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EDITORIAL

ECG Marker of High-Risk in Asymptomatic Patients
With Brugada Syndrome

Kengo F. Kusano, MD

ventricular fibrillation (VF) characterized by a unique

ECG pattern consisting of ST elevation in the ante-
rior precordial leads with/without right bundle branch block-
like morphology.! It is generally accepted that patients with
the type 1 ECG pattern (coved type) and with ventricular
tachyarrhythmias (symptomatic BS patients) must receive an
implantable cardioverter defibrillator to prevent a second VF
attack.” However, in those without syncope, family history or
documented VF (asymptomatic BS patients), the best strategy
is controversial because the prevalence of Brugada-type ECG
change by daily medical check-ups has been reported to be
approximately 0.1-1.0% in healthy subjects, but their prog-
nosis is good compared with that of symptomatic patients.?
However, some asymptomatic BS patients occasionally be-
come symptomatic and sudden cardiac death can occur with
the first VF attack. Therefore, a marker that can differentiate
high-risk asymptomatic patients from low-risk asymptomatic
patients is needed. To date, several invasive and noninvasive

B rugada syndrome (BS) is a distinct form of idiopathic

parameters have been proposed for identification of patients
at risk of VF, including spontaneous type 1 ST elevation,*
characteristics of the S wave,* presence of late potentials,®
coexisting atrial fibrillation,® augmented ST elevation after
exercise,” fragmented QRS wave,? early repolarization pat-
tern in the inferior/lateral leads,? third intercostal ECG®#¢ and
inducibility of VF using programmed electrical stimulation,
but the usefulness of these indexes remains controversial.

Article p844

The results of a study by Miyamoto et al published in
the Journal!! indicate the interesting possibility of using new
ECG criteria for identifying high-risk asymptomatic BS
patients. They performed computer-based ECG analysis for
more than 100,000 patients and detected spontaneous type 1
ECG in 185 (0.18%) of the patients. Detailed examination
was performed in 31 of these 185 patients, and 16 patients
were diagnosed as high-risk BS (syncope: 87.5%, aborted
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Action
potentials

Lead V1

Figure. Mechanism of ST-T abnormality in Brugada syndrome. Note that a marked accentuation of the action potential notch
and prolongation of repolarization in the right ventricular epicardial (Epi) but not endocardial (Endo) cells results in T-wave
inversion in surface ECG lead V1. (Modified from Eur Heart J 2001; 22: 356-363.)
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sudden cardiac death/documented VF: 68.8%). They con-
cluded that a more negative T wave in lead V1 (<-1.05 V),
longer PQ interval (>170ms) and family history of sudden
death are associated with life-threatening events.

ECG patterns associated with BS have been classified into
3 types.'>!? Type 1 ECG is characterized by >2-mm J-point
elevation, coved-type ST-T segment elevation, and inverted
T-wave in leads V1 and V2. Type 2 ECG is characterized by
22-mm J-point elevation, 21-mm ST-segment elevation, sad-
dleback ST-T segment, and a positive or biphasic T-wave.
Type 3 ECG is the same as type 2 except that the ST-segment
elevation is <1 mm. Among the 3 types, only the type 1 ECG
is diagnostic of BS. An experimental study'® has revealed
that the mechanism of ST-T abnormality in the right precor-
dial leads is an outward shift of ionic currents during early
repolarization (transmural voltage gradient) causing a marked
accentuation of the action potential notch and prolongation
of repolarization in the right ventricular epicardial but not
endocardial cells (Figure). This discriminating electrophysio-
logic mechanism is thought to be associated with ST-segment
elevation (J wave) and T-wave inversion in this syndrome.
In a human study using the activation recovery interval (ART)
method, Nagase et al demonstrated that the inverted T wave
associated with the type 1 ECG is due to a preferential epi-
cardial ARI prolongation secondary to accentuation of the
action potential notch in the right ventricular outflow tract,!*
consistent with the results of the experimental study. The
data obtained in previous studies support the results of the
present study. However, it has also been reported that this
ECG pattern is very dynamic and often concealed during
follow-up, and repeated ECG recordings should therefore be
performed so as not to miss high-risk BS patients.

In BS, depolarization abnormalities, including prolongation
of the P wave, PQ interval and QRS width, are sometimes
observed, particularly in patients having severe forms of the
gene mutation (SCNS5A). Therefore, it would not be surpris-
ing that prolongation of the PQ interval is a risk marker in this
syndrome, so we also need a careful attention to this marker.

In conclusion, although the number of high-risk patients
was small, the follow-up period was short and further study is
needed to reach a definitive conclusion, Miyamoto et al have
provided important clinical evidence of a simple ECG marker
for differentiating high-risk patients with BS-type ECG.

10.

11

12.

13.
14,

References

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

Antzelevitch C, Brugada P, Borggrefe M, Brugada J, Brugada R,
Corrado D, et al. Brugada syndrome: Report of the second consen-
sus conference: Endorsed by the Heart Rhythm Society and the
European Heart Rhythm Association. Circulation 2005; 111: 659~
670.

Kamakura S, Ohe T, Nakazawa K, Aizawa Y, Shimizu A, Horie
M, et al. Long-term prognosis of probands with Brugada-pattern
ST-elevation in leads V1-V3. Circ Arrhythm Electrophysiol 2009;
2:495-503.

Atarashi H, Ogawa S. New ECG criteria for high-risk Brugada
syndrome. Circ J 2003; 67: 8—10.

Ajiro Y, Hagiwara N, Kasanuki H. Assessment of markers for
identifying patients at risk for life-threatening arrhythmic events in
Brugada syndrome. J Cardiovasc Electrophysiol 2005; 16: 45-51.
Kusano KF, Taniyama M, Nakamura K, Miura D, Banba K, Nagase
S, et al. Atrial fibrillation in patients with Brugada syndrome rela-
tionships of gene mutation, electrophysiology, and clinical back-
grounds. J Am Coll Cardiol 2008; 51: 1169-1175.

Makimoto H, Nakagawa E, Takaki H, Yamada Y, Okamura H,
Noda T, et al. Augmented ST-segment elevation during recovery
from exercise predicts cardiac events in patients with Brugada syn-
drome. J Am Coll Cardiol 2011; 56: 1576—1584.

Morita H, Kusano KF, Miura D, Nagase S, Nakamura K, Morita ST,
et al. Fragmented QRS as a marker of conduction abnormality and
a predictor of prognosis of Brugada syndrome. Circulation 2008;
118: 1697-1704.

Hisamatsu K, Morita H, Fukushima Kusano K, Takenaka S, Nagase
S, Nakamura K, et al. Evaluation of the usefulness of recording the
ECG in the 3rd intercostal space and prevalence of Brugada-type
ECG in accordance with recently established electrocardiographic
criteria. Circ J 2004; 68: 135-138.

Miyamoto K, Yokokawa M, Tanaka K, Nagai T, Okamura H,
Noda T, et al. Diagnostic and prognostic value of a type 1 Brugada
electrocardiogram at higher (third or second) V1 to V2 recording
in men with Brugada syndrome. Am J Cardiol 2007; 99: 53—57.
Miyamoto A, Hayashi H, Makiyama T, Yoshino T, Mizusawa Y,
Sugimoto Y, et al. Risk determinants in individuals with a sponta-
neous type 1 Brugada ECG. Circ J 2011; 75: 844-851.

Wilde AA, Antzelevitch C, Borggrefe M, Brugada J, Brugada R,
Brugada P, et al. Proposed diagnostic criteria for the Brugada syn-
drome: Consensus report. Circulation 2002; 106: 2514—2519.
Antzelevitch C. The Brugada syndrome: Diagnostic criteria and
cellular mechanisms. Eur Heart J 2001; 22: 356—-363.

Nagase S, Kusano KF, Morita H, Nishii N, Banba K, Watanabe A,
et al. Longer repolarization in the epicardium at the right ventricu-
lar outflow tract causes type 1 electrocardiogram in patients with
Brugada syndrome. J Am Coll Cardiol 2008; 51: 1154—-1161.

Circulation Journal Vol.75, April 2011

—281—



CARDIOVASCULAR
PATHOLOGY

Cardiovascular Pathology 20 (2011) €37 -e42

Original Article

Elevated oxidative stress is associated with ventricular fibrillation episodes
in patients with Brugada-type electrocardiogram without SCN5A mutation
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Abstract

Background: Brugada syndrome is a disease known to cause ventricular fibrillation with a structurally normal heart and is linked to SCN5SA
gene mutation. However, the mechanism by which ventricular fibrillation develops in cases of Brugada-type electrocardiogram without SCN5A
mutation has remained unclear. Recently, oxidative stress has been implicated in the pathophysiology of cardiac arrthythmia. We also
investigated oxidative stress levels in the myocardia of patients with Brugada-type electrocardiogram. Methods: Endomyocardial biopsy
samples were obtained from 68 patients with Brugada-type electrocardiogram (66 males and two females). We performed histological and
immunohistochemical analyses for CD45, CD68, and 4-hydroxy-2-nonenal-modified protein, which is a major lipid peroxidation product.
Results: SCN5A mutation was detected in 14 patients. Ventricular fibrillation was documented in three patients with SCN5A mutation and in 1 1
without SCN5A mutation. In patients with SCN5A mutation, 4-hydroxy-2-nonenal-modified protein-positive area was not significantly
different between the documented ventricular fibrillation (VF) group (VF+ group) and the group without documented VF (VF~ group).
However, in patients without SCNS5A, the area was significantly larger in the VF+ group than that in the VF— group (P<.05). All other
parameters (fibrosis area, CD45, and CD68) were not different between the VF+ and VF— group in both SCN5A+ and SCN5A— patients.
Conclusion: Oxidative stress is elevated in the myocardium of patients with Brugada-type electrocardiogram who have VF episodes and do not
have SCN5A gene mutations. Oxidative stress may be associated with the occurrence of VF in patients with Brugada-type electrocardiogram
without SCN5A mutation. © 2011 Elsevier Inc. All rights reserved.

Keywords: Oxidative stress; Ventricular fibrillation; Brugada syndrome

1. Introduction

Brugada syndrome (BS) is a disease characterized by ST-
segment elevation in right precordial leads and episodes of
ventricular fibrillation (VF) in the absence of structural heart
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disease [1]. About 20% of BS cases have been linked to
mutations in the SCN5A gene, the gene encoding the alpha
subunit of the cardiac sodium channel [2,3]. Functional
analysis employing expression systems has revealed that
mutations in SCN5A resulted in “loss of function” of Iy,
which reduces the inward sodium current, induces conduc-
tion delay, and predisposes the substrate for reentry. Other
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gene mutations such as CACNAlc [4], CACNB2b [4],
GPDI-L [5], SCNIB [6], and KCNE3 [7] have also been
reported. However, cases with such mutations are not
frequent and the prevalence of those mutations is not clear
[8]. Recently, Frustaci et al. [9] reported that lymphocytic
myocarditis was observed in patients with Brugada-type
electrocardiogram (ECG) who did not have SCN5A gene
mutations, but the association with histological findings and
occurrence of ventricular fibrillation (VF) has not been fully
elucidated. Thus, the mechanism by which VF develops in
cases of Brugada-type ECG without SCN3A mutation has
remained unclear.

Recently, oxidative stress has been implicated in the
pathophysiology of cardiac arrthythmia. Hydrogen peroxide
(H>0,) decreases SCN5A transcription and current [10]. E2-
isoketal, a highly reactive product of lipid peroxidation,
potentiates inactivation of cardiac Na” channels [11].
Reactive oxygen species (ROS) contribute to cardiac
sympathovagal imbalance in cardiomyocytes [12]. We also
investigated oxidative stress levels, assessed by expression
levels of 4-hydroxy-2-nonenal (HNE)-modified protein, a
reliable marker of lipid peroxidation [13,14], in the
myocardia of patients with Brugada-type ECG and investi-
gated the association between VF events and oxidative stress
levels in the myocardia of patients with Brugada-type ECG
with and without mutation in the SCN5A gene.

A SCN5A+

2. Methods
2.1. Subjects

In the period from June 1998 to June 2008, we performed
electrophysiological study and endomyocardial biopsy in 68
consecutive patients with Brugada-type electrocardiogram
(ECG) (66 males and two females; mean age, 49.0 years).
Brugada-type ECG was defined as coved ST-segment
elevation (>0.2 mV) followed by a negative T-wave in
more than one right precordial lead (V1 to V3) or third
intercostal leads (V1 to V2) in the presence or absence of a
sodium channel blocker (Fig. 1). Routine examinations,
inclading cardiac echocardiography, coronary angiography,
and right and left ventriculography, showed no evidence of
structural heart disease in any of the patients. We examined
the clinical characteristics of patients, including age, sex,
spontaneous VE occurrence, history of syncope, family
history of sudden death, and SCN5A mutation.

2.2. Cardiac catheterization, endomyocardial biopsy, and
electrophysiological study

After providing written informed consent, all patients

underwent cardiac catheterization, coronary angiography,
right and left ventricular angiography, and endomyocardial
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Fig. 1. Representative ECGs of patients with or without SCN5A mutation. (A) ECG of a patient with SCNSA mutation (SCNSA+), R282H (47 years old, male).

(B) ECG of a patient without SCNSA mutation (SCN5A~) (42 years old, male).
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biopsy. Endomyocardial biopsy samples (three or four per
patient for histology) were obtained from the right
ventricular (RV) side of the septum of all patients by the
internal jugular approach.

The electrophysiological study was performed in all
patients as reported previously [15,16]. The risks of the
electrophysiological study were explained to each patient,
and written informed consent was obtained from all patients.
Induction of ventricular arrhythmia was initially attempted
without the use of any antiarrthythmic drugs. The criterion for
the induction of ventricular arrhythmia was induction of VF
by programmed electrical stimulation from the RV apex, RV
outflow tract, or left ventricle with a maximum of two
extrastimuli at two cycle lengths.

2.3. Histology and immunohistochemistry

Endomyocardial biopsy samples were fixed in 10%
formalin and embedded in paraffin. For histology, 5-pm-thick
sections were cut and stained with hematoxylin and eosin and
Masson’s trichrome stain and examined by light microscopy.

Immunoenzymatic staining was performed using a
DAKO LSAB System (Dako) according to the manufac-
turer’s instructions, as previously described [13,14,17].
Briefly, the heart sections embedded in paraffin were
preincubated with 1.5% hydrogen peroxide and normal
BSA to block nonspecific reactions. CD45RO (1:100) and
CD68 (1:50) antibodies (both from Dako) for the character-
ization of inflammatory infiltrate, and mouse monoclonal
anti-HNE-modified protein antibody (1:50 dilution, NOF
Medical Department) for assessment of oxidative stress were
added. After incubation at 4°C overnight, the sections were
incubated with biotinylated anti-mouse immunoglobulin for
20 min and subsequently with horseradish peroxidase-
labeled streptavidin solution for 20 min. The slides were
rinsed in cold Tris-buffered saline after each step of
incubation. Peroxidase activity was visualized with diami-
nobenzidine (DAB) tetrahydrochloride solution.

2.4. Semiquantitative analysis of stained samples

Digital images of stained sections were taken with a Fujix
Digital Camera HC-300/0OL mounted on an Olympus BH-2
microscope. Color images from five randomly selected
separate high-power fields (x200) in three or four sections
per patient were obtained. Staining was analyzed using
WinROOF Image software (Mitani Corp.) and assessed by
using the following equation: stained area (%)=100xstained
area (cm?)/total sample size (cm?).

CD45RO- and CD68-positive cells were counted by the
following equation: inflammatory cell infiltration=number of
CD45RO- or CD68-positive cells (n)/total sample size (cm?).

2.5. Genetic analysis

Genetic analysis was performed in compliance with the
guidelines for human genome studies of the Ethics

Committee of Okayama University. Informed consent was
obtained from all subjects. Genomic DNA was extracted
from peripheral blood leukocytes by using a DNA extraction
kit (Gentra, Minneapolis, MN, USA) and was stored at
—30°C until use.

Twenty-seven exons of the SCN5A gene were amplified
with previously reported intronic primers [18]. SCNSA
gene exon 1 is a noncoding region, and we did not analyze
this region in this study. Exons 6, 171 sense, 21, and 25
were not able to be sufficiently amplified by the primers,
and we therefore designed the following intronic primers as
previously described [19,20]. The primers used in this
study are as follows: 5-GTT ATC CCA GGT AAG ATG
CCC-3’ (sense) and 5'-TGG TGA CAG GCA CAT TCG
AAG-3’ (anti-sense) for exon 6; 5'-AAG CCT CGG AGC
TGT TTG TCA CA-3’ (sense) for exon 17-1; 5'-TGC
CTG GTG CAG GGT GGA AT-3' (sense) and 5'-ACT
CAG ACT TAC GTC CTC CTT C-3’ (anti-sense) for exon
21; 5'-TCT TTC CCA CAG AAT GGA CAC C-3’ (sense)
and 5'-AAG GTG AGA TGG GAC CTG GAG-3' (anti-
sense) for exon 25. PCR was performed in a 20-pul reaction
volume containing 50 ng of genomic DNA, 20 pmol of
each primer, 0.8 mM dNTPs, 1x reaction buffer, 1.5 mM
MgCl,, and 0.7 U of AmpliTaq Gold DNA polymerase
(Applied Biosystems, Foster City, CA, USA) or TAKARA
Taq (Takara Bio, Inc., Otsu, Shiga, Japan). All PCR
products were treated with exonuclease I (New England
BioLabs, Ipswich, MA, USA) and shrimp alkaline
phosphatase (USB Corporation, Cleveland, OH, USA),
reacted with a Big Dye Terminator v. 1.1 cycle sequencing
kit (Applied Biosystems) and analyzed on an ABI
PRISM3130 XL sequencer (Applied Biosystems). The
mutations were confirmed four times by independent PCR
amplification and sequencing.

2.6. Statistical analysis
Data are all expressed as means+S.D. Intergroup

comparison was done by Fisher’s Exact Probability Test,
and difference in mean values was tested by Student’s ¢ test,

Table 1

Patients’ characteristics

Number 68

Age, years 49.0£11.6
Male/female 66/2
Family history of SCD (%) 19 (16.1)
Syncope (%) 12 (27.9)
ICD Implantation (%) 22 (32.8)
SCNS5SA Mutation (%) 14 (20.6)
Documented VF (%) 14 (20.6)

SCNS5A mutation+ (%) 3 (4.4)
SCNSA mutation— (%) 11 (16.2)

Data are mean+S.D.
SCD: Sudden cardiac death; ICD: implanted cardioverter defibrillator;
VF: ventricular fibrillation.
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Fig. 2. Study profile.

at a critical level of 5% or lower. All data were analyzed
using SPSS software (version 11.0.1).

3. Results
3.1. Patients' characteristics

Clinical characteristics of all patients with Brugada-type
ECG are shown in Table 1. SCN5A mutation was detected in
14 patients. VF was documented in three patients with
SCN5A mutation and in 11 patients without SCNSA
mutation (Table | and Fig. 2).

Eleven patients (two patients with SCN5A mutation and
nine patients without mutation) had histories of spontaneous
VF that was converted to sinus rhythm by an external
defibrillator before admission. In the other three patients (one
patient with SCNS5SA mutation and two patients without the
mutation), spontaneous VF occurred de novo after discharge
from our hospital and was terminated by implantable
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Fig. 3. HNE-modified protein-positive area. (A) HNE-modified protein-
positive area in patients with spontaneous VF (VF+ group) vs. without (VF—
group). (B) HNE-modified protein-positive area in patients with SCN5A
mutation (SCN5A+). (C) HNE-modified protein-positive area in patients
without SCNSA mutation (SCN5A—). Data are expressed as means+S.D.

cardioverter defibrillator therapy. There was no death in
any of the patients.

3.2. Histology and immunohistochemistry

HNE-modified protein-positive area in patients with
documented VF (VF+ group) was larger than that in patients
without documented VF (VF- group) (VF+ group:
16.3 £10.5% vs. VF— group: 9.3+£5.7%, P<.05) (Fig. 3A).
There were no significant differences in area of fibrosis and
number of CD45R0O- and CD68-positive cells between the
VF+ and VF— groups.

We also checked those parameters in patients with and
without SCN5A mutation. HNE-modified protein-positive
areas were not significantly different in the SCN5A+ and
SCNS5SA- patients (SCNSA+ group: 13.3+£7.6% vs. SCNSA
— group: 10.1£7.3%, P=NS). In SCN5A+ patients, HNE-
modified protein-positive area was not significantly different
between the VF+ and VF— group (VF+ group: 14.0+8.8%
vs. VF— group: 12.74£7.5%, P=NS) (Fig. 3B). However,
in patients without SCN5SA (SCN5A-), the area was
significantly larger in the VF+ group than that in the VF—
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Fig. 4. Histological and immunohistochemical analyses. (A) Areas of
fibrosis in SCN5A+ and SCN5A~ patients in the VF+ and VF- groups.
(B) Numbers of CD45RO-positive cells in SCN5A+ and SCN5A~ patients
in the VF+ and VF— groups. (C) Numbers of CD68-positive cells. Data are
expressed as means+S.D.
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Fig. 5. Representative figures of HNE-modified protein staining. Representative immunostainings (brown) for HNE-modified protein by diaminobenzidine
(DAB) (A and B) and binarized images (green) using WinROOF Image software (C and D) in the myocardium from a patient without SCN5A mutation and with
spontaneous VF (A and C) and from a patient without SCN5A mutation and without spontaneous VF (B and D).

group (VF+ group: 17.0+£11.2% vs. VF— group: 8.444.9%,
P<.05) (Fig. 3C).

Area of fibrosis was not different between the VF+
and VF— groups in both SCN5A+ and SCN5SA-
patients (Fig. 4A). The number of CD45RO-positive cells
was not significantly different between the VF+ and VF—
groups in both SCN5A+ and SCN5A~ patients (Fig. 4B).
Infiltration of CD68-positive cell was rarely seen in patients
in both the VF+ and VF— groups with or without SCN5A
mutation (Fig. 4C).

Fig. 5 shows representative immunostainings (A and B)
for HNE-moditied protein in the myocardium from a patient
without SCN5SA mutation and with spontaneous VF
(A and C) and from a patient without SCN5A mutation
and without spontaneous VF (B and D). Positive immu-
nostainings (brown) for HNE-modified protein are distinct
in the cytosol of cardiac myocytes from a patient with
spontaneous VF (Fig. 5A).

4. Discussion

We investigated oxidative stress levels in the myocardia
of patients with Brugada-type ECG and also examined the
relationship between oxidative stress levels and VF episodes.
The major new finding of this work is that oxidative stress is
elevated in the myocardium of patients with Brugada-type
ECG who have VF episodes and do not have SCNSA gene
mutations. Oxidative stress may play an important role in the
occurrence of VF in patients with Brugada-type ECG
without SCN5SA gene mutations.

Oxidative stress induces loss of function of fy,. Shang
et al. [10] reported that H,O, decreases SCNSA mRNA
transcription and Iy, current. Fukuda et al. [ 1 1] reported that
E2-isoketal, a highly reactive product of lipid peroxidation,
potentiates inactivation of cardiac Na* channels. Our data
showed that oxidative stress was elevated in the myocardium
of BS patients with VF episodes who do not have SCN35A
gene mutations. These findings indicated that loss of function
of Iy, caused by oxidative stress is associated with the
occurrence of VF in patients with Brugada-type ECG.

Oxidative stress is not related to the occurrence of VF in
patients with Brugada-type ECG who have SCN5A mutation
in our study. Frustaci et al. [9] reported that carriers of
SCNS5A mutations demonstrate myocardial cell degeneration
and death. Therefore, mechanisms of VF occurrence in
Brugada-type ECG patients with SCNSA mutation may be
different from those in patients without SCN5SA mutation.
Further studies are needed to clarify the mechanisms. Since
HNE-modified protein-positive areas were not significantly
different in the SCN5A+ and SCN5A— patients in our study,
it was thought that loss of function of the sodium channel due
to SCN5A mutation did not cause oxidative stress.

ROS cause damage to lipid cell membranes in the process
of lipid peroxidation. In this process, several aldehydes,
including HNE, are generated as final products. HNE is
recognized as the most reliable marker of lipid peroxidation
[13,14]. Furthermore, exposure to a large amount of HNE
(400 pmol/l) increases rat cardiac Na* current and causes
cytotoxic effects in cardiac myocytes [21,22]. However, a
small amount of HNE does not have any detectable gating
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effects on Iy, including fy, decay, voltage-dependent
activation, or the voltage dependence of channel availability
[11]. Cardiac function is normal in patients with BS.
Therefore, HNE in cardiac myocytes in patients with BS is
thought to be at a low level and to have no cytotoxic effects
and/or effect on Iy, current.

In conclusion, oxidative stress is elevated in the
myocardium of patients with Brugada-type ECG who have
VF episodes and do not have SCN5SA gene mutations
compared to that in the myocardium of patients without VF
episodes. Loss of function of I, caused by oxidative stress
may be a mechanism for VF in patients with Brugada-type
ECG who do not have SCN5A mutation. Further studies are
needed to clarify this point.
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BACKGROUND Patients with Brugada syndrome (BS) often have
spontaneous changes in their electrocardiogram (ECG).

OBJECTIVE To evaluate the significance of ECG alterations, we
investigated the relationships between the ECG and the occurrence
of ventricular fibritlation (VF) in both patients and an experimen-
tal model of BS.

METHODS In study 1, we evaluated ECG alterations in BS patients
with (VF+, n = 33) and without (VF—, n = 41) spontaneous VF.
We defined type 0 ECG as coved-type ST elevation without a
negative T wave, which represents the existence of loss-of-dome
(LOD) type action potentials (APs). In study 2, we optically
mapped epicardial APs and recorded transmural ECGs in 34 canine
right ventricular tissues with a drug-induced BS model by a com-
bination of pinacidil and pilsicainide.

RESULTS In study 1, changes in ST level =0.2 mV were more
frequent in the VF+ group than in the VF— group (P <.01).
Spontaneous ECG alterations and appearances of types 1 and 0
ECGs were more frequent in the VF+ group than in the VF—
group (P <.01). In study 2, BS model with spike-and-dome
(SAD) epicardial APs exhibited type 1 ECG. Deepening of the
phase 1 notch of the APs induced heterogeneous conversion of

the APs (SAD—L0OD) and resulted in ECG conversion from type
1 to type 0. Significant AP heterogeneity often appeared during
AP alterations and initiated phase 2 reentry. Tissues having
ventricular tachycardia (VT; n = 20) had more frequent alter-
ations in APs and ECG than in tissues without VT
(n = 14; P <.01).

CONCLUSION ECG alterations, especially conversion between
types 0 and 1, are associated with significant AP heterogeneity
that can initiate VF in BS.

KEYWORDS: Sudden death; Electrocardiography; Ventricular fibril-
lation; Brugada syndrome

ABBREVIATIONS AP = action potential; APD = action potential
duration; BS = Brugada syndrome; CL = cycle length; ECG = elec-
trocardiogram; f-QRS = fragmented QRS; ICD = implantable cardio-
verter-defibrillator;  LOD = loss-of-dome; LP = late potential;
LV = left ventricle; RBBB = right bundle branch block; RV = right
ventricle; SAD = spike-and-dome; VF = ventricular fibrillation;
VT = ventricular tachycardia

(Heart Rhythm 2011;8:1014-1021) © 2011 Heart Rhythm Society. All
rights reserved.

Introduction

Brugada syndrome (BS) is characterized by ST elevation in the
right precordial leads, episodes of ventricular fibrillation (VF),"
and sudden cardiac death in patients generally 30-50 years
old.** Type 1 electrocardiogram (ECG), with =0.2 mV coved-
type ST elevation followed by a negative T wave, as defined by
the Report of the Second Consensus Conference of Brugada
Syndrome, is the only ECG type diagnostic of BS.* Although

This article was processed by a Guest Editor. The first two authors
contributed equally to this study. Address reprint requests and corre-
spondence: Hiroshi Morita, Department of Cardiovascular Medicine/Car-
diovascular Therapeutics, Okayama University Graduate School of Medi-
cine and Dentistry, 2-5-1 Shikata-Cho, Okayama City, Okayama, 700-
8558, Japan. E-mail address: hmorita@cc.okayama-u.acjp. (Received
December 15, 2010; accepted February 6, 2011.)

1547-5271/$ -see front matter © 2011 Heart Rhythm Society. All rights reserved.

detection of type 1 ECG is important to predict patient prog-
nosis,>” ECGs in patients with BS often vary spontaneously
between normal and type 1, making it difficult to assess the risk
of VF.3*% Repetitive recordings are necessary to detect and
verify the presence of type 1 ECG.%” ECG alterations are also
associated with frequent implantable cardioverter-defibrillator
(ICD) discharges.”

Experimental studies have shown that type 1 ECG reflects
spike-and-dome (SAD) type action potentials (APs)®~"' and
that a shallow or absent negative T wave reflects loss-of-dome
(LOD) type AP in the right ventricular (RV) epicardium.”!!
Although some clinical studies reported coved ST elevation
without negative T waves in the ECGs of patients with
BS,'? the significance of that particular ECG variation and
its prediction of VF risk are unknown.

doi:10.1016/j.hrthm.2011.02.009
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Figure 1 Classification of ECG types.

negative T wave. Type 1-3 ECGs are de-
fined by the Consensus Reports of Brugada
Syndrome. Normal ECG is defined as nor-

Two typical ECGs are shown in each type.

Type 0 is defined as an ECG with coved- \/2 ! -’_}f\/‘

type ST elevation =2 mm and a shallow .

negative T wave (=] mm) or having no )

mal-appearance ECG with or without early \Y& : VL ’
repolarization. V\N\/* i "’\1\,\_ oy _,\J\r\__ﬂ_

In the present study, we evaluated spontaneous alter-
ations in the ECGs and in the ST level during follow-up
in BS patients with and without VF and the underlying
mechanism and impact of ECG alterations on the occur-
rence of ventricular arrhythmias in an in vitro experimen-
tal model of BS.

Methods

Clinical studies
The study groups comprised 70 males and four females with
Brugada-type ECGs (mean age 59 = 13 years), divided into
those with (VF+ group) and without (VF— group) docu-
mented VF. To minimize the inclusion of patients with new
onset of VF in the future, the VF—group consisted of
elderly patients (=60 years old at their first visit), because
new-onset VF is rare in this population and we wished to
minimize this additional variable.> Naturally, conclusions
from our study can only be directed to the specific popula-
tion we studied. All patients had type 1 ECG (54 spontane-
ous and 20 pilsicainide-induced'’). Of the 20 patients with
pilsicainide-induced type 1 ECG, 17 were in the VF— group
and three in the VF+ group. No patients were from the
same family. Echocardiography and chest X-ray were per-
formed in all patients, and no abnormalities were found. All
patients underwent an electrophysiological study after risks
were explained and written informed consent obtained.
Standard 12-lead ECGs (0—150 Hz filter) and additional
V1-V3 at the third intercostal space were recorded simul-
taneously. To evaluate the alterations in ECG type and ST
level, we acquired ECGs during the initial and at each
scheduled (3—6 months of follow-up) and any unscheduled
visits and during any in-hospital stay. We evaluated the
alterations in the ECG at rest (usually 2 hours before or after

meal) and excluded the ECGs recorded with any stress
(such as exercise test, drug challenge test, full stomach, and
febrile illness).

We evaluated RR, PQ, and QRS intervals in lead II and
QT interval, ST level at J point, and existence of fragmented
QRS (fQRS)'*'? in leads V1-V3 and V5 of the 12-lead
ECG at their first visit.. ECGs during follow-up were clas-
sified as type 0, 1, 2, 3, or normal. Types 2 and 3 ECGs were
defined as in the Reports of the Second Consensus Confer-
ence of Brugada Syndrome.* We defined type 1 as in the
Consensus Report, that is, having ST elevation with nega-
tive T wave, but added the criterion of T-wave depth >1
mm. We defined type O ECG as having coved ST elevation
=2 mm and a shallow or absent negative T wave (depth =1
mm). Our previous experimental studies showed that type 0
ECG represented the existence of LOD type APs in the RV
epicardium®~"" (Figure 1). When multiple ECG types were
observed, for example, when leads V1, V2, and V3 showed
type 1, 0, and 2 ECGs, respectively, we classified the ECG
as the type with the lowest number, type O in this example.
We realize that the addition of new ECG categories com-
plicates the BS classification, but the existing classification
does not include the type 0 ECG.

The electrophysiological study, as we reported previ-
ously,'* was performed in 54 patients. Induction of ventric-
ular arrhythmia was attempted without antiarrhythmic
drugs. The criterion for ventricular arrhythmia was induc-
tion of sustained polymorphic ventricular tachycardia (VT)
or VF by programmed electrical stimulation from the RV
apex, RV outflow tract, or left ventricle, using a maximum
of two extra stimuli shortened to intervals reaching ventric-
ular refractoriness at two cycle lengths (CLs).
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Genetic analysis'* for SCN5A mutations was performed
in 43 patients in compliance with guidelines for human
genome studies at the Ethics Committee of Okayama Uni-
versity.

In vitro studies
The animal investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US Na-
tional Institutes of Health (NIH Publication No. 85-23,
revised 1996). We harvested hearts, as we have done pre-
viously,'""'* from 34 anesthetized adult male mongrel dogs
and immediately perfused the hearts through the aorta with
a cardioplegic solution. We isolated tissues of two sizes,
~2.5 X 2.5 X 1.0 cm?® (epicardial X epicardial X transmu-
ral, 21 free-wall preparations) and ~0.8 X 2.5 X 1.0 cm®
(13 transmural preparations) from the RV free wall. Each
preparation contained a branch of the right coronary artery
(diameter ~1 mm). We inserted into each artery separate
perfusion and pressure monitoring cannulas. The tissues
were mounted in a warmed chamber with their epicardial
(free-wall preparation) or cut-exposed transmural (transmu-
ral preparation) recording surfaces up, perfused with Ty-
rode’s solution at an arterial pressure of 40-50 mmHg at
36.5°C = 0.5°C, and immersed in the perfusion efflux.

We paced the endocardial surface of the tissue at a CL of
2,000 ms. Two silver electrodes were placed in the bath, 5
mm away from the epicardium (anode) and the endocar-
dium (cathode), to register a transmural ECG.'*!!-14

The tissue preparations were stained with di-4-ANEPPS
(Biotium, Inc., Hayward, CA, ~4 mmol/L) and immobi-
lized with cytochalasin D (Fermentek ltd, Jerusalem, Israel,
20-30 wmol/L), which has been shown not to alter canine
electrophysiology.'> We verified the physiological condi-
tions of the preparations as we have done before.'> An
optical mapping system with a 256-element (16 X 16)
photodiode camera collected the fluorescence from a
19.5 X 19.5 mm? observation area on the tissue surface
and converted it into 256 channels of electrical signals
(APs),10-12.14

As we have done before, we induced Brugada-
type transmural ECGs at 36.5°C = 0.5°C with pilsicainide
(2.5-12.5 pmol/L, Asubuio Pharma, Tokyo, Japan) and
pinacidil (1.25-12.5 mmol/L, Sigma Chemical, St. Louis,
MO). The doses of drugs were increased progressively and
simultaneously until the tissues developed the characteristic
epicardial AP of BS.%!0!11416 We statistically analyzed
APs at the recording sites along the epicardial and endocar-
dial layers in the transmural preparations. Transmural dis-
persion of AP duration (APD) was calculated as the differ-
ence between the endocardial and epicardial APDs. We
defined the epicardial regions having the longest and short-
est APDs as EPI 1 and EPI 2, respectively. The depth of the
phase 1 notch of the AP relative to the height of phase 0
depolarization was used as a surrogate indicator of the
effects of transient outward potassium current.®'! We de-
fined SAD type AP as APs with a deep phase 1 notch and
an upstroke leading to the large phase 2 dome. LOD type

10,11,14

AP was defined as the existence of a deep phase 1 notch
with succeeding down-sloping phases 2 and 3 (without a
large phase 2 dome). We defined AP heterogeneity when
both types of APs existed in the epicardium simultaneously
in the optical APs recordings.

We used both free-wall and transmural preparations to
analyze epicardial AP parameters and used transmural tis-
sues to analyze endocardial AP parameters and dispersion
between epicardial-endocardial APs. Polymorphic VT in
the experimental study was identified by three consecutive
beats of rapid nonpaced activations with changing con-
tours.'"'* We compared the ECG and APs between the
tissues with and without any ventricular arrhythmia.

Statistics

Continuous data were expressed as mean * SD values.
Comparisons among means were performed with two-way
analysis of variance coupled with Scheffe’s test. Compari-
son of two groups were made with Student’s r-test for
unpaired data (patients data) and paired data (longitudinal
experiment data), as appropriate. Categorical data and per-
centage frequencies were analyzed by nonparametric test
(Mann-Whitney U-test). Fisher’s exact test was performed
for the comparison of proportions among groups. Markers
of ECG alteration were used in multiple logistic regression
analyses to assess independent predictors of the VF episode.
Significance was defined as P <.05. The authors had full
access to and take full responsibility for the integrity of the
data. All authors have read and agreed to the manuscript as
written.

Results

ECG alterations in patents with and without VF
There were no differences in patients’ background between
the VF— and VF+ groups, except older age (=60 years old)
in the VF— group. Patients in the VF+ group had their first
VF attack at 48 * 11 years of age, and only four (12%)
patients were =60 years old (61-73 years old). There was
no new onset of VF or syncope in the VF— group during
follow-up. Programmed electrical stimulation induced VF
more frequently in the VF+ group (66% vs. 10%; Table 1).
There was no difference in the effective refractory period at
the RV apex (pacing CL 400 ms) between VF+ and VF—
patients (225 * 15 vs. 230 * 18 ms, respectively; P = NS).

The number of recorded ECGs was 13.8 = 9.6 in the
VF+ group (range 2-39) and 10.0 = 7.3 in the VF— group
(range 3-33; P = NS).

Table 1 shows the ECG parameters and the incidence of
each ECG type during follow-up. Spontaneous ECG alter-
ations were common, especially in the VF+ group. ST level
variations (=0.20 mV) during follow-up were more prom-
inent in the VF+ group than in the VF— group. The ap-
pearance of type 0, 1, and normal ECGs was frequent in the
VE+ group (Figures 2, 3). In contrast, the VF— group had
fewer ECG alterations, mild ST level variation, and less
frequent occurrences of type 0 and 1 ECGs. The ECGs in
the VF— group rarely converted to normal ECG (Figure 4).
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Table 1  Clinical and ECG parameters in patients with Brugada syndrome
Asymptomatic VF P
Patients background
n 41 33 —
Female 3 1 ns
Age 68 = 6 48 + 11 <.001
Follow-up period 60.8 + 37.6 75.7 £ 53.9 NS
Family history 8 (19) 11 (35) NS
SCN5A mutation (n = 43) (%) 4 (15) 4 (24) NS
PES induced VF (n = 46) (%) 3 (10) 19 (66) .0008
ECG alterations (%):
ECG type 18 (44) 32 (97) <.0001
ST change =2 mm 6 (15) 30 (91) <.0001
Spontaneous appearance of ECG type during follow-up (%):
Type 0 2 (5) 23 (70) <.0001
Type 1 24 (59) 30 (91) 0014
Type 2 29 (71) 25 (76) NS
Type 3 6 (15) 11 (33) NS
Normal 5 (12) 20 (61) <.0001
ECG Parameters
I
RR, ms 949 *+ 188 958 *+ 168 NS
PQ, ms 193 * 42 183 *+ 38 NS
QRs, ms 105 *+ 13 118 *= 17 .0007
Vi
QT, ms 377 £ 43 405 * 39 .0048
ST level, mV 0.16 = 0.10 0.25 = 0.16 .0026
Spikes 2.4 *+0.8 2.9 = 1.0 .0189
V2
at, ms 386 = 35 407 = 51 .0495
ST level, mV 0.29 = 0.16 0.39 = 0.25 .0303
Spikes 2.6 = 0.9 3311 .0064
V3
QT, ms 386 = 30 391 + 40 NS
ST level, mV 0.19 = 0.11 0.25 = 0.15 NS
Spikes 1.7 £ 0.8 21 +141 NS
V5
QT, ms 386 = 34 376 £ 24 NS
ST level, mV 0.03 = 0.05 0.06 = 0.06 .0368
Spikes 1.2 £ 0.5 1.3 05 NS
faRrs
Total spikes (V1-3) 6.6 + 1.7 83+ 23 .0011
Existence of fQRS (%) 24 (56) 30 (91) .0001

Note: PES: programmed electrical stimulation.

There were longer QRS and QT intervals (V1 and V2),
higher ST level (V1, V2, and V5), more spikes (V1, V2, and
total spikes), and higher incidence of fQRS in the VF+
group than in the VF— group.

In 17 patients of the VF+ group, we compared ECGs
recorded <1 week before or after the VF attack (without
therapeutic drugs) and ECGs recorded =1 year after the last
VF episode. ECG recordings =1 week before or after the
VF attack had a high incidence of type 0 and 1 ECGs (18%
and 59%, respectively) compared with the ECGs recorded
=1 year from VF (0% and 47%, respectively).

Multiple logistic regression analysis (with the following
variables: ST level, ECG types, and fQRS) indicated that
the appearance of type 0 ECG (P = .0478), normal ECG
(P = .0356), and variations of ST level =0.20 mV (P =
.0061) were independently associated with VF. Induced VF

by programmed stimulation was not associated with ECG
alterations.

Alterations in ECG and in AP in the in vitro model
of BS

Before BS induction, the tissues had a normal transmural
APD gradient (longer in the endocardium than in the epi-
cardium), a small phase 1 notch in the epicardial AP, and a
small J wave with a positive T wave in the transmural ECG
(normal in Figure 5). There was no AP heterogeneity in the
epicardium and no spontaneous AP or ECG changes. The
combination of pinacidil and pilsicainide induced a deep
phase 1 notch and a prominent delayed phase 2 dome (SAD)
in the epicardial AP and a transmural ECG with a large J-ST
elevation and a negative T wave, characteristics of BS type
1 ECG. Further deepening of the phase 1 notch abolished
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the phase 2 dome (LOD) in the epicardial AP and changed
the ECG from the type 1 to type O (Figures 5 and 6). The
loss of the phase 2 dome occurred regionally, causing co-
existence of both SAD and LOD types of APs (in the EPI 1
and EPI 2 regions, respectively) within the epicardium.
Traveling of the phase 2 dome from EPI 1 to EPI 2 caused
phase 2 reentry and initiated polymorphic VT in 20/34
tissues.

Compared with the tissues without VT (VT — tissues),
the tissues with VT (VT+ tissues) had longer maximum

¢

V6 \’1/

APDs (in the EPI 1 region and the endocardium), larger
APD dispersions (intraepicardium and between the EPI 2
region and the endocardium), and a deeper phase 1 notch in
the epicardial APs (EPI 1 and EPI 2). AP heterogeneity and
shifting between the LOD and SAD types AP occurred
more frequently in the VT+ tissues. Transmural ECG
showed longer QT interval and larger J wave in the VT+
tissues than in the VT~ tissues (Table 2). Since VT was
associated with AP changes and heterogeneity in the epi-
cardium, changes in the type and ST level (=0.10 mV) of
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Figure 4  Minor alterations in the ECG

type and ST level in the VE— group. This Y3 ‘th\._

ECG series was obtained from an asymp-
tomatic 6l-year-old male. All ECGs
showed type 2 ECG with minor ST level

variation (<2 mm) in leads V1 and V2, V4 V\J/\_.
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the ECG were usually observed at the onset of VT (Figure
6Aa—Ac and 6B). However, AP changes might not produce
visible changes in ECG (e.g., Figure 6Ad) if AP changes
occurred only in a small (<0.5 cm?) region or far from the
ECG electrode (anode; >1-1.5 cm).

Type 0 Type 1 Type 2/3 Normal PVC

!

J i ? :
ECG "\ j‘\ \m ) e /\
1 - \/_ K ST '

4
EPIT
EPI2 o
ENDO
200 ms
Figure 5 ECG and transmural APs in an experimental model of BS.

Transmural ECG types are labeled as in the clinical ECG types. Type 0
ECG represents the LOD type AP in the epicardium, and type | the SAD
type AP in the epicardium. Types 2, 3, and normal ECGs represent a small
phase | notch and a small phase 2 dome in the epicardium. The hetero-
geneity of the epicardial APs initiated phase 2 reentry. Pacing CL = 2,000
ms. EP1 | and EP1 2 = the longest and the shortest APDs in the epicar-
dium, respectively. ENDO = endocardium.
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Discussion

New observations

We observed a greater incidence of spontaneous type 0, 1,
and normal ECGs in the VF+ group than in the VF— group,
although both groups had type 1 ECGs. We also observed
frequent and prominent ST level variations and T-wave
changes in the VF+ group. In the canine tissue models of
BS, we demonstrated regional alternating presence and ab-
sence of the phase 2 dome in APs, leading to significant RV
epicardial heterogeneity, alterations in the ECG, and, fi-
nally, polymorphic VT. In both patients and in the isolated
tissue model of BS, longer QT interval and ST level vari-
ation were associated with the occurrence of VI/VF. There-
fore, changing ECG type and ST elevation were important
risk factors of VI/VF in BS.

Changing ECGs in BS

Although type 1 ECG is a well-recognized diagnostic
predictor of VF,**” fluctuations and changes in the type
of ECG over time have also been reported.>®’ Many
factors affect the ECG type and ST level. For example,
bradycardia,'’ vagal nerve activation,'® full stomach,'®
glucose-insulin test,*® fever,?! exercise test,”” and phar-
macological agents'®?>?* can all cause short-term vari-
ations in the ambulatory ECG.*>*® Repeat ECG record-
ings during follow-up hospital visits also can detect long-
term alterations in the ECG type and ST level.5"*’
Autonomic balance, aging, and sex can all contribute to
these long-term alterations. Veltmann et al® reported fre-
quent spontaneous ECG fluctuations during 17.7 months
of follow-up in patients with BS but did not correlate the
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Figure 6 Changes in ECGs in an experimental model of BS. A: (a)
Conversion from type 1 to type 0 ECG. The couplet of ventricular
complexes occurred during the ECG conversion. (b) Conversion from
type O to type | ECG. The first beat shows type 0 ECG, followed by
initiation of polymorphic VT. Type 1 ECGs appeared after the termi-
nation of VT. (c) ST level variation in type | ECG. All paced beats
show type | ECG. Polymorphic VT occurred at the beats with high ST
elevation. (d) Minor ST level alteration. There were no identifiable
alterations in the ECG when the area with AP alteration was far from
the ECG anode (on the epicardial side). B: Alterations in ECG and
transmural APs. The first beat shows that the epicardium has LOD-type
APs (small blue arrows). Premature ventricular complex in the first
beats occurred from outside of the mapping area. The second beat
shows that AP alteration occurred in the EPI 1 but not in the EPI 2,
resulting in AP heterogeneity and polymorphic VT. The third and fourth
beats show that the epicardium had only SAD type APs (large arrows)
without AP heterogeneity and thus without ventricular arrhythmias.
Pacing CL = 2,000 ms. EPI 1 and EP1 2 = the longest and the shortest
APDs in the epicardium, respectively. Mid = midmyocardium; ENDO =
endocardium.

ECG alterations with clinical characteristics. Richter et
al” reported the detection of type 1 ECG was associated
with a high incidence of appropriate shock from ICD
during 48 months follow-up and concluded that repetitive
ECG recordings detected the type 1 ECG and the risk of
VE.?

The present study demonstrated that ECG changes,
which suggest unstable repolarization processes, occurred
more frequently in the VF+ group than in the VF— group.
The conversion to normal appearance ECG from Brugada-
type ECGs also represented repolarization instability and
AP heterogeneity. Thus, ECG alterations and conversions

are potentially important risk factors that were not previ-
ously noted.

The in vitro experiments demonstrated the mechanistic
links between the ECG alterations and VT in BS via unsta-
ble repolarization in the RV epicardium with simultaneous
presence and frequent shifting of APs with SAD and LOD,
leading to phase 2 reentry and changing ECG. Therefore,
variations in the ECG morphologies (ECG types and ST
level) suggest a proarrhythmic substrate. Moreover, the
spontaneous type 0 ECG was an independent risk factor
for VF.

Different from the previous reports,® this study revealed
that changing ECGs are one of the predictors for occurrence
of VF in BS. Control subjects in the previous study®?*’
included younger patients without VF compared with those
in this study. We excluded such young cases to avoid the
inclusion of the young patients who might have VF in the
future. The difference in the control subjects compared with
in the previous study can explain the different results in this
study.

We evaluated the long-term alterations in ECGs in the
clinical part of the study, although we examined short-term
alteration in ECGs in the experimental part. Although it has
been reported that several acute stress tests (such as full

Table 2  Transmural ECG and APs parameters in an
experimental model of BS
VT () VT (+) P
n 14 20 -—
Drugs, uM
Pilsicainide 10.0 = 2.7 8.7 = 3.3 NS
Pinacidil 8.4+ 3.9 7.3 x 54 NS
APD, ms
EPI 1 243 £ 21 267 * 36 .0048
EPI 2 218 = 19 201 *= 37 NS
ENDO 231 = 12 250 = 11 0124
APD dispersion, ms
EP1-EP2 17 =8 66 *= 46 .0004
EP1-END 77 137 NS
EP2-END 14 = 8 33 = 16 0274
Phase 1 notch, %
EPI 1 19 =5 23 £ 6 .0340
EPI 2 22 £ 8 316 .0008
ENDO 7 x4 2+2 .0142
Conduction time, ms
EPI 1 43 + 8 46 = 14 NS
EPI 2 41+ 9 47 = 14 NS
ENDO 24 = 10 22 +9 NS
ECG
QT 265 £ 27 306 *= 54 .0142
J width, ms 43 = 14 67 = 36 .0212
J voltage, ms 0.80 = 0.49 0.90 = 0.39 NS
AP variation 6 (43) 21 (100) .0001
(SAD <> LOD) (%)
AP Heterogeneity (%) 6 (43) 21 (100) .0001
ECG variation (%) 3 (21) 20 (100) <.0001
ST change (>0.1mV) 3 (21) 20 (100) <.0001
Type 01 (%) 3 (21) 20 (100) <.0001

Note: EPI 1 and EPI 2: the longest and shortest APDs in the epicardium,
ENDO: endocardium.
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