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Background: The objective of this study is to use magnetocardiography to determine the existence
of a small abnormal current during ventricular depolarization in patients with Brugada syndrome. To
understand this small difference in abnormal current during ventricular depolarization, we compared
abnormal currents of patients with cases of complete right-bundle-branch block (CRBBB).

Metheds and Results: We developed a whole-heart electrical bull’s eye map (WHEBEM] that uses magne-
tocardiograms (MCGs] to visualize the current distribution in a circular map. MCGs of Brugada syndrome
patients (n = 16), CRBBB patients (n = 10}, and controls (n = 12) at rest were recorded. In the WHEBEMSs
of Brugada syndrome patients, the magnitude of the S-wave current in the upper-right direction of the
anterior side is larger than that of the controls. In addition, the R-wave current direction is similar to
that of the controls, and the R-wave vector is distributed over a larger area than that of the controls. On
the other hand, the CRBBB patients have a distribution of R-wave currents over a larger area in the left
anteromedian region and the left posteromedian region. Moreover, in all CRBBB patients, S-wave currents
with a large magnitude have the same direction distributed over a small area.

Canclusions: The WHEBEM findings suggest that there is an abnormal .current in the direction to the
upper right (in the S-wave) in the anterosuperior region of Brugada syndrome patients. We thus conclude
that a WHEBEM has the potential to detect characteristics of heart disease. (PACE 2006; 29:1359~1367)

Brugada syndrome, right-bundle-branch block, depolarization, arrhythmia, magnetocardiogram

Introduction

Since the first report by Brugada and Brugada
in 1992,' the Brugada syndrome has been studied
by electrocardiogram (ECG).?~® Brugada syndrome
is characterized by a unique abnormality pattern
in an ECG, indicating frequently atypical, pseudo
incomplete right-bundle-branch block (IRBBB) or
complete right-bundle-branch block (CRBBB) as-
sociated with ST-segment elevation in the right
precordial leads (V;—V;)*7 or in the anterosep-
tal wall (V,~V;).'? Heterogeneity in repolarization
across the ventricular wall of the right-ventricular
outflow tract (RVOT) may be the cause of the ST
elevation and ventricular tachycardia/ventricular
fibrillation (VT/VF).1?
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A magnetocardiogram (MCG) visualizes a
pseudo-current distribution in the heart because
tangential components of the magnetic field {or a
tangential vector calculated from the normal com-
ponent of a magnetic field} exhibit a pattern of
peaks immediately above an electrically activated
region due to little interference by various organs
such as the lungs and bones.'?!® Therefore, many
clinical applications using these merits of MCG
have been published, and literature about MCG has
been reviewed.'®*® In particular, the MCG visual-
ization technique has provided a high detection
rate of abnormalities to diagnose adult ischemic
and arrhythmic heart diseases.®

To observe the occurrence of the abnormal cur-
rent due to ST elevation, we have used MCG,18:17
which visualizes current distributions with a high
spatial resolution.® As a result, we found that an
abnormal current at the time of the ST elevation
appears in the RVOT,!! and there is a difference in
the spatial conduction pathway during the depo-
larization.!” The observation of depolarization ab-
normality is very important in understanding the
mechanism of right-ventricle conduction delay®
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and VT/VF initiation.! In particular, questions re-
garding the abnormality of the S- and R-wave cur-
rents remain.

To distinguish the abnormality, we used a
whole-heart electrical bull’s eye map (WHEBEM)
that we developed, which visualizes the cur-
rent distribution in a circular map. By comparing
WHEBEM:s of Brugada syndrome and CRBBB pa-
tients, we can understand the depolarization ab-
normality of a small electrical variance.

Methods
Subjects

We studied 16 Brugada syndrome patients
(male/female: 15/1; age: 44+18-year old), 10
CRBBB patients (male/female: 6/4; age: 60%17-
year old), and 12 normal control subjects
(male/female: 5/7; age: 31+7-year old). In the
Brugada syndrome patients, seven patients had
asymptomatic Brugada syndrome, while the oth-
ers had symptomatic Brugada syndrome. Further-
more, two patients had Brugada syndrome with
CRBBB and one patient had Brugada syndrome
with IRBBB. The normal control group had nor-
mal ECGs as well as a clinical history of normal
physical examinations. These subjects were mea-
sured at two hospitals (the National Cardiovascu-
lar Center and Tsukuba University Hospital). The
diagnosis of Brugada syndrome was based on typi-
cal ECG patterns (i.e., persistent or transient right-
precordial ST-segment elevation on right precor-
dial leads or the anteroseptal wall with or without
an atypical right-bundle-branch block) and clin-
ical arrhythmic events (syncope, VF, or cardiac
arrest).

Magnetocardiogram Recordings and Setup

MCG signals covering the anterior and poste-
rior planes above the chest from each subject were
recorded in a resting state over a period of 30 min-
utes. These signals were detected by a magnetocar-
diography system (Hitachi, Ltd., Tokyo, Japan)® in
a magnetically shielded room. They were passed
through an analog bandpass filter (0.1-100 Hz)
and an analog notch filter (50 Hz). After that, they
were digitized at a sampling rate of 1 kHz by an
analog-digital converter mounted in a PC. To re-
move the noise in the signals, the MCG data were
averaged using ECG signals as a trigger. All the re-
sulting averaged MCG waveforms were drawn in
one trace to visualize the timing of the P-waves,
QRS-complexes, and T-waves.

Method of Constructing WHEBEM

A WHEBEM is produced in four calculation
steps. First, two MCG measurements (anterior and
posterior) are converted to a current arrow map
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(CAM). The MCG system produces a CAM indi-
cated by pseudo currents (Ix and Iy) from the
derivatives of the normal component (Bz) of the
MCG signals:

Ix= dBz/dy (1)
and
Iy = —dBz/dx. (2]

The magnitude of the current arrows (I = (Ix? +
Iy?)/?) is plotted as a contour map. The CAM helps
us to understand spatial electrical activity of the
heart.®

Second, the measurement axes of the anterior
and posterior sides are converted to polar coordi-
nates, as shown in Figure 1. Third, the minimum
square-root method is used to calculate a weight
parameter for adjusting the magnitude of the two
(anterior and posterior) converted current arrows
because these magnitudes depend on the distance
from the heart. The weight parameters («) are cal-
culated by minimizing the cost function as follows:

Fla) = 33 ((4106,1 - «h26, 0
t=l i=1

+(B1(i, 1) — «B2(i, )%,

where A1 and A2 indicate anterior and posterior
CAM on the right, B1 and B2 indicate anterior and
posterior CAM on the left side.

Finally, the converted current arrows are com-
bined by using a connecting interpolation area (A3
and B3) to obtain a WHEBEM. The CAMs of A3 and
B3 are calculated as follows:

A1(i, 1) +aA2(1, 1)

A3, 1) = 7 (4)
and
B3(i.1) = B1(Q, t)—{—ZaBZ(i, t)‘ 5)

The obtained WHEBEM enables visualization of
the current distribution.
WHEBEM can be interpreted as follows:

1. The center of the WHEBEM is the septum
of the heart,

2. The bottom of the WHEBEM indicates the
posterior of the heart, and the top of the WHEBEM
indicates the anterior of the heart,

3. The red contour position indicates the
strongest activated area, and

4. Arrows in the red contour indicate the di-
rection of current flows, where

The color indicates the magnitude of the CAM.
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Figure 1. Method for calculating WHEBEMSs. Two current arrows, which are derived from anterior
and posterior MCG data, are converted to polar coordinates. Anterior and posterior coordinates

are combined using interpolation area.

We should note that left and right in this arti-
cle refer to the designations in the figures.

Simulation of WHEBEM

We simulated the WHEBEM using a one-
dipole model or two-dipole model to check the
map. Simulated WHEBEMs are shown in Figure 2.
The one-dipole model has depths from the anterior
plane that are (I) 50 and (II} 250 mm, as indicated
in Figure 2(A). Its orientation is 45° with respect
to the electrical axis of the ECG. The WHEBEM
reflects the dipole pattern, depending on the cur-
rent source. The WHEBEM produced from two
dipoles, which are at depths of 100 and 200 mm,
is shown in Figure 2(B). The WHEBEM due to two
current sources indicates two activations, with one
on each side.

PACE, Vol. 29
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In the simulation, we visually estimate the
current activation using the WHEBEM. The
WHEBEM is used to understand activated sites
throughout the heart.

WHEBEM Aanalysis

We analyze abnormal current propagation in
Brugada syndrome and CRBBB patients during de-
polarization. The WHEBEMSs correspond to when
the R-wave peak and S-wave peak are made. In
the maps, a maximum-current arrow and a cur-
rent arrow with more than half the magnitude
of the maximum-current arrow are extracted, and
these arrows are redrawn in a new WHEBEM. The
current activation pattern in depolarization is in-
vestigated by using the plotted current arrows.
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Figure 2. Simulation of WHEBEM. (A) One-dipole model. (B] Two-dipole model. Color indicates
magnitude of CAM. Magnitude is normalized to maximum-current arrow. All dipoles are set in

center of measurement plane.

Results
WHEBEM Patterns of Controls

Typical WHEBEM patterns of the R-wave and
S-wave peaks in one of the normal controls are
shown in Figure 3. In the anterior side MCG wave-
forms of Figure 3(B), the Q-, R-, and S-waves are
separate. Two WHEBEMSs are produced, one for
each of the separated R- and S-wave peaks, as
shown in Figure 3{A).

In the WHEBEM of the R-peak, the currents
with maximum magnitude appear in the middle
of the left anterior side. The current direction is
toward the lower left side. On the other hand, the
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S-wave current in the WHEBEM has a small mag-
nitude, and the current with the highest magnitude
appears mainly in the mid-anterior side. In the fig-
ure, another current also appears on the posterior
side. The currents flow in the circumferential di-
rection.

WHEBEM Patterns of Brugada Syndrome
Patients

A typical WHEBEM pattern of the R- and S-
waves in Brugada syndrome patients is shown
in Figure 4. Although the WHEBEM pattern for
the R-wave peak is similar to that of the control,
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Figure 3. WHEBEM color maps in case of normal control. (A) R-peak and S-peak WHEBEM color
maps; (B) 64 averaged MCG waveforms. Color indicates magnitude of CAM; its magnitude is

normalized to maximum-current arrow.
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Figure 4. WHEBEM color maps in the case of Brugada syndrome patients. (A) R-peak and S-peak
WHEBEM color maps; (B) 64 averaged MCG waveforms. Color indicates magnitude of CAM; its

magnitude is normalized to maximum-current arrow.
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Figure 5. WHEBEM color maps in the case of CRBBB patients. (A) R-peak and S-peak WHEBEM
color maps; (B) 64 averaged MCG waveforms. Color indicates magnitude of CAM; its magnitude

is normalized to maximum-current arrow.

R-vectors in the circumferential direction occur
over a large area on the mid-anterior side. The S-
current in the upper-right radial direction is larger
than that in the control of Figure 3. In the case of
the patients, the abnormal S-vector only appears
on the anterior side, and four patients had a cur-
rent with a small magnitude in the mid-posterior
side (see Fig. 6). Similar typical patterns exhib-
ited by patients with an S-wave current that has
a small magnitude can be seen in 75% (12/16) of
the patients, which was not correlated to whether
those patients had symptomatic or asymptomatic
Brugada syndrome. On the other hand, one of the
two Brugada syndrome patients with CRBBB ex-
hibits a typical pattern. However, the difference
due to CRBBB remains unclear because we only
have data of two patients with Brugada syndrome
and CRBBB.

WHEBEM Patterns of CRBBB Patients

A typical WHEBEM pattern of the S-wave in
the case of CRBBB patients is shown in Figure
5(A). In the anterior and posterior MCG waveforms
of Figure 5(B), the QRS-complex width is larger
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than that of the controls and Brugada syndrome pa-
tients. The anterior waveforms have two or three
peaks, which characterize the right-branch-block
pattern.

In the WHEBEM pattern of the R-wave, the
current distribution has two large circular patterns
on both the anterior and posterior sides. The ab-
normal R-wave pattern is shown in 7 out of 10 pa-
tients, as shown in Figure 6. On the other hand,
the main currents of the S-wave have a large peak
in a small mid-anterior area of the hearts of Bru-
gada or control patients. The direction of the large
dominant current direction is from the left to the
right side. A current with a large amplitude in the
S-wave occurs in all CRBBB patients, as shown in
Figure 6.

Characterization of WHEBEM Patterns in
Controls, Brugada Syndrome Patients, and
CRBBB Patients

The main currents (including the current with
half the amplitude of the maximum current) were
detected, and the detected currents are plotted in
the WHEBEM shown in Figure 6.

PACE, Vol. 29
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Figure 6. Main current vector distribution in WHEBEMs at (A) R-peak, and (B) S-peak.

In Figure 6(A), although the differences be-
tween the R- and S-waves of the controls and Bru-
gada syndrome patients are small, small differ-
ences can be seen in the S-wave-vector direction
and in R-waves scattered over a large area. On the
other hand, the CRBBB patients exhibit patterns of
the R-wave split between the anterior and poste-
rior sides. Furthermore, the S-wave currents occur
in a small area of the anterior side with a similar
direction.

The differences and similarities in the dom-
inant currents among control, Brugada syndrome
and CRBBB patients are shown in Figure 7, where
green arrows indicate the R-wave current and pink
arrows indicate the S-wave current. The circles in
the figure indicate the distribution of those cur-
rents.

In Figure 7, Brugada syndrome patients ex-
hibit a characteristic S-wave pattern, and the R-
wave currents are distributed in the area indicated
by the circle. CRBBB patients exhibit a large R-
wave peak on the anterior and posterior sides, and
an S-wave current with the same amplitude as that
of the R-wave current appears pointing in the di-
rection from the left to right ventricle.

Discussion

A WHEBEM can visualize the electrical-
current distribution that occurs over the area of
the epicardial activation throughout the heart. By

PACE, Vol. 29
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using a WHEBEM, we focus on simplifying the vi-
sual of the main activation during depolarization,
in particular, the R- and S-waves. Therefore, we
can understand the electrical activation in the left
anteromedian, the anteroseptum, and the left pos-
teromedian regions. The WHEBEMs identified ac-
tivated locations and the difference in direction
between abnormal currents in those who have Bru-
gada syndrome and those who have CRBBB, as
shown in Figure 6.

In Figure 7, summarized results of S-wave ab-
normalities in the anteroseptum region of Brugada
syndrome patients and CRBBB patients are shown.
The abnormality has a different current direction
and strength in each case. The abnormal appear-
ance of current vectors may cause a conduction
delay in the right veniricle, which was studied by
body-surface mapping*® and Doppler echocardio-
graphy.'® That is because the abnormal current of
the S-wave of Brugada syndrome patients activates
the right ventricle shortly after the main ventricle
activation. The abnormal occurrence of right ven-
tricle activation may result in the lack of activation
of the posterosuperior septum area at the time of
the R-wave.”

Our results regarding patients with Brugada
syndrome indicated that the R- and S-wave activa-
tion positions on the anterior side are distributed.
If the distribution is associated with the abnormal
current appearance in the RVOT area at the time
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Figure 7. Suminarized main current vectors in [A) con-
trols, (B) Brugada syndrome, and (C] CRBBB are super-
imposed on heart shape. Blue arrows indicate R-vector,
and pink arrows indicate S-vector. Circles indicate dis-
tributed area of current vectors.

of the ST segment,’” that may be an unexpected
indicator of epicardial reentry or VF (or premature
ventricular contraction{PVC]) initiation, which is
induced at the free-wall region of the RVOT area.!
Furthermore, the distribution may suggest the ex-
istence of an epicardial current dispersion because
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on Male Predominance in Brugada Syndrome
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Testosterone in Brugada Syndrome. Introduction: The clinical phenotype is 8 to 10 times more
prevalent in males than in females in patients with Brugada syndrome. Brugada syndrome has been reported
to be thinner than asymptomatic normal controls. We tested the hypothesis that higher testosterone level
associated with lower visceral fat may relaie to Brugada phenotype and male predominance.

Methods and Results: We measured bedy-mass index (BMI), body fat percentage (BF %), and several
hormonal levels, including testosterone, in 48 Brugada males and compared with these in 96 age-matched
control males. Brugada males had significantly higher testosterone (631 & 176 vs 537 & 158 ng/dL; P =
.002), serum sodium, potassium, and chloride levels than those in control males by univariate analysis,
and even after adjusting for age, exercise, stress, smoking, and medication of hypertension, diabetes, and
hyperlipidemia, whereas there were no significant differences in other sex and thyroid hormonal levels.
Brugada males had significantly lower BMI (22.1 & 2.9 vs 24.6 &= 2.6 kg/m?; P < 0.001) and BF% (19.6
+ 4.9 vs 23.1 + 4.7%; P < 0.001) than control males. Testosterone level was inversely correlated with
BMI and BF% in both groups, even after adjusting for the confounding variables. Conditional logistic
regression models analysis showed significant positive and inverse association between Brugada syndrome
and hypertestosteronemia (OR:3.11, 95%C):1.22-7.93, P = 0.017) and BMI (OR:0.72, 95%CI:0.61-0.85,
P < 0.001), respectively.

Conclusions: Higher testosterone level associated with lower visceral fat may have a significant role
in the Brugada phenotype and male predominance in Brugada syndrome. (J Cardiovasc Electrophysiol,
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Introduction

Brugada syndrome is characterized by coved-type ST-
segment elevation in the right precordial electrocardiographic
(ECG) leads (V1-V3) and an episode of ventricular fibrilla-
tion (VF) in the absence of structural heart disease.!™ The
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prevalence of the disease is estimated to be up to 5 per 10,000
inhabitants and is one of the important causes of sudden car-
diac death of middle-aged males, particularly in Asian coun-
tries including Japan.*

More than eight dozen distinct mutations in SCNSA, the
gene encoding the o subunit of the sodium channel, have been
so far identified in patients with Brugada syndrome and all
mutations display an autosomal-dominant mode of transmis-
sion.®” Therefore, males and females are expected to inherit
the defective gene equally. However, more than 80% of pa-
tients in Western countries and more than 90% of patients in
Asian countries affected with Brugada syndrome are males.®
Recent experimental studies have unveiled the cellular mech-
anism of Brugada phenotype. The male predominance in the
Brugada syndrome is suggested to be due, at least in part,
to intrinsic differences in ventricular action potential (AP)
between males and females.’

A male hormone, testosterone is reported to increase net
outward currents'®'? and is expected to accentuate Bru-
gada phenotype, such as ST-segment elevation and subse-
quent episodes of VF in patients with Brugada syndrome.
Testosterone is also known to decrease visceral fat.!?™! Since
patients with Brugada syndrome have been reported to be
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thinner than asymptomatic normal controls by Matsuo et
al.,'s we speculated that higher testosterone level associated
with lower visceral fat may modulate Brugada phenotype and
may relate to male predominance in patients with Brugada
syndrome.

Methods
Patient Population and Data Collection

The study population consisted of 48 males with Brugada
syndrome who agreed to participate in this study and showed
Type 1 “coved” ST-segment elevation in V1-V3leads!” rang-
inginage from 30to 69 years withamean age of 50+ 11 years
(mean =% SD). Brugada males who were less than 30 years old
and more than 70 years old were excluded from this study to
minimize the influence of age on the basal sex hormonal levels
including testosterone. Forty of the forty-eight Brugada males
have been included in our previous clinical studies.'3"29 In all
patients, physical examination, chest roentgenogram, labora-
tory values, echocardiography with wall motion analysis, and
Doppler screening excluded structural heart diseases. The
clinical, electrocardiographic, and electrophysiologic char-
acteristics of the 48 Brugada males are shown in Table 1.
Average age of the 48 Brugada males at diagnosis was 47 £+
12 years old. Aborted cardiac arrest or VF was documented
in 21 males (44%), syncope alone in 11 males (23%), and 16
males (33%) were asymptomatic. Family history of sudden
cardiac death (SCD) was observed in eight males (17%). An
SCNS5A coding region mutation was identified in seven (17%)
of 42 males in whom genetic screening was conducted. Im-
plantable cardioverter defibrillator (ICD) was implanted in all
32 symptomatic males with documented VF and/or syncope.
ICD was also implanted in nine of 16 asymptomatic males
due to induction of VF during the electrophysiologic study.
Type 1 ST-segment elevation was recorded spontaneously in

TABLE 1

Clinical, Electrocardiographic, and Electrophysiologic Characteristics in
the 48 Brugada Males

Clinical characteristics

Age at diagnosis (years) 47 4 12
Aborted cardiac arrest or VF (%) 21/48 (44%)
Syncope alone (%) 11748 (23%)
Asymptomatic (%) 16/48 (33%)
Family history of SCD 8148 (17%)
SCN5A mutation 7142 (17%)
ICD implantation 41/48 (85%)
Follow-up period (month) 4] +2
Arrhythmic event (%) 9/48 (19%)
Electrocardiographic characteristics
Spontaneous coved-type ST elevation 43/48 (90%)
CRBBB (%) 3/48 (6%)
RR (msec) 939+ 113
PQ interval (1f) (msec) 186 + 34
QRS duration (V2) (msec) 104 + 18
Corrected QT interval (V5) (msec) 394 £ 27
ST amplitude at J point (V2) (mV) 0.32 £ 0.16
Late potential (%) 27/46 (59%)
Electrophysiologic characteristics

Induction of VF 32/44 (73%)
Mode (Triple/Double/Single) 16/15/1
HV interval (msec) 46 £ 11

CRBBB = complete right bundle branch block: ICD = implantable
cardioverter defibrillator: SCD = sudden cardiac death: VF = ventricular
fibrillation.

43 males (90%) and was induced by sodium channel blockers
in five males (10%). Complete right bundle branch block was
observed in three males (6%). Late potential was recorded by
asignal-average ECG system in 27 (59%) of 46 males. During
the electrophysiologic study, VF requiring direct cardiover-
sion for termination was induced in 32 (73%) of 44 males.
Average HV interval was 46 =+ 11 msec.

We first obtained data, such as the hormonal levels, vis-
ceral fat parameters, and ECG parameters in the 48 Bru-
gada males prospectively between January and July in 2003,
mainly at regular outpatient clinics for checking ICD. Only
a Brugada male refused to participate during the recruitment
of the case.

Thereafter, age-matched control males were randomly se-
lected from the municipal population registry in Suita City.
The hormonal and visceral fat data were collected sequen-
tially between August and December in 2003. The municipal
population registry in Suita City included 5,846 control sub-
jects, among whom 1,052 males were age-matched to the
48 Brugada males. The 96 control males with a mean age
of 50 £ 11 years were sequentially recruited from the age-
matched 1,052 males. None of the recruited 96 control males
refused to participate in this study. There were no signifi-
cant differences in the clinical characteristics between the
96 control males and the remaining 956 age-matched males.
Therefore, we had no way of knowing the body weight of
the individuals who were selected to serve as controls from
a very large database. Although K. Matsuo is a co-author
of this study, none of the Brugada males and control males
who appeared in the article by Matsuo'® are included in the
present study population.

All protocols were approved by the Ethical Review Com-
mittee in the National Cardiovascular Center. Written in-
formed consent was obtained from all subjects.

Sex and Thyroid Hormonal Levels and Serum Electrolytes

Blood samples for analysis of basal hormone levels and
serum electrolytes were obtained between 8:00 and 9:00
AM after an overnight fast. Plasma sex hormonal levels in-
cluding testosterone, estradiol, DHEA-S, LH, and FSH were
measured using comimercially prepared immunoassay kits
(testosterone, LH, and FSH: Chemiluminescent immunoas-
say [Bayer HealthCare, New York, NY, USAJ; estradiol:
Electrochemiluminescent immunoassay [Roche Diagnostics
GmbH, Mannheim, Germany]; DHEA-S: Radioimmunoas-
say [Diagnostic Products Corporation, Los Angeles, CA,
USAY]). Thyroid hormonal levels including free T3, T4, and
TSH, and serum electrolyte levels including sodium, potas-
sium, and chloride were also measured.

Body Mass Index and Body Fat Percentage

Body weight (BW) was measured to the nearest 0.1 kg
and height to the nearest cm. Body-mass index (BMI) was
calculated as weight/height® (kg/m?) as a parameter of vis-
ceral fat. We also measured body-fat percentage (BF%) by
using body composition analyzer (Biospace Co., Ltd. Tokyo,
Japan). These visceral fat parameters were measured just af-
ter blood sampling. In the 32 symptomatic Brugada males
who had had documented VF and/or syncope, the BW and
BMI were also measured within 48 hours after their clinical
events during admission in our hospital or other emergent
hospitals.



ECG Parameters

In the 48 males with Brugada syndrome, 12-lead ECG
was recorded just before blood sampling, and ECG parame-
ters were assessed by an investigator (WS) blinded to clini-
cal information. The ECG parameters included RR interval,
PQ interval measured in lead II, QRS interval measured in
lead V2, QT interval, corrected QT (QTc) interval measured
in leads V3, and ST amplitude at J point measured in lead
V2.

Statistical Analysis

We first conducted univariate analysis by using unpaired
t-test to compare each data between the Brugada males and
the control males. Since several confounding variables, such
as age, exercise (none, sometimes, regularly), stress (none,
sometimes, regularly), current smoking (no, yes), and med-
ication {no, yes) of hypertension, diabetes, and hyperlipi-
demia may affect the hormonal levels including testosterone
level and the visceral fat parameters, analysis of covariance
(ANCOVA) was used to compare least square mean values
between the Brugada males and the control males adjusting
for these confounding variables. Pearson’s correlation coeffi-
cients were calculated between the testosterone level and the
visceral fat parameters. Partial correlation coefficients were
calculated between the testosterone level and the visceral fat
parameters after adjusting for age, exercise, stress, current
smoking, and medication. Moreover, conditional logistic re-
gression models were used to calculate odds ratios and 95%
confidence intervals adjusting for age, BMI, exercise, stress,
current smoking, hypertension, diabetes, and hyperlipidemia.
Hypertestosteronemia was defined as serum testosterone lev-
els =700 ng/dL, which is 75 percentiles of testosterone levels
among case and contro} combined groups. In the 32 Brugada
males with documented VF and/or syncope, a paired r-test
was used to compare the visceral fat parameters at the clini-

TABLE 2

Sex and Thyroid Hormonal Levels, Serum Electrolytes, and Visceral Fat
Parameters in the 48 Brugada Males and the 96 Age-Matched Control
Males

Brugada Males Control Males

(n = 48) (n = 96) P Value

Sex hormones

Testosterone (ng/dL.) 631 £ 176 537 &+ 158 0.602

Estradiol (pg/mL) 289+76 31.1£126 0.263

DHEA-S (ng/mL) 1.901 &+ 850 1,966 + 861 0.668

LH (miU/mL) 46+£26 39+20 0.073

FSH (mlU/mL) 62449 50£29 0.066
Thyroid hormones

Free T3 (pg/mL) 33+04 34403 0.360

Free T4 (ng/dL) 1.3+0.1 1.34£02 0.089

TSH (u1U/mL) 19+ 14 17414 0.619
Serum electrolytes

Sodium (mEqg/L) 1437 £20 1426 £2.0 0.003

Potassium (mEg/L) 4.6 4 0.3 4,3+03 <0.001

Chloride (mEq/L) 105.1 £2.1 103.6 £2.1 <0.001
Viceral fat

BMI (kg/m?) 22,1429 246+26  <0.001

BF% (%) 19.6 +49 23.1 £ 47 <0.001

BW (kg) 62.9 £ 9.7 70.0 £ 8.6 <0.001

Values are mean £ SD where indicated.
BMI = body-mass index: BF% = body-fat percentage: BW = body
weight.
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cal cardiac events and at the measurement of hormonal and
visceral fat data. A two-sided P value below 0.05 was con-
sidered to indicate significance. All statistical analyses were
performed by using SAS software, Ver 8.2.

Results
Hormonal Levels, Serum Electrolytes, and Visceral Fat

Table 2 illustrates univariate analysis for comparing sex
and thyroid hormonal levels, serum electrolytes, and visceral
fat parameters between the two groups. Testosterone level
was significantly higher in the Brugada males than in the con-
trol males, whereas there were no significant differences in
other sex hormonal levels; estradiol, DHEA-S, LH, FSH, and
thyroid hormonal levels; T3, T4, and TSH. Serum sodium,
potassium, and chloride levels were all significantly higher in
the Brugada males than in the control males. BMI, BF%, and
BW were all significantly lower in the Brugada males than in
the control males. All variables followed normal distribution,
both in the 48 Brugada and 96 control males.

The comparison of the confounding variables that may
affect the hormonal levels and the visceral fat parame-
ters between the 48 Brugada males and the 96 control
males was shown in Table 3. Even after adjusting for age,
exercise, stress, current smoking, and medication (hyperten-
sion, diabetes, and hyperlipidemia), the testosterone level,
serum sodium, potassium, and chloride levels were all sig-
nificantly higher, and the visceral fat parameters were signif-
icantly lower in the 48 Brugada males than in the 96 con-
trol males (Table 4). There were also significant differences
in these parameters between the 24 definite Brugada males
with documented VF and/or SCN5A mutations and the 96
control males after adjusting for the confounding variables
(Table 4).

Correlation between Testosterone, Visceral Fat,
and Serum Electrolytes

Testosterone level was inversely correlated with all vis-
ceral fat parameters, BMI, BF%, or BW in both the Brugada
males and the control males, even after adjusting for age,

TABLE 3

Comparison of the Confounding Variables Between the 48 Brugada Males
and the 96 Age-Matched Control Males

Brugada Control
Males Males
(n = 48) (n = 96) P Value
Exercise
None (%) 39.6 44.8
Sometimes (%) 41.6 438
Regularly (%) 18.8 115 0.482
Stress
None (%) 27.1 21.9
Sometimes (%) 54.2 54.2
Regularly (%) 18.8 24.0 0.684
Current smoking (%) 25.0 27.1 0.789
Medication
Hypertension (%) 20.8 19.8 0.883
Diabetes (%) 2.1 13.5 0.028
Hyperlipidemia (%) 10.4 52 0.246
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TABLE 4

Testosterone, Serum Electrolytes, and Visceral Fat Parameters in the
Brugada Males and the 96 Age-Matched Control Males after Adjusting for
Confounding Variables

Brugada Control Males
Males (n = 96) P Value
ALL Case (n = 48)
Testosterone (ng/dL) 631 44 538 440 0.003
Sodium (mEg/L) 1442+ 0.5 14324+ 05 0.007
Potassium (mEg/L) 46+0.1 43+0.1 <0.001
Chloride (mEg/L.) 1055405 1039405 <0.001
BMI (kg/m?) 22307 249407 <0.00!
BF% (%) 200+ 1.3 2394 11 <0.001
BW (kg) 634 +24 70.1 £ 2.1 0.001
Definite Brugada case with
VF and/or SCNSA (n = 24)
Testosterone (ng/dL) 656 3 59 550 £ 48 0.009
Sodium (mEg/L) 1439 £ 0.7 1429+ 0.6 0.042
Potassium (mEq/L) 4.7 + 0.1 4.4 0.1 <(0.001
Chloride (mEg/L) 105.2 £ 0.7 103.9 £ 0.6 0.006
BMI (kg/m?) 2154 1.0 245408 <0.001
BF% (%) 199+ 1.7 241%14 <0.001
BW (kg) 60.5 + 3.1 69.2£25 0.001

Values are mean £ SE adjusted for age, exercise, stress, current smok-
ing. and medication of hypertension, diabetes and hyperlipidemia.
BMI = body-mass index: BF% = body-fat percentage; BW = body weight:
VF = ventricular fibrillation.

exercise, stress, current smoking, and medication (Bru-
gada: BMI, r = -0.3%, P = 0011; BF%, r = -
0.390, P = 0.012; BW, r = -0.335, P = 0.032; Con-
trol: BMIL, r = -0.333, p = 0.002; BF%, r = -0.333,
P = 0.001; BW, r = -0.305, P = 0.004), suggest-
ing that Brugada males had higher testosterone level
associated with lower visceral fat compared with con-
trol males (Fig. 1). No significant correlations were ob-
served between other serum electrolytes and testosterone
level or visceral fat parameters. Testosterone level was
not correlated with age, even after adjusting for exercise,
stress, current smoking, and medication (r = 0.007, P =
0.947).

Conditional Logistic Regression Models Analysis

Conditional logistic regression models analysis showed
significant positive and inverse association between Brugada
syndrome, hypertestosteronemia (Odd Ratio (OR): 3.11,
95%CI: 1.22-7.93, P = 0.017), and BMI (OR: 0.72, 95%CI:
0.61-0.85, P < 0.001), respectively (Table 5). Other variables
did not significantly increase or decrease risks of Brugada
syndrome (Table 5).

Visceral Fat at Clinical Cardiac Events in Brugada Males

In the 32 symptomatic Brugada males with documented
VF and/or syncope, the time-span between the clinical car-
diac events and the measurement of hormonal and the visceral
fat data was 42 - 32 months (mean =+ SD, 1-99 months). The
BMI and BW at the clinical cardiac events (VF or syncope)
were significantly lower than those at the measurement of
hormonal and visceral fat data (BMI, 21.0 & 2.6 vs 22.1 &+
2.9 kg/m?; BW, 60.0 £ 8.9 vs 62.9 & 9.7 kg: P < 0.001,
respectively).

Testosterone versus ECG Parameters, Symptoms
or SCN5A Mutation in Brugada Males

Baseline electrocardiographic data of the 48 Brugada
males are shown in Table 1. No significant correlations were
observed between testosterone level and ECG parameters,
including ST amplitude (r = -0.123, P = 0.406) and QT¢
interval (r = -0206, P = 0.160), in the 48 Brugada males.
There was no significant difference in testosterone level be-
tween 32 symptomatic and 16 asymptomatic Brugada males
(649 £ 185 vs 593 = 157 ng/dL: P = 0.298). No significant
difference was observed in testosterone level between 43 Bru-
gada males with spontaneous Type 1 ST-segment elevation
and five Brugada males with sodium channel blocker-induced
Type 1 ST-segment elevation (624 4 171 vs 688 =230 ng/dL.
P = 0.448). Testosterone level was also no different between
seven Brugada males with SCN5A mutation and 41 Brugada
males without SCNSA mutation (700 =% 198 vs 619 + 172
ng/dL: P = 0.261).

Follow-Up

Arrhythmic events occurred in nine (19%) of 48 Brugada
males. during average follow-up periods of 41 & 2 months
after blood sampling for the present study (Table 1). In more
detail, arrhythmic events appeared in eight (38%) of 21 Bru-
gada males with a history of aborted cardiac arrest or VF, in
one (9%) of 11 Brugada males with syncope alone, but did
not appear in any (0%) of 16 asymptomatic Brugada males.

Discussien

The major findings of the present study were: (1) Bru-
gada males had significantly higher testosterone level, serum
sodium, potassium, and chloride level, and significantly lower
BMI, BF%, and BW than those in control males by univariate
analysis, even after adjusting for age, exercise, stress, current
smoking, and medications related to hypertension, diabetes
and hyperlipidemia. (2) Testosterone level was inversely cor-
related with the BMI, BF%, and BW in both Brugada males
and control males, even after adjusting for the confounding
variables. (3) Conditional logistic regression models analy-
sis showed strong positive association between Brugada syn-
drome and higher testosterone level (hypertestosteronemia)
and strong inverse association between Brugada syndrome
and BMIL

Testosterone in Brugada Phenotype
and Male Predominance

For the past decade, numerous clinical, experimental, and
molecular genetic studies have elucidated Brugada syndrome
as a distinct clinical entity.!”>'” However, several problems
remain unresolved, such as genetic heterogeneity, ethnic dif-
ference, and gender difference.” Di Diego and Antzelevitch
recently suggested the cellular basis for male predominance
in Brugada syndrome by using arterially perfused canine right
ventricular wedge preparations.” Transient outward current
(I0)-mediated phase 1 AP notch was larger in male dogs
than in female dogs in the right ventricular epicardium, but
not in the left ventricular epicardium, responsible for the
male predominance in the Brugada phenotype. Recent clini-
cal studies suggested that male hormone testosterone might
be attributable to gender difference of the prevalence in this
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Figure 1. Correlation between testosterone level and visceral fat parameters: body mass index (BMI) (A and B), body fat percentage (BF%) (C and D), and
body weight (BW) (E and F) in the 48 Brugada males and the 96 age-matched control males. Testosterone level was inversely correlated with the BMI, BF %,

or BW in both Brugada males and control males.

syndrome. Matsuo et al. reported two cases of asymptomatic
Brugada syndrome in whom typical coved ST-segment el-
evation disappeared following orchiectomy as therapy for
prostate cancer,’! indicating that testosterone may contribute
to the Brugada phenotype in these two cases. Several exper-
imental studies reported that testosterone increased outward
potassium currents, such as the rapidly activating compo-
nent (Ig;)'%!" and the slowly activating component (Ixs)!? of
the delayed rectifier potassium current, and the inward rec-
tifier potassium current (Ig;),!! or decreased inward L-type
calcium current (Ico-p).'? Since the maintenance of the AP
dome is determined by the fine balance of currents active at
the end of phase 1 of the AP (principally I, and Icy—r),**%
any agents that increase outward currents or decrease inward
currents can increase the magnitude of the AP notch, leading

to loss of the AP dome (all-or-none repolarization) in the epi-
cardium, but not in the endocardium, contributing to a signif-
icant voltage gradient across the ventricular wall during ven-
tricular activation, thus augmenting ST-segment elevation,
the Brugada phenotype.* Therefore, testosterone would be
expected to accentuate the Brugada phenotype. In the present
study, males with Brugada syndrome had significantly higher
testosterone level than age-matched control males, even after
adjusting for age, exercise, stress, current smoking, and med-
ication (hypertension, diabetes, and hyperlipidemia)}, which
may affect the testosterone level. Moreover, conditional lo-
gistic regression models analysis showed strong positive
association between Brugada syndrome and higher testos-
terone level (OR: 3.11). Our data suggest a significant role of
testosterone, male hormone, in the Brugada phenotype. The
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TABLE 5

Odds Ratios of Presence of Hypertestosteronemia and Confounding Risk
Factors for Brugada Syndrome in Males

95% Confidence

Variable Gdd Ratio Interval P Value
Hypertestosteronemia 3.1 1.22-7.93 0.017
Age 0.99 0.95-1.03 0.637
BMI 0.72 0.61-0.85 <0.001
Exercise 1.57 0.87~-2.83 0.135
Stress 0.69 0.35-1.35 0.277
Current smoking 0.71 0.26-1.90 0.493
Hypertension 3.12 0.85-11.45 0.087
Diabetes 0.13 0.01-1.27 0.079
Hyperlipidemia 2.14 0.44-10.49 0.348

Hypertestosteronemia was defined as serum testosterone levels > 700 ng/dL.

data also indicate that the male predominance in the Brugada
phenotype is at least in part due to testosterone, which is
present only in males.

Lower Visceral Fat May Be a Predictor
for Brugada Phenotype

Matsuo et al. recently reported in their epidemio-
logic study that cases with the Brugada-type ECG had
significantly lower BMI than that in control subjects.'® Sim-
ilarly, in the present study, males with Brugada syndrome
had significantly lower visceral fat parameters, BMI, BF%,
and BW than those in age-matched control males, even after
adjusting for several confounding variables. Moreover, con-
ditional logistic regression models analysis showed strong in-
verse association between Brugada syndrome and BMI (OR:
0.72). All of the visceral fat parameters were inversely cor-
related with testosterone level in both Brugada and control
males, even after adjusting for the confounding variables. It
has been well demonstrated that testosterone level in obese
males is decreased compared to normal males of similar
age.!® Tsai et al. reported that lower baseline total testos-
terone level independently predicted an increase in visceral
fat in the Japanese-American male cohort for 7.5 years.'?
Reversely, Marin et al. reported that testosterone treatment
of middie-aged abdominally obese males was followed by
a decrease of visceral fat mass measured by computerized
tomography.'* These data suggest that primarily higher level
of testosterone in Brugada males compared to that in con-
trol males may result in lower visceral fat in Brugada males,
which would be an “innocent bystander” sign of Brugada phe-
notype. In reverse, if primary lower visceral fat (body weight
loss) would result in higher testosterone level, the weight loss
could be a trigger for Brugada phenotype, just like fever is.?
It is noteworthy that the visceral fat parameters at the clinical
cardiac events (VF or syncope) in the 32 symptomatic Bru-
gada males were significantly lower than those at the time of
blood sampling for this study. This indicates that testosterone
level is expected to be additively higher at the clinical cardiac
events, which may contribute to spontaneous episodes of VF
or syncope.

Other Hormonal Levels and Serum Electrolytes

Estradiol, female hormone, is reported to reduce the ex-
pression of Kv4.3 channels, which are important molecular

components of I, currents.?® However, in contrast to testos-
terone, other sex hormonal levels including estradiol were
not different between the Brugada males and the control
males in the present study. Although thyroid hormones are
also demonstrated to alter membrane currents, such as I,
and Ic..1,>"® no significant differences were observed in
the thyroid hormonal levels between the two groups in the
present study.

On the other hand, serum sodium, potassium, and chloride
levels were all significantly higher in the Brugada males than
in the control males, even after adjusting for several con-
founding variables. Recently, many agents and conditions
that cause an outward shift in current activity at the end of
phase 1 AP have been known to unmask ST-segment ele-~
vation, as found in the Brugada syndrome, leading to the
acquired form of this disorder.** Electrolyte abnormalities,
such as hyperkalemia, are reported to amplify ST-segment
elevation like that in Brugada syndrome.”® The lower vis-
ceral fat found in the Brugada males is expected to decrease
serum level of insulin, leptine, a novel adipocyte-derived hor-
mone, or ghrelin, a novel growth hormone-releasing peptide,
suppressing S-adrenergic receptor or plasma norepinephrine
level, resulting in an increase of serum potassium level. 3132
Further studies including measurement of levels of insulin,
leptine, and ghrelin will be required to elucidate the precise
mechanism.

Study Limitations

Although the testosterone level was significantly higher in
the Brugada males than in the control males, no statistically
significant correlations were observed between the testos-
terone level and the ST amplitude in the Brugada males. The
degree of the ST-segment elevation is variable between Bru-
gada patients because it is influenced by several factors other
than sex hormonal levels or electrolytes levels, such as basal
autonomic tone, presence of SCN5A mutation, or probably
intrinsic current density of I, etc., in the right ventricu-
lar epicardial cells. The threshold of ST-segment elevation
for spontaneous induction of VF also varies between Bru-
gada patients. Therefore, the Brugada phenotype, such as
ST-segment elevation or spontaneous induction of VF, may
correlate with the testosterone level day to day individually
(intra-personally) in each Brugada male, but may not corre-
late among the pooled data obtained from many Brugada
males, probably due to inter-person difference of the ST-
segment elevation.

There were no significant differences in testosterone level
between symptomatic and asymptomatic Brugada males, be-
tween Brugada males with spontaneous ST elevation and
those with sodium channel blocker-induced ST elevation, or
between Brugada males with and without SCN5A mutation,
all of which are probably due to a relatively small number of
Brugada males in the present study. Further evaluation with
increasing number of Brugada males will be required.
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Mechanism and New Findings in Brugada Syndrome

Wataru Shimizu, MD; Takeshi Aiba, MD; Shiro Kamakura, MD

Brugada syndrome is a clinical entity characterized by coved type ST-segment elevation in the right precordial
electrocardiographic leads (V1-3) and an episode of ventricular fibrillation in the absence of structural heart dis-
ease. Although a number of clinical and experimental reports have elucidated the electrocardiographic, electro-
physiologic, cellular, and molecular aspects, several problems remain unsolved. Recently developed high-reso-
lution optical mapping techniques in arterially-perfused wedge preparations enable recording of transmembrane
action potentials from 256 sites simultaneously at the epicardial surface, thus providing further advances in the
understanding of the cellular mechanism of the specific ST-segment elevation and subsequent veniricular arrhyth-
mias. In this review article, new findings relating to several unresoived problems such as gender difference (male
predominance) and ethnic difference (higher incidence in Asian population) are also presented. (Circ J 2007;

Suppl A: 060-000)

Key Words: Brugada syndrome; Ethnicity; Gender; Genetics; Mutation; Polymorphism; ST-segment;

Ventricular fibrillation

rugada syndrome (BS) is characterized by coved-
type ST-segment elevation in the right precordial
' electrocardiography (ECG) leads (V1-3) and an
episode of ventricular fibrillation (VF) in the absence of
acute ischemia, electrolyte abnormalities or structural heart
disease!8 A type-1 ST-segment elevation, which is defined
as a coved ST-segment elevation of 20.2mV at the I point
with or without a terminal negative T wave, is required to
diagnose BS, regardless of the absence or presence of
sodium-channel blockers (Figs 1A,B)7 A type-1 ST-seg-
ment elevation recorded only in the higher Vi leads (e,
3w and 20 intercostal spaces) has been suggested to show
similar prognostic value for subsequent cardiac events as
that recorded in the standard Vi-2 leads (Fig 1C)79.10 A
type-2 saddle-back $T-segment elevation alone is not diag-
nostic for BS (Fig 1B). The prevalence of this syndrome 1s
estimated to be 5 per 10,000 inhabitants, and is one of the
important causes of sudden cardiac death of middle-aged
males in Asian countries particularly!!-12 BS usually mani-
fests during adulthood, with a mean age of sudden death of
4115 years, and child cases are rare! A family history of
unexplained sudden death is present in approximately 20—
40% of the population in Western countries, and less (15—
20%) in Japan#7.13.1% A significant male predominance in
BS has long been reported, and more than 80% of patients
in Western countries and more than 90% of patients in
Asian countries affected with BS are men!? Since Brugada
and Brugada described 8 paticnts with a history of aborted
sudden cardiac death caused by VF as a distinct clinical
entity in 1992! a number of clinical and experimental
reports from around the world have demonstrated the clini-
cal, electrocardiographic, electrophysiologic, cellular, ionie,
genetic and molecular features of BS#-14 However, several
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problems remain unsolved, such as genetic heterogeneity,
late onset of first cardiac events, and gender and ethnic dif-
ferences® In this review article, we present our recent data
relating to the cellular and molecular mechanism of BS, the
late onset of its clinical manifestation, male predominance,
and higher incidence in Asian populations.

Genetic and Molecular Aspects

Advances in molecular genetics in the past decade have
established a link between several inherited cardiac arthyth-
mias, including BS and long QT syndrome, and mutations
in genes encoding ion channels, membrane components or
receptors!® In 1998, the first mutation linked to BS was
identified by Chen et al in SCN5A!L7 the gene encoding the
a subunit of the sodium channel. Thereafter, a large family
of BS was reported to link to a second locus on chromo-
some 3, which is close to but different from the SCN3A
locus;!® however, specific gene or genes other than SCN5A
have not yet been identified on chromosome 3. SCNJA
mutations are reported to account for 18-30% of clinically
diagnosed BS patients at present’ Antzelevitch et al have
recently reported that 3 probands associated with a BS-like
ST-segment elevation and a short QT interval were linked
to mutations in CACNAIC (A39V and G490R) or CACNB2
(S481L), the gene encoding the al or 32b subunit of the
L-type calcium channel, respectively!® Their genetic and
heterologous cxpression studies revealed loss of function
of the L-type calcium channel current (Ica-L). However,
approximately two-thirds of BS patients have not been yet
genotyped, suggesting the presence of genetic heterogenei-
ty$ Other candidate genes for the Brugada phenotype in-
clude those encoding the transient outward current (Io) and
the delayed rectifier potassium current (Ik), or those coding
the adrenergic receptors, cholinergic receptors, ion-chan-
nel-interacting protein, promoters, transcriptional factors,
neurotransmitters, or transporters?-8

Among the approximately 100 mutations in SCN3A
linked to BS, more than 24 of them have been studied in
expression systems, and have been shown to result in loss
of function of the sodium channel current {Ina) by several
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mechanisms?® These functional effects include: (1) lack of
expression of the sodium channel; (2) a shift in the voltage-
dependence and time-dependence of Ina activation, inacti-
vation or reactivation; (3) entry of the sodium channel into
an intermediate state of inactivation from which it recovers
more slowly; (4) accelerated inactivation of the sodium
channel; and (5) a trafficking defect. Some common SCNJSA
polymorphisms are reported to modulate the functional
consequences of primary SCN5SA mutations. Baroudi et al
first suggested that the interaction of SCN5A polymor-
phisms and SCN5A mutations may affect the consequence
of the functional effects. They reported that a common poly-
morphism (R1232W) of SCNSA affected protein trafficking
when it was co-expressed with a T1620M mutation, al-
though the T1620M mutation alone produced only gating
abnormalities in the INa?! On the other hand, another com-
mon polymorphism (HS558R) of SCN5A was reported by
Ye et al to rescue normal trafficking and normal Ina for the
M1766L mutant protein?? These effects of common SCN3A
polymorphisms on modifying the functional consequence of
SCN5A mutations may make the clinical phenotype more
complex.

Cellular Mechanism of Brugada Phenotype

The Io-mediated phase 1 notch of the action potential
(AP) has been reported to be larger in the epicardium than
in the endocardium in many species, including humans??
Because the maintenance of the AP dome is determined by
the fine balance of currents active at the end of phase 1 of the
AP (principally Ito and IcaL), any interventions that cause a

net outward shift in the current active at the end of phase 1
can increase the magnitude of the AP notch, leading to loss
of the AP dome (all-or-none repolarization) in the epicar-
dium, but not in the endocardium, contributing to a signifi-
cant voltage gradient across the ventricular wall during
ventricular activation?? The heterogeneous loss of the AP
dome in the epicardium has been shown to produce prema-
ture beats via a mechanism of phase 2 reentry in experimen-
tal studies using isolated sheets of canine right ventricle?4
Therefore, these mechanism of all-or-none repolarization in
the epicardial cells and phase 2 reentry-induced premature
beat between the adjacent epicardial cells were expected to
be responsible for the clinical phenotype in BS.

In the late 1990s, Antzelevitch’s group developed an ex-
perimental model of BS using arterially perfused canine
right ventricular (RV) wedge preparations, in which trans-
membrane APs and pseudo-ECGs were simultaneously
recorded. These experimental studies have provided sig-
nificant insights of the ceilular mechanism of the Brugada
phenotype, ST-segment elevation and subsequent VF2.26
The I-mediated AP notch and the loss of the AP dome in
the epicardial cells, but not in the endocardial cells, of the
right ventricle gives rise to a transmural voltage gradient,
producing ST-segment elevation in the ECG in the wedge
preparations. Fig2 shows transmembrane APs simultane-
ously recorded from 2 epicardial (Epi) and 1 endocardial
sites, together with a transmural ECG in a Brugada model
using the RV wedge preparation. Under contro] conditions,
a small J wave coincides with the small notch observed in
the epicardial cells, but not in the endocardial cells (Fig2A).
Combined administration of terfenadine (Ica-L block) and
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Fig2. Type | coved type ST-segment elevation and non-sustained polymorphic ventricular tachycardia (VT) via phase
2 reeniry induced in a Brugada model using an arterially perfused canine right ventricular wedge preparation. Shown are
transmembrane action potentials (APs) simultaneously recorded from 2 epicardial sites (Epi 1 and Epi 2) and 1 endocardial
site (Endo) together with a transmural ECG (basic cycle length (BCL)=2,000ms). (A) Under baseline conditions, phase 1
AP notch in Epi, but not in Endo, is associated with a J wave in the ECG. (B) Combined administration of terfenadine
(5mol/L) and pilsicainide (5zmol/L) produces a loss of AP dome in Epi 1. but not in Epi 2, resulting in a marked epi-
cardial dispersion of repolarization (EDR), and a coved-type ST segment elevation and a negative T wave in the ECG.(C)
4-aminopyridine (4-AP), a selective blocker of the transient cutward current (Lo) (2 p#mol/L), restores the AP dome, de-
creases the phase 1 AP notch. and normalizes the ST-segment elevation. (D) In the setting of heterogeneous loss of the
AP dome (coexistence of loss of dome regions and restored dome regions) in the epicardium and a remarkable coved type
ST-segment elevation in the ECG with combined administration with terfenadine and pilsicainide, electrotonic propagation
from the site where the dome is restored (Epi 1) to the site where it is lost (Epi 2) results in development of a premature
beat induced by phase 2 reentry, triggering spontaneous polymorphic VT (Modified from Nat Clin Pract Cardiovasc Med

2005: 2: 408-414 with permission).

pilsicainide (INa block) produces a loss of the AP dome in
Epi 1, but not in Epi 2, resulting in a marked epicardial dis-
persion of repolarization (EDR), and a coved-type ST seg-
ment elevation and negative T wave in the ECG (Fig2B).
A selective To blocker, 4-aminopyridine, restores the AP
dome, decreases the phase 1 AP notch, and normalizes the
ST-segment elevation (Fig 2C). Fig 2D shows non-sustained
polymorphic ventricular tachycardia (VT) via phase 2 reen-
try induced in a Brugada model using the wedge prepara-
tion. In the setting of remarkable coved type ST-segment
elevation with combined administration of terfenadine and
pilsicainide, heterogeneous loss of the AP dome (coexis-
tence of loss of dome regions and restored dome regions) in
the epicardium creates a marked EDR, giving rise to pre-
mature beats caused by phase 2 reentry, which precipitates
non-sustained polymorphic VT.

Optical Mapping Study

The AP data in the Brugada model using arterially per-
fused canine RV wedge preparations strongly supported
the hypothesis that episodes of VF in BS are triggered by
premature beats between the adjacent epicardial cells via
the mechanism of phase 2 reentry. However, the precise
mechanism of the initial premature beats and the mainte-
nance of non-sustained polymorphic VT or VF remain un-
solved, because the number of AP recording sites available
for floating microelectrodes is smalil in the wedge prepara-
tions. To overcome this limitation, we recently developed
high-resolution (256x256) optical mapping techniques that
allowed us to record transmembrane APs from 256 sites
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simultaneously at the epicardial or endocardial surface of the
wedge preparations (Figs 3-5)$27 Fig3 shows the mecha-
nism of phase 2 reentry-induced premature beats (P2R-
extrasystoles) under Brugada-ECG conditions. A steep
repolarization gradient between the loss of dome region
and the restored dome region in the epicardium, but not in
the endocardium, develops the initial P2R-extrasystole. We
then recorded spontaneous episodes of P2R-extrasystoles
and subsequent non-sustained polymorphic VT or VF
under these conditions, and analyzed the epicardial AP
duration (APD) and conduction velocity (Figs4,5). Once
again, most of the P2R-extrasystoles originated from the
area showing the steepest (maximum) gradient of repolari-
zation (GRmax) between the loss of dome site and the
restored dome site in the epicardium (Figs4C,5C, arrows),
leading to non-sustained polymorphic VT or VF. These data
also indicate that a steep repolarization gradient between
the loss of dome region and the restored dome region in the
epicardium is essential to produce the P2R-extrasystoles
that precipitate polymorphic VT or VF. On the other hand,
the epicardial GRmax does not differ between episodes of
polymorphic VT and those of VF. Figs4D,E and 5D,E
show the mechanism underlying the difference between
polymorphic VT and VF. Just before inducing the episodes
of polymorphic VT or VF, the epicardial depolarization
map paced from the endocardium at the basic cycle length
of 2,000ms shows a remarkable conduction delay in the
episode of VF (Fig 5D) compared with that of polymorphic
VT (Fig4D). The conduction parameters, such as QRS
duration and interval between the stimulus and the earliest
epicardial activation, are significantly longer in the epi-





