality of life 
and impairs their daily activities. 
 Acute lowering of the vulnerability of the heart for ventricular arrhythmias may be 
accomplished by treating hyperthermia (e.g. cooling, antipyretics, antibiotics), correcting 
electrolyte disturbances and the administration of quinidine and/or isoprotenerol.34,100 
Further chronic oral treatment with quinidine or several other agents may prove valuable.31,100 
Excluding differential diagnoses in case of acute events is mandatory as ventricular tachycardias 
not due to Brugada syndrome may display a devastating response on isoprotenerol.186

 All patients with Brugada syndrome should receive a list of avoidable drugs and 
substances, including a number of antiarrhythmic drugs (class Ia, Ic and ß-blockers), tricyclic 
antidepressants (with a relative contraindication for non-tricyclic antidepressants), local 
anesthetics, opioid analgesics, propofol, potassium channel antagonists, lithium, cocaine 
and excessive use of alcohol (see www.brugadadrugs.org187). Furthermore, patients should 
be instructed to obtain an ECG in case of fever at least once to assess whether their form 
of Brugada syndrome is hyperthermia sensitive. Long term follow-up is mandatory in all 
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Brugada syndrome patients. Symptomatic patients will have more frequent visits, but also 
asymptomatic patients should be seen with regular intervals for re-assessment of the risk for 
arrhythmic events and genetic counseling in case of children for example. Genetic counseling 
should be advised for all adult patients. 

Future research
As Brugada syndrome is a rather new entity, the knowledge and awareness of Brugada 
syndrome will continue to evolve in the following years. In the first years after the description 
in 1992, many heavily symptomatic patients were recognized, which led to the notion that 
Brugada syndrome is a malignant disease that is hard to manage.1,28 More recently, many 
asymptomatic patients have been diagnosed and one of the great challenges for the future 
years is to develop a reliable risk stratification for arrhythmic events in these patients.188 Risk 
stratification and treatment in the pediatric population affected with Brugada syndrome, 
although limited in numbers, should also receive greater attention. The pathophysiology of 
the ventricular arrhythmias and the coved type ECG in the right precordial leads has been 
and will continue as a major area of research. Although many animal and computer models 
became available recently, detailed descriptions of human data will continue to be important 
and will guide therapeutic interventions. Finally, further characterization of the genetic 
origin of Brugada syndrome will help to identify those silent carriers, and their offspring, 
who might be at risk and may clarify the complicated genotype-phenotype relationship in 
Brugada syndrome patients.

Acknowledgements
The authors wish to thank Paola G. Meregalli, MD, and Hanno L. Tan, MD, PhD for critical 
assessment of the manuscript and their suggestions.

REFERENCES

1 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.

2 Antzelevitch C, Brugada P, Borggrefe M et al. Brugada syndrome: report of the second consensus 
conference. Heart Rhythm. 2005;2:429-440.

3 Wilde AA, Antzelevitch C, Borggrefe M et al. Proposed diagnostic criteria for the Brugada 
syndrome. Eur Heart J. 2002;23:1648-1654.

4 Brugada J, Brugada R, Brugada P. Right bundle-branch block and ST-segment elevation in leads V1 
through V3: a marker for sudden death in patients without demonstrable structural heart disease. 
Circulation. 1998;97:457-460.

5 Sangwatanaroj S, Prechawat S, Sunsaneewitayakul B et al. New electrocardiographic leads and the 
procainamide test for the detection of the Brugada sign in sudden unexplained death syndrome 
survivors and their relatives. Eur Heart J. 2001;22:2290-2296.

6 Shimizu W, Matsuo K, Takagi M et al. Body surface distribution and response to drugs of ST segment 



Chapter 08

| 134

elevation in Brugada syndrome: clinical implication of eighty-seven-lead body surface potential 
mapping and its application to twelve-lead electrocardiograms. J Cardiovasc Electrophysiol. 
2000;11:396-404.

7 Krishnan SC, Josephson ME. ST segment elevation induced by class IC antiarrhythmic agents: 
underlying electrophysiologic mechanisms and insights into drug-induced proarrhythmia. J 
Cardiovasc Electrophysiol. 1998;9:1167-1172.

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

9 Osher HL, Wollf L. Electrocardiographic pattern simulating acute myocardial injury. Am J Med 
Sci. 1953;226:541-545.

10 Edeiken J. Elevation of the RS-T segment, apparent or real, in the right precordial leads as a 
probable normal variant. Am Heart J. 1954;48:331-339.

11 Martini B, Nava A, Thiene G et al. Ventricular fibrillation without apparent heart disease: 
description of six cases. Am Heart J. 1989;118:1203-1209.

12 Baron RC, Thacker SB, Gorelkin L et al. Sudden death among Southeast Asian refugees. An 
unexplained nocturnal phenomenon. JAMA. 1983;250:2947-2951.

13 Hattori K, McCubbin MA, Ishida DN. Concept analysis of good death in the Japanese community. 
J Nurs Scholarsh. 2006;38:165-170.

14 Nademanee K, Veerakul G, Nimmannit S et al. Arrhythmogenic marker for the sudden unexplained 
death syndrome in Thai men. Circulation. 1997;96:2595-2600.

15 Otto CM, Tauxe RV, Cobb LA et al. Ventricular fibrillation causes sudden death in Southeast Asian 
immigrants. Ann Intern Med. 1984;101:45-47.

16 Chen Q, Kirsch GE, Zhang D et al. Genetic basis and molecular mechanism for idiopathic 
ventricular fibrillation. Nature. 1998;392:293-296.

17 Rook MB, Bezzina Alshinawi C, Groenewegen WA et al. Human SCN5A gene mutations alter 
cardiac sodium channel kinetics and are associated with the Brugada syndrome. Cardiovasc Res. 
1999;44:507-517.

18 Napolitano C. Inherited arrhythmias database. Study Group on the Molecular Basis of Arrhythmias 
2007;Available at: URL: http://www.fsm.it/cardmoc/.

19 Priori SG, Napolitano C, Gasparini M et al. Clinical and genetic heterogeneity of right bundle 
branch block and ST-segment elevation syndrome: A prospective evaluation of 52 families. 
Circulation. 2000;102:2509-2515.

20 Smits JP, Eckardt L, Probst V et al. Genotype-phenotype relationship in Brugada syndrome: 
electrocardiographic features differentiate SCN5A-related patients from non-SCN5A-related 
patients. J Am Coll Cardiol. 2002;40:350-356.

21 Weiss R, Barmada MM, Nguyen T et al. Clinical and molecular heterogeneity in the Brugada 
syndrome: a novel gene locus on chromosome 3. Circulation. 2002;105:707-713.

22 London B, Michalec M, Mehdi H et al. Mutation in glycerol-3-phosphate dehydrogenase 1 like 
gene (GPD1-L) decreases cardiac Na+ current and causes inherited arrhythmias. Circulation. 
2007;116:2260-2268.

23 Tan HL, Bezzina CR, Smits JP et al. Genetic control of sodium channel function. Cardiovasc Res. 
2003;57:961-973.

24 Antzelevitch C, Pollevick GD, Cordeiro JM et al. 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.

25 Delpon E, Cordeiro JM, Nunez L et al. Functional effects of KCNE3 mutation and its role in the 
development of Brugada syndrome. Circ Arrhythmia Electrophysiol. 2008;1:209-218.

26 Hu D, Barajas-Martinez H, Burashnikov E et al. A mutation in the beta 3 subunit of the cardiac 
sodium channel associated with Brugada ECG phenotype. Circ Cardiovasc Genet. 2009;2:270-278.

27 Watanabe H, Koopmann TT, Le Scouarnec S et al. Sodium channel beta1 subunit mutations 
associated with Brugada syndrome and cardiac conduction disease in humans. J Clin Invest. 



Brugada syndrome

135 | 

2008;118:2260-2268.
28 Brugada J, Brugada R, Antzelevitch C et al. Long-term follow-up of individuals with the 

electrocardiographic pattern of right bundle-branch block and ST-segment elevation in precordial 
leads V1 to V3. Circulation. 2002;105:73-78.

29 Priori SG, Napolitano C, Gasparini M et al. Natural history of Brugada syndrome: insights for risk 
stratification and management. Circulation. 2002;105:1342-1347.

30 Alings M, Dekker L, Sadee A et al. Quinidine induced electrocardiographic normalization in two 
patients with Brugada syndrome. Pacing Clin Electrophysiol. 2001;24:1420-1422.

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

32 Hermida JS, Denjoy I, Clerc J et al. Hydroquinidine therapy in Brugada syndrome. J Am Coll 
Cardiol. 2004;43:1853-1860.

33 Mok NS, Chan NY, Chiu AC. Successful use of quinidine in treatment of electrical storm in 
Brugada syndrome. Pacing Clin Electrophysiol. 2004;27:821-823.

34 Probst V, Denjoy I, Meregalli PG et al. Clinical aspects and prognosis of Brugada syndrome in 
children. Circulation. 2007;115:2042-2048.

35 Kusmirek SL, Gold MR. Sudden cardiac death: the role of risk stratification. Am Heart J. 
2007;153:25-33.

36 Sacher F, Probst V, Iesaka Y et al. Outcome after implantation of a cardioverter-defibrillator in 
patients with Brugada syndrome. A multicenter study. Circulation. 2006;114:2317-2324.

37 Crotti L, Stramba-Badiale M, Pedrazzini M et al. Prevalence of the long QT syndrome [Abstract]. 
Circulation. 2005;112:U724.

38 Maron BJ, Gardin JM, Flack JM et al. Prevalence of hypertrophic cardiomyopathy in a general 
population of young adults. Echocardiographic analysis of 4111 subjects in the CARDIA Study. 
Coronary Artery Risk Development in (Young) Adults. Circulation. 1995;92:785-789.

39 Vatta M, Dumaine R, Varghese G et al. Genetic and biophysical basis of sudden unexplained 
nocturnal death syndrome (SUNDS), a disease allelic to Brugada syndrome. Hum Mol Genet. 
2002;11:337-345.

40 Gervacio-Domingo G, Punzalan FE, Amarillo ML et al. Sudden unexplained death during sleep 
occurred commonly in the general population in the Philippines: a sub study of the National 
Nutrition and Health Survey. J Clin Epidemiol. 2007;60:567-571.

41 Eckardt L, Probst V, Smits JP et al. Long-term prognosis of individuals with right precordial ST-
segment-elevation Brugada syndrome. Circulation. 2005;111:257-263.

42 Junttila MJ, Raatikainen MJ, Karjalainen J et al. Prevalence and prognosis of subjects with Brugada-
type ECG pattern in a young and middle-aged Finnish population. Eur Heart J. 2004;25:874-878.

43 Greer RW, Glancy DL. Prevalence of the Brugada electrocardiographic pattern at the Medical 
Center of Louisiana in New Orleans. J La State Med Soc. 2003;155:242-246.

44 Priori SG, Napolitano C, Giordano U et al. Brugada syndrome and sudden cardiac death in 
children. Lancet. 2000;355:808-809.

45 Suzuki H, Torigoe K, Numata O et al. Infant case with a malignant form of Brugada syndrome. J 
Cardiovasc Electrophysiol. 2000;11:1277-1280.

46 Sanatani S, Mahkseed N, Vallance H et al. The Brugada ECG pattern in a neonate. J Cardiovasc 
Electrophysiol. 2005;16:342-344.

47 Huang MH, Marcus FI. Idiopathic Brugada-type electrocardiographic pattern in an octogenarian. 
J Electrocardiol. 2004;37:109-111.

48 Antzelevitch C, Brugada P, Brugada J et al. Brugada syndrome: a decade of progress. Circ Res. 
2002;91:1114-1118.

49 Skinner JR, Chung SK, Montgomery D et al. Near-miss SIDS due to Brugada syndrome. Arch Dis 
Child. 2005;90:528-529.

50 Atarashi H, Ogawa S, Harumi K et al. Three-year follow-up of patients with right bundle branch 
block and ST segment elevation in the right precordial leads: Japanese Registry of Brugada 



Chapter 08

| 136

Syndrome. Idiopathic Ventricular Fibrillation Investigators. J Am Coll Cardiol. 2001;37:1916-1920.
51 Hermida JS, Lemoine JL, Aoun FB et al. Prevalence of the brugada syndrome in an apparently 

healthy population. Am J Cardiol. 2000;86:91-94.
52 Paul M, Gerss J, Schulze-Bahr E et al. Role of programmed ventricular stimulation in patients with 

Brugada syndrome: a meta-analysis of worldwide published data. Eur Heart J. 2007;28:2126-2133.
53 Morita H, Fukushima-Kusano K, Nagase S et al. Site-specific arrhythmogenesis in patients with 

Brugada syndrome. J Cardiovasc Electrophysiol. 2003;14:373-379.
54 Kasanuki H, Ohnishi S, Ohtuka M et al. Idiopathic ventricular fibrillation induced with vagal 

activity in patients without obvious heart disease. Circulation. 1997;95:2277-2285.
55 Matsuo K, Kurita T, Inagaki M et al. The circadian pattern of the development of ventricular 

fibrillation in patients with Brugada syndrome. Eur Heart J. 1999;20:465-470.
56 Ikeda T, Takami M, Sugi K et al. Noninvasive risk stratification of subjects with a Brugada-type 

electrocardiogram and no history of cardiac arrest. Ann Noninvasive Electrocardiol. 2005;10:396-
403.

57 Mizumaki K, Fujiki A, Nishida K et al. Postprandial augmentation of bradycardia-dependent ST 
elevation in patients with Brugada syndrome. J Cardiovasc Electrophysiol. 2007;18:839-844.

58 Ikeda T, Abe A, Yusu S et al. The full stomach test as a novel diagnostic technique for identifying 
patients at risk of brugada syndrome. J Cardiovasc Electrophysiol. 2006;17:602-607.

59 Tan HL, Meregalli PG. Lethal ECG changes hidden by therapeutic hypothermia. Lancet. 
2007;369:78.

60 Gonzalez Rebollo JM, Hernandez MA, Garcia A et al. [Recurrent ventricular fibrillation during a 
febrile illness in a patient with the Brugada syndrome]. Rev Esp Cardiol. 2000;53:755-757.

61 Porres JM, Brugada J, Urbistondo V et al. Fever unmasking the Brugada syndrome. Pacing Clin 
Electrophysiol. 2002;25:1646-1648.

62 Skinner JR, Chung SK, Nel CA et al. Brugada syndrome masquerading as febrile seizures. Pediatrics. 
2007;119:e1206-e1211.

63 Bjerregaard P, Gussak I, Kotar SL et al. Recurrent syncope in a patient with prominent J wave. Am 
Heart J. 1994;127:1426-1430.

64 Kontny F, Dale J. Self-terminating idiopathic ventricular fibrillation presenting as syncope: a 40-
year follow-up report. J Intern Med. 1990;227:211-213.

65 Patt MV, Podrid PJ, Friedman PL et al. Spontaneous reversion of ventricular fibrillation. Am Heart 
J. 1988;115:919-923.

66 Dubner SJ, Gimeno GM, Elencwajg B et al. Ventricular fibrillation with spontaneous reversion on 
ambulatory ECG in the absence of heart disease. Am Heart J. 1983;105:691-693.

67 Mok NS, Chan NY. Brugada syndrome presenting with sustained monomorphic ventricular 
tachycardia. Int J Cardiol. 2004;97:307-309.

68 Ogawa M, Kumagai K, Saku K. Spontaneous right ventricular outflow tract tachycardia in a patient 
with Brugada syndrome. J Cardiovasc Electrophysiol. 2001;12:838-840.

69 Shimada M, Miyazaki T, Miyoshi S et al. Sustained monomorphic ventricular tachycardia in a 
patient with Brugada syndrome. Jpn Circ J. 1996;60:364-370.

70 Dinckal MH, Davutoglu V, Akdemir I et al. Incessant monomorphic ventricular tachycardia during 
febrile illness in a patient with Brugada syndrome: fatal electrical storm. Europace. 2003;5:257-261.

71 Boersma LV, Jaarsma W, Jessurun ER et al. Brugada syndrome: a case report of monomorphic 
ventricular tachycardia. Pacing Clin Electrophysiol. 2001;24:112-115.

72 Kakishita M, Kurita T, Matsuo K et al. Mode of onset of ventricular fibrillation in patients with 
Brugada syndrome detected by implantable cardioverter defibrillator therapy. J Am Coll Cardiol. 
2000;36:1646-1653.

73 Haissaguerre M, Extramiana F, Hocini M et al. Mapping and ablation of ventricular fibrillation 
associated with long-QT and Brugada syndromes. Circulation. 2003;108:925-928.

74 Morita H, Kusano-Fukushima K, Nagase S et al. Atrial fibrillation and atrial vulnerability in 
patients with Brugada syndrome. J Am Coll Cardiol. 2002;40:1437-1444.



Brugada syndrome

137 | 

75 Naccarelli GV, Antzelevitch C, Wolbrette DL et al. The Brugada syndrome. Curr Opin Cardiol. 
2002;17:19-23.

76 Eckardt L, Kirchhof P, Loh P et al. Brugada syndrome and supraventricular tachyarrhythmias: a 
novel association? J Cardiovasc Electrophysiol. 2001;12:680-685.

77 Rossenbacker T, Carroll SJ, Liu H et al. Novel pore mutation in SCN5A manifests as a spectrum 
of phenotypes ranging from atrial flutter, conduction disease, and Brugada syndrome to sudden 
cardiac death. Heart Rhythm. 2004;1:610-615.

78 Bordachar P, Reuter S, Garrigue S et al. Incidence, clinical implications and prognosis of atrial 
arrhythmias in Brugada syndrome. Eur Heart J. 2004;25:879-884.

79 Babai Bigi MA, Aslani A, Shahrzad S. Clinical predictors of atrial fibrillation in Brugada syndrome. 
Europace. 2007;9:947-950.

80 Sarkozy A, Boussy T, Kourgiannides G et al. Long-term follow-up of primary prophylactic 
implantable cardioverter-defibrillator therapy in Brugada syndrome. Eur Heart J. 2007;28:334-344.

81 Gehi AK, Duong TD, Metz LD et al. Risk stratification of individuals with the brugada 
electrocardiogram: a meta-analysis. J Cardiovasc Electrophysiol. 2006;17:577-583.

82 Matsuo K, Akahoshi M, Seto S et al. Disappearance of the Brugada-type electrocardiogram after 
surgical castration: a role for testosterone and an explanation for the male preponderance. Pacing 
Clin Electrophysiol. 2003;26:1551-1553.

83 Shimizu W, Matsuo K, Kokubo Y et al. Sex hormone and gender difference--role of testosterone on 
male predominance in Brugada syndrome. J Cardiovasc Electrophysiol. 2007;18:415-421.

84 Bidoggia H, Maciel JP, Capalozza N et al. Sex-dependent electrocardiographic pattern of cardiac 
repolarization. Am Heart J. 2000;140:430-436.

85 Di Diego JM, Cordeiro JM, Goodrow RJ et al. Ionic and cellular basis for the predominance of the 
Brugada syndrome phenotype in males. Circulation. 2002;106:2004-2011.

86 Pham TV, Robinson RB, Danilo P, Jr. et al. Effects of gonadal steroids on gender-related differences 
in transmural dispersion of L-type calcium current. Cardiovasc Res. 2002;53:752-762.

87 Tatsumi H, Takagi M, Nakagawa E et al. Risk Stratification in patients with Brugada syndrome: 
analysis of daily fluctuations in 12-Lead electrocardiogram (ECG) and signal-averaged 
electrocardiogram (SAECG). J Cardiovasc Electrophysiol. 2006;17:705-711.

88 Veltmann C, Schimpf R, Echternach C et al. A prospective study on spontaneous fluctuations 
between diagnostic and non-diagnostic ECGs in Brugada syndrome: implications for correct 
phenotyping and risk stratification. Eur Heart J. 2006;27:2544-2554.

89 Antzelevitch C, Brugada P, Borggrefe M et al. 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.

90 Meregalli PG, Ruijter JM, Hofman N et al. Diagnostic value of flecainide testing in unmasking 
SCN5A-related Brugada syndrome. J Cardiovasc Electrophysiol. 2006;17:857-864.

91 Miyamoto K, Yokokawa M, Tanaka K et al. Diagnostic and prognostic value of a type 1 Brugada 
electrocardiogram at higher (third or second) V(1) to V(2) recording in men with Brugada 
syndrome. Am J Cardiol. 2007;99:53-57.

92 Wolpert C, Echternach C, Veltmann C et al. Intravenous drug challenge using flecainide and 
ajmaline in patients with Brugada syndrome. Heart Rhythm. 2005;2:254-260.

93 Cordery R, Lambiase P, Lowe M et al. Brugada syndrome and anesthetic management. J 
Cardiothorac Vasc Anesth. 2006;20:407-413.

94 Kim JS, Park SY, Min SK et al. Anaesthesia in patients with Brugada syndrome. Acta Anaesthesiol 
Scand. 2004;48:1058-1061.

95 Santambrogio LG, Mencherini S, Fuardo M et al. The surgical patient with Brugada syndrome: a 
four-case clinical experience. Anesth Analg. 2005;100:1263-1266.

96 Edge CJ, Blackman DJ, Gupta K et al. General anaesthesia in a patient with Brugada syndrome. Br 
J Anaesth. 2002;89:788-791.

97 Jongman JK, Jepkes-Bruin N, Ramdat Misier AR et al. Electrical storms in Brugada syndrome 



Chapter 08

| 138

successfully treated with isoproterenol infusion and quinidine orally. Neth Heart J. 2007;15:151-
154.

98 Watanabe A, Kusano KF, Morita H et al. Low-dose isoproterenol for repetitive ventricular 
arrhythmia in patients with Brugada syndrome. Eur Heart J. 2006;27:1579-1583.

99 Tanaka H, Kinoshita O, Uchikawa S et al. Successful prevention of recurrent ventricular fibrillation 
by intravenous isoproterenol in a patient with Brugada syndrome. Pacing Clin Electrophysiol. 
2001;24:1293-1294.

100 Ohgo T, Okamura H, Noda T et al. Acute and chronic management in patients with Brugada 
syndrome associated with electrical storm of ventricular fibrillation. Heart Rhythm. 2007;4:695-
700.

101 Todd SJ, Campbell MJ, Roden DM et al. Novel Brugada SCN5A mutation causing sudden death in 
children. Heart Rhythm. 2005;2:540-543.

102 Saura D, Garcia-Alberola A, Carrillo P et al. Brugada-like electrocardiographic pattern induced by 
fever. Pacing Clin Electrophysiol. 2002;25:856-859.

103 Smith J, Hannah A, Birnie DH. Effect of temperature on the Brugada ECG. Heart. 2003;89:272.
104 Gussak I, Antzelevitch C. Early repolarization syndrome: clinical characteristics and possible 

cellular and ionic mechanisms. J Electrocardiol. 2000;33:299-309.
105 Kataoka H. Electrocardiographic patterns of the Brugada syndrome in right ventricular infarction/

ischemia. Am J Cardiol. 2000;86:1056.
106 Chinushi M, Kuroe Y, Ito E et al. Vasospastic angina accompanied by Brugada-type 

electrocardiographic abnormalities. J Cardiovasc Electrophysiol. 2001;12:108-111.
107 Sasaki T, Niwano S, Kitano Y et al. Two cases of brugada syndrome associated with spontaneous 

clinical episodes of coronary vasospasm. Intern Med. 2006;45:77-80.
108 Douglas PS, Carmichael KA, Palevsky PM. Extreme hypercalcemia and electrocardiographic 

changes. Am J Cardiol. 1984;54:674-675.
109 Littmann L, Monroe MH, Taylor L, III et al. The hyperkalemic Brugada sign. J Electrocardiol. 

2007;40:53-59.
110 Wu LS, Wu CT, Hsu LA et al. Brugada-like electrocardiographic pattern and ventricular fibrillation 

in a patient with primary hyperparathyroidism. Europace. 2007;9:172-174.
111 Buob A, Siaplaouras S, Janzen I et al. Focal parvovirus B19 myocarditis in a patient with Brugada 

syndrome. Cardiol Rev. 2003;11:45-49.
112 Hermida JS, Six I, Jarry G. Drug-induced pericarditis mimicking Brugada syndrome. Europace. 

2007;9:66-68.
113 Kurisu S, Inoue I, Kawagoe T et al. Acute pericarditis unmasks ST-segment elevation in 

asymptomatic Brugada syndrome. Pacing Clin Electrophysiol. 2006;29:201-203.
114 Zipes DP, Libby P, Bonow RO, Braunwald E. Braunwald’s Heart Disease: a textbook of cardiovascular 

medicine. 7th ed. Philadelphia: Elsevier Saunders, 2005.
115 Morita H, Fukushima-Kusano K, Nagase S et al. Sinus node function in patients with Brugada-type 

ECG. Circ J. 2004;68:473-476.
116 Probst V, Allouis M, Sacher F et al. Progressive cardiac conduction defect is the prevailing phenotype 

in carriers of a Brugada syndrome SCN5A mutation. J Cardiovasc Electrophysiol. 2006;17:270-275.
117 Kyndt F, Probst V, Potet F et al. Novel SCN5A mutation leading either to isolated cardiac conduction 

defect or Brugada syndrome in a large French family. Circulation. 2001;104:3081-3086.
118 Schwartz PJ, Moss AJ, Vincent GM et al. Diagnostic criteria for the long QT syndrome. An update. 

Circulation. 1993;88:782-784.
119 Bezzina C, Veldkamp MW, van den Berg MP et al. A single Na(+) channel mutation causing both 

long-QT and Brugada syndromes. Circ Res. 1999;85:1206-1213.
120 Veldkamp MW, Viswanathan PC, Bezzina C et al. Two distinct congenital arrhythmias evoked by 

a multidysfunctional Na(+) channel. Circ Res. 2000;86:E91-E97.
121 Grant AO, Carboni MP, Neplioueva V et al. Long QT syndrome, Brugada syndrome, and conduction 

system disease are linked to a single sodium channel mutation. J Clin Invest. 2002;110:1201-1209.



Brugada syndrome

139 | 

122 Priori SG, Napolitano C, Schwartz PJ et al. The elusive link between LQT3 and Brugada syndrome: 
the role of flecainide challenge. Circulation. 2000;102:945-947.

123 Remme CA, Verkerk AO, Nuyens D et al. Overlap syndrome of cardiac sodium channel disease in 
mice carrying the equivalent mutation of human SCN5A-1795insD. Circulation. 2006;114:2584-
2594.

124 Atarashi H, Ogawa S. New ECG criteria for high-risk Brugada syndrome. Circ J. 2003;67:8-10.
125 Eckardt L, Bruns HJ, Paul M et al. Body surface area of ST elevation and the presence of late 

potentials correlate to the inducibility of ventricular tachyarrhythmias in Brugada syndrome. J 
Cardiovasc Electrophysiol. 2002;13:742-749.

126 Ikeda T, Sakurada H, Sakabe K et al. 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.

127 Kanda M, Shimizu W, Matsuo K et al. Electrophysiologic characteristics and implications of 
induced ventricular fibrillation in symptomatic patients with Brugada syndrome. J Am Coll 
Cardiol. 2002;39:1799-1805.

128 Nagase S, Kusano KF, Morita H et al. 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.

129 Simson MB, Untereker WJ, Spielman SR et al. Relation between late potentials on the body surface 
and directly recorded fragmented electrograms in patients with ventricular tachycardia. Am J 
Cardiol. 1983;51:105-112.

130 Antzelevitch C. Late potentials and the Brugada syndrome. J Am Coll Cardiol. 2002;39:1996-1999.
131 Kalla H, Yan GX, Marinchak R. Ventricular fibrillation in a patient with prominent J (Osborn) 

waves and ST segment elevation in the inferior electrocardiographic leads: a Brugada syndrome 
variant? J Cardiovasc Electrophysiol. 2000;11:95-98.

132 Takagi M, Aihara N, Takaki H et al. Clinical characteristics of patients with spontaneous or 
inducible ventricular fibrillation without apparent heart disease presenting with J wave and ST 
segment elevation in inferior leads. J Cardiovasc Electrophysiol. 2000;11:844-848.

133 Ogawa M, Kumagai K, Yamanouchi Y et al. Spontaneous onset of ventricular fibrillation in Brugada 
syndrome with J wave and ST-segment elevation in the inferior leads. Heart Rhythm. 2005;2:97-99.

134 Ueyama T, Shimizu A, Esato M et al. A case of a concealed type of Brugada syndrome with a J wave 
and mild ST-segment elevation in the inferolateral leads. J Electrocardiol. 2007;40:39-42.

135 van den Berg MP, Wiesfeld AC. Brugada syndrome with ST-segment elevation in the lateral leads. 
J Cardiovasc Electrophysiol. 2006;17:1035.

136 Potet F, Mabo P, Le Coq G. et al. Novel brugada SCN5A mutation leading to ST segment elevation 
in the inferior or the right precordial leads. J Cardiovasc Electrophysiol. 2003;14:200-203.

137 Matsuo K, Shimizu W, Kurita T et al. Dynamic changes of 12-lead electrocardiograms in a patient 
with Brugada syndrome. J Cardiovasc Electrophysiol. 1998;9:508-512.

138 Wilde A, Duren D. Sudden cardiac death, RBBB, and right precordial ST-segment elevation. 
Circulation. 1999;99:722-723.

139 Corrado D, Nava A, Buja G et al. Familial cardiomyopathy underlies syndrome of right bundle 
branch block, ST segment elevation and sudden death. J Am Coll Cardiol. 1996;27:443-448.

140 Antzelevitch C. The Brugada syndrome: ionic basis and arrhythmia mechanisms. J Cardiovasc 
Electrophysiol. 2001;12:268-272.

141 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.

142 Matsuo K, Shimizu W, Kurita T et al. Increased dispersion of repolarization time determined by 
monophasic action potentials in two patients with familial idiopathic ventricular fibrillation. J 
Cardiovasc Electrophysiol. 1998;9:74-83.

143 Meregalli PG, Wilde AA, Tan HL. Pathophysiological mechanisms of Brugada syndrome: 
depolarization disorder, repolarization disorder, or more? Cardiovasc Res. 2005;67:367-378.



Chapter 08

| 140

144 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.

145 Litovsky SH, Antzelevitch C. Transient outward current prominent in canine ventricular 
epicardium but not endocardium. Circ Res. 1988;62:116-126.

146 Di Diego JM, Sun ZQ, Antzelevitch C. I(to) and action potential notch are smaller in left vs. right 
canine ventricular epicardium. Am J Physiol. 1996;271:H548-H561.

147 Fujiki A, Usui M, Nagasawa H et al. ST segment elevation in the right precordial leads induced 
with class IC antiarrhythmic drugs: insight into the mechanism of Brugada syndrome. J Cardiovasc 
Electrophysiol. 1999;10:214-218.

148 Izumida N, Asano Y, Doi S et al. Changes in body surface potential distributions induced by 
isoproterenol and Na channel blockers in patients with the Brugada syndrome. Int J Cardiol. 
2004;95:261-268.

149 Takami M, Ikeda T, Enjoji Y et al. Relationship between ST-segment morphology and conduction 
disturbances detected by signal-averaged electrocardiography in Brugada syndrome. Ann 
Noninvasive Electrocardiol. 2003;8:30-36.

150 Tukkie R, Sogaard P, Vleugels J et al. Delay in right ventricular activation contributes to Brugada 
syndrome. Circulation. 2004;109:1272-1277.

151 Aiba T, Shimizu W, Hidaka I et al. Cellular basis for trigger and maintenance of ventricular 
fibrillation in the brugada syndrome model high-resolution optical mapping study. J Am Coll 
Cardiol. 2006;47:2074-2085.

152 Tada H, Aihara N, Ohe T et al. Arrhythmogenic right ventricular cardiomyopathy underlies 
syndrome of right bundle branch block, ST-segment elevation, and sudden death. Am J Cardiol. 
1998;81:519-522.

153 Martini B, Nava A. 1988-2003. Fifteen years after the first Italian description by Nava-Martini-
Thiene and colleagues of a new syndrome (different from the Brugada syndrome?) in the Giornale 
Italiano di Cardiologia: do we really know everything on this entity? Ital Heart J. 2004;5:53-60.

154 Frustaci A, Priori SG, Pieroni M et al. Cardiac histological substrate in patients with clinical 
phenotype of Brugada syndrome. Circulation. 2005;112:3680-3687.

155 Coronel R, Casini S, Koopmann TT et al. 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.

156 Postema PG, van Dessel PF, de Bakker JM et al. Slow and discontinuous conduction conspire 
in Brugada syndrome: a right ventricular mapping and stimulation study. Circ Arrhythm 
Electrophysiol. 2008;1:379-386.

157 Bezzina CR, Rook MB, Groenewegen WA et al. Compound heterozygosity for mutations (W156X 
and R225W) in SCN5A associated with severe cardiac conduction disturbances and degenerative 
changes in the conduction system. Circ Res. 2003;92:159-168.

158 Remme CA, Engelen MA, van Brunschot S et al. Severity of conduction disease and development 
of cardiac structural abnormalities in sodium channel disease depends on genetic background 
[Abstract]. Heart Rhythm. 2007;4:S60-S61.

159 Royer A, van Veen TA, Le BS et al. Mouse model of SCN5A-linked hereditary Lenegre’s disease: 
age-related conduction slowing and myocardial fibrosis. Circulation. 2005;111:1738-1746.

160 van Veen TA, Stein M, Royer A et al. Impaired impulse propagation in Scn5a-knockout mice: 
combined contribution of excitability, connexin expression, and tissue architecture in relation to 
aging. Circulation. 2005;112:1927-1935.

161 Papavassiliu T, Wolpert C, Fluchter S et al. Magnetic resonance imaging findings in patients with 
Brugada syndrome. J Cardiovasc Electrophysiol. 2004;15:1133-1138.

162 Takagi M, Aihara N, Kuribayashi S et al. Localized right ventricular morphological abnormalities 
detected by electron-beam computed tomography represent arrhythmogenic substrates in patients 
with the Brugada syndrome. Eur Heart J. 2001;22:1032-1041.

163 Takagi M, Aihara N, Kuribayashi S et al. Abnormal response to sodium channel blockers in patients 



Brugada syndrome

141 | 

with Brugada syndrome: augmented localised wall motion abnormalities in the right ventricular 
outflow tract region detected by electron beam computed tomography. Heart. 2003;89:169-174.

164 Koopmann TT, Bezzina CR, Wilde AA. Voltage-gated sodium channels: action players with many 
faces. Ann Med. 2006;38:472-482.

165 McKusick VA. OMIM - Online Mendelian Inheritance in Man. National Center for Biotechnology 
Information 2007;Available at: URL: http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM.

166 Schott JJ, Alshinawi C, Kyndt F et al. Cardiac conduction defects associate with mutations in 
SCN5A. Nat Genet. 1999;23:20-21.

167 Benson DW, Wang DW, Dyment M et al. Congenital sick sinus syndrome caused by recessive 
mutations in the cardiac sodium channel gene (SCN5A). J Clin Invest. 2003;112:1019-1028.

168 McNair WP, Ku L, Taylor MR et al. SCN5A mutation associated with dilated cardiomyopathy, 
conduction disorder, and arrhythmia. Circulation. 2004;110:2163-2167.

169 Groenewegen WA, Firouzi M, Bezzina CR et al. A cardiac sodium channel mutation cosegregates 
with a rare connexin40 genotype in familial atrial standstill. Circ Res. 2003;92:14-22.

170 Wang Q, Shen J, Li Z et al. Cardiac sodium channel mutations in patients with long QT syndrome, 
an inherited cardiac arrhythmia. Hum Mol Genet. 1995;4:1603-1607.

171 Ackerman MJ, Siu BL, Sturner WQ et al. Postmortem molecular analysis of SCN5A defects in 
sudden infant death syndrome. JAMA. 2001;286:2264-2269.

172 Wang DW, Desai RR, Crotti L et al. Cardiac sodium channel dysfunction in sudden infant death 
syndrome. Circulation. 2007;115:368-376.

173 Bezzina CR, Shimizu W, Yang P et al. Common sodium channel promoter haplotype in Asian 
subjects underlies variability in cardiac conduction. Circulation. 2006;113:338-344.

174 Baroudi G, Pouliot V, Denjoy I et al. Novel mechanism for Brugada syndrome: defective surface 
localization of an SCN5A mutant (R1432G). Circ Res. 2001;88:E78-E83.

175 Hong K, Guerchicoff A, Pollevick GD et al. Cryptic 5’ splice site activation in SCN5A associated 
with Brugada syndrome. J Mol Cell Cardiol. 2005;38:555-560.

176 Poelzing S, Forleo C, Samodell M et al. SCN5A polymorphism restores trafficking of a Brugada 
syndrome mutation on a separate gene. Circulation. 2006;114:368-376.

177 Rossenbacker T, Schollen E, Kuiperi C et al. Unconventional intronic splice site mutation in SCN5A 
associates with cardiac sodium channelopathy. J Med Genet. 2005;42:e29.

178 Rossenbacker T, Priori SG. The Brugada syndrome. Curr Opin Cardiol. 2007;22:163-170.
179 Koopmann TT, Beekman L, Alders M et al. Exclusion of multiple candidate genes and large genomic 

rearrangements in SCN5A in a Dutch Brugada syndrome cohort. Heart Rhythm. 2007;4:752-755.
180 Gaborit N, Wichter T, Varro A et al. Transcriptional profiling of ion channel genes in Brugada 

syndrome and other right ventricular arrhythmogenic diseases. Eur Heart J. 2009;30:487-496.
181 Wilde AA, Bezzina CR. Genetics of cardiac arrhythmias. Heart. 2005;91:1352-1358.
182 Viskin S. Brugada syndrome in children: don’t ask, don’t tell? Circulation. 2007;115:1970-1972.
183 Brugada P, Brugada R, Mont L et al. Natural history of Brugada syndrome: the prognostic value of 

programmed electrical stimulation of the heart. J Cardiovasc Electrophysiol. 2003;14:455-457.
184 Brugada P, Brugada R, Brugada J. Should patients with an asymptomatic Brugada electrocardiogram 

undergo pharmacological and electrophysiological testing? Circulation. 2005;112:279-292.
185 Ayerza MR, de ZM, Goethals M et al. Heart transplantation as last resort against Brugada syndrome. 

J Cardiovasc Electrophysiol. 2002;13:943-944.
186 Francis J, Sankar V, Nair VK et al. Catecholaminergic polymorphic ventricular tachycardia. Heart 

Rhythm. 2005;2:550-554.
187 Postema PG, Wolpert C, Amin AS et al. 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.

188 Zipes DP, Camm AJ, Borggrefe M et al. ACC/AHA/ESC 2006 Guidelines for management of 
patients with ventricular arrhythmias and the prevention of sudden cardiac death: a report of the 
American College of Cardiology/American Heart Association Task Force and the European Society 



Chapter 08

| 142

of Cardiology Committee for Practice Guidelines developed in collaboration with the European 
Heart Rhythm Association and the Heart Rhythm Society. Circulation. 2006;114:e385-e484.

189 Oe H, Takagi M, Tanaka A et al. Prevalence and clinical course of the juveniles with Brugada-type 
ECG in Japanese population. Pacing Clin Electrophysiol. 2005;28:549-554.

190 Yamakawa Y, Ishikawa T, Uchino K et al. Prevalence of right bundle-branch block and right 
precordial ST-segment elevation (Brugada-type electrocardiogram) in Japanese children. Circ J. 
2004;68:275-279.

191 Yoshinaga M, Anan R, Nomura Y et al. Prevalence and time of appearance of Brugada 
electrocardiographic pattern in young male adolescents from a three-year follow-up study. Am J 
Cardiol. 2004;94:1186-1189.

192 Matsuo K, Akahoshi M, Nakashima E et al. The prevalence, incidence and prognostic value of the 
Brugada-type electrocardiogram: a population-based study of four decades. J Am Coll Cardiol. 
2001;38:765-770.

193 Monroe MH, Littmann L. Two-year case collection of the Brugada syndrome electrocardiogram 
pattern at a large teaching hospital. Clin Cardiol. 2000;23:849-851.

194 Donohue D, Tehrani F, Jamehdor R et al. The prevalence of Brugada ECG in adult patients in a large 
university hospital in the western United States. Am Heart Hosp J. 2008;6:48-50.

195 Ito H, Yano K, Chen R et al. The prevalence and prognosis of a Brugada-type electrocardiogram in 
a population of middle-aged Japanese-American men with follow-up of three decades. Am J Med 
Sci. 2006;331:25-29.

196 Patel SS, Anees SS, Ferrick KJ. Prevalence of a Brugada pattern electrocardiogram in an urban 
population in the United States. Pacing Clin Electrophysiol. 2009;32:704-708.

197 Schukro C, Berger T, Stix G et al. Regional prevalence and clinical benefit of implantable cardioverter 
defibrillators in Brugada syndrome. Int J Cardiol. 2009;Epub ahead of print.

198 Blangy H, Sadoul N, Coutelour JM et al. Prevalence of Brugada syndrome among 35,309 inhabitants 
of Lorraine screened at a preventive medicine centre. Arch Mal Coeur Vaiss. 2005;98:175-180.

199 Gallagher MM, Forleo GB, Behr ER et al. Prevalence and significance of Brugada-type ECG in 
12,012 apparently healthy European subjects. Int J Cardiol. 2007;130:44-48.

200 Letsas KP, Gavrielatos G, Efremidis M et al. Prevalence of Brugada sign in a Greek tertiary hospital 
population. Europace. 2007;9:1077-1080.

201 Bozkurt A, Yas D, Seydaoglu G et al. Frequency of Brugada-type ECG pattern (Brugada sign) in 
Southern Turkey. Int Heart J. 2006;47:541-547.

202 Viskin S, Fish R, Eldar M et al. Prevalence of the Brugada sign in idiopathic ventricular fibrillation 
and healthy controls. Heart. 2000;84:31-36.

203 Babaee Bigi MA, Aslani A, Shahrzad S. Prevalence of Brugada sign in patients presenting with 
palpitation in southern Iran. Europace. 2007;9:252-255.

204 Wajed A, Aslam Z, Abbas SF et al. Frequency of Brugada-type ECG pattern (Brugada sign) in an 
apparently healthy young population. J Ayub Med Coll Abbottabad. 2008;20:121-124.

205 Furuhashi M, Uno K, Tsuchihashi K et al. Prevalence of asymptomatic ST segment elevation in 
right precordial leads with right bundle branch block (Brugada-type ST shift) among the general 
Japanese population. Heart. 2001;86:161-166.

206 Miyasaka Y, Tsuji H, Yamada K et al. Prevalence and mortality of the Brugada-type electrocardiogram 
in one city in Japan. J Am Coll Cardiol. 2001;38:771-774.

207 Sakabe M, Fujiki A, Tani M et al. Proportion and prognosis of healthy people with coved or saddle-
back type ST segment elevation in the right precordial leads during 10 years follow-up. Eur Heart 
J. 2003;24:1488-1493.

208 Tsuji H, Sato T, Morisaki K et al. Prognosis of subjects with Brugada-type electrocardiogram in 
a population of middle-aged Japanese diagnosed during a health examination. Am J Cardiol. 
2008;102:584-587.

209 Shin SC, Ryu HM, Lee JH et al. Prevalence of the Brugada-type ECG recorded from higher 
intercostal spaces in healthy Korean males. Circ J. 2005;69:1064-1067.



Brugada syndrome

143 | 

210 Gervacio-Domingo G, Isidro J, Tirona J et al. The Brugada type 1 electrocardiographic pattern is 
common among Filipinos. J Clin Epidemiol. 2008;61:1067-1072.



PP0909



09
Drugs and Brugada syndrome

Review of the literature, recommendations and an 
up-to-date website (www.brugadadrugs.org)

Heart Rhythm
2009;6:1335-1341

P.G. Postema
C. Wolpert
A.S. Amin

V. Probst
M. Borggrefe

D. Roden
S.G. Priori

H.L. Tan
M. Hiraoka

J. Brugada
A.A.M. Wilde

Academic Medical Center, Amsterdam, The Netherlands
University Hospital Mannheim, Mannheim, Germany

CHU de Nantes, INSERM and Université de Nantes, Nantes, France
Vanderbilt University School of Medicine, Nashville , Tennessee, USA

Fondazione Salvatore Maugeri, University of Pavia, Pavia, Italy
Tokyo Medical and Dental University, Tokyo, Japan

Hospital Clínic, University of Barcelona, Barcelona, Spain



Chapter 09

| 146

ABSTRACT

Background 
Worldwide, the Brugada syndrome has been recognized as an important cause of sudden 
cardiac death at a relatively young age. Importantly, many drugs have been reported to induce 
the characteristic Brugada syndrome-linked ECG abnormalities and/or (fatal) ventricular 
tachyarrhythmias.

Objective 
The purpose of this study was to review the literature on the use of drugs in Brugada syndrome 
patients, to make recommendations based on the literature and expert opinion regarding 
drug safety, and to ensure worldwide online and up-to-date availability of this information to 
all physicians who treat Brugada syndrome patients.

Methods 
We performed an extensive review of the literature, formed an international expert panel 
to produce a consensus recommendation to each drug, and initiated a website (www.
Brugadadrugs.org).

Results 
The literature search yielded 506 reports to be considered. Drugs were categorized to one 
of four categories: 1) drugs to be avoided (n=18), 2) drugs preferably avoided (n=23), 
3) antiarrhythmic drugs (n=4) and 4) diagnostic drugs (n=4). Level of evidence for most 
associations was C (only consensus opinion of experts, case studies, or standard-of-care) 
as there are no randomized studies and few non-randomized studies in Brugada syndrome 
patients. 

Conclusions 
Many drugs have been associated with adverse events in Brugada syndrome patients. We have 
initiated a website (www.Brugadadrugs.org) to ensure worldwide availability on safe drug use 
in Brugada syndrome patients.
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INTRODUCTION

Worldwide, the Brugada syndrome (BrS) is recognized as an important cause of sudden cardiac 
death occurring in individuals at a relatively young age. BrS is diagnosed in the presence of 
specific electrocardiographic abnormalities (known as the type-1 BrS-ECG) (figure 1) seen in 
combination with an absence of gross structural abnormalities and several other criteria.1,2 In 
addition, BrS often shows familial aggregation. 

The presence of the type-1 BrS-ECG in particular has been linked to an increased 
risk for ventricular tachyarrhythmias, cardiac arrest and sudden death in BrS-patients.3 
Importantly, many drugs have been reported to induce the type-1 BrS-ECG and/or (fatal) 
arrhythmias in BrS-patients (figure 2). Therefore, it is necessary to advice patients with BrS 
not to use these drugs, or to use them only in controlled conditions. 

Although the most appropriate treatment in BrS is under discussion,4,5 avoidance 
of potential proarrhythmic drugs and fever (which is a well-known trigger of cardiac events 
in Brugada syndrome)6,7 are generally accepted to be an important part of (prophylactic) 
treatment. However, some patients 
may (only) be appropriately treated 
with an implantable cardioverter-
defibrillator. Some drugs may have 
an antiarrhythmic effect and may 
thus be used favorably in the acute 
or chronic setting.8-10 As BrS has a 
rather low prevalence (estimated at 1 
in 2,000, varying in different regions 
around the world),1 these and other 
critical characteristics of BrS may 
not be common knowledge for many 
physicians.11 

With the aim of aiding all 
physicians who treat patients with BrS, 
we discussed the interaction between 
drugs and BrS, performed an extensive 
review of the literature, formed an 
international expert panel to produce 
a consensus recommendation for each 
drug, and initiated a website (www.
brugadadrugs.org) (figure 3) to ensure 
worldwide online and up-to-date 

Figure 1. The Brugada syndrome ECG

Conversion of a normal ECG to a type 1 Brugada syndrome 
ECG during ajmaline challenge. Note the coved-type ST 
segments (arrows) in the right precordial ECG leads at peak 
ajmaline (note that V3 is placed in the third intercostal space 
above V1 [V1ic3], and V5 is placed in the third intercostal
space above V2 [V2ic3]).
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availability of this knowledge base.

METHODS

Literature review
PubMed (Text: Brugada; MeSH Terms: Chemicals and Drugs Category; only reports in 
English were considered) and expert knowledge was employed to investigate drugs which 
have been associated with the type-1 BrS-ECG, with arrhythmias or with antiarrhythmic 
properties in BrS-patients. Although there is large variation in the extent to which different 
drugs have been associated with BrS, we aimed to investigate the first reported drug-BrS 
association for each drug, but favored larger, combined clinical-experimental or otherwise 
important studies (e.g., those which report arrhythmias). Thus, we refer to many, but not to 
all reports that describe a certain drug-BrS association. Furthermore, we sought drugs with 
cardiac ion channel blocking effects that, hypothetically, have the potential to have deleterious 
effects in BrS-patients but that have not yet been reported to have deleterious effects. Finally, 
for most drugs having a clinical association with BrS, we were able to retrieve confirmatory 
experimental studies showing the effects of the drug on the cardiac electrophysiology.

Recommendations
As there are no randomized clinical trials in BrS, the level of evidence (American College 
of Cardiology/American Heart Association/European Society of Cardiology [ACC/AHA/
ESC] format) for most associations is C (only consensus opinion of experts, case studies, or 
standard-of-care) and for some associations B (non-randomized studies). To ascertain validity 
of recommendations given, we formed an international expert panel (the BrugadaDrugs.org 
Advisory Board) to summarize the clinical and experimental evidence and expert opinion. 
The classification of recommendation is expressed in a modified ACC/AHA/ESC format as 
follows:

•  Class I: There is evidence 
and/or general agreement 
that a given treatment is 
potentially proarrhythmic 
(or potentially 
antiarrhythmic) in BrS-
patients.
•  Class IIa: There is 
conflicting evidence and/
or divergence of opinion 
about the drug, but the 

Figure 2 . Arrhythmia due to drugs

Nonsustained ventricular tachycardia in a patient who was
given flecainide for paroxysmal atrial fibrillation. Note the coved-type ST 
segments (arrow). The patient was diagnosed with Brugada syndrome dur-
ing an ajmaline provocation test.

V1
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weight of evidence/opinion is in favor of a potentially proarrhythmic (or potentially 
antiarrhythmic) effect in BrS-patients.

•  Class IIb: There is conflicting evidence and/or divergence of opinion about the drug and 
the potential proarrhythmic (or potentially antiarrhythmic) effect in BrS-patients is less 
well established by evidence/opinion.

•  Class III: There is very little evidence and/or agreement that a drug is potentially 
proarrhythmic (or potentially antiarrhythmic) in BrS-patients

Subsequently, we have listed the drugs into four groups: 
•  Drugs to be avoided by BrS-patients
•  Drugs preferably avoided by BrS-patients
•  Potential antiarrhythmic drugs in BrS-patients
•  Diagnostic drugs in BrS
Within these groups we differentiated between different drug classes (e.g., antiarrhythmic 
drugs and psychotropic drugs).

Figure 3 .  Screenshot of www.brugadadrugs.org

BrugadaDrugs.org has been initiated by the University of Amsterdam Academic Medical Center,
department of Cardiology, to aid physicians who treat patients with Brugada syndrome.

Worldwide, the Brugada syndrome has been recognized as an important cause of sudden cardiac death at
a relatively young age. Brugada syndrome is diagnosed in the presence of specific electrocardiographic
abnormalities (known as the type-1 Brugada syndrome ECG) combined with an absence of gross
structural abnormalities and several other criteria. Further, Brugada syndrome often shows familial
aggregation. The presence of this type-1 ECG in particular has been linked to an increased risk for
ventricular tachyarrhythmias, cardiac arrest and sudden death in Brugada syndrome patients. 
Importantly, many drugs have been reported to induce the type-1 ECG and/or (fatal) arrhythmias in 
Brugada syndrome patients. Therefore, it is necessary to advice patients with Brugada syndrome not to 
use these drugs, or only in controlled conditions.

Introduction to BrugadaDrugs.org QUICK LINKS TO DRUG LISTS

● Drugs to be avoided

● Drugs preferably avoided

● Potential antiarrhythmic drugs

● Diagnostic drugs

BrugadaDrugs.org
For medical professionals

Home About / contact Disclaimer Links Search Advisory Board

Drugs to be avoided by Brugada syndrome patients

Drugs preferably avoided by Brugada syndrome patients

Potential antiarrhythmic drugs in Brugada syndrome patients

Diagnostic drugs for Brugada syndrome
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RESULTS

The PubMed search yielded 563 
reports, including 506 written in 
English. The BrugadaDrugs.org 
Advisory Board selected about 
15% of these reports as adding 
considerably to our knowledge 
and understanding of drug 
effects in BrS. The drugs and 
accompanying recommendation 
are listed in Tables 1 through 4.

DISCUSSION

In this study we reviewed the 
literature on the use of drugs 
in BrS-patients and made 
recommendations about their 
safety which was based on the 
literature and expert opinion. 
We also initiated a website (www.
brugadadrugs.org) where these 
drugs and the recommendations 
can be accessed by all physicians 

who treat patients with BrS and by other individuals with possible interest (e.g., patients). On 
this website we provide more detailed information on drugs in BrS than reviewed in this article. 
Additionally, the website is frequently updated (drugs added or removed, recommendations 
changed) according to the latest evidence.

Patients with BrS should be advised not to take drugs from the ‘avoid’ and 
‘preferably avoid’ lists  or to use these drugs only after extensive consideration and/or  in 
controlled conditions. We advise patients to give a list of these drugs to all their treating 
physicians (including their general practitioner, dentist, and pharmacist). In many BrS-
patients, avoidance of these drugs (and treatment of fever)6,7 is probably appropriate and safe 
treatment. Some BrS-patients seem to perform well on quinidine.8-10 Recently a prospective 
registry has started investigating the use of empiric quinidine therapy for asymptomatic 
BrS-patients (ClinicalTrials.gov identifier NCT00789165).12 Further, the QUIDAM study 
(HydroQuinidine to Decrease Arrhythmic events in Brugada syndrome patients, ClinicalTrials.

 Table 1      Drugs to be avoided 

Drug category Drug (generic) Recommendation

Antiarrhythmic Ajmaline26-29 Class I

Flecainide30-34 Class I

Pilsicainide35-38 Class I

Procainamide17,26,39,40 Class I

Propafenone41-45 Class IIa

Psychotropic Amitriptyline46-49 Class IIa

Clomipramine50,51 Class IIa

Desipramine52-55 Class IIa

Lithium52,56 Class IIa

Loxapine47,57 Class IIa

Nortriptyline55,58,59 Class IIa

Trifluoperazine47,60 Class IIa

Anesthetic Bupivacaine61-64 Class IIa

Propofol62,65-67 Class IIb

Other Acetylcholine17,68,69 Class IIa

Alcohol(toxicity)47,70,71 Class IIb

Cocaine72-75 Class IIa

Ergonovine68,76 Class IIb

Recommendation: Class I: convincing evidence/opinion; Class IIa: 
evidence/opinion less clear; Class IIb: conflicting evidence/opinion.
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gov identifier NCT00927732), 
a French national double 
blinded randomized study, is 
currently performed on the 
role of quinidine therapy in 
improving the outcome of high-
risk BrS-patients. Reports have 
postulated an antiarrhythmic 
effect of other drugs in BrS 
(amrinone,13 bepridil,14,15 
clarithromycin,13 denopamine,15 
dimethyl lithospermate B,16 
mexiletine,17,18 milrinone,13 
phentolamine,17 prazosin,17 
sotalol,19,20 tedisamil13,21 and 
4-aminopyridine13). We consider 
the evidence to use these drugs 
as antiarrhythmic treatment in 
BrS-patients currently to be too 
low.

In BrS-patients an 
important issue regarding 
ventricular tachyarrhythmias 
is that they can present as an 
epileptic seizure and that the 
cerebral hypoperfusion may 
create a clinical picture easily 
confused with a postictal 
phase. Therefore, in patients 
with seizures both epilepsy and 
arrhythmia syndromes such as Brugada syndrome7 (or, e.g., Long-QT syndrome)22 are part of 
the differential diagnosis. Many antiepileptic drugs, such as carbamazepine or phenytoin, act 
through cerebral ion channel blockade but will also result in cardiac ion channel blockade.23-25 
The latter may have a deleterious (and possibly fatal) effect in patients with an arrhythmia 
syndrome such as Brugada syndrome. Therefore it is important to exclude arrhythmia 
syndromes such as Brugada syndrome in patients suspected of epilepsy before a possible 
harmful treatment is started.

We hope that the website will be helpful to physicians who are in need of this 

 Table 2      Drugs preferably avoided 

Drug category Drug (generic) Recommendation

Antiarrhythmic Amiodarone77-79 Class IIb

Cibenzoline80-82 Class IIb

Disopyramide14,17,83-85 Class IIb

Lidocaine17,86* Class IIb

Propranolol17,18,70,87,88 Class IIb

Verapamil17,89,90 Class IIb

Psychotropic Carbamazepine91,92 Class IIb

Cyamemazine47,93 Class IIb

Doxepin48,94 Class IIb

Fluoxetine47,51 Class IIb

Imipramine95 Class IIb

Maprotiline46,96 Class IIb

Perphenazine46,97 Class IIb

Phenytoin98,99 Class IIb

Thioridazine100 Class IIb

Antianginal Diltiazem1,101-103 Class III

Nicorandil1,104 Class III

Nifedipine1,105 Class III

Nitroglycerine1,106,107 Class III

Sorbidnitrate1,89,108 Class III

Other Dimenhydrinate109-111 Class IIb

Edrophonium17,18 Class IIb

Indapamide112 Class IIb

Recommendation: Class I: convincing evidence/opinion; Class IIa: evi-
dence/opinion less clear; Class IIb: conflicting evidence/opinion; Class 
IIb: conflicting evidence/opinion; Class III: very little evidence.
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information and we welcome 
your suggestions and/or 
documentation on the safe or 
unsafe use of drugs in BrS-
patients. We hope that use of 
the information provided on 
our website will prevent BrS-
patients from suffering a cardiac 
arrest or sudden cardiac death 
initiated by drugs that should be 
avoided.

Limitations
The principal limitation of the 
association between certain 
drugs, BrS and arrhythmias, 
is the limited number of case 
reports and experimental 
studies suggesting an effect in 
BrS. Furthermore, BrS-patients 
may show conflicting results 
and large variability in their 
response to certain drugs. 
This response may also vary in 
different conditions (e.g., with 

or without fever, drug in therapeutic range, overdose or in combination with other drugs). 
Therefore, clinical decision making should be based on more than the presence or absence 
of a (single) association in another patient. In addition, it remains important for health care 
providers to recognize the active substances in medicines containing a combination of drugs, 
and to be aware of the drug category (e.g., many tricyclic antidepressants will be potentially 
proarrhythmic in BrS-patients).
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 Table 3      Potential antiarrhythmic drugs 

Drug category Drug (generic) Recommendation

Antiarrhythmic Isoproterenol / Isoprena-
line15,17,113,114*

Class I

Orciprenaline115 Class IIa

Quinidine8-10,15,116,117† Class I

Other Cilostazol118-120 Class IIb
Recommendation: Class I: convincing evidence/opinion; Class IIa: 
evidence/opinion less clear; Class IIb: conflicting evidence/opinion. 
*In adults an isoproterenol regimen of 0.003±0.003 µg/kg/min has 
been used by Ohgo et al.15 and 0.01 to 0.02 µg/kg/min has been used 
by Kasanuki et al.18 †Aim at quinidine plasma levels of 1-3 µg/mL or 
3.5-11 µmol/L.

 Table 4      Diagnostic drugs 

Drug category Drug (generic) Use

Antiarrhythmic Ajmaline26-29 Max. 1mg/kg

Flecainide30-34* Max. 2mg/kg

Pilsicainide35-38 Max. 1mg/kg

Procainamide17,26,39,40† Max.10mg/kg
* It has been reported by Wolpert et al.28 that flecainide has a 32% 
lower sensitivity to uncover a type-1 Brugada ECG than ajmaline; † 
In the first consensus report (Wilde et al.2), the sensitivity of procain-
amide was considered relatively low.
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ABSTRACT

Background 
Brugada syndrome (BrS) is associated with lethal arrhythmias, which are linked to specific ST-
segment changes (type-1 BrS-ECG) and the right ventricle (RV). The pathophysiological basis 
of the arrhythmias and type-1 BrS-ECG is unresolved. We studied the electrophysiological 
characteristics of the RV endocardium in BrS.

Methods and results 
RV endocardial electroanatomical mapping and stimulation studies were performed in 
controls (n=12) and BrS patients with a type-1 (BrS-1, n=10) or type-2 BrS-ECG (BrS-2, n=12) 
during the studies. BrS-1 patients had prominent impairment of RV endocardial impulse 
propagation when compared with controls, as represented by: (1) prolonged activation-
duration during sinus rhythm (86±4 versus 65±3 ms), (2) increased electrogram fractionation 
(1.36±0.04 versus 1.15±0.01 deflections per electrogram), (3) longer electrogram duration 
(83±3 versus 63±2 ms), (4) activation delays on premature stimulation (longitudinal: 160±26 
versus 86±9 ms; transversal: 112±5 versus 58±6 ms), and (5) abnormal transversal conduction 
velocity restitution (42±8 versus 18±2 ms increase in delay at shortest coupling intervals). 
Wider and more fractionated electrograms were also found in BrS-2 patients. Repolarization 
was not different between groups.

Conclusions 
BrS-1 and BrS-2 patients are characterized by wide and fractionated electrograms at the RV 
endocardium. BrS-1 patients display additional conduction slowing during sinus rhythm 
and premature stimulation along with abnormal transversal conduction velocity restitution. 
These patients may thus exhibit a substrate for slow and discontinuous conduction caused 
by abnormal active membrane processes and electric coupling. Our findings support the 
emerging notion that BrS is not solely attributable to abnormal electrophysiological properties 
but requires the conspiring effects of conduction slowing and tissue discontinuities.



Slow and discontinuous conduction conspire in Brugada syndrome

163 | 

INTRODUCTION

Brugada syndrome (BrS) is an inheritable syndrome associated with sudden cardiac death 
(SCD) by ventricular tachycardia and/or fibrillation (VT/VF).1 It predominantly affects the 
right ventricle (RV), as ECG abnormalities are found in right precordial leads, and VT/VF 
mostly arises in the RV.1 The signature ECG-change, which is required for the diagnosis and 
linked to VT/VF, is a coved-type ST-elevation in V1-V3 (type-1 BrS-ECG) and may occur 
spontaneously. Also, drug challenge with sodium channel blocking drugs (e.g., ajmaline) may 
lead to the diagnosis when it causes conversion of a normal or type-2 ECG into a type-1 BrS-
ECG.1 
 BrS has been regarded a primary electrical disease because gross structural 
abnormalities are undetectable by clinical imaging. However, the pathophysiological basis of 
the type-1 BrS-ECG and VT/VF is unresolved. There are two leading hypotheses (reviewed 
in reference2): the depolarization disorder hypothesis, i.e., RV conduction delay,3,4 and 
the repolarization disorder hypothesis, i.e., transmural dispersion of RV action potential 
morphology.5 Up to 30% of BrS-patients carry loss-of-function mutations in SCN5A,1,6 the 
gene which encodes the cardiac sodium channel α-subunit that drives impulse conduction. 
Recently, RV interstitial derangements (myocarditis, cardiomyocyte vacuolization, fibrofatty 
infiltration) were found in endomyocardial biopsies of BrS-patients.7 These derangements, even 
when undetectable by clinical imaging, may result in increased electrical coupling resistance 
which impairs impulse propagation and act as arrhythmogenic substrate. Accordingly, in 
the explanted heart of a SCN5A-mutation carrying BrS-patient,8 we found RV fibrosis, fatty 
infiltration, conduction slowing and reentrant arrhythmias. The adverse electrophysiological 
manifestations linked to these interstitial changes were particularly evident by analysis of 
conduction velocity (CV) restitution.9-11 This analysis revealed abnormally strong conduction 
slowing upon premature stimulation. Thus, CV-restitution analysis may uncover how 
conduction slowing and increased coupling resistance and/or tissue discontinuities interact 
in the pathophysiology of BrS. 
 The aim of the present study was to further investigate the electrophysiological 
characteristics of RV endocardium in BrS-patients. We hypothesized that the type-1 BrS-
ECG and associated arrhythmias are based on impaired impulse propagation which may 
be linked to increased coupling resistance. Furthermore, BrS-patients may have a different 
arrhythmogenic substrate at the time when they have a type-1 BrS-ECG than at periods when 
they do not. Accordingly, we conducted electrophysiological studies in BrS-patients when 
they had a type-1 BrS-ECG or when they had a type-2 BrS-ECG, and in controls, to assess 
RV electrogram characteristics during sinus rhythm (endocardial mapping) and during 
premature stimulation (CV-restitution).
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METHODS

Patients
In this prospective single-center study, 34 patients were included: 22 BrS-patients and 12 
controls. The diagnosis BrS was made according to the consensus criteria,1 and required 
documentation of a type-1 BrS-ECG, either spontaneously present or provoked by sodium 
channel blocking drugs in conjunction with either: documented VT/VF, family history of 
SCD <45 years old, coved-type ECGs in family members, inducibility of VT, syncope, or 
nocturnal agonal respiration. BrS-patients were considered to be strongly affected, i.e., with 
a documented spontaneous type-1 BrS-ECG, a history of aborted SCD and/or documented 
or suspected VTs (syncope or multiple near-syncopes not otherwise explained). Controls 
needed a normal ECG, no apparent structural heart disease, no history of (near)syncope 
or aborted SCD, no family history of SCD, and underwent electrophysiological study for 
supraventricular tachyarrhythmias (atrioventricular nodal reentrant tachycardia [n=5], 
atrial tachycardia [n=1], concealed atrioventricular bypass [n=1] or lone atrial fibrillation 
[n=5]). All patients who fulfilled these criteria were eligible for the study and were asked to 
participate. All patients who agreed and provided written informed consent (approved by the 
institutional review board) were included.

Because of the variable nature of the BrS-ECG,1 BrS-patients were classified according 
to their ECG at the time of the studies. Consequently, three patient groups were studied: 1) 
“BrS-1 patients”: BrS-patients with a type-1 BrS-ECG during the studies (n=10); 2) “BrS-2 
patients”: BrS-patients with a type-2 BrS-ECG during the studies (n=12, these patients had 
thus exhibited a type-1 BrS-ECG at some previous point); and 3) “controls” (n=12), (Table 1). 
 To study RV endocardial characteristics during sinus rhythm, RV electroanatomical 
mapping was performed in 9 BrS-1 patients, 10 BrS-2 patients, and 9 controls. In 2 of the 
9 BrS-1 patients, the type-1 BrS-ECG was induced by ajmaline challenge according to the 
consensus criteria1 (they had a type-2 BrS-ECG at baseline but had previously shown a 
spontaneous type-1 BrS-ECG), and a stable type-1 BrS-ECG was maintained by continuous 
ajmaline infusion. To study dynamic changes imposed by premature stimuli (CV-restitution), 
RV stimulation was conducted in 5 BrS-1 patients, 9 BrS-2 patients, and 5 controls. When 
patients and treating physicians agreed to both mapping and stimulation studies, mapping 
studies were performed first because the stimulation studies carried with them the risk of VT/
VF induction.
 Cardiac MRI, including delayed gadolinium-enhanced imaging, was performed in 
all but 4 BrS-patients. MRI was not available before ICD-implantation/catheterization in 3 
BrS-patients, and was refused by one BrS-patient. Echocardiography was performed in these 
BrS-patients and also in all controls. Molecular genetic analysis of SCN5A was performed in 
all BrS-patients. Patients were not sedated and all anti-arrhythmic drugs were discontinued 
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for at least 5 half-lives. Studies in controls were performed after successful radiofrequency 
ablation. 

CARTO mapping 
Electroanatomical mapping of the complete endocardial RV was performed during sinus 
rhythm with CARTO (Biosense-Webster, USA) and a locatable mapping catheter (Navistar 
4mm/8F, Biosense-Webster, USA). Care was taken to perform endocardial mapping at 
random throughout the RV.

A reference locator pad under the patient’s back was used for spatial reference, and 
ECG lead II as time reference. Signals were analyzed off-line by at least two investigators using 
specially developed software12 on Matlab R2006b (MathWorks, USA). The investigators were 
blinded to catheter location and consensus was required for each electrogram. Only sinus 
node driven beats were included. Electrograms were excluded if their technical quality was 
insufficient or if catheter-induced right bundle branch block or extrasystoles occurred. We 
obtained 3 groups of RV electrogram properties: 1) activation, 2) fractionation and duration, 
and 3) repolarization. Three-dimensional reconstructions of these measurements, using the 
spatial information enclosed within CARTO, were studied. For this purpose, 4 regions within 
the RV were defined: RV-outflow tract (RVOT, upper 25% of RV), RV-apex (lower 25% of 
RV), RV-free wall, and RV-septum.

To study activation, we assessed activation-time (AT), defined as the interval (ms) from 
onset of QRS in lead II to the steepest negative dV/dt (≤-0.04 V/sec) of the intrinsic deflection 
in the endocardial unipolar electrogram.13 To avoid selection of remote unipolar components, 
the timing of the steepest negative dV/dt in the unipolar electrogram had to correspond with 
a positive or negative deflection in the bipolar electrogram (Figure 1).13 Activation-duration 

 Table 1       Group characteristics

BrS-1
(n=10)

BrS-2
(n=12)

Control
(n=12)

Age (years) 46±3 50±3 53±3

Male 10 (100) 10 (83) 8 (67)

Syncope or aborted SCD 3 (30) 6 (50) 0 (0)

Non-sustained ventricular tachycardia 1 (10) 1 (8) 0 (0)

Multiple episodes of near syncope 4 (40) 4 (33) 0 (0)

Palpitations 2 (20) 2 (17) 12 (100)

Family history of BrS/SCD 5 (50) 7 (58) 0 (0)

SCN5A mutation present 6 (60) 2 (17) NA
Data are mean±standard error or No. (%) of patients. BrS indicates Brugada syndrome; NA, not analyzed; SCD, 
sudden cardiac death.
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was defined as the interval (ms) between the earliest 
AT of any electrogram (activation-start) and the 
latest AT of any electrogram (activation-end). In 
the three-dimensional model of activation (Figure 
2), we assessed the presence of conduction block.

Fractionation of electrograms was defined 
as the presence of ≥2 intrinsic deflections with a dV/
dt ≤-0.04 V/sec, separated by ≥10ms, in the unipolar 
signal with corresponding deflections in the bipolar 
electrogram (Figure 1). Fractionation was expressed 
as mean number of intrinsic deflections per 
electrogram. Thus, fractionation index=1 denotes no 
fractionation in any complex. Electrogram duration 
was measured in the bipolar signal as the interval 
between the first and last deflection, and expressed 
as mean bipolar electrogram duration (ms).13 The 
spatial distribution of these parameters was studied 
in the three-dimensional reconstructions.

To study repolarization, we assessed 
local activation recovery interval (ARI) and 
repolarization time (RT).14 ARI, a measure of action 
potential duration,14 was defined as the interval 
(ms) between AT and the end of recovery; the latter 
was determined in the unipolar signal as the largest 
positive dV/dt of the T-wave (Figure 1).14 RT was 
defined as AT+ARI (ms). Electrograms with flat or 
distorted T-waves were excluded from repolarization 
analysis. Mean values of ARI and RT in each patient 
were used to compare global differences in ARI and 

RT. Standard deviations of ARI and RT were used to compare dispersion in ARI and RT. 

Stimulation studies
CV-restitution was assessed with the use of a quadripolar pacing catheter (Evaluator, 6F, St.Jude 
Medical, USA), a decapolar mapping catheter (MarinrCS, 7F, Medtronic, USA; 5 electrode 
pairs separated by 2mm, with 5mm spacing between pairs), and the Prucka-Cardiolab 
(GE Medical Systems, USA). To account for possible anisotropy in propagation at shorter 
coupling intervals (CI), we studied CV-restitution in two directions, which we estimated to 
be either parallel or perpendicular to the general RV endocardial fiber orientation15,16 and 

Figure 1. Electrogram analysis

Typical electrograms obtained simultane-
ously during CARTO mapping of a BrS-1 
patient. (A) ECG lead V1; (B) endocardial 
unipolar electrogram; (C) endocardial bipolar 
electrogram. Solid squares: moment of local 
activation; open circles: additional intrinsic 
deflections (fractionation index: 3); solid 
triangle: recovery. ARI, activation recovery 
interval; AT, activation time; ED, electrogram 
duration; RT, repolarization time.
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activation front17 (longitudinal 
and transversal CV-restitution, 
respectively). Longitudinal 
CV-restitution was assessed by 
positioning the mapping catheter 
longitudinally over the RV-free 
wall with the tip pointing toward 
the RVOT, and stimulating with 
the pacing catheter from the 
RV-apex (Figure 3). We assessed 
transversal CV-restitution 
by positioning the mapping 
catheter circumferentially in 
the mid-RV free wall (Figure 3), 
and stimulating from its distal 
electrode pair. We paced at 
twice diastolic threshold using 
a drive train of 8 stimuli (S1) 
at a basic cycle length (BCL) 
of 500ms, followed by a single 
premature stimulus (S2). The 
CI of S2 was reduced in steps of 
10ms from 400ms to 200ms or 
until the ventricular effective 
refractory period (VERP). 
Bipolar electrograms from the 5 
electrode pairs were assessed for 
paced activation-time (paced-
AT), defined as the interval (ms) 
from the stimulus to the intrinsic 
deflection (Figure 4). Paced-
ATs were assessed off-line by at least two investigators and consensus was required for each 
electrogram. Electrograms were excluded if their technical quality was insufficient or if fusion 
beats or spontaneous ventricular extrasystoles interfered with the drive train.
 Each endocardial CV-restitution curve was described by 4 parameters (Figure 4): 
1) paced-AT at BCL; 2) onset paced-AT increase (ms), i.e., the longest CI at which paced-AT 
exceeded paced-AT at BCL by 5ms and continued to increase; 3) mean paced-AT increase 
(ms), i.e., the mean difference for all electrode pairs between paced-AT at BCL and maximum 

Figure 2  CARTO mapping

Typical 3-dimensional reconstructions in antero-posterior view 
of activation, fractionation, and electrogram duration of a BrS-1 
patient (panels A, C, and E), and a control (panels B, D, and F). 
There is pronounced conduction slowing and increased electro-
gram fractionation and width in the BrS-1 patient. BrS indicates 
Brugada syndrome.
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paced-AT; 4) VERP (ms). The 
representation of CV-restitution at 
the body surface was described by 
3 comparable parameters for paced-
QRS duration in lead II: 1) paced-
QRS at BCL (ms); 2) onset paced-
QRS increase (ms), i.e., the longest 
CI at which paced-QRS duration 
exceeded paced-QRS duration 
at BCL by 5ms and continued to 
increase; 3) paced-QRS increase 
(ms), i.e., the difference between 
paced-QRS duration at BCL and the 
maximal paced-QRS duration.

Statistical analysis
Statistical analyses were performed 
in SPSS 15.0. Variables were 
compared by one-way analysis 
of variance (ANOVA) using a 
Tukey-HSD or Games-Howell 
multiple comparisons post-hoc test 
depending on equality of variances 
(Levene’s test). Categorical variables 
were compared by a Fisher’s exact or 
Chi-square test when appropriate. 

The presence of a linear relationship between endocardial and body surface (ECG) CV-
restitution curves was estimated with Linear regression and Pearson’s correlations. A two-
sided significance level of 5% defined a statistically significantly difference between groups. 
Continuous variables are presented as mean±standard error. The authors had full access 
to the data and take responsibility for its integrity. All authors have read and agree to the 
manuscript as written.

RESULTS

Baseline characteristics
Age and gender distributions were similar between groups. BrS-1 and BrS-2 patients had 
similar histories (Table 1). Cardiac imaging detected no gross structural abnormality in any 

Figure 3  Catheter positioning

Catheter positioning for stimulation studies. Upper panels: 
recording of longitudinal propagation during stimulation: map-
ping catheter (arrow) along long axis of the right ventricular 
(RV) free wall with tip pointing toward the RV outflow tract, 
pacing catheter (arrow) in RV-apex. Lower panels show record-
ing of transversal propagation during stimulation: mapping 
catheter circumferentially in mid-RV; stimulation conducted 
from distal electrode pair. LAO indicates left anterior oblique; 
RAO, right anterior oblique.
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patient. The proportion of patients with a SCN5A-mutation was larger among BrS-1 patients 
than among BrS-2 patients, but this difference was not statistically significant. Three BrS-1 
patients had a SCN5A frameshift mutation leading to a truncated protein while three other 
BrS-1 patients had a missense mutation. One BrS-2 patient had a frameshift mutation leading 
to a truncated protein while another had a missense mutation. 

Sinus rhythm: Activation
CARTO maps contained 81±6 mapping positions on average and ajmaline was used in two 
BrS-1 patients. In all patients, activation started in the lower septum/apex and subsequently 
diverged towards the tricuspid annulus and RVOT (Figure 2 panel A,B). No apparent 
conduction block was observed in any patient. Yet, activation-duration was significantly longer 
in BrS-1 patients compared to controls (86 vs. 65ms), and activation-end was delayed (117 vs. 
81ms) (Table 2). In contrast, BrS-2 patients and controls had similar activation-durations and 
activation-ends. In the two BrS-1 patients in whom activation mapping was performed before 

Figure 4  Conduction velocity

Conduction velocity restitution. A and B, Typical ECG and endocardial bipolar electrograms obtained simultane-
ously during RV stimulation in a BrS-1 patient. C and D, Longitudinal and transversal conduction velocity (CV) 
restitution curves. Note increased paced-QRS durations and paced activation times (paced-AT) at BCL, onset of 
delay in paced-AT/ QRS, and increase in paced-AT/QRS at shortest coupling intervals. E and F, Linear relation-
ship between endocardial and ECG CV-restitution. BrS indicates Brugada syndrome; BCL, basic cycle length.
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and after a type-1 BrS-ECG was induced by ajmaline infusion, activation-duration increased 
by 20ms on average when their type-2 BrS-ECG turned into a type-1 BrS-ECG.

Sinus rhythm: Electrogram fractionation and duration
Electrograms were more fractionated in both BrS-1 and BrS-2 patients compared to controls 
(Table 2, fractionation index 19% higher on average). Additionally, electrograms were wider 
in BrS-1 and BrS-2 patients (Table 2, 83 and 76 vs. 63ms). Figure 2 shows a typical example of 
the spatial distribution of electrogram fractionation in a BrS-1 patient and in a control (panel 
C,D). Fractionation increased by 9% on average in the two patients in whom a type-2 BrS-
ECG converted into a type-1 BrS-ECG during ajmaline infusion. In BrS-patients, fractionated 
electrograms often appeared to cluster in various RV regions. However, the localization of 
fractionation differed between patients and there were no overall differences between regions. 
Electrogram duration showed a distribution in the RV which often mirrored the distribution 
of fractionation with clustering of widest electrograms in different RV regions (Figure 2 
panel E,F). Electrogram duration increased by 13ms on average in the two BrS-patients who 
received ajmaline. Both fractionation and electrogram duration were not affected by the 
presence/absence of a SCN5A-mutation.

Sinus rhythm: Repolarization
Mean heart rate, ARI and RT did not differ between BrS-patients and controls, nor did 
dispersion of ARI or RT (Table 2). In both patients who received ajmaline, conversion of their 
type-2 BrS-ECG to a type-1 BrS-ECG was associated with reductions in mean ARI (24ms) 
and RT (10ms) on average, but no change in ARI or RT dispersion (-0.6ms and +3.7ms, 

 Table 2       CARTO mapping

BrS-1
(n=9)

BrS-2
(n=10)

Control
(n=9)

Activation-duration 86±4*† 65±4 65±3

Activation-start 31±5 20±3 17±2

Activation-end 117±8*† 85±4 81±2

Fractionation index 1.36±0.04* 1.38±0.06‡ 1.15±0.01

Mean bipolar electrogram duration 83±3* 76±2‡ 63 ±2

Activation recovery interval mean 248±20 250±10 270±5

Activation recovery interval dispersion 19±1 21±3 15±2

Repolarization time mean 315±13 303±10 323±5

Repolarization time dispersion 23±2 23±2 19±2
Data are mean±standard error. ANOVA post hoc test: *p<0.05 for BrS-1 vs. control; †p<0.05 for BrS-1 vs. BrS-2, 
‡p<0.05 for BrS-2 vs. control. 
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respectively). 

RV stimulation: Conduction and CV-restitution
Stimulation thresholds were within normal limits (<1V) in all patients. Delivering premature 
stimuli at increasingly shorter CIs evoked an increase in paced-AT and paced-QRS at shortest 
CIs. A typical CV-restitution pattern of a BrS-1 patient is shown in Figure 4 panel C and 
D. Endocardial and ECG CV-restitution curves were clearly related in all patients (Figure 4 
panel E, F). This relation was as follows for longitudinal propagation: mean slope=0.92±0.06, 
range Pearson-R=0.825-0.977. For transversal propagation: mean slope=1.19±0.15, range 
Pearson-R=0.44-0.95. 
 In line with the observations during sinus rhythm, stimulation at BCL evoked more 
conduction slowing in BrS-1 patients than in BrS-2 patients or controls, as evidenced by longer 
paced-AT during both longitudinal and transversal propagation (Table 3; 160 and 112ms for 
BrS-1 vs. 86 and 58ms for controls, respectively). Accordingly, paced-QRS at BCL was longer 
in BrS-1 patients than in controls during both longitudinal and transversal propagation (224 
and 230ms for BrS-1 vs. 159 and 152ms for controls, respectively). Similar differences in paced-

 Table 3       Stimulation studies

BrS-1
(n=5)

BrS-2
(n=9)

Control
(n=5)

Longitudinal

  Paced-activation time at basic cycle length 160±26* 106±14 86±9

  Onset paced-activation time increase 260±10 243±15 258±10

  Mean paced-activation time increase 30±4 26±5 33±8

  Ventricular effective refractory period 220±10 230±10 214±5

  Paced-QRS at basic cycle length 224±21*† 184±5‡ 159±6

  Onset paced-QRS increase 255±5 253±14 244±2

  Paced-QRS increase 35±8 33±5 24±5

Transversal

  Paced-activation time at basic cycle length 112±5*† 72±5 58±6

  Onset paced-activation time increase 260±23 238±8 257±15

  Mean paced-activation time increase 42±8*† 16±3 18±2

  Ventricular effective refractory period 203±6 219±5 220±6

  Paced-QRS at basic cycle length 230±11*† 188±7‡ 152±5

  Onset paced-QRS increase 247±15 245±4 247±12

  Paced-QRS increase 34±9 21±4 17±6
Data are mean±standard error. ANOVA post hoc test: *p<0.05 for BrS-1 vs. control; †p<0.05 for BrS-1 vs. BrS-2; 
‡p<0.05 for BrS-2 vs. control. 
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QRS at BCL, albeit smaller, were observed between BrS-2 patients and controls (184ms and 
188ms for BrS-2 respectively). BrS-1 patients had abnormal CV-restitution with significantly 
larger increases in paced-AT than controls during transversal propagation at shortest CIs 
(42 vs. 18ms). In contrast, there were no differences between groups with respect to VERP, 
increase in paced-AT for longitudinal propagation, or the onset of paced-AT increase for 
either longitudinal or transversal propagation. During RV-apex stimulation for longitudinal 
CV-restitution analysis, VF was induced in one BrS-2 patient.

DISCUSSION

This study shows that BrS is associated with wider and more intensively fractionated 
electrograms at the RV endocardium as evidenced in BrS-patients with either a type-1 
or type-2 BrS-ECG. Furthermore, the type-1 BrS-ECG is associated with slow impulse 
propagation during sinus rhythm and premature stimulation along with abnormal transversal 
CV-restitution. In contrast, repolarization characteristics were not different between groups.

Impairment of impulse propagation in BrS appears to reside particularly in slowing 
of cell-to-cell transmission between myocardial cells, rather than propagation slowing in the 
specialized conduction system. This is suggested by more severe delays during RV stimulation 
(specialized conduction system not involved) than during sinus rhythm (specialized 
conduction system involved) (Tables 2-3). Activation delays almost doubled in BrS-1 patients 
during stimulation. These endocardial changes were faithfully reflected on the ECG by 
increases in the paced QRS-complex duration. A near doubling of activation delay upon 
stimulation in BrS-1 patients is in accordance with studies in transgenic mice that lack one 
SCN5A allele.18 Of interest, BrS-2 patients also had wider QRS-complexes upon premature 
stimulation suggesting a reduced safety factor for conduction,19 although they had normal 
activation-duration during sinus rhythm. In a recent study,20 BrS-patients with inducible VF 
were noted to have wider paced QRS-complexes than BrS-patients without inducible VF. 
Such a relation was not notable in the present study. However, in that study the patients with 
wider paced QRS-complexes tended to have more ST-elevation.20 

Impulse propagation is determined by both active and passive membrane properties.21 
Abnormal membrane excitability that causes conduction slowing in BrS may follow from 
reduced sodium current due to reduced sarcolemmal sodium channel density and/or changes 
in sodium channel function.6 For instance, delayed recovery from slow inactivation reduces 
sodium channel availability and reduces sodium current at short CIs.6 Additionally, increased 
coupling resistance between cells or changes in fiber orientation may also reduce conduction 
velocity.21 In uniformly anisotropic cardiac tissue the resistance to current flow is higher in the 
direction perpendicular to fiber orientation and is lower parallel to it.21 Although histological 
confirmation was lacking in the present study we did not find functional changes to support 
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the possibility that RV endocardial fiber orientation was grossly different in BrS, as the pattern 
of activation during sinus rhythm was normal17 in all patients (although activation was on 
average ~30% slower in BrS-1 patients). Consequently, passive membrane properties that 
cause impairment of propagation in BrS may be caused by increased coupling resistance, e.g., 
fibrosis7,8 or loss of connexins.22 Such findings suggest overlap between BrS and ARVC.8,23,24 
Of interest, fibrosis and reduced connexin expression may also result from reduced sodium 
current.7,8,18,22

Wide and fractionated electrograms are a common manifestation of increased 
coupling resistance following separation of myocardial fibers by fibrosis or fat, and indicate 
that the electrical impulse travels discontinuously.13,21,25 Accordingly, we found ~19% more 
electrogram fractionation and ~12 to 20ms wider electrograms on average in BrS-patients. 
Still, discontinuous conduction can also be caused by functional derangements, e.g., 
functional block and current-to-load mismatch.10,11,26 In the present study, this was illustrated 
by an increase in electrogram duration and fractionation with a decrease of sodium channel 
availability induced by ajmaline administration. Thus, wider and fractionated electrograms in 
BrS-patients may be caused by both structural changes and derangements in active membrane 
properties. Of note, electrograms were rarely as severely fractionated or wide as may be found 
in the diseased area in myocardial infarction21 or ARVC.25 However, the mean electrogram 
duration in BrS-1 and BrS-2 patients was similar to previously reported electrograms in the 
affected area in ARVC.25 Interestingly, there was no correlation between the width or the 
degree of electrogram fractionation and the presence/absence of a SCN5A-mutation.

Our previous electrophysiological and histological study of the heart of a BrS-
patient8 indicated that impaired active membrane properties and interstitial changes may be 
probed by CV-restitution analysis. In that patient, the SCN5A-mutation caused enhanced 
slow inactivation while interstitial fibrosis and fatty infiltration were also found. These 
changes resulted in abnormal CV-restitution. Abnormal CV-restitution with a large increase 
in activation delay at short CIs, as found in the BrS-1 patients, is thought to represent the 
capacity of the myocardium to support slow conduction and act as an arrhythmic substrate 
that renders patients susceptible to reentrant arrhythmias.11 CV-restitution is dependent on 
the recovery rate of sodium channels and always exists in cardiac tissue at short diastolic 
intervals.27 Yet, structural changes cause abnormal CV-restitution and are associated with 
increased coupling resistance and fractionated electrograms.9,11 In addition, structural 
changes may be a prerequisite for abnormal CV-restitution, as shown in a study of transgenic 
mice which lack one SCN5A allele and had profound conduction slowing at a young age but 
no electrogram fractionation, structurally normal hearts and normal CV-restitution at that 
time.18 Conversely, conduction slowing does appear to play a role in abnormal CV-restitution 
in BrS, as BrS-1 and BrS-2 patients had similar electrogram fractionation but only the 
added presence of sufficient conduction slowing in BrS-1 patients resulted in abnormal CV-
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restitution. Thus, unless diastolic intervals are abbreviated due to delay in repolarization,28 
abnormal CV-restitution results from the interplay between conduction slowing and tissue 
discontinuities. Of note, we did not find an early onset of increase in activation delay (i.e., 
at long CIs), as typically found in structurally severely disrupted tissue.9,11 Accordingly, a 
modest increase in electrogram fractionation and duration and the lack of gross structural 
abnormalities in BrS-patients as evidenced cardiac MRI and echocardiography findings, 
support a relatively mild interstitial derangement in these patients.

Abnormal CV-restitution in BrS-1 patients was detected during transverse but 
not longitudinal propagation. With the placement of the catheters during the stimulation 
studies based on previous anatomical findings,15,16 activation data,17 and normal activation 
patterns as shown with CARTO, CV-restitution was studied approximately parallel to the 
RV endocardial fiber orientation (longitudinal CV-restitution) and perpendicular to the fiber 
orientation (transversal CV-restitution). Although we lack histological confirmation, the 
finding that only transversal CV-restitution was abnormal suggests that increased coupling 
resistance/tissue discontinuities more strongly affect impulse propagation perpendicular to 
the myocardial fiber orientation than propagation parallel to it. This may be explained by 
smaller sarcolemmal expression of connexins (which are required for cell-to-cell impulse 
transmission) and/or more interstitial fibrosis at the long axis of the myocytes than at their 
short axis as shown previously in dogs and mice.22,29 The resulting reduction in conduction 
capacity may render transversal conduction more likely to slow or fail. Another explanation 
why we did not observe abnormal longitudinal CV-restitution may relate to the profound 
conduction slowing observed in BrS-1 patients, particularly at short CIs. A beat evoked by a 
premature stimulus at a short CI will arrive with great delay at a site distant from where it was 
evoked, and paradoxically increase the CI of this beat at the distant site. This effect is more 
likely to occur during RV-apex stimulation (long distance stimulus-electrodes) than during 
transversal stimulation (short distance stimulus-electrodes). Regardless of the underlying 
mechanisms, the disparate effects of premature stimulation on longitudinal and transversal 
propagation will further increase anisotropy, thereby facilitating reentrant excitation and 
arrhythmias.

In summary, our findings support the emerging notion7,8 that BrS is not solely 
due to abnormal electrophysiological (ionic) properties, but requires the concerted effects 
of slow and discontinuous conduction in relation to impaired active membrane processes 
and increased coupling resistance. The observation that most BrS-patients only develop 
arrhythmias after the third decade of their life1 may be explained by the requirement of 
interstitial changes to evolve over time.22 When this occurs, the effects of reduction in wave 
length due to conduction slowing are exacerbated by augmented anisotropy and discontinuous 
conduction due to interstitial changes. This will promote conduction block, reentry and wave 
break, and may be the elements to cause VT/VF in BrS. In this concept, tissue discontinuities 
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are required, and may already be relevant when relatively mild, because they conspire with 
functional impairments, e.g., loss-of-function SCN5A-mutations with or without mutations 
in modifying genes6 and/or environmental stressors such as sodium channel blocking drugs,1 
vagal stimulation3 or fever.30 

Limitations
The major limitation of our study is the absence of histological data or immunohistochemistry. 
These analyses would have the potential to definitely correlate the endocardial 
electrophysiological findings in these patients with fiber orientation, structural/interstitial 
derangements, altered distribution of gap junction proteins and/or sodium channels. Another 
limitation is the relatively small number of studied subjects.

Proof or refutation of an accompanying role of transmural dispersion of RV action 
potential morphology, as proposed in the repolarization disorder hypothesis,2,5 remains elusive 
as action potential morphology cannot be directly measured in the catheterization laboratory. 
Still, electrograms in proximity to the epicardial RVOT have been recorded simultaneously 
with endocardial RVOT electrograms in BrS-patients with the use of a guidewire in the 
conus branch.31 That study showed that ARI and RT were longer at RVOT epicardium than 
at RVOT endocardium after pilsicainide administration and that a delay in activation time 
occurred. Although this method also has its limitations, it would have been valuable to study 
electrograms in this RV region. Finally, we cannot address with this study the relationship 
between (abnormal) CV-restitution and the recently reported steeper ARI restitution at the 
RV-apex in BrS-patients with inducible VF.20 

Conclusions
BrS-1 and BrS-2 patients are characterized by wider and more fractionated electrograms at the 
RV endocardium as compared to controls. BrS-1 patients display additional RV endocardial 
conduction slowing during sinus rhythm and premature stimulation, along with abnormal 
conduction velocity restitution. This suggests that these patients exhibit a substrate for slow 
and discontinuous conduction caused by impairment of active membrane processes and 
electrical coupling between cells. Our findings support the emerging notion that BrS is not 
solely due to abnormal electrophysiological properties but requires the conspiring effects of 
conduction slowing and tissue discontinuities.
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ABSTRACT

Objectives 
We sought to obtain new insights into the pathophysiologic basis of Brugada syndrome (BrS) 
by studying changes in various electrocardiographic depolarization and/or repolarization 
variables that occurred with the development of the signature type-1 BrS-ECG during 
ajmaline provocation testing.

Background 
BrS is associated with sudden cardiac death. Its pathophysiologic basis, although unresolved, 
is believed to reside in abnormal cardiac depolarization or abnormal repolarization.

Methods 
Ajmaline provocation was performed in 269 patients suspected of BrS with simultaneous 
recording of ECGs, vectorcardiograms and 62-lead body surface potential maps. 

Results 
A type-1 ECG was elicited in 91 patients (BrS-patients), 162 patients had a negative test 
(controls) and 16 patients an abnormal test. Depolarization abnormalities were more 
prominent in BrS-patients and were mapped to the right ventricle by longer right-precordial 
filtered QRS-complex durations (142±23 versus 125±14ms, p<0.01) and right terminal 
conduction delay (60±11 versus 53±9ms, p<0.01). Repolarization abnormalities remained 
concordant with depolarization abnormalities as indicated by steady low non-dipolar content 
(12±8 versus 8±4%, not significant), lower spatial QRS-T-integrals (33±12 versus 40±16 
mV∙ms, p<0.05), similar spatial QRS-T angles (92±39 versus 87±31°, not significant), similar 
Tpeak-Tend intervals (143±36 versus 138±25ms, not significant) and similar Tpeak-Tend 
dispersion (47±37 versus 45±27ms, not significant). 

Conclusions 
The type-1 BrS ECG is characterized predominantly by localized depolarization abnormalities, 
notably (terminal) conduction delay in the right ventricle, as assessed with complementary 
non-invasive electrocardiographic techniques. We could not define a separate role for 
repolarization abnormalities but suggest that the typical signs of repolarization derangements 
seen on the ECG are secondary to these depolarization abnormalities.
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INTRODUCTION

Brugada syndrome (BrS) is associated with sudden cardiac death (SCD) by ventricular 
tachycardia and/or fibrillation (VT/VF).1 The ongoing controversy on the best treatment2 
requires better understanding of its pathophysiology. The signature type-1 ECG, mandatory 
for the BrS diagnosis and linked to VT/VF, consists of right-precordial coved-type ST-
segment elevation. In BrS-patients with type-2, type-3 or normal ECG at baseline, provocation 
testing with sodium channel blocking drugs (e.g., ajmaline) is used to evoke a type-1 ECG.1 
Because electrocardiographic abnormalities are found in right-precordial leads, and VT/VF 
mostly originates from the right ventricle (RV), BrS is regarded an RV disorder.1 There are 
two principal hypotheses on its pathophysiologic basis (reviewed in Meregalli et al.3): the 
‘depolarization disorder hypothesis’, i.e., RV conduction delay combined with mild structural 
RV derangements,4-6 and the ‘repolarization disorder hypothesis’, i.e., transmural dispersion 
of RV action potential morphology.7 

We aimed to gain more pathophysiologic insight by using three non-invasive 
electrocardiographic assays (ECG, vectorcardiogram [VCG], and body surface potential map 
[BSPM]) in parallel in patients who underwent ajmaline testing. This allowed us to analyze 
which changes occurred when a type-1 ECG emerged. Utilizing the synergy of the different 
sets of information on global and local depolarization and repolarization events from 
these different assays, we found that local depolarization abnormalities are the dominant 
pathophysiologic mechanism of BrS.

METHODS

Patients and ajmaline protocol
In this study, 269 consecutive subjects who underwent ajmaline testing were included. 
These subjects had not previously exhibited a type-1 ECG and underwent testing because 
of symptoms, a suspicious ECG, or family screening. The type-1 BrS-ECG was defined as 
≥0.2mV J-amplitude with coved ST-T segments gradually descending into a negative T-wave 
in ≥2 right-precordial leads.1 Studies, performed after written informed consent, were 
approved by the institutional ethics committee.  
 Ajmaline was infused in repeated boluses of 10mg/min until the target-dose (1mg/
kg) was reached, a type-1 ECG or arrhythmias occurred. Test results were defined positive if 
ajmaline infusion evoked a type-1 ECG (and subjects as BrS-patients when the other diagnostic 
criteria were also met1). Tests in which excessive QRS widening (>40% of baseline values) 
or arrhythmias occurred, but no type-1 ECG, were defined ‘abnormal’ and were excluded 
from further analysis. All other tests were defined negative (and subjects as controls). In BrS-
patients or those with an abnormal test, DNA analysis for SCN5a-mutations (the gene that 
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encodes the α-subunit of the cardiac sodium channel) was performed. As SCN5A-mutations 
and gender may modify disease expressivity,1 secondary analyses on these modifiers were 
performed.

Recordings
In all 269 subjects, ECGs were recorded as described earlier.8 From modified 12-lead ECGs 
(conventional V3 and V5 positioned in the 3rd intercostal space cranial to V1 and V2 [V1ic3 
and V2ic3, respectively], Figure 1), 10s recordings were saved at baseline, at 1 minute after 
each ajmaline bolus, and during wash-out. VCGs were recorded simultaneously with ECGs in 
all subjects and additional Frank XYZ-leads (E/I/M/H; C=V4, A=V6, F=left leg) (Figure 1). 
Additional continuous BSPM recordings before, during, and after ajmaline provocation were 
made in the first 95 subjects with a customized recording system using a grid of 62 unipolar 
leads on 14 flexible straps (Figure 1), as described earlier.9-11 

ECG and VCG analyses
All digital ECG and VCG recordings were first automatically analyzed with the modular ECG 
analysis system MEANS12 and manually verified. To aid differentiation between depolarization 

and repolarization abnormalities during 
baseline and at peak-ajmaline effect, we 
studied simultaneous recordings at these time 
points.
 From the ECG, we analyzed 
conventional depolarization parameters (P, 
PQ, QRS [all in ms] and QRS-axis [degrees]) 
and repolarization parameters (JT, QT, QTc 
[all in ms] and T-axis [degrees]). T-wave 
end was defined with a tangent and QT was 
corrected for heart rate (QTc) using Bazett’s 
formula.13 The tallest right-precordial 
J-amplitude (µV) among V1, V2, V1ic3, 
and V2ic3 was determined (Figure 2). As 
measure of dispersion of repolarization 
(regarded as transmural or global dispersion 
of repolarization14-16) we studied maximal 
Tpeak-Tend interval and Tpeak-Tend 
dispersion (maximal-minimal value) over 
the precordial leads. From this analysis, we 
excluded biphasic T-waves and T-waves with 

Figure 1 . Electrode positions

Electrode positions for the modified electrocardio-
gram (ECG) (black circles), vectorcardiogram (VCG) 
leads (blue circles) and body surface potential map
(BSPM) leads (red circles) used during the ajmaline 
provocation tests. BSPM leads selected as right and 
left precordial (squares). DRL, driven right leg
electrode; F, left leg electrode; H, Frank lead; I, Frank 
lead; L, left arm electrode; M, Frank lead; R, right arm 
electrode.

V
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amplitudes <100µV.
VCGs may expose abnormalities in depolarization and/or repolarization sequence 

not available in 12-lead ECG (Figure 2).17,18 To assess depolarization, we divided the spatial 
QRS-loop into four parts of equal length. For each quarter, we measured duration (ms) and 
axis (degrees) in the transversal plane. To study interaction between repolarization and 
depolarization, we measured the spatial QRS-T angle (degrees) and the vector magnitude 
(mV∙ms) of the spatial QRS-T integral.19,20 Studying the transversal plane of the VCG allows 
assessment of RV terminal conduction slowing.17,18 Abnormally increased spatial QRS-T 
angles implicate discordant repolarization, and predict cardiovascular mortality.19 The vector 
magnitude of the spatial QRS-T integral, or ‘ventricular gradient’, is a 3-dimensional measure 
of heterogeneity of action potential duration.20 It was postulated that increased transmural 
dispersion of RV action potential morphology in BrS,7 should result in an increased ventricular 
gradient.20 

BSPM analyses
A BSPM is better suited than 12-lead ECG to uncover local abnormal electrophysiologic 
phenomena.9,11 BSPMs were processed using customized software.21 One-minute intervals 
were selected at baseline and peak-ajmaline (similar to ECGs/VCGs). In this way, electrograms 
could be averaged to exclude artifacts and reduce noise, while preserving short-term effects 
during ajmaline infusion (ajmaline has a half-life of minutes). On average, per map 1.2±0.3 
leads were rejected because of unacceptable quality. Depolarization was assessed by late-
potential (LP) analysis and repolarization by non-dipolar content. LPs indicate abnormal 
ventricular conduction and are related to re-entrant tachyarrhythmias.22 Non-dipolar content 
permits evaluation of local ventricular repolarization abnormalities independent of ventricular 
activation sequence.23 High non-dipolar content indicates local disparity of repolarization 
duration and has been used to assess vulnerability to ventricular arrhythmias.9-11,23

For LPs, we assessed both global and local relevance. Global relevance was studied 
in reconstructed Frank leads and local relevance in sets of right-precordial and left-precordial 
BSPM leads (Figure 1). The right-precordial set was used to evaluate the contribution of 
abnormal RV depolarization, and the left-precordial set to assess this for the left ventricle (LV). 
After application of a bi-directional Butterworth 25Hz high-pass filter, the root-mean-square 
filtered signal was computed. Onset and end of the filtered QRS-complex were taken at the 
time locations where signal amplitude became ≥3µV for ≥5ms. We applied this conservative 
and arbitrary fixed noise cut-off because we dealt with non-stationary signals between 
baseline and peak-ajmaline. A noise-driven cut-off could be detrimental for between subjects 
comparison.22 On average, noise levels were similar between BrS-patients and controls and 
remained similar upon ajmaline administration (Frank 0.95±0.35, left-precordial 1.25±0.46, 
right-precordial 1.20±0.39µV). After verifying correct marker placement, we calculated the 
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following parameters: fQRSD (duration of the filtered QRS-complex), LAS40 (duration [ms] 
of the terminal low amplitude signal <40µV), and RMS40 (root-mean-square voltage [µV] of 
signal in the terminal 40ms) (Figure 2). 

To obtain non-dipolar content, we calculated mean total QRS-T integral maps as 
described previously.9,11 In short, the first 12 eigenvectors were derived, and the QRS-T integral 
map expressed in terms of these eigenvectors. The first 3 eigenvectors of the eigenvector set 
reveal (normal) dipolar patterns, whereas eigenvectors 4 through 12 show (increasingly 
abnormal) non-dipolar or multi-polar patterns.23 Therefore, the non-dipolar content of each 
map as a measure of abnormal repolarization was defined as the contribution of eigenvectors 
4-12 relative to the contribution of eigenvectors 1-12, and expressed as percentage (Figure 
2).23 

Statistical analyses
Statistical analyses were performed in SPSS 15.0. Continuous variables are presented as 
mean±standard deviation, categorical variables as the number (percentage) of patients. 
Patients with an abnormal test (see the ‘Patients and the ajmaline protocol’ section) were 

 Table 1       Baseline characteristics

BrS
(n=91)

Controls
(n=162)

Abnormal test
(n=16)

Age (years) 43±13 41±15 46±14

Male 42 (46) 99 (61) 8 (50)

History of syncope 12 (13) 33 (20) 2 (13)

History of VT/VF 4 (4) 9 (6) 0 (0)

Family history of VT/VF/SCD 40 (44) 87 (54) 8 (50)

SCN5A mutation 18 (20) N/A 7 (44)

Ajmaline infused (mg) 64±19*† 76±14 79±19

Percentage of maximum ajmaline target dose 90±19*† 102±4 102±7

Indication for test

  Suspicious ECG 16 (18) 26 (15) 4 (25)

  Syncope/VT/VF 12 (13) 31 (19) 0 (0)

  Family screening 63 (69) 105 (65) 12 (75)

VCG 91 (100) 162 (100) 16 (100)

BSPM 40 (44) 54 (33) 1 (6)

Data are mean±SD or n (%). *p <0.01 for Brugada syndrome (BrS) patients versus controls.
†Skewed distribution, Mann-Whitney test. BSPM, body surface potential map; ECG, electrocardiogram; N/A, 
 not analyzed; SCD, sudden cardiac death; VCG, vectorcardiogram; VF, ventricular fibrillation; VT, ventricular 
tachycardia.
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excluded from comparisons. We studied differences between BrS-patients and controls 
at baseline and peak-ajmaline. Secondary analyses were performed to assess differences 
between BrS-patients regarding SCN5A-mutations, symptoms and gender. For continuous 
parameters, when histogram analyses confirmed normal distribution, an unpaired t-test was 
used to compare groups, with equal or unequal variances assumed according to Levene’s test. 
For skewed distributions a Mann-Whitney U-test was used. Fisher’s exact test was used to 
compare categorical variables. Furthermore, based on LP analysis results, the presence of a 
correlation between right-to-left differences in fQRSD and maximal J-amplitude in right-
precordial leads was estimated with Spearman’s correlation coefficient. A p value <0.05 was 
accepted as the level of statistical significance.

RESULTS

Baseline characteristics
Ajmaline tests were positive in 91(34%), negative in 162(60%) and abnormal in 16(6%) 
subjects (Table 1). In one patient sinus arrest occurred. All patients with a positive test met 
the BrS-consensus criteria.1 Age and gender distributions were similar, as were indications for 
testing and medical histories (Table 1). SCN5A-mutations were found in 20% of BrS-patients 
(eleven males, seven females) and 44% of patients with an abnormal test (three males, four 
females). 

Because ajmaline infusion was stopped when a type-1 ECG occurred, BrS-patients 
received less ajmaline than controls (90±19 versus 102±4% of target-dose, p<0.01). BrS-
patients with SCN5A-mutations required less ajmaline than BrS-patients without SCN5A-
mutations (81±22% versus 92±18% of target-dose, p<0.05). Likewise, male BrS-patients 
required less ajmaline than female BrS-patients (85±23 versus 94±14% of target-dose, p<0.05). 
Instead, symptomatic and asymptomatic BrS-patients required similar amounts of ajmaline.
 
ECG depolarization and repolarization parameters
ECG parameters are summarized in Table 2. At baseline, BrS-patients already had 
depolarization abnormalities with longer P, PQ, and QRS than controls (118±16 versus 
114±13ms, 167±30 versus 156±21ms, and 108±18 versus 102±11ms, respectively, all p<0.05). 
Ajmaline caused faster heart rates and atrial, atrio-ventricular, and ventricular conduction 
slowing in both groups. Although BrS-patients received less ajmaline, they developed more 
conduction slowing upon ajmaline infusion, evidenced by more widening of P-waves (35±17 
versus 30±14ms net increase, p<0.01) and QRS duration (39±20 versus 31±12ms net increase, 
p<0.01). Conversely, BrS-patients had shorter JT-intervals at baseline and peak-ajmaline 
(266±34 versus 277±28ms, and 254±27 versus 267±27ms, respectively, all p<0.01), resulting 
in similar QT and QTc-intervals in both groups. Maximal Tpeak-Tend intervals and Tpeak-
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Tend dispersion were also similar. BrS-patients had more leftward deviation of QRS-axis and 
T-axis, particularly at peak-ajmaline (QRS-axis 13±68 versus 31±62°, T-axis 31±25 versus 
43±17°, both p<0.05). Obviously, right-precordial J-amplitude at peak-ajmaline was larger in 
BrS-patients (352±161 versus 141±86µV, p<0.01) (Figures 2 and 3, Table 2).  

Depolarization abnormalities on BSPM
LP analysis (Figure 2, Table 3) revealed significant depolarization abnormalities in BrS-
patients upon type-1 ECG induction. Global LP analysis, conducted with the use of Frank 
leads, revealed that BrS-patients had lower RMS40 and longer LAS40, both at baseline 
and peak-ajmaline (RMS40 baseline: 44±23 versus 62±37µV, RMS40 peak-ajmaline: 15±7 
versus 21±15µV, LAS40 baseline: 32±11 versus 28±9ms, LAS40 peak-ajmaline: 52±17 

Figure 2 . ECG, VCG and BSPM parameters

Simultaneously recorded electrocardiogram (ECG), vectorcardiogram (VCG), and body surface potential map 
(BSPM) parameters at baseline and peak ajmaline effect in a patient with Brugada syndrome with SCN5A muta-
tion. (A) ECG: Note the type 1 ECG at peak ajmaline effect. Vertical lines indicate time intervals. (B) Late poten-
tials: root mean square filtered signal from reconstructed Frank, left and right precordial leads. Note the prolonga-
tion of right precordial filtered QRS duration (fQRSD), particularly at peak ajmaline effect. Shown are: onset/offset 
fQRSD (vertical lines), duration of terminal low-amplitude signal 40<μV (LAS40), and root mean square voltage
of signal in terminal 40 ms (RMS40). (C) VCG: QRS-T loop in frontal, sagittal, and transverse planes. Note the 
terminal conduction slowing in the spatial QRS loop (transverse plane), particularly at peak ajmaline effect, along 
with rightward axis deviation (double arrowhead). Dashes: 2-ms intervals; black arrows (single arrowhead): QRS 
loop direction. Nondipolar content: body surface (D) QRS-T integral maps. Note the modest QRS-T integral 
change from baseline to peak ajmaline effect. Shown are positions of the sternum and vertebral column at the top 
of the map, positions of the QRS-T integral extremes (+ and -), and corresponding nondipolar content values.
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versus 43±12ms, all p<0.05). Furthermore, we found disparate results for LV and RV. In left-
precordial leads, LP measures were similar. In contrast, in right-precordial leads, fQRSD 
and LAS40 were longer and RMS40 was lower at baseline in BrS-patients. These differences 
became even larger at peak-ajmaline (fQRSD 142±23 versus 125±14ms, RMS40 15±9 versus 
28±19µV, LAS40 51±18 versus 36±15ms, all p<0.01) (Figures 2 and 3, Table 3). 

Depolarization abnormalities on VCG
VCG analysis (Table 4) revealed that most conduction delay in the spatial QRS loop resided 
in its terminal quarter in both patient groups. This was most apparent in BrS-patients as 
the difference between BrS-patients and controls increased even further at peak-ajmaline 
(60±11 versus 53±9ms, p<0.01) (Figure 2, Table 4). The rightward deviation of the axis of 
this terminal quarter of the QRS-loop when the type-1 ECG occurred (55±39 versus 69±25°, 
p<0.01) (Figure 2, Table 4) indicated RV terminal conduction slowing (Figure 2). 

Repolarization abnormalities on BSPM and VCG
BSPM analysis did not reveal local repolarization abnormalities in BrS-patients: non-dipolar 
content remained low and was similar to controls (baseline: 10±5 versus 8±4%, peak-ajmaline: 
12±8 versus 10±6%, both not significant, Figure 2, Table 3). Only few subjects had abnormal 
non-dipolar content of >19%23 (baseline: 3(8%) versus 2(4%), peak-ajmaline: 6(15%) versus 

 Table 2       ECG parameters

Baseline Peak ajmaline

BrS
(n=91)

Controls
(n=162)

BrS
(n=91)

Controls
(n=162)

Heart rate (beats/min) 69±13 68±13 80±12 79±12

P-wave duration (ms) 118±16* 114±13 155±22† 144±17

PQ interval (ms) 167±30† 156±21 217±31† 205±25

QRS duration (ms) 108±18† 102±11 147±23† 133±14

JT interval (ms) 266±34† 277±28 254±27† 267±27

QT interval (ms) 375±33 379±26 403±34 400±27

QTc interval (ms) 400±30 399±28 462±29 455±30

Maximum Tpeak-Tend interval (ms) 119±21 116±21 143±36 138±25

Tpeak-Tend dispersion (ms) 34±22 34±20 47±37 45±27

QRS axis (°) 20±53† 39±39 13±68* 31±62

T axis (°) 38±20 42±20 31±25† 43±17

Maximum right precordial J amplitude (µV) 131±89† 96±67 352±161† 141±86
Data are mean±SD. *p <0.05 and †p <0.01 for Brugada syndrome (BrS) patients versus controls. ECG, electrocar-
diogram.
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4(7%), not significant). 
 The ECG and BSPM finding that the occurrence of a type-1 ECG in BrS-patients was 
not associated with local repolarization abnormalities was supported by VCG analysis (Table 
4): BrS-patients had lower ventricular gradients (baseline: 36±14 versus 42±18mV∙ms, peak-
ajmaline: 33±12 versus 40±16mV∙ms, both p<0.05). Furthermore, the absence of discordant 
repolarization was apparent from normal spatial QRS-T angles at baseline and peak-ajmaline, 
regardless of whether or not a type-1 ECG occurred (peak-ajmaline: 92±39 versus 87±31°, 
not significant, Table 4).

Correlation between J-amplitude and depolarization abnormalities
As final supportive evidence for the notion that BrS is associated with RV conduction disorders, 
we found a positive correlation between right-precordial J-amplitude and RV conduction 
slowing indices. J-amplitude correlated most closely with right-to-left difference in fQRSD 
(fQRSD from right-precordial leads minus fQRSD from left-precordial leads, Spearman’s 
rho 0.411, p<0.01, Figure 3C). Accordingly, BrS-patients had higher J-amplitudes and larger 
right-to-left fQRSD differences (352±161 versus 141±86µV and 25±16 versus 8±10ms, 
respectively, both p<0.01, Table S1). This correlation also explained the lack of differences 
in J-amplitude between BrS-patients with and without SCN5A-mutations, although fQRSD 
in the right-precordial leads was larger in those with SCN5A-mutations (158±23 versus 

 Table 3       BSPM parameters

Baseline Peak ajmaline

BrS
(n=40)

Controls
(n=54)

BrS
(n=40)

Controls
(n=54)

Frank leads fQRSD (ms) 94±15 89±9 122±22 117±14

RMS40 (µV) 44±23* 62±37 15±7* 21±15

  LAS40 (ms) 32±11* 28±9 52±17† 43±12

Left precordial leads fQRSD (ms) 93±16 90±9 117±22 117±14

RMS40 (µV) 72±50 87±67 24±20 25±24

  LAS40 (ms) 31±12 28±10 44±17 41±13

Right precordial leads fQRSD (ms) 105±18* 96±9 142±23† 125±14

  RMS40 (µV) 39±24† 61±37 15±9† 28±19

LAS40 (ms) 27±10† 21±10 51±18† 36±15

Non dipolar content (%) 10±5 8±4 12±8 8±4
Data are mean±SD. *p<0.05 and †p<0.01 for Brugada syndrome (BrS) patients versus controls. BSPM, body surface 
potential map; fQRSD, filtered QRS complex duration; LAS40, duration of low amplitude signal (40µV) in the 
terminal part of the filtered QRS complex; RMS40, root mean square value of voltage in the terminal 40 ms of the 
filtered QRS complex.
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135±19ms, p<0.01, Table S2). Because, in BrS-patients with SCN5A-mutations, left-precordial 
fQRSD was increased to a similar extent (132±23 versus 110±17ms, p<0.01), the net right-
to-left fQRSD difference between BrS-patients with SCN5A-mutations and those without 
was similar (26±16 versus 25±17ms, not significant); thus, J-amplitudes were also similar 
(360±167 versus 351±161µV, not significant).

Secondary analyses: SCN5A, gender and symptoms
BrS-patients with SCN5A-mutation had more depolarization disorders at baseline than those 
without (Table S2). Although BrS-patients with SCN5A-mutation received less ajmaline, the 
differences with regards to conduction velocity at atrial, atrio-ventricular and ventricular 
levels remained of similar magnitude at peak-ajmaline (P: 166±18 versus 153±23ms, PQ: 
234±39 versus 212±27ms, QRS: 163±31 versus 143±18ms, duration 4th quarter QRS loop: 
66±14 versus 59±10ms, all p<0.05). Differences with regards to all LP parameters in Frank, 
left-precordial, and right-precordial leads became even larger at peak-ajmaline (fQRSD: 
Frank 137±25 versus 115±17ms, left-precordial 132±23 versus 110±17ms, right-precordial 
158±23 versus 135±19ms, all p<0.01). In contrast, repolarization parameters on ECG, VCG 
and BSPM were similar.

Depolarization differences between male and female BrS-patients were somewhat 
smaller (Table S3). Male BrS-patients had more atrial and ventricular conduction slowing 
and higher fQRSD at baseline (P: 122±15 versus 115±17ms, QRS: 115±19 versus 102±15ms, 
duration 4th quarter QRS loop: 50±13 versus 43±11, fQRSD: Frank 101±16 versus 87±8ms, 
left-precordial 99±19 versus 85±8ms, right-precordial 114±20 versus 95±10ms, all p<0.05). 
However, these differences were attenuated at peak-ajmaline (note that females received 

 Table 4       VCG parameters

Baseline Peak ajmaline

BrS
(n=91)

Controls
(n=162)

BrS
(n=91)

Controls
(n=162)

Duration 1st quarter spatial QRS loop (ms) 33±5 33±4 44±7* 42±5

Duration 2nd quarter spatial QRS loop (ms) 15±3 15±3 18±5 18±4

Duration 3rd quarter spatial QRS loop (ms) 13±5 12±3 24±11* 19±7

Duration 4th quarter spatial QRS loop (ms) 46±12† 42±8 60±11† 53±9

Axis 4th quarter spatial QRS loop (°)‡ 71±49 80±41 55±39† 69±25

Ventricular gradient (mV·ms)§ 36±14* 42±18 33±12* 40±16

Spatial QRS-T angle (°) 66±32 61±26 92±39 87±31
Data are mean±SD. *p <0.05 and †p <0.01 for Brugada syndrome (BrS) patients versus controls. ‡Axis in transverse 
plane with zero degrees set at the X axis. §Vector magnitude of the spatial QRS-T integral.
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relatively more ajmaline). In addition, females had longer QTc intervals (baseline: 406±32 
versus 393±26ms, peak-ajmaline: 472±29 versus 452±24ms, both p<0.05) and lower 
ventricular gradients (baseline: 32±13 versus 41±15mV∙ms, peak-ajmaline: 29±11 versus 
37±12mV∙ms, both p<0.01).

Depolarization differences between symptomatic (VT/VF, unexplained syncope) and 
asymptomatic BrS-patients primarily showed a trend towards more (RV) conduction slowing 

 Table S1     fQRSD right to left differences and J amplitude

Baseline Peak ajmaline

BrS
(n=40)

Controls
(n=54)

BrS
(n=40)

Controls
(n=54)

Right-to-left difference in fQRSD (ms) 13±8† 7±5 25±16† 8±10

Max. right precordial J-amplitude (μV) 131±89† 96±67 352±161† 141±86

  

BrS SCN5A+
(n=13)

BrS SCN5A-
(n=27)

BrS SCN5A+
(n=13)

BrS SCN5A-
(n=27)

Right-to-left difference in fQRSD (ms) 14±8 12±8 26±16 25±17

Max. right precordial J-amplitude (μV) 153±105 125±84 360±167 351±161
Data are mean±SD. *p<0.05 and †p<0.01 for Brugada syndrome (BrS) patients versus controls or BrS patients with 
versus without SCN5A mutation. fQRSD, filtered QRS complex duration

Figure 3 . ECG, late potentials and J-amplitude

(A) Three-dimensional representation of P-QRS-T complex in lead V1 during ajmaline provocation test in a 
patient with Brugada syndrome (BrS). Note PR interval and P-wave prolongation during ajmaline infusion, J/
ST-segment elevation, and rather constant QT interval. Shown are: signal amplitude (colors), start/stop moment 
of ajmaline infusion, and type 1 ECG at peak ajmaline effect. (B) Three-dimensional representation of the root 
mean square filtered signal at the end of the QRS complex in lead V1 during ajmaline infusion in a BrS patient. 
Note the development of late potentials separating from the QRS complex during ajmaline infusion. Shown 
are: signal amplitude (colors), and start/stop moment of ajmaline infusion. (C) Relationship between maximal 
J amplitude in right precordial leads and the difference in duration of filtered QRS complex (fQRSD) between 
right and left precordial leads.
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(Table S4). Most differences, existing at baseline (QRS duration: 117±26 versus 106±16ms, 
duration 4th quarter QRS loop: 53±18 versus 45±11ms, right precordial fQRSD: 117±31 versus 
102±14, all p<0.05), lost significance after addition of similar amounts of ajmaline (duration 
4th quarter QRS loop: 66±13 versus 59±11ms, p<0.05). Non-dipolar content at peak ajmaline 
was even lower for symptomatic BrS-patients (8±2 versus 13±8%, p<0.05).

DISCUSSION

We used the synergy of simultaneously recorded ECG, VCG and BSPM to study both global 
and local abnormalities of depolarization and repolarization during ajmaline provocation 
testing with the aim to better understand the pathophysiologic basis of BrS. The most 

 Table S2     ECG, VCG and BSPM parameters in Brugada patients: scn5a

Baseline Peak ajmaline

BrS SCN5A+
(n=18)

BrS SCN5A-
(n=73)

BrS SCN5A+
(n=18)

BrS SCN5A-
(n=73)

P-wave duration (ms) 130±17† 115±15 166±18* 153±23

PQ interval (ms) 190±38† 162±25 234±39† 212±27

QRS duration (ms) 117±27 106±15 163±31* 143±18

QTc interval (ms) 396±30 401±30 463±24 462±30

Duration 4th quarter spatial QRS (ms) 49±19 46±10 66±14* 59±10

Axis 4th quarter spatial QRS (°)‡ 64±66 73±45 40±59 59±31

Ventricular gradient (mV∙ms) § 39±15 35±14 37±12 32±12

Spatial QRS-T angle (°) 69±31 65±32 98±44 90±38

(n=13) (n=27) (n=13) (n=27)

Frank leads fQRSD (ms) 101±19* 90±11 137±25† 115±17

RMS40 (µV) 43±21 46±25 10±5† 17±7

  LAS40 (ms) 34±13 32±10 61±17* 47±15

Left precordial leads fQRSD (ms) 98±22 89±12 132±23† 110±17

RMS40 (µV) 68±41 76±53 15±10* 29±22

  LAS40 (ms) 32±14 31±10 53±19* 39±15

Right precordial leads fQRSD (ms) 113±23 101±15 158±23† 135±19

  RMS40 (µV) 33±16 42±27 10±6† 18±9

LAS40 (ms) 29±7 26±11 58±19 48±17

Non dipolar content (%) 9±5 9±6 12±8 12±8
Data are mean±SD. *p<0.05 and †p<0.01 for Brugada syndrome (BrS) patients with versus without SCN5A muta-
tion. ‡Axis in transverse plane with zero degrees set at the X axis. §Vector magnitude of the spatial QRS-T integral. 
BSPM, body surface potential map; fQRSD, filtered QRS complex duration; LAS40, duration of low amplitude 
signal (40µV) in the terminal part of the filtered QRS complex; RMS40, root mean square value of voltage in the 
terminal 40 ms of the filtered QRS complex. 
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distinctive findings associated with the development of the type-1 ECG were: 1) right 
terminal conduction delay in combination with 2) increase in LPs which were localized, in 
particular, in right-precordial leads, and 3) the absence of major global or local repolarization 
abnormalities. 

With the ECG analyses we confirm previous reports in which BrS-patients show 
excessive conduction slowing upon sodium channel blockade on the atrial, atrio-ventricular 
and ventricular level.8 We did not find independent repolarization abnormalities: QT and QTc 
interval and Tpeak-Tend interval measures were similar between BrS-patients and controls. 
Instead, repolarization adapted to conduction slowing with JT-interval shortening.
 The VCG emerged as a suitable method to quantify the characteristic RV conduction 

 Table S3     ECG, VCG and BSPM parameters in Brugada patients: gender

Baseline Peak ajmaline

BrS male
(n=42)

BrS female 
(n=49)

BrS male
(n=42)

BrS female 
(n=49)

P-wave duration (ms) 122±15* 115±17 154±18 157±26

PQ interval (ms) 173±29 163±30 220±29 214±33

QRS duration (ms) 115±19† 102±15 147±23 147±23

QTc interval (ms) 393±26* 406±32 452±24† 472±29

Duration 4th quarter spatial QRS (ms) 50±13* 43±11 60±11 61±12

Axis 4th quarter spatial QRS (°)‡ 64±63 78±33 58±47 53±30

Ventricular gradient (mV∙ms) § 41±15† 32±13 37±12† 29±11

Spatial QRS-T angle (°) 67±32 66±32 91±37 92±42

(n=20) (n=20) (n=20) (n=20)

Frank leads fQRSD (ms) 101±16† 87±8 128±23 117±21

RMS40 (µV) 38±23 51±23 15±7 15±7

  LAS40 (ms) 35±14 30±8 53±18 50±15

Left precordial leads fQRSD (ms) 99±19† 85±8 120±21 114±22

RMS40 (µV) 69±60 78±37 19±12 29±25

  LAS40 (ms) 34±14 28±9 46±17 41±17

Right precordial leads fQRSD (ms) 114±20† 95±10 149±23 136±21

  RMS40 (µV) 37±21 42±27 16±11 14±7

LAS40 (ms) 28±10 26±11 48±16 55±20

Non dipolar content (%) 10±6 10±5 12±9 12±6
Data are mean±SD. *p<0.05 and †p<0.01 for male versus female Brugada syndrome (BrS) patients. ‡Axis in 
transverse plane with zero degrees set at the X axis. §Vector magnitude of the spatial QRS-T integral. BSPM, body 
surface potential map; fQRSD, filtered QRS complex duration; LAS40, duration of low amplitude signal (40µV) in 
the terminal part of the filtered QRS complex; RMS40, root mean square value of voltage in the terminal 40 ms of 
the filtered QRS complex. 
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slowing associated with the type-1 ECG.4,6,18 Moreover, the VCG allowed for detailed analysis 
of repolarization by providing information on depolarization-repolarization concordance 
(spatial QRS-T angle) and heterogeneity of action potential duration (ventricular gradient).19,20 
These analyses revealed that, although intense depolarization abnormalities occurred with the 
type-1 ECG occurrence, repolarization remained concordant. This suggests that the abnormal 
deep negative T-waves in right-precordial leads which constitute the type-1 ECG reflect an 
abnormal repolarization pattern which simply follows an abnormal depolarization pattern, 
and that abnormal repolarization is not the inciting mechanism. Furthermore, instead of an 
increase in the ventricular gradient which would be associated with increased heterogeneity 

 Table S4     ECG, VCG and BSPM parameters in Brugada patients: symptoms

Baseline Peak ajmaline

BrS 
symptoms+

(n=16)

BrS 
symptoms- 

(n=75)

BrS 
symptoms+

(n=16)

BrS 
symptoms-

(n=75)

P-wave duration (ms) 123±20 117±15 155±16 156±24

PQ interval (ms) 178±32 165±29 225±26 215±32

QRS duration (ms) 117±26* 106±16 153±30 146±21

QTc interval (ms) 402±31 399±30 465±28 462±29

Duration 4th quarter spatial QRS (ms) 53±18* 45±11 66±13* 59±11

Axis 4th quarter spatial QRS (°)‡ 67±26 75±47 50±19 56±42

Ventricular gradient (mV∙ms) § 35±12 36±15 33±10 33±13

Spatial QRS-T angle (°) 66±35 67±31 90±42 93±38

(n=7) (n=33) (n=7) (n=33)

Frank leads fQRSD (ms) 101±25 92±11 131±34 120±19

RMS40 (µV) 43±25 45±24 15±7 15±7

  LAS40 (ms) 36±19 32±9 57±23 50±15

Left precordial leads fQRSD (ms) 102±29 91±11 123±33 116±19

RMS40 (µV) 58±37 77±51 29±30 23±18

  LAS40 (ms) 35±24 30±7 49±23 42±15

Right precordial leads fQRSD (ms) 117±31* 102±14 156±35 140±19

  RMS40 (µV) 38±21 39±25 10±5 16±10

LAS40 (ms) 25±13 28±10 61±10 49±19

Non dipolar content (%) 8±3 10±6 8±2* 13±8
Data are mean±SD. *p<0.05 for Brugada syndrome (BrS) with versus without symptoms (VT/VF/syncope). ‡Axis 
in transverse plane with zero degrees set at the X axis. §Vector magnitude of the spatial QRS-T integral. BSPM, 
 body surface potential map; fQRSD, filtered QRS complex duration; LAS40, duration of low amplitude signal 
(40µV) in the terminal part of the filtered QRS complex; RMS40, root mean square value of voltage in the terminal 
40 ms of the filtered QRS complex. 
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of action potential duration,20 the ventricular gradient declined. This is consistent with the 
notion that the net LV contribution to the QRS-T integral is effectively cancelled by enhanced 
terminal RV conduction delay, a process previously observed in patients with pulmonary 
arterial hypertension.24

 BSPM analysis provided additional information on local electrophysiologic 
phenomena associated with the type-1 ECG. In particular, LP analysis of right-precordial 
leads underscored the role of RV LPs in the type-1 ECG development.25 LPs can be caused 
by lengthening of the pathway of excitation and/or by conduction slowing, with structural 
disruptions as possible critical determinants.22 As impulse propagation is determined by both 
active and passive membrane properties, it is likely that LPs in BrS are accentuated by disruptions 
in both properties.6 Abnormal membrane excitability causing conduction slowing in BrS may 
follow from reduced sodium current through reduced sarcolemmal sodium channel density 
or changes in sodium channel function. The additive effect of ajmaline and SCN5A-mutations 
on LPs supports the role of decreased sodium channel availability. In addition, increased 
coupling resistance between cells, e.g., by separation of myocardial fibers by fibrosis or fat 
or by decreased connexin expression, will slow conduction, lengthen the excitation pathway, 
and result in a discontinuously travelling electrical impulse and LPs.4,6,22 Interestingly, fibrosis 
and reduced connexin expression may also result from decreased sodium current.4 Further, 
in accordance with the ECG and VCG analyses and earlier studies,4-6,25 repolarization on 
BSPM (non-dipolar content, a sensitive marker of local disparity of repolarization duration 
23) did not indicate local repolarization abnormalities associated with the type-1 ECG or BrS. 
This further supports the notion that repolarization abnormalities follow the depolarization 
abnormalities, as it results in a consistent QRS-T integral over the complete body surface.
 From the BSPM analyses we found that right-to-left differences in conduction 
slowing are important. At the end of the QRS-complex, these differences will constitute an 
electrical gradient above the right ventricular outflow tract in apico-basal and postero-anterior 
direction that may be of sufficient magnitude to inscribe as right-precordial J-elevation on the 
ECG. Although SCN5A-mutations are associated with more conduction slowing, they are not 
limited to RV and, accordingly, do not result in greater J-amplitudes.
 It is readily conceivable how excessive RV conduction slowing, despite an apparent 
absence of distinct repolarization abnormalities, as found in the present study, may induce 
arrhythmias. It is well known that the spontaneous or drug-induced appearance of the type-
1 ECG in BrS is associated with a higher risk for arrhythmias and/or SCD.1,26 Interestingly, 
the presence of (loss-of-function) SCN5A-mutations, while associated with more conduction 
delay, are no independent risk factor.2 We found that RV conduction delay as opposed to 
LV is important to create the type-1 ECG. This might well explain why SCN5A-mutations 
do not result in higher arrhythmic risk. The mechanism by which local conduction slowing 
results in an arrhythmic substrate probably lies in a combination of factors6: local reduction of 
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wavelength in combination with augmented anisotropy and discontinuous conduction due to 
interstitial changes and/or electrical uncoupling. This will promote conduction block, reentry 
and wavebreak, and may result in VT/VF. However, the prognostic value of larger right-left 
differences in conduction slowing, measured either invasively or non-invasively, needs to be 
confirmed in large and long-term follow-up studies. 
 In summary, by simultaneously recording ECGs, VCGs, and BSPMs during ajmaline 
provocation testing, we found that RV conduction slowing is essential in the development 
of the type-1 ECG in BrS. These findings support previous studies in which dominant 
depolarization abnormalities and no distinctive repolarization abnormalities were found.4-6,25 
These depolarization abnormalities, rather than abnormal repolarization, appear to be the 
primary pathophysiologic basis of the coved-type ST-segment with J-elevation and deep 
negative T-wave.
  
Limitations
First, although we found no evidence for independent repolarization abnormalities associated 
with the type-1 ECG, we cannot rule out that transmural dispersion of action potential 
morphology7 plays a role. Although the techniques used are considered reliable methods to 
study abnormal cardiac electrophysiology and suitable to study (transmural) dispersion of 
action potential morphology,9,16,20,23 it is possible that they cannot detect subtle disparities. 
Second, we used various parameters to distinguish between global and/or local depolarization 
and repolarization abnormalities associated with the type-1 ECG. In view of the explorative 
nature of this study, correction for multiple testing was not performed.27 This could make our 
results more prone to type-I errors. As many of the studied parameters exhibited considerable 
overlap (as expected) and concordant presence or absence of significant differences were 
found, we are confident that this limitation is subsidiary. Finally, the secondary analyses into 
the role of SCN5A-mutations, gender and symptoms were hampered by smaller numbers of 
subjects.

Conclusions
The type-1 BrS ECG is characterized predominantly by localized depolarization abnormalities, 
notably (terminal) conduction delay in the RV, as assessed with complementary non-invasive 
electrocardiographic techniques. We could not define a separate role for repolarization 
abnormalities but suggest that the typical signs of repolarization derangements seen on the 
ECG are secondary to these depolarization abnormalities.
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ABSTRACT

This Point/Counterpoint presents a scholarly debate of the mechanisms underlying the 
electrocardiographic and arrhythmic manifestations of Brugada syndrome, exploring in 
detail the available evidence in support of the repolarization vs. depolarization hypothesis.
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INTRODUCTION

In this Point/Counterpoint we will, after a short introduction, discuss our views on the 
pathophysiological mechanism behind the electrocardiographic signature of Brugada 
syndrome (BrS). Brugada syndrome is characterized by specific ST segment changes in the 
right precordial ECG leads known as the type-1 or coved-type Brugada ECG. It shows familial 
segregation and is associated with malignant arrhythmias which may lead to sudden death.1,2 
As with other inheritable arrhythmia syndromes, there is large variability in phenotype among 
patients. Fortunately, most patients with the signature type-1 ECG and several other criteria2 
do not develop arrhythmias throughout life when they refrain from certain drugs and fever is 
immediately treated.2-6 Nevertheless, a substantial number of patients with Brugada syndrome 
may indeed die suddenly or experience multiple arrhythmia episodes. Hence, it is critical to 
understand the pathophysiological mechanism behind this syndrome, so as to enable better 
risk stratification for sudden death, timely treatment and prevention of sudden death. 

However, the pathophysiological mechanism of Brugada syndrome (let alone risk 
stratification) remains a matter of debate.7,8 Although there seems to be consensus on a right 
ventricular origin and on the positive association between the type-1 ECG and arrhythmias, 
the underlying mechanisms are, in our view still, not very clear. We will discuss the two 
leading hypotheses. The ‘repolarization hypothesis’ on one hand was initiated by studies in 
canine wedge preparations.9 This hypothesis relies on transmural dispersion of repolarization 
between the right ventricular (outflow tract) endocardium and epicardium. In contrast, 
the ‘depolarization hypothesis’ relies on RV conduction slowing and involvement of (mild) 
structural abnormalities.8 Certainly, these hypotheses are not mutually exclusive and ongoing 
research will give better and/or new insights in the (near) future.

POINT WILDE AND POSTEMA

Conduction delay
Conduction delay as part of the clinical presentation of Brugada syndrome, i.e. right bundle 
branch block and prolonged HV-intervals, was already described in the first report on 
Brugada syndrome.1 Most evidence in favor of right ventricular conduction delay as part of 
the pathophysiology mechanism behind Brugada syndrome is derived from clinical studies. 
In these studies, body surface, epicardial and endocardial mapping, electrophysiological 
studies as well as cardiac imaging consequently point to conduction delay as a prominent 
feature of the type-1 ECG and being most evident in the right ventricle.10-19 Provocation 
tests with sodium channel blockers (e.g. ajmaline or flecainide), used to uncover the type-
1 ECG, also evoke severe conduction slowing in atria and ventricles while the type-1 ECG 
develops.20-24 Conduction slowing by reduced sodium current induced by sodium channel 
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blockers and its relation to Brugada syndrome is furthermore mirrored in the association 
between Brugada syndrome and loss-of-function mutations in SCN5A (the gene that encodes 
for the α-subunit of the cardiac sodium channel).25,26 Also, late potentials, which reflect 
delayed and discontinuous ventricular depolarization, have often been observed. These late 
potentials have been associated with the development of arrhythmias and can be uncovered 
or become more pronounced when sodium channel blockade are introduced to unmask a 
type-1 Brugada ECG.13,16,19,27 Further, slowed and discontinuous conduction were found in 
computer models simulating decreased sodium current.28

Structural abnormalities
In conjunction with the observed right ventricular conduction delay as part of the 
manifestation of the type-1 ECG and arrhythmias, there is growing evidence for structural 
abnormalities as part of the syndrome. This notwithstanding, there is an obligatory absence 
of gross structural abnormalities.2 Right from the first reports of Brugada syndrome it was 
described that there were no apparent signs of ischemia, infarction or scar, right ventricular 
cardiomyopathy, hypertrophic or dilated cardiomyopathy or other forms of structural 
heart disease.1 However, from earlier and later publications the notion appears that there 
might indeed be structural changes involved, albeit relatively mild changes which may not 
become evident using conventional cardiac imaging modalities (echocardiography, magnetic 
resonance imaging). In an explanted heart and in right ventricular biopsies it was found that 
structural abnormalities (fibrosis, myocarditis, apoptosis) were present.14,29 These findings are 
in concordance with the observed late potentials and fragmented electrograms which reflect 
discontinuous conduction through diseased myocardium.13,15,19,27,30 

Substantial overlap with clear structural cardiac disease such as (familial) 
arrhythmogenic cardiomyopathy may thus be suspected.10 Also, there may be support for 
both a congenital (familial) and an acquired form of Brugada syndrome. The latter is for 
example supported by the observation of type-1 ECGs provoked by ajmaline in Chagas’ 
disease which involves myocarditis.31 In contrast, the former is supported by the association 
between loss-of-function mutations in SCN5A with Brugada syndrome and (RV) structural 
abnormalities in both human and mice.25,32,33 Structural abnormalities may also lead to 
conduction slowing itself and SCN5A loss-of-function mutations may provoke decreased 
excitability and hampered conduction through decreased connexin expression.33,34 Although 
mutations which lead to dysfunctional or less sodium channels at the cellular membrane are 
only found in approximately 10 to 30% of Brugada syndrome patients, it appears that decreased 
sodium channel expression is just as apparent in Brugada syndrome patients with a sodium 
channel mutation as in those without a sodium channel mutations 35. Likewise, it has recently 
been noted that SCN5A mutations may not be directly causal to the occurrence of Brugada 
syndrome and that genetic background may play a powerful role in its pathophysiology.36
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As far as arrhythmias are concerned, in general these surface in the third or fourth 
decade of life. This advocates that there is a time dependent process that either is acquired 
later in life or that takes many years to eventually trigger the arrhythmias or to constitute a 
sufficient arrhythmogenic substrate. The development of structural abnormalities could be 
such a process.33 When this occurs, the effects of reduction in wave length due to conduction 
slowing are exacerbated by augmented anisotropy and discontinuous conduction due to 
decreased sodium current and the interstitial changes. Conduction block, reentry and wave 
break will be promoted, and may be the elements to cause arrhythmias. In this concept, tissue 
discontinuities are required, and may already be relevant when relatively mild, because they 
conspire with functional impairments, e.g., loss-of-function SCN5A-mutations, decreased 
sodium channel function or expression, with or without mutations in modifying genes37 and/
or environmental stressors such as sodium channel blocking drugs,2,21 vagal stimulation13 or 
fever.38 

Repolarization hypothesis
Along with these arguments in favor of the ‘depolarization hypothesis’, there are also 
arguments against the ‘repolarization hypothesis’. The main argument being that if there 
would be transmural dispersion of repolarization at the time of a type-1 ECG to an extent 
as de canine wedge preparations show, this would indeed be extremely arrhythmogenic. This 
arrhythmogenicity of the transmural dispersion of repolarization is also always found in the 
canine wedges.7,9 However, although the type-1 ECG is indeed associated with arrhythmias, 
most patients do not have any arrhythmias throughout their life although they show a constant 
or intermittent type-1 ECG. Also when a type-1 ECG is evoked by drugs, the occurrence 
of arrhythmias is rare. Furthermore, such transmural dispersion of repolarization would 
require complete uncoupling of endocardium and epicardium,30 which in our view is not 
physiological possible in the human heart. Hence, conduction slowing and mild structural 
abnormalities seem to be a more logical substrate for arrhythmias to develop. 

Type-1 ECG
While RV conduction slowing seems to be part of the signature ECG of Brugada syndrome, how 
can it cause that signature ECG? We have earlier advocated that conduction slowing in the RV 
will result in very late activation of the RV outflow tract (RVOT, figure 1A).8 The RVOT action 
potential (Fig. 1B, top) is thus delayed with respect to other RV action potentials (figure 1B, 
bottom). During the hatched phase of the cardiac cycle in figure 1D, the membrane potential 
in the RV is more positive than in RVOT, thus acting as a source, and driving intercellular 
current to RVOT, which acts as a sink (Fig. 1C, a). To ensure a closed-loop circuit, current 
passes back from RVOT to RV in the extracellular space (figure 1C, c), and an ECG electrode 
positioned over the RVOT (V2 in the 3rd intercostal space for example) inscribes a positive 
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signal, as it records the limb of this closed-
circuit which travels towards it (figure 1C, 
b). Thus, this electrode inscribes ST elevation 
during this phase of the cardiac cycle (figure 
1D, bottom, bold line). Reciprocal events 
are recorded in the left precordial leads, as 
demonstrated using BSPM.18 Here, current 
flowing from the extracellular space into RV 
(figure 1C, d) causes ST depression. In the 
next phase of the cardiac cycle (following 
the upstroke (figure 1F, hatched phase) of 
the delayed action potential in RVOT), the 
potential gradients between RV and RVOT 
are reversed, as membrane potentials are 
now more positive in RVOT than RV. Thus, 
the RVOT now acts as the source, driving the 
closed-loop circuit in the opposite direction 
(figure 1E), with current now passing away 
from the right precordial lead (figure 1E, d), 
thus resulting in the negative T-wave (figure 
1F, bottom, bold line). Note that in figure 1D 
and 1F, the delayed action potential of the 
RVOT is abbreviated in comparison to other 
RV action potentials (and in comparison 

to figure 1B, where action potentials of isolated cells are shown). As there is electrotonic 
interaction between RV and RVOT (which is present when the RV and RVOT are electrically 
well-coupled) the severe conduction delay in the RVOT will accelerate repolarization of 
RVOT action potential.39

Electrotonic interaction
This scheme directly shows overlap between the repolarization model and the depolarization 
model: the existence of shortened action potentials in the RVOT either being due to severe 
conduction delay or due to principal repolarization differences between RVOT endocardium 
and RVOT epicardium. There is even a third way that may result in ST elevation associated 
with Brugada syndrome: excitation failure resulting from small structural barriers.40 
Interestingly, in a simulation study (incorporating transmural differences in the density of the 
transient outward current) shorter action potentials arise in those areas directly surrounding 
the structural barriers, also believed to be due to electrotonic interaction between excited 

Figure 1 . Depolarization hypothesis

Qualitative model of the depolarization hypothesis for 
the Type-1 Brugada syndrome ECG. For explana-
tion, see text. Modified from Meregalli et al.8 with 
permission. 
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and unexcited areas.40,41 Hence, the principal difference between the repolarization and 
depolarization hypothesis regarding shortening of action potentials, is whether it’s a primary 
or secondary process. We believe it’s the latter, a secondary process, simply the result of 
conduction abnormalities possibly augmented by structural discontinuities, just as the Type-
1 ECG. 

COUNTERPOINT ANTZELEVITCH, DI DIEGO, 
VISKIN, MORITA AND FISH

We will attempt to address the major points raised by Wilde and Postema in this Counterpoint. 
It is correct that conduction delay was part of the clinical presentation of Brugada syndrome; 
indeed, RBBB was an integral part of the name ascribed to this new clinical entity 1. However, 
a rigorous application of simple electrocardiographic criteria, long-used to define RBBB,42 
reveals that a large majority of RBBB-like morphologies encountered in cases of Brugada 
syndrome do not fit the criteria for RBBB.42 Moreover, attempts by Miyazaki and coworkers to 
record delayed activation of the RV in Brugada patients met with failure.43 The absence of any 
semblance of an S wave in the left precordial leads in many BrS patients exhibiting a typical 
Type 1 ST-segment elevation strongly suggests that the r’, J wave or ST segment elevation is 
due to the presence of a prominent notch in epicardium but not endocardium in the region of 
the RVOT, rather than to a delay of conduction (see 7 for review) (Figure 2). The only clinical 
study that endeavored to record monophasic action potentials (MAP) from both epicardial 
and endocardial surfaces of the right ventricular outflow tract (RVOT) of patients with the 
Brugada syndrome provides further direct support for this hypothesis, demonstrating deeply 
notched action potentials in the RV epicardium of BrS patients, but not in endocardium; on 
the other hand, no major conduction delays were observed in the RVOT.44,45 
 The repolarization hypothesis was developed based on experimental data generated 
by models that closely recapitulate the clinical electrocardiographic and arrhythmic 
manifestation of BrS,7,9,46-50 as in the example illustrated in Figure 2. It is noteworthy that 
there is no such experimental model for the BrS depolarization hypothesis, only theoretical 
armchair and mathematical models for the ECG manifestations of BrS that make assumptions 
that are open to question (discussed below) and there are no experimental models that we 
are aware of for the very rapid polymorphic VT (PVT) characteristic of BrS based on the 
depolarization hypothesis. Indeed, because of the exquisite rate-dependence of conduction, 
PVT is unlikely to develop when major conduction delays are present at baseline.
 Wilde and Postema raise as a chief argument against the repolarization hypothesis 
the fact that “if there would be transmural dispersion of repolarization at the time of a type-
1 ECG to an extent as the canine wedge preparations show, this would indeed be extremely 
arrhythmogenic.” They correctly point out that most patients do not have any arrhythmias 



Chapter 12

| 206

throughout their life although they 
show a constant or intermittent 
type-1 ECG. Interestingly, we view 
this point as a strong argument 
in favor of the repolarization 
hypothesis, but against the 
depolarization hypothesis. As we 
have repeatedly stressed, with 
the repolarization hypothesis a 
typical BrS ECG may be generated 
without an arrhythmogenic 
substrate, as illustrated in Fig. 2. 
Fig. 2B shows the development of 
a coved type ST segment following 
exposure of the canine coronary-
perfused right ventricular 
wedge preparation to combined 
sodium and calcium channel 
block. Despite the classical BrS 
ECG, no transmural dispersion 
of repolarization or any other 
arrhythmogenic substrate is 
present. The arrhythmogenic 
substrate develops when a further 
shift in the balance of current 
in the early phases of the action 
potentials leads to loss of the 
action potential dome at some 
epicardial sites but not others (Fig. 
2C) resulting in the development 
of an epicardial dispersion of 
repolarization, which gives rise to 
a closely coupled phase 2 reentrant 
extrasystole. Loss of the dome also 
results in a marked transmural 
dispersion of repolarization and 

refractoriness, creating a vulnerable window during which the closely coupled extrasystole 
can induce a reentrant arrhythmia. (Fig. 2F). Note that despite the potent block of both 

Figure 2 . Repolarization hypothesis

Cellular basis for electrocardiographic and arrhythmic manifestation 
of BrS. Each panel shows transmembrane action potentials from one 
endocardial (top) and two epicardial sites together with a transmural 
ECG recorded from a canine coronary-perfused right ventricular 
wedge preparation. A: Control (Basic cycle length (BCL) 400 msec). 
B: Combined sodium and calcium channel block with terfenadine 
(5 µM) accentuates the epicardial action potential notch creating a 
transmural voltage gradient that manifests as a ST segment elevation 
or exaggerated J wave in the ECG. Despite the appearance of a typi-
cal BrS ECG, an arrhythmogenic substrate is absent. C: Continued 
exposure to sodium and calcium blockade results in all-or-none 
repolarization at the end of phase 1 at some epicardial sites but 
not others, creating a local epicardial dispersion of repolarization 
(EDR) as well as a transmural dispersion of repolarization (TDR). 
D: Phase 2 reentry occurs when the epicardial action potential dome 
propagates from a site where it is maintained to regions where it has 
been lost giving rise to a closely coupled extrasystole. E: Extrastimu-
lus (S1-S2 = 250 msec) applied to epicardium triggers a polymorphic 
VT. F: Phase 2 reentrant extrasystole triggers a brief episode of 
polymorphic VT. (Modified from Fish et al.48 with permission)
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sodium and calcium channel currents (the most prevalent genetic defects associated with BrS), 
conduction is little affected relative to the marked changes in repolarization characteristics. 
Also noteworthy is the fact that the repolarization hypothesis provides an explanation for 
both substrate (dispersion of repolarization) and trigger (Phase 2 reentry) underlying the 
development of PVT. The depolarization hypothesis cannot account readily for the very 
closely coupled extrasystoles that often precipitate PVT.
 The second argument leveled against the repolarization hypothesis is that “such 
transmural dispersion of repolarization would require complete uncoupling of endocardium 
and epicardium,30 which in our view is not physiological possible in the human heart.” We 
are at a loss to understand this argument since all models of BrS developed, including the 
one cited, have demonstrated the development of major dispersion of repolarization with 
relatively little or no slowing of conduction, suggesting that such repolarization heterogeneity 
can occur without any loss of cellular coupling between epicardium and endocardium. 
 The issue of structural changes associated with BrS is an important one, but one also 
mired in debate. Because of space constraints, we will not pursue this here in that it is amply 
discussed in a variety of reviews (e.g.,7,51). The most recent study on the subject concluded 
that only a small subset of BrS patients display significant histopathological abnormalities in 
biopsy samples of the RVOT that could be linked to the ECG phenotype.52 Suffice it to say that 
some cases BrS may be associated with a mild fibrosis or other structural changes. 
 We disagree with the premise that late potentials or wall motion abnormalities in 
BrS patients necessarily denote the presence of structural changes and conduction delays. 
Signal averaged ECG (SAECG) recordings have demonstrated late potentials in patients with 
the Brugada syndrome, especially in the anterior wall of the right ventricular outflow tract 
(RVOT).16,27,53-57 Although traditionally ascribed to conduction delays, in cases of BrS these 
late potentials could arise from the delayed second upstroke of the epicardial action potential 
in the RVOT or to a concealed phase 2 reentry.7,53 Wall motion abnormalities have also been 
detected in BrS patients.58 Although such contractile abnormalities are commonly considered 
pathognomonic of structural disease, in case of BrS syndrome they could well be the result 
of loss of the action potential dome in the right ventricular epicardium.53,59 Loss of the dome 
would lead to contractile dysfunction because calcium entry into the cells would be greatly 
diminished and sarcoplasmic reticulum calcium stores would be depleted.
 We have previously suggested that the rate-dependence of the ST segment elevation 
in BrS may be helpful in discriminating between the repolarization and depolarization 
hypotheses.7 If the ST segment elevation is due to predominantly to delayed conduction in the 
RVOT, acceleration of the rate would be expected to further aggravate conduction and thus 
accentuate the ST segment elevation and the RBBB morphology of the ECG. If, on the other 
hand, ST segment elevation or BrS sign is secondary to accentuation of the epicardial action 
potential notch, acceleration of the rate would be expected to normalize the ECG, by reducing 
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the action potential notch and restoring the action potential dome in RV epicardium. This 
occurs because the transient outward current, which is at the heart of this mechanism, is 
slow to recover from inactivation and is less available at faster rates. Although there are 
relatively few reports of the effects of pacing, most investigators in the field agree that there is 
a tendency for the Brugada ECG to normalize during an increase in heart rate consistent with 
the repolarization hypothesis.60-62 There are however also reports of ST segment elevation or 
J point elevation with exercise. Amin et al. recently reported J point elevation in BrS patients 
(both SCN5A+ and SCN5A-) during exercise.63 The principal difference between studies 
showing a decrease vs. increase of the J point in response to exercise appears to be the presence 
of a prominent ST segment elevation at baseline in the former. 
 Fig. 3 shows the effect of exercise on a 12 lead ECG of a 33 years old asymptomatic BrS 
male with a family history of SCD and a loss of function SCN5A missense mutation (R878C). 
At baseline all three right precordial leads displayed a marked ST segment elevation and V3 
displayed a notched QRS suggesting major conduction delay in the RVOT. Interestingly, the 
conduction defect was exaggerated during exercise as evidenced by the further fragmentation 
of the QRS in V3, but despite this the ST segment elevation in all right precordial leads were 
reduced. These findings suggest that the ST segment elevation is due to a repolarization defect 
and not to the clearly apparent depolarization defect.

Figure 3 . Effect of exercise

Opposite effects of exercise on QRS fragmentation and ST segment elevation in right precordial leads of a 33 
year old asymptomatic male with Brugada syndrome secondary to a loss of function SCN5A missense mutation 
(R878C).



Depolarization versus repolarization in Brugada syndrome

209 | 

 Additional support for the repolarization hypothesis derives from the demonstration 
that quinidine normalizes ST segment elevation and suppresses late potentials recorded in 
patients with Brugada syndrome.64-67 These effects of the drug are presumably due to inhibition 
of Ito leading to diminution of the epicardial action potential notch and normalization of the 
repolarization heterogeneities. If the ST segment elevation or the late potentials were due to 
delayed conduction, quinidine-induced INa inhibition would be expected to accentuate their 
appearance.

Although there is no experimental model of BrS based on the depolarization 
hypothesis, we have developed a model of ischemia-induced changes, which corresponds to 
what has been proposed as the depolarization hypothesis.67,68 Fig. 4 illustrates the development 
of a very significant transmural delay as a consequence of exposure of ventricular wedge 
preparation to global ischemia. Progressive delay leads to a gradual prolongation of the R 
wave and inversion of the T wave. The ECG at first glance resembles a BrS phenotype, but with 

Figure 4 . Ischemia model

Electrophysiologic effect of ischemia in the ventricular wedge model. A: Each panel shows (from top to bottom) 
simultaneous recordings of transmembrane action potentials from endocardium (Endo) and epicardium (Epi) 
and the ECG recorded across the bath along the same axis. Recordings were obtained from a RV wedge displaying 
a relatively small phase 1 in the epicardial action potential under control conditions, following 10 and 25 min of 
no-flow ischemia, and 1 and 40 min of reperfusion. Progressive ischemia-induced delay of transmural conduc-
tion leads to a gradual prolongation of the R wave (apparent ST-segment elevation) and inversion of the T wave. 
B: Recordings obtained at 25-30 min of no-flow ischemia (BCL=800 msec). From top to bottom: Five unipolar 
electrograms (EGs) recorded between endocardium and epicardium (Endo, M3, M2, M1 and Epi), Endo action 
potential, Epi action potential and a transmural electrocardiogram (ECG). A 90 msec-step delay (discontinu-
ous conduction) in transmural conduction occur between EG-M2 and EG-M1 giving rise to a prolonged R wave 
(tombstone morphology) and negative T wave in the ECG of alternate beats. 2:1 intramural conduction block 
occurs at site EG-M2 leads a disappearance of the ECG-T wave, which is concurrent with the absence of the Epi 
AP response. Arrows denote the activation time at each of the unipolar electrograms. C: Shown side-by side are 
recording from arterially-perfused right ventricular wedge preparation following 25-30 min of ischemia (BCL=800 
msec)(Left) and an example of the tombstone effect and T wave alternans appearing in the right precordial leads 
following vasospastic ischemia as well as normalization of the ECG following spontaneous reperfusion. (Panels A, 
B and the left part of panel C are modified from 67 and right part of panel C is from Childers69, with permission).

C
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closer inspection it is clear that the depolarization hypothesis does not lead to an ST segment 
elevation, but rather to an R wave prolongation. Fig 4B shows that the marked conduction delay 
is due to a discontinuity in conduction in the deep subepicardium. Conduction under these 
conditions is exquisitely sensitive to rate, with acceleration leading to block and inexcitability. 
Fig. 4B shows that with continued ischemia the R wave prolongs and 2:1 conduction block 
develops. This causes disappearance of the T wave in alternate beats, which is never observed in 
BrS, but is a common characteristic of ischemia-induced tombstone morphology of the ECG, 
induced by coronary spasm, as illustrated in Fig. 4C.69 A similar phenomenon is observed in 
right ventricular wedge preparations following exposure to hyperkalemic conditions.70 Our 
data suggest that reduced INa availability in ventricular epicardium contributes to its greater 
sensitivity to electrical depression under a variety of clinical conditions including acute 
myocardial ischemia and severe hyperkalemia, predisposing to reduced excitability, slowed 
transmural conduction, which is responsible for dramatic prolongation of the R wave.

Thus, the available data, both basic and clinical, point to the repolarization hypothesis, 
i.e., transmural voltage gradients that develop secondary to accentuation of the epicardial 
notch, at times leading to loss of the action potential dome, as the predominant mechanism 
underlying the Brugada syndrome ECG signature and arrhythmogenesis. There is no doubt 
in our minds that in some cases, particularly those associated with sodium channel loss of 
function, conduction slowing may contribute to the development of arrhythmias. It is our 
view, however, that conduction slowing or structural defects are by no means obligatory.

REBUTTAL WILDE AND POSTEMA

In this rebuttal we aim to address the concerns raised by Antzelevitch et al. about the 
depolarization hypothesis and to react to the points raised in favor of the repolarization 
hypothesis.

RBBB and terminal right ventricular delay
We agree that RBBB is not the hallmark of the syndrome as our colleagues argued.42 The wide 
S-wave in infero-lateral leads does not represent a typical RBBB morphology but represents 
conduction delay in the RVOT.8 This is supported by vigorous electrocardiographic studies on 
the location of the conduction delay in BrS which occurs in the final not the first part of the 
QRS complex.19 There are indeed studies which do show conduction delay,10-19 whereas others 
do not.43,45 We have to realize from the well known ‘inverse problem’, that multiple conduction 
and repolarization patterns may result into identical ECGs. 

Role of animal models
There is a clear-cut difference in opinion between us and our opponents about the value 
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and significance of an animal model. We do not see how the absence of an animal model 
in case of the depolarization model can be used as either an argument in favor of the 
repolarization hypothesis or against the depolarization hypothesis. The wedge preparation 
has been demonstrated by others71 to have certain important shortcomings. Data from whole 
(experimental) heart but in particular human data have our preference. 

Role of repolarization
As to the role of transmural (endo-epi) or epicardial dispersion of repolarization, we do not 
agree with the statement that “Fig 2B shows […] despite the classical BrS ECG, no transmural 
dispersion of repolarization or any other arrhythmogenic substrate …”. The reason for the 
negative T-wave in this part of the model is actuated by transmural dispersion of repolarization 
between the shorter endocardial action potential and the longer epicardial action potential. 
Whereas the ST-segment elevation would result from epi-epi dispersion. Hence we doubt the 
supposed stable and not-arrhythmogenic state of this part of the repolarization model.

Role of late potentials
Regarding late potentials, our colleagues argue that “late potentials could arise from the 
delayed second upstroke of the epicardial action potential in the RVOT or to a concealed phase 
2 reentry” so as in figure 2B, 2C or 2D. Let us first state that the concept of phase 2 reentry 
is in fact not justified. We are dealing with a triggered beat and not with the continuation 
of a preceding activation front. Apart from this there are several arguments against this 
assumption. The association between late potentials and concealed phase 2 reentry seems 
unlikely as late potentials are much more often recognized in Brugada syndrome patients than 
arrhythmias.13,19,27,30 Late potentials correlate closely to fragmented QRS complexes as reported 
by one of our antagonists (Dr. Morita)30 and are associated with depolarization abnormalities 
in the RVOT.16,17,19 Alternatively, that would only leave the association between a delayed 
second upstroke of the epicardial action potential in the RVOT as in figure 2B/2C and late 
potentials. But then, why would late potentials be associated with a delayed second upstroke 
of the epicardial action potentials in the RVOT only? Late potentials in Brugada syndrome 
patients are already observed when they do not have a type-1 ECG. They exacerbate when 
the type-1 ECG develops, especially in the RVOT region.13,19 With a discontinuously traveling 
electrical impulse through structurally abnormal cardiac tissue this is easily explained. In 
addition, superimposed sodium channel blockade may increase conduction delay further. 
In Brugada syndrome patients this augments late potentials and augmented late potentials 
are related to higher incidence of arrhythmias.30,72,73 How can we understand the presence 
of late potentials on the basis of the repolarization hypothesis? It is highly improbable that a 
delayed and relatively slow upstroke in phase 2 and 3 of the epicardial action potential in the 
RVOT could affect the global recording of high frequency late potentials with more or less 
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simultaneous repolarization 
of the bulk of the cardiac 
mass. 

Effects of exercise
As to the effect of 
tachycardia during exercise 
on ST elevation in Brugada 
syndrome, our experience,63 
is very different than that of 
our discussants. In Figure 3 
the exercise example with 
lower ST elevation than at 
baseline, shows a heart rate 

of 75 beats/min (Post Ex [0 min]), which may present standing, but not exercise. In a relatively 
large group of Brugada syndrome patients versus controls we have shown that there is J 
elevation during exercise (and thereafter).63 Figure 5 gives an example of a Brugada syndrome 
patient with a tachycardia during exercise. Not only there is more (not less) ST-elevation with 
tachycardia, but interestingly the ST-elevation is alternating indicative for 2:1 late activation 
of myocardial tissue (probably the RVOT). But indeed, there are some examples of a decrease 
during exercise, albeit followed by post-exercise augmentation of J elevation.61 Either way, the 
only series in this matter,63 supports the depolarization hypothesis. 

Ischemia model
In Brugada syndrome ischemia plays no role. For this reason and also because of space 
limitation, we consider the issues raised in relation with Figure 4 as less relevant. However, 
our discussants argue that the “disappearance of the T wave in alternate beats […] is never 
observed in BrS, but is a common characteristic of ischemia-induced tombstone morphology 
of the ECG, induced by coronary spasm, as illustrated in Fig. 4C”. We would like to add to 
this issue that there are in fact several published Brugada cases in whom the T-wave does 
‘disappear’ in alternate beats (e.g. Figure 6).74-76 As agreed by our colleagues, this is in favor of 
the depolarization hypothesis. 

About triggers and substrates
It is true that the repolarization hypothesis explains both the substrate of the Brugada’s 
syndrome type-1 ECG and the triggering event within the context of that hypothesis. Our 
colleagues argue that this is an advantage. It is true that the depolarization hypothesis only 
explains the substrate of the Brugada’s syndrome type-1 ECG. The triggering event can come 

Figure 5 . Effect of exercise

Exercise in a Brugada syndrome patient. It is clear that the tachycardia 
induced by exercise is accompanied by a sharp rise in ST-elevation and a 
coved-type morphology in V1, and, interestingly, alternating in this par-
ticular case. Courtesy of A.S. Amin, MD, and H.L. Tan, MD, PhD.
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from anywhere, albeit that 
structural abnormalities 
added to conduction 
abnormalities create 
a substrate for ‘true’ 
reentry. In our opinion 
the identical location of 
both triggering event 
and electrophysiological 
substrate in the scenario 
of the repolarization 
hypothesis would render 
such an arrhythmogenic 
risk that it is not easy to 
understand how such patients could stay alive over substantial time spans. At least we may 
point to the fact that extra beats that provoke VTs in Brugada syndrome patients may arise 
both from the right and the left ventricle as has been reported by Morita et al.77 

Summary Wilde and Postema
In our view principal depolarization abnormalities form the basis of the Brugada syndrome 
and the observed repolarization abnormalities on the ECG (the coved-type ST-segment) are 
the result of depolarization abnormalities probably in combination with (mild) structural 
abnormalities.

COUNTERPOINT ANTZELEVITCH, DI DIEGO, 
VISKIN, MORITA AND FISH

Lack of experimental model consistent with depolarization hypothesis 
With all due respect to our esteemed colleagues, the inability to generate an experimental 
animal or in vitro model of BrS supporting the depolarization hypothesis is not a trivial 
matter. It is not merely that it does not exist, but that attempts to create such a model by 
mimicking the genetic defects responsible for BrS result in experimental models exhibiting 
characteristics consistent with the repolarization hypothesis. Loss of function mutations in INa 
and ICa and gain of function mutations in Ito recreated using pharmacological agents that inhibit 
INa and ICa

9, 24, 46-49 or that augment Ito
78 recapitulate all the electrocardiographic and arrhythmic 

manifestations of BrS via a repolarization hypothesis mechanism in the coronary perfused right 
ventricular wedge preparation. Even when sodium channel inhibition is reduced by a full 50%, 
thus mimicking a total loss of function mutation heterozygously expressed, depolarization 

Figure 6 . Alternating T-waves

Alternating T-waves in a Brugada syndrome patient. Courtesy of H.L. Tan, 
MD, PhD.
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factors contribute little to 
the manifestation of BrS 
phenotype (Figure 2). The only 
means by which we are able 
to mimic the depolarization 
hypothesis is with ischemia 
(Figure 4) and the ECG and 
functional characteristics are 
clearly different from those of 
BrS.67, 68

  Further evidence in 
support of the repolarization 
hypothesis as the predominant 
mechanism derives from the 
observation that the ECG and 
arrhythmic characteristics 
of BrS are similar whether 
depolarizing (SCN5A 
mutations causing loss of 
function in INa) or repolarizing 
(KCNE3 mutations causing 
a gain of function in Ito) 

currents are affected.79 This is difficult indeed to explain if the major substrate in the former, 
but not in the latter, is due to markedly delayed conduction.

Effects of exercise
Our challengers have acknowledged the fact that a substrate that causes a major conduction 
delay should be sensitive to an acceleration of rate and they point to their recent study,63 
the only one thus far published, demonstrating that in most of their BrS patients the ST 
segment is further elevated during exercise. It is noteworthy that another study has recently 
been completed evaluating the effect of exercise. In a recent preliminary report by Makimoto 
et al.80 evaluating 93 BrS patients, a J point elevation was observed during peak exercise in 
only 9% of cases, but even in these few, ST segment elevation was reduced. Thus in 0 out 
of 93 BrS patients and 0 of 22 controls was ST segment elevated during peak exercise. One 
interpretation of this is that in these cases J point elevation reflects conduction delay in the 
RVOT, but the reduction in ST segment elevation reflects a decrease in the amplitude of the 
epicardial action potential notch and a reduction of the BrS substrate. Interestingly, in 34% of 
the BrS patients in the Makimoto and co-worker’s80 series, ST segment was elevated during 

Figure 7 . Alternating T-waves

Appearance of T-wave in alternate beats in an experitmental model of 
BrS generated by exposing a canine right ventricular wedge preparation 
to verapamil (1 µM). T-wave alternans occurs as a result of concealed 
phase 2 reentry. The dome propagates from Epi 1 to Epi 2 on alternating 
beats while the endocardial response remains constant. The concealed 
phase 2 reentry results in a negative T-wave in alternate beats only. 
BCL=558 ms. Modified from Fish et al.81, with permission.
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the early period of recovery from exercise, consistent with a period of enhanced vagal tone, 
which is known to accentuate the epicardial action potential notch. These results provide 
compelling evidence in support of the repolarization hypothesis.

Alternating appearance of T waves
Our colleagues point to the alternating appearance of T waves as evidence in support of 
the depolarization hypothesis. Indeed this is the case when accompanied by a tombstone 
morphology of the R wave as we illustrated in Figure 2, but in its absence this phenomenon 
may be more consistent with a repolarization hypothesis as illustrated in Figure 7.81 

Role of late potentials
As previously noted, we are of the opinion that that late potentials observed in BrS 
patients16,27,53-57 do not necessarily denote the presence of structural defects and conduction 
delays as perfunctorily 
presumed in many studies 
because in BrS late potentials 
could arise from the delayed 
second upstroke of the 
epicardial action potential in 
the RVOT or to a concealed 
phase 2 reentry.7,53 Our 
colleagues indicate that “it 
is highly improbable that a 
delayed and relatively slow 
upstroke in phase 2 and 
3 of the epicardial action 
potential in the RVOT could 
affect the global recording 
of high frequency late 
potentials with more or less 
simultaneous repolarization 
of the bulk of the cardiac 
mass.” The feasibility of this 
manifestation is illustrated 
in Figure 8. It is noteworthy 
that exposure inhibition of 
Ito with 4-aminopyriridine 
or quinidine abolished the 

Figure 8 . Late potentials

Late potentials due to the delayed second upstroke of the epicardial 
response or to concelaed phase 2 reentry generated in a canine right 
ventricular wedge model of Brugada sydnrome. A: Control. B: BrS
phenotype develops following exposure to the INa and ICa inhibitor terf-
enadine (5 uM); a late potential is registered in the the epicardial 
electrogram following an 80 ms delay coincident with the upstroke of 
phase 2 of the action potential (arrow). C: Further exposure to terfena-
dine leads to loss of the action potnatil dome at some epicardial sites 
(Epi 1) but not others leading to the development of a concealed phase 
2 reentry which regsiters in the epicardial electrogram as a late potential 
with a 148 ms delay (arrow). Modified form Antzelevitch et al.82 with 
permission.



Chapter 12

| 216

repolarization heterogeneities leading to disappearance of the late potentials, consistent with 
the ability of quinidine to abolish signal averaged ECG late potentials in patients with BrS. If 
late potentials observed in BrS patients were due to delayed conduction, quinidine’s effect to 
inhibit INa would be expected to exacerbate their appearance. 

Conclusion Antzelevitch, Di Diego, Viskin, Morita and Fish
We conclude that the available data provide compelling evidence in support of the repolarization 
hypothesis as the predominant mechanism underlying BrS. A contribution from slowed 
conduction or mild structural defects in some BrS cases, particularly in those involving INa 
loss of function, is undeniable and is likely to contribute to the Brugada phenotype, but in our 
view is not obligatory. The marked accentuation of the epicardial action potential notch can 
not only account for the ST segment elevation associated with BrS, but can facilitate loss of 
the action potential dome leading to a marked dispersion of repolarization that when invaded 
by a premature beat can encounter marked conduction delay, thus setting the stage for the 
development of reentrant arrhythmias. 
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INTRODUCTION

Cardiac arrest (CA) mostly follows from cardiac disorders that elicit lethal ventricular 
tachyarrhythmias, primarily ventricular fibrillation (VF).1,2 The predominant cause of VF in 
the general population is considered to be previously silent coronary artery disease resulting 
in myocardial infarction with VF and CA as its first symptoms.3 However, there are many more 
cardiac and also non-cardiac causes that can result in VF, such as intracranial haemorrhage, 
pulmonary embolism, myocarditis, cardiomyopathies, valvular heart disease, congenital 
cardiac anomalies and accessory pathways.4-8 Despite the advances in our medical emergency 
systems we can not avoid that only 2 to 30% of patients survive VF.9-11 The remaining suffer a 
sudden (cardiac) death (SD/SCD). 

In approximately 5% of CAs at all ages, there is no explanation for the event, not 
even after extensive evaluation (figure 1).12 Within this group several categories can be 
distinguished depending on the initial rhythm and whether or not the patient survived the 
event. In case of unexplained aborted CA with documented VF, idiopathic VF (IVF) is the 
terminology that best acknowledges our current inability to identify a plausible cause for 
the occurrence of VF in these patients who were previously considered healthy.12 In cases of 
unexplained aborted CA with another initial rhythm or unexplained SD, unexplained cardiac 
arrest or sudden unexplained death are the terms most commonly used. It is important to 
recognise that the diagnostic workup for these patients and/or their family members is similar 
and aimed at diagnosing or excluding specific causes of VF and CA. 

As the total burden of CA and SD is enormous, the burden of IVF is considerable. 
In the United States the estimated incidence of SD is 180,000 to 250,000 cases per year, which 
results in an estimated incidence of IVF up to 9,000 or 12,500 cases per year.1,3,13,14 Although 

Figure 1 . Cardiac arrest differential diagnosis

Diagnostic flow-chart in cardiac arrest based on the initial rhythm and whether or not the patient survived the 
event. Note that if the patient did not survive the event, the presence or absence of ventricular fibrillation is of no 
value.

Cardiac arrestSurvived (aborted) Deceased

Further evaluation
of patient

Explained:
diagnosis

Ventricular �brillation
recorded

Ventricular �brillation
not recorded

Further evaluation of
patient (autopsy) and/or

1st degree family

Unexplained:
idiopathic ventricular �brillation

(IVF)

Further evaluation
of patient

Explained:
diagnosis

Unexplained:
sudden unexplained death

(SUD)

Unexplained:
unexplained cardiac arrest

(UCA)



Idiopathic ventricular fibrillation

227 | 

IVF constitutes a minority in aborted CA and SD, it is an intriguing and notoriously difficult 
condition that still affects many. Its cause is unknown, there are no clinical signs that identify 
individuals at risk and its first symptom may be CA. Aside the possibility of recurrent VF 
episodes in those individuals who survived IVF, it is clear that there are several hereditary 
forms of IVF. The latter implicates that whole families may be predisposed to IVF and SCD.5 
As coronary artery disease becomes more prevalent with increasing age, it is comprehensible 
that the majority of IVF will occur in young patients, i.e. in those less than 40-45 years old.5 
Further, over the last decades many cases that have previously been described as IVF can 
now be categorised to distinct clinical entities. Therefore the contribution of IVF to CA has 
declined simultaneously. 

Clinical decision making in these patients and/or in their families is seriously 
hampered by the absence of risk markers for the onset of VF, also after extensive evaluation. 
Clinical decision making is further complicated by the lack of treatment options in order to 
make VF in (yet) asymptomatic family members less likely to occur.15,16 In the current era 
of implantable cardioverter defibrillators (ICDs), survivors of a CA due to IVF will often be 
pragmatically treated with an ICD. This device can restore normal cardiac rhythm in case of 
recurrent ventricular arrhythmias, but is not without complications and does not prevent VF 
recurrence.17 

CLINICAL DIAGNOSIS

The difficulties associated with the diagnosis of IVF may be classified in two components: 
(1) IVF is a diagnosis per exclusionem, and (2) the paucity of IVF survivors. Diagnoses per 
exclusionem are hard to establish with our current diagnostic tools, and even more so if the 
patient did not survive the event. The diagnosis IVF is made in those who survived VF (figure 
1). In patients with other initial rhythms or in patients who did not survive the event, when 
further evaluations of the patient or first degree relatives do not result in a diagnosis we will 
diagnose unexplained cardiac arrest (UCA) or sudden unexplained death (SUD). 

In the survivors of CA the first effort in establishing a diagnosis is of course a 
detailed documentation of the event, medical history, family history, physical examination 
and blood chemistry.12 The second effort is non-invasive cardiological evaluation, including 
resting ECG, exercise ECG and an echocardiogram. Registration of arrhythmias can be 
extremely helpful, if not the key to a diagnosis. If a diagnosis is still not (fully) established, 
additional evaluations should be performed, amongst which: Holter-monitoring, coronary 
angiography (consider intra-coronary ergonovine or equivalents for evaluation of coronary 
spasm), toxicology screening, cardiac biopsies, cardiac magnetic resonance imaging and drug 
provocation testing with sodium channel blockers (using e.g. ajmaline or flecainide18,19) and 
adrenaline.20 Clearly, there is no established chronological order in which these evaluations 



Chapter 13

| 228

should be performed, e.g., coronary angiography will often be one of the first diagnostic (and 
possibly therapeutic) investigations in the work-up of a resuscitated patient. 

In case of SD, cardiac and genetic examination of first degree relatives is recommended 
when autopsy did not reveal a cause of death or was not performed. The first step in this 
approach is to collect detailed information on the event and on the medical history of the 
SD victim and his or her first degree relatives. A resting ECG in the relatives is made and if 
autopsy was performed, the autopsy report is reviewed. Ideally the autopsy should have been 
performed according the histo-pathological guideline which Basso et al. established for post-
mortem evaluation of SD victims.21 Subsequently, depending on the information available, 
further steps can be taken. These may consist of revision of cardiac autopsy by a specialized 
pathologist and/or further cardiac examinations in the attending relatives (figure 2). Tan et 
al.22 and Behr et al.23,24 established the contributions of these modalities in relatives of the SD 

Figure 2 . Algorithm for evaluation of relatives of sudden death victims

Algorithm for cardiological and genetic examination in relatives of SD victims. *Including revision of autopsy by 
cardiac pathologists, if possible; †Consider adrenaline provocation; ‡Class I drugs (ajmaline, flecainide or pilsic-
ainide; preferably not procainamide); §Advice to monitor traditional cardiovascular risk factors (e.g. hypertension, 
diabetes mellitus, hypercholesterolemia, overweight); ||Advice repetition of cardiological examination in 3-5 years; 
#When not performed yet, consider examinations in one or more of the other pathways; SD indicates sudden 
death; LQTS, long QT syndrome; BrS, Brugada syndrome; SQTS, short QT syndrome; ARVD/C, arrhythmo-
genic right ventricular dysplasia/cardiomyopathy; FH, familial hypercholesterolemia; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; RCM, 
restrictive cardiomyopathy; CM, cardiomyopathy. Please note that this algorithm is not exhaustive.
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victim. In these studies it appeared that the resting and exercise ECG were most valuable as 
to establish a diagnosis.

Despite the per exclusionem character of the IVF diagnosis, Haissaguerre et al. recently 
recognized a clinical sign that was positively associated with IVF: the electrocardiographic 
finding of ‘early repolarization’ was found in a third of IVF victims as opposed to 5% in a 
control population.25 Furthermore, those IVF victims with early repolarization had more 
recurrent episodes of VF than IVF victims without early repolarization. However, as early 
repolarization is indeed a rather common electrocardiographic finding (present in about 1 to 
5% of the population26,27) it can not be used as a risk marker in patients who are not suspected 
of an increased risk of CA. Further, its value in patients suspected of a CA risk still needs 
further study.

HISTORICAL DIAGNOSES

Medicine has dealt with many cases of unexplained CA in the past centuries. An informative 
and early case of familial SUD was, for example, composed by the German physician Meissner 
in 1856.28 He described a young girl living in an institute for deaf children, who had stolen 
something from one of her peers. When the offence was discovered she was summoned to 
clarify her action but at the moment she arrived in front of the director she sank to the floor 
and died. Meissner could not explain this acute and premature death. He did not entirely 
exclude a punishment from God, but he considered sudden cardiac failure possibly with some 
form of pre-existing cardiac pathology more likely. This notwithstanding, he had to inform 
the parents of the girl about the tragedy. Unexpectedly the SUD of their daughter did not 
surprise the parents. They had already lost two of their children in similar conditions, one 
directly following a vigorous fright and one while intense angry. 
 At present many SUD cases, like the one described by Meissner, can be clarified 
with our immensely increased knowledge and diagnostic repertoire over the past decades. 
It is tempting to speculate that Meissner’s case is one of the earliest descriptions of Jervell 
Lange-Nielsen syndrome (autosomal recessive form of Long-QT syndrome with deafness). 
However, it may be that even at present we would not have been able to explain these SUDs 
and would be obliged to diagnose familial SUD.
 During the course of the 20th century many more UCA/SUD cases have been 
published, but now as distinct clinical diagnostic entities which could be recognized and 
sometimes also effectively treated and/or explained. Primarily this development has become 
possible with the application of electrocardiography to study abnormal cardiac behaviour.29,30 
The progress in our understanding of CA and cases previously considered to be IVF, further 
expanded in the last decades with the development of cardiac imaging techniques such as 
echocardiography,31 electrophysiological and molecular research and with the elucidation of 
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DNA32 and the human genome.33 The evolution of genetics has enabled a search for genes 
underpinning the risk for familial IVF and CA even when phenotypic markers are lacking or 
difficult to interpret. The increasing insights in cardiac pathophysiology and its relation with 
ventricular arrhythmias and CA have increased the contribution of known causes of aborted 
CA and, consistently, decreased the contribution of unknown causes of CA (and thus IVF). The 
differential diagnosis of CA currently includes multiple different pathologies6,34,35 and, while 
IVF is a diagnosis per exclusionem, our diagnostic repertoire has increased simultaneously. 
In Table 1 we describe a limited number of milestone publications in the history of IVF. These 
publications cover several (familial) causes of VF and SD that previously would probably have 
been considered IVF. Importantly, this list excludes many causes which may also have (in part) 
a familial background, such as coronary artery disease (e.g. familial hypercholesterolemia) or 
muscle disorders (e.g. Duchenne’s muscular dystrophy), and more clear non-familial causes 
such as myocarditis, cardiomyopathies caused by nutritional deficiencies or valvular disease. 
Furthermore, the authors of most of these publications were not the first to associate a certain 
observation with VF or SD, rather they were recognized for the collection of several cases into 
a separate clinical entity.

 Table 1       Historical overview of idiopathic ventricular fibrillation

Year Syndrome Authors Diagnosis by:

1951 Long-QT syndrome Jervell & Lange-Nielsen66 ECG, exercise-ECG, Holter-moni-
toring

1958 Hypertrophic cardiomyopathy Teare67 Post-mortem, echocardiography, 
ECG, biopsy

1978 Catecholaminergic polymor-
phic ventricular tachycardia 

Coumel et al.68 Exercise-ECG, Holter-monitoring, 
adrenaline provocation

1982 Arrhythmogenic right 
ventricular cardiomyopathy/
dysplasia 

Marcus et al.69 Post-mortem, ECG, echocardiogra-
phy, MRI, biopsy, Holter-monitoring

1992 Brugada syndrome Brugada et al.70 ECG, sodium channel blocker 
provocation 

2000 Short-QT syndrome Gussak et al.71 ECG

2008 IVF associated with early 
repolarization

Haissaguerre et al.25 ECG

2009 IVF associated with DPP6 Alders et al.38 Genetic analyses
Several milestone publications explaining idiopathic ventricular fibrillation (IVF)/sudden cardiac death previously 
considered idiopathic
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GENETIC DIAGNOSIS

As there are familial forms of IVF (in 5 to 20% of cases5,36,37), there must be underlying 
genetic defects to be transmitted through these IVF families. In solitary cases similar genetic 
defects or genetic variations vulnerable for interaction with, e.g., drugs, can be expected to be 
important. The identification of a genetic defect which predisposes to IVF may certainly save 
lives as this raises the unique possibility to assess the risk status of, and to treat accordingly, 
presymptomatic individuals with a potentially fatal disease that does not express otherwise. 
However, the identification of genetic defects involved in IVF is very difficult for the same two 
reasons that complicate its diagnosis. First, unlike the other arrhythmia syndromes there is 
no clinical phenotype except aborted CA or SD that reveals an individuals’ risk. For example, 
in Long-QT syndrome or Brugada syndrome, the typical ECG characteristics can be used to 
classify family members as affected or unaffected and this is subsequently used to correlate 
with the genetic data. Second, as many IVF patients die young, this leaves little patients and 
material available for analysis. 
 Recently, two breakthroughs in a genetic diagnosis of IVF were established. Alders 
et al. uncovered a haplotype (a combination of alleles transmitted together) on chromosome 
7q36 that harbours the DPP6 gene in 10 distantly related IVF families using a genome-wide 
haplotype-sharing analysis.38 That familial IVF can indeed be an extremely malignant disease 
was apparent from the poor event-free survival in carriers of this risk-haplotype: before the 
age of 58 years, 50% of the risk-haplotype carriers had died or had been resuscitated. From 
expression analyses in heart biopsies it became clear that the risk-haplotype carriers had on 
average a 22-fold higher expression of DPP6 than controls. This makes overexpression of 
DPP6 the likely pathogenetic mechanism underlying IVF in these families. Furthermore, 
DPP6 is probably involved in the transient outward current (Ito) in the heart, which is 
responsible for phase 1 of the cardiac action potential by the Kv4.2 and Kv4.3 subunits.39 
Because the DPP6 gene had previously not been related to CA or IVF, and at present all 
detected families constitute a founder population, the importance of this gene in other IVF 
patients and families still requires further study. Interestingly, affected patients in the DPP6 
families present with very short-coupled monomorphic extrasystoles (predominantly from 
the right ventricular apex/free wall) initiating VF. This finding suggests possible overlap with 
similar descriptions of IVF36 and short-coupled Torsade de pointes.40 
 A second study into IVF genetics was performed by Haissaguerre et al. concerning IVF 
associated with early repolarization.41 In 157 IVF patients with early repolarization, mutation 
analysis was conducted by direct sequencing of candidate genes for cardiac arrhythmias. This 
included genes encoding potassium channels, their subunits and transcriptional regulators 
(KCNQ1, KCNE1, KCNH2, KCNE2, KCNJ2, KCNJ8, KCNJ11, ABCC9, KCNJ5, KCNJ3, 
KCND3, IRX3, IRX5), sodium channels (SCN5A, SCN1B), Na+/Ca2+ exchanger (NCX1), 
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calcium channels (CACNA1C, CACNB2), Ca2+-binding proteins (CALR, CASQ2), and 
cytoskeletal proteins interacting with ion channels (ANK2). In just one patient, a missense 
mutation in KCNJ8 encoding the Kir6.1 subunit of the KATP channel was identified. Although 
the function of the KATP channel and its Kir6.1 subunit is still not fully elucidated, it could be 
that the channels act in synergy with the Kv4.2 and Kv4.3 subunits responsible for Ito.

41 Clearly, 
also the importance of KCNJ8 mutations in IVF also demands further study, but judging 
from this report the quantitative contribution of KCNJ8 to IVF morbidity will be limited. 
Moreover, it is apparent that a candidate gene approach, even using a population of definitely 
affected patients, has a low yield of mutations, further establishing the current idiopathic 
nature of the condition and the difficulties associated with genetic research in this field.
 Earlier, a SCN5a mutation had been associated with IVF by Akai et al. without 
evidence for Brugada syndrome.42 However, these patients had (as can be expected with loss-
of-function SCN5a mutations) severe conduction disease. Therefore they did not meet the 
strict criteria for IVF used here, as (progressive) conduction disease is already an established 
entity associated with VF. 

THERAPY, FOLLOW-UP AND PROGNOSIS

As mentioned, therapeutic decision making in IVF is complicated. First there needs to be 
a therapeutic strategy for patients who survived IVF. Second, regardless of survival, there 
needs to be a diagnostic and preventive strategy for their first degree relatives. Unfortunately, 
risk-stratification in IVF is hardly possible because of its idiopathic nature. Obviously it is 
extremely important that any cause of VF that would require specific treatment (such as 
Long-QT syndromes type-1 and type-2 which are primarily treated with beta-blockers), is 
excluded in these patients and in their family. 

In aborted CA patients, a first logical therapeutic option is an ICD for secondary 
prevention of SD (restoration of normal cardiac rhythm in case of VF recurrence, figure 3) 
resulting in a near normal life expectancy. One of the first three ICDs implanted world-wide 
was actually implanted in an IVF patient (the two other implanted patients had recurrent 
VF after a myocardial infarction and recurrent VF with hypertrophic cardiomyopathy 
respectively).43 Importantly, an ICD will not lower the chance of VF recurrence, which is 
reported in 25-43% of IVF patients.12,44,45 Further, from other arrhythmia syndromes we know 
that ICDs will not always prove to be life saving,46,47 and that complications as a result from the 
implantation or the device can be severe and may be life-threatening itself.48-51 Especially when 
primary prevention of SCD with an ICD is considered, it is noteworthy that complications of 
ICD therapy in arrhythmia syndromes such as Long-QT syndrome, Brugada syndrome and 
IVF, seem to be higher than the ICD complication rates in the large primary and secondary 
prevention trials in structural heart disease.52 For example, this becomes apparent when 
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comparing a study in Brugada 
syndrome patients with a study 
in patients with structural 
heart disease.52 In an European 
Brugada syndrome multicenter 
study with 38±27 months 
follow-up and the inclusion 
of both primary (92%) and 
secondary prevention (8%) 
ICDs, the potential benefit for 
the 8% of patients who received 
appropriate ICD therapy during 
follow-up was accompanied 
by 20% of patients with 
inappropriate ICD shocks.49 
In contrast, in the AVID trial 
(Antiarrhythmics Versus 
Implantable Defibrillators) 
with 31±14 months follow-up 
and the inclusion of patients 
with structural heart disease 
for secondary prevention ICDs, 
a 12% inappropriate shock 
rate was documented against 
65% of appropriate therapy.53,54 Furthermore, as the patients in AVID where on average 65 
years old and already had structural heart disease, 16% of patients died during follow-up.55 
Patients with arrhythmia syndromes are much younger, more active, have no gross structural 
cardiac abnormalities and (thus) have a much longer life expectancy than the AVID patients. 
Sensibly, the exposure time to ICD complications is thus much longer, inappropriate shocks 
on supraventricular tachycardias (e.g. during exercise) will be more prevalent, lead-systems 
are much longer and heavier exposed to physical activity and the many ICD replacements will 
expose these patients to repeated implantation related complications (e.g. infections, bleeding 
and pneumothorax). 

ICD implantation as primary prevention of SD in family members of IVF victims 
should therefore not be a decision taken light-heartedly. First, in these patients it should be 
very clear if there is indeed a familial form of IVF present. Second, socioeconomic results of 
ICD implantation (e.g. difficulties in obtaining mortgages) and possible psychological effects 
should be discussed. Third, the possible beneficial and possible harmful effects of an ICD on 

Figure 3. ICD recording of IVF

Ventricular fibrillation in a patient with idiopathic ventricular 
fibrillation (IVF) associated with DPP6 is treated by an implantable 
cardioverter/defibrillator (ICD).
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the short and long term should be carefully weighted. Naturally, it would be extremely helpful 
if a form of risk-stratification could be applied, for example if could be determined which age-
categories seem to be at highest risk. In the rare occasion that a genetic cause for IVF can be 
identified, this can be used in asymptomatic family members for risk-stratification for CA in 
a disease that does not express otherwise.38

 Obviously it would be preferable to lower or eradicate the chance of VF recurrences, 
rather than to treat them when they arise. This can be potentially achieved in two ways: 
(1) erasing the arrhythmic substrate by ablation therapy and/or (2) antiarrhythmic drug 
therapy. Because of the invasive character of option 1, this will only be attempted in (severely) 
symptomatic patients. But when effective, ablation therapy in particular is an elegant and 
rewarding treatment for patients who suffer from ICD shock after ICD shock for repeated 
VF episodes. Electrocardiographic documentation of at least one arrhythmia episode (and 
preferably its start) will be essential for ablation therapy to be considered. Haissaguerre et al. 
performed ablations in 27 IVF patients who had experienced 10±12 episodes of recurrent VF; 
24 of these patients (89%) had no recurrence of VF after 24±28 months of follow-up, and 4 of 
the patients were even primarily treated with ablation therapy and did not receive an ICD.36 
Although very promising, ablation therapy for IVF (and other arrhythmia syndromes) is 
only incidentally performed in experienced centres and currently lacks long-term follow-up. 
Nevertheless, despite possible serious complications, lowering the number of IVF episodes in 
addition to ICD therapy will obviously be of great benefit to patients. Cardiac transplantation 
has incidentally been used in other arrhythmia syndromes as a last resort in the treatment of 
an intolerable high incidence of recurrent VF,56 and might be of similar value in otherwise 
uncontrollable IVF patients.
 The only antiarrhythmic drug with potential in IVF is quinidine.57-59 Other 
antiarrhythmic drugs have not proven to be beneficial,12,44 although some promote the use of 
beta-blockers anyway.45 Already in 1929, Dock described a patient with recurrent VF without 
any evidence of heart disease in whom VF recurrences could be prevented by using quinidine.60 
A comparable IVF case was presented in 1949 by Moe.61 This patient was recurrence free on 
quinidine for his remaining 40 years.62 The mechanism of the favourable effect of quinidine 
on IVF remains uncertain, but it may be that its Ito blocking properties underlie its success in 
some cases of IVF (and other arrhythmia syndromes) during the past 80 years.57 It is therefore 
injudicious that the large pharmaceutical companies have ceased or lowered its production, 
making it increasingly difficult to obtain quinidine supplies.52,63-65 However, regardless of the 
proven value of quinidine in the treatment of several IVF victims, its value for preventive 
treatment in as yet asymptomatic family members in designated IVF families is certainly not 
clear.
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CONCLUSIONS

IVF is a rather rare but notoriously difficult and malignant condition that affects young patients 
and sometimes a large number of their family members. IVF is a diagnosis per exclusionem 
which necessitates detailed and thorough assessments of IVF victims and their first degree 
relatives in a search of better defined conditions that may require specific treatment. IVF 
recurrences present in 25-43% of IVF patients and in some IVF families 50% mortality 
before the age of 60 may exist in predisposed individuals. Stratification of IVF risk is hardly 
possible, but recently uncovered genetic associations with IVF may prove to be of use in the 
future. Secondary prevention of SD in IVF may be achieved with ICDs, ablation therapy and/
or quinidine treatment. Primary prevention of SD in relatives is seriously hampered by its 
idiopathic nature, but may still be indicated in selected cases. Importantly, complication rates 
from ICD therapy in IVF and other arrhythmia syndromes, involving many young patients, 
will be high.
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ABSTRACT

Idiopathic ventricular fibrillation (IVF) is defined as spontaneous VF without any known 
structural or electrical heart disease. A family history is present in up to 20% of probands with 
the disorder, suggesting that at least a subset of IVF is hereditary. A genome-wide haplotype 
sharing analysis was performed for identification of the responsible gene in three distantly 
related families in which multiple individuals died suddenly or were successfully resuscitated 
at young age. We identified a haplotype on chromosome 7q36 that was conserved in these 
three families and was also shared by 7 out of 42 independent IVF patients. The shared 
chromosomal segment harbors part of the DPP6 gene, which encodes a putative component 
of the transient outward current in the heart. We demonstrated a 20-fold increase in DPP6 
mRNA levels in myocardium of carriers compared to controls. Clinical evaluation of 84 risk-
haplotype carriers and 71 non-carriers revealed no ECG or structural parameters indicative 
of cardiac disease. Penetrance of IVF was high; 50% of risk-haplotype carriers experienced 
(aborted) sudden cardiac death before the age of 58 years. We propose DPP6 as a gene for IVF 
with increased DPP6 expression as the likely pathogenetic mechanism.
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INTRODUCTION

Sudden cardiac death (SCD) is the major cause of mortality in developed countries and the 
majority is caused by ventricular fibrillation (VF).1,2,3 In the absence of identifiable structural 
heart disease or known repolarization abnormalities, it is referred to as idiopathic ventricular 
fibrillation (IVF [MIM 603829]). IVF accounts for as many as 10% of sudden deaths, mainly 
in the young.2 The recurrence of VF in patients with IVF is about 30% and the only effective 
therapy is implantation of an implantable cardioverter defibrillator (ICD).2,4 In up to 20% of 
IVF cases a family history of sudden cardiac death or IVF is present suggesting that at least a 
subset of IVF is hereditary.5,6,7 Because no cardiac abnormalities are observed in IVF patients, 
family members that may be at risk cannot be identified. Elucidation of underlying genetic 
defects will provide more insight into the pathogenesis of the disorder and, crucially, will 
allow presymptomatic identification of individuals at risk. 

The identification of genes involved in IVF is very difficult. Classical linkage analysis 
is hampered for several reasons. Unlike that of other monogenic arrhythmia syndromes, the 
diagnosis of the disorder cannot be made on the basis of ECG abnormalities; it can be made 
only after the occurrence of (aborted) sudden cardiac death. Many affected patients die young, 
thus leaving only small numbers of patients and material available for analysis. 

METHODS AND RESULTS

Patients
We set out to identify the culprit gene in three families (families A, B and C, Figure 1) in 
which multiple individuals died suddenly, or were successfully resuscitated from VF at young 
age. These families originate from the same area in the Netherlands and are genealogically 
linked through multiple lines. This unique situation of three distantly related IVF families 
enabled a gene identification strategy consisting of searching for haplotypes shared in affected 
patients. This method identifies chromosomal segments that are identical by descent (IBD) 
and are likely to harbor the disease causing gene.8,9 Informed consent was obtained from all 
individuals studied.  

The proband of family A (A-1) visited our cardiogenetics outpatient clinic because 
of the SCD of her younger brother and sister. Her brother died suddenly at age 31, in the 
early morning, and post-mortem examination did not reveal a cause of death or cardiac 
abnormalities. Her sister died suddenly at age 31, at night. She underwent complete cardiac 
examination a month before her death, which was unremarkable. Cardiac evaluation of 
the proband A-1 did not reveal any abnormalities. Six months after this examination she 
suffered VF at age 44 and was successfully resuscitated. Implantation of an ICD followed and 
it has never discharged during a follow-up period of 2.5 years. Just a few months later, her 
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nephew (A-2) was also resuscitated from VF. He had an ICD implanted which discharged 
appropriately several times in the next two years after his first event.

The proband of family B (B-1) and his children contacted our cardiogenetics 
outpatient clinic because of the SCD of his two sons, who died at age 37 in rest and at age 
32 during sleep, respectively. Post-mortem examination revealed no cause of death and 
cardiac abnormalities were absent in both. Although B-1 had no history of arrhythmias, he 
was believed to be an obligate carrier of the disease because three siblings of his mother also 
died suddenly at young age. Cardiac examination ([exercise-]ECG, echocardiogram) of the 
proband and his children revealed no cardiac abnormalities.

The proband of family C (C-1) was admitted to our hospital after resuscitation from 
VF at age 33. His cardiac examination revealed no abnormalities and an ICD was implanted. 
During a follow-up of four years he had several appropriate ICD discharges. Two sons of his 
great grandmother had died suddenly at age 30. 

Gene finding
Eight individuals from these three families, indicated by arrows in Figure 1, were genotyped 
by genome-wide SNP analysis using Illumina HumanHap 300 BeadChips. The obtained 
genotypes were analyzed in Microsoft Office Access. Haplotypes of individuals A-1 and B-1 

Figure 1 . Pedigrees of the IVF families used for haplotype sharing analysis

Affected subjects (sudden cardiac death [SCD]or resuscitated after idiopathic ventricular fibrilation [IVF]) 
are shown as filled circles (females) or squares (males). A slash indicates that the subject is deceased, and a dot 
indicates obligate carrier. The numbers after SCD or IVF indicate the age of the subject at the time of the event. 
Individuals included in the analysis are indicated with an arrow. Numbers inside symbols indicate the number of 
individuals present of that sex and status; for example, individual B-1 has four unaffected sisters.
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were constructed by defining which allele was and which allele was not transmitted to the 
offspring. Each haplotype of A-1 was compared with each haplotype of B-1 and with the 
genotypes of patients A-2 and C-1. Shared segments of >5 contiguous SNPs were plotted 
(Figure 2a). One large haplotype of 301 contiguous SNPs on chromosome 7q36 was shared 
between the three families (Figure 2a), which was confirmed by additional genotyping of 
microsatellite markers within this segment (D7S483, D7S798, D7S1491, D7S2462, D7S2546, 
D7S2447, D7S1823). Identity by descent of 4 smaller shared segments of >100 SNPs on 
chromosomes 2, 5, 6, and 12 was excluded by microsatellite analysis (chr12: D12S88, D12S365; 
chr2: D2S2196, D2S1334; chr5: D5S2086, D5S2024; chr6: D6S2986). Primer sequences of 
all markers were obtained from the UniSTS database. Genomic DNA was amplified in the 
presence of Cy3dCTP and fragments were separated on an ABI310 genetic analyzer (Applied 
biosystems). Results were processed using genemapper software (Applied biosystems).

The shared haplotype on chromosome 7q36 was actually 350 SNPs in length when 
patients B-1, A-1, and C-1 were compared. A recombination occurred when the haplotype was 
transmitted to A-2, decreasing the size of the shared haplotype to 301 SNPs. This haplotype was 

Figure 2 . Mapping of the IVF locus

(A) Result of the haplotype-sharing analysis. The length of the shared segment in number of single nucleotide 
polymorphisms (SNPs) is plotted, and the largest shared haplotype, of 301 contiguous SNPs on chromosome 7q36, 
is indicated by an arrow. (B) Shared 7q36 chromosomal region, discovered after initial haplotype-sharing analysis 
and after extended haplotyping in additional idiopathic ventricular fibrillation (IVF) families. The position of the 
markers and genes (in Mb) is shown, according to the human genome build 36.3. Isoforms 1, 2, and 3 of
DPP6 are also known as isoforms L, S, and K, respectively. Only validated genes are indicated.
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bordered by SNPs rs940261 and rs4960710. It was 2,5Mb in length and contained only four 
validated genes HTR5A [MIM 601305], PAX-IP1 [MIM 608254], DPP6 [MIM 126141] and 
exon 10 to 12 of ACTR3B (Figure 2b). DPP6 encoding dipeptidyl-peptidase 6 was considered 
particularly interesting since it encodes a putative subunit of potassium channel complexes. It 
is predominantly expressed in brain, where it is associated with Kv4 potassium channels and 
Kv channel-interacting protein (KChIP) and underlies the transient subthreshold-activating, 
somatodendritic A Type potassium current (ISA).10 Studies of Radicke et al. showed expression 
in heart and are suggestive for a role of DPP6 in cardiac transient outward current (Ito).11 
Three human isoforms are known which differ at the N-terminus (GenBank, NIH). Direct 
sequencing of all 28 coding exons in patients B-1, A-1, and C-1 revealed no mutations in 
the coding sequences of DPP6. However, a C>T transition 340 bases upstream of the ATG 
initiation codon of isoform 2 of the DPP6 gene (NM_001936) was identified in all three 
patients. It was not present in a control group of 350 Dutch Caucasian individuals (700 alleles) 
and is specific for this particular haplotype.

Relevance of DPP6 in IVF
To examine the involvement of DPP6 in other IVF families, 42 probands of additional, 
independent families with one or more cases of IVF were screened for mutations in DPP6. 
These probands contacted our cardiogenetics outpatient clinic or were admitted to our 
hospital in the last 12 years (1996-2008). IVF was diagnosed if spontaneous VF occurred in 
the absence of electrolyte abnormalities, antiarrhythmic drugs, and any known cardiac disease 
as based on routine cardiac investigation, including ECG, exercise-ECG, Holter monitoring, 
echocardiography, coronary angiography and MRI. In the case of unexplained sudden cardiac 
death IVF was diagnosed in the absence of an identifiable cause of death on autopsy and/or no 
cardiac abnormalities in relatives on cardiac investigation. 

No mutations were detected in the coding region of DPP6 in these 42 probands, 
however, the same variant c.1–340C>T in isoform 2 of DPP6 was identified in 7 additional 
families. Additional haplotyping with microsatellite markers revealed that the extended 
haplotype was also shared between these families. However, in four of these families (families 
E, G, H and I, Figure 3) the shared chromosomal region did not span the full length of the 
original haplotype. Recombinations must have occurred between D7S2546 and rs3807218 in 
families G and E, between the DPP6 variant c.1–340C>T and D7S2546 in intron 3 of DPP6 
in family H, and between D7S1491 and D7S798 in families E and I (Figure 3, recombinations 
indicated by arrows), reducing the size of the risk haplotype to approximately 1.5 Mb and, 
importantly, excluding ACTR3B, PAXIP and HTR5A from the shared region (Figure 2B). 

The identification of the variant in a substantial proportion of this independent 
patient group (7/42, 16.6%) and the absence in 350 controls strongly implies that this 
haplotype contains the disease causing mutation (p=1.2x10-7, Fisher exact test). It also implies 
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Figure 3 . Haplotypes in the ten IVF families

Haplotype analysis in the ten families (A to J) with the risk haplotype. Probands are labeled ‘-1’. Affected subjects 
(sudden cardiac death or resuscitated after idiopathic ventricular fibrillation [IVF]) are shown as filled circles (fe-
males) or squares (males). A slash indicates that the subject is deceased, and a dot indicates an obligate carrier. In-
dividuals included in the haplotype-sharing analysis are indicated (B-1, A-1, A-2, C-1), as well as individuals from 
whom a cardiac biopsy was used for expression studies (A-2, B-1, H-2, I-1, and J-1). The risk haplotype is colored 
black. Families E, G, H, and I carry recombinants, which are indicated with an arrow. The smallest shared segment, 
based on these recombinations, is indicated with a black bar next to the haplotype. From individuals labeled with 
an asterisk, DNA was extracted from paraffin-embedded tissues, and the haplotypes of individuals labeled with a 
‘‘+’’ were inferred from their children.
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that, as for the families A, B, and C, the 7 additional families are also descendants from the 
same ancestor. Genealogical research identified links between most families >5 generations 
ago. The probands of families H and G however were linked more closely and were found 
to be third cousins. Multipoint parametric linkage analysis in the families with multiple 
affected individuals (families A, B, G+H and I) was performed with the use of the easyLinkage 
software package12 running the GENEHUNTER v2.1 program13,14 with the assumption of an 
autosomal dominant pattern of inheritance, a disease-allele frequency of 0.0001, and a disease 
penetrance of 0.70. This yielded a maximum additive LOD score of 5.9.  

DPP6 expression
Despite the lack of mutations in the coding sequence of DPP6, it remains the only gene in 
the shared region. Since mutations outside coding sequences are also known to affect gene 
expression we analyzed expression of DPP6 in heart biopsies of five risk haplotype carriers 
(A-2, C-1, H-2, I-1 and J-1, fig 3). The cardiac biopsies from these patients were taken from 
the right interventricular septum (IVS) and were immediately frozen in liquid nitrogen. 
Control heart biopsies (n=13) were taken from the IVS of hearts of controls (n=3; Academic 
Medical Center Amsterdam) or from explanted non-diseased human hearts (n=10, University 
of Szeged) that were technically unusable for transplantation and previously described by 
Gaborit et al.15 All experimental protocols were approved by the Ethical Review Committees of 
the Academic Medical Center Amsterdam and the Medical Center of the University of Szeged 
(No. 51-57/1997 OEJ). Total RNA was extracted from pulverized heart tissue using RNA-Bee 

Figure 4 . Expression analysis of the DPP6 gene

(A) Reverse transcriptase PCR on biopsies of three patients heterozygous for single nucleotide polymorphism 
rs3807218. The contribution of the A allele, which is on the risk haplotype, is increased relative to that of the G 
allele. (B) DPP6 mRNA expression in cardiac biopsies from affected individuals, relative to HPRT expression. 
The quantification of all DPP6 isoforms with primers in exon 6 and 8 was performed on five patient samples, and 
isoform-specific analysis was performed on two patient samples. Bars represent standard errors.
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reagent (Tel-Test, Inc.) or RNeasy Fibrous Tissue Mini Kit (Qiagen) and reverse transcribed 
using Superscript II or Superscript III (Invitrogen) and random hexamers according to the 
manufacturer’s protocol. 

All five patients were heterozygous for SNP rs3807218 in exon 7 of DPP6. 
Amplification of DPP6 cDNA using primers in exon 6 and 8 (present in all isoforms) and 
subsequent sequencing showed an imbalance in expression between the two alleles (Figure 
4a). The A allele of rs3807218, representing the DPP6 risk haplotype (see Figure 3), was over-
represented relative to the G allele, suggesting increased expression of DPP6 from the risk 
haplotype allele. To confirm upregulation of DPP6 expression in these heart biopsies we 
performed real-time quantitative PCR on a Roche LightCycler® 480 Real-Time PCR System 
using primers that recognize all DPP6 transcripts, and primers specific for transcript isoforms 
2 and 3 (primersequences available on request). Isoform 1 was not tested since no expression 
of this isoform could be detected in heart. Values were normalized to hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) expression levels and measurements were done in 
triplicate. Data were analyzed using LinRegPCR software and were corrected for between-
session variation as described previously.16 

Average overall DPP6 expression was increased 22-fold in patients compared to 
controls (p=0.01, Mann-Whitney test) (Figure 4b). Both isoforms 2 and 3 exhibited increased 
expression, although increased expression was more pronounced for isoform 2 (21-fold, 
p=0.03, Mann-Whitney test) than isoform 3 (8-fold, p=0.03, Mann-Whitney test). Expression 
of the neighboring genes ACTRB3 and PAXIP1 was not elevated (data not shown), suggesting 
that the upregulation of DPP6 is specific rather than due to a general increase of expression 
of genes in the region.
 
Clinical evaluations
For evaluation of the clinical consequences of carrying the risk haplotype, a total of 155 
relatives from the 10 IVF families sharing the identical haplotype on chromosome 7q36 were 
genotyped and risk haplotype carrier status was determined. Individuals with otherwise 
unexplained SCD<50 years of age were defined as risk haplotype carrier when they had first 
degree relatives carrying the risk haplotype. Haplotyping in these families also yielded obligate 
carriers and an obligate non-carrier of the haplotype. Available data on echocardiography, 
cardiac MRI, exercise and baseline ECG were studied, as well as data on overall mortality and 
clinical events (resuscitated from VF or unexplained SCD). 

As shown in Table 1, 84 (54%) individuals were identified as carriers of the risk 
haplotype. Echocardiographic and cardiac MRI data (including delayed gadolinium enhanced 
imaging) in respectively 23 and 10 high-risk individuals did not reveal any significant or 
consistent abnormality. No arrhythmias or significant ECG changes were recorded during 
exercise testing or Holter monitoring. Baseline ECG characteristics of relatives >15 years of age 
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were not significantly different between carriers and non-carriers of the risk haplotype (Table 
1). ECG characteristics of early repolarization,17 were found in three out of 47 risk haplotype 
carriers (6%) and in none of the non-carriers (not significant). Ajmaline provocation tests 
in 6 high risk individuals (3 of which had had an event) did not reveal any sign of Brugada 
syndrome.

In three individuals who were resuscitated from VF, mode of spontaneous VF onset 
was recorded from their ICD (n=3) or during an invasive electrophysiological study (EPS, 
n=1). This showed relatively short-coupled isolated monomorphic extrasystoles, occasionally 

 Table 1       Demographic data, identification, events and ECG characteristics

Risk haplotype
carriers
(n=84)

Risk haplotype
non-carriers

(n=71) p-value

Demographics

  Age (years) 41±20 32±21 0.01

  Age < 50 years 58(69) 54(76) 0.37

  Male (%) 51(61) 30(24) 0.02

Method of identification

  DNA haplotype 70(83) 70(99)

  Obligate 6(7) 1(1)

  SCD<50 years and 1st degree relative of carrier 8(10) 0(0)

Events

  Death 25(30) 1(1)

    SCD 19(76) 0(0)

    Other causes 6(24) 1(100)

  Resuscitated from VF 11(13) 0(0)

  Setting of VF or SCD 

    Sleep 9(30) -

    Rest 17(57) -

    Activity 4(13) -

ECG characteristics

  PQ 161±26 151±23 0.07

  QRS 91±13 91±12 0.85

  QTc 395±26 389±29 0.32

  Heart rate 68±14 71±17 0.30
Data are mean±standard deviation or number of patients (%). SCD, sudden cardiac death; *haplotype inferred; 
VF, ventricular fibrillation. ECG characteristics are obtained from 47 haplotype carriers and 43 noncarriers, all 
>15 years of age. Differences between high- and low-risk patients were analyzed with SOLAR23 p-values<0.05 were 
considered significant.
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eliciting immediate VF (Figure 5). No specific electrocardiographic abnormalities (e.g. early 
repolarization, right precordial ST-elevation, QT-prolongation) preceded the VF episode. A 
part of spontaneous VF episodes was preceded by several single monomorphic extrasystoles 
(such as in Figure 5), whereas other episodes were initiated from regular sinus rhythm by 
one single extrasystole. During EPS, earliest activation of the extrasystoles was mapped to the 
right ventricular lower free anterior wall, which is compatible with the morphology on the 
12-lead ECG (Figure 5).
 Since no abnormalities can be demonstrated using cardiac diagnostic methods in 
IVF, the only phenotype of the disease that can be studied is (aborted) SCD. Median survival 
(50%) in risk haplotype carriers was 58 years (95% confidence interval 46 to 69 years, Figure 
6). For the non-carriers median age of survival could not be calculated because of the lack 
of events. Only one non-carrier died (no SCD); his haplotype could be reconstructed by 
haplotyping his children. All other non-carriers are alive which corresponds with survival 
being necessary to obtain a blood sample for DNA tests. Thirty risk haplotype carriers 

Figure 5 . ECG recording of IVF in a risk-haplotype carrier

No specific conduction or repolarization abnormalities are observed. Regular sinus rhythm is disturbed by sponta-
neous monomorphic extrasystoles (indicated with an asterisk) with a short coupling interval, a left bundle branch 
block morphology, and a superior axis. The third extrasystole initiates ventricular fibrillation, for which defibrilla-
tion was required (not shown). IVF, idiopathic ventricular fibrillation.
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experienced a clinical event; 19 unexplained 
SCD and 11 resuscitated VF. The youngest 
individual experiencing an event was 16 years 
of age, and the oldest was 77 years of age. 
Mean age at event was 36±13 years. Males 
were overrepresented in this group, with 23 
events in males and 7 events in females. 

DISCUSSION

Unlike other arrhythmia syndromes like 
Brugada or Long-QT syndrome, penetrance 
of IVF cannot be assessed on the basis of an 
electrocardiographic phenotype. In these 
syndromes, penetrance of ECG characteristics 
is variable but relatively high compared to the 
low penetrance of arrhythmic (lethal) events.18 

However, penetrance of lethal events linked to the chromosome 7q36 risk haplotype is very 
high with only 50% survival at 58 years. Therefore, any method that allows identification of 
the subset of the presymptomatic family members at such a high risk of arrhythmic events 
is potentially life saving. Currently, we use haplotype analysis to identify relatives at risk and 
treat accordingly (i.e. ICD implant). Furthermore, non-carriers of the risk haplotype in these 
families can be reassured of the absence of an increased risk of SCD for themselves and their 
offspring. This strategy is, at this time, only applicable to the families carrying this specific 
haplotype and a reliable classification is made only in cases where the entire shared haplotype 
(between D7S1491 and D7S2546) is present or absent. Because the causal mutation might be 
present anywhere on the shared segment, the risk status of asymptomatic individuals carrying 
part of the risk haplotype (as a consequence of a recombination event) is considered uncertain,

Currently we can only speculate on how overexpression of DPP6 causes IVF. DPP6 
is predominantly expressed in brain where it is a component of the neuronal K+ current ISA , 
but is also considered an essential component of the native transient K+ current (Ito) channel 
complex in human heart.11 Recent studies have shown that the characteristic kinetics of the 
native human cardiac Ito are recapitulated only when Kv4.3 is co-expressed with DPP6 in 
addition to the ß-subunit KChIP2.11 In particular, DPP6 alters significantly the inactivation 
kinetics of both Kv4.2 and Kv4.3 and promotes expression of these alpha-subunits in the cell 
membrane as observed in different heterologous expression systems.10,11,19

Kv4 subunits appear to assemble in a 1:1 stoichiometry meaning that such channels 
carry four subunits each of Kv4 and DPP6 subunits.19 Studies using Kv4-DPP6 fusion proteins 

Figure 6 . Survival

The survival curve of risk-haplotype carriers (black) 
and non-carriers (gray), demonstrating a median 
survival of 58 years for individuals carrying the high-
risk haplotype.

Age (years)
100806040200

C
um

ul
at

iv
e 

su
rv

iv
al

 (%
)

100

80

60

40

20

0

No. of non-carriers 71   46    20     10       1         0
No. of carriers  84   71    40     16       2         0

Risk haplotype
carriers

Risk haplotype
non-carriers



DPP6 in idiopathic ventricular fibrillation

253 | 

enforcing a 1:1 Kv4:DPP6 subunit ratio generated channel complexes with biophysical 
properties similar to naturally assembled channels. Of relevance to our finding of increased 
DPP6 expression in the patients, co-expression of additional free DPP6 to these Kv4-DPP6 
fusion channels did not affect channel kinetics although it is well possible that translocation of 
Kv alpha subunits at the cell membrane is promoted since some increase in current amplitude 
was observed.19 

The Ito current which mediates early (phase 1) cardiomyocyte repolarization is 
distributed heterogeneously across the ventricular wall, with Ito being more prominent in 
epicardium compared to endocardium. DPP6 mRNA expression however appears similar 
between epicardium and endocardium11 and unless the risk haplotype disrupts this uniform 
expression, any increase in Ito resulting from increased DPP6 mRNA in the patients might not 
necessarily disturb the transmural Ito gradient. In such a scenario, any increase in Ito amplitude 
on the cardiac action potential morphology would be expected to follow the background 
Ito levels in the different myocardial layers. In epicardium a deeper phase 1 may ensue with 
the appearance of a J-wave on the electrocardiogram,20 a phenomenon which has recently 
been shown to precede ventricular arrhythmias in patients with idiopathic VF (‘the early 
repolarization syndrome’).17 A further increase in Ito potentially leads to ST-segment elevation. 
However, no electrophysiological abnormalities were observed on the baseline ECG in carriers 
of the risk haplotype and no differences in prevalence of early repolarization were observed 
between haplotype carriers and non-carriers. Importantly, also arrhythmic episodes appeared 
not to be preceded by any discernable electrocardiographic abnormality. Any morphological 
changes in action potential that may be present are apparently not sufficient to inscribe on the 
ECG and therefore as yet obscuring the nature of the arrhythmogenic substrate, which in fact 
might be very local, in the lower part of the right ventricular free wall.

The increased DPP6 mRNA levels observed are expected to be the consequence of 
mutations in regulatory sequences of the gene. The c.1-340C>T variant on the risk haplotype 
could underlie this effect. It is in a stretch of bases conserved among dog, mouse and rat and 
it potentially creates a GATA-1 like binding site (TGATAC) on the reverse strand.21 However, 
it also remains possible that an as yet unidentified sequence change on the risk haplotype that 
could even be located tens or hundreds of kilobases away from the initiation codon could still 
underlie the increased DPP6 expression from the risk haplotype.22

In total, 10 out of the 45 families studied carry the risk haplotype suggesting that 
approximately 20% of cases in our clinic (which serves as a referral center for a large area in 
the Netherlands) are due to a founder mutation. Further studies in cohorts of other ethnicities 
will have to establish to which extent DPP6 underlies idiopathic ventricular fibrillation in 
other populations.
In conclusion, we provide evidence for a familial component in idiopathic ventricular 
fibrillation and identified a risk locus at chromosome 7q36. Our data support a role for DPP6 
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as the causal gene and we propose overexpression of this gene as the pathogenic mechanism. 
Identification of the genetic basis of IVF enables presymptomatic genetic diagnosis for a 
disorder the first and only symptom of which is potentially lethal arrhythmia.
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ABSTRACT

In this part of a series on founder mutations in The Netherlands, we review familial idiopathic 
ventricular fibrillation linked to the DPP6 gene. Familial idiopathic ventricular fibrillation 
determines an intriguing subset of the inheritable arrhythmia syndromes as there is no 
recognisable phenotype during cardiological investigation other than ventricular arrhythmias 
highly associated with sudden cardiac death. Until recently it was impossible to identify 
presymptomatic family members at risk for fatal events. We uncovered several genealogically 
linked families affected by numerous sudden cardiac deaths over the past centuries, attributed 
to familial idiopathic ventricular fibrillation. Notably, ventricular fibrillation in these families 
was provoked by very short coupled monomorphic extrasystoles. We were able to associate 
their phenotype of lethal arrhythmic events with a haplotype harbouring the DPP6 gene. 
While this gene has not earlier been related to cardiac arrhythmias we are now able, for the 
first time, to identify and to offer timely treatment to presymptomatic family members at risk 
for future fatal events solely by genetic analysis. Therefore, when there is a familial history 
of unexplained sudden cardiac deaths, a link to the DPP6 gene may be explored as it may 
enable risk evaluation of the remaining family members. In addition, when closely coupled 
extrasystoles initiate ventricular fibrillation in the absence of other identifiable causes, a link 
to the DPP6 gene should be suspected.
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INTRODUCTION

Familial idiopathic ventricular fibrillation (IVF) can be regarded as the most difficult subset of 
the inheritable arrhythmia syndromes.1 Unlike the other primary arrhythmia syndromes (e.g. 
long-QT syndrome, catecholaminergic polymorphic ventricular tachycardias and Brugada 
syndrome), there are no clinical signs of future risk for VF other than a (family) history of 
(aborted) sudden cardiac arrest. The expression IVF best acknowledges our current inability 
to identify a plausible cause or substrate for the occurrence of VF in these patients who were 
previously considered healthy.2 It is estimated that IVF accounts for 9,000 or 12,500 cases per 
year in the US on a total annual burden of sudden cardiac deaths (SCD) of approximately 
180,000 to 250,000.3-6 Because there are also familial forms of IVF, the risk can be transferred 
from parents to children and subsequently whole families can be at risk for VF and SCD. 
Unfortunately risk stratification to determine who of the remaining family members may 
develop potentially fatal cardiac arrhythmias has been impossible due to the lack of clinical 
abnormalities. 
 Recently we have made a breakthrough in several Dutch families heavily affected 
by SCD over the past centuries attributed to familial IVF. We were able to associate their 
arrhythmic events with a single haplotype harbouring the DPP6 gene as a founder effect (i.e. 
the families are descendants from the same ancestor).7 Because this gene has not earlier been 
related to cardiac arrhythmias we are now able, for the first time, to identify presymptomatic 
family members at risk for future fatal events solely by genetic analysis and treat accordingly. 
Here we review what we have learned from these families and discuss the possible mechanisms 
underlying this form of familial IVF linked to the DPP6 gene.

FIRST CLINICAL CONTACTS WITH THE FAMILY

Three separate presentations to our cardiogenetics outpatient clinic finally resulted in the 
recognition of their familial connection and ultimately initiated a successful gene identification 
study to the culprit genetic abnormality.

Case 1
A 44 year old woman with an unremarkable medical history visited our outpatient clinic 
because of the SCD of her younger brother and her younger sister. One day at the age of 31 
years her previously healthy brother was unexpectedly found dead in bed and post-mortem 
evaluation did not reveal a cause of death. Several years later her sister was found dead in bed 
at the same age as her deceased brother, and also she had previously been considered healthy. 
Notably, this sister consulted a cardiologist because of palpitations one month before her 
death. On cardiac examination she had one non-sustained ventricular tachycardia on 24 hour 
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Holter monitoring but her ECG, echocardiography and exercise test were normal. Her ECG 
is shown in Figure 1A. The family history further revealed that an uncle died unexpectedly 
at the age of 48 years late in the evening while he was out to inspect his cattle and a great 
grandfather also died suddenly at young age. Because of this impressive family history the 
44 year old woman received a cardiac examination which was unremarkable. Her ECG is 
shown in Figure 1B. Because no abnormalities were found it was discussed that prophylactic 
treatment was not readily indicated but her family members were asked to visit a cardiologist 
in a search for an inheritable arrhythmia syndrome. A few months later while further cardiac 
examinations of her two remaining brothers were carried out, she suffered from VF while 
drinking coffee in the morning. Fortunately, she was successfully resuscitated. Subsequently 
an ICD was implanted, which did not discharge until now. However, only a few months after 
her resuscitation, her nephew (the son of her deceased brother) was also resuscitated from 
VF at the age of 16 years while walking the stairs. After an unremarkable complete cardiac 
examination, he too had an ICD implanted and he did receive appropriate discharges on 
several VF recurrences in the past years.

Case 2
The 69 year old father of a family contacted our outpatient clinic because of the SCD of two 
of his sons. The youngest son died in his sleep at the age of 32 and the oldest son died at the 
age of 37 years sitting in a car (on the passengers seat). Both were previously considered 
healthy. Post-mortem evaluations did not reveal the cause of these young deaths. Further 
family history revealed that the father had three uncles who had also died unexpectedly in 
bed. They were 41, 38 and 28 years old respectively. As the father is the link between his sons 
and his uncles, he was considered to have transmitted the SCD related gene defect although 
he had been asymptomatic during his whole life. Complete cardiac evaluation (ECG, 
echocardiography, 24 hour Holter and exercise test) of the father and his eight remaining 
children did not reveal abnormalities other than pulmonary emphysema in the father (chest 
radiography). Three of his children chose to have an ICD implanted for primary prevention 
of SCD. They all remained free of arrhythmias until now. However, at the age of 74 the father 
died from a non-cardiac cause.

Case 3
A 33 year old male was admitted to our hospital after his successful resuscitation. He collapsed 
while he had just gone to bed. Besides several unexplained syncopes in the months preceding 
the resuscitation, he had an unremarkable medical history and complete cardiac examination 
(ECG, echocardiography, 24 hour Holter and exercise test) revealed no abnormalities. An 
ICD was implanted which appropriately discharged on several VF recurrences during the last 
years. Further history taking revealed that two previously considered healthy nephews of his 
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great grandmother had died suddenly and unexpectedly, both at the age of 30 years, one while 
walking and the other while cycling.

GENE FINDING STUDY

Classical linkage analyses in familial IVF has previously been impossible due to the lack of a 
phenotype which indicates affected carriers, while those who are affected are only recognized 
because of a sudden cardiac arrest which most often results in death. This scenario often 
leaves too little clinical and genetic information to perform successful studies in a search for 
the culprit gene. However, genealogical analyses revealed that the three families mentioned 
above were in fact linked many generations before. As we now recognized that they probably 
belonged to one family we were also able to start an identity-by-descent genome-wide 
haplotype-sharing analysis. The whole genome of eight family members was investigated 
by labelling over 300,000 common genetic variants (also known as single nucleotide 
polymorphisms or SNPs) with the use of Illumina HumanHap Bead-Chips. This enabled 
construction of shared segments (haplotypes) between the affected family members. As a 
result, one large haplotype of 301 contiguous SNPs was found on chromosome 7 which was 
highly significantly shared between affected family members of the three families (Figure 2). 
This strongly suggested that within this shared region the culprit gene for IVF in this family 

Figure 1 . ECGs of two sisters before their sudden cardiac arrest 

ECGs of two sisters, both of whom experienced a sudden cardiac arrest. A) ECG recorded only one month before 
sudden cardiac death at the age of 31 years while in bed. B) ECG recorded only a few months before resuscitation 
from IVF at the age of 44 years while drinking coffee. ECG A, courtesy of dr. M.P. van den Berg, University Medi-
cal Center Groningen, The Netherlands.
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was located. At this stage the segment contained four genes: HTR5A (serotonin receptor in 
brain), PAX-IP1 (involved in DNA damage response), ACTR3B (expressed in tumorigenic 
cell lines) and DPP6 (associated with potassium channel subunits). Particularly the latter, 
DPP6, was interesting as it encodes for a putative subunit of the ion channel involved in 
the transient outward current (Ito) in heart.8 However, direct sequencing of all the DPP6 
coding exons in the affected family members did not reveal a mutation. Instead, a base pair 
substitution (C>T) was found just outside the coding region, upstream of one of the initiation 
codons. This variant was not documented in 350 controls but could not be directly marked 
as pathogenic. 
 To determine the relevance of DPP6 in familial IVF we then screened 42 IVF 
probands considered unrelated to the 3 families of our initial studies for the same variant 
in DPP6. In 7 families we indeed identified the same C>T variant in DPP6. This indicates 
that they are in fact descendants from the same ancestors, which was confirmed by further 
extensive genealogical research for most families. Further analyses of the risk haplotype on 
chromosome 7 in these additional families allowed us to redefine the shared region between 
the affected family members. Subsequently, the haplotype became smaller and now excluded 
HTR5A, PAX-IP1 and ACTR3B. Thus DPP6 was the only gene in the remaining shared 
region. Meanwhile we identified another 3 probands harbouring this genetic defect, all of 
them from families with a high prevalence of SCD.

Figure 2 . Shared genetic regions between affected family members

SNPs indicate single nucleotide polymorphisms. The arrow indicates the largest shared genetic region on chromo-
some 7q36.
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 Although we did not document an exon mutation in DPP6, we know that regulation 
of gene expression might occur outside the coding region. Therefore we set out to identify 
differences in DPP6 expression between affected family members and controls which could 
further establish to role for DPP6 in IVF. Heart biopsies were taken from 5 risk haplotype 
carriers and compared to biopsies from controls. Indeed, average mRNA expression levels 
of DPP6 were increased 22-fold in haplotype carriers as compared to controls, which 
indicates the overexpression of DPP6. Additionally, we excluded changed expression of the 
neighbouring genes PAX-1P and ACTR3B. 

FURTHER CLINICAL EVALUATION 

As we now identified a risk haplotype on chromosome 7 (which contains the DPP6 gene) to 
be associated with IVF in these families, we could determine which family members are at 
risk for IVF. 
 Currently we already have clinical data on 255 family members of whom 117 
carry the risk haplotype. As this is a founder ‘mutation’, the family members are unevenly 
distributed over the country with highest prevalence in the centre, around the cities of 
Woerden and Gouda (Figure 3). Of course, because of migration we also identified haplotype 
carriers in other parts of the country. This DPP6 founder mutation now almost reaches the 
size of another very large founder mutation which is associated with cardiac arrests based on a 

Figure 3 . Distribution of DPP6 carriers 

The founder effect can be appreciated with highest prevalence in the centre of the country. A: distribution of index 
patients only, B: distribution of all family members. Colours indicate number of individuals.
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mutation in the cardiac sodium 
channel gene SCN5A.9,10

 Survival in affected family 
members is significantly 
decreased as can be appreciated 
from Figure 4. At the age of 60 
years already 50% of the risk 
haplotype carriers have died or 
experienced a sudden cardiac 
arrest. As to the ventricular 
arrhythmias that affect this 
family, recordings show that 
these are elicited by very short 
coupled (right) ventricular 
extrasystoles (e.g. Figure 5). 

TREATMENT

At this moment we can only 
determine the risk of IVF in asymptomatic family members by carrier status of the risk 
haplotype on the DPP6 gene. Because this is such a malignant phenotype, and while we do 
not have pharmacological treatment to eradicate the risk of IVF, we now offer ICDs to risk-
haplotype carriers between approximately 20 and 50 years. These cut-offs were determined on 
pedigree analyses which did not show an increased risk for sudden unexplained cardiac arrest/
death before and after these ages boundaries as compared to the general Dutch population 
(standardised mortality ratio).11 Although this strategy should prevent sudden cardiac deaths 
due to termination of IVF by the ICD, we are well aware that we also introduce a large burden 
of (serious) ICD related complications to these young persons.12 In one of the severely 
symptomatic patients, quinidine, has been effective in preventing VF recurrence. This closely 
follows previous favourable experiences on quinidine in IVF.13 In another severely affected 
patient quinidine effect was only temporarily however. Also the experience with ablation 
therapy in IVF is currently limited,14 but has led to temporary success in one of the patients.

MECHANISMS AND FURTHER STUDIES 

The mechanism by which DPP6 overexpression would result in IVF without discernable 
ECG abnormalities is currently unknown. As mentioned, DPP6 is putatively involved in the 
transient outward potassium current Ito in heart.8 This current is active in phase 1 of the cardiac 

Figure 4 . Survival 

Survival plot showing mortality or cardiac arrest. Median survival 
(50%) for risk haplotype carriers is located at 60 years of age.
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action potential. While DPP6 mRNA seems to be similarly expressed between epicardium 
and endocardium, DPP6 overexpression does not necessarily has to alter the transmural Ito 
gradient. The latter may explain the absence of discernable ECG abnormalities. 
 Our future focus on this family and their vulnerability to IVF has three directions. 
First, further clinical studies are deployed to further characterize the affected versus the non-
affected family members by detailed ECG and imaging studies. When available we also plan 
to perform detailed histological studies on cardiac tissue. Second, further characterisation of 
the exact derangement in the risk haplotype is pursued. And third, we are working on in vitro 
studies to recapitulate the effect of DPP6 derangements on the cardiac action potential to be 
able to better understand its arrhythmogenic potential. 

Figure 5 . Recording of IVF 

ECG recording of idiopathic ventricular fibrillation (IVF) in a risk haplotype carrier. The short coupled ventricu-
lar extrasystoles from the right ventricular apex (*) first result in compensatory pauses and then in IVF requiring 
external defibrillation.
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SUMMARY

A new arrhythmia gene on chromosome 7q36, DPP6, is linked to familial IVF and shows 
a very malignant phenotype. This phenotype consists of cardiac arrest by IVF at young 
age which is elicited by short coupled extra systoles. While this gene has not earlier been 
related to cardiac arrhythmias we are now able, for the first time, to identify presymptomatic 
family members at risk for future fatal events solely by genetic analysis. Affected patients 
can be offered preventive treatment accordingly. Therefore, when there is a family history of 
unexplained sudden cardiac deaths, we make the reader aware of this particular link to the 
DPP6-gene as it may enable risk stratification of the remaining family members. In addition, 
when closely coupled extrasystoles initiate ventricular fibrillation in the absence of other 
identifiable causes, a link to the DPP6 gene should also be suspected. 
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INTRODUCTION
 
Each year, inheritable arrhythmia syndromes prematurely end the lives of thousands of 
individuals world wide. While atherosclerotic disease is the major denominator of sudden 
cardiac deaths after the age of 45 years, inheritable arrhythmia syndromes mostly affect 
younger individuals and, importantly, also endanger the lives of their next of kin. In addition, 
cardiovascular disease is closely linked to life style,1 while the risk of a premature death due to 
an inheritable arrhythmia syndrome is largely determined by ones genetic footprint. 
 In the past two decennia an enormous amount of the genetic and electrophysiological 
basis of inheritable arrhythmia syndromes has become uncovered. It is now clear that these 
syndromes result from mutations affecting essential cardiac proteins. Due to these mutations 
normal cardiac development, structure and/or behaviour is disrupted and, ultimately, may 
result in lethal cardiac arrhythmias. Often, the changes induced by these mutations are 
mirrored in changes in the electrocardiogram (ECG), providing a means to recognise, study 
and stratify the arrhythmic nature of these syndromes.
 In this thesis we describe further insights into inheritable arrhythmia syndromes. In 
particular, we studied ECGs in several of these syndromes and compared these to syndrome-
specific genetic changes. Hopefully, this work may proof to be of value for earlier and better 
recognition, understanding and treatment of inheritable arrhythmia syndromes. Meanwhile, 
we point to the limitations that are an integral part of our research and suggest directions for 
future study.

The heart beat is driven by cardiac electric activity. In the introductory chapter 1 
we review the basic biophysical properties of cardiac ion channels which form the basis of the 
cardiac action potential which in turn results in the heart’s electrical activation and recovery. 
In addition we discuss various associated syndromes (also known as cardiac channelopathies) 
and their clinical relevance.2 These include the QT-U syndromes, Brugada syndrome and 
idiopathic ventricular fibrillation, on which we focussed in the remaining of this thesis.

PART I: QT-U SYNDROMES

In chapter 2 we performed a proof-of-principle study3 in response to a study performed by 
Viskin et al. in 2005.4 Viskin and co-workers demonstrated that large numbers of physicians 
could not recognize one of the most prevalent inheritable arrhythmia syndromes we know; 
Long-QT syndrome (LQTS). Importantly, treatment of LQTS is very effective, whereas 
unrecognised and thus untreated LQTS may have fatal consequences. They asked 877 
physicians, cardiologists and non-cardiologists, to study 4 ECGs, two of LQTS patients and 
two of healthy individuals, and tell who of these patients had LQTS. The results from the 
cardiologists who were not specialised in arrhythmias and the non-cardiologists were clear; 
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less then 25% of these physicians gave 4 correct answers while cardiologists specialised in 
arrhythmias yielded 62% success. In a search for a better recognition of LQTS we taught 
151 2nd year medical students a QT measuring method which appeared to be easy to learn, 
reproducible and rather accurate. Correct answers were given by more than 70% of the 
students. If the presented method would be used by physicians, a better stratification of their 
patients’ risk for sudden death due to LQTS should be possible. Naturally, there are several 
limitations to this study. For example, we only taught our students one method, whereas there 
are also other methods. Also, we did not test this method on physicians yet and we did not 
study whether this method indeed lowers the number of LQTS deaths. These issues need to 
be addressed in the future. 

Because the existence of LQTS may sometimes be hidden on a patient’s ECG, we 
sought to obtain another way to increase the sensitivity of the ECG to more accurately uncover 
LQTS. Therefore, as shown in chapter 3, we collaborated with Viskin et al. to study the 
response to a sudden increase in heart rate.5 The basis for this study was formed by the long 
known fact that the heart adapts to changes in heart rate.6 When the heart rate increases, the 
recovery phase of the heart (repolarization) hastens too. However, this adaptation mechanism 
is often impaired in LQTS, which, importantly, forms the basis of arrhythmias associated 
with LQTS. Therefore we studied the ECGs of LQTS patients and control individuals while 
lying supine and shortly after brisk standing. A low-tech manoeuvre like standing propelled 
the whereabouts of LQTS in these groups. While on the baseline supine ECGs we had a 90% 
sensitivity for LQTS accompanied by only 61% specificity, measuring the QT at maximal 
heart rate after standing resulted in a 90% sensitivity accompanied by 86% specificity. 
Importantly, in this exercise we excluded obvious LQTS and obvious non-LQTS ECGs. So we 
concluded that the evaluation of the response of the QT-interval to the brisk increase in heart 
rate induced by standing provides important information that aids in the diagnosis of LQTS. 
However, its additive value still needs to be confirmed in prospective studies. Also the exact 
method on how to measure the QT when performing supine-standing ECG studies to gain 
best result needs further evaluation, as discussed in chapter 2. 

In chapter 4 we continued with studying the part of cardiac repolarization after the 
T-wave, the U-wave.7 Although the U-wave was already recognised by Einthoven in 1906,8 
its genesis has been debated ever since. In this study we took advantage of the occurrence 
of specific ion channel mutations in several patients to study the U-wave with designated 
techniques. When the U-wave would be actuated by changes in the final part of the cardiac 
action potential, changes in this part of the action potential should result in changes of the 
U-wave. As the final part of the cardiac action is dominated by IK1 we studied patients with 
either a gain- or a loss-of-function in the IK1 encoding gene: KCNJ2. Because short QT-
intervals augment recognition of the U-wave we also studied patients with a KCNQ1 and 
KCNH2 gain-of-function mutation which results from an increase of IKs and IKr, respectively, 
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and short QT-intervals. We found that patients with an increase in IK1 show small U-waves 
and patients with a decrease of IK1 show large U-waves. Increase of IKs and IKr does not alter the 
U-wave. However, it became clear from comparison with earlier echocardiographic studies 
in the latter patients with an increase of IKr, that the U-wave starts before closure of the aortic 
valve. This contradicts that the U-wave is primarily actuated by electromechanical feedback, 
a mechanism earlier presumed. Subsequently we concluded that the U-wave is caused by 
intrinsic potential differences in the terminal part of the cardiac action potential. However, 
we did not study the influence of changes of ventricular filling in relation to the U-wave. Also, 
the studied patients form an extremely unique group and this limited our ability to study a 
larger number of patients. 

As opposed to the previous study, we were able to describe a very large number 
of individuals with a unique mutation (SCN5A 1795insD) in chapter 5.9 Carriers of this 
mutation in the cardiac sodium channel gene SCN5A come from a family that has been at 
risk for sudden cardiac death in the past centuries. Already in the 1950s, long before this 
gene was uncovered and treatment possible, the family came to our attention. Quickly it 
was observed that many family members had abnormal ECGs with impaired conduction 
and prolonged repolarisation, especially at slow heart rates. It was not until the 1970s that 
treatment with pacemakers became available, which prevented slow heart rates and thereby 
prevented premature deaths. Late in the 1990s we uncovered the responsible mutation 
in SCN5A. In addition we found that this family harboured three separate arrhythmia 
syndromes: LQTS, Brugada syndrome and cardiac conduction disease. Such a combination 
of arrhythmia syndromes had not been recognised before, which reveiled the unique changes 
that had occurred in this family. In the following years we discovered from experimental 
studies that this combination was possible due to several effects of the mutation: prolongation 
of repolarisation, initiation of structural changes and slowing of conduction. However, there 
remained two major issues in this family. The first being the unexpected deaths of several 
family members while carrying a pacemaker and the second being the vast amount of 
variation in the clinical expression when carrying the mutation. 

In chapter 6 we studied these two remaining issues. Because the described family is 
so large we were able to perform both linkage and association analysis in a search for reasons 
for the variable phenotypic expression which could possibly be related to the occurrence of 
sudden death while slow heart rates were prevented by a pacemaker. We used gene assays to 
label 1329 ‘single nucleotide polymorphism’ (SNPs) located in and around candidate genes 
encoding cardiac ion channels. These SNPs are normal variants in the human genome but they 
may point to an association with detrimental effects when combined with specific mutations. 
Indeed, we found that SNPs on chromosome 21 in the region of the KCNE1 and KCNE2 
genes altered cardiac conduction indices. A closer examination of the top SNP associated 
with PQ-interval identified that it was actually located within intron 3 of the RCAN1 gene, 
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located just a few kilo base-pairs upstream of KCNE1. The RCAN1 gene encodes ‘Regulator of 
Calcineurin 1’ which is highly expressed in heart and regulates calcineurin, a calcium-activated 
phosphatase that promotes hypertrophic growth of the heart. Transgenic mice overexpressing 
constitutively active calcineurin display premature sudden death and profoundly prolonged 
PQ-intervals, and cells isolated from these mice before the development of hypertrophy 
display reduced INa. In fact, three of the four mutation carriers who died suddenly while having 
a pacemaker were homozygous for this SNP. Hence, we identified a locus on chromosome 
21 as a modulator of cardiac conduction, providing highly relevant candidate target genes 
for future studies aimed at deciphering the molecular basis of cardiac conduction. In future 
studies we will need to relate variations in RCAN1 to cardiac conduction in families with 
other (SCN5A) mutations and we will study anatomic, histological and electrophysiological 
changes related to RCAN1 in the family, and in experimental studies in cardiomyocytes and 
in mice carrying the equivalent mutation. 

As can be appreciated from the previous chapters our understanding of inheritable 
arrhythmia syndromes is increasing. However, surely we can still be puzzled by the result of 
genetic testing as described in chapter 7.10 In this report we describe a family with two SCN5A 
mutations, a gain-of-function mutation and a loss-of-function mutation. Unexpectedly, one 
of the sons displayed a phenotype which was rather typical for the mutation he did not carry 
while he did not have the phenotype of the mutation he did carry. Once again this shows 
that we still have a lot to learn about the influence of mutations and variations in the human 
genome and their relevance for changes in the cardiac electrical system.

PART II: BRUGADA SYNDROME

In chapter 8 we continue with a focus on Brugada syndrome.11 As reviewed in this chapter 
the contemporary concept of Brugada syndrome is a disorder characterised by specific ECG 
changes in the right precordial ECG leads known as the ‘coved type’ or ‘type 1’ Brugada 
syndrome ECG and an association with sudden cardiac deaths at a relatively young age. This 
specific ECG hallmark typically fluctuates over time, and in some patients it may only be 
elicited after provocation with sodium channel blocking drugs or by fever. Several cardiac ion 
channels have been associated to Brugada syndrome; the sodium channel through the SCN5A/
SCN1B/SCN3B and GPD1L genes, the calcium channel through CACNA1C and CACNB2 
and also one of the potassium channels involved in Ito through KCNE3. Brugada syndrome is 
generally regarded a right ventricular disorder, although the underlying pathophysiological 
mechanism remains unclear. There are separating views among experts; some considering it 
a primary repolarisation disorder with transmural dispersion of action potentials and others 
consider it to be a depolarisation disorder, or more precise, a conduction disorder. These 
separating views on the pathophysiology are even exaggerated because of disagreement on how 
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to perform accurate stratification of risk for sudden cardiac death in asymptomatic patients. 
The latter holds very important consequences for prophylactic treatment, i.e., whether or not 
to advice an implantable cardioverter defibrillator which may save one’s live when ventricular 
fibrillation would occur but is also potentially associated with severe complications. 

In chapter 9 we discuss another important part of treatment of Brugada syndrome 
patients without the necessity of adequate risk stratification, that is the avoidance of certain 
drugs.12 As mentioned earlier, the typical Brugada syndrome ECG can be elicited by drugs. 
Of importance, (fatal) arrhythmic events may occur because of the use of certain drugs even 
in a patient otherwise not at high risk. Therefore every Brugada syndrome patient should be 
aware of the potential troublesome effects that these drugs may have on them. Unfortunately, 
associations between Brugada syndrome, drugs and arrhythmias are scattered throughout 
the literature and there was no group of experts reviewing their value as is in fact the case in 
long QT syndrome. Moreover, this information on long QT syndrome is readily available on 
the internet: www. qtdrugs.org. Therefore, we performed an extensive review of the literature 
on the association between drugs and Brugada syndrome, formed an international expert 
panel to produce a consensus recommendation on each drug, and initiated a website: www.
brugadadrugs.org. By this we ensured world-wide and up to date availability of this knowledge 
base for physicians and patients alike. However, this exercise remains importantly limited by 
the intrinsic limitations of the reports of drugs associated with Brugada syndrome. Large 
studies are not performed and most information is anecdotal. Although supporting evidence 
can often be derived from experimental studies. Another complicating issue is the disparate 
effects that drugs can have in different patients. Still, from the official launch of the website 
in September 2009 to July 2010 there were already 16,428 visitors from 128 countries world 
wide. Many of these visitors joined the mailing list to receive updates, downloaded a letter 
listing all the drugs to (preferably) avoid to provide to their health care providers (available in 
13 languages) and received our opinion on their questions.

In chapter 10 and chapter 11 we investigated the pathophysiological mechanisms 
underlying Brugada syndrome.13,14 This with the aim to differentiate between repolarisation and 
conduction abnormalities. For this purpose we first used three-dimensional right ventricular 
endocardial mapping in Brugada syndrome patients and in control subjects followed by pacing 
protocols to further study probable arrhythmogenic properties. By this study we found that 
in Brugada syndrome patients there is prominent impairment of right ventricular impulse 
propagation. This was evidenced by slowed activation of the right ventricle in Brugda syndrome 
patients combined with fragmented and widened electrograms, and exaggerated slowed 
conduction upon premature pacing. We did not find primary repolarisation abnormalities 
to be involved. These findings suggest that there is both impairment of conduction and 
coupling in the right ventricle in Brugada syndrome patients, which will result in slowed and 
discontinuous conduction and may form its arrhythmic substrate. In the second study we 
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extended our research to provocation tests. These tests are used to uncover Brugada syndrome 
in patients who did not earlier have its characteristic ECG documented. By using the synergy 
of three different non-invasive electrocardiographic assays during the tests we were able to 
study, in detail, both depolarisation and repolarisation changes simultaneously. Again we 
found right ventricular conduction abnormalities to be strongly associated with the typical 
ECG of Brugada syndrome. Moreover, the extensive number of repolarisation parameters 
studied did, again, not show support for primary repolarisation abnormalities to be involved. 
These data add to previous studies which demonstrated conduction abnormalities and suggest 
that there may also be ultrastructural changes, such as fibrosis, involved. Unfortunately, we 
can not directly measure action potentials. Further it is difficult and complication sensitive 
to obtain cardiac tissue during life. Therefore we can not draw final conclusions from these 
studies still as we can not rule out whether transmural dispersion of action potentials, as 
advocated in the repolarisation hypothesis, plays a significant role. 

Despite the two studies discussed above, there remains a large number of studies 
which did find primary repolarisation abnormalities to be implicated in Brugada syndrome. 
In chapter 12 we discussed our views on Brugada syndrome, supporting it to be a disorder 
associated with conduction abnormalities, with colleagues who consider it to be a disorder 
associated with repolarisation abnormalities.15 We both put forward our points and 
counterpoints but we did not come to an agreement, however. Hence, only future research 
will provide better insights on the cause of Brugada syndrome. Possibly, this knowledge will 
provide new means for treatment.

PART III: IDIOPATHIC VENTRICULAR FIBRILLATION

In chapter 13 we shift our focus to idiopathic ventricular fibrillation.16 As opposed to long 
QT syndrome and Brugada syndrome, in this disorder there are no signs of the risk for a 
cardiac arrest that precede the arrhythmias. This makes idiopathic ventricular fibrillation a 
notoriously difficult disorder to study. Moreover, it is clear that there are hereditary forms  of 
idiopathic ventricular fibrillation which implicates that whole families may be predisposed 
to sudden death. Risk stratification for cardiac arrest has not been possible until recently 
when an association with the DPP6 gene was uncovered.17 Secondary prevention of cardiac 
arrest may be achieved with implantable cardioverter defibrillator, ablation therapy and/or 
quinidine treatment. Primary prevention of cardiac arrest in relatives is seriously hampered 
by its idiopathic nature, but may still be indicated in selected cases. 

In chapter 14 we describe our research into several cases of familial idiopathic 
ventricular fibrillation which resulted in the discovery of an association with the DPP6 gene 
and a large founder family.17 A genome-wide haplotype sharing analysis was performed for 
identification of the responsible gene in three distantly related families in which multiple 
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individuals died suddenly or were successfully resuscitated at young age. We identified a 
haplotype on chromosome 7 that was conserved in these three families. In addition it was 
also shared by several other families with familial idiopathic fibrillation which appeared to 
be related, confirming a founder effect. The shared chromosomal segment harbors part of the 
DPP6 gene, which encodes a putative component of the transient outward current (Ito) in the 
heart. We demonstrated a 20-fold increase in DPP6 mRNA levels in myocardium of carriers 
compared to controls. Clinical evaluation of risk-haplotype carriers and non-carriers revealed 
no ECG or structural parameters indicative of cardiac disease. Penetrance of idiopathic 
ventricular fibrillation was high; 50% of risk-haplotype carriers experienced (aborted) sudden 
cardiac death before the age of 58 years. Hence, we proposed DPP6 as a gene for idiopathic 
ventricular fibrillation with increased DPP6 expression as the likely pathogenetic mechanism. 
As there have not been other reports (yet) on DPP6 and idiopathic ventricular fibrillation, 
data remains limited to this report. Obviously, this study initiates many future investigations 
into the relevance of DPP6 in idiopathic ventricular arrhythmia syndromes and inheritable 
arrhythmia syndromes in general, into the pathophysiological mechanisms determining a 
pro-arrhythmic state associated with increased DPP6 expression and into the possibilities of 
treatment with ablation, quinidine or other drugs. 

In chapter 15 we describe our further experiences in the family with idiopathic 
ventricular fibrillation related to DPP6.18 By this time we had clinical data on 255 family 
members of whom 117 carry the risk haplotype. Notably, ventricular fibrillation in this family 
was provoked by very short coupled monomorphic extrasystoles from the right ventricular 
apex/lower free wall. Our future focus on this family and their vulnerability to ventricular 
fibrillation has at the moment three directions. First, further clinical studies are deployed. 
Partly this involves further characterisation of the affected versus the non-affected family 
members by detailed ECG and imaging studies. When available we also plan to perform 
detailed histological studies. Second, further characterisation of the exact derangement in 
DPP6 is pursued. And third, we are working on in-vitro studies to recapitulate the effect 
of DPP6 derangements on the cardiac action potential to be able to better understand its 
arrhythmogenic potential.

PART IV: SUMMARY AND FINAL REMARKS

In conclusion, in this thesis we described various forms of inheritable arrhythmia syndromes, 
with a focus on electrocardiograms, to promote recognition and better treatment, and 
to study pathophysiological mechanisms and their genetical underpinning. It is clear that 
although there has been an enormous increase in the understanding of inheritable arrhythmia 
syndromes in the past and recent years, there also remains an incredible amount of work to be 
done. Which, of course, is intrinsic to research.
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SAMENVATTING

Ieder jaar overlijden vele duizenden mensen wereldwijd plotseling en te vroeg door erfelijke 
hartritmestoornissen. Terwijl slagaderverkalking het grootse deel van plotse hartdood bij 
mensen ouder dan 45 jaar bepaalt, treffen erfelijke hartritmestoornissen vaak jongere mensen. 
Bovendien bedreigen erfelijke hartritmestoornissen ook de levens van familieleden van 
de slachtoffers. En terwijl slagaderverkalking sterk geassocieerd is met levensstijl,1 worden 
erfelijke hartritmestoornissen grotendeels bepaald door het erfelijk materiaal, het DNA. 
 In de afgelopen twee decennia is er enorm veel bekend geworden over de erfelijke 
en elektrofysiologische basis van erfelijke hartritmestoornissen. Het is nu duidelijk dat 
deze hartritmestoornissen worden veroorzaakt door veranderingen in het DNA, mutaties, 
die essentiële eiwitten in het hart beïnvloeden. Door deze mutaties raakt de normale 
ontwikkeling van hart, structuur en/of gedrag van het hart beïnvloed, wat uiteindelijk kan 
leiden tot kamerfibrilleren, een meestal fatale hartritmestoornis. Vaak zijn de veranderingen 
die de mutaties veroorzaken te herkennen op een hartfilm (elektrocardiogram of ECG), wat 
ons tevens de gelegenheid biedt om deze hartritmestoornissen te bestuderen.
 In dit proefschrift beschrijven wij voortschrijdende inzichten in erfelijke 
hartritmestoornissen. Met name hebben we ECGs bestudeerd in verschillende erfelijke 
hartritmestoornissen en hebben we deze vergeleken met specifieke veranderingen in het 
DNA. Hopelijk draagt ons onderzoek bij aan de vroegtijdige en betere herkenning, begrip 
en behandeling van erfelijke hartritmestoornissen. Daarnaast noemen we hier beperkingen 
die onlosmakelijk zijn verbonden met ons onderzoek en doen we suggesties voor toekomstig 
onderzoek.
 Het hart wordt gedreven door elektrische activiteit. In het inleidende hoofdstuk 
1 geven we een overzicht van de biofysische eigenschappen van bepaalde essentiële eiwitten 
in het hart, ionkanalen, die de basis vormen van de elektrische potentiaal of actiepotentiaal.2 
Door deze actiepotentiaal is het hart in staat samen te knijpen en te ontspannen, de activatie- 
of depolarisatiefase en herstel- of repolarisatiefase van het hart. Daarnaast beschrijven we 
verschillende erfelijke hartritmestoornissen die daarmee zijn verbonden, ook bekend als 
ionkanaalziekten van het hart, en hun klinische relevantie. Onder andere beschrijven wij 
hierbij de QT-U syndromen, het Brugada syndroom en idiopathisch kamerfibrilleren, 
waarnaar we in dit proefschrift verder onderzoek hebben gedaan.

DEEL I: QT-U SYNDROMEN

In hoofdstuk 2 deden wij een conceptuele studie3 als reactie op een studie die werd 
verricht door Viskin c.s. in 2005.4 Viskin en zijn medeauteurs demonstreerden dat de 
meeste artsen één van de meest voorkomende erfelijke hartritmestoornissen, het Lange 
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QT syndroom, niet herkennen. Behandeling van het Lange QT syndroom is zeer effectief, 
terwijl het fatale consequenties kan hebben wanneer het niet herkend wordt, en dus niet 
wordt behandeld. Zij vroegen 877 artsen, algemeen-cardiologen, cardiologen gespecialiseerd 
in hartritmestoornissen en niet-cardiologen, om vier ECGs te bestuderen, ECGs van twee 
Lange QT syndroom patiënten en ECGs van twee gezonde vrijwilligers. Vervolgens vroegen 
wij hen om aan te geven welke ECGs van de patiënten zijn met het Lange QT sydndroom 
en welke van de gezonde proefpersonen. Nog geen 25% van de algemeen-cardiologen 
en niet-cardiologen antwoordden correct. Dit terwijl slechts 62% van de cardiologen 
gespecialiseerd in hartritmestoornissen correct antwoordden. Omdat wij op zoek waren 
naar een betere methode om het Lange QT syndroom te herkennen, onderwezen we 151 
tweedejaars geneeskundestudenten een QT meetmethode welke gemakkelijk te leren bleek, 
reproduceerbaar en bovendien redelijk accuraat. Correcte antwoorden werden gegeven door 
meer dan 70% van de studenten. Wanneer artsen deze methode zouden gebruiken dan zou 
het wellicht mogelijk zijn dat zij een betere inschatting kunnen maken van het risico op 
plotseling overlijden van hun patiënten ten gevolge van het Lange QT syndroom. Natuurlijk 
zijn er enkele beperkingen van deze studie. We hebben bijvoorbeeld slechts één methode 
onderwezen, terwijl er ook andere methoden zijn. Ook hebben we deze methode nog niet 
getest bij artsen en hebben we ook niet bestudeerd of het meten met deze methode ook 
daadwerkelijk leidt tot minder overlijden ten gevolge van het Lange QT syndroom. Deze 
punten zullen in de toekomst onderzocht dienen te worden. 
 Omdat het Lange QT syndroom ook niet altijd te herkennen is op het ECG, zochten 
we een manier om het ECG gevoeliger te maken voor het Lange QT syndroom en om het 
op die manier ook makkelijker te kunnen herkennen. Daarom werkten we in hoofdstuk 
3 samen met Viskin c.s. om de reactie op een plotselinge versnelling van de hartslag te 
bestuderen.5 De basis voor deze studie werd gevormd door het reeds lang bekende feit dat het 
hart zich aanpast aan een versnelling van de hartslag.6 Wanneer de hartslag versnelt dan zal de 
herstelfase van het hart ook versnellen en dus verkorten. Dit mechanisme is echter vaak beperkt 
in patiënten met het Lange QT syndroom, waardoor er ook hartritmestoornissen kunnen 
optreden. Daarom bestudeerden we de ECGs van patiënten met het Lange QT syndroom en 
van gezonde vrijwilligers terwijl zij op de rug lagen en kort nadat ze waren opgestaan. Een 
simpele manoeuvre als gaan staan, liet veel duidelijker zien wie van deze proefpersonen het 
Lange QT syndroom had. Terwijl het ECG in rugligging 90% sensitief en 61% specifiek was 
voor het Lange QT syndroom, werd het 90% sensitief en 86% specifiek wanneer de QT-tijd 
werd gemeten tijdens de maximale hartslag na staan. Bovendien waren hiervoor de ECGs 
van proefpersonen met een overduidelijk Lange QT syndroom of een overduidelijk normaal 
ECG niet meegenomen. Daarom concludeerden we dat het bestuderen van de reactie van de 
QT-tijd op de versnelling van de hartslag door te gaan staan, belangrijke informatie geeft die 
helpt in het herkennen van het Lange QT syndroom. Natuurlijk dient ook de waarde van deze 
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methode te worden bevestigd in toekomstig onderzoek. Daarnaast zal de exacte methode van 
het meten van de QT-tijd tijdens liggen-staan studies onderzocht moeten worden om de beste 
resultaten te bereiken, zoals ook beschreven in hoofdstuk 2. 
 In hoofdstuk 4 gingen we verder in op een deel van de herstelfase van het hart na 
de T-golf, namelijk de U-golf.7 Ondanks dat de U-golf al in 1906 door professor Einthoven 
werd beschreven,8 staat de genese ervan sindsdien ter discussie. In deze studie deden we ons 
voordeel met het bestaan van specifieke ionkanaalmutaties in verschillende patiënten om 
de U-golf in detail te bestuderen met daarop toegespitste technieken. Wanneer de U-golf 
veroorzaakt zou worden door verschillen in het einde van de actiepotentiaal, dan zouden 
veranderingen in het einde van de actiepotentiaal ook de U-golf moeten veranderen. Omdat 
het einde van de actiepotentiaal wordt gedomineerd door de IK1 stroom, onderzochten we 
patiënten die een toename dan wel afname van de IK1 stroom hebben door een mutatie in 
het gen dat codeert voor de ionkanalen die de IK1 stroom teweeg brengen; het KCNJ2 gen. 
Omdat een korte QT-tijd het herkennen van de U-golf vergemakkelijkt, bestudeerden we ook 
patiënten met een winst-van-functie mutatie in het KCNQ1 of KCNH2 gen, wat resulteert in 
een toename van, respectievelijk, de IKs of de IKr stroom en in kortere QT-tijden. We ontdekten 
dat degenen met een toename van de IK1 stroom kleine U-golven hebben en dat degegen 
met een afname van de IK1 stroom grote U-golven hebben. Een toename van de IKr of IKs 
stroom had geen gevolgen op de U-golf. Bovendien werd het duidelijk door een vergelijking 
in de patiënten met een toename van de IKr of IKs stroom met eerdere studies waarin gebruik 
gemaakt werd van echo, dat de U-golf begint voordat de aortaklep sluit. Dit weerspreekt een 
eerder gepostuleerde hypothese dat de U-golf veroorzaakt wordt door elektromechanische 
terugkoppelingsmechanismen na het sluiten van de aortaklep. Daarom concludeerden 
wij dat de U-golf wordt gevormd door intrinsieke potentiaalverschillen in het einde van 
de actiepotentiaal. Hierbij dient te worden opgemerkt dat we niet hebben bestudeerd wat 
de invloed is van verschillende drukken in de hartkamers in relatie tot de U-golf, wat een 
onderdeel is van de elektromechanische hypothese. Ook vormen de bestudeerde patiënten 
een zeer kleine en unieke groep wat ons belemmerde om grotere aantallen patiënten te 
onderzoeken. 
 In tegenstelling tot de voorgaande studie, waren we in hoofdstuk 5 wel in staat om 
een zeer groot aantal personen met een unieke mutatie (SCN5A 1795insD) te onderzoeken en 
te beschrijven.9 Dragers van deze mutatie in het gen SCN5A, dat codeert voor het natriumkanaal 
in het hart, komen uit een familie met een hoog risico op plotse hartdood in de afgelopen 
eeuwen. Reeds in de vijftiger jaren, lang voordat de mutatie werd ontdekt en behandeling 
mogelijk was, kwam deze familie onder onze aandacht. Snel werd het duidelijk dat vele 
familieleden afwijkende ECGs hadden met geleidingsstoornissen en verlengde repolarisatie, 
met name tijdens een trage hartslag. Pas in de jaren zeventig werd behandeling mogelijk 
met pacemakers die een trage hartslag kunnen voorkomen en daarmee ook plotse hartdood 
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voorkwamen. Aan het einde van de jaren negentig ontdekten we de betreffende mutatie in 
SCN5A. Daarnaast ontdekten we dat deze familie 3 typen erfelijke hartritmestoornissen 
combineerde; Lange QT syndroom, Brugada syndroom en geleidingsstoornissen. Een 
dergelijke combinatie van erfelijke hartritmestoornissen was nog niet eerder beschreven, wat 
de unieke veranderingen in deze familie benadrukte. In de daaropvolgende jaren werd door 
experimentele studies duidelijk dat deze combinatie mogelijk werd door afzonderlijke effecten 
van de mutatie waardoor de repolarisatie werd verlengd en tevens geleidingsstoornissen en 
structurele veranderingen optraden. Echter bleven er twee belangrijke zaken onbeantwoord; 
ten eerste het onverwachte overlijden van enkele familieleden die wel een pacemaker hadden, 
en ten tweede de zeer aanzienlijke variatie die de mutatiedragers tentoonstelden in hun ECGs.
 In hoofdstuk 6 onderzochten we deze twee zaken. Omdat deze familie zo 
groot is waren we in de gelegenheid om zowel associatie als linkage studies te verrichten 
in een zoektocht naar verklaringen voor de uitgebreidheid van de variatie in klinische 
uitingsvormen, welke mogelijk gerelateerd is aan het optreden van plotse hartdood tijdens 
het dragen van een pacemaker. We gebruikten specifieke bepalingsmethoden om 1329 'single 
nucleotide polymorphisms’ (SNPs) te herkenen in en rond genen betrokken in de vorming 
van ionkanalen in het hart. SNPs zijn normale varianten in het menselijk genoom maar 
zij zouden een nadelige invloed kunnen hebben wanneer ze gecombineerd worden met 
specifieke mutaties. Inderdaad ontdekten we dat SNPs op chromosoom 21 in de regio van 
de KCNE1 en KCNE2 genen betrokken zijn bij veranderingen in de geleiding van het hart. 
Verder onderzoek van de top-SNP geassocieerd met het PQ-interval liet zien dat deze SNP 
gelokaliseerd was in het RCAN1 gen, slechts enkele kilobases verwijderd van KCNE1. Het 
RCAN1 gen codeert voor de ‘regulator van calcineurin 1’, welke hoog tot expressie komt 
in het hart en calcineurin reguleert, een calcium-geactiveerd fosfatase dat versterkte groei, 
hypertrofie, van het hart promoot. In transgene muizen met vermeerderd actief calcineurin 
komt veel plotse dood en een verlengd PQ-interval voor. In cellen die werden geïsoleerd 
van deze muizen vóór het ontstaan van hypertrofie is duidelijk dat de natriumstroom INa is 
verminderd. Drie van de vier personen in de familie die plots overleden met een pacemaker 
waren homozygoot voor deze SNP. We concludeerden dat we een locatie op chromosoom 
21 hebben gevonden welke betrokken is bij de modulatie van geleiding. Deze locatie bevat 
een zeer relevant nieuw kandidaatgen, geschikt voor verdere studies naar de moleculaire 
basis voor geleiding in het hart. In toekomstige studies zullen we variaties in RCAN1 moeten 
relateren met geleidingsveranderingen in andere families met (SCN5A) mutaties en zullen we 
de anatomische, histologische en elektrofysiologische veranderingen gerelateerd aan RCAN1 
bestuderen in de familie, in hartspiercellen en in muizen met mutaties in RCAN1. 
 Zoals reeds gewaardeerd kan worden uit de voorgaande hoofdstukken krijgen we 
steeds meer kennis over erfelijke hartritmestoornissen. Toch kunnen we nog steeds verbaasd 
raken door de resultaten van genetisch testen, zoals beschreven in hoofdstuk 7.10 In dit 
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rapport beschrijven wij een familie met twee SCN5A mutaties, een winst-van-functie mutatie 
en een verlies-van-functie mutatie. Onverwacht had één van de zonen een ECG wat typisch 
was voor een verlies-van-functie mutatie maar droeg hij de winst-van-functie mutatie waarvan 
hij juist niet de typische uitingen had. Dit rapport laat zien dat we nog veel te leren hebben 
over de invloed van mutaties en de variaties in het menselijk genoom en hun relevantie voor 
veranderingen in het elektrische systeem van het hart. 

DEEL II: BRUGADA SYNDROOM

In hoofdstuk 8 gaan we verder in op Brugada syndroom.11 Zoals we beschrijven in dit 
hoofdstuk is Brugada syndroom een aandoening gekarakteriseerd door specifieke ECG 
veranderingen in rechtsprecordiale ECG afleidingen, ook bekend als het ‘coved type’ of ‘type-
1’ Brugada syndroom ECG. Brugada syndroom is verder geassocieerd met plotse hartdood 
op relatief jonge leeftijd. De ECG afwijkingen in Brugada syndroom kunnen wisselen van dag 
tot dag en bij sommige patiënten kunnen ze alleen verschijnen na provocatie met bepaalde 
natriumkanaal blokkerende medicijnen of bij koorts. Verschillende ionkanaal mutaties zijn 
reeds geassocieerd met Brugada syndroom: het natriumkanaal via de SCN5A, SCN1B, SCN3B 
en GPD1L genen, het calciumkanaal via CACNA1C en CACNB2 en ook een kaliumkanaal 
betrokken bij de Ito stroom via KCNE3. Ondanks dat Brugada syndroom een ziekte lijkt te zijn 
van de rechter hartkamer, zijn de onderliggende pathofysiologische mechanismen nog niet 
duidelijk. Sommige experts beschouwen het als een repolarisatiestoornis, waarbij er verschil 
bestaat in actiepotentialen tussen de binnenzijde en de buitenzijde van de hartspier, terwijl 
anderen het beschouwen als een depolarisatiestoornis, of beter gezegd een geleidingsstoornis. 
Deze divergerende opinies ten aanzien van de pathofysiologische mechanismen worden 
nog eens versterkt door verschil van mening over de beste manier om het risico op plotse 
hartdood vast te stellen in asymptomatische patiënten. Dit laatste heeft grote gevolgen voor 
de behandeling, namelijk het wel of niet adviseren van een implanteerbare cardioverter 
defibrillator, welke iemands leven kan redden als er kamerfibrilleren ontstaat, maar ook tot 
zeer ernstige complicaties kan leiden. 
 In hoofdstuk 9 bespreken we een ander belangrijk punt in de behandeling van 
patiënten met Brugada syndroom: het vermijden van bepaalde medicatie.12 Zoals eerder 
genoemd kan het typische Brugada syndroom ECG uitgelokt worden door medicijnen. 
Hierbij is het van belang dat (fatale) hartritmestoornissen ook kunnen optreden door het 
gebruik van deze medicijnen in een patiënt die anderszins niet een hoog risico had op het 
ontwikkelen van hartritmestoornissen. Daarom zou iedere Brugada syndroom patiënt op 
de hoogte moeten zijn van de mogelijk negatieve effecten van bepaalde medicijnen. Helaas 
is de informatie over de associatie tussen Brugada syndroom, bepaalde medicijnen en 
hartritmestoornissen verspreid door de medische literatuur en was er geen groep experts die 
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deze rapporten beoordeelde, zoals wel het geval is bij Lange QT syndroom. Voor het Lange 
QT syndroom  is deze informatie voor iedereen beschikbaar op het internet op www.qtdrugs.
org. Daarom hebben we in dit hoofdstuk de relevante literatuur beoordeeld, een groep experts 
samengesteld om een consensus aanbeveling te geven voor ieder beoordeeld medicijn en 
hebben we een website opgericht: www.brugadadrugs.org. Hiermee hebben we deze informatie 
wereldwijd beschikbaar gemaakt volgens de laatste literatuur, zowel voor artsen als voor 
patiënten. Het is wel belangrijk dat men zich realiseert dat we hiervoor afhankelijk waren van 
de beperkingen van de publicaties die we beoordeelden. Grote studies zijn niet verricht en de 
meeste publicaties zijn gebaseerd op een enkele casus, hoewel ondersteunende bewijsvoering 
regelmatig wel beschikbaar is uit experimentele studies. Een andere complicerende factor is 
dat verschillende patiënten verschillend zullen reageren op bepaalde medicijnen. Ondanks 
deze beperkingen hebben we vanaf de officiële opening van de website in september 2009 
tot en met juli 2010 reeds 16.428 bezoekers gehad uit 128 landen. Velen van deze bezoekers 
hebben zich aangemeld voor de mailinglijst. Ook hebben ze gebruik gemaakt van de brieven 
(beschikbaar in 13 talen) die zijn te downloaden waarop alle te vermijden medicatie staat 
genoemd en hebben onze mening gekregen op hun vragen omtrent medicijngebruik. 
 In hoofdstuk 10 en hoofdstuk 11 hebben we verder onderzoek gedaan naar de 
pathofysiologische mechanismen die ten grondslag liggen aan Brugada syndroom.13,14 Dit 
om onderscheid te maken tussen primaire repolarisatie- en primaire geleidingsstoornissen. 
Hiervoor maakten we eerst gebruik van driedimensionale mapping procedures aan de 
binnenzijde van de rechter hartkamer in Brugada syndroom patiënten en in vrijwilligers, 
gevolgd door pacing protocollen om de gevoeligheid voor hartritmestoornissen beter te 
bestuderen. In deze studie vonden we dat er uitgesproken geleidingsvertraging aanwezig is in 
de rechter hartkamer van Brugada syndroom patiënten. Dit werd duidelijk door het aanwezig 
zijn van trage activatie van de rechter hartkamer, gecombineerd met gefragmenteerde en brede 
electrogrammen en verergerende geleidingsvertraging op kortgekoppelde pacing. We vonden 
daarentegen geen primaire repolarisatiestoornissen. Deze resultaten suggereren dat er zowel 
sprake is van geleidingsvertraging als afgenomen elektrische koppeling tussen de hartspiercellen 
in de rechter hartkamer van Brugada syndroom patiënten. Dit zal leiden tot vertraagde en 
discontinue geleiding en bepaalt waarschijnlijk het substraat van de hartritmestoornissen. 
In de tweede studie hebben we verder onderzoek gedaan naar provocatietesten. Deze testen 
worden gebruikt om Brugada syndroom te diagnosticeren in patiënten waarbij nog niet 
eerder het typische Brugada syndroom ECG werd gedocumenteerd. Door gebruik te maken 
van drie complementaire niet-invasieve meetmethoden gedurende de tests waren we in staat 
om depolarisatie- en repolarisatieveranderingen gelijktijdig te bestuderen. Weer vonden we 
dat geleidingsvertraging in de rechter hartkamer sterk geassocieerd is met het optreden van 
het typische ECG van Brugada syndroom. Bovendien vonden we in de vele beoordeelde 
repolarisatieparameters geen aanwijzingen voor repolarisatiestoornissen. Deze data sluiten 
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aan bij eerdere studies waarin geleidingsstoornissen gevonden werden en zijn suggestief 
voor de aanwezigheid van ultrastructurele veranderingen zoals bijvoorbeeld fibrose. Helaas 
kunnen we bij patiënten niet direct actiepotentialen meten en is het moeilijk en enigszins 
riskant om hartweefsel te verkrijgen gedurende het leven. Daarom kunnen we nog steeds 
geen definitieve conclusies trekken uit deze studies omdat we de relevantie van transmurale 
verschillen in actiepotentialen, zoals gepropageerd in de repolarisatiehypothese, niet kunnen 
beoordelen. 
 Ondanks deze twee laatste studies, zijn er ook een groot aantal studies die wel 
primaire repolarisatiestoornissen beschreven in relatie tot Brugada syndroom. In hoofdstuk 
12 bediscussiëren we de pathofysiologische mechanismen in Brugada syndroom met collega’s 
die voorstanders zijn van de repolarisatiehypothese.15 We geven beiden onze gezichtspunten 
maar komen niet tot een overeenstemming. Daarom zullen alleen toekomstige studies meer 
duidelijkheid kunnen verschaffen over de oorzaak van Brugada syndroom. En hopelijk zullen 
deze inzichten ook resulteren in betere behandelingsmogelijkheden. 

DEEL III: IDIOPATHISCH KAMERFIBRILLEREN

In hoofdstuk 13 verleggen we onze aandacht naar onverklaard, idiopathisch, 
kamerfibrilleren.16 In tegenstelling tot het Lange QT syndroom en Brugada syndroom, is er in 
deze aandoening geen sprake van aanknopingspunten die het risico op een plotse hartdood 
voorspellen. Dit maakt idiopathisch kamerfibrilleren een zeer lastige aandoening om te 
bestuderen. Bovendien is het ook duidelijk dat er erfelijke vormen bestaan, dit impliceert dat 
er hele families risico lopen op idiopathisch kamerfibrilleren en plotse hartdood. Terwijl het 
inschatten van het risico op plotse hartdood in deze families tot voorkort onmogelijk was, is 
dit veranderd met de ontdekking van een associatie met het DPP6 gen. Secundaire preventie 
van plotse hartdood kan worden gerealiseerd met implanteerbare cardioverter defibrillators, 
ablatietherapie en/of quinidine. Primaire preventie van plotse hartdood in familieleden is 
lastig door het idiopathische karakter, maar is wel mogelijk in specifieke gevallen. 
 In hoofdstuk 14 beschrijven we ons onderzoek naar verschillende families met 
familiair idiopathisch kamerfibrilleren wat resulteerde in de ontdekking van een associatie 
met het DPP6 gen in een grote familie.17 Een genoom-brede haplotype-sharing-analyse 
werd uitgevoerd om het verantwoordelijke gen te ontdekken in drie gerelateerde families 
waarin meerdere personen plotseling overleden of waren gereanimeerd op jonge leeftijd. We 
identificeerden een haplotype op chromosoom 7 dat geconserveerd was in deze drie families. 
Bovendien was dit haplotype ook aanwezig in enkele andere families met familiar idiopathisch 
kamerfibrilleren, wat het bestaan van een gezamenlijke voorouder veronderstelt. Het gedeelde 
segment op chromosoom 7 bevat een gedeelte van het DPP6 gen dat waarschijnlijk een rol 
speelt in de Ito stroom in het hart. We vonden een 20 keer hogere expressie van DPP6 mRNA 
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in de harten van dragers in vergelijking met controles. Verdere klinische evaluatie van de 
dragers en niet-dragers van het risico-haplotype liet geen ECG afwijkingen of aanwijzingen 
voor structurele veranderingen zien. De penetrantie van idiopathisch kamerfibrilleren was 
echter hoog, 50% van de dragers van het risico-haplotype waren plotseling overleden of 
gereanimeerd voordat ze 58 jaar oud waren. Daarom concludeerden we dat DPP6 betrokken  
is bij idiopathisch kamerfibrilleren en dat verhoogde DPP6 expressie het waarschijnlijke 
pathogenetische mechanisme vormt. Omdat er nog geen andere rapporten zijn over de 
relatie tussen DPP6 en idiopathisch kamerfibrilleren, blijft de data tot nu toe beperkt tot 
dit onderzoek. Wel initieert dit onderzoek toekomstige studies naar de relevantie van DPP6 
in (idiopathische) hartritmestoornissen, naar de pathofysiologische mechanismen die ten 
grondslag liggen aan ritmestoornissen geassocieerd met verhoogde DPP6 expressie en naar 
behandelingsmogelijkheden met ablatie-therapie, quinidine of andere medicijnen.
 In hoofdstuk 15 beschrijven we onze verdere ervaringen in de familie met 
idiopathisch kamerfibrilleren gerelateerd aan DPP6.18 Hiervoor hadden we nu beschikking 
over gegevens van 255 familieleden van wie 117 dragers waren van het risico-haplotype. 
Kamerfibrilleren in deze familieleden werd veroorzaakt door zeer kortgekoppelde 
gelijkvormige hartslagen uit de punt van de rechter hartkamer. Onze toekomstige focus in 
deze familie met hun gevoeligheid voor kamerfibrilleren heeft op het moment drie richtingen. 
Ten eerste worden klinische studies ingezet, enerzijds om dragers en niet-dragers van het 
risico-haplotype verder te vergelijken door middel van ECGs en beeldvorming, en anderzijds 
willen we, zo mogelijk, ook histologische studies doen. Ten tweede zijn we op zoek naar 
de exacte verandering die in het DPP6 gen heeft plaatsgevonden. En ten derde doen we 
experimentele studies naar het effect van DPP6 overexpressie op de actiepotentiaal om beter 
te kunnen begrijpen waarom er zo vaak hartritmestoornissen optreden. 

DEEL IV: SAMENVATTING

In dit proefschrift hebben we verschillende vormen van erfelijke hartritmestoornissen 
beschreven met een focus op ECGs. Dit om betere herkenning en betere behandeling na te 
streven, en om de onderliggende pathofysiologische mechanismen beter te begrijpen tezamen 
met de invloed van veranderingen in bepaalde genen. Het moge ook duidelijk zijn dat, hoewel 
we veel meer hebben leren begrijpen van erfelijke hartritmestoornissen in de afgelopen 
jaren, er ook nog heel veel onderzoek moet gebeuren. Dit laatste is dan ook onlosmakelijk 
verbonden met het doen van onderzoek.
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