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BACKGROUND Ventricular late potentials (VLPs) have been
known to be a predictor of lethal ventricular arrhythmias (L-VAs);
however, detection of other arrhythmogenic signals within the
QRS complex remains obscure.

OBJECTIVE The aim of this study was to evaluate whether abnor-
mal intra-QRS high-frequency powers (IQHFP) within the QRS com-
plex become a new predictor of L-VAs in addition to VLPs.

METHODS Both 12-lead electrocardiograms (ECG) and VLPs were
recorded from 142 subjects, including 37 patients without heart
diseases, 97 patients post–myocardial infarction (MI), and 45
post-MI patients with L-VAs. Time-frequency analysis of ECG (leads
V1 or II) using wavelet transform with the Morlet function was
erformed. After the time-frequency powers were calculated, the
atios of the peak of signal power during the QRS complex in
igh-frequency bands against the peak power at 80 Hz (b/a ratio;
100, P150, P200, P250, or P300Hz/P80Hz) were measured. Ab-
ormal IQHFP was defined when the b/a ratio exceeded the opti-
al cut-off values estimated by receiver-operator characteristic
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1547-5271/$ -see front matter © 2011 Heart Rhythm Society. All rights reserved
ESULTS The combination of abnormal IQHFP appearing at 200,
50, and 300 Hz with positive VLPs increased the sensitivity for
rediction of L-VAs from 53.3% by VLPs to 89.5%, and the nega-
ive predictive value from 74.7% by VLPs to 87.7%.

ONCLUSION The combined use of VLPs and IQHFP hidden within
he QRS complex improved the prediction of L-VAs in post-MI
atients.

EYWORDS Lethal ventricular arrhythmias; Wavelet transform;
ntra-QRS arrhythmogenic signals; Ventricular late potential

BBREVIATIONS AIQP � abnormal intra-QRS potential; CWT � con-
tinuous wavelet transform; fQRS � fragmented QRS; IQHFP � intra-QRS
igh-frequency powers; L-VAs � lethal ventricular arrhythmias;
I � myocardial infarction; ROC � receiver-operator characteristic;
AECG � signal-averaged electrocardiogram; SCD � sudden cardiac
eath; VF � ventricular fibrillation; VLP � ventricular late potential;
T � ventricular tachycardia; WT-ECG � wavelet transformed electro-
ardiographic
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Introduction
Despite recent advances in available therapies, pre-existing
ischemic heart disease is manifested in 80% of victims of
sudden cardiac death (SCD).1 Lethal ventricular arrhyth-
mias (L-VAs), such as ventricular tachycardia (VT) and
ventricular fibrillation (VF), were responsible for the events
culminating in SCD. To date, noninvasive markers of SCD
used in clinical practice for detecting depolarization abnor-
malities in the heart include: (1) ventricular late potential
(VLP) on signal-averaged electrocardiogram (SAECG),2,3

(2) abnormal intra-QRS potentials (AIQPs),4 (3) fragmented
QRS (fQRS),5 and (4) repolarization abnormalities.6 Re-
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Division of Cardiology, Eda Memorial Hospital, 1-1 Azamino Minami,
Aoba-Ku, Yokohama, 225-0012, Japan. E-mail address: ttsutsumi07@
cently, Bauer et al demonstrated that the presence of VLPs
in post–myocardial infarction (MI) patients in the reperfu-
sion era was of little value for predicting L-VAs.7 The
intramural fragmented activities, presumed to be the source
of VLPs, were not only generated at the phase of the
terminal QRS complex but also at the other phases of QRS
in the experimental study.8 Therefore, tentative studies of
spectral turbulence analysis,9 spectral mapping,10 AIQPs,
and time-frequency analysis using wavelet transform11�13

have been performed to detect abnormal electrical signals
within the QRS in addition to VLPs. However, with the
exception of VLPs, additional methods have not been fully
established in routine clinical applications. Further reliable
studies should be devised. In the present study, time-fre-
quency analysis of a single QRS complex applying wavelet
transform was performed. We noted that abnormal wavelet

transformed electrocardiograms signals (WT-ECG signals),

. doi:10.1016/j.hrthm.2011.06.027
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which appeared at high-frequency bands (200 to 300 Hz)
observed within the QRS complex (intra-QRS high-fre-
quency power; IQHFP), were frequently seen in post-MI
patients with L-VAs. It was assumed that abnormal IQHFP
originates from the invisible arrhythmogenic potentials
within the QRS complex. The aim of this study was to
demonstrate that the recognition of abnormal IQHFP within
the QRS complex could enhance the prediction of VLPs for
L-VAs in post-MI patients.

Methods
Subjects and electrocardiographic data acquisition
Five hundred and seventy-six patients admitted to the
Showa University Fujigaoka Hospital from 2004 to 2009
underwent examination to detect VLPs for prediction of
L-VAs. The subjects of this study comprised 142 consecu-
tive patients with MI in Table 1 and age-matched 37 pa-
tients without heart diseases (normal subjects). Each patient
was transported by ambulance to the hospital, diagnosed
with acute MI or post-MI unstable angina, and underwent

Table 1 Characteristics of patients with myocardial infarction

Myocardial infarction

P value
MI without
L-VAs MI with L-VAs

Number of cases 97 45
Age (yrs) 68.5 � 11.7 66.2 � 11.5 .272
Sex (M/F) 77/20 41/4 .083
MI (Ant/Inf) 58/39 34/11 .067
CTR (%) 55.6 � 6.5 53.6 � 5.4 .514
F (%) 46.5 � 11.4 40.5 � 9.1 .512
eak CK (IU/L) 2,874 � 2,126 5,041 � 4,879 .058
K-MB(IU/L) 267 � 209 336 � 284 .356
VD 48 (48.4%) 23 (51.0%) .858
VD 24 (24.7%) 9 (20.0%) .534
VD 19 (19.6%) 13 (28.9%) .212
ABG 12 (12.4%) 3 (6.7%) .303
nducible VT 0% 18 (40.0%)
CD 0% 13 (28.8%)
ime of recording
VLP

st attack 71 (73.1%) 19 (42.5%) �.001
nd and 3rd
attacks

33 (33.0%) 29 (64.4%) �.001

edication
miodarone 0% 28 (62.2%)
a channel B 0% 7 (15.5%)

�-blocker 41 (42.3%) 6 (13.3%) �.001
o antiarrhythmic
drug

56 (57.7%) 12 (26.7%) �.05

Normal ranges of creatine kinese (CK) and CK-MB are 57 to 197 IU/L
and 25 IU/L or less.

Ant � anterior myocardial infarction; CABG � coronary artery bypass
grafting; peak CK � peak value of serum creatine kinase; CTR � cardio-
thoracic ratio; DVD � double-vessel disease; EF � ejection fraction; F �
female; Na channel B � sodium channel blocker; M � male; ICD �
implantable cardioverter defibrillator; Inf � inferior myocardial infarction;
L-VAs � lethal ventricular arrhythmias; MI � myocardial infarction; SVD �
single-vessel disease; TVD � triple-vessel disease; VLP � ventricular late

potential; VT � ventricular tachycardia.
urgent percutaneous coronary intervention. The diagnosis of
MI was confirmed by characteristic ST-segment changes
and enzymatic assessment (peak value of serum creatine
kinase [peak CK] and CK-MB) in the acute phase, and
thallium-201 imaging in the chronic phase. The character-
istics of the severity of MI including average peak CK,
CK-MB, and number of coronary arteries with significant
stenosis are summarized in Table 1.

SAECG and standard 12-lead electrocardiogram (ECG)
were recorded at the same time. Ninety of the patients with
MI underwent both examinations within 1 month after the
heart attack, and the remaining 52 patients underwent these
examinations during the chronic phase of MI. The following
cases were excluded in this study: Wolff-Parkinson-White
syndrome, implanted pacemaker or after implantable car-
dioverter-defibrillator, pre-existing bundle branch blocks,
intraventricular conduction block, and persistent atrial fi-
brillation. These cases comprised 9.6% of all subjects. The
45 post-MI patients with symptomatic LV-As during the
clinical course or with L-VAs induced by programmed
ventricular stimulation were selected for this study. The
standard programmed stimulation method was applied to
the induction of VT or VF. If sustained VT for at least 10
seconds with cycle length of 200 ms or more was induced
by 3 extrastimuli, the result was considered positive. Both
SAECG and ECG were recorded within 1 to 3 days before
the electrophysiological study. The normal group consisted
of the patients without detectable heart diseases in ECG,
chest X-ray film, and echocardiogram, and of healthy vol-
unteers (n � 37: male: 45.9%, female: 54.1%, age: 53.5 �
4.9 years). The ethical committee of Showa University
ujigaoka Hospital approved the protocol of this study.

A device (Cardio-Multi, FDX-6521; Fukuda Densi, Co.
td., Tokyo, Japan) was used to record both SAECG and
CG in the shield room. Bipolar pseudo-orthogonal X, Y,
nd Z leads were used to measure VLPs, with frequency
ut-off between 40 and 250 Hz. Approximately 200 beats
ere filtered and averaged. Three variables of SAECG are

onsidered to assess the presence of VLPs: (1) a QRS
uration of 114 ms or more, (2) a duration of the low-
mplitude signal �40 �V in the terminal portion of the
veraged QRS complex of 38 ms or more, (3) a root mean
quare of the terminal 40 ms of the filtered QRS of 20 �V

or less. VLPs were present when at least 2 of these showed
abnormal values.3 Based on these findings, true-positive
VLP patients were defined as the post-MI patients who
had both positive VLPs and an episode of spontaneous or
inducible LV-As. Post-MI patients were classified into 4
groups: (1) true-positive VLPs (n � 24), (2) false-nega-
tive VLPs (n � 21), (3) false-positive VLPs (n � 35), (4)
true-negative VLPs (n � 62). After measuring VLPs,
ECGs were recorded for 20 seconds through a 300-Hz
Butterworth high-cut filter and digitized using a 16-chan-
nel A/D converter with 16-bit solution, at a sampling rate

of 10 kHz.
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Time-frequency analysis
The continuous wavelet transform (CWT) was applied to
the time-frequency analysis of the ECG signal. The time-
frequency powers using CWT were calculated using a
method reported in previous studies.12,13 In the present
study, commercial PC software developed by our group
(BIOMAS for Wavelet, version 3.0, Elmec Co. Ltd., Tokyo,
Japan) was used to measure WT-ECG signals. The time-
frequency powers during QRS complex in a range from 5 to
300 Hz were calculated by CWT with 40 scale bands. The
Morlet function was applied to measure WT-ECG signals in
this study because it was fitted to analyze the target fre-
quency of this study. In contrast, if the Gabor function was
applied, the oscillatory CWT-ECG signals similar to the
chirp oscillation were mixed at high-frequency ranges,
which might be related to the width of the original mother
wavelet in this software.

To avoid incorporation into artifacts, P-QRS-T waves
without visual baseline drift or noises were selected from
continuous records of ECG for 20 seconds. In cases of
anterior or anterolateral MI, a single QRS complex in chest
leads (V1 or V2) was analyzed, and in cases of inferior or
osterolateral MI, that in a limb lead (II or III) was ana-
yzed. Subsequently, the transformed data were displayed
n the computer screen as 80 lines of WT-ECG signals that
ere represented every 4.19 Hz, ranged from 5 to 350 Hz.

Measurements of wavelet-transformed signals and
exclusion criteria to avoid error
WT-ECG signals given from 2 frequency scale bands (80
and 300 Hz) were optionally selected and displayed as a
function of time in Figure 1. As shown in Figure 1A, the
major frequency powers were observed within the QRS

Figure 1 Methods for measurement of
arameters from wavelet-transformed ECG
ignals. A: The chest ECG was recorded
rom a 56-year-old male patient with anterior
nfarction without lethal ventricular arrhyth-
ias. The blue lines indicate WT-ECG sig-

als at 80 Hz. The red lines indicate WT-
CG signals at 300 Hz. WT-ECG signals
orrespond to the time course of ECG. The
etters a and b indicate the peak frequency
ower of WT-ECG signal at 80 Hz or 300 Hz
ithin the QRS complex, respectively. B: A
agnified picture at the foot of wavelet-trans-

ormed signals and ECG are shown. ECG �
lectrocardiogram; IQHFP � intra-QRS
igh-frequency power; WT-ECG � wavelet-

transformed electrocardiogram.
complex whose peak amplitudes indicated by dotted lines
(a, b) appeared at the early descending limb of the QRS
complex. The ratio of the peak signal amplitude (b/a ratio)
was 0.15 in this case. The use of this method of displaying
a pair of wavelet signals made it possible to distinguish the
fine wavelet signals from the noise. In addition, the follow-
ing exclusion criteria empirically arranged: (1) the a value
was within average normal values � 1 SD (0.17 �, or
�0.06 mv2/Hz), (2) the b value was larger by at least 2-fold
ower than the powers derived from noise between the U-P
egment where the electrical generator in the heart was null.
f the a value was 0.06 mv2/Hz or less, the noise signals
ere sometimes magnified. By adopting these exclusion

riteria, 8.5% of the total subjects were eliminated from the
tudy. In Figure 1B, a magnified picture at the foot of

T-ECG signals and ECG are shown. The duration of the
T-ECG signal corresponding to the IQHFP was 36.0 ms

n this case.

Statistical analysis
Data are expressed as the mean � 1 SD. A paired-sample t
test was used for comparison of continuous variables be-
tween the 2 study groups. The �2 test with Yates correction
for 2 � 2 tables was used to compare the categorical data.
For multiple-group comparisons, statistical significance was
assessed by analysis of variance, followed by the Tukey
Honestly Significant Difference Adjustment for multiple
comparisons. To get an appropriate sensitivity and specific-
ity, receiver-operator characteristics (ROC) curves were
used to optimize the cut-off values of b/a ratios in each
high-frequency band (300, 250, 200, and 150 Hz). The
optimum parameters associated with ROC curves were
given from the shortest distance from the upper and left
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corner (sensitivity � 1.0) of the graph to the ROC curve. A
value of P �.05 was considered statistically significant.

Results
b/a ratio in each group
In Figure 2, WT-ECG signals from a normal subject (Figure
2A) and an MI patient with L-VAs (Figure 2B) are shown.
The b/a ratio at 300 Hz was obviously smaller in a normal
subject compared with an MI patient. The peak powers
of the high-frequency signals within the QRS complex in-
dicate that b appearing at the descending limb of the QRS
whose time of appearance was 32 ms after the onset of QRS
(Q-Sp time in the figure) in normal subjects. The peak power
of the WT-ECG signals traced by red lines increased as the
frequency was lowered. Consequently, b/a ratios were in-
creased from 300 to 150 Hz, and their values were 0.08 at
300 Hz, and 0.30 at 150 Hz. In Figure 2B, 2 selective
WT-ECG signals calculated from the ECG (V2) of a patient
with MI and L-VAs are shown. Multiple peaks were ob-
served, especially at 300 Hz, at the early and the late phases

Table 2 The b/a ratios in each group

*P � .05 false-negative VLP vs normal subjects. †P � .05 false-negat

FN � false negative; FP � false positive; MI � myocardial infarction; TN �

entricular late potential.
of the QRS complex as compared with the normal subject
shown in Figure 2A. The peak powers of the signals ap-
peared at the late phase of QRS, indicated by b, that ap-
peared at 57 ms after the onset of QRS. In addition, b/a
ratios in both frequency bands were greater than those in the
normal subject.

Averaged intra-QRS high-frequency potentials
(b/a ratio) in all groups
After the time-frequency powers were calculated, the ratios
of the peak of signal power during the QRS complex in
high-frequency bands against the peak power at 80 Hz (b/a
ratio; P100, P150, P200, P250, or P300Hz/P80Hz) were
measured. The mean values of b/a ratios in every group are
shown in Table 2. The post-MI patients were divided into 4
groups based on whether VLPs were positive or negative.
Significant differences in b/a ratios were found between the
group of false-negative VLPs and normal subjects at 300,
250, and 150 Hz (P � .05). The b/a ratios at 250 and 200 Hz

ere higher in false-negative VLPs compared with those in

Figure 2 Frequency-dependent changes
in high-frequency power in a normal sub-
ject and in a patient post–myocardial in-
farction. Two selective WT-ECG signals
corresponding to the time course of ECG
(V1 or V2) from a normal subject (A) and a
patient with myocardial infarction with le-
thal ventricular arrhythmia (B) are illus-
trated. In each panel, blue lines indicate
WT-ECG signals at 80 Hz, and red lines
indicate WT-ECG signals at 300 and 150
Hz. ECG � electrocardiogram; Q-SP �
appearance time of the peak wavelet signal
from the onset of the QRS complex at 150
Hz and 300 Hz; WT-ECG � wavelet-trans-
formed electrocardiogram.

true-negative VLP. ‡P � .05 false-negative vs true-positive VLP.
ive vs

true negative; TP � true positive; VA � ventricular arrhythmias; VLP �
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1513Tsutsumi et al Wavelet Transform and High-Frequency Power in QRS
true-negative VLP group (P � .05). In addition, there was
a difference in the b/a ratio between false-negative and
true-negative VLPs groups at 250 Hz. But no significant
differences among groups were found at 100 Hz.

In the present study, the cut-off values of the b/a ratios
were decided for the parameters of ROC curves. Figure 3
shows the scatter plots of b/a ratios from post-MI patients
with and without L-VAs. The transverse scales indicate b/a
ratios from normal subjects. The numbers enclosed by
squares along the dotted line in each panel indicate the
optimum cut-off values of b/a ratios calculated from ROC
curves. If the b/a ratios deviated from these values, the
IQHFP was considered the abnormal signal. The statistical
predictive values of L-VAs with MI are summarized in
Table 3. As shown in the table, the specificity (93.8%)
was characteristically higher at 300 Hz, although the
sensitivity was lower. The sensitivity of L-VAs measured
from VLPs was 53.3% in this study, but the negative
predictive value was 74.7%. When the occurrence of

Figure 3 Scatter plot out b/a ratio in each of 4
igh-frequency bands. Brown * marks in the
raphs indicate b/a ratios (300, 250, 200, 150 Hz)
f post–myocardial infarction patients with lethal
entricular arrhythmias, and blue � marks b/a
atios of post–myocardial infarction patients with-
ut lethal ventricular arrhythmias. The dotted lines
how the cut-off values of b/a ratios obtained from
eceiver-operator characteristic curves. L-VA(�) �
yocardial infarction without lethal ventricular

rrhythmias; L-VA(�) � myocardial infarction
ith lethal ventricular arrhythmias; N � normal
roup.

Table 3 Predictive values of lethal ventricular arrhythmias
measured from patients with myocardial infarction

b/a ratio or/
and VLP

Sensitivity
(%)

Specificity
(%) PPV (%) NPV (%)

P300/P80 27.9 93.8 66.7 74.6
P250/P80 37.2 79.4 44.4 74.0
P200/P80 25.5 87.6 47.8 72.6
P150/P80 23.2 85.6 41.6 71.5
VLP 53.3 63.9 40.7 74.7
VLP plus P300,

250, 200/
P80

89.5 63.3 67.4 87.7

PPV � positive predictive value; NPV � negative predictive value;

LP � ventricular late potential.
L-VAs was predicted using positive VLPs plus 1 or more
abnormal IQHFPs that appeared at high-frequency bands
(200, 250, or 300 Hz), 14 of 21 false-negative VLPs
became positive cases. Consequently, the sensitivity of
L-VAs predicted from both VLPs and b/a ratios (P300,
P250, and P200/P80) increased from 53.3% to 89.5%,
and its negative predictive value from 74.6% to 87.7%.

Q-Sp time and duration of IQHFP in each
requency band

The Q-Sp times in normal subjects ranged from 35 to 40 ms,
n which the peak power of IQHFP appeared at the descend-
ng limb of the QRS complex in precordial chest leads, and
ppeared near the peak of the R wave in lead II. The Q-Sp

time was changed, depending on the ECG lead. The Q-Sp

times were measured from the QRS complexes in lead V1 or

2 in half of the normal subjects and from the QRS com-
lexes in lead II in the remaining normal subjects. The
verage Q-Sp time was 34.3 � 6.2 ms (n � 37) in normal
ubjects. The Q-Sp times in post-MI patients with L-VAs
ere significantly longer at only 300 Hz (45.7 � 17.1 ms,
� 45) than in those without L-VAs (35.8 � 11.5 ms, n �

7).
An example of changes in Q-Sp time during the clin-

ical course is presented in Figure 4. The patient was a
52-year-old man who presented at the emergency depart-
ment complaining of chest pain. The emergent coronary
angiogram showed total occlusion of the proximal left
anterior descending artery (segment 6). After coronary
stenting, the patient’s ECG revealed a typical anterior
MI. On the 2nd day of admission, while in the coronary
care unit, he suffered a spontaneous incident of sustained
ventricular tachycardia. Seven days after admission, his

VLPs were positive and Q-Sp time was 55.5 ms as shown
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in Figure 4A. However, his VLPs changed from positive
to negative after 10 days, and the b/a ratio increased from
0.13 to 0.23, which was clearly an abnormal value of
IQHFP as shown in Figure 4B. At the same time, the

-Sp time was shortened from 55.5 to 32.0 ms, because
he IQHFP located at the terminal phase of the QRS
omplex was reduced, as shown in Figure 4B and indi-
ated by the red arrow.

Beat-to-beat variation of IQHFP
To assess the beat-to-beat variation of IQHFP, 10 pa-
tients with typical abnormal IQHFP were selected from
all patients with MI. The percentage changes in the peak
power of IQHFP and coefficient of variance were calcu-
lated from 10 consecutive QRS complexes in the chest
lead (V1 or V2). Mean percentage changes and coeffi-
ients of variance were 29.2% � 26.9% and 0.96 at 300
z, 25.1% � 18.8% and 0.75 at 200 Hz, 17.6% � 12.2% and

.70 at 100 Hz. Thus, a frequency dependent decrease in the
ariation of WT-ECG signals was observed. From these re-
ults, the maximum b/a ratio was selected from the values
uring a single respiratory cycle (about 3 to 6 beats).

Discussion
The key results obtained in this study were as follows: (1)
A single-beat analysis using CWT was successfully used
to search IQHFP. (2) The combined use of VLPs and
IQHFP improved the sensitivity of VLPs for prediction
of L-VAs in post-MI patients from 53.3% to 89.5%, and
the negative predictive value from 74.7% to 87.7%. (3)
The Q-Sp times in post-MI patients with L-VAs were
found to be significantly longer at only 300 Hz (45.7 �

17.1 ms) than in those without L-VAs (35.8 � 11.5 ms). i
High-frequency powers within the QRS complex
and use of the b/a ratio
In the early 1950s, Langner et al14 were first to appreciate
hat high-frequency notches and slurs in the QRS com-
lex appeared more frequently in patients with MI. Sub-
equently, the investigators referred to the notching and
lurring of the expanded QRS as high-frequency compo-
ents in post-MI patients.15,16 Since the 1980s, SAECG

has been used to reduce the noise and to search for
abnormal high-frequency potentials. However, there are
some weaknesses in VLP assessment at abnormal high-
frequency potentials within the QRS complex. First, the
cardiac excitation fronts passing through the anterior
region of the left ventricle originate in the early phase of
the QRS complex. Delayed abnormal depolarization po-
tentials of these regions may not outlast the QRS com-
plex. Secondly, high-frequency potentials within the
QRS complex might eventually be smoothed by poor
alignment of QRS complexes. Therefore, the single-beat
analysis used in the present study provides different raw
information of high-frequency signals hidden within the
QRS complex. As shown in Figure 1, if 2 WT-ECG
signals at low- and high-frequency bands were selected,
the intra-QRS signal with high-frequency band (300 Hz)
was easily discriminated from the signals that appeared at
time sections other than the QRS complex. Previous
studies also showed that good time-frequency resolution
in analyzing a single beat was obtained without signal
averaging.13,17,18 Quantitative assessment at a power ra-
io such as the b/a ratio is proper for comparison with the
ower values of WT-ECG signals among individuals,
ecause the power ratio can diminish variations among

Figure 4 An example of changes in ap-
pearance time of the peak frequency power at
300 Hz. The blue lines indicate WT-ECG
signals at 80 Hz. The red lines indicate WT-
ECG signals at 300 Hz. a and b indicate the
peak frequency power of WT-ECG signal at
80 Hz or 300 Hz within the QRS complex,
respectively. WT-ECG signals are shown 7
days after admission in A, and after 10 days
in B. Q-SP � appearance time of the peak
wavelet signal from the onset of the QRS
complex at 300 Hz; WT-ECG � wavelet-
transformed electrocardiogram.
ndividuals and from beat to beat.
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Time and frequency domain analysis of
QRS complex
A number of studies have reported noninvasive assessment
of prediction of L-VAs using time or/and frequency do-
mains.2,4,9�10 For example, Kelen et al9,19 used spectral
turbulence analysis of the SAECG as a method to analyze
frequency domain, and this method has been used to date. In
their method, based on the short-time Fourier transform, the
total predictive accuracy for L-VAs inducibility was im-
proved from 73% of VLPs to 94% of spectral turbulence
analysis. Others introduced the wavelet correlation function,
which combines wavelet transform with a modified analysis
of spectral turbulence, because wavelet transform yields a
better time-frequency resolution than short-time Fourier
transform. The combined application of the wavelet trans-
form correlated function of the SAECG and VLPs for pre-
diction of L-VAs increased the total predictive accuracy up
to 20% to 25%.11,20 However, the location of the abnormal
ignal during the QRS complex was uncertain in these
tudies. Couderc et al11 demonstrated that the most signif-
cant wavelets, rangeing from 125 to 250 Hz, were localized
round the terminal portion of the signal-averaged QRS
omplex. In contrast, in the present study, the abnormal
QHFP was found in the QRS complex; namely the longest
verage Q-Sp time among high-frequency bands was 45.7
s. This different result may be ascribed to differences in

he analytical methods between SAECG and a single QRS
omplex. It is conceivable that the transient high-frequency
otentials hidden in the QRS complex that occurred at the
arly to terminal portion were smoothed by signal averag-
ng. On other hand, the VLPs with very low amplitude could
ot be captured by single-beat analysis in the present study.
f these considerations are sound, the combined use of VLP
nd IQHFP for the prediction of L-VAs in post-MI patients
s more accurate compared with the methods of previous
tudies.

Study limitations
The elimination of noises and baseline drift are needed to
perform CWT analysis with a single QRS complex. Another
limitation for the application of the CWT method was find-
ing abnormal IQHFP in �2% of normal subjects; therefore,
the CWT method was less effective than the VLP method in
discriminating normal subjects from post-MI patients with
L-VAs.

Conclusions
The study demonstrated that the combined use of VLPs and
IQHFP improved the sensitivity of VLPs for prediction of
L-VAs in post-MI patients from 53.3% to 89.5%, and the
negative predictive value from 74.7% to 87.7%. The im-
provement was chiefly attributed to the recognition of ab-
normal IQHFP in a high percentage (67%) of post-MI
patients judged on false-negative VLPs. The measurements
of the appearance time of IQHFP can play a role in subsid-

iary understanding of the pathogenesis of L-VAs.
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