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CLINICAL PERSPECTIVE

Sick sinus syndrome (SSS) is a common arrhythmia often associated with aging or organic heart diseases but may also occur
in a familial form with a variable mode of inheritance. Recent studies have linked several genetic defects with familial SSS
in genes including the cardiac Na channel (SCN5A); however, the pathogenesis and molecular epidemiology of familial SSS
remain undetermined primarily because of its rarity. We genetically screened 48 members of 15 SSS families and identi-
fied 6 SCN5A mutations. Heterologously expressed mutant Na channels showed loss-of-function properties. Among 19
family members with SCN5A mutations, QT prolongation and Brugada syndrome were associated in 4 and 2 individuals,
respectively. Age of onset in probands carrying SCN5A mutations was significantly less (12.4+4.6 years) than that in SCN5A-
negative probands (47.0+4.6 years) or nonfamilial SSS (74.3+0.4 years). Meta-analysis of SSS probands carrying SCN5A
mutations (n=29) indicated profound male predominance (79.3%) resembling Brugada syndrome but with a considerably
earlier age of onset (20.9+3.4 years). The notable pathophysiological overlap between familial SSS and Na channelopathy
indicates that familial SSS with SCN5A mutations may represent a subset of cardiac Na channelopathy with strong male
predominance and early clinical manifestations. This study also suggests that SSS is the earliest electrophysiological mani-
festation of SCN5A mutation carriers, which may be associated with other arrhythmias such as long QT syndrome, Brugada
syndrome, and dilated cardiomyopathy under the control of confounding factors including aging, hormones, other genetic

variations, and undetermined environmental factors.
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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 (P=0.023) and a family history of sudden cardiac death (P=0.0017) 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

* Correspondence to: Division of Cardiology, Department of Medicine, Nihon
University School of Medicine, 30-1 Oyaguchi-kamimachi, Itabashi-ku, Tokyo
173-8610, Japan. Tel.: +81 3 3972 8111; fax: +81 3 3972 1098.
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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, 51.5 + 14.4 years) with spontaneous
(n=26) or drug-induced (pilsicainide 1 mg/kg) (n=19) 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,

1880-4276($ - see front matter © 2013 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.
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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 ( 4 550 mV) was digitized at 2 kHz
by an analog-to-digital (A/D) converter with a resolution of
0.076 pV. 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-¢, average RTend-c, and average T(p-e)-c were calculated as the
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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. {3}).

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

Average RT-c=average of each RT-c

RT-¢ dispersion=RT-c max —RT-c min

Average RTend-c=average of each RTend-c

RTend-c dispersion=RTend-c max —RTend-c min

Average T(p-e)-c=average of each T(p-e)-c

T(p-e)-c dispersion=T(p-e)-c max —T(p-e)-c min

Average RT-c dispersion=average of (each RT-c—RT min-c)
Average RTend-c dispersion=average of (each RTend-c— RTend
min-c)

Average T(p-e)-c dispersion==average 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 < 40 ms; green-yellow, 4079 ms; orange, 80 —99 ms;
and red > 100 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 (¥ig. 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 signals <40 pV (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 stimulation was 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
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4 Non-filtered QRS wave

End point of non-filtered QRS wave

LPcriteria:
fQRS >120 ms
LAS® |1ASw  >38ms
RMS40 <20V

RMS40

i £l

Vector magnitude ECG

2D distribution of LP

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 0.5pV 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 represents < 40 ms; green-yellow, 40 —79 ms; orange,
80-99 ms; and red,> 100 ms. LP, ventricular late potential; fQRS, filtered QRS
duration; RMSgo, root mean square of the last 40 ms; LAS4o, duration of low
amplitude signals < 40 pV; 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.

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 S;-S, interval was applied after 8 beats of drive pacing (S1) at
basic cycle lengths of 600 ms and 400 ms. The S;-S, interval was
decreased in 10-ms steps until the effective refractory period of the
right ventricle was reached. When ventricular fibrillation (VF) lasting
>5s and requiring DC shock was not induced with a single
premature beat, 3 extra stimuli (S, until the effective refractory
period was reached, S3 and S, 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,
80.8 + 52.3 months; median, 91 months).

2.7. Statistical analysis

Continuous clinical and electrophysiological values are shown
as mean + SD. 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 <0.05 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

Table 1
Clinical, genetic, electrocardiographic, and electrophysiological characteristics of
the study patients (n=45).

Age (y); mean + SD 51.5+14.3
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; mean + SD 26/44 (59.1%)
EPS 28

AH interval (ms); mean + SD 1015 +22.7
HV interval (ms); mean = SD 474+9.2
Inducible VF/PVT at EPS 25

ICD implantation 10
Follow-up (mo); mean + SD 80.8 +52.3
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.

syncope (n=3) or aborted SCD (n=5). 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 5A
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
< 45 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 (49.0 + 14.1 ms
vs. 41.0 + 8.1 ms, P=0.062). 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
(86.3 +20.8 ms vs. 73.3 + 19.7 ms, P=0.041). 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 (41.8 + 15.8 ms
vs. 32.4 +16.8 ms, P=0.064) (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).
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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

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

Symptomatic Asymptomatic P value
(n=8) (n=37)
Age (y). mean :+ SD 56,0 +16.0 49.2 4 13.1 0.18
Sex ratio (M/F) 8/0 35/2 0.50
Family history of SCD 3 1 0.014
Spontaneous Brugada 8 18 0.0072
type 1 ECG pattern
Late potential 718 16/36 0.023
SCN5A gene mutation 1 0 0.178
EPS 8 19 0.014
AH interval (ms); 92.9+9.2 105.1 :+25.8 0.36
mean + SD
HV interval (ms); 48.54 3.8 477 + 111 0.66
mean + SD
Inducible VF/PVT at EPS  8/8 17/19 0.34
ICD implantation 5 5 0.0025
Follow-up (mo); 124 + 65 715+ 450 0.0005
mean + SD
Arrhythmic event 1 0 Not
during follow-up 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 215.7 +24.5 3129+240 49.0 + 141
BS Type 2/3 ECG 2151 +279 30144332 41.0+ 81
P value 0.93 0.11 0.062
Symptomatic 213.9+403 3104 +353 485+ 111
Asymptomatic 2158 +21.0 307.5+52.38 452 +12.9
P value 047 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

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, P=0.062),
and both repolarization and depolarization abnormalities may
constitute a type 1 ECG. Qualitative analysis showed that late
potentials were located adjacent to the V,-V3 ECG position,
whereas the distribution of the RT-¢, RTe-c, and T(p-e)-c

Asymptomatic patient
Brugada type 3 ECG

.
I

s,

Sl
Ll mh

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
RMSy: 6.5 pv
LAS 4 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.

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 86.3 +20.8 41.8+158 64.2+18.0
BS Type 2/3 ECG 7334197 3244168 733+19.7
P value 0.041 0.064 0.17
Symptomatic 776+284 413+ 174 67.8+13.1
Asymptomatic 819+ 196 374+16.7 60.1 +16.9
P value 0.61 0.56 0.24

376+17.8 62.4+19.3 376+187

33.8+109 58.8+13.3 358+ 118
0.42 0.49 0.72

309+12.7 59.6+19.7 27.6+13.7

3724158 613167 38.8+16.1
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.
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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(+) 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(+) 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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BACKGROUND (Causative arrhythmias of sudden cardiac arrest
(SCA) are changing in this age of improved coronary care.

OBJECTIVE The purpose of this study was to examine the frequency
of terminal arrhythmias and the electrical events prior to SCA.
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METHODS We analyzed 24-hour Holter recordings of 132 patients
envolled from 41 institutions who either died (n = 88) or had an
aborted death (n = 44). The Holter recordings were obtained for
diagnosing and evaluating diseases and arrhythmias in those
without any episodes suggestive of SCA.

RESULTS In 97 patients (73%), SCA was associated with ventricular
tachyarrhythmias and in 35 (27%) with bradyarrhythmias. The
bradyarrhythmia-related SCA patients were older than those with a
tachyarrhythmia-related SCA (70 = 13 years vs 58 * 19 years,
P < .001). The most common arrhythmia for a tachyarrhythmia-
related SCA was ventricular tachycardia degenerating to ventricular
fibrillation (45%). The bradyarrhythmia-related SCA was caused by
asystole (74%) or AV block (26%). Spontaneous conversion was
observed in 37 patients (38%) with ventricular tachyarrhythmias. Of
those, 62% of the patients experienced symptoms including syncope,
chest pain, or convulsion. Multivariate logistic analysis revealed that
independent predictors of mortality for tachyarrhythmia-related SCAs
were advanced age (odds ratio 1.04, 95% confidence interval 1.02-
1.08) and ST elevation within the hour before SCA (odds ratio 3.54,
95% confidence interval 1.07-13.5). In contrast, the presence of

http://dx.doi.org/10.1016/j.hrthm.2014.04.036
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preceding torsades de pointes was associated with spontaneous
conversion (odds ratio 0.20, 95% confidence interval 0.05-0.66).

CONCLUSION The most frequent cause of SCA remains ventricular
tachyarrhythmias. Advanced age and ST elevation before SCA are
risk factors for mortality in tachyarrhythmia-related SCAs.

KEYWORDS Electrocardiogram; Sudden death; Arrhythmia; Survivor;
Holter recording

ABBREVIATIONS AAD = antiarrhythmic drug; AV = atrio-
ventricular; €I = confidence interval; ECG = electrocardiogram;
OR = odds ratio; PVC = premature ventricular complex; SCA =
sudden cardiac arrest; TdP = torsades de pointes; VF = ventricular
fibrillation; VT = ventricular tachycardia; VTA = ventricular
tachyarrhythmia

(Heart Rhythm 2014;11:1418-1425) © 2014 Heart Rhythm Society.
All rights reserved.

Introduction

Sudden cardiac arrest (SCA) is one of the major causes of
death in industrialized countries and is an important clinical
and public health problem.”” SCAs annually cause approx-
imately 300,000 deaths in the United States”™ and 70,000 in
Japan™ in out-of-hospital settings. An early systematic review
of Holter monitoring showed that SCAs result mainly from
ventricular tachyarrhythmias (VTAs), which include ventric-
ular tachycardia (VT) and ventricular fibrillation (VF), and in
part from primary bradyarrhythmias.” Recent studies using
data from emergency rescue services reported a reduction in
the prevalence of SCAs due to VTAs and hypothesized that
this was a consequence of a decline in coronary artery disease
mortality in the last 2 decades.””'' However, most existing
analyses have been limited to patients who received an
attempted resuscitation.””'™"* Additionally, it is difficult to
accurately identify the arrhythmia responsible for a given SCA
based on the initial rhythm recorded by emergency personnel.
The reason for this is an arrhythmia can start via one
mechanism and morph into another. Studies using data from
implantable cardioverter-defibrillators also are suboptimal
because a high-fidelity electrogram during the hours that
precede the onset of the SCA cannot be stored because of a
limited memory storage capacity. In contrast, a Holter electro-
cardiogram (ECG) recording is a comprehensive tool that can
provide definitive information about antecedent electrical
events and terminal arthythmias leading to SCA.*'*"

The aim of the present study were 3-fold: (1) to reexamine
the prevalence of terminal arrhythmias in this age of
improved treatment of, and a diminished morbidity from,
coronary artery disease; (2) to identify the ECG markers that
precede the onset of SCA by scrutinizing the last hour before
SCA in the Holter recordings and to identify the independent
predictors of aborted death for VTAs; and (3) to examine the
characteristics of spontaneous termination of VTAs.

Methods

Patients

We examined the Holter recordings of 132 patients enrolled
from 41 institutions in Japan from 1990 to 2013. This study
included 85 patients previously published in the proceedings
of sudden cardiac death workshops held in 1991 and 2010.”"
The remaining 47 patients were enrolled after those work-
shops. Thirty-two patients were reported in both the 2010

72,23

workshop and two heart rate variability—related articles.”

Patients were enrolled if they required Holter monitoring
for any reason, whether they were outpatients or patients
hospitalized for diagnostic testing. Patients who received
Holter monitoring during their stay in coronary care units or
during hospitalization for end-state disease were excluded.
The protocol was approved by the ethics committee of each
institution, and patients or their families gave written
informed consent at the time of Holter recording. The study
complied with the Declaration of Helsinki.

Holter recording analysis

Holter recording was done using the bipolar CMS5 chest lead
and a modified lead II. A full ECG printout and rhythm strip
at a paper speed of 25 mm/s was collected to the extent
possible. Three authors (EW, TT, YA) reevaluated each case
to identify the terminal arrhythmia and outcome by review-
ing the Holter recordings with differences resolved by
consensus. A pediatric cardiologist made a diagnosis of the
pediatric Holter recording. The arrhythmias considered
during the hour before SCA (preceding electrical events)
included tachycardia with any rhythm having a rate > 100
bpm, bradycardia with any rhythm having a rate <50 bpm,
sinus pauses with a duration >3 seconds, atrioventricular
(AV) block, paroxysmal atrial fibrillation, and a high
frequency (= 10 per hour) of premature atrial complexes or
premature ventricular complexes (PVCs). Paroxysmal atrial
fibrillation was defined as an arrhythmia of a supraventric-
ular origin associated with a grossly irregular ventricular
rhythm and no visible P waves that lasted for > 10 seconds.
VT was considered present when at least 3 consecutive PVCs
occurred at a rate >120 bpm. VF required a disorganized
ventricular rhythm with no discrete QRS complexes. Tor-
sades de pointes (TdP) was defined as a distinctive form of
polymorphic VT characterized by smooth changes in the
amplitude and twisting of the QRS complexes around the
isoelectric line. The R-on-T phenomenon was defined as a
superimposition of a PVC on the T wave of a preceding beat.
T-wave alternans was defined as alternans in either the
amplitude or the shape of the T wave. Any ST elevation >1
mm or ST depression < —1 mm for >10 seconds was
considered to be a reflection of ischemia. Finally, we noted
whether the cardiac rhythm was reestablished, and whether
or not the patient survived. Several preceding electrical
events were observed in each patient, but they had only 1
terminal arrhythmia before SCA. The tachycardic terminal
arrhythmia types were categorized into 4 types, namely, as
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VT degenerating to VF (VT/VF type), VF without any
antecedent VT (primary VF type), TdP, or VT throughout the
arrest (VT type). The bradycardic terminal arrhythmia types
were classified into asystole or AV block.

Definition

We employed a commonly used definition of SCA, that is,
death from an unexpected circulatory arrest, due to a cardiac
arrthythmia occurring within an hour of the onset of symp-
toms.' The survivors in this study had aborted death that was
defined as either VTAS lasting > 1 minute or pauses lasting
> 10 seconds but terminating spontaneously or being reversed
by resuscitation and leading to the patient’s survival. For the
purpose of analyzing the circadian distribution of SCA, the
SCA event time was defined as the time of day when the final,
lethal arrhythmia began, whether or not it was aborted.

Statistical analysis

Differences in the frequency were tested using the y” test or
the Fisher exact ¢ test for categorical data. A Student ¢ test or
1-way analysis of variance was used to evaluate continuous
variables, where appropriate. Arrhythmias were analyzed as
dichotomous outcomes. Stepwise multiple logistic regres-
sion analyses were performed to determine which potential
variables had significant effects on each of the outcome
variables by controlling for other significant variables. Only
significant variables (P < .10) identified in the univariate
analysis were included in the starting model for the multi-
variate analyses. A backward elimination procedure was
used to identify the final reduced model. All identified

variables were included in the model, and nonsignificant
covariates were removed using a backward elimination proce-
dure according to a selection stay criterion of P < .05. An odds
ratio (OR) for risk factors was assessed for a 1-unit deviation
increase for the continuous variables and the condition present
(vs absent) for dichotomous variables. The circadian variability
of SCA was analyzed using an algorithm for a fast Fourier
transform to test for the presence of periodic components.
Quantitative data are expressed as mean * SD. A 2-tailed P <
.05 was considered significant. Statistical analysis was per-
formed using JMP 10.0.2 software (SAS Institute, Cary, NC).

Results

Holter recordings were performed on an outpatient basis in
68% of the patients and under a hospitalized condition in 32%
of the patients. The indications for Holter recordings were as
follows: palpitations (51%), chest pain (29%), syncope or
faintness (12%), other (15%), and unknown reasons (7%). The
total exceeded 100% because of multiple indications reported.

Patient characteristics

The baseline clinical data classified according to their
terminal arrhythmias are summarized in Table 1. The mean
age of all patients was 61 * 18 years (range 2-100 years).
The patients with bradyarrhythmias were older and were
more likely to have a history of a stroke than the VTA
patients. There was no significant difference in the frequency
of ischemic heart diseases between the 2 groups. All 8 of the
long QT patients had VTAs as their terminal arrhythmia, but
the difference in the proportion of long QT patients within

Table 1  Baseline characteristics of the patients
Ventricular tachyarrhythmia Bradyarrhythmia
(n=97) (n = 35) P value
Age (years) 58 = 19 70 = 13 <.001
Male [n (%)] 61 (63) 20 (57) .550
Basic rhythm [n (%)]
Sinus rhythm 90 (93) 31 (89) 440
AF 5 (5) 2 (6) 727
Complete AV block 2 (2) 2 (6) .286
Underlying disease [n (%)]
Acute coronary syndrome 5 (5) 2 (6) 727
Old myocardial infarction 18 (19) 4 (12) .245
Effort angina 23 (24) 8 (24) .919
Vasospastic angina 2 (2) 2 (6) .286
Hypertension 6 (6) 6 (18) .061
Dilated cardiomyopathy 9 (9) 1(3) .200
Long QT syndrome 8 (8) 0 (0) .078
Brugada syndrome 2 (2) 0 (0) .538
Valvular heart disease 1(2) 3 (9) .056
Heart failure 8 (8) 1(3) .256
Stroke 5 (5) 7 (20) 015
Therapy [n (%)]
Beta-blocker 10 (10) 3(9) 531
Class I AAD 16 (16) 6 (17) 929
Class III AAD 3(3) 0 (0) 394
ICD implantation 1(1) 0 (0) 735

Data are given as mean * SD or number (frequency).

AAD = antiarrhythmic drug; AF = atrial fibrillation; AV = atrioventricular; ICD = implantable cardioverter-defibrillator.
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Figure 1 Frequency and outcome of terminal arrhythmias. A: Distribution of the types of terminal arrhythmias leading to sudden cardiac arrest or aborted

death. Ventricular tachycardia degenerating into ventricular fibrillation (VT/VF) comprised most of the terminal events. Prevalence and mortality rate in relation
to the terminal arrhythmias. B: Percentage above cach arrhythmia is the mortality rate. Of the terminal tachyarrhythmias, VI/VF was found in 36 and 23, primary
VF in 17 and 6, torsades de pointes (TdP) in 3 and 7, and VT in 4 and | for VT of the nonsurvivors and the survivors, respectively. For the terminal
bradyarrhythmias, an escape rhythm was observed in 25 and 1 and AV block in 3 and 6 of the nonsurvivors and the survivors, respectively. AV == atrioventricular.

the VTA and bradyarrhythmia patients did not reach
statistical significance (P = .078). Four patients with vaso-
spastic angina had not received calcium channel blockers at
the time of Holter recordings. The distribution of terminal
arrhythmias leading to SCA is shown in Figure 1A. The
VT/VF type (n = 59, 45% of all terminal arrhythmias)
comprised a large portion of the terminal events followed by
the primary VF type (n = 23 [17%], TdP (n = 10 [7%]), and
VT type (n = 5 [4%]). The prevalence of primary bradyar-
rhythmic events was 27%, the sum of asystole (n 26
[20%]) and AV block (n = 9 [7%])).

VTA patients

Baseline clinical data and preceding electrical events for the
VTA patients classified according to the 4 terminal arrhyth-
mia types are summarized in Table 2. The age and basic
rhythms were similar among the 4 groups of patients. There
were significant differences in the prevalence of acute
coronary syndrome, hypertension, and long QT syndrome.
Of the preceding electrical events, PVCs, nonsustained VT,
TdP, R-on-T phenomenon, ST elevation, and ST depression
were commonly observed. Significant differences were
observed in the incidence of preceding electrical events
including TdP and the R-on-T phenomenon.

Table 3 outlines the baseline characteristics and preceding
electrical events in the VTA patients classified according to
outcome. Figure I8 presents the mortality rates in relation to
the terminal arrhythmias. There was no significant difference
in mortality rate between the 4 VTAs (P = .092). Non-
survivors were older than survivors and had a higher

prevalence of heart failure than did survivors. Tachycardias
and ST elevation were more frequent in nonsurvivors
compared to survivors. In contrast, long QT syndrome and
preceding TdP were more frequent in survivors compared to
nonsurvivors. Preceding TdP was observed in 20 patients
altogether, 8 of whom had long QT syndrome. Of the 12 non—
long QT patients, 6 were female, 4 had an old myocardial
infarction, and 3 were taking a class I AAD. Short episodes of
TdP were repeatedly observed before the cardiac arrest.

In the 37 survivors, the fatal VTAs converted to a basic
rhythm with resuscitation in 13 patients (35%) or spontaneously
in 24 patients (65%). Any symptoms were documented in 23
patients (62%), which included syncope or faintness in 83%,
chest pain in 22%, and convulsion in 4% (with duplication).
Twelve patients who did not claim any symptoms had
spontaneous conversions during the night. In addition, the
survivors had 3.8 = 5.6 preceding VTA episodes.

A multivariate logistic regression analysis revealed that the
independent predictors of mortality were age (OR 1.04, 95%
confidence interval [CI] 1.02-1.08, P < .001), and preceding
ST elevation (OR 3.54, 95% CI 1.07-13.5, P = .039). In
contrast, the presence of preceding TdP was associated with a
better survival (OR 0.20, 95% CI 0.05-0.66, P = .011).

Bradyarrhythmia patients

Baseline characteristics, preceding electrical events, and
outcomes in the bradyarrhythmia patients are presented in
Online Supplemental Tables 1 and 2. The mortality rate was
higher in the patients with asystole than in those with AV
block (Figure 18).
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Table 2 Baseline characteristics of the ventricular tachyarrhythmia patients
VT/VF (n = 59) Primary VF (n = 23) TdP (n = 10) VT (n =5) P value
Age (years) 57 £ 19 62 = 15 53 *+ 16 54 = 16 430
Male [n (%)] 34 (58) 20 (87) 4 (40) 3 (60) 034
Basic rhythm [n (%)]
Sinus rhythm 55 (93) 21 (91) 9 (90) 5 (100) .897
AF 4(7) 0 (0) 1 (10) 0 (0) 510
Complete AV block 0 (0) 2(9) 0(0) 0 (0) .086
Underlying disease [n (%)]
Acute coronary syndrome 3 (5) 2(9) 0(0) 0(0) <.001
0ld myocardial infarction 12 (20) 4 (17) 0 (0) 2 (40) .268
Effort angina 13 (22) 7 (30) 1 (10) 2 (40) 486
Vasospastic angina 2 (3) 0 (0) 0 (0) 0(0) 725
Hypertension 2 (3) 0(0) 3 (30) 1 (20) .038
Dilated cardiomyopathy 9 (15) 0 (0) 0(0) 0(0) .094
Long QT syndrome 3 (5) 1(4) 4 (40) 0(0) .002
Brugada syndrome 1(2) 0 (0) 1(10) 0 (0) .289
Valvular heart disease 1(2) 0 (0) 0(0) 0 (0) .885
Heart failure 4(7) 3 (13) 0 (0) 1(20) 443
Stroke 3 (5) 0 (0) 2 (20) 0 (0) .110
Preceding electrical events [n (%)]
Tachycardia 17 (29) 2 (9) 0 (0) 1 (20) .071
Bradycardia 2 (3) 3 (13) 0(0) 0 (0) 248
Premature atrial complex 5 (8) 3 (13) 1(10) 1 (20) .823
Premature ventricular complex 25 (42) 11 (48) 1(10) 2 (40) 210
Nonsustained VT 20 (34) 2 (9) 1(10) 1 (20) .069
Torsades de pointes 9 (15) 2 (9) 9 (90) 1 (20) <.001
R-on-T phenomenon 46 (78) 16 (70) 6 (60) 1(20) .016
T-wave alternans 1(2) 0 (0) 0 (0) 0 (0) 726
Paroxysmal AF 5 (8) 3(13) 1(10) 0 (0) .813
ST elevation 15 (25) 8 (35) 2 (20) 1(20) 763
ST depression 20 (34) 7 (30) 2 (20) 0 (0) .383
Therapy [n (%)]
Beta-blocker 5 (8) 2 (9) 2 (20) 1 (20) 614
Class I AAD 11 (19) 0 (0) 3(33) 2 (40) 044
Class ITI AAD 0 (0) 2 (9) 0 (0) 1 (20) 614
1CD implantation 1(2) 0 (0) 0 (0) 0(0) .885

Data are given as mean = SD or number (frequency).

AAD = antiarrhythmic drug; AF = atrial fibrillation; AV = atrioventricular; ICD = implantable cardioverter-defibrillator; VF = ventricular fibrillation;

VT = ventricular tachycardia.

Circadian variation

The distribution of the frequency of SCAs is shown in
Figure 2. The fast Fourier transform failed to detect any
significant peak of the onset of SCA when applied to the data
from all patients (P = .965; Figure 2A), survivors (P =
.756), or nonsurvivors (P .807), VTA (P = .896;
Figure 2B), or bradyarrhythmia (P = .357; Figure 2C), and
an ischemic etiology (P = .944) or nonischemic etiology
(P = .957). Of note, the patients with Brugada syndrome
(n=12; 11:32 PM and 5:13 AM) and vasospastic angina (n = 4;
2:31 AM, 3:41 AM, 4:55 AM, and 5:39 AM) had SCA
events from night to early morning.

Discussion

Major findings

In patients who had SCA during Holter recording, 73% of the
SCAs resulted from VTAs, similar to the previous stud-
ies.>' 1718 The novel findings of the current study were that
advanced age and ST elevation the hour before SCA were
independent predictors of mortality. We observed that

approximately 40% of patients with VTAs experienced self-
termination of the arrhythmias with either cardiopulmonary
resuscitation or spontaneously. Furthermore, we found that
TdP, observed as a premonitory event, was associated with
spontaneous conversion. Bradyarrhythmia-related SCAs were
characterized by advanced age and higher frequency of
comorbidities compared to patients with VTA-related SCAs.

Mechanism of SCA
Our study showed that 73% of SCAs resulted from VTAs
that included VT degenerating to VF (45%), followed by
primary VF (17%), TdP (7%), and VT throughout the arrest
(4%). Bayes de Luna et al® demonstrated that the most
frequent causes of SCA were VT degenerating to VF
(62.4%), followed by TdP (12.7%) and primary VF
(8.3%). The proportion of the VTAS in our study was similar
to their data; however, the incidence of primary VF was
double that of their study.

In an earlier study, ischemic ST changes prior to fatal
arrhythmias were found in 12.6%,° but our data showed that
ST elevation or ST depression was observed in 28% and
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Table 3 Baseline characteristics and preceding events in
ventricular tachyarrhythmia patients classified according to
outcome

Nonsurvivors  Survivors

(n = 60) (n=37) Pvalue
Age (years) 64 *+ 17 48 + 18 <.001
Male [n (%)] 42 (70) 19 (51) .064
Basic rhythm [n (%)]
Sinus rhythm 53 (89) 37 (100)  .031
AF 5 (8) 0 (0) .183
Complete AV block 2 (3) 0 (0) .380
Underlying disease [n (%)]
Acute coronary syndrome 2 (3) 3 (8) .281
Old myocardial infarction 13 (22) 5 (14) .233
Effort angina 17 (28) 6 (16) 131
Vasospastic angina 0 (0) 2 (5) .143
Hypertension 3 (5) 3(8) 416
Dilated cardiomyopathy 7 (12) 2 (5) .256
Long QT syndrome 1(2) 7 (19) .004
Brugada syndrome 0 (0) 2 (5) .138
Valvular heart disease 1(2) 0(0) 143
Heart failure 8 (13) 0 (0) .018
Stroke 3 (5) 2 (5) .635
Preceding electrical events
In (%)]
Tachycardia 16 (27) 4 (11) .049
Bradycardia 5 (8) 0 (0) .085
Premature atrial complex 7 (12) 3(8) 423
Premature ventricular 23 (38) 16 (43) .394
complex
Nonsustained VT 12 (20) 12 (32) .128
Torsades de pointes 4(7) 16 (43) <.001
R-on-T phenomenon 42 (70) 27 (73) 754
T-wave alternans 0(0) 1(3) .381
Paroxysmal AF 5 (8) 4 (11) 471
ST elevation 21 (35) 5 (14) .016
ST depression 21 (35) 8 (22) .120
Therapy [n (%)]
Beta-blocker 4(7) 6 (17) 124
Class T AAD 11 (18) 5 (14) 372
Class III AAD 2 (3) 1(3) 676
ICD implantation 0 (0) 1(3) .381

Data are given as mean =* SD or number (frequency).

AAD = antiarrhythmic drug; AF = atrial fibrillation; AV = atrioven-
tricular; ICD = implantable cardioverter-defibrillator; VF = ventricular
fibrillation; VT = ventricular tachycardia.

33%, respectively, prior to the onset of SCAs from VTAs.
Multivariate logistic regression analysis revealed that ST
elevation was an independent predictor of death with VTAs,
suggesting that myocardial ischemia may play a role in
VTAs followed by SCA. The preceding ischemic ECG sign
and VTAs would have an impact on the management
of SCA.

Spontaneous conversion of VTAs

We found that approximately 40% of the patients with VTAs
had a spontaneous conversion, of whom 35% of patients
required cardiopulmonary resuscitation and 65% had spon-
taneously restored basic rhythm. Nearly 60% of the survivors
experienced symptoms, but the remaining patients did not

claim symptoms, probably because spontaneous conversion
occurred during sleeping hours.

Spontaneous conversion was observed in young patients
who had no structural heart disease, which is consistent with
previous reports.” ™ TdP was often associated with sponta-
neous conversion to sinus rhythm not only in long QT
syndrome but also in cases with an old myocardial infarction.
It occurred more frequently in females and in patients
receiving class I AAD therapy.” Because spontaneous
conversion must happen by chance, we cannot expect the
same phenomena in the subsequent episode of VF.

The mechanisms of self-termination of TdP or VF may
involve hyperkalemia or an elevation of the released
catecholamines as shown in animal experimants.‘2’?’2§< How-
ever, this hypothesis is based on animal studies showing that
transient VF is a normal feature in mammals that have
predominantly sympathetic autoregulation. Understanding
the mechanisms of spontaneous conversion may provide
therapeutic options.

Bradyarrhythmia-related SCA

Our data showed that the frequency of bradyarrhythmia-
related SCAs was 27%, which was higher than the 16%
reported by Bayes de Luna et al.” We found that there was a
higher frequency of coexisting strokes and heart failure,
which was consistent with previous studies, '

Circadian pattern of SCA

Multiple studies reported a significant circadian periodicity
at the time of onset of an acute myocardial infarction or
sudden death, with a peak incidence in the morning hours.™*
For the peak incidence of such acute cardiovascular events in
the morning, enhanced sympathetic activity, a “sympathetic
morning surge,” is believed to play a main role. >
However, we could not delineate any rhythmicity in SCA
in the present study. This observation may be related to the
effect of medications, or the background of the patients who
underwent Holter recording might have differed from the
subjects in the general population.

Study limitations

This study was retrospective and was not based on the
general population but on patients who required Holter
recording for medical reasons. The race or the physical and
emotional activities before SCA were not assessed.”" " It is
important and instructive to examine the frequency of SCAs
during Holter recordings. Unfortunately, we did not include
this investigation item in the study protocol; thus, we were
not able to assess the SCA occurrence rate. This SCA
occurrence rate may vary according to the characteristics
of the institution and/or the severity of condition in the
patients.

Conclusion
We showed that the major mechanism of SCA was VTAs.
In the VTAs, self-termination was observed, especially in
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to detect any significant peaks of the onset (A) through (C).

patients who were young and had no structural heart disease.
Advanced age and ST elevation the hour before SCA were
independent predictors of mortality for the VTAs. TdP,
observed as a premonitory event, was associated with sponta-
neous conversion. The patients with bradyarrhythmia-related
SCAs were older and characterized by a higher frequency of
comorbidities.
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Ras-related small G-protein Rad plays a critical role in generating arrhythmias via regulation of the L-type
Ca?* channel (LTCC). The aim was to demonstrate the role of Rad in intracellular calcium homeostasis by
cardiac-Specific dominant-negative suppression of Rad. Transgenic (TG) mice overexpressing dominant-
negative mutant Rad (S105N Rad TG) were generated. To measure intracellular Ca®* concentration
([Ca®*]s), we recorded [Ca?']; transients and Ca®* sparks from isolated cardiomyocytes using confocal
microscopy. The mean [Ca®*]; transient amplitude was significantly increased in S105N Rad TG cardio-
myocytes, compared with control littermate mouse cells. The frequency of Ca®* sparks was also signifi-
cantly higher in TG cells than in control cells, although there were no significant differences in
amplitude. The sarcoplasmic reticulum Ca?* content was not altered in the $S105N Rad TG cells, as
assessed by measuring caffeine-induced [Ca®*]; transient. In contrast, phosphorylation of Ser®*® on the
cardiac ryanodine receptor (RyR2) was significantly enhanced in TG mouse hearts compared with con-
trols. Additionally, the Rad-mediated RyR2 phosphorylation was regulated via a direct interaction of
Rad with protein kinase A (PKA).
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1. Introduction upregulated in vascular smooth muscle cells (VSMCs) during vas-
cular lesion formation i8]. Regarding the role of Rad in the heart,

Rad (Ras associated with diabetes) is a member of the Ras- we previously reported that Rad could function as a potent inhib-

related Rad, Gem, and Kir (RGK) family of small GTP binding pro-
teins, which was identified by subtractive cloning as overexpressed
in skeletal muscle of patients with type 2 diabetes mellitus {1,2}.
The RGK family encodes GTP-binding proteins with several struc-
tural features that are distinct from other GTPases {3,4}. Compared
to Ras, the N-terminus of Rad is extended by 88 amino acids and
the C-terminus is extended by 31 amino acids, and Rad lacks a
CAAX-like prenylation site present in other Ras-like molecules
15,61, These characteristic structures allow Rad to interact with a
variety of cellular effectors to participate in many biological func-
tions. Rad can inhibit insulin-stimulated glucose uptake in myo-
cyte and adipocyte cell lines [} and regulate neurite extension
via Rho/RhoA kinase (ROK) signaling {7}, and Rad expression is
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itor of voltage-dependent calcium channels by directly binding to
their B-subunit and that dominant-negative suppression of Rad
induced ventricular arrhythmias {$}. Other groups have also
reported the physiological importance of Rad in cardiac functions
[-11]. Chang et al. reported that Rad is downregulated in the
human failing heart and knocking out Rad in mouse heart exagger-
ated cardiac hypertrophic remodeling under pressure overload
conditions, via enhanced Ca%*/calmodulin-dependent kinase II
(CaMKIl) signaling | 10]. Rad also serves as an important endoge-
nous regulator of cardiac excitation—contraction (EC) coupling
and p-adrenergic signaling {17]. Together, these results including
our study indicate that Rad may interact with a signaling pathway
that regulates Ca®* homeostasis in cardiomyocytes, which may in
turn influence arrhythmias as well as the remodeling of hypertro-
phy in hearts. However, the mechanism for Rad-mediated
regulation of intracellular Ca** homeostasis in cardiomyocytes
has not been fully elucidated.
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The main goal of this study was therefore to examine the effect
of Rad on cardiac intracellular calcium homeostasis and to clarify
its mechanisms using an in vivo mouse model of cardiac-specific
dominant-negative suppression of Rad.

2. Methods

All experimental procedures and protocols were approved by
the Animal Care and Use Committee of Keio University
(20-041-4) and conformed to the NIH Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23 revised 1996).

2.1. Adenoviral transduction and cell culture

Ventricular cardiomyocytes were isolated from the left ventri-
cles of adult mice using enzymatic digestions as previously
described, with slight modifications [9]. Isolated cardiomyocytes
were re-suspended in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1% penicil-
lin-streptomycin (all from Invitrogen, Carlsbad, CA) and then pla-
ted at a density of 6 x 10°/dish. Adenovirus harboring Ad-GFP and
Ad-S105N Rad was added to the culture medium of cardiomyo-
cytes. Cultured cardiomyocytes of Ad-GFP and Ad-S105N Rad were
utilized as electrophysiological and biochemical measurements
24 h after infection.

2.2. Electrophysiological experiments

The L-type calcium current (Ic,p) and action potential were
recorded using the whole-cell patch clamp technique with an Axo-
patch 200B amplifier (Axon Instruments, Foster City, CA). All
recordings from myocytes were performed at 37 °C. Cells were
superfused in solution containing (in mmol/L) 140 NaCl, 5 KCl, 1
MgCl,, 10 HEPES, 2 CaCl,, and 10 glucose (pH 7.4, adjusted with
NaOH). For I¢,, recordings, the external solution was replaced with
a Na', K’'-free solution after establishing the whole-cell clamp
mode. The micropipette electrode solution for measuring lc,.
was composed of {in mmol/L} 60 CsOH, 80 CsCl, 40 asparate, 5
HEPES, 10 EGTA, 5 MgATP, 5 phosphocreatinine, and 0.65 CaCl,.
L-type calcium currents were elicited by 300-ms depolarizing steps
from —40 to 65 mV, in 5-mV increments.

Action potentials (APs) were recorded in an external solution
containing (in mmol/L) 140 NaCl, 5 KCl, 1 MgCl,, 10 HEPES, 1.8
CaCl,, and 10 glucose (pH 7.4, adjusted with NaOH). The micropi-
pette electrode solution for recording action potentials was
composed of (in mmol/L) 130 K-glutamate, 9 KCl, 10 HEPES, 2
EGTA, and 5 MgATP (pH 7.2, adjusted with KOH). Action potentials
were initiated by short depolarizing current pulses (2-3 ms,
500-800 pA) at 2 Hz. Ba®" currents were recorded at 25 °C in an
external solution containing (in mmol/L) NaCl 140, CsCl 5, BaCl,
4, MgCl, 1.0, glucose 10, and HEPES 10 (pH 7.4, adjusted with
NaOH).

2.3. Calcium imaging experiments

Initially, myocytes were loaded at 37°C with Fluo-4 AM
(10 pM; Molecular Probes) for 30 min to measure [Ca®']; transient,
Ca®" spark, and Ca?* wave. The cells were then assessed for Fluo-4
fluorescent signal intensity at room temperature using a Zeiss
LSM-510 confocal microscope (5-Live mode) with a x 40 lens
(NA 1.3) and laser excitation/emission (488/543 nm) {12}
Myocytes were incubated in 1.0 mM Ca®" Tyrode solution and
stimulated via platinum electrodes connected to a stimulator at a
frequency of 1 Hz. Contraction amplitudes and rates of contraction
and relaxation were recorded online with a video edge-detection

system and data acquisition software as described previously
[12]. The sarcoplasmic reticulum (SR) Ca®" content was evaluated
after rapid injection of caffeine (10 mM) |13} and expressed as a
relative value of the baseline value, F/F,.

2.4. Western blotting

Total protein was extracted from frozen hearts. Equal amounts
of total extracted protein (20-50 pg) were subjected to SDS-PAGE.
A rabbit anti-Rad polyclonal antibody (a kind gift from Ronald
Kahn in the joslin Diabetes Center, Harvard Medical School) was
used for Rad detection. The other primary antibodies were pur-
chased as follows: anti-cardiac Ca** ATPase (SERCA2a), anti-
phospholamban (PLB), and anti-phospho-PLB Ser'® (p-PLB Ser'®)
(Affinity BioReagents); anti-Na*/Ca®" exchanger (NCX) (Abcam);
anti-RyR2, anti-phospho-RyR Ser?®%? (p-RyR Ser?8%%), anti-PKA-C
(PKA catalytic subunit), and anti-phospho-PKA C Thr'®7 (p-PKA C
Thr'®”) (Cell Signaling Technology); anti-p1 AR and anti-B2 AR
(Sigma-Aldrich).

2.5. PKA kinase assay

The samples of heart tissues (about each 10 g) were homoge-
nized in 1 ml of 0.1 N HCL. The lysates were centrifuged at 1200g
for 10 min at 4°. The supernatants were assayed immediately.
The concentrations of cAMP were measured using a radioimmuno-
assay kit (Yamasa).

2.6. Statistical analysis

All data are shown as mean + SEM. Statistical differences were
determined using repeated-measures ANOVA, and P<0.05 was
considered significant.

3. Results

3.1. Dominant-negative suppression of Rad in cardiomyocytes leads to
the induction of triggered activities

To first confirm the dominant-negative Rad effect on Ic, in
genetically modified mouse cells, we measured Ic, . from wild-type
littermates (control) and S105N Rad TG mouse cardiomyocytes
using whole-cell patch clamping in voltage clamp mode. Fig. 1A
shows representative Ic,; traces recorded from control and
S105N Rad TG cardiomyocytes. The peak Ic,; was dramatically lar-
ger in the ST05N Rad TG cells than in controls (15.9 + 1.0 pA/pF at
5mV (n=4)inS105N Rad vs 9.4 +£ 0.9 pA/pF at 5 mV (n = 8) in con-
trol, Fig. 1A). In contrast, there were no significant differences in
steady-state inactivation curves {n=7) and activation curves
(n = 8) between these groups (¥ig. 1B).

Next, we recorded the action potentials (APs) in current-clamp
mode. Fig. 1C shows representative AP traces from control and
S105N Rad TG cells. Both AP durations were significantly pro- .
longed at 50% repolarization (APDsp) and at 90% (APDgp) in
S105N Rad TG cells, compared with control cells (APDgo:
53.2+7.3ms (n=4)in S105N Rad vs 30.8 +4.6 ms (n=7) in con-
trol, ¥ig. 1D). Consistent with the prolongation of APDs in ST05N
Rad TG cells, the abnormal potentials like triggered activities
including delayed after depolarizations (DADs) and early after
depolarizations (EADs) were observed in S105N Rad TG cells
(¥ig. 1E), while no abnormal activities were observed in controls,
implicating the intracellular Ca®* overload by downregulation of
Rad activity.
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Fig. 1. The electrophysiological properties in ST05N Rad TG mice. (A) Representative Ic, in control and dominant negative Rad (S105N Rad) TG mouse (left panel). The peak
Icay Was dramatically farger in the ST05N Rad TG cells than in controls (right panel —15.9 + 1.0 pA/pF at 5mV (n=4) in S105N Rad vs —9.4 0.9 pA/pF at 5mV (n=8) in
control; P < 0.01). (B) The effect of Rad activity on activation and inactivation curves in Ic,; (inactivation curves (left panel) and activation curves (left panel)). There were no
significant differences in steady-state inactivation curves among these groups (n = 7) and in steady-state inactivation curves among these groups (n = 8). (C) Representative
action potential traces recorded from control and S105N Rad TG mouse cardiomyocytes. (D) Action potential duration at 50% repolarization (APDsg) and at 90% (APDg). APDsg
in S105N Rad TG was significantly prolonged compared with control cells (APDgp at the pacing length of 100 ms: 21.7 £3.2 ms (n=7) in ST05N Rad cells vs 11.1 £ 1.6 ms
(n=7)in controls; P=0.02). APDgp in S105N Rad TG was significantly prolonged compared with control cells (APDgg at the pacing length of 100 ms: 54.7 + 6.8 ms (n=7) in
S105N Rad cells vs 30.8 + 4.6 ms (n = 7) in controls; P = 0.04). (E) Triggered activities in ST05N Rad. Delayed afterdepolarization (DAD) was observed in S105N Rad TG mouse
(left panel). Early afterdepolarization (EAD) was also observed in S105N Rad (right panel). However, no abnormal activities were observed in control cells.

3.2. Rad regulates intracellular Ca®* homeostasis in cardiomyocytes

To evaluate Ca®* overload in S105N Rad TG mice, we investi-
gated the effects of Rad on intracellular Ca** concentration using
Ca®* indicator, Fluo-4 AM. Fig. 2A and B show the representative
line scan images, and their corresponding [Ca®*); transients by field
stimulation at 1 Hz in cardiomyocytes obtained from control and
$105N Rad TG mice. The amplitude of [Ca®*]; transients (F/Fo)
was larger in S105N Rad TG cell than in controls, showing a mean
increase of 34%. In contrast, there were no significant differences in
decreased time to 50% relaxation (RT50) or the tendency for a
decrease of the time constant (t of [Ca®*]; decline in cardiomyo-
cytes, which was indicated as the index of relaxation (Fig. 2C). A
possible mechanism for the effect of Rad on the [Ca?*}; transient
amplitudes could involve the regulation of SR Ca?* content. To

clarify this possibility, we measured caffeine-evoked [Ca®']; tran-
sients; however, there were no significant differences in the ampli-
tude, 7, or RT50 of [Ca%*]; transients between S105N Rad TG and
control cells (Fig. 2D).

The spatial and temporal uniformity of Ca®" transients are
important aspects of cardiac EC coupling and its modulation by
B-AR stimulation [14]. In heart failure models, dis-synchronous
SR Ca?" releases, such as Ca®* sparks and waves, have also been
linked to reduced inotropy and enhanced arrhythmogenesis {15].
To investigate the Ca®* leak in S105N Rad TG mice, we therefore
recorded Ca** sparks emitted from isolated S105N Rad TG
and control cardiomyocytes (Fig. 2E). The frequency of Ca®*
sparks, F/F and full duration at half maximum (FDHM) of Ca®*
sparks were increased in S105N Rad TG cardiomyocytes, com-
pared with controls (¥ig. 2F), while there were no significant
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Fig. 2. Intracellular Ca®* imagings of S105N Rad TG mouse and control. The Representative line scan images and their [Ca®"]; transients by field stimulation at 1 Hz recorded
from control (A) and S105N Rad TG cardiomyocytes (B). (C) The parameters of [Ca®'}; transients (control (n =25) vs S105N Rad TG (n=25), "P<0.05 vs control). (D)
Amplitudes, RT50, and 7 of Ca®" transients in response to rapid application of 10 mmol/l caffeine (control (n = 46) vs S105N Rad TG (n = 47)). (E) Representative traces of Ca®*
sparks between control and S105N Rad TG cardiomyocytes. (F) Parameters of Ca?* sparks (control (n =30) vs S105N Rad TG (n = 32), *P<0.05 vs control). The frequency of
Ca?* sparks, F/Fo and full duration at half maximum (FDHM) of Ca?* sparks were increased in S105N Rad TG cardiomyocytes, compared with controls (control (n=18) vs
S105N (n = 24), *P < 0.05 vs control), while there were no significant differences in full width at half maximum (FWHM). (G) Percentages of spontaneous Ca®" waves in control
and S105N Rad TG cardiomyocytes (control {n =330) vs S105N (n = 315), *P < 0.05 vs control).

differences in full width at half maximum (FWHM) (Fig. 2F). approximately 3-fold more cardiomyocytes induced with sponta-
Notably, spontaneous Ca?* waves were more frequently observed neous Ca®* waves from S105N Rad mice compared to controls
in S105N Rad TG cells than in controls, and there was (Fig. 2G).
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3.3. The phosphorylation of RyR-Ser*%° was upregulated in SI05N Rad ~ 3.4. Rad regulates the PKA signaling pathway
TG mice
Since the site of Serine 2809 at RyR2 is a phosphorylation point
To investigate the mechanism behind the increased frequency of protein kinase A (PKA) {16,17}, we investigated the phosphory-
of the SR Ca®* release channel, the phosphorylation of RyR2 at Ser- lation of PKA. As shown in Fig. 3C, phosphorylated PKA-catalytic
ine 2809 (p-RyR2 Ser?8%°) was examined, with the results showing  subunit at Thr'®” site (p-PKA-C Thr'®?) was significantly greater

a significant increase in p-RyR2 Ser?®%° in S105N Rad TG mice com-  in S105N Rad TG mice, compared with control. Furthermore, PKA

pared with control mice (Fig. 3A). kinase assay confirmed the upregulation of p-PKA-C Thr'®’ in
Furthermore, in order to exclude the non-specific increase in S105N Rad TG mice (Fig. 3D).

the phosphorylation of RyR2 in genetically S105N Rad TG mouse In order to elucidate the possibility of direct interaction

hearts, we measured the phosphorylation of p-RyR2 Ser?*® in between Rad and PKA, GST pull-down assay was performed. As

S105N Rad-transduced cardiomyocytes using adenoviral vectors. shown in Fig, 4A, GST WT-Rad interacted with PKA-C, suggesting
Consistent with in vivo mouse experiments, p-RyR2 Ser?®®® was  that the direct interaction of Rad on PKA might lead to the
significantly increased in S105N Rad-transduced cells (Ad S105N regulation of PKA as well as RyR2 phosphorylation.

Rad cells), compared with cells transduced with control adenovirus There are several upstream molecules of PKA signaling path-
(Ad-control cells). In contrast, there was no difference in the way, including B-adrenergic receptors {B-ARs), adenylate cyclase
saturated level of p-RyR2 Ser?®®® stimulated with 1pumol/L  (AC), and cAMP. We measured the concentration of cAMP, protein
isoproterenol (ISO) between them (¥ig. 3B). These results indicated expression of $1-AR as well as B2-AR from whole hearts, and serum
that dominant negative suppression of Rad in the heart led to the catecholamine. There were no significant differences in the con-
upregulation of RyR2 activity. centration of cAMP and serum catecholamine, as well as expres-

sion of B-ARs (Fig. 4B-D).
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Fig. 3. Phosphorylation of RyR2 and PKA. (A) Western blots of phospho-ryanodine receptor 2 (RyR2) at Ser?® and total RyR2 protein in control and S105N Rad TG mouse
hearts. Phosphorylation of RyR2 at Ser®®%® normalized with total RyR2 protein was significantly enhanced in S105N Rad TG hearts compared with controls (n = 4 for both;
*P<0.05 vs control). (B) Western blots of p-RyR2 at Ser*®® and total RyR2 protein in isolated adult cardiomyocytes transfected with Ad-GFP or Ad-S105N Rad. The
cardiomyocytes overexpressing S105N-Rad showed higher levels of phosphorylation, compared with GFP overexpression alone. Treatment with 1 uM isoproterenol (1SO)
abolished the observed change in phosphorylation of Ser?®%® RyR2 between Ad-GFP and Ad-S105N Rad overexpression (3 independent experiments, *P < 0.05 vs control). (C)
Western blots of total PKA (PKA-Total) and phosphorylated PKA catalytic subunit at Thr197 (p-PKA-C Thr'®7) in S105N-Rad TG hearts and controls (4 independent
experiments, *P< 0.05 vs control). (D) PKA kinase assay of total PKA (PKA-Total) and p-PKA-C Thr'®7 in S105N-Rad TG hearts and controls (3 independent experiments,
*P < 0.05 vs control).
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