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stomach, fever, glucose insulin test, etc.!” 2O’“z’“f’) caused

ECG alterations in the patients, we emphasize that spon-
taneous ECG alterations without any stress often oc-
curred in the patients with a high risk of VF. Patients who
had long-term ECG alterations also were likely to have
spontaneous AP heterogeneity that causes ECG altera-
tions and VF.

Previously, we showed that the presence of fQRS was a
risk factor for developing VF in patients with VF or syn-
cope.'? From that study and the present one, it is clear that
both depolarization and repolarization abnormalities can
contribute to the onset of ventricular arrhythmias in BS.

Limitations
We selected elderly patients with Brugada-type ECG as a
VE— group. Priori et al®> showed that the age of the first VF
attacks in patients with BS was 33 years (range 2 months to
55 years)® and that new onset of VF was infrequent in the
elderly population. Although the incidence of new-onset VF
in asymptomatic patients is still controversial,> including
patients younger than 60 years old in the VF— group could
mix in some high-risk patients who would experience VF in
the future. Among asymptomatic patients, the elderly were
more likely VF—free survivors and thus have a much lower
possibility of developing VF than younger patients. How-
ever, the effects of aging in BS have not been well charac-
terized,” and thus long-term follow-up should be necessary
in this population. Further, the ECG parameters in this study
should be applied in a new study to a young BS population.
In the in vitro experiments, we recorded transmural
ECGs with electrodes (diameter ~1 mm) at a ~5 mm
distance from the isolated tissues. In contrast, the clinical
ECG electrodes have a large surface area (=2-3 cm?) and
are placed on the body surface ~4—5 cm from the epicar-
dium). Thus, clinical ECG electrodes could be less sensitive
to local changes within the RV epicardium. The observed
alterations in clinical ECGs reflected electrophysiological
changes within a larger tissue mass than in the in vitro tissue
model of BS.

Conclusion

These clinical and experimental studies indicate that prom-
inent ECG repolarization alterations (conversion between
type 0, 1, and normal ECGs) are a risk factor for the
occurrence of VF in older patients with BS because they
suggest the presence of AP heterogeneity within the RV
epicardium, leading to the initiation of phase 2 reentry and
occurrence of polymorphic VT.
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Two patients with Brugada-type electrocardiogram related with
arrhythmogenic right ventricular cardiomyopathy
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{Abstract)

Brugada VD ERERL, TNEIREMEAZDEFE (arrhythmogenic right ventricular cardiomyopathy ; ARVC) &
DEEIRIEINS 2 FlIEBEBRLADTRSETS. EF 113, 62/, B FEHORREEOEHEEDLHY
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*ﬁﬁ(eleotrophysnologlc study ; EPS) T/DEHMEN (ventricular fibrillation ; VF) #&&&h7i. UL, CTTAER
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Characteristics of Induced Ventricular Fibrillation Cycle

Length in Symptomatic Brugada Syndrome Patients

Atsushi Hiratsuka, MD; Akihiko Shimizu, MD; Takeshi Ueyama, MD; Yasuhiro Yoshiga, MD;
Masahiro Doi, MD; Toshihide Ohmiya, MD; Masaaki Yoshida, MD;
Masakazu Fukuda, MD; Masunori Matsuzaki, MD

Background: Limited information is available on the ventricular fibrillation (VF) spectrum in Brugada syndrome (BS)
patients. We clarified differences in the VF cycle length (CL) using fast-Fourier transformation (FFT) analysis in
symptomatic and asymptomatic BS patients.

Methods and Results: VF was induced by pacing from the right ventricular (RV) apex and/or RV outflow tract
(RVOT) for >8s. A 4096-point FFT analysis of results from 28 male BS patients (51.1£13.7 years old) was performed.
Dominant frequency (DF) from phases 1 (4s) to 6 was obtained at 2-s intervals. The average DF from surface and
intracardiac electrograms (ECG: DFece; ICE: DFice,, respectively) was compared between symptomatic and asymp-
tomatic patients. Symptomatic patients had a significantly shorter effective refractory period at a CL of 600 ms at the
RVOT than asymptomatic patients. DFeca significantly increased with phase (5.64+0.32Hz in phase 1 to 6.16+0.52Hz
in phase 6) and was significantly higher in symptomatic patients than in asymptomatic patients. DFice had the same
characteristics as DFeca.

Conclusions: Induced VF in BS patients can be characterized using FFT analysis. Our data support the hypoth-
esis that symptomatic patients have a significantly shorter VF CL than asymptomatic patients. (Circ J 2012; 76:
624—633)

Key Words: Brugada syndrome; Electrophysiological stimulation; Fast-Fourier transformation analysis; Ventricular

fibrillation

brillation (VF) is a specific electrocardiogram (ECG)

abnormality of right bundle branch block with ST
segment elevation in the right precordial leads.!? BS pa-
tients have no apparent heart disease; therefore, ECG find-
ings are the most useful parameters for diagnosing this ge-
netic disease.?

B rugada syndrome (BS) associated with ventricular fi-

Editorial p586

The clinical implication of electrophysiological study (EPS)
for risk stratification in patients with ischemic heart disease
and low left ventricular ejection fraction is relatively clear.?
However, in BS patients, spontaneous VF depends primar-
ily on trigger factors rather than substrate existence. In as-
ymptomatic BS patients, although VF is often induced dur-
ing electrophysiological tests, spontaneous VF incidence is
very low.+* Therefore, the use of EPS to further stratify inter-
mediate-risk patients with Brugada-type ECG remains contro-

versial.+7

Symptomatic BS patients showed a relatively higher VF
inducibility than asymptomatic patients;? therefore, some dif-
ferences in the electrophysiological substrate exist between
both groups. We hypothesized that the electrophysiological
VF substrate in BS patients is related to VF induction, VF
cycle length (CL), and changes subsequent to induction.

Fast-Fourier transformation (FFT) is used to analyze the
VF CL*-'? and atrial fibrillation (AF)."3-'5 Spectral analysis is
useful for characterizing induced and spontaneous VF CL.%-12
VF organization correlates with the VF CL, except at the cen-
ter of fragmented electrograms.'® VF CL and its change should
depend on the electrophysiological characteristics of each
patient; however, little information is available regarding FFT
analysis of ventricular ECGs during VF in BS patients.!”

We hypothesized that symptomatic patients have a shorter
VF CL (analyzed by FFT) than asymptomatic patients.
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Methods

Subjects

Between November 2003 and April 2011, we performed elec-
trophysiological tests on 43 patients with Brugada-type or -
like ECGs for risk stratification; 28 male patients (51.0+13.7
years) diagnosed with BS and with induced VF for >8 s simul-
taneously recorded from 2 right ventricular (RV) sites [RV
apex, (RVA) and RV outflow tract (RVOT)] were included.
ECGs were obtained for all patients, and all underwent the
Nat channel-blocker challenge test, coronary angiography,
and cardiac echocardiography during hospitalization.

BS was diagnosed on the basis of the following previous
study recommendations:'® type 1 ECG showing spontaneous
VF or Na* channel-blocker challenge test in the standard right
precordial leads (leads Vi-3) or 1 intercostal space above the
standard right precordial leads and absence of factors such as
ischemia, electrolyte disturbance, or hypothermia that may
cause ST segment abnormalities.

Brugada-like ECGs were defined by 3 repolarization pat-
terns that mimicked types 1, 2, and 3 according to the Heart
Rhythm Society and the European Heart Rhythm Association?
in the standard right precordial leads (leads V1-3), but did not
fulfill the Brugada-type ECG criteria.

Subjects were divided into the symptomatic group, which
included patients with a documented history of potentially
lethal ventricular tachycardia, VF or syncope, and the asymp-
tomatic group, which included patients with no documented
episodes of potentially lethal ventricular arrhythmias and/or
syncope. One patient with a history of syncope was assigned
to the asymptomatic group because he did not have an abnor-
mal ECG during syncope documented after discharge from the
hospital and was subsequently diagnosed with epilepsy.

ECGs were obtained for all patients. Careful attention was
paid to any RV enlargement and/or wall motion abnormalities
to exclude arrhythmogenic RV cardiomyopathy. All patients
provided written informed consent and the study was approved
by the Institutional Clinical Research and Ethics Committee.

Na+ Channel-Blocker Challenge Test

The Na* channel-blocker challenge test was performed using
pilsicainide, as described previously.' Briefly, 1 mg/kg of pil-
sicainide, a so-called pure Na* channel blocker, was admin-
istrated intravenously over a 10-min period with continuous
ECG and non-invasive blood pressure monitoring. During drug
administration, a 12-lead ECG was recorded, and then the stan-
dard right precordial leads (V1-3) and 3 leads at 1 intercostal
space above the standard right precordial leads were recorded
(V4s). Drug administration was stopped immediately if ST
elevation >0.5mV, extensive QRS prolongation, unfavorable
symptoms, and/or frequent ventricular arrhythmias were ob-
served. The test was considered positive if the coved-type
ECG pattern (type 1 ECG) appeared in more than 1 right pre-
cordial lead.

Electrophysiological Study
Electrophysiological study was conducted as described previ-
ously."” All patients were fasted and all antiarrhythmic agents
were discontinued for at least 5 half-lives. An intravenous
propofol infusion was used to induce general anesthesia.
Recordings A standard 6F decapolar catheter with 2-mm
width electrodes and 2-mm inter-electrode spacing was intro-
duced via the right femoral vein or left and/or right subclavian
vein. The catheters were positioned in the high lateral right
atrium, His bundle region, and coronary sinus, with distal and

proximal electrode pairs at RVA and RVOT. The 12 surface
ECG leads were filtered at 0.5-100Hz and recorded simulta-
neously with an intracardiac ECG. Bipolar endocardial elec-
trograms were recorded with a 30-150 Hz filter at a sampling
interval of 1KHz using a computerized electrophysiology
recorder (CardioLab v51D, GE Medical Systems, USA).

Stimulation Protocol Programmed electrical stimulation
was delivered at twice the diastolic threshold at a 2-ms pulse
width (Fukuda Denshi, Japan). The stimulation protocol was
as follows: programmed stimulation initially at a basic CL
(BCL) of 600ms and then at 400ms from the RVA with 2
extra stimuli and a minimum coupling interval at 180ms of
S2Ss. The same stimulation was performed from the RVOT
and was followed by programmed stimulation of 3 extra stim-
uli with a minimum coupling interval at 200ms of S2S3 and
S3S4 and then rapid pacing down to a CL of 240ms or a 2:1
ventricular response from the RVA. The same stimulation
protocol was repeated from the RVOT. When VF was induced
during the pacing protocol, cardioversion was initiated after
several seconds of observation to confirm the absence of spon-
taneous termination. A direct current (DC) was discharged
after the appropriate delivery energy was reached. Stimulation
was restarted Smin after successful cardioversion, which oc-
curred in all cases of induced VF. Cardioversion was not per-
formed for 1 VF episode because of spontaneous termination
at 15.8 s immediately before DC discharge.

VF was defined as a fast irregular ventricular thythm with
continuously changing morphology and a CL <200ms.?* VF
duration was calculated from the last stimulation to the last VF
beat. The mean VF duration was 14.6s (range 8.7-19.2s).

Signal Processing and FFT Analysis Data were analyzed
using methods described previously.!?* The VF episode was
selected on the CardioLab screen and then transferred to a
hard disk. Binary data from the ventricular ECG was retrieved
from the hard disk of the CardioLab system and transformed
into compatible data for multipurpose physio-informatic anal-
ysis with BIMUTAS II for Windows (Kissei Comtec, Ltd,
Tokyo, Japan). A total of 6 phases of 4-s data were selected as
an epoch (Figure 1). Surface ECGs (leads I, aVF, V1, and Vs)
and rectified bipolar electrograms (RVOT distal pair: RVOTd;
RVOT proximal pair: RVOTp; RVA distal pair: RVAd; RVA
proximal pair: RVAp) were analyzed by 4096-point FFT
(spectral resolution: 0.24 Hz) with -a Hamming window using
BIMUTAS 11, as previously reported.'? Each of the 4 surface
ECGs in each epoch was padded to 4,096 points with zeros.
Data >2s from the last phase in 4 patients were created to
4,096 points with zero padding for FFT analysis.

The power spectrum of electrograms at each recording site
was obtained, and the dominant frequency (DF),!"-!4 defined
as the frequency of the peak with the largest amplitude, was
obtained from each epoch in each phase. We assessed the DF

“from surface ECGs and bipolar electrograms. In 1 patient, data

from the ECG (lead Vs) were abandoned because of the poor
recording.

Average DFs from the surface ECGs and intracardiac elec-
trograms (ICEs) were calculated for quantitative comparisons
and termed the DF from surface ECG (DFecc) and DF from
ICE (DFice) in each phase (Figures 1,2). The effective refrac-
tory period (ERP) was defined as the maximum coupling inter-
val during a single program stimulation that failed to produce
a reaction in the ventricle.

Statistical Analysis
Data are presented as the mean+standard deviation (SD).
A simple regression test was used to compare 2 data points.
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Figure 1. Representative case of induced ventricular fibrillation (VF) in a symptomatic Brugada syndrome patient. (A) Surface

electrocardiograms (ECGs) and intracardiac electrograms from a 63-year-old man referred for further examination because of a
history of syncope and Brugada-type ECG. VF was induced by ventricular stimulation in double mode (S1/52/S3=400/240/200 ms)
from the right ventricular apex (RVA) and right ventricular outflow tract (RVOT). (B) Fast-Fourier transformation (FFT) analysis. (Left)
Raw data of FFT analysis in phases 1, 3, and 5. The dominant frequencies (DFece and DFice) are indicated as the number and dot
at the maximum power spectrum. (Right) DFeca change with phase (1-6) is depicted in the upper panel and DFice change with
phase in the lower panel. DFece and DFice gradually increase with phase. ICE, intracardiac electrogram; RVAd, RVA distal pair;
RVAp, RVA proximal pair; RvOTd, RVOT distal pair; RVOTp, RVOT proximal pair. Phase number indicates a 4-s data segment.
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Figure 2. Representative case of induced ventricular fibrillation (VF) in an asymptomatic Brugada syndrome patient. (A) Surface
electrocardiograms (ECGs) and intracardiac electrograms (ICE) from a 26-year-old man with asymptomatic Brugada syndrome
referred for further examination of a Brugada-like ECG after a regular check-up. VF was induced by ventricular stimulation in
double mode (S1/S2/Ss=600/290/230ms) from the right ventricular outflow tract (RVOT). (B) Fast-Fourier transformation (FFT)
analysis. (Left) Raw data of FFT analysis in phases 1, 3, and 5. The dominant frequencies (DFece and DFice) are indicated as the
number and dot at the maximum power spectrum (Right) DFece change with phase (1-6) is depicted in the upper panel and DFice
change with phase in the lower panel. DFece and DFice did not change significantly with phase RVAd, RVA distal pair; RVAp, RVA
proximal pair; RVOTd, RVOT distal pair; RVOTp, RVOT proximal pair. Phase number indicates a 4-s data segment.
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Asymptomatic

n 13
Male 13
Family history 4
ICD implantation 3
Age (years) 49.4+13.4
ERP
RVA BCL 600 (ms) 238+14
RVA BCL 400 (ms) 218x12
RVOT BCL 600 (ms) 23819
RVOT BCL 400 (ms) 223+16

Pacing site induced VF1
Mode of induction VF1
Duration of VF1 (s)
Mode of termination

RVA 3, RVOT 10
Double 6, Triple 7
14.9+2.5
Spontaneocust 1, DC 12

Table 1. Clinical Characteristics of the Patients With Brugada Syndrome

Symptomatic Total P
15 (3)* 28
15 28
2 6 0.262
12 15 0.003
52.6+14.2 51.1+14 0.545
23716 238x15 0.847
216x14 217£13 0.734
229412 234+11 0.030
218+18 220+17 0.444
RVA 5, RVOT 10 RVA 8, RVOT 20 0.547
Double 9, Triple 6 Double 15, Triple 13 0.463
14.3+1.8 14.612.1 0.510
Spontaneous 0, DC 15  Spontaneous 1, DC 27  0.942

*Documented ventricular fibrillation, finduced ventricular fibrillation terminated spontaneously at 15.8s after the last

stimulation (Ss).

P, asymptomatic group vs. symptomatic group; ICD, implantable cardioverter defibrillator; ERP, effective refractory
period; RVA, right ventricular apex; BCL, basic cycle length; RVOT, right ventricular outflow tract; VF1, ventricular

fibrillation induced first; DC, direct current.

One-way analysis of variance (ANOVA) was used for phase
changes. Repeated measures ANOVA was used to detect dif-
ferences in phase changes between both groups. The chi-square
test for independence was used for comparison of prevalence.
Student’s t-test (unpaired or paired) was used when appropri-
ate. Analyses were performed using StatView 5.0 software for
Windows (SAS Institute Inc, Cary, NC, USA).

Resulis

Clinical Characteristics of BS Subjects

Subjects were 28 male BS patients aged 51.1%14 years. No
significant difference in age was observed between the 2 groups.
Implantable cardioverter defibrillators (ICDs) were implanted
in 3 asymptomatic and 12 symptomatic patients during hospi-
talization (Table 1).

Electrophysiological Findings

Symptomatic patients had significantly (P=0.03) shorter ERP
at a BCL of 600 ms at the RVOT than asymptomatic patients
(Table 1), although no significant differences were observed
for ERP at a BCL of 400 ms at the RVOT or at 600 and 400 ms
at the RVA between groups (Table I). VF was induced by
pacing from the RVOT in 20 patients and from the RVA in 8
patients. However, no significant differences between both
groups were observed regarding pacing site, mode or dura-
tion of induced VF (Table 1). VF induced from the RVOT
(BCL 600ms/S1 270/S2 200ms/S3 200ms) in 1 asymptomatic
patient terminated spontaneously at 15.8's after the last stimu-
lation (S3).

Representative Cases of Induced VF

A 63-year-old man with symptomatic BS (Figure 1) was
referred to our department for further examination because
of a history of syncope and Brugada-type ECG (Figure 1A).
VF was induced by ventricular stimulation in double mode
from the RVA. Figure 1B shows the FFT power spectrums
of phases 1, 3, and 5: DFecc in leads I, aVg, V1, and Vs gradu-
ally increased with the phase. DFice in the RVAp, RVAd,
RVOTd, and RVOTp revealed the same characteristics as

DFece (Figure 1B).

A 26-year-old man with asymptomatic BS (Figure 2) was
referred to our department for further examination of a Bruga-
da-like ECG after a regular check-up. VF was induced by ven-
tricular stimulation in double mode (S1/S2/S3=600/290/230ms)
from the RVOT. VF morphology appeared to be more orga-
nized compared with the symptomatic case. Figure 2B shows
the raw FFT power spectrums of phases 1, 3, and 5. Unlike
the previously described patient, DFecc did not change much
with phase. DFice in the RVAp, RVAd, RVOTd, and RVOTp
showed the same characteristics as DFece (Figure 2B).

Relationship Between DFice and DFece

DFice and DFecc showed a significant relationship in phases
1 (r=0.820, P<0.0001), 2 (r=0.788, P<0.0001), 3 (r=0.881,
P<0.0001), 4 (1=0.924, P<0.0001), 5 (r=0.883, P<0.0001), and
6 (1=0.929, P<0.0001) (Figure 3). Significant differences be-
tween DFice and DFecc in each phase were absent (Table 2).

Relationship of DF Between RVAd and RVOTd

DF between RVAd and RVOTd showed a significant relation-
ship in phases 1 (r=0.651, P=0.0002), 2 (r=0.788, P<0.0001),
3 (r=0.639, P=0.0003), 4 (r=0.770, P<0.0001), 5 (r=0.757,
P<0.0001), and 6 (r=0.699, P<0.0001) (Figure 3). Signifi-
cant differences in DF were not observed between RVAd
and RVOTd in any phase (RVA vs. RVOT, 5.70+0.43 vs.
5.7740.44Hz in phase 1, 5.98£0.40 vs. 5.9510.41 Hz in phase
2, 6.1310.40 vs. 6.02+0.47 Hz in phase 3, 6.08+0.58 vs. 6.01+
0.66Hz in phase 4, 6.1520.53 vs. 6.17+0.57 Hz in phase 5, and
6.2620.53 vs. 6.15+0.54 Hz in phase 6).

DFece and DFice Reproducibility

A second induced VF in a control state was recorded in 17 of
the 28 patients. No significant relationship was observed for
DFecc in phases 1-3 (initial phase) between the first and sec-
ond VF episodes. However, a significant relationship was
observed for DFeco in phases 4 (r=0.543, P=0.024), 5 (r=0.700,
P=0.0018), and 6 (r=0.555, P=0.032) (Figure 4) between the
first and second VF episodes; thus, reproducibility was ob-
served in phases 4-6 (late phase). On the other hand, no sig-
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Figure 3. Relationship between dominant frequency (DF) from surface electrocardiograms (DFece) and intracardiac electrograms
(DFice) and relationship of DF between the right ventricular apex (RVA) and RV outflow tract (RVOT) distal pairs. DFeca and DFice
show a significant relationship in phases 1, 3, and 5 (Upper). DF between RVA and RVOT distal pairs shows a significant relation-
ship in phases 1, 3, and 5 (Lower). RVAd, RVA distal pair; RVAp, RVA proximal pair; RVOTd, RVOT distal pair; RVOTp, RVOT
proximal pair.

' Tahle 2. Transition of DF With Phase =
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 P

All subjects (n) 28 28 28 28 27 26

DFece (Hz) 5.64+0.32 5.77+0.45 6.02+0.44 6.07+0.58 6.11+0.52 6.16+0.52  0.0003#
DFice (Hz) 5.72+0.36  5.92+0.38 6.03+0.38 6.06+0.59 6.15+0.52 6.19+0.49 0.002¢
ps 0.399 0.192 0.943 0.959 0.764 0.854

DFeca
Asymptomatic (Hz)  5.55+0.27 5.60+0.42 5.80+0.47 5.79+0.60 5.93+0.48 6.01+0.48 0.022*
Symptomatic (Hz) 5.73+0.35 5.94:x0.42 6.21+0.33 6.30+0.46 6.23+0.50 6.27+0.53
ps 0.148 0.043 0.011 0.017 0.123 0.211

DFice
Asymptomatic (Hz)  5.57+0.33  5.73x0.28  5.84+0.34 5.80+0.67 5.90+0.44 6.00+0.44 0.012*
Symptomatic (Hz) 5.84+0.34 6.08+0.39 6.20+0.34 6.28+0.35 6.34+0.50 6.35+0.48
ps 0.042 0.015 0.009 0.027 0.026 0.064

#One-way ANOVA, *repeated measure ANOVA, Sunpaired t-test.
DF, dominant frequency; P, asymptomatic group vs. symptomatic group; DFECG, dominant frequency from surface ECG.
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Figure 4. Dominant frequency (DFece) reproducibility. A significant relationship is observed for DFece between the first (X axis)
and second ventricular fibrillation (Y axis) episodes in phase 5.
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Figure 5. Transition of dominant frequency (DF eca and DFica) with phase. (Left) DFece change for all patients (Upper) and symp-
tomatic and asymptomatic groups (Lower). (Right) DFice change for all patients (Upper) and symptomatic and asymptomatic
groups (Lower).
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nificant relationship was observed for DFice in phases 1 and 2
(initial phase) between the first and second VF episodes, which
was similar to DFeca. A significant relationship was observed
for DFice in phases 3 (r=0.633, P=0.0064), 4 (r=0.620,
P=0.008), 5 (r=0.625, P=0073), and 6 (r=0.739, P=0.002) be-
tween the first and second VF episodes.

Transition of DFece and DFice With Phase (Figure 5)

DFece significantly (P=0.0003) increased from phase 1 to 6
(5.64+0.32Hz to 6.16+0.52 Hz). In the comparison of DF and
phase between both groups, symptomatic patients had signifi-
cantly higher (P=0.022) DFecc with phase than asymptomatic
patients according to repeated ANOVA. DFecc in each group
was significantly high in phases 2—4 (Table 2).

DFice significantly (P=0.002) increased from phases 1 t0 6
(5.7240.36 Hz to 6.19+£0.49 Hz). In the comparison of DF and
phase between both groups, symptomatic patients had signifi-
cantly higher (P=0.012) DFice with phase than asymptomatic
patients according to repeated ANOVA. DFice in each group
was significantly high in phases 1-5 (Table 2).

Follow-up Study

ICDs were implanted in 12 symptomatic patients and 3 asymp-
tomatic patients (Table 1). Appropriate shocks were delivered
in only 2 symptomatic patients during the average observation
period of 41127 months.

Discussion

We determined a relatively shorter ERP at the RVOT and
higher DFecc in symptomatic patients. These patients have a
different electrophysiological substrate than asymptomatic
patients. More of the symptomatic patients had an ICD im-
planted than the asymptomatic patients.

We diagnosed BS as described previously? using additional
right precordial leads located 1 intercostal space above the
standard right precordial leads (V1-3) because some patients
showed type 1 ECG only with additional leads, even if normal
ECGs were seen with standard leads (V1-3)."8 A Na* channel-
blocker challenge test using pilsicainide was performed to
unmask intermittent or concealed Brugada-type ECGs. There
is still controversy regarding the specificity of these drugs for
BS; therefore, only type 1 ECG was regarded as a Brugada-
type ECG after the Na* channel-blocker challenge test to
avoid overestimating BS.

EPS for Risk Stratification in BS

Symptomatic patients had relatively higher VF inducibility
than asymptomatic patients.® EPS is the primary method used
for risk stratification in BS; however, a meta-analysis con-
ducted in 2006 showed that EPS is of little value for predicting
spontaneous VF.2! In BS patients, spontaneous VF depends
primarily on trigger factors rather than substrate existence. VF
inducibility in asymptomatic patients varies, but is not that
low at 37%°-57%.* In contrast, spontaneous VF during fol-
low-up is very low, 0.5% per year,** compared with that pre-
dicted on the basis of a report by Brugada et al.” Using 95%
confidence limits, the risk for spontaneous VF at 45 years of
follow-up is probably between 1% and 6% for asymptomatic
patients with inducible VF, and between 1% and 4% for those
with negative EPS results.?? Therefore, the use of EPS to
stratify intermediate risk in Brugada patients remains contro-
versial.?2 These EPS assessments were included only if VF
was induced and not VF CL or a change in CL.

RVOT Electrophysiological Characteristics

The induction of VF suggests the existence of a VF electro-
physiological substrate. Several studies have indicated that the
RVOT is probably the site of electrophysiological substrate in
BS patients.?*2*

In the present study, VF inducibility by pacing from the
RVOT was higher than that from the RVA (71% vs. 29%),
which concurred with a previous study (59% vs. 27%).%¢ Ab-
normally low voltage, prolonged duration, and fractionated
late potentials have been observed in the anterior aspect of the
RVOT epicardium, but not in the endocardium.* This finding
may be explained by abnormal repolarization at the RVOT.?
Symptomatic patients had a significantly shorter ERP at a CL
of 600ms at the RVOT than asymptomatic patients (Table 1),
consistent with previous studies that identified a shorter ERP
as one of the electrophysiological substrates of AF or VF. We
hypothesized that the DF at the RVOT was higher than that at
the RVA. The DF between RVAd and RVOTd showed a sig-
nificant relationship in all phases, and the DF at the RVOT

" was similar to that at the RVA. The findings did not support

our hypothesis. The major reason for this discrepancy is that
bipolar electrograms at the ventricular endocardium cannot
gain the information of ventricular electrograms at the epicar-
dial site of the RVOT.?*?* An epicardial recording during VF
is required to prove our hypothesis.

FFT Analysis of ECGs and ICEs

Surface ECGs were analyzed without signal processing be-
cause the shape of the waves is similar to that of sine waves.
A similar DF was observed in 2 or 3 leads in all except 5% of
the epochs analyzed in surface ECGs of human VF.!2 We se-
lected ECG leads I, aVF, V1, and Vs because they represent the
direction of the ventricular electrical vector. A similar DF was
observed in ECG leads I, aVF, V1, and Vs in this study. Aver-
age DF of 4 surface ECGs and intracardiac recording sites
were assigned as DFece and DFice for quantitative compari-
son. We used DFece and DFice obtained from 4-s data in each
phase to compare VF CL, because VF CL is known to change
and increase with time.!'"!2 Because VF duration was limited
and different in each patient, we compared the DFecc and
DFice maximum of phase 6. Data for 1 patient at phase 5 and
2 patients at phase 6 were absent.

The characteristics of the electrical signals during VF in
humans have been analyzed in several studies®-12* regarding
heart disease® or drugs.!! The initial phase DF was 8—~12Hz in
dogs and somewhat lower in humans.!! In previous FFT anal-
ysis of surface ECGs, the mean VF duration was 21s (range
11-34s).12 In this study, 28 BS patients had VF induced for
>8s recorded from 2 RV sites. The mean VF duration was
14.6s.

During VF, myocardial cells are re-excited as soon as their
refractory period ends.? Transmembrane potential recordings
demonstrate that there is no diastolic interval between succes-
sive action potentials, and that there is only a small difference
in the ERP during VF. Therefore, cells are re-excited as soon
as they have regained excitability.?

DF Reproducibility

It is well known that the mean VF interval determined by FFT
analysis correlates well with the ventricular refractory period
by the extra stimulus technique.?® The local refractory period
influences VF dynamics by limiting the range of VF fre-
quency.’ The DF of short intervals of induced VF is highly
reproducible.? However, frequency characteristics of repeated
VF episodes induced in the same subjects revealed fair-to-
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good, but not excellent reproducibility in patients undergoing
ICD procedures.!®

DFecc and DFice showed a significant relationship, as pre-
viously reported.3? Fibrillation recorded from the cardiac
endocardium initially showed a DF similar to that recorded
using body surface ECG.3* After 3.3 min the frequency fell in
lead 10, but remained high in the endocardium.*® Thus, the
close relationship between DFece and DFice is maintained at
least during the initial phase of induced VF (<3 min). How-
ever, in the present study, DFece or DFice reproducibility
occurred after phase 3 or 4. DF reproducibility in phases 1 and
2 is not shown. These results indicate that time (phase) is
important to achieve reproducible VF.

DF Change With Time or Phase

Human VF induced during EPS has a clear DF of activation and
appears regularly in intracardiac recordings. Rate and stability
increase during the initial VF phase.!!!2 In the present study,
DFece significantly increased with phase, which was consistent
with previous studies.!l1?

The rate of VF induced by 50 Hz alternate current increased
rapidly during the first 5s (4.1+0.8 Hz to 5.210.8 Hz), but only
gradually thereafter.!> DFecc of the first 3s of unipolar ICEs
during induced VF in 12 patients with ICDs and a primary his-
tory of ischemic heart disease (10 patients) was 4.75+0.57Hz.”
In another study, DFecg of the first 3 s of VF in 24 patients with
ICDs and a primary history of ischemic heart disease (18
patients) was 5.1£1.1Hz.! In the present study, DFecc of the
initial phase in BS was 5.6410.32 Hz, which was higher than in
previous studies.*!® This finding may indicate that BS patients
have a higher DF of the first VF phase than patients with appar-
ent heart disease. The SD of the DF in this study was small,
probably because of the single disease category.

Transition of DF Between Symptomatic

and Asymptomatic Groups

We compared the DF change with phase between the symp-
tomatic and asymptomatic groups. Symptomatic patients had
a significantly higher DFecc with phase than asymptomatic
patients (P=0.022). DFice had frequency characteristics simi-
lar to DFeca.

Our data provide support for the hypothesis that symptom-
atic patients showed significantly shorter VF CL than asymp-
tomatic patients. In this study, DFecc reproducibility occurred
after phase 4. These results indicate that spectral analysis after
65 from the last stimulus of induced VF may be useful as a
risk stratification criterion for BS. However, long-term follow-
up data is needed to prove this hypothesis.

Study Limitations

First, sample size in each group was relatively small. Second,
a long observation time after EPS was not analyzed because of
infrequent cardiac events. Third, although comprehensive ge-
netic screening of all patients may have been ideal, it was not
performed because it is costly and has an uncertain outcome.
Fourth, clinical and induced VF episodes in humans may have
different spectral characteristics;” however, the change in DF
from induced VF should be indicated by the substrate of VF
and the electrophysiological characteristics in BS patients.
Fifth, long-term follow-up data are needed to prove whether a
higher DF of induced VF is useful for risk stratification of BS
patients. Sixth, because every symptomatic patient was asymp-
tomatic before the first spontaneous episode, asymptomatic
patients may have the same arrhythmic substrate as symp-
tomatic patients. Thus, a different triggering mechanism may

Circulation Journal

modify the induced VF frequency characteristics and may be
responsible for the different clinical aspects of symptomatic
and asymptomatic patients.

Conclusions

We found that symptomatic BS patients had a shorter ERP and
higher DF at the RVOT than asymptomatic patients. Symptom-
atic patients had a significantly higher DF with phase than as-
ymptomatic patients. ICEs had the same frequency character-
istics as surface ECGs. Thus, we determined that it is feasible
to characterize induced VF in BS patients using FFT analysis.
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