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a b s t r a c t

Background: Vector-projected 187-channel electrocardiograms (ECGs) were recorded in 45 patients with
a Brugada-type ECG to evaluate spatial and transmural repolarization and dispersion of action potential
duration in Brugada syndrome (BS).
Methods: Corrected recovery time (RT-c, R wave peak to the first positive maximum derivative of the T
wave with Bazett correction) and RT-c dispersion were calculated. The corrected T peak-end interval (T
(p-e)-c, T wave peak to the end of the T wave with Bazett correction) and T(p-e)-c dispersion were
calculated.
Results: RT-c dispersion and T(p-e)-c interval were longer in patients with a type 1 ECG, but there was no
significant difference in Tp-e dispersion between patients with a type 1 and those with a type 2/3 ECG.
No significant correlation was noted between RT-c dispersion, T(p-e)-c dispersion, and symptoms. Late
potentials (P¼0.023) and a family history of sudden cardiac death (P¼0.0017) were correlated with
symptoms.
Conclusions: Spatial dispersion of repolarization may constitute the electrocardiographic pattern of the
Brugada type ECG and conduction disturbance in addition to repolarization abnormality may contribute
to the development of malignant ventricular tachyarrhythmias.

& 2013 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

Brugada syndrome (BS) is an arrhythmogenic entity character-
ized by the presence of ST-segment elevation in leads V1–V3 on
surface electrocardiogram (ECG), the absence of structural heart
disease, and a high risk of ventricular tachycardia/ventricular
fibrillation (VT/VF) and sudden cardiac death (SCD) [1–3]. Risk
stratification is controversial, especially in asymptomatic indivi-
duals [4–6]. Transmural dispersion of repolarization within the
ventricular myocardium has been suggested to underlie arrhyth-
mogenesis in BS [7], and ECG markers of ventricular repolarization
have been reported for the identification of high-risk patients
with BS [8]. We investigated whether ECG-based spatial and

transmural ventricular depolarization and repolarization values
are potential risk factors for arrhythmic events in BS patients. In
the present study, we used the recently developed signal-averaged
vector-projected 187-channel high-resolution ECG (187-channel
SAVP-ECG).

2. Methods

2.1. Study patients

The study group comprised 45 consecutive patients (male/
female ratio: 43/2; mean age, 51.5714.4 years) with spontaneous
(n¼26) or drug-induced (pilsicainide 1 mg/kg) (n¼19) type 1 BS
ECG phenotype. The ECG diagnosis of BS was based strictly on
the recommendations of the Second Consensus Conference [3].
Structural heart disease was ruled out in all study patients
by performing transthoracic echocardiography. Those with a
history of syncope, documented sustained ventricular arrhythmia,
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or aborted SCD were considered symptomatic. The study was
approved by the Institutional Review Committee of Nihon Uni-
versity Hospital, and the patients signed informed consent for 187-
channel SAVP-ECG recording, mutation screening for the SCN5A
gene, and invasive electrophysiological study.

2.2. 187-channel SAVP ECG

187-channel SAVP-ECGs were obtained with an electrode lead
system, an input box, a high-precision amplifier (HRES-1000,
Fukuda Denshi Co. Ltd., Tokyo, Japan), and a personal computer.
The input box generated a modified X–Y–Z-lead ECG, and the
vector-projected 187-channel synthesized ECGs via a Mason–Likar
lead system. The input signal (7550 mV) was digitized at 2 kHz
by an analog-to-digital (A/D) converter with a resolution of
0.076 μV. Ten electrodes were attached to the right shoulder, left
shoulder, left lower abdomen, right lower abdomen, and the usual
V1–V6 recording sites. The 187-channel SAVP-ECG recording was
performed with patients in a resting position. Details of the187-
channel SAVP-ECG have been reported previously [9–11]. The 187-
channel SAVP-ECG variables measured in the current study are
described below.

2.3. Repolarization

The RT interval was defined as the time between the peak of
the R wave and the maximum positive peak of the first derivative
of the T wave, which was defined as the peak of the T wave. The RT
end interval (RTend) was defined as the time between the peak of
the R wave and the maximum negative derivative of the T wave. T
peak-end (T(p-e)) was defined as the time between the T peak and
the maximum negative derivative of the T wave (Fig. 1). RT
dispersion was automatically calculated as the difference between
the longest RT interval (RTmax) and the shortest RT interval
(RTmin). RTend dispersion was automatically calculated as the
difference between the longest RTend interval (RTend max) and
the shortest RTend interval (RTend min). T peak-end dispersion
was also automatically calculated as the difference between the
longest T peak-end interval (Tp-e max) and the shortest T peak-
end interval (Tp-e min). The corrected RT interval (RT-c), corrected
RTend interval (RTend-c), and corrected T peak-end interval
(T(p-e)-c) were calculated according to the Bazett formula. Average
RT-c, average RTend-c, and average T(p-e)-c were calculated as the

average value of each of these variables as detected on the
187-channel SAVP-ECG. Formulas for the variables are as follows:

Average RT-c¼average of each RT-c
RT-c dispersion¼RT-c max�RT-c min
Average RTend-c¼average of each RTend-c
RTend-c dispersion¼RTend-c max�RTend-c min
Average T(p-e)-c¼average of each T(p-e)-c
T(p-e)-c dispersion¼T(p-e)-c max�T(p-e)-c min
Average RT-c dispersion¼average of (each RT-c�RT min-c)
Average RTend-c dispersion¼average of (each RTend-c�RTend
min-c)
Average T(p-e)-c dispersion¼average of [each T(p-e)-c�T(p-e)-c
min]

The RTc, RTe-c, and T(p-e)-c maps were displayed as 256-color
coordinated maps according to the time difference. In brief, blue
represents o40 ms; green-yellow, 40�79 ms; orange, 80�99 ms;
and redZ100 ms.

2.4. Depolarization

The modified X–Y–Z-lead ECG and the synthesized signals from
the 187-channel SAVP-ECGs were amplified and passed through a
finite impulse response (FIR) digital filter (frequency characteriza-
tion: 27th order) with a low frequency of 45 Hz and a high frequency
of 280 Hz, and then A/D converted with 12-bit accuracy at 2000 sam-
ples/s. After rejection of ectopic beats, ECG signals over 10 min were
averaged by means of the signal-processing system. The non-filtered
X–Y–Z-lead ECG, filtered X–Y–Z-lead ECG, and vector magnitude ECG
were displayed on the same time scale (Fig. 1). The filtered QRS
(fQRS) duration was determined automatically according to the
beginning and end of the vector magnitude ECG by the points
exceeding 5 times the noise levels. The root mean square of the last
40 ms (RMS40) was measured by the integrated magnitude at 40 ms
before the QRSend of the vector magnitude ECG. In addition, we
measured the duration of low-amplitude signalso40 μV (LAS40) on
the vector magnitude ECG. Spatial distribution of integrated high-
frequency late potentials (HFLPs), as shown by 187-channel SAVP-
ECG mapping, was calculated as the integration of the electrical
potentials of fQRS measured between 30 ms (initial offset) before the
QRSend (QRSend-30) and the QRSend. The endpoint in each channel
was defined as the endpoint of the QRS, where the average exceeded
the mean plus 5 standard deviations of the noise sample. The
integrated HFLP map based on the 187-channel SAVP-ECGs was
defined graphically by the gray scale that exceeded 5 times the mean
noise level. The spatial distribution of integrated HFLPs based on the
187-channel SAVP-ECGs was superimposed on the RTc and T(p-e)-c
dispersion map (Fig. 2).

2.5. Electrophysiological study

A comprehensive electrophysiological study was performed in 27
patients in a fasting, drug-free, non-sedated state. For patients who
underwent coronary artery stent implantation, programmed ventri-
cular stimulationwas performed at 1 month after stent implantation.
After obtaining access to the right femoral vein at 4 sites, 1 quad-
ripolar catheter (Biosense-Webster, Diamond Bar, CA, USA) was
positioned at the right atrial appendage, 1 octapolar catheter
(Biosense-Webster) was positioned at the his bundle electrogram
recording site, and 2 steerable quadripolar catheters (6 F) with an
interelectrode distance of 2–5–2 mm (Biosense-Webster) were posi-
tioned in the right ventricular apex and outflow tract. Endocardial
potentials were filtered to recording frequencies of 30�500 Hz and
recorded on a BARD computer system (BARD Lab Pro, BARD Electro-
physiology, Lowell, MA, USA). Programmed electrical stimulation

RTECG wave

RTend

Tpeak-end

First derivative wave

Fig. 1. Reference point for RT interval, T peak-end interval, and RTend interval. The
RT interval was defined as the time between the peak point of the R wave and the
positive maximum peak of the first derivative of the T wave. The T peak-end was
defined as the time between the peak point of the T wave and the negative
maximum peak of the first derivative of the T wave. RTend was defined as the time
between the peak point of the R wave and the negative maximum peak of the first
derivative of the T wave (modified from Nakai et al. [9]).
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from the right ventricular apex and right ventricular outflow tract
was performed at twice the diastolic threshold strength and a pulse
of 2-ms duration with a pulse generator (BD-02, Fukuda Denshi Co.).
An S1–S2 interval was applied after 8 beats of drive pacing (S1) at
basic cycle lengths of 600 ms and 400 ms. The S1–S2 interval was
decreased in 10-ms steps until the effective refractory period of the
right ventricle was reached. When ventricular fibrillation (VF) lasting
45 s and requiring DC shock was not induced with a single
premature beat, 3 extra stimuli (S2 until the effective refractory
period was reached, S3 and S4 to 180 ms) were delivered.

2.6. Follow-up

In general, patients were followed up at 4- to 5-month intervals
in our outpatient clinic. Examinations included assessment of
subjective symptoms and 12-lead ECG and device interrogation
if necessary in the event of onset of symptoms or device dis-
charges. Follow-up ranged from 36 to 214 months (mean,
80.8752.3 months; median, 91 months).

2.7. Statistical analysis

Continuous clinical and electrophysiological values are shown
as mean7SD. Between-group differences in these values were
analyzed using the Mann–Whitney U test. Categorical data were
analyzed by Fisher's exact probability test. A P value of o0.05 was
considered statistically significant. StatView 5.0 software (SAS
Institute Inc., Cary, NC, USA) was used for analysis.

3. Results

The clinical, genetic, electrocardiographic, and electrophysiolo-
gical characteristics of the study patients are shown in Table 1.
Eight of the 45 patients were symptomatic, having a history of

syncope (n¼3) or aborted SCD (n¼5). The remaining 37 patients
were asymptomatic, although 4 had a family history of SCD. The
ECGs of 26 patients showed a type 1 basal ECG pattern, and 19
showed a type 1 ECG pattern after a challenge test. An SCN 5 A
mutation was found in 1 patient. Positive ventricular late poten-
tials were detected in 26 of 44 (59.1%) patients. Among the 28
patients in whom an electrophysiological study was performed, VF
was induced in 25 (89.3%). The clinical, genetic, electrocardio-
graphic, and electrophysiological characteristics of the patients in
each group (symptomatic and asymptomatic patients) are shown
in Table 2. A family history of sudden cardiac death (SCD) at age
o45 years, spontaneous type 1 ECG, and positive ventricular late
potentials were significantly more prevalent in the group of
symptomatic patients. However, the AH interval, HV interval,
and inducibility of VF/polymorphic VT did not differ between the
2 groups of patients.

3.1. Spatial and transmural repolarization obtained from 187-
channel SAVP-ECG

The average RT-c, RTend-c, and T(p-e)-c intervals calculated
from the 187-channel SAVP-ECG are shown in Table 3. The average
T(p-e)-c was marginally increased in patients with a type 1 ECG
compared to that in patients with a type 2/3 ECG (49.0714.1 ms
vs. 41.078.1 ms, P¼0.062). However, no significant difference
between average RTend-c and average T(p-e)-c intervals was
observed.

3.2. Spatial and transmural dispersion of repolarization obtained
from 187-channel SAVP-ECG

RT-c dispersion was significantly greater in patients with a type
1 ECG compared to that in patients with a type 2/3 ECG
(86.3720.8 ms vs. 73.3719.7 ms, P¼0.041). Additionally, average
RT-c dispersion was greater in patients with a type 1 ECG
compared to that in patients with a type 2/3 ECG (41.8715.8 ms
vs. 32.4716.8 ms, P¼0.064) (Table 4, Figs. 3 and 4). However, no
significant difference in RTe-c dispersion, average RTe-c disper-
sion, T(p-e)-c dispersion, or average T(p-e) dispersion was
observed between the type 1 and type 2/3 ECG patterns. No
significant difference in RT-c dispersion, average RT-c dispersion,
RTe-c dispersion, average RTe-c dispersion, T(p-e) dispersion, or
average T(p-e) dispersion was observed between symptomatic and
asymptomatic patients (Table 4).

Non-filtered QRS wave

End point of non-filtered QRS wave

LPcriteria:
fQRS    >120 ms
LAS40 >38 ms

2D distribution of LP

RMS40  <20 μV

Vector magnitude ECG

LP map superimposed on the RTc dispersion map

Fig. 2. Spatial distribution of high frequency ventricular late potentials (HFLPs) as
defined by the gray scale on the RT dispersion map based on a 187-channel signal-
averaged vector-projected high-resolution electrocardiogram. HFLPs were gener-
ated graphically by dividing voltages that exceeded 5 times the mean noise level,
and represented by an increasing gray scale. The HFLP area is variable depending on
the threshold voltage, which can be changed in 0.5 μV steps. Note the high
frequency late potentials located at the right anterior lesion. The RTc dispersion
map was displayed as a 256-color coordinated map according to the time
differences. In brief, the blue representso40 ms; green-yellow, 40�79 ms; orange,
80�99 ms; and red,Z100 ms. LP, ventricular late potential; fQRS, filtered QRS
duration; RMS40, root mean square of the last 40 ms; LAS40, duration of low
amplitude signalso40 μV; RTc, time between the peak point of the R wave and the
positive maximum peak of the first derivative of the T wave corrected using the
Bazett formula.

Table 1
Clinical, genetic, electrocardiographic, and electrophysiological characteristics of
the study patients (n¼45).

Age (y); mean7SD 51.5714.3
Sex ratio (M/F) 43/2
Symptomatic 8
Cardiopulmonary arrest 5
Syncope 3
Family history of SCD 4
Spontaneous Brugada type 1 ECG pattern 26
SCN5A gene mutation 1
Late potential; mean7SD 26/44 (59.1%)
EPS 28
AH interval (ms); mean7SD 101.5722.7
HV interval (ms); mean7SD 47.479.2
Inducible VF/PVT at EPS 25
ICD implantation 10
Follow-up (mo); mean7SD 80.8752.3
Arrhythmic event during follow-up 1

Number of patients is shown unless otherwise indicated.
SCD, sudden cardiac death; EPS, electrophysiological study; VF, ventricular fibrilla-
tion; PVT, polymorphic ventricular tachycardia; ICD, implantable cardioverter
defibrillator.
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An arrhythmic event occurred in 1 symptomatic patient during
the follow-up period.

4. Discussion

In the present study, we showed that average T(p-e)-c interval,
RT-c dispersion, and corrected average repolarization dispersion
were greater in patients with a type 1 ECG than in patients with a
type 2/3 ECG. However, no differences were noted in other
variables representing other parameters of repolarization interval
and spatial and transmural dispersion of repolarization between

patients with a type 1 and those with a type 2/3 ECG. Furthermore,
no differences in spatial and transmural dispersion variables were
observed between symptomatic and asymptomatic patients,
although the prevalence of positive late ventricular potentials
was significantly higher in symptomatic patients. The prevalence
of positive ventricular late potential in type 1 ECG was marginally
higher compared to that in type 2/3 ECG (16/26 vs. 6/18, P¼0.062),
and both repolarization and depolarization abnormalities may
constitute a type 1 ECG. Qualitative analysis showed that late
potentials were located adjacent to the V2–V3 ECG position,
whereas the distribution of the RT-c, RTe-c, and T(p-e)-c

Table 2
Clinical, genetic, electrocardiographic, and electrophysiological characteristics of
symptomatic and asymptomatic patients.

Symptomatic
(n¼8)

Asymptomatic
(n¼37)

P value

Age (y); mean7SD 56.0716.0 49.2713.1 0.18
Sex ratio (M/F) 8/0 35/2 0.50
Family history of SCD 3 1 0.014
Spontaneous Brugada

type 1 ECG pattern
8 18 0.0072

Late potential 7/8 16/36 0.023
SCN5A gene mutation 1 0 0.178
EPS 8 19 0.014
AH interval (ms);

mean7SD
92.979.2 105.1725.8 0.36

HV interval (ms);
mean7SD

48.573.8 47.7711.1 0.66

Inducible VF/PVT at EPS 8/8 17/19 0.34
ICD implantation 5 5 0.0025
Follow-up (mo);

mean7SD
124765 71.5745.0 0.0005

Arrhythmic event
during follow-up

1 0 Not
applicable

Number of patients is shown unless otherwise indicated.
SCD, sudden cardiac death; EPS, electrophysiological study; VF, ventricular fibrilla-
tion; PVT, polymorphic ventricular tachycardia; ICD, implantable cardioverter
defibrillator.

Table 3
Comparison of spatial and transmural repolarization time and Brugada ECG type
and symptoms.

Avg. RT-c Avg. RTe-c Avg. T(p-e)-c

BS Type 1 ECG 215.7724.5 312.9724.0 49.0714.1
BS Type 2/3 ECG 215.1727.9 301.4733.2 41.078.1
P value 0.93 0.11 0.062
Symptomatic 213.9740.3 310.4735.3 48.5711.1
Asymptomatic 215.8721.0 307.5752.8 45.2712.9
P value 0.47 0.73 0.41

RT-c, corrected recovery time interval; Avg., average; RTe-c, corrected recovery time
end interval; T(p-e), T peak-end interval.
See the text for the definition of these parameters.

Table 4
Comparison of spatial and transmural dispersion of repolarization and Brugada ECG type and symptoms.

RT-c dispersion Avg. RT-c dispersion RTe-c dispersion Avg. RTe-c dispersion T(p-e)-c dispersion Avg. T(p-e)-c dispersion

BS Type 1 ECG 86.3720.8 41.8715.8 64.2718.0 37.6717.8 62.4719.3 37.6718.7
BS Type 2/3 ECG 73.3719.7 32.4716.8 73.3719.7 33.8710.9 58.8713.3 35.8711.8
P value 0.041 0.064 0.17 0.42 0.49 0.72
Symptomatic 77.6728.4 41.3717.4 67.8713.1 30.9712.7 59.6719.7 27.6713.7
Asymptomatic 81.9719.6 37.4716.7 60.1716.9 37.2715.8 61.3716.7 38.8716.1
P value 0.61 0.56 0.24 0.30 0.80 0.74

RT-c, corrected recovery time interval; Avg., average; RTe-c, corrected recovery time end interval; T(p-e), T peak-end interval.
See the text for the definition of these parameters.

Asymptomatic patient

XYZ

Brugada type 3 ECG

Fig. 3. RTc dispersion map in an asymptomatic patient with a Brugada type 3 ECG.
Color scale is as described in Fig. 2. RTc dispersion is 69 ms, and average RTc
dispersion is 23 ms. The ventricular late potential is negative. Abbreviations are as
in Fig. 2.

Patient resuscitated
from SCD
Brugada type 1 ECG

fQRS: 172 ms
RMS40: 6.5 μV 
LAS40: 64 ms 

RTc and 2D distribution of LP map

Fig. 4. RTc dispersion map in a symptomatic case with a Brugada type 1 ECG. Color
scale is as in Fig. 2. RTc dispersion is 100 ms and average RTc dispersion is 51 ms.
The ventricular late potential is positive. Abbreviations are as in Fig. 2.
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dispersion was more widespread, and usually located left inferior
to the late potential location. The dispersion of the depolarization
and repolarization indices suggests a different pathogenesis of
these abnormalities.

Transmural dispersion of repolarization within the ventricular
myocardium has been suggested to underlie arrhythmogenesis in
Brugada, short QT, or long QT syndrome, and in SCD [12,13]. Three
electrophysiologically distinct cell types have been identified in
the ventricular myocardium: endocardial, epicardial, and M cells.
Differences in the time course of repolarization of these 3 ventri-
cular myocardial cell types contribute prominently to inscription
of the electrocardiographic T-wave [14]. In isolated ventricular
wedge preparations, the peak of the T-wave was shown to
coincide with epicardial repolarization and the end of the
T-wave with repolarization of the M cells; thus, Tp-e provides a
measure of transmural dispersion of repolarization [15]. These and
other studies have suggested that although Tp-e on the surface
ECG may not be equivalent to transmural dispersion of repolariza-
tion, this interval may serve as an index of transmural dispersion
of repolarization and thus be helpful in forecasting risk for the
development of life-threatening arrhythmias [13,15]. Evidence in
support of this hypothesis has been provided in hypertrophic
cardiomyopathy, congenital, and acquired long QT syndrome, and
other pathologic conditions [7]. The reported cellular basis of BS is
marked dispersion of repolarization in the right ventricular
epicardium and transmurally [16–18]. Previous studies showed
that the T peak-end interval and T peak-end dispersion on the 12-
lead ECG are potential risk factors for VT/VF and VT/VF inducibility
in patients with the Brugada ECG phenotype [8,19]. Studies have
reported that QT/RR and T peak-end/RR slopes show loss of rate-
dependency in VF(þ) BS patients than in VF(�) BS patients and
control patients, and the T peak-end interval correlated negatively
with the RR interval in the VF(þ) Brugada group and positively
with the RR interval in the VF(�) Brugada and control groups [20].
However, an experimental study comparing epicardial electro-
grams and surface electrograms showed that T peak-end does not
correlate with transmural dispersion of repolarization but rather is
an index of total dispersion of repolarization [21]. In the present
study, average T(p-e)-c interval, corrected maximum T peak-end
dispersion, and corrected average T peak-end dispersion from the
187-channel SAVP-ECG did not differ between symptomatic and
asymptomatic BS patients. However, average T(p-e)-c interval was
marginally increased in patients with type 1 ECG compared to that
in patients with type 2/3 Brugada type ECG. Additionally, corrected
maximum RT interval dispersion and corrected average RT interval
dispersion were greater in patients with a type 1 ECG compared to
those in patients with a type 2/3 Brugada type ECG. However, the
parameters on the absolute value and dispersion of repolarization
did not differ between symptomatic and asymptomatic BS
patients. Therefore, the ECG manifestation of type 1 Brugada
ECG may be related to the longer transmural repolarization
interval and greater spatial dispersion of refractoriness. Recent
studies have shown that right ventricular fibrosis and conduction
delay without a transmural repolarization gradient are the domi-
nant pathophysiologic mechanisms for type 1 ECG and the origin
of VF in BS [22–25]. We previously reported the presence of right
ventricular outflow tract endocardial conduction delay and right
ventricular septal histopathological abnormalities in patients with
BS [26,27]. Furthermore, Nademanee et al. reported that the
electrophysiological mechanism in patients with BS is delayed
depolarization over the anterior aspect of the right ventricular
outflow tract, and catheter ablation of this area of abnormal
depolarization results in normalization of the Brugada ECG pattern
and prevents VT/VF [28]. In our patient series, the prevalence of
ventricular late potentials was significantly higher in symptomatic
patients than in asymptomatic patients.

4.1. Study limitations

Our study was limited first by the fact that the 187-channel
SAVP-ECG is not yet widely accepted for assessment of spatial and
transmural dispersion of repolarization; therefore, further studies
may be needed to validate this novel ECG algorithm. Second, the
study group was small. A subsequent study involving a large study
group is needed to verify the clinical usefulness of the 187-channel
SAVP-ECG.

5. Conclusion

Spatial dispersion of repolarization may constitute the electro-
cardiographic pattern of the Brugada type ECG, and this conduction
disturbance in addition to repolarization abnormality may contribute
to the development of malignant ventricular tachyarrhythmias.
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