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Abstract

Ventricular Late Potentials (VLPs) are low-level high-
frequency signals that are usually found within the
terminal part of the QRS complex from patients after
Myocardial Infarction. They are used as a diagnostic
indicator of a patient prone to Ventricular Tachycardia,
which is a major cause of death.

In this study, the Continuous Wavelet Transform was
used to analyse the High Resolution ECG. Then the total
energy at different time intervals of the terminal region of
the QRS complex was computed. In order to investigate
what time interval gave the best performance for
revealing VLPs to separate patients with VLPs from those
without. Preliminary investigations show that some of the
time intervals offered significant differences in the total
energy between the two patient groups.

1. Introduction

Ventricular Late Potentials are low-amplitude, high-
frequency signals that generally occur within the terminal
part of the QRS complex and the beginning of the ST
segment. It is supposed that VLPs are generated from a
region of the damaged myocardium where the ventricular
depolarisation is delayed. VLPs can be recorded with the
High Resolution ECG (HRECG). They appear as
fractionated microvolt signals on the body surface. From
the studies in clinical cardiology, it has been shown that
the occurrence of VLPs is prevalent in post-Myocardial
Infarction (MI) patients at risk of developing Ventricular
Tachycardia, which is one of the leading causes of
sudden cardiac death. Hence the detection of VLPs has
become a topic of interest in clinical cardiology for over
three decades. Early diagnosis of heart disease by
detecting VLPs might save a large number of patients’
lives.

The standard method for detecting VLPs was proposed
by Simson [1,2]. This method computes the parameter
measurements obtained from the filtered signal-averaged
ECG in the time domain. Many attempts have been made
to study VLPs using time-frequency domain techniques,
for example the Wigner Distribution (WD) and the Short
Time Fourier Transform (STFT). The limitation of the
WD is that it produces unwanted interference terms that
do not reflect the original signal whereas the STFT has
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fixed time-frequency resolution that is not optimal for the
analysis of non-stationary signals. VLPs are assumed to
be non-stationary signals. The wavelet transform is
proposed as an alternative technique and it can solve
some of the limitations encountered in the WD and
STFT.

In this study, the Continuous Wavelet Transform
(CWT) was used to analyse the HRECG. The aim of this
study was to investigate what time interval of the
terminal region of the QRS complex showed the most
difference between patients with VLPs and those without
by computing the total energy obtained from the CWT.

2. Data acquisition

High Resolution ECG recordings were acquired from
post-MI patients using orthogonal XYZ leads at a
sampling rate of 1000Hz and a resolution of 12 bits. The
standard time domain method [1,2] was used to identify
patients who showed the presence of VLPs. According to
the standard method, the patient data set was divided into
two groups, 20 patients with and 49 without VLPs. The
results of the two patient groups were taken as a reference
to validate the proposed method in this study.

3. The continuous wavelet transform

More recently, among time-frequency methods, the
CWT seems to be a tool of choice for HRECG analysis
[3,4]. The main advantage of the CWT is that it provides
variable time frequency resolution. It is defined as:

cwr(z,a)= f O]s(t) w(l > ’jdz (1)

where s(¢) is the signal, w(¢) is the mother wavelet,

scaled by a and shifted by z. The scaling parameter a can
be viewed as the inverse of frequency. Dilating or
contracting the wavelet changes frequencies of interest.
The wavelet 1is contracted at smaller scales,
corresponding to high frequencies, which can detect high
frequency components of the signal whereas the wavelet
is dilated at larger scales, relating to low frequencies,
which can extract the low frequency components of the
signal. This provides varying time-frequency resolution.
Shifting the wavelet is to localise the signal in time. The
CWT thus offers a good compromise between time
localisation and frequency resolution. Further details
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about the CWT can be found in the literature [5,6]. It is
obvious that the variable time frequency resolution
characteristic of the CWT is well suited to the analysis of
non-stationary signals containing short, high-frequency
components. As VLPs are considered to be short-duration
high-frequency signals, the CWT seems to be a
promising technique for this task. Computation of the
energy percentage of the HRECG with the CWT has been
reported [7]. Because the CWT is computed in terms of
scale instead of frequency, it produces a time-scale
representation of the signal.

4. HRECG analysis with the CWT

In order to reveal and extract the informative energy of
the low-level high-frequency VLPs with the CWT, it was
necessary to process the VLPs with small scales
corresponding to high frequencies. The CWT was applied
to each averaged XYZ lead and then the vector
magnitude CWT was formed from the three CWT
magnitudes CWTX, CWTY, CWTZ as in Equation 2.
The CWT of scales 3-20, in steps of 0.2, using a
Daubechies 2 mother wavelet, was investigated. Using
scales 3-20 substantially helps avoid the high energy of
the R wave, which greatly masks the low energy of the
low level VLPs. The total energy of the QRS complex
was normalised to unity.

|CWTV| = J(CWTX? + CWTY? + CWTZ) ?)

where CWTV is the vector magnitude. CWTX, CWTY, and
CWTZ are the CWT of the XYZ leads, respectively.
Summing all of the energies for all scales from 3-20
will give the total signal energy. The total signal energy
was computed from the CWTV. The total energy obtained
from the sum of all of the energies for scales 3-20 was
calculated for 7 groups of different time intervals within
the terminal part of the QRS complex and the early part
of the ST segment for the patients with and without VLPs
as follows:
1. Group 1: a group of 7 different time intervals starting
from 10 ms before the end of the QRS complex, in steps
of 10 ms, up to 60 ms after the QRS end; thus these time
intervals were as follows:

1.1 QRS end-10+0 ms
1.2 QRS end+10 ms
1.3 QRS end-10+20 ms
1.4 QRS end-10+30 ms
1.5 QRS end-10+40 ms
1.6 QRS end-10+50 ms
1.7 QRS end-10+60 ms

where "QRS end" is the end of the QRS complex.

"QRS end-10+0 ms" is the time interval from 10 ms
before the QRS end to the QRS end.

"QRS end-10+60 ms" is the time interval from 10 ms
before the end of the QRS complex to 60 ms after the
QRS end.

2. Group 2: a group of 7 different time intervals starting
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from 20 ms before the end of the QRS complex, in steps
of 10 ms, up to 60 ms after the QRS end.

2.1 QRS end-20+0 ms
2.2 QRS end-20+10 ms
2.3 QRS end+20 ms
2.4 QRS end-20+30 ms
2.5 QRS end-20+40 ms
2.6 QRS end-20+50 ms
2.7 QRS end-20+60 ms

3. Group 3: a group of 7 different time intervals starting
from 30 ms before the end of the QRS complex, in steps
of 10 ms, up to 60 ms after the QRS end.

4. Group 4: a group of 7 different time intervals starting
from 40 ms before the end of the QRS complex, in steps
of 10 ms, up to 60 ms after the QRS end.

5. Group 5: a group of 7 different time intervals starting
from 50 ms before the end of the QRS complex, in steps
of 10 ms, up to 60 ms after the QRS end.

6. Group 6: a group of 7 different time intervals starting
from 60 ms before the end of the QRS complex, in steps
of 10 ms, up to 60 ms after the QRS end.

7. Group 7: a group of 6 different time intervals starting
from the end of the QRS complex, in steps of 10 ms, up
to 60 ms after the QRS end.

5. Results of the total energy

Patients are classified as borderline patients if their
measurement parameters computed from the filtered
HRECG are very close to the criteria values of the
Simson’s standard method. The modified data set is a set
of the patient data with the borderline patients removed.
The complete data set consists of all patients.

The total energy was computed for each patient of the
two groups at all of the different time intervals as
mentioned above. The total energies for some selected
time intervals are illustrated in Figure 1. It can be
observed that there is a significant difference between the
patients with and without VLPs, especially in Figures Ic,
and 1d. After the Wilcoxon Rank Sum test was applied to
the total energy results for each of the different time
intervals, the results showed that most of the time
intervals, including the time interval between 40 ms
before and 40 ms after the QRS end (Figure 1d), offered
the same largest statistical difference between the two
patient groups at the 99.9% level of confidence
(p<0.0005) for the modified data set.

The total energy is relatively higher in the patients
without VLPs than the total energy from those with. It
can be seen that there is a big gap in the cluster of the
total energies between the two patient groups in the
modified data set (i.e. with the borderline cases not
included).



E = I)KXKW:W %( X;X a4 =
101 4&”'02 n'ual 10 ullus L0 00
b@ﬁ)*ﬁ)i@*o% i+ +II L4

: = = : ol M NXXW XXX?K gy

0'02 0'04 . 008 T

4+ + ' '
s 7 S Bhcdbinn boxx
u1 015 12 ulzls

UDS
oaﬁ&ﬁﬁﬂ'é’ i

xtxﬁ: MX$XWX}( XK :><+3K A >l
H

(=1

DIIJS IZ|1 I015 IDE IDESI na 035
! # #* [
o oottt
& H q—a: -t(-tx-l;;(xxx Bd-xxx)é& xm)oac
005 01 015 02 025 IDB IZISIS
* #* * *
o o {I_EMD '
f kx m%&j—um; x;ocxxxxxx
3 D4 , DS ,
8 %&; mio#x?xt)d ®oOX E ¥ ><;<
0. IJIJS 0. D1 0. D1 5 0. 02 0.025 0.03
Energy
®  Patients without %1LPs
& Patierts with “LPs
+ Patierts without %LPs but bordedine
% Patient= with “/LPs but bordedine

Figure 1. The total energy for QRS end-10+40 ms (a),
QRS end-20+40 ms (b), QRS end-30+40 ms (c), QRS
end+40 ms (d), QRS end-50+40 ms (e), QRS end-60+40
ms (f), QRS end+40 ms (g).

It quite clearly indicates that the total energy
distributions of the patients without VLPs are shifted to
the right of those with VLPs. It would be simply
concluded that the observed difference is statistically
significant (p<0.0005).

In Figure 1d, taking the results of the Simson method
as a reference and empirically selecting a threshold level
of 0.1, sensitivity of 85% and specificity of 98% were
obtained for the complete data set. When the borderline
patients who were possibly misclassified by the Simson
method were removed from the complete data set, and the
sensitivity and specificity were recalculated, the resulting
sensitivity and specificity were both 100% for the
modified data set.

6. Automatic detection of the QRS end

The QRS end point used for computing the total
energy in Section 4 was determined from visual
inspection of the filtered vector magnitude in the time
domain. In this section, determination of the end point of
the QRS complex was automatically computed from the
vector magnitude CWTV.
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One of the distinct properties of the wavelet transform
is that it has good time resolution for high frequencies.
The wavelet transform can thus localise accurately in
time high-frequency events of the signal. High-frequency
characteristics of the signal can be best localised with
small scales.

The averaged XYZ leads were filtered in a
bidirectional mode with a 40 Hz high pass Butterworth
filter and then the filtered XYZ leads were transformed
by the CWT of scales of 1-8, using the Daubechies 2
wavelet. The vector magnitude CWT was formulated
from Equation 2. Two contour plots of the CWTV are
plotted in Figure 2 for a patient without VLPs (a) and a
patient with (b). The dotted line marks the filtered QRS
end point.
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Figure 2. The QRS end point with the CWT contour for a
patient without (a) and a patient with VLPs (b).

The end of the QRS complex was calculated from the
CWTV by the proposed automatic algorithm. The
algorithm to identify the end point of the QRS complex
was based on the mean noise level of a 50 ms segment.
The mean noise level was computed from a region of the
signal where cardiac activity is not present. The end of
the QRS complex was automatically detected by
searching the signal with a 3 sample segment for the
mean of the segment above the threshold level. The mid-
point of the 3 sample segment was defined as the QRS
end point. The threshold level was computed from the
mean noise level at the CWT scale of 6. Once the
automated end point of the QRS complex was obtained,
the total energy was computed at the time interval from
40 ms before this automated end point to 40 ms after.

Results of the automated total energy for the two
patient groups showed sensitivity of 80% and specificity
of 96% for the complete data set, sensitivity and
specificity of 100% for the modified data set.

7. Discussion and conclusions

VLPs are usually observed in the terminal region of
the QRS complex and the beginning portion of the ST
segment. The different time intervals for computing the
total energy were tested on real data recordings to
investigate what time interval offered the greatest



statistical difference between the two patient groups and
then the sensitivity and specificity of the results of the
total energy were computed. The results showed that
most of the investigated time intervals provided the same
largest statistical difference between patients with and
without VLPs. One of the most significantly different
regions for the total energy was computed from 40 ms
before the end of the QRS complex to 40 ms after. In this
study, the time interval between 40 ms before the end of
the QRS complex and 40 ms after was explored further
by computing the total energy from the automated QRS
end.

The results of the automated energy showed slightly
lower sensitivity and specificity than those obtained from
the total energy computed from the inspected QRS end
point. This small error in sensitivity and specificity may
be due to high background noise of some data recordings.
However, the automatic QRS end algorithm was
proposed to use the CWT for the detection of the QRS
end point in the time-scale domain. In addition, the
preliminary results in this study showed the possibility of
detecting VLPs with total energy to differentiate between
patients with and without VLPs. Patients without VLPs
tended to have higher energy than those with. Ventricular
depolarisation of the damaged myocardium is delayed
and possibly partly obstructed, thus resulting in a
decrease in the total energy of the QRS complex, whereas
the ventricular depolarisation of the normal heart is
homogeneous and synchronous in action, thus resulting in
the higher energy.
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