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Background: Right ventricular outflow tract ventricular tachycardia (RVOT-VT), arrhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC/ARVD), and Brugada syndrome (BrS) were character-
ized by arrhythmias originating in the right ventricle, and the pathophysiologic mechanism underlying
these arrhythmias has not been fully understood.

Methods: This study consisted of 40 subjects, including 20 patients with RVOT-VT, 10 patients with
BrS, and 10 ARVD patients. The parameters on the signal-averaged electrocardiography (ECG) and
the frequency components recorded from the wavelet-transformed ECG were compared between
the three groups. Late potentials were positive in none of the patients with RVOT-VT, seven of the
patients with BrS, and all of ARVD patients.

Results: In Brugada and ARVD patients, the power of high-frequency components (80-150 Hz) was
developed to a greater extent than in RVOT-VT patients. In the power analysis of the high-frequency
components between BrS and ARVD, the frequency showing the greatest power was significantly
higher in ARVD patients than that in BrS patients (145.4 £ 27.9 Hz vs 81.7 & 19.9 Hz, P < 0.01).

Conclusions: High-frequency components were developed in ARVD and BrS, but not in RVOT-VT.
The frequency levels showing high power by wavelet analysis obviously differ between ARVD and
BrS. Wavelet analysis may provide new insight into unsolved mechanisms in arrhythmogenic right
heart disease.
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Right ventricular outflow tract ventricular tachy-
cardia (RVOT-VT), arrhythmogenic right ventric-
ular cardiomyopathy/dysplasia (ARVC/ARVD),
and Brugada syndrome (BrS) were character-
ized by arrhythmias originating in the right
ventricle. In patients with ARVD and in some
patients with RVOT-VT and BrS, conduction
abnormalities in RV are responsible for the occur-
rence of ventricular arrhythmias. However, the
pathophysiologic mechanism has not been fully

understood. Late potentials (LP) on signal-averaged
electrocardiography (SAECG) are usually absent
in RVOT-VT, otherwise often present in ARVD
and BrS. To compare conduction abnormality
between ARVD and BrS, we focused attention
on the morphology of LP. In ARVC, a form
of LP consists of high-frequency components,
otherwise comparatively low frequency in BrS
(Fig. 1). From this viewpoint, we supposed that fre-
quency analysis would provide useful information
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to investigate conduction abnormality in these
diseases.

METHODS
Study Population

A total of 40 subjects were evaluated in this
study. RVOT-VT group (n = 20); eight males, mean
age 49.4 £ 13.0 years old; range, 29-72 years old,
BrS group (n = 10); all males, mean age 41.9 +
16.9 years old; range, 18-63 years old, and ARVD
group (n = 10); four males, mean age 48.4 =+
11.1 years old; range, 24-65 years old. All patients
were referred to Nippon Medical School Main Hos-
pital between December 1, 1996 and December 31,
2007. Patients with bundle branch block, atrioven-
tricular block were not eligible in this study. RVOT-
VT patients were scheduled to undergo radiofre-
quency ablation. The right ventricular origin was
determined by electrocardiographic criteria and
confirmed in all cases at electrophysiological study.
No structural heart disease was noted at routine
checkups. All BrS patients met the diagnostic cri-
teria of the second consensus conference of BrS,!
including four symptomatic and six asymptomatic
patients. Three patients had a family history of sud-
den death. In three patients, a type-1 ECG was
documented at least once, and in the remaining
seven patients, pilsicainide (1 mg/kg over 10 min-
utes) provoked a type-1 ECG. All BrS patients un-
derwent electrophysiologic study to assess whether
or not ventricular tachycardia (VT) or ventricu-
lar fibrillation could be induced. The stimulation
protocol included ventricular stimulation from the
right ventricular apex and/or outflow tract with a
basic cycle length of 600 ms or 400 ms, with a
maximum of up to three extrastimuli. The shortest
coupling interval of these extrastimuli was limited
to 200 ms. No structural heart disease was noted
at routine checkups, nor was the presence of trig-
gering factors of cardiac arrhythmias, such as elec-
trolyte abnormalities, or cardiac ischemia, detected
in BrS patients. Diagnosis of ARVD was made
by the international standardized diagnostic crite-
ria.? All patients had RV dilatation and reduced
wall motion of the RV and VT (left branch block
type). The mean ejection fraction of LV (LVEF)
was 48.4% =+ 12.6%. No patients had a Brugada-
type ECG. Electrophysiologic study was performed
in all ARVD patients, and sustained VT was in-
duced in three patients. Implantable cardioverter

defibrillators were implanted in these three pa-
tients, while seven patients with noninducible un-
der antiarrhythmic drug therapy and were left on
sotalol (three patients), amiodarone (two patient),
bisoprolol (one patient), and carvediolol (one pa-
tient). Clinical characteristics and electrocardio-
graphic parameters were summarized in Table 1.

Signal-Averaged Electrocardiography

SAECG recordings were obtained from the Frank
X, Y, and Z leads during sinus rhythm using a
Signal Processor DP 1100 (NEC Co. Tokyo, Japan)
in all the subjects. A total of 200 cycles were av-
eraged to obtain a noise level of <0.2 uV. The
signals were amplified, digitized, averaged, and bi-
directionally filtered with a band-pass filter at fre-
quencies between 40 and 250 Hz. The filtered QRS
duration (fQRSd), root mean square voltage of the
terminal 40 ms (RMSyg) of the filtered QRS (f-QRS)
complex, and duration of low-amplitude signals
of <40 uV (LAS,0) in the terminal f-QRS complex
were measured, respectively. In the present study,
LP were considered to be positive if two of the
following criteria were met: (1) f-QRS > 120 ms,
(2) RMS4 < 20 uV, and (3) LAS4o > 38 ms.

Wavelet-Transformed ECG (WTECG)

The continuous wavelet transform was used for
the ORS complex analysis using custom-made soft-
ware (WAVEROVER, Nihon Bussei, Tokyo, Japan).
The wavelet transform is expressed as:

Sgla.b) = | 1/Vfagit — b/all{id.

o0

The Gabor function was chosen as the mother
wavelet because of its excellent frequency reso-
lution in the high-frequency bands (50-150 Hz).
A low noise body surface ECG was recorded in
each subject (sampling 3 kHz) in a shielded room.
One representative QRS complex during SR was se-
lected randomly and then transformed into wavelet
data at the frequency range of 10-200 Hz. The
transformed data were displayed as a power curve
at different frequency levels (20-150 Hz) along a
time course (Fig. 1). The peak power values at
20 Hz (P20), 50 Hz (P50), 80 Hz (P80), 100 Hz
(P100), and 150 Hz (P150) were measured, respec-
tively. The total power value at each frequency
level was calculated as the integrated area below
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Table 1. Clinical Characteristics and Parameters between the Three Groups

RVOT-VT ARVD BrS (n = 20) ARVD (n = 10) BrS (n = 10) P-Value
Age (y/o) 49.44+13.0 48.4+ 11.1 419+ 16.9 0.360
Male 8 4 10 0.006
RVD 26.6 + 3.3 47.2+6.2 29.6 +£ 5.1 <0.001
LVEF 67.6 + 6.4 484+ 12.6 67.0+7.6 <0.001
Family history 0 2 3 0.569
Syncope 5 2 4 0.569
SAECG
f-QRS (ms) 106.6 + 7.7 37.1 £23.6 121.1 £22.2 <0.001
RMS o (V) 192+ 7.6 6.3+ 3.2 15.8 + 16.1 0.006
LAS 4o (ms) 31.0+5.7 60.4 +£21.6 43.4 +18.8 <0.001
LP 0 10 7 <0.001
WTECG
P20 1082.0 +99.2 1000.6 + 123.7 1082.5 + 83.9 0.107
P50 805.2 + 100.1 730.0 +£ 147.6 851.0+111.0 0.074
P80 450.8 £ 67.1 546.7 + 69.2 704.6 + 38.3 <0.001
P100 301.4 + 88.6 566.4 + 77.4 501.4 +81.2 <0.001
P150 161.2 £ 56.3 570.0 + 124.6 297.5 + 83.9 <0.001

Data are given as the mean + standard deviation, number of patients and percent of the number in parentheses. RVOT-VT =
right ventricular outflow tract ventricular tachycardia; ARVC = arrhythmogenic right ventricular cardiomyopathy; BrS = Brugada
syndrome; RVD = right ventricular diameter; WTECG = wavelet-transformed ECG; SAECG = signal-averaged ECG; f-QRS =
filtered QRS; RMS,o = root mean square voltage of the terminal 40 ms; LAS,y = low-amplitude signals <40 uV; LP = late
potentilal.
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Figure 1. Comparison of the late potentials between ARVC and BrS patients.
In ARVC, a form of LP consists of high-frequency components, otherwise com-
paratively low frequency in BS.
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Figure 2. Comparison of the ECGs from representative cases from both groups showing lead Z (upper panel)
and the WTECG (lower panel). High-frequency components are developed in both BrS patient and ARVC patient.
They were developed mainly at 80 Hz in BrS patient, otherwise mainly at 150 Hz in ARVC patient. In the WTECG,
the orange, red, gray, green, and light blue lines indicate 20, 50, 80, 100, and 150 Hz, respectively.

each frequency line and was compared between
the three groups.

Statistical Analysis

Data are expressed as mean =+ standard devia-
tion. Comparisons between groups were performed
using one-way analysis of variance. Categorical
data were compared using chi-square analysis. A
P-value < 0.05 was considered significant.

RESULTS
Signal-Averaged Electrocardiography

LP were positive in none of the patients with
RVOT-VT, seven of the patients with BrS, and all of
ARVD patients. f-QRS and LAS,, were significantly
longer, and RMS,, was lower in the BrS and ARVD
group than in the RVOT-VT group (Table 1).

Wavelet-Transformed ECG

Representative WTECGs in each group are
shown in Figure 2. High-frequency components
(80-150 Hz) are developed in both BrS patient and

ARVD patient, but not in RVOT-VT patient. In BrS
patient, they were developed mainly at 80 Hz oth-
erwise mainly at 150 Hz in ARVD patient. Partic-
ularly at the timing of the appearance of epsilon
wave, the power of high-frequency levels was in-
creased in ARVD patient. The mean value of P80
was significantly greater in the BrS group than in
the ARVD group. On the other hand, that of P150
was significantly greater in the ARVD group than in
the BrS group (Table 1). We plotted the total power
in the ORS complex against the frequency compo-
nent (Fig. 3). Within the level of high-frequency
range (50-200 Hz), the dominant frequency was
approximately 80 Hz in the BrS group, whereas
approximately 150 Hz in the ARVD group. The
mean frequency of the high-frequency peak in the
BrS group was 81.7 £ 19.9 Hz, otherwise 145.4 +
27.9 Hz in the ARVD group (Fig. 4).

DISCUSSION
Major Findings

In the present study, we found that high-
frequency components are developed in both BrS
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Figure 3. Comparison of the total power value for each
frequency level between the BrS group (right panel) and
ARVC group (left panel). In the analysis section for values
50 Hz, the frequency level showing the greatest power
was about 80 Hz in the BrS group, while 150 Hz in the
ARVC group.

patients and ARVD patients but not in RVOT-VT
patients. In addition, the frequency properties of
WTECG were different between BrS and ARVD.
The level of high-frequency components that most
preferentially developed in the BrS group was at ap-
proximately 80 Hz, otherwise 150 Hz in ARVD.

High-Frequency Components in the
WTECG

In general, LP are low-amplitude, high-
frequency signals at the terminal portion of
ORS complex, which were thought to reflect
slow and fragmented myocardial conduction.
These high-frequency components are considered
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Figure 4. Comparison of high-frequency levels showing
the greatest power between BrS patients and ARVC pa-
tients. The mean frequency of this high-frequency peak in
the BrS group was 81.7 £ 19.9 Hz, otherwise 147.9 +
26.3 Hz in the ARVC group.

to exist not only at the terminal portion but in
the middle portion of QRS complex. However,
they cannot be observed with SAECG because
they are masked by low-frequency components
having potent power. Wavelet analysis is a novel
time-frequency technique, which is able to detect
transient changes of electrocardiogram even if they
are hidden within the high-gain ORS complex.
High-frequency components in the QRS complex
detected by this technique have been considered to
reflect conduction abnormality hidden in the ORS
complex, which were observed in patients with
structural heart diseases, such as prior myocardial
infarction,® hypertrophic, or dilated cardiomyopa-
thy,*~® and we previously reported the diagnostic
importance of WTECG in BrS.” As expected,
high-frequency components are developed in both
BrS and ARVC patients, but not in RVOT-VT
patients.

Differential Diagnosis between RVOT-VT
and ARVC

The mechanism responsible for RVOT-VT
is possibly considered as cyclic adenosine
monophosphate-mediated triggered activity in the
absence of structural heart disease.®> ARVD is an in-
herited myocardial disorder characterized by right
ventricular dysfunction due to fibrofatty replace-
ment of myocardium, leading to ventricular ar-
rhythmias and progressive RV failure.

Actually, it is not hard to differentiate between
RVOT-VT and ARVD because structural abnor-
malities on echocardiography or angiography are
usually detected in ARVD patients, but not in
RVOT-VT patients. However, some investigators
have claimed that RVOT-VT is a localized form
of cardiomyopathy. Endomyocardial biopsy has
detected structural abnormalities in patients with
RVOT-VT.? Furthermore, magnetic resonance
imaging has been reported to detect structural
abnormalities in 54% of patients with RVOT-VT.*°
Therefore, the differential diagnosis between
milder form or early stage of ARVD and RVOT-VT
is still challenging as there is no established tech-
nique to discriminate these conditions. Although
milder form or early stage of ARVD was not
included in the present study, the presence of LP
could discriminate well between RVOT-VT and
ARVD patients (0% vs 100%). In addition, high-
frequency components were prominent within the
ORS complex in ARVC, not in RVOT-VT patients.
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These results suggested that delayed conduction of
ventricular myocardium would not be present in
RVOT-VT, and may explain the mechanism of VT
is not reentry.

Comparison of Conduction Abnormality
between ARVD and BrS

The BrS is an inherited cardiac disorder charac-
terized by right bundle-branch block, ST-segment
elevation in the precordial leads (V;-V3) and sud-
den cardiac death. The theoretical background
of BrS is based on experimental studies reveal-
ing the role of the prominent transient outward
potassium current in the cells of the epicardial
layer in the inhomogeneity of repolarization in the
right ventricular outflow tract, leading to ST ele-
vation in the right precordial leads.!! Currently,
depolarization abnormality is also considered to
be associated with BrS because the genetic ab-
normalities that cause BrS have been associated
with mutations in SCN5A gene, which encodes
for the alpha-subunit of the cardiac sodium chan-
nel.!? SCN5A mutations cause a loss of function
of the channel that reduces the inward sodium
current, leading to conduction delay and induc-
tion of the substrate for reentry.!® As already
mentioned, ARVD is an inherited cardiac disor-
der characterized by right ventricular dysfunction
and ventricular arrhythmia. ARVD also can pos-
sibly cause ST elevation in right precordial leads,
and Peters et al. showed that systematic ajmaline
challenge test could provoke coved-type ST eleva-
tion in right precordial leads in 16% of ARVD pa-
tients.!* Therefore, differential diagnosis between
BrS and ARVC with ST elevation in right precordial
leads and minimal structural abnormalities is ex-
tremely difficult. Some investigators have claimed
that BrS is a form of right ventricular cardiomyopa-
thy, because morphological and histological abnor-
malities are found in a part of BrS patients.!%1®
These findings suggest an overlap between BrS
and ARVD. Although currently the concept that
BrS and ARVD are part of a clinical spectrum
has been advanced, ARVD and BrS are consid-
ered to be distinct clinical profiles and the genetic
predisposition.

In this study, we assessed frequency properties
of ORS complex in both diseases using wavelet
transform analysis. As we expected from the mor-
phology of LP in both diseases, the frequency prop-
erties of WTECG were different between BrS and

ARVD. To date, the difference of high-frequency
band of this analysis has not been discussed in
detail. In the present study, the level of high-
frequency components that most preferentially de-
veloped in the BrS group was at approximately
80 Hz, otherwise 150 Hz in ARVD. The difference
of frequency band on WTECG might reflect the
variation in the myocardial substrate.

One possible mechanism of LP in patients with
BrS is conduction delay in the ventricle as docu-
mented in other structural heart diseases. Never-
theless, the mechanism of LP in BrS is not fully
understood. Antzelevitch suggested that concealed
occurrence of phase 2 reentry may contribute to the
generation of LP in SAECG.!” Hence, the dominant
frequency 80 Hz in BrS might reflect the second
upstroke of the epicardial action potential leading
to local phase 2 reentry. However, high-frequency
components were developed not only at the ter-
minal portion but in the middle portion of QRS
complex, therefore it is more likely that 80 Hz re-
flects dominant frequency of conduction delay. As
previously indicated, pathology and histology have
demonstrated fibrofatty replacement of right ven-
tricular myocardium in patients with ARVD, the
frequency of 150 Hz is considered to reflect ab-
normal deporalization caused by fibrofatty tissue.
From a similar point of view, Furushima et al. as-
sessed the presence of LP and the fORSd in V,
and Vs using a high-pass filter of 40 Hz (fQRSd:40)
and 100 Hz (fOQRSd:100). They reported that the
fORSd in the high-pass filter at 100 Hz was much
shorter in BrS than that in ARVD, but similar in
both of them at 40 Hz, suggesting characteristics
of LP in BrS is different from that in ARVD.!® Al-
though the mechanism of high-frequency compo-
nents remains obscure especially in BrS patients,
our results may provide new insight into the basis
of these diseases.

Study Limitations

The current study has some limitations. First, the
major limitation of this study is the small number
of the patients studied. There were only four symp-
tomatic patients with BrS. Further study in larger
groups of patients including symptomatic BrS is
required. Second, we did not perform genetic as-
sessment. Therefore, the difference between carri-
ers and noncarriers of mutated genes could not be
discussed.



AN.E. « July 2011 « Vol. 16, No. 3 * Yodogawa, et al. * Wavelet Analysis in RVOT Disease * 269

CONCLUSIONS

Abnormal high-frequency components are devel-
oped in both BrS patients and ARVC patients but
not in RVOT-VT patients. The frequency levels
showing high power by wavelet analysis obviously
differ between ARVC and BrS. Wavelet analysis
may provide new insight into unsolved mecha-
nisms in arrhythmogenic right heart disease.
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