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Abstract

Among the inherited ion channelopathies associated with potentially life-threatening ventricular
arrhythmia syndromes in nominally structurally normal hearts are the J wave syndromes, which
include the Brugada (BrS) and early repolarization (ERS) syndromes. These ion channelopathies
are responsible for sudden cardiac death (SCD), most often in young adults in the third and fourth
decade of life. Our principal goal in this review is to briefly outline the clinical characteristics,

as well as the molecular, ionic, cellular, and genetic mechanisms underlying these primary
electrical diseases that have challenged the cardiology community over the past two decades.

In addition, we discuss our recently developed whole-heart experimental model of BrS, providing
compelling evidence in support of the repolarization hypothesis for the BrS phenotype as well

as novel findings demonstrating that voltage-gated sodium and transient outward current channels
can modulate each other’s function via trafficking and gating mechanisms with implications for
improved understanding of the genetics of both cardiac and neuronal syndromes.
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Introduction

Prominent J waves in the surface electrocardiogram (ECG) and their associated risk for

the development of life-threatening cardiac arrhythmias have been documented for at

least 100 years in clinical conditions involving hypothermia, hypercalcemia, and acute
myocardial ischemia. More recently, accentuated J waves have been associated with
inherited, potentially life-threatening cardiac arrhythmia disorders including Brugada (BrS)
and Early Repolarization (ERS) syndromes, the so-called J Wave Syndromes (JWS). In the
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case of BrS, a clinical entity associated with sudden cardiac death (SCD) first introduced by
Pedro and Josep Brugada in 1992 (1), the J waves are usually limited to the right precordial
leads V1-V3.

Diagnosis of JWS

BrS and ERS are both associated with vulnerability to arrhythmic SCD (pVT and VF)
(1-3) in children and young adults with apparently structurally normal hearts and, rarely, to
sudden infant death syndrome (4, 5).

In BrS, three distinct variations of ST segment elevation have been described (BrS Types
1,2 and 3) (6, 7). The only form diagnostic of BrS is a Type 1 (“coved type”) ST

segment elevation characterized by an ST segment elevation of =2 mm (0.2 mV) in =1 right
precordial leads positioned in the 4 intercostal space (V1 and/or V2) or in more cranial
positions (2" or 3 intercostal space). A Type 2 ST segment elevation, described as a
“saddle-back” configuration with an ST segment elevation of =0.5 mm (commonly =2mm in
V2) in =1 right precordial leads (V1-V3) and a Type 3 ST segment elevation, characterized
by a “saddle-back or coved type” appearance with an ST segment elevation of <1 mm, are
NOT diagnostic of BrS unless converted to a Type 1 with fever or sodium drug challenge
(Figure 1). The cardiac region most affected in BrS patients is the anterior aspects of the
right ventricular outflow tract (RVOT), which is facing the right precordial leads (V1-V3).

Early repolarization pattern (ERP) is often encountered in apparently healthy individuals,
particularly in young males, black individuals, and athletes. When ERP is associated with
VT/VF, the clinical condition is referred to as early repolarization syndrome (ERS).

Early repolarization is recognized with appearance of 1) an end QRS notch (J wave) or
slur on the downslope of a prominent R wave (with or without ST segment elevation). The
onset of the J wave is referred to as Jp; 2) a distinct J wave with a peak (designated as Jp)
> 0.1 mV in two or more contiguous ECG leads, excluding leads V1-V3; and 3) a QRS
duration (measured in leads in which a notch or slur is absent) must be < 120 ms. The end
of the J wave or that of the QRS slur or notch is designated as Jt (Figure 2) (8). Thus, ERP
is characterized by distinct J waves, Jg elevation, notch or slur of the terminal part of the
QRS and ST-segment or Jt elevation in the lateral (Type I), infero-lateral (Type 1) or in
infero-lateral + (anterior) right precordial leads (Type III).

Pharmacological provocative tests

When diagnosis is suspected, a provocative drug test using a sodium channel blocker is
recommended, which involves administration of either ajmaline (1 mg/kg over 10 min, 1V),
flecainide (2 mg/kg over 10 min, 1V, or 200-300 mg over more than 1 h when administrated
orally), procainamide (10 mg/kg over 10 min, IV), or pilsicainide (1 mg/kg over 10 min, 1V)
(www.brugadadrugs.org). The test is considered positive if a Type 1 ECG pattern is obtained

9).

In contrast to the effect of sodium channel blockers to unmask or exacerbate the BrS Type
1 phenotype, these drugs have been shown to reduce the amplitude of the J wave in patients
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with ERS (10). However, Nakagawa et al. reported that J waves recorded using unipolar
LV-anterior epicardial leads in ERS patients are augmented following provocative drug
testing, while the J waves recorded in the lateral precordial leads are diminished indicating
that the J waves in the surface leads are reduced because they are engulfed by the wider QRS
(10, 11). Further support for the notion that the pathophysiological basis of ERS and BrS

are closely related derives from reports of cases in which ERS transitions into ERS plus BrS
phenotypes (12, 13).

Tables 1A and 1B show the Shanghai Score system proposed for the diagnosis of BrS

and ERS (9). Validation of the scoring system for BrS was performed by Kawada and
co-workers using 393 patients evaluated for BrS. The authors concluded that the Shanghai
Score System is useful for diagnosis as well as risk stratification of BrS (14).

Risk Assessment

J waves with rapidly ascending ST segments particularly in the lateral ECG leads have a
high prevalence but are associated with a relatively low arrhythmic risk. In contrast, J waves
appearing in the inferior leads or infero-lateral leads are associated with a much higher

risk, particularly when displaying a flat or descending ST segment (15). J waves appearing
globally in the ECG have a very low prevalence, but are associated with a very high level

of arrhythmic risk as are subjects resuscitated from cardiac arrest (9). The presence of

a notched or fragmented QRS is likewise associated with high risk for development of
life-threatening arrhythmias. (16-19) Figure 3 summarizes the prevalence and arrhythmic
risk associated with the various presentations of the electrocardiographic J wave and various
clinical manifestations of Brugada and Early Repolarization syndromes (9).

Aizawa et al. reported that the response of J wave amplitude to atrial pacing is

different between idiopathic ventricular fibrillation (IVF) and non-1VF patients. The
authors suggested the presence of different mechanisms for the genesis of J waves: early
repolarization in IVF patients and conduction delay in non-1VF patients.(20) Although the
presence of sodium or calcium channel blockers might be expected to yield such results, the
authors indicate that none of the participants in the study were administered any medication.

Similarities and difference between BrS and ERS

BrS and ERS have several clinical similarities, suggesting a closely related pathophysiology
(21, 22, 23 ). Males predominate is observed in both syndromes (24, 25). Patients can
remain totally asymptomatic until presenting with cardiac arrest. The highest incidence

of VF or SCD occurs in the third decade of life in both syndromes (26). In general,

the appearance of accentuated J waves and ST segment elevation is in association with
bradycardia or pauses (27, 28); accordingly, VF often occurs during sleep or at a low level of
physical activities (10, 29).

ERS and BrS also share similarities to pharmacological therapy. Electrical storms can be
suppressed with p-adrenergic agonists (30-33). Chronic oral administration of quinidine (34,
35), bepridil (32), denopamine, (30, 36) and cilostazol (30, 37, 38) are reported to prevent

Trends Cardiovasc Med. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Antzelevitch and Di Diego Page 4

Genetics

VT/VF in both syndromes, secondary to inhibition of l;, and/or augmentation of I, (2, 39,
40).

Differences between the two syndromes include: 1) the region of the heart most affected
(RVOT in BrS vs. inferior LV in ERS); 2) the presence of subtle structural abnormalities in
BrS, which as yet have not been reported in ERS (41); 3) the incidence of late potentials
in signal-averaged ECGs (SAECG): 60% in BrS / 7% in ERS (10); 4) greater elevation
of Jo, Jp or J1 (ST segment elevation) in response to sodium channel blockers in BrS

vs. ERS; 5) higher prevalence of atrial fibrillation in BrS vs. ERS (42) and differences

in response to hypothermia and fever. Patients with ERS are at greater risk of VF during
hypothermia(43-47) as well as in the event of an acute myocardial infarction.(48) BrS
patients are known to be at greater risk of VVF in febrile states(49, 50) as well as when
accompanied by an ER pattern in the infero-lateral leads.(51) Available data suggest that
mild therapeutic hypothermia to a temperature of 34°C can be used safely in cases of
Brugada syndrome.(52, 53)

ERS and BrS have been associated with variants in 10 and 23 genes, respectively (Table
2). The gene most often associated with BrS is SCN5A, accounting for 11-28% of cases
depending largely on geographic location. Over 300 BrS-related variants in SCN5A, the
gene encoding the cardiac Na channel, have been described (54, 55). Loss-of-function
mutations in SCN5A contribute to the development of both BrS and ERS, as well as to
various conduction diseases, Lenegre disease and Sick Sinus Syndrome.

Juang and co-workers, using genome-wide copy number variation analysis, recently
identified a 5.5 Kb deletion in the GSTM3 gene in 23% of SCN5A negative probands (vs.
1% in controls). The deletion results in a loss of function LOF of ly,. This finding awaits
confirmation but represents a potentially significant cause of BrS.(56) Recent studies have
also uncovered variants in telethonin (TCAP), a Z-disk protein that maintains cytoskeletal
integrity and participates in various signaling pathways in cardiomyocytes, associate with
cases of BrS, ARVC and other J wave syndrome phenotypes. These variants were found to
cause reduced expression of Iy, (57).

New susceptibility genes proposed and awaiting confirmation include the Transient Receptor
Potential Melastatin Protein 4 gene (7RPM4)(58) and the KCNDZ gene. Variants in
KCNH2, KCNE5and SEMA3A although not causative, are thought to be capable of
modulating the substrate for the development of BrS (59-63). Loss-of-function mutations

in HCN4 have been associated with BrS but may be modulatory by acting to unmask BrS by
reducing heart rate (64).

Clatot et al. recently reported the interesting discovery that Nay and Ky/4.3 channels can
modulate each other’s function via trafficking and gating mechanisms. This finding has
important implications for improved understanding of both cardiac and neuronal syndromes.
SCN5A variants associated with BrS were found to not only reduce Iy, but to increase

lto. Moreover, BrS and spinocerebellar ataxia (SCA19/22) KCND3 variants associated with
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a gain of function of Iy, were found to significantly reduce Iy, whereas the SCA19/22
KCND3 variants associated with a loss of function (LOF) of Iy, significantly increased

Ina- Auxiliary subunits Na,p1, MiRP3 and KChIP2 also modulated I/l balance. Co-
immunoprecipitation and Duolink studies suggested that the two channels interact within the
intracellular compartments and biotinylation showed that LOF SCN5A variants can increase
Kv4.3 cell-surface expression (65).

Recent reappraisals of reported BrS-susceptibility genes whether by application of strict
ClinGen evidence-based gene curation framework (66) or by means of testing for the
increased burden of rare genetic variants in BrS patients compared to controls (67) have
disputed causality of variants in all of the genes thus far associated with BrS, with the
exception of SCN5A. The sole gene unequivocally implicated in causing BrS is SCN5A.
Moreover, the often sporadic presentation of the disorder and the low disease penetrance

in families with rare SCN5A variants, as well as the observation of phenotype-positive
genotype-negative individuals in such families, suggests that BrS may be a disease with
more complex genetics and that inheritance is likely not Mendelian. Collectively, these
data suggest that the vulnerability to VF and SCD in BrS patients may not be due to a
single mutation but rather to inheritance of multiple BrS-susceptibility variants (oligogenic)
acting in concert through one or more mechanistic pathways.(68) Also contributing to

the multifactorial phenotypic expression of the syndrome are the modulatory effects of
hormonal factors including testosterone (69, 70) and thyroxine (71) as well as other
environmental factors and structural remodeling involving development of fibrosis (41, 72).

lonic and cellular mechanisms underlying the JWS

Experimental evidence indicates that the electrocardiographic J wave is the expression of a
transmural voltage gradient of the action potential (AP) notch due to a prominent transient
outward current (lyo) in ventricular epicardium but not endocardium (22, 73). The J wave

and the underlying transmural gradient of the AP notch are much more prominent in the
right vs. left ventricle, particularly in the region of the RVOT, because of the more prominent
l,o-mediated AP notch in right ventricular epicardium (74). This distinction explains why
BrS is a right ventricular disease. An end of QRS notch, resembling a J wave, has also been
proposed to be due to intramural conduction delays. The distinction can be made on the
basis of their response to heart rate, with the latter showing accentuation at faster rates (75,
76).

The J wave is thus a reflection of early repolarization of the epicardial action potential in
both right and left ventricles. It can manifest as a J point elevation (Fig 4A), a distinct J
wave (Fig. 4B), a slurring of the terminal portion of the QRS (Fig. 4C), a distinct J wave
with an ST segment elevation (Fig. 4D) or as a gigantic J wave appearing as an ST segment
elevation (due to the influence of the Ito agonist NS5806; Fig. 4E). It is under these last set
of conditions that we see the development of phase 2 reentry and polymorphic VT (Fig. 4F).

The cellular mechanisms underlying the J-wave syndromes have long been a matter of
debate. (17, 77) Two principle hypotheses have been advanced in the case of BrS: 1)
The repolarization hypothesis maintains that an outward shift in the balance of currents
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in the right ventricular epicardium leads to repolarization abnormalities, resulting in the
development of phase 2 reentry, which generates closely-coupled premature beats capable
of precipitating VT/VF (Figure 5); 2) the depolarization hypothesis maintains that delayed
conduction in the RVOT plays a primary role in the development of the electrocardiographic
and arrhythmic manifestations of the syndrome and that the J wave or ST segment elevation
is due to a difference in activation time of RVOT vs. the remainder of RV. Figure 6 shows

a schematic depicting the repolarization and depolarization hypothesis proposed to underlie
the mechanism responsible for the Brugada syndrome phenotype.

Contributing to the outward shift in the balance of current responsible for the J wave

is the presence of small-conductance calcium (Ca2*)-activated potassium (SK) channel
current (Isk) in ventricular myocardium. Landaw et al.(78) recently suggested that
colocalization of SK channels with L-type Ca2* channels may preferentially sense Ca2*

in the subsarcolemmal or junctional space resulting in a “spiky” Isk, which can functionally
play a role similar to that of l;, in promoting J-wave syndrome and ventricular arrhythmias.

Support for the repolarization hypothesis also derives from the observation that in BrS
patients acceleration of heart rate leads to a reduction of the ST segment elevation, due
to reduced availability of I;, and smaller RV epicardial AP notches at the faster rate.

In contrast, in the depolarization hypothesis, acceleration of rate is expected to have
the opposite effect (i.e., exacerbation of the ST segment elevation at fast rates) since
acceleration is usually associated with slowing of conduction (77, 79).

In 2011, Nademanee et al. (80) reported a seminal study showing that radiofrequency

(RF) ablation of epicardial sites displaying fractionated bipolar electrograms (EGs) and late
potentials (LP) in the RVOT of patients with BrS suppresses the electrocardiographic and
arrhythmic manifestations of BrS. It is noteworthy that much of the RVOT is generally
ablated. These authors hypothesized that LP and fractionated electrograms are due to
conduction delays within the RVOT (80).

Szél and co-workers(81) provided a direct test of this hypothesis and showed, using
experimental models of BrS, that the electrophysiologic and arrhythmic manifestations BrS
are due to repolarization defects rather than depolarization or conduction defects in that the
late potentials are due to accentuation of the action potential notch and delayed appearance
of the action potential plateau or to concealed phase 2 reentry (Figures 7 and 8).

Figure 7 shows the similarity between the low voltage fractionated electrical bipolar
electrogram activity recorded by Nademanee and co-workers from the RVOT epicardium

of patients with BrS with low voltage fractionated electrical activity recorded by Szél et al.
from RV epicardium of a coronary-perfused wedge models of BrS. The study by Szél et al.
showed that such fractionated electrical activity in these cases is not due to conduction delay
within the RV but rather to temporal heterogeneities in the appearance of the epicardial
action potential dome giving rise to undulations in the bipolar electrogram appearing as
fractionated epicardial electrical activity (81).

Nagase and coworkers (82) studied 12 BrS patients who had experienced VF episodes and
17 control subjects. Using a multipolar catheter introduced into the left lateral coronary
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vein they recorded unipolar and bipolar electrograms from the LV epicardium. ER patterns
were observed in the inferolateral ECG leads in three BrS patients and six control subjects.
Prominent J waves were recorded from the LV epicardium using the unipolar leads and
these coincided with late potentials recorded using the bipolar leads in the three BrS
patients. These features were accentuated following administration of pilsicainide (n = 2) but
diminished with atrial pacing (n = 3) and isoproterenol administration (n = 1). These authors
concluded that these manifestations reflect depolarization abnormalities. depolarization
feature. The experimental studies reported by Szel et al. and pictured in Figs. 7 and 8

would argue that these exact features are observed as a result of repolarization abnormalities
and not depolarization abnormalities. Similar conclusions were arrived at by Konz and
coworkers in studies involving experimental models of early repolarization syndrome.(83).

It remained to be explained why ablation of regions of the RVOT exhibiting fractionated
electrogram activity and late potentials are effective in suppressing the ECG and arrhythmic
manifestations of BrS. Patocskai et al.(84) presented evidence that ablation was effective
because it eliminated the cells in the surface of the RVOT responsible for the repolarizations
defects giving rise to a BrS phenotype (Figure 9).

Additional evidence for the repolarization hypothesis derives from the observation by
Kurita and coworkers that monophasic action potentials recorded from the epicardial

and endocardial surfaces of the RVOT of a patient with BrS are nearly identical to
transmembrane action potentials recorded from the epicardial and endocardial surfaces of
the wedge model of BrS (85, 86). In both cases the action potential displays a prominent
accentuation of the notch in epicardium, but not endocardium without any major transmural
conduction delays (Figure 10). It is noteworthy that these electrophysiologic distinctions
were not observed in an isolated heart explanted from a BrS patient after transplantation of a
new heart. The epicardium of the explanted heart was very depressed, perhaps as a result of
the 129 shocks delivered by the ICD in an attempt to control the cascade of electrical storms
(87).

In recent studies, our group has endeavored to create whole-heart models of Brugada
syndrome and used these to provide a further test of the repolarization vs. depolarization
hypotheses (Figure 11) (88, 89). Adult canine hearts were perfused in Langendorff mode
and immersed in a volume-conducting chamber with preset electrodes to record a 12-lead
ECG. Epi unipolar electrograms (EGs) were recorded from the RVOT, RV inferior wall,
LV antero-basal region, and LV apex. Transmembrane APs were recorded from the RVOT
using floating microelectrodes. The l;, agonist NS5806 (5-10 uM, NS), ajmaline (10 pM)
or hypothermia (30-32°C) were used to elicit J waves. The Iy, agonist and sodium channel
blocker served to mimic the genetic defects associated with BrS. In the example illustrated
in Figure 11, NS increased the Epi AP notch in the RVOT (compare panels A and B) leading
to a prominent J wave in V1. Activation of the RVOT (Vmin; circled) of the EGs clearly
did not contribute to inscription of the J wave. Fig. 11C, recorded 4 min later, shows loss
of the AP dome at one site but not the other and the development of a closely-coupled
extrasystole arising from the RVOT, consistent with a phase 2 reentry mechanism which,

1 min later, precipitated VT/VF (Fig. 11D) (89, 90). Worth mentioning, inhibition of I,
with 4-AP (0.5-1 mM) or with acacetin (5 uM) was found to greatly reduce or eliminate
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the manifestation of the J wave and to prevent arrhythmogenesis. Moreover, activation delay
in the RVOT (relative to RV inferior wall) induced by ajmaline and/or hypothermia did not
contribute to inscription of the J wave (90). In fact, RVOT activation (EGs Vmin) and the
phase 0 of the RVOT APs are always in line with the onset of the J wave whether RVOT
conduction is delayed or not.

Collectively, these findings provide compelling evidence against the depolarization
hypothesis showing that the electrocardiographic and arrhythmic manifestations of BrS can
be due exclusively to dispersion of repolarization secondary to accentuated repolarization
during the early phases of the RV epicardial action potential.

Park and coworkers conducted the first /n vivotest in a large mammal of the hypothesis
that slowed conduction contributes to the BrS phenotype (91). These authors genetically
engineered Yucatan minipigs to heterozygously express a honsense mutation in SCN5A
(E558X) originally identified in a child with Brugada syndrome. Atrial myocytes isolated
from the SCN5AES58X/* pigs showed a loss of function of I, accounting for the slowed
conduction responsible for prolongation of the P wave, QRS complex and PR interval.
Despite major conduction impairment throughout the ventricular myocardium, a BrS
phenotype was never observed, not even after the administration of flecainide. These
observations are expected owing to the lack of Iy, in the pig, which is a prerequisite for
the development of the repolarization abnormalities associated with BrS. These observations
provide additional strong evidence for the repolarization hypothesis and against the
depolarization hypothesis.

The strong similarity between BrS and ERS with respect to clinical manifestations and
response to treatment lend further support for the repolarization hypothesis. Using an
experimental model of ERS, Koncz et al. (83) provided evidence in support of the
hypothesis that, similar to the mechanism operative in BrS, an accentuation of transmural
gradients in the LV wall is responsible for the repolarization abnormalities underlying ERS,
giving rise to J point elevation, distinct J waves, or slurring of the terminal part of the QRS.
The repolarization defect was accentuated by cholinergic agonists and reduced by quinidine,
isoproterenol, cilostazol and milrinone, accounting for the ability of these agents to reverse
the repolarization abnormalities in patients with ERS (83, 92, 93). Greater intrinsic levels

of I in the inferior LV were shown to underlie the greater vulnerability of the inferior

LV wall to VT/VF (83). Using electrocardiographic imaging (ECGI), Rudy and co-workers
provided additional evidence in support of the repolarization abnormalities by identifying
abnormally short activation-recovery intervals (ARI) in the inferior and lateral regions of LV
and a marked dispersion of repolarization (94). Recent ECGI mapping studies performed

in an ERS patient during VF demonstrated VVF rotors anchored in the inferior-lateral left
ventricular wall (95).

Because the mechanisms underlying BrS and ERS are closely related, it is not surprising
that the response to pharmacologic agents is similar as well. Quinidine, Phosphodiesterase
I11 inhibitors (cilostazol and milrinone) and isoproterenol all suppress arrhythmogenesis
associated with both ERS and BrS (5, 32, 36, 81, 96-99). All of these agents have been
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shown to correct the repolarization defects responsible for development of phase 2 reentry
and VT/VF in experimental wedge models of BrS and ERS (83, 97, 100).

Structural Involvement

Debate continues as to the extent to which structural abnormalities contribute to the
manifestation of BrS. Concealed structural abnormalities, such as histologic myocardial
fibrosis of the RVOT, which may not become evident using conventional imaging techniques
have been proposed to account for or contribute to delayed conduction and ventricular
arrhythmias in BrS.(101, 102) Electron beam computed tomography (CT) and MRI studies
conducted in BrS patients show subtle abnormalities, including wall motion abnormalities
and reduced contractile function of the right ventricle (RV) and to a lesser extent of the

left ventricle (LV), and dilatation of the RV outflow tract (RVOT). (103-106) In the only
study to discriminate between patients with and without SCN5A variants, no difference

was observed in RVOT dimensions or RV ejection fraction between patients with and
without SCN5A variants. Slightly greater depression of LV dimensions and ejection fraction
was observed in patients with SCN5A variants. (107) Cardiac dilatation and reduced
contractility in all of these studies were attributed to structural changes (fibrosis, fatty
degeneration). However, no signs of structural abnormalities could be detected. Antzelevitch
and co-workers have proposed an alternative explanation for such findings.(96, 108, 109)
Loss of the action potential dome, which has been shown in experimental models to

create the arrhythmogenic substrate in Brugada syndrome, can lead to contractile changes,
thus providing an explanation for the wall motion abnormalities observed. The all-or-none
repolarization at the end of phase 1 of the epicardial action potential responsible for loss

of the dome causes calcium channels to inactivate soon after they activate, leading to
depletion of intracellular calcium, and loss of contractile function. This is expected to lead
to wall motion abnormalities, particularly in the RVOT, dilatation of the RVOT region and
reduced ejection fraction observed in patients with Brugada syndrome. This hibernation-like
state, may also lead to mild structural changes, including intracellular lipid accumulation,
vacuolization and connexin 43 redistribution, which could contribute to the arrhythmogenic
substrate of the BrS. (109, 110). These observations suggest that some of the changes
observed by recent studies (41, 101, 102) may be the result of rather than the cause of the
BrS phenotype.

Approaches to therapy of JWS

Implantable Cardioverter Defibrillator

Approaches to therapy of BrS and ERS have gradually evolved in recent years as reported in
several consensus reports (6, 111-113).

The most effective therapy for the prevention of SCD in high risk BrS and ERS patients
is an implantable cardioverter defibrillator (ICD) (6, 7, 112-115). However, ICDs are
associated with complications, especially in young active individuals (116, 117) and, over
time, inappropriate shocks and lead failure are not uncommon (118).
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Radiofrequency Ablation (RFA) Therapy

As noted above, Nademanee et al. (80) demonstrated that RFA of epicardial sites displaying
late potentials (LP) and fractionated bipolar electrograms (EGs) in the RVOT of BrS patients
can reduce arrhythmia risk and the ECG phenotype and that, over a period of weeks or
months, the ablation makes VT/VF non-inducible in most patients. Additional evidence in
support of the effectiveness of epicardial RVOT ablation was provided by Sacher et al., Shah
et al. and Brugada and coworkers (119-121). With regards to ERS, little clinical data are
available concerning the effectiveness of epicardial RFA (11).

A recent report from Scheinman’s group reported successfully ablating abnormal epicardial
electrograms in the /nferolateral left ventricle of patients with ERS (122). Voskoboinik et al.
concluded that mapping and ablation of abnormal epicardial electrograms in the inferolateral
left ventricle may be a potential future treatment strategy for patients diagnosed with ERS,
just as mapping and ablation of the RVOT are of benefit in patients with BrS (122).

Pharmacologic approach to therapy

In that ICDs can lead to complications including dislodgement and inappropriate shocks
and is unaffordable in many regions of the world, a pharmacologic approach to therapy

is desirable. Because the presence of a prominent Iy, is thought to be important for the
development of both BrS and ERS, inhibition of this current, even partially, is thought

to be effective irrespective of the underlying ionic or genetic basis. Unfortunately, ion-
channel specific and cardio-selective Iy, blockers are not currently available. The best drug
currently available in the clinic capable of blocking l;, is quinidine. Quinidine was first
recommended as therapy for BrS by our group in 1999 based on experimental evidence
obtained from the coronary-perfused RV wedge model of BrS (23, 81, 123, 124). Clinical
evidence for the effectiveness of quinidine has been reported in numerous studies and case
reports. Hermida et al. reported 76% efficacy in prevention of VF induced by programmed
electrical stimulation (PES) (34). Belhassen, Viskin and coworkers, who pioneered the use
of quinidine in VF(125), recently reported a 90% efficacy in prevention of VVF induction,
despite the use of very aggressive PES protocols (125).

Agents capable of augmenting the L-type calcium channel current, such as g-adrenergic
agents including isoproterenol or orciprenaline, are useful as well (5, 23, 32, 36, 99, 126).
Increasing I, prevents arrhythmogenesis associated with JWS by opposing the increased
outward current forces, thus restoring the epicardial AP dome in both BrS (127) and ERS
(92).

Another encouraging pharmacologic approach for BrS is cilostazol, a phosphodiesterase
(PDE) 11 inhibitor (32, 36, 128) which normalizes the ST segment by augmenting I, as
well as by reducing I, secondary to an increase in CAMP and heart rate (129). Of note,
failure of cilostazol in the treatment of BrS has been described in a single case report (130).

Acacetin, a natural flavone, has been shown to inhibit I, in human atrial myocytes in

a frequency-dependent manner (131). The beneficial effect of this agent in experimental
models of BrS and ERS has recently been demonstrated by our group (89, 90, 132). Figure
12 illustrates the effect of acacetin in two different wedge models of BrS designed to mimic
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the Ing and Icq loss of function genetic defects associated with BrS. (90) The effectiveness
of acacetin has also been demonstrated in the whole-heart model of BrS, but is yet to be
studied clinically. (90)
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Figure 1:
Three types of ST segment elevation associated with Brugada syndrome. Only Type 1 is

diagnostic of BrS. Reproduced from (111), with permission.
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Figure 2:
Different manifestations of Early Repolarization. A. The J wave may be distinct or appear as

a slur. In the latter case, part of the J wave is buried inside the QRS, resulting in an elevation
of Jp. Patients with a very prominent J waves have a worse prognosis. B. The ST segment
may be upsloping, horizontal or descending. Horizontal and descending ST segments are
associated with a worse prognosis. Reproduced from (111), with permission.
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J Wave Manifestation

J Wave Syndromes

Prevalence
Log Scale

Clinical and other ECG features

+ Resuscitation from cardiac arrest,

documented VF, or documented
polymorphic VT

Positive family history of SCD, arrhythmic
syncope; identified gene mutations

* Short-coupled VPBs

* Fragmented QRS

+ Co-existing electrical disorder (short QT)
* Dynamic changes in J-wave amplitude

* High amplitude J-waves (>0.2 mV)

» J-waves with horizontal/downsloping

ST-segment

Prolonged Tpeak-Tend interval

+ Steep QTIRR

+ Tall R-waves, rapidly ascending ST segments

Prevalence and arrhythmic risk associated with the appearance of ECG J waves and clinical
manifestations of Brugada and Early Repolarization syndromes. The yellow highlighted
region estimates the prevalence of the J wave syndromes. Reproduced from (111), with

permission.
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Figure 4.

Electrocardiographic manifestations of early repolarization recapitulated in coronary
perfused canine ventricular wedge preparations. Each panel shows action potential
recordings from epicardium (Epi) and endocardium (Endo) and a transmural ECG. J waves
are a reflection of early repolarization of ventricular epicardium and can manifest as a J
point elevation (A), a distinct J wave (B), a slurring of the terminal part of the QRS recorded
following exposure to flecainide + acetylcholine (C ), a distinct J wave with an ST segment
recorded following exposure to pinacidil (D), a gigantic J wave appearing as an ST segment
elevation recorded following exposure to the Ito agonist NS5806 (E). It is under these
conditions that we observe the development of polymorphic VT (F). Modified from (134)
with permission.
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Figure 5.
Cellular basis for the ECG and arrhythmic manifestation of BrS. Each panel shows

transmembrane action potentials recorded 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 uM) accentuates the
epicardial AP notch creating a transmural voltage gradient that manifests as an ST segment
elevation or exaggerated J wave in the ECG. C: Continued exposure to terfenadine 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 AP dome
propagates from a site where it is maintained to regions where it has been lost giving rise to
a closely coupled extrasystole. E: Extrastimulus (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 (135), with permission.
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Figure 6.
Schematic depicting the repolarization and depolarization hypotheses proposed to underlie

the mechanism responsible for the Brugada syndrome phenotype.
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Figure 7.
Cellular basis for the appearance of fractionated bipolar electrograms (EG). Accentuation

of the action potential notch and delay in the appearance of the action potential plateau

(2 nd upstroke) gives rise to fractionated epicardial electrogram in the setting of Brugada
syndrome (BrS). Left panel: Shown are right precordial lead recordings, unipolar and bipolar
EGs recorded form the right ventricular outflow tract of a BrS patient (from Nademanee et
al. (11), with permission). Right panel: ECG, action potentials from endocardium (Endo)
and two epicardial (Epi) sites, and a bipolar epicardial EG (Bipolar EG) all simultaneously
recorded from a coronary-perfused right ventricular wedge preparation treated with NS5806
(5 uM) and verapamil (2 uM) to induce the Brugada phenotype. Basic cycle length=1000
ms. Reproduced from reference,(81) with permission.
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A: Concealed phase 2 reentry gives rise to late potentials and fractionated bipolar
electrogram (Bipolar EG) activity recorded from epicardium but not endocardium (Endo)
in an experimental model of Brugada syndrome. Each panel shows (from top to bottom)

a bipolar epicardial (Epi) EG, action potentials recorded from Endo and two Epi sites

and an ECG all simultaneously recorded from a coronary-perfused right ventricular (RV)
wedge preparation exposed to NS5806 (5 pM) and verapamil (2 uM) to induce the Brugada
phenotype. Heterogeneous loss of the dome at epicardium caused local re-excitation via

a concealed phase 2 re-entry mechanism, leading to the development of late potentials

and fractionated bipolar epicardial EGs. Basic cycle length = 1000 ms. B: Phase 2 Reentry-
induced ventricular fibrillation. The phase 2 reentrant beat produced a closely coupled
extrasystole that precipitated an episode of polymorphic tachycardia. Reproduced from (81),
with permission.
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Figure 9:
Radiofrequency ablation of epicardium (Epi) suppresses the electrocardiographic and

arrhythmic manifestations of Brugada syndrome in coronary-perfused canine RV wedge
model by eliminating the cells with the prominent action potential notch. The BrS phenotype
is generated using a combination of the li, blocker NS806 (8 uM) and the calcium channel
blocker verapamil (1 uM). Column 1: Control. 2 Recorded 40 min after the addition of
NS5806; 3-4: Recorded 20 and 40 min after the addition of verapamil. The addition of
NS5806 and verapamil to the coronary perfusate induced pronounced J waves, phase 2
reentry and polymorphic VT . Bipolar electrogram recorded from RV epicardium shows late
potentials and fractionated electrogram activity. 5: Recorded following 45 reintroduction

of provocative agents following ablation of RV epicardium. AP recordings were obtained
from midmyocardial (Mid) and subepicardial layers due to inactivation of the epicardium.
Ablation of the outermost layer of the RV epicardium totally suppressed all ECG and
arrhythmic manifestations of BrS. Calibrations of Bipolar EG and ECG an 1 and 2 mV,
respectively. (Modified from reference,(92) with permission).
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Figure 10.
Comparison of transmembrane and monophasic action potentials and ECGs recorded from

a wedge model of BrS and a patient diagnosed with BrS. Left panel shows a pseudo-ECG
and transmembrane action potentials recorded from the epicardium and endocardium of a
right ventricular wedge preparation in which the Brugada phenotype was elicited using 5
uM terfenadine to block In, and I, thus mimicking the genetic variants associated with
BrS. Right panel shows lead V1 and monophasic action potentials recorded from epicardium
and endocardium of the RVOT of a patient with BrS. Note that the apparent notch in the
endocardial MAP is an “intrinsic potential” and not a true notch. Modified from (85, 86),
with permission
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Figure 11.
Whole-heart model of Brugada syndrome. Shown are traces recorded from an adult canine

heart perfused in Langendorff mode. The heart was paced from the septum (the atria was
removed). Epi unipolar electrograms (EGs) were recorded from the RVOT, RV inferior wall,
LV antero-basal region, and LV apex. APs were recorded from the RVOT. The I;, agonist
NS5806 (7.5 uM, NS) was used to elicit J waves. NS increased the Epi AP notch in the
RVOT (compare panels A and B) leading to a prominent J wave in V1. Activation of the
RVOT (Vmin; circled) of the EGs did not contribute to inscription of the J wave. Panel

C, recorded 4 min later, shows loss of the AP dome at one site but not the other and

the development of a closely-coupled premature beats arising from the RVOT, consistent
with a phase 2 reentry mechanism which, 1 min later, precipitated VT/VF (panel D), thus
recapitulating the ECG and arrhythmic manifestations observed clinically in patients with
BrS. Reproduced from (90), with permission.
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Figure 12.

Effect of acacetin to suppress the electrocardiographic and arrhythmic manifestations in

two different models of Brugada syndrome. Each panel shows simultaneously recorded
transmembrane action potentials from one endocardial (Endo) or subendocardial (Subendo)
and two epicardial (Epil, Epi2) sites together with a pseudo-ECG and bipolar surface
electrograms (Bip EG) in arterially-perfused RV wedge preparations. BCL = 1000 msec.
(A) Brugada phenotype induced by a combination of NS5806 and gjmaline. The provocative
agents accentuated phase 1, leading to heterogeneous loss of the AP dome, thus giving rise
to concealed P2R and a prominent type 1 ST segment elevation (col3). The delayed 2nd
upstroke of the epicardial APs and concealed P2R give rise to late potentials in the bipolar
electrograms recorded from epicardium but not endocardium (col2-4, Bip EG Epi and Bip
EG Endo; red arrows). When P2R was able to propagate from its protected focus, it initiated
VT/VF episodes (col5). Acacetin (10 uM) restored normal AP morphology secondary to
diminution of the AP notch, thus abolishing all late potential activity (O), VT/VF, P2R
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and the Brugada- ECG-pattern (col6). (B) Brugada phenotype induced by the addition of
NS5806 and verapamilto the coronary perfusate. The provocative agents accentuated phase
1, leading to heterogeneous loss of the AP dome in epicardium and the development of
phase 2 reentry (col2-3, black arrows) and VT/VF (col3). Acacetin (10 uM) restored the
epicardial AP dome, reduced the AP notch, and abolished all arrhythmic activity (col4-5).
The effect of acacetin was reversed upon washout (col6). Reproduced from (90), with
permission.
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Table 1A.

Shanghai Score system for Diagnosis of Brugada Syndrome

Points
I. ECG (12-Lead/Ambulatory)
A. Spontaneous type 1 Brugada ECG pattern at nominal or high leads 35
B. Fever-induced type 1 Brugada ECG pattern at nominal or high leads 3
C. Type 2 or 3 Brugada ECG pattern that converts with provocative drug challenge 2

*Only award points once for highest score within this category. One item from this category must apply.

. Clinical History*
A. Unexplained cardiac arrest or documented VVF/polymorphic VT
B. Nocturnal agonal respirations
C. Suspected arrhythmic syncope
D. Syncope of unclear mechanism/unclear etiology
E. Atrial flutter/fibrillation in patients < 30 years without alternative etiology
*Only award points once for highest score within this category.
111. Family History
A. First- or second-degree relative with definite BrS
B. Suspicious SCD (fever, nocturnal, Brugada aggravating drugs) in a first- or second-degree relative
C. Unexplained SCD < 45 years in first- or second- degree relative with negative autopsy
*Only award points once for highest score within this category.
1V. Genetic Test Result
A. Probable pathogenic mutation in BrS susceptibility gene
Score (requires at least 1 ECG finding)
>3.5 points: Probable/definite BrS
2-3 points: Possible BrS

< 2 points: Nondiagnostic

ok, NN oW

0.5

BrS = Brugada syndrome; SCD = sudden cardiac death; VVF = ventricular fibrillation; VT = ventricular tachycardia.

Reproduced from (111), with permission.
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Table 1B.

Shanghai Score system for Diagnosis of Early Repolarization Syndrome

Points
1. Clinical History
A. Unexplained cardiac arrest, documented VF or polymorphic VT 3
B. Suspected arrhythmic syncope 2
C. Syncope of unclear mechanism/unclear etiology 1

*Only award points once for highest score within this category

11. Twelve-Lead ECG

A. ER 20.2 mV in 22 inferior and/or lateral ECG leads with horizontal/descending ST segment 2

B. Dynamic changes in J-point elevation (=0.1 mV) in =2 inferior and/or lateral ECG leads 15

C. 20.1 mV J-point elevation in at least 2 inferior and/or lateral ECG leads 1

*Only award points once for highest score within this category

111. Ambulatory ECG Monitoring

A. Short-coupled PVCs with R on ascending limb or peak of T wave 2

V. Family History

A. Relative with definite ERS 2
B. >2 first-degree relatives with a I1.A. ECG pattern 2
C. First-degree relative with a 11.A. ECG pattern 1
D. Unexplained sudden cardiac death <45 years in a first- or second-degree relative 0.5

*Only award points once for highest score within this category

V. Genetic Test Result

A. Probable pathogenic ERS susceptibility mutation 0.5

Score (requires at least 1 ECG finding)

25 points: Probable/definite ERS

3-4.5 points: Possible ERS

<3 points: Nondiagnostic

Page 33

ER = early repolarization; ERS = early repolarization syndrome; PVC = premature ventricular contraction; VF = ventricular fibrillation; VT =

ventricular tachycardia.

Reproduced from (111), with permission.
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Gene defects associated with Early Repolarization (ERS) and Brugada (BrS) syndromes.

Table 2:

Genetic Defects Associated with ERS

Locus Gene/Protein lon Channel
ERS1 | 12p11.23 KCNJS8, Kir6.1 My.atp
ERS2 | 12p13.3 CACNAIC, Ca,1.2 Vg
ERS3 | 10p12.33 CACNBZ2b, Ca,32b Vs
ERS4 | 7q21.11 CACNAZD1, Ca,a2d1 Vlea
ERS5 | 12p12.1 ABCCY, SUR2A M gate
ERS6 | 3p21 SCN5A, Na,1.5 U lna
ERS7 | 3p22.2 SCN10A, Na,1.8 Vlna
ERS8 | 7935 KCNH2, hERG My
ERS9 | 19913.1 SCN1BB, Na,p1 M
ERS10 | 1p13.2 KCND3, K 4.3 My
Genetic Defects Associated with BrS
Locus Gene/Protein lon Channel
BrS1 3p21 SCN5A, Na, 1.5 Vlna
Brs2 | 3p24 GPDIL lna
Brs3 | 12p13.3 CACNAIC, Ca,1.2 Ve,
Brs4 | 10p12.33 CACNBZ2b, Ca,32b Vlea
Brss | 19q13.1 SCN1B, Na,R1 I lna
Brs6 | 11q13-14 KCNE3, MiRP2 M
Brs7 | 1123.3 SCN3B, Na, 83 ¥ lna
Brs8 | 12p11.23 KCNJ8, Kir6.1 Myatp
Brs9 7921.11 CACNAZDI, Ca,aZd1 Vlea
Brs10 | 1p13.2 KCND3, KA.3 My
Brsi1 | 17p13.1 RANGRF, MOG1 ¥ lna
Brs12 | 3p21.2-p14.3 | SLMAP ¥ lna
Brs13 | 12p12.1 ABCCY, SUR2A Myare
Brs14 | 1123 SCN2B, Na, 82 lna
BrS15 | 12pl1 PKP2, Plakophillin-2 b Ina
Brs16 | 3q28 FGF12, FHAF1 ¥ lna
Brs17 | 3p22.2 SCN10A, Na,1.8 Vlna
BrS18 | 6q HEY?2 (transcriptional factor) ™ Ina
Brs19 | 1p36.3 KCNAB2, Kvp2 My
BrS20 7931.1 TMEM168, trans-membrane b lIna
Brs21 | 3q29 SLGI/SAPY7 ™
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Genetic Defects Associated with ERS

Locus Gene/Protein lon Channel
BrS22 | 17912 TCAP- Z-disk cytoskeletal protein Vlna
BrS23 | 1p13.3 GSTM3- Glutathione S-transferase transferase | | Iy,

Listed in Chronological order of discovery. Modified from (133), with permission.
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