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Abstract

In analyzing ECG data, the main aim is to differentiate between the signal patterns of
healthy subjects and those of individuals with specific heart conditions. We propose an
approach for classifying multivariate ECG signals based on discriminant and wavelet
analyses. For this purpose we use multiple-scale wavelet variances and wavelet corre-
lations to distinguish between the patterns of multivariate ECG signals based on the
variability of the individual components of each ECG signal and on the relationships
between every pair of these components. Using the results of other ECG classification
studies in the literature as references, we demonstrate that our approach applied to
12-lead ECG signals from a particular database compares favourably. We also demon-
strate with real and synthetic ECG data that our approach to classifying multivariate
time series out-performs other well-known approaches for classifying multivariate time

series.
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1. Introduction

An electrocardiogram (ECG) is a test that records the electrical activity of the heart.
The ECG is recorded between electrodes on the surface of the human body. The stan-
dard is the 12-lead ECG which examines the electrical activity of the heart from 12
points of view. Cardiac abnormalities have been conventionally monitored and diag-
nosed by human observers relying on the detection of the presence of particular fea-
tures in the output of the ECG. This output is a graph (or sometimes several graphs,
representing each of the leads) with time represented on the x-axis and voltage repre-
sented on the y-axis. A dedicated ECG machine would usually print onto graph paper
which has a background pattern of 1 mm squares, with bold divisions every 5 mm in
both vertical and horizontal directions. By definition, a 12-lead ECG will show a short
segment of the recording of each of the 12 leads. This is often arranged in a grid of four
columns by three rows, the first columns being the limb leads (i,ii and iii), the second
column the augmented limb leads (aVR, aVL and aVF') and the last two columns being
the chest leads (V1-V6). Each column will usually record the same moment in time for
the three leads and then the recording will switch to the next column, which will record
the heart beats after that point. It is possible for the heart rhythm to change between
the columns of leads.

A typical waveform from a single heart beat [1] is shown in Figure 1 on Page 3.
Any ECG signal imparts two pieces of information. The first is the duration of the
electrical wave crossing the heart which in turn works out whether the electrical activity
is normal, slow, or irregular , and the second is the amount of electrical activity passing
through the heart muscle which determined whether parts of the heart are too large or
overworked. Normally, the frequency range of an ECG signal is of 0.05-100 Hz and its
dynamic range is of 1 - 10 mV (mV represents milli-volts; a volt is the unit for electric
potential (voltage); Hz represents a hertz which is the inverse of a second). The ECG
is characterised by five peaks and valleys labeled by the letters P, Q, R, S, T. In some

cases another peak, U is also present. The performance of an ECG analysing system



Figure 1: A typical ECG waveform of a single beat
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depends mainly on the accurate and reliable detection of the QRS complex, as well as
the T- and P-waves. The P-wave represents the activation of the upper chambers of the
heart, the atria, while the QRS complex and the T-wave represent the excitation of the
lower chambers of the heart, the ventricles. The QRS complex is the most prominent
part of the waveform within the ECG signal. Since it reflects the electrical activity
within the heart during ventricular contraction, the time of its occurrence as well as its
shape provide some information about the current state of the heart.

Interpretation of the ECG allows diagnosis of a wide range of heart conditions which
can vary from minor to life threatening. Due to large numbers of people with suspected
heart conditions in hospitals all around the world, the need has arisen for automated
detection of heart abnormalities to assist diagnoses. Hence, the classification of ECG sig-
nals is an important task in biomedical science. Large databases exist for large numbers
of patients and controls, Many techniques of automatic detection using ECG signals
have been developed, enabling objective quantitative classification, where previously
just qualitative diagnostic criteria were applied.

Many authors have proposed methods to classification ECG signals with varying

degrees of accuracy. In particular, Al-Naima and Al-Timemy [2], De Chazel and Reilly



[3] , Heden et al. [4] and Bozzola et al. [5] have proposed methods that been applied to
12-lead ECG signals.

In our study of 12-lead ECG signals , we are particularly interested in differentiating
between patterns of ECG signals of individuals with the heart condition, myocardial
infarction, and of those without this condition. To this end, Al-Naima and Al-Timemy
[2] used Discrete Fourier Transform (DFT) coefficients and Discrete Wavelet Transform
(DWT) coefficients as the discriminating features with neural network classifiers. Using
12-lead ECG data with a training set of 45 records (26 controls and 19 with myocardial
infarction) and a test set of 20 records (12 controls and 8 with myocardial infarction),
the sensitivities achieved for the test set were between 80% to 90%, while the specificity
was 90%. Note that sensitivity is the percentage of cases correctly classified as being
in the class of a particular condition, e.g., myocardial infarction, while specificity is the
percentage of cases correctly classified in the control group, i.e., being of the normal
class.

De Chazel and Reilly [3] used linear and quadratic discriminants with five features sets,
including DW'T coefficients, standard cardiology features and time domain features.
Using a database of 500 12-lead ECG signals from 345 patients with different cardiac
diseases, and from 155 controls, and multiple runs of ten-fold cross-validation, they
obtained sensitivities of 69-73%, 78-83% and 25-38% when they classified anterior,
inferior or combined myocardial infarction, while the specificity of their best classifier
was 90%.

Heden et al. [4] conducted a study using 12-lead ECG records of a group of 1120
individuals with acute myocardial infarction and a control group consisting of 10,352
cases. They used six time domain measurements from each of the 12 leads as inputs in
to artificial neural networks. Using a three-fold cross-validation procedure, their method
achieved sensitivities of 46.2%-65.9% and specificities of 86.3-95.4%.

Bozzola et al. [5] extracted a set of 8 time domain parameters from each of the 12-lead
ECG records and input these into a hybrid neuro-fuzzy system for the classification of

myocardial infarction. They used a training set of ECG records of 179 controls and 404



with myocardial infarction, and a test set of ECG records of 60 controls and 135 with
myocardial infarction. Their method achieved test set sensitivities of 72% , 80-88% and
52-60% when they classified anterior, inferior or combined myocardial infarction and
specificities of 92-93%.

In all of the techniques employed by the above-mentioned authors, the components
of the 12-lead ECG signal are treated as if they were independent of each other. In
practice, each 12-lead ECG signal can be regarded as a 12-component multivariate
time series. An important consideration in the analysis of multivariate time series is the
relationship between the individual components of each series. Hence, given the absence
of this consideration in ECG classification literature, we are motivated to examine
the inclusion of these interrelationship features to assess whether they provide useful
information, and thus lead to perhaps more accurate classification results. In this paper,
we therefore propose the discriminant analysis of the multivariate time series, namely,
the 12-lead ECG signals, based on wavelet features of variances and correlations. In
using these features, our goal is to distinguish between the patterns of multivariate
ECG signals based on the variability of the individual components of each ECG signal,
and the relationships between these components. Taking into account the relationships
between every pair of components is a novel approach, and to our knowledge has not
been considered before in multiple-lead ECG classification.

Since an ECG signal is of high frequency, time domain analyses of such signals, using
summary statistics misses out on useful information in the intricacies of the signal.
Hence a frequency representation of the signal would be more useful. This can be
achieved by using the Fast Fourier Transform (FFT) technique. However, the limitation
of the FF'T is that it is unable to provide that information regarding the exact location of
the frequency components in time. Wavelet transformation of the time series overcomes
this limitation in that the signal is decomposed into coefficients at a number of frequency
bands referred to as scales. The coefficients at each scale have a time location and
represent the ECG signal in a particular frequency band. Furthermore, an advantage

of using wavelet features is that the time series under consideration do not necessarily



have to be mean stationary or variance stationary as indeed most ECG data are not.
Because we are interested in the variability of each of the 12-lead ECG components we
can obtain more useful information from the variances of the the wavelet coefficients
at each of the frequency bands than simple obtaining the single variance of each lead
in the time domain . Since we are also interested in the relationship between the every
pair of leads, we can obtain more useful information from the correlation between every
pair of leads at each of the frequency bands, instead of a single correlation coefficient
between a pair of leads in the time domain. All of this therefore provides a motivation
for the use of these wavelet based features.

We first demonstrate the performance of our approach on synthetic ECG data and we
compare it to that of other well-known methods for classifying multivariate time series.
We then apply our approach to data from a publicly available ECG database and we
show that this approach achieves very good accuracy rates in differentiating between
the 12-lead ECG records of healthy individuals and those with myocardial infarction.

In Section 2 we describe the tools required for our proposed method and the method
itself, respectively. In Section 3 we evaluate the performance of this approach using
synthetic ECG data when compared to other multivariate classification approaches. In
Section 4, we discuss the processing of ECG records available in the PTB Diagnostic
ECG Database [6] and we apply this method to differentiate between the ECG signals
of 52 healthy controls and 148 subjects with myocardial infarction. This ECG data
allows us to evaluate the performance of our proposed method and compare it with

other multivariate classification approaches. We conclude in Section 5.

2. Methods

2.1. Discriminant Analysis

In practice, a time series is known to belong to one of ¢g groups. The task is to
classify the time series into one of these g groups in an optimal manner. Assumptions
are made concerning the Gaussian probability density function of the different groups.

In linear discriminant analysis, it is assumed that the groups have equal covariance



matrices and differ only in their means. While in quadratic discriminant analysis, the
covariance matrices of the groups are not assumed to be equal. There are several ways
to evaluate the performance of a discriminant analysis procedure. One method is to split
the sample into training and hold-out samples and evaluate the error rate associated
with the hold-out set which was not used in deriving the classification rule. Another
method is to use the hold-out-one technique of cross-validation which is particularly
useful if the samples sizes are not very large. This technique holds out the observation
to be classified, deriving the classification function from the remaining observations (see
[8] for more details). The procedure is repeated of each member of the sample and an
overall error rate is determined.

When dealing with univariate time series, one can use features of the time series
such as autocorrelations, periodogram coefficients, wavelet features etc., in a standard
discriminant analysis. Several authors have proposed discriminant analysis of univariate
time series. See for example, [9] and [10]. With multivariate time series, the task is more
complex because as well as taking into account the multiple series associated with each
object, one has to also take into account the relationships between the components of
each multivariate time series. Kakizawa et al. [11] developed approaches for classifying
stationary multivariate time series using spectral matrices with Kullback—Leibler (K-L)
and Chernoff discrepancy measures. Shumway [12] extended this with the Kullback—

Leibler (K-L) discrepancy to locally stationary time series.

2.2. Wavelet Analysis and Wavelet Features

In what follows, using the notation of [13], we give a brief description of wavelet
analysis and the associated features of wavelet variances and wavelet correlations.

The Discrete Wavelet Transform (DWT), which is an orthonormal transform, re-
expresses a time series of length 7" in terms of coefficients that are associated with
a particular time and with a particular dyadic scale as well as one or more scaling
coefficients. The j-th dyadic scale is of the form 2/~! where j = 1,2,...,J, and J is the

maximum allowable number of scales.



The number of coefficients at the j-th scale is T/27, provided T' = 27. In general the
wavelet coefficients at scale 297! are associated with frequencies in the interval [1/277!
,1/27]. Large time scales give more low frequency information, while small time scales
give more high frequency information about the time series. It is possible to recover the
time series X;,t =1,2,...,T from its DWT by synthesis. That is, the multi-resolution

analysis (MRA) of a time series is expressed as

J
Xt:Zdj+SJ> (1)
j=1

where d; is the wavelet detail (series of inverse wavelet coeflicients at scale j) and s is
the smooth series which is the inverse of the series of scaling coefficients. Hence a time
series and its DWT are actually two representations of the same mathematical entity.

The maximum overlap discrete wavelet transform (MODWT) is a modification of the
DWT. Under the MODWT, the number of wavelet coefficients created will be the same
as the number of observations in the original time series. Because the MODW'T decom-
position retains all possible times at each time scale, the MODWTT has the advantage of
retaining the time invariant property of the original time series. The MODW'T can be
used in a similar manner to the DWT in defining a multi-resolution analysis of a given
time series. In contrast to the DWT, the MODWT details and smooths are associated
with zero phase filters making it easy to line up features in a MRA with the original
time series more meaningfully.

If {ﬁj,l,l =0,1,...,L;} is the j-level MODWT wavelet filter of length L;, associated

with scale 7; = 277! then if {X;} is a discrete parameter stochastic process and
L;
Wie=> hjuXi (2)
1=0

represents the stochastic process by filtering {X,} with the MODWT filter {h;;}, and
if it exists and is finite, the time independent MODWT wavelet variance at the j-th

dyadic scale 7; = 2771 is defined as

yi(fj) = var{Wx .} (3)
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It can be shown that

> v(r) = var{X,}, (4)

i.e., the wavelet variance decomposes the variance of the stochastic process across scales
(see [13], p296-298 for more details).
Given a time series x4, ¢t = 1,2...,7T, which is a realization of the stochastic process

X;, an unbiased estimator of v%(7;) is
=
vx(1;) = A Z W3 (5)
Jt=L;-1

where Wﬁt are the MODWT coefficients associated with the time series z; and M; =
N — L; +1 is the number of wavelet coefficients excluding the boundary coefficients
that are affected by the circular assumption of the wavelet filter.

Given two appropriate stochastic processes {X;} and {Y;} with MODWT coefficients

W ;. and Wy, respectively, the wavelet covariance is defined as
VXY(Tj) = COV{WXj,t7 WYj,t}v (6)

and it gives the scale-based decomposition of the covariance between {X;} and {Y;}.
The wavelet covariance can be standardized to yield the wavelet correlation

vxy (7))

VX(TJ)VY(TJ').

(7)

pxy (7)) =

For time series x; and y; which are realizations of { X;} and {Y;} respectively, replacing
the wavelet variances and covariance by their unbiased estimators, we get the estimated

wavelet correlation

Pxy (1) = ﬁ— (8)

2.3. Implementation

In what follows, we will apply discriminant analysis to sets of multivariate time series

using the wavelet variances and wavelet correlations as the discriminating variables or



features. Maharaj and Alonso [10] used wavelet variances as features for the discrimina-
tion of univariate time series while D’Urso and Maharaj [14] used wavelet variances and
wavelet correlations in fuzzy clustering algorithms to cluster multivariate time series.

Wavelet filters of lengths 2, 4, 6 and 8 of the Daubechies family (db2, db4, db6,
db8), of length 8 from the Symmletts family (sym8), and of length 6 from the Coiflets
family (cf6) will be used to generate the MODWT coefficients, and hence the MODWT
variances and correlations of the signal. These are commonly used filters to decompose
discrete time series, hence their choice. For more details on the wavelet filters refer to
Chapter 4 of [13]. In order to ensure that the boundary coefficients which have an effect
on the estimated scale by scale wavelet variance and correlations are excluded, only a
specific number of scales should be used for each filter, depending on the sample size.

For example, if the length of each of multivariate time series under consideration
which consists of two components is, say, T = 64 = 27 where J = 6, and we use a
filter that enables decomposition up to J — 2 = 4 scales, then each component time
series would be decomposed into MODWT series at of four scales. Hence, associated
with each component MODWT time series would be four wavelet variances, and a
wavelet correlation between every scale-based pair of component MODWTT time series .
Therefore, there would be 12 features, (8 wavelet variances and 4 wavelet correlations)
associated with each multivariate time series under consideration. In practice, as the
number of components of the multivariate time series and their lengths increase, the
number of wavelet variances and correlations and hence the number of feature variables
would also increase.

In Sections 3 and 4, we will be implementing the procedures for series lengths, 4096
and 8192, i.e., 27, with J = 12 and J = 13, respectively. In Section 3, we will be
considering synthetic ECG data with 3 lead while in Section 4, we will be considering
actual ECG data with 12 leads. Table 1 on Page 11 shows the maximum allowable
number of scales for each of the filters for series length 27 (see [13] p. 136 for more
details), as well as the number of wavelet variances and wavelet correlations that will be

considered in the initial implementation of the procedures in Sections 3 and 4. In what
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Table 1: Maximum allowable number of scales and number of wavelet features.

Wavelet filter db2 db4 db6 db8 sym8 cf6
Scales T' = 27 J J2 J3 J& J3 J3

Scales T'=2'2 3leads 12 10 9 9 9 9
Wavelet variances 36 30 27 27 27 27
Wavelet correlations 36 30 27 27 27 27

Scales T =2'3 12leads 13 11 10 10 10 10
Wavelet variances 156 132 120 120 120 120
Wavelet correlations 858 726 660 660 660 660

follows, we will implement a stepwise discrimination procedure to select the features
(discriminating variables) that will achieve the minimum hold-out classification error
rate. We use the stepwise implementation of [15] that selects the relevant variables (in
this case the variables being the wavelet variances and correlations from the various
scales) in order to minimize the misclassification error. We use the hold-out-one cross-
validation technique to evaluate the performance of our procedure.

Assumptions of multivariate normality are made about the probability distribution of
the group feature variables in linear and quadratic discriminant analysis. It can be shown
that under the assumption of multivariate normality, the sample linear and quadratic
discriminant functions are asymptotically optimal in the presence of homoscedastic-
ity and heteroscedasticity, respectively (see [16]). Serroukh et al. [17] have shown that
MODWT wavelet variance estimators are asymptotically normal for linear processes,
while Serroukh and Walden [18] have shown that for bivariate linear processes, the
MODWT wavelet covariance estimators are asymptotically normal. It follows that the
MODWT wavelet correlation estimators are also asymptotically normal. While a situa-
tion is which all variables under consideration are shown to exhibit univariate normality

may help achieve multivariate normality, it will not guarantee it. Thus, the group fea-
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ture variables of the combined MODW'T wavelet variances and wavelet correlations
may not necessarily be asymptotically multivariate normal.

In most real applications of discrimination analysis, the assumption of multivariate
normality might not be strictly met. Many authors have conducted studies on the
robustness of the discriminant functions and have found that some of them are fairly
robust to departures from assumed models with little or no modification (see e.g., [19],
[20]). Furthermore since asymptotic normality of the MODWT wavelet variance and
of the MODWT'T wavelet covariance are based on the assumption that the underlying
univariate and bivariate processes are linear (see [17] and [18]), this assumption of
linearity will not necessarily be met for the ECG data under consideration in Sections
3, and 4. However, we will proceed with using the wavelet feature variables in linear
and quadratic discriminant analysis even though the multivariate normality assumption

may not be strictly satisfied by these feature variables.

3. Discriminant Analysis of Synthetic ECG data

In this section, we evaluate the performance of the discriminant analysis with the
wavelet features using synthetically generated ECG data. We use the generator available
at the Open-Source Electrophysiological Toolbox [21] that implements the dynamic
model developed by McSharry et al. [22] and extended to multichannel ECG by Sameni
et al. [23] and Clifford et al. [24]. The model is a three-dimensional formulation of single

dipole of the heart:

0 = w
i o= = X o e [~

where A0F = 0 — 07 mod 2m, AGY = 6—0¢ mod 2w, AG7 = 0 —67 mod 2r and w = 27 f,

where f is the beat-to-beat heart rate. The three coordinates of the dipole, x, y and

z, are modelled by a summation of Gaussian function with amplitudes of, o and oF;

12
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Figure 2: Synthetic ECG signals.

widths b%. b?

1

see [23] and [25].

and b7; located at rotational angles 67, ¢ and 67, respectively. For details

In Table 2 on Page 14 we reproduce the values of the parameters of the above synthetic
model used in [23] and [25]. As these authors suggest we add some random values to
the parameters in order to generate more realistic ECG patterns. Particularly, in our
=074+ 7707, 07 = 07+ Z7bF and 07 + Z7b;, where

171 T [

simulation experiment we have used 07 =
Zr, Z¥ and Z7 are independent standard Gaussian random variables. Additionally, the
generator allows the addition of some coloured noise to the synthetic generated ECG.

Figure 2 on Page 13 shows a three lead ECG generated by this procedure with time
in seconds on the horizontal axis. In order to generate two different population using
this procedure, we generate a sample of random ECG signals with the parameters in
Table 2 on Page 14 and another sample using the same parameters with the exceptions
of afy = 0.39 % A\, a = 0.08 x X and a§ = 0.35 % A\ with A > 1.

Figure 3 on Page 15 with time in seconds on the horizontal axis, illustrates the dif-
1 and A € {1.25,1.5,1.75,2}. The

ferences in the two generated signals using A =

signals generated with A > 1 show a hyperacute T wave which is the first manifes-
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Table 2: Parameters of the synthetic ECG model.

Index(i) 1 2 3 4 ) 6 7 8 9 10 11

af (mV) 0.03 008 -0.13 085 1.11 0.75 0.06 0.10 0.17 0.39 0.03

b? (rad) 0.09 0.11 0.05 0.04 0.03 0.03 004 060 030 0.18 0.50
07 (rad) -1.09 -0.83 -0.19 -0.07 0.00 0.06 0.22 120 142 1.68 2.90
o/ (mV) 0.04 0.02 -0.02 032 051 -0.32 0.04 0.08 0.01

b/ (rad) 0.07 0.07 0.04 0.06 0.04 0.06 0.45 0.30 0.50

67 (rad) -1.10 -0.90 -0.76 -0.11 -0.01 0.07 0.80 1.58 2.90

af (mV) -0.03 -0.14 -0.04 0.05 -0.40 046 -0.12 -0.20 -0.35 -0.04

b7 (rad) 0.03 0.12 0.04 040 0.05 0.05 080 0.40 0.20 0.40

07 (rad) -1.10 -0.93 -0.70 -0.40 -0.15 0.10 1.05 125 155 2.80

tation of acute myocardial infarction. For each population, we generate 100 ECG of
length T = 2'2 = 4096 and we apply the different discriminant procedures with the
wavelet features and the Kullback-Leibler discrimination information and the Chernoff
information procedures. These measures have been described in detail by Kakizawa et
al. [11] and by Shumway and Stoffer [26]. For the wavelet-based procedures we used
wavelet filters from the Daubechies family (db2, db4, db6, db8), from the Symmletts
family (sym8) and from the Coiflets family (cf6) to generate the MODWT coefficients,
and hence the MODWT variances and correlations.

Table 1 on Page 11 shows the maximum allowable number of scales for each of the
filters for series of lengths T' = 2! as well as the number of features associated with the
three leads that are initially input into the discriminant procedure. Using the stepwise
implementation of [15], one hundred simulations were carried out each time and an
average overall correct classification rate was determined.

Figure 4 on Page 16 and Figure 5 on Page 16 show the average overall classification
rates over 100 simulations for the synthetic ECG signals using linear and quadratic

discriminant analyses, respectively, with the wavelet variances (var), wavelet variances
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Figure 3: Single beat of a synthetic ECG signals: Normal and Acute Myocardial Infarction.

and wavelet correlations (varcor) and wavelet correlations (corr). We observe that the
best results were obtained for A = 1.25 and A= 1.5 by using the wavelet variances
and correlations together whereas for A = 1.75 and A= 2.00, the best results were
obtained either when only the wavelet variances were used or when both the wavelet
variances and correlations were used. For all values of A when only wavelet correlations
were the input variables, the classification rates were much lower. However, wavelet
correlations provide useful information to discriminate since the combined results are
sometimes better than results using only wavelet variances. It is clear the there is very
little difference in the results between the different wavelet filters and between the linear
and quadratic methods.

Figure 6 on page 17 compares the overall classification rates using the Kullback-
Leibler (KL) discrimination information and the Chernoff(CH) information measures
with the average overall classification rates across the six wavelet filters. Note that on

the horizontal axis, L1, L2, L3 refer to results from the linear discriminant using the
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Figure 6: Wavelet-based average classification rates and Kullback-Leibler and Chernoff classification

rates for synthetic ECGs

T
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features, wavelet variances, combined wavelet variance and correlations and wavelet cor-
relations, respectively. Likewise the results pertaining to the quadratic discriminant are
labeled accordingly. It can be observed that all wavelet based discriminant procedures
outperform the Kullback-Leibler information and Chernoff information procedures. For
the Kullback-Leibler information and Chernoff information procedures, we considered
different values for the bandwidth used to estimate the spectral densities. The con-
sidered bandwidths were in the range [0.001, 0.01] that corresponds to from 5 to 41
contiguous fundamental frequencies that are close to the frequency of interest (see [26]
p. 197 for more details.

In Figure 7 on Page 18, we present the boxplots of the misclassification rate estimates
for A = 1.25 and 1.5 which are the most challenging scenarios. We present the results
for linear and quadratic methods using the wavelet variances and correlations together.
The figure illustrates the stable behavior of the proposed methods across the different
wavelet filters. Also, the linear procedures appear to be preferable to the quadratic
procedures. The Kullback-Leibler information and Chernoff information procedures are
outperformed by wavelet based procedures. As expected, Figures 4 to 6 and Figure 7

show that the performance of all methods improve when A increases.
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Figure 7: Boxplots with the misclassification rates of the simulation with synthetic ECG signals.

4. Discriminant Analysis of ECG data

The ECG data analyzed comes from the PTB Diagnostic ECG Database [6]. This
freely available data is a small subset of the database used by cardioPATTERN -
Telemedical ECG-Evaluation and Follow up [27] that have a patented procedure for
ECG classification.

In this application, we are interested in distinguishing between ECG signals of indi-
viduals with myocardial infarction and those of healthy controls. The available dataset
consists of 200 records of the conventional 12 leads (i, ii, iii, avr, avl, avf, v1, v2, v3,
v4, vb, v6) for 148 patients with myocardial infarction and 52 healthy controls.

Relevant information from the PTB Diagnostic ECG Database [6] and in [7] about
how the ECG data in this collection were obtained is as follow: Each signal is digitized
at 1000 samples per second (sampling frequency of 1kHz)), with 16 bit resolution over
a range of 16.384 mV. The signal bandwidth is OHz - 1kHz. and the noise level is < 0.3
uV/y/Hz. The anti-aliasing filter used to counteract information loss is an 8-th order
1kHz Bessel Filter of 3dB frequency. Note that mV represents a milli-volt and pV a

micro-volt; a volt is the unit for electric potential (voltage); Hz represents a hertz which
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Figure 8: ECG of a patient with myocardial infarction over 2 seconds.
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is the inverse of a second, kHz represents a kilohertz and dB represents a decibel which
is a logarithmic unit that indicates the ratio of a physical quantity (power of intensity)
relative to a specified or implied reference level.

For each record, we read the first 2!2 + 213 observations. We discard the first 2!2
observations since they could have some exogenous anomalies. The remaining 2!3 =
8192 observations correspond to around eleven heart beats. In this case the number
of scales J = 13 and the maximum allowable number of scales when the different
wavelet filters are used is determined from Table 1 on Page 11. Figure 8 on Page 19 and
Figure 9 on Page 20 present the 12-lead ECG signals over a two second period (2048
observations) of a subject with myocardial infarction and that of a healthy control,
respectively.

In Section 1, we referred to the fact that the shapes of the QRS complex and P- and
T-waves as well as the time of occurrence of the QRS complex provide some information

of the current state of the heart. Examination of these two second signals reveal that
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Figure 9: ECG of a healthy control over 2 seconds.
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for all leads the time of occurrence of the QRS complex as well as the P- and T-waves in
the signals of a subject with myocardial infarction is about 250 milli-seconds before that
in the signals of a healthy control. We now describe the shapes of the QRS complex
and the P- and T-waves in the ECG signals of a subject with myocardial infarction

compared to those in the ECG signals of a healthy control.

e Lead i: Wider QRS, slightly flatter T-wave.

e Lead ii: More peaked P- and T-waves, inverted QRS compared to the upright
QRS in the healthy control signal.

e Lead iii: QRS is noticeably inverted and slightly wider compared to the upright
QRS in the healthy control signal; the T-wave is a valley compared to the healthy
control signal which has a slight peak.

e Lead avr: Deeper P-wave, QRS is wider with a higher R-wave and a deeper S-wave
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Lead avl: QRS is upright and wider compared to that of the healthy control signal

which is inverted; T-wave in more peaked.

Lead avf: P-wave more peaked, QRS inverted and wider compared to that of the

healthy control signal which is upright.

Lead v1: P-wave distinctly peaked compare to a flattened P-wave in the healthy
control signal, QRS wider and upright compared to that of the healthy control

signal which is inverted.

Lead v2: QRS upright compared to that of the healthy control signal which is

inverted; T-wave more peaked.

Lead v3: No apparent difference in shapes in any of the waves compared to those

of the healthy control signal.

Lead v4: No apparent difference in shapes in any of the waves compared to those

of the healthy control signal.

Lead v5: QRS inverted and wider compared to that of the healthy control signal
which is upright; T-wave flatter.

Lead v6: QRS inverted and wider compared to that of the healthy control signal

which is upright; T-wave is more peaked.

So, clearly there are differences in the patterns of the ECG signals of subjects with

myocardial infarction and healthy controls. Figure 10 on Page 22 shows boxplots of

wavelet variances and correlations generated using the sym8 filter of the corresponding

12-lead ECG signals from Figure 8 and Figure 9 at each of 9 scales. We make the

following observations: there is a distinct difference in the spread of the wavelet variances

of the 12 leads from Scales 5 to 9 between the myocardial infarction subject and the

healthy control; there are a larger number of outlying wavelet correlation values for

the myocardial infarction subject than for the healthy control. We will now apply our
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Figure 10: Boxplots of selected wavelet variances and correlations of the 12-lead ECGs.
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proposed procedure to test how successful it is in differentiating between the ECG
patterns of the subjects with myocardial infarction and the healthy controls.

Figure 11 on Page 23 shows the classification rates for patients with myocardial infarc-
tion, for healthy controls and the overall classification rates using linear and quadratic
discriminant analyses, with the wavelet variances (var), wavelet variances and wavelet
correlations (var-cor) and wavelet correlations (cor). The results are shown using each
of the six wavelet filters discussed in Section 2.3.

In most cases, the best results were obtained when the wavelet variances and correla-
tions were both the input variables. When only wavelet variances were the input vari-
ables, the classification rates were much lower. When only wavelet correlations were the
input variables, in some cases the misclassification rates were similar to, or sometimes
slightly larger than when both wavelet variance and correlations were input together. It
is clear that the wavelet correlations provide useful information about the relationships
between the leads of each ECG signal and hence make an important contribution to
distinguishing between the patterns of ECG signals of individuals with myocardial in-
farction, and those of healthy controls. These classification results imply sensitivities of

95-96% (95-98%) and specificities of 92-96% (73-81%) when using the linear (quadratic)
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Figure 11: Wavelet-based classification rates for 12-lead ECGs
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procedure with wavelets variances and correlations together.

Regarding the overall classification rates, the linear procedure generally outperforms
the quadratic procedure. Only in few cases did the quadratic procedure outperform the
linear procedure when classifying myocardial infarction ECGs. In general, for the linear
procedure, the error rates were fairly similar for the different wavelet filters. This was
also the case for the quadratic procedure.

Figure 12 on Page 24, compares the classification rates using the Kullback-Leibler
(KL) discrimination information and the Chernoff(CH) information measures with the
average classification rates across the six wavelet filters. Note that on the horizontal axis,
L1, L2, L3 refer to results from the linear discriminant using the features, wavelet vari-
ances, combined wavelet variance and correlations and wavelet correlations, respectively.
Likewise the results pertaining to the quadratic discriminant are labeled accordingly.

For the Kullback-Leibler information and Chernoff information procedures, we con-

sider different values for the bandwidth used to estimate the spectral densities. The
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Figure 12: Wavelet-based average classification rates and Kullback-Leibler and Chernoff classification

rates for 12-lead ECGs
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considered bandwidths were in the range [0.001, 0.01] that corresponds to from 9 to 81
contiguous fundamental frequencies that are close to the frequency of interest (see [26]
p. 197 for more details).

The procedures based on the Kullback-Leibler information and Chernoff information
have good specificities (90.4 and 98.1, respectively) but very poor sensitivities (56.1
and 6.1, respectively), thus resulting in the poor overall classification rates. Hence on
average, in terms of overall classifications, all wavelet-based discriminant procedures
outperform the Kullback-Leibler information and Chernoff information procedures.

It can be observed from Table 1 on Page 11 that in applying discriminant analysis
to the 12-lead ECG signals, the number of input features varies between 990 and 1057
depending on the type of wavelet filter used. This could be seen as a limitation to
applying our procedure since there are many more discriminating variables than there
are cases. However, this has been overcome by implementing stepwise discriminant
analysis. Furthermore, this not have a great impact on the time taken to run the
program since the classification of a new signal takes, using a wavelet- based procedure;
less than one second (using a personal computer with a Intel(R) Core(TM) i7 CPU 920
@ 267GHz).
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In order to test how sensitive our proposed procedure is under different conditions,

we conducted several experiments. These are described in the Subsections 4.1 to 4.5.

4.1. Preprocessed ECG signals

It should be noted that our results have been obtained by applying the procedures
to the ECG signals as they are available on the PTB database, i.e., no additional pre-
processing was applied. In the ECG literature, one of the recommended methods for
preprocessing signals is to denoise the signals (e.g., refer to [30]) . In order to test how
sensitive our analysis is to denoising, we applied the Savitzky-Golay method of filtering
to denoise our data. This method involves fitting a p-th order polynomial to a fixed
frame of consecutive points. Refer to [31] for more details. We used frame sizes of 11,
21, and 31 points and we fitted 0-th, 3-rd and 5-th order polynomials to each frame
size, i.e., D1 = (0,11); D2 = (0,21); D3 = (0,31); D4 = (3,11); D5 = (3,21); D6 = (3,31);
D7 = (5,11); D8 = (5,21) and D9 = (5,31). A signal is reduced to being noiseless when
the 0-th polynomial is fitted. Figures 13 and 14 on Page 26 show single ECG signals
of healthy control and that of an individual with myocardial infarction, respectively,
with three denoised versions of each, viz., D1, D4 and D7. It is clear that with these
combinations of frame size and polynomial order, the P, Q, R, S and T wave patterns
are retained. The parts of the signals between these waves are smoothed out, with the
degree of smoothing increasing slightly with the increasing order of the polynomial.
The selection of the frame size, does not appear to have much impact on the degree of
smoothing.

The first frame in Figures 15 to 17 on Pages 27 to 28 show the average classification
rates from across the six wavelet filters and the classification rates using the Kullback-
Leibler (KL) and the Chernoff(CH) information measures, with the remaining three
frames showing the classification rates for the corresponding denoised versions. Note
that as before on the horizontal axis, L1, L2, L3 refer to results from the linear discrim-
inant using the features, wavelet variances, combined wavelet variance and correlations

and wavelet correlation, respectively. Likewise the results pertaining to the quadratic
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Figure 13: Single Healthy Control ECG and denoised, D1, D4 and D7 ECGs
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Figure 14: Single Myocardial Infarction ECG and denoised, D1, D4 and D7 ECGs
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Figure 15: Classification rates for 12-lead originals ECGs and denoised, D1, D2 and D3 ECGs
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Figure 16: Classification rates for 12-lead originals ECGs and denoised, D4, D5 and D6 ECGs
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Figure 17: Classification rates 12-lead originals ECGs and denoised, D7, D8 and D9 ECGs
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discriminant are labeled accordingly. It is clear that for the linear discriminant pro-
cedure, and the Kullback-Leibler information and Chernoff information procedures,
denoising the ECG signals has had little or no impact on the classification results. In
the case of the quadratic procedure, in some cases there are differences, more so when

the ECG signals were denoised with a 5-th order polynomial over 11 points (D7).

4.2. Varying the sampling frequency

As mentioned previously, the sampling frequency of the ECG signals used in the anal-
ysis thus far is 1kHz. To compare how sensitive our analysis is to different sampling
frequencies, we down sampled the existing ECG signal to obtain signals at sampling
frequencies of 0.5kHz and 0.25kHz. We take one observation out of two (four) consec-
utive observations in order to get 0.5kHz (0.25kHz). The time series lengths are 2'3,
212 and 2! for 1kHz, 0.5kHz and 0.25kHz, respectively. But notice, that we are using
the same period of time, i.e., we are observing the same beats with the three sampling

frequencies.
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Figure 18: Overall classification rates 12-lead ECGs of different sampling frequencies
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Figure 18 on Page 29 shows the overall classification rates for using linear and
quadratic discriminant analysis with the wavelet features using each of the 6 wavelet
filters for the different sampling frequencies. We observe that across the different fre-
quencies, there is less variation in the classification rates for the linear procedure than
for the quadratic procedure, implying that the linear process is less sensitive to different
sampling frequencies than the quadratic process.

Figure 19 on Page 30 shows the average overall classification rates from across the
six wavelet filters and the classification rates using the Kullback-Leibler (KL) and the
Chernoff(CH) information measures. Note that as before on the horizontal axis, L1, 12,
L3 refer to results from the linear discriminant using the features, wavelet variances,
combined wavelet variance and correlations and wavelet correlation, respectively for the
different sampling frequencies. Likewise the results pertaining to the quadratic discrim-
inant are labeled accordingly. These results imply on average the all of these methods
the classification results do not appear to be very sensitive to sampling frequency. Ad-

ditionally, these results imply that our procedures can handle ECG signals observed at
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Figure 19: Wavelet-based average overall classification rates and Kullback-Leibler and Chernoff classi-

fication rates for 12-lead ECGs of different sampling frequencies
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a lower sampling frequencies with similar overall classification rates.

4.3. Varying the signal lengths

In order to evaluate the "robustness” of our procedures with others signals lengths,
we considered two smaller lengths, 2! and 2'2, and one bigger length, 2!4. Notice that,
in this case, the sampling frequency is the same for all lengths. So, the periods of
observation are around two, four, eight and 16 seconds when we use 2%, 212, 213 and
214 observations, respectively.

Figure 20 on Page 31 shows the average classification rates across the six wavelet filters
for the ECG signals of lengths 211, 212, 213 and 24 with the classification rates using the
Kullback-Leibler (KL) and the Chernoff(CH) information measures for lengths 2!, 212
and 2'3. We were unable to generate results Kullback-Leibler and the Chernoff infor-
mation measures with 2'4 observations because of memory constraints in the MATLAB
software. Note that as before on the horizontal axis, L1, L2, L3 refer to results from
the linear discriminant using the features, wavelet variances, combined wavelet variance
and correlations and wavelet correlation, respectively, for the different signal lengths.

Likewise the results pertaining to the quadratic discriminant are labeled accordingly.
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Figure 20: Wavelet-based average classification rates and Kullback-Leibler and Chernoff classification

rates for 12-lead ECGs of different lengths
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These results imply that for the signal lengths 2'2, 213 and 2'* there is little or no
difference in the average classification when either the linear or quadratic procedure is
used. However the percentages of correct classification are smaller for length 2'*. Notice
that, 2! observations corresponds to around two seconds of recorded signals, i.e., two
or three beats which is a minimal amount of information. Likewise for there is little
or no difference in the results when the Kullback-Leibler and the Chernoff information
measures were used for 2, 212 and 2!3. Given these consistently good results when
the wavelet features are used with the linear discriminant function, we could therefore

argue that our proposed method is not very sensitive to the variation in signal lengths,

provided, the signal is recorded over a period of more than two seconds.
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4.4. Using 8-lead ECG signals

Since there are only two independent leads among six limb and augmented limb leads
because Lead iii, aVR, aVL and aVF can be obtained from linear combination of Lead
i and Lead ii, we tested eight leads signal (Lead i, ii and V1-V6) to determine if the
reduction the computational time does not result in loss of sensitivity and specificity?

Figure 21 on Page 33 shows the overall classification rates for using linear and
quadratic discriminant analysis with the wavelet features using each of the six wavelet
filters for the 8-lead signals. Figure 22 on Page 33 shows the average overall classifi-
cation rates from across the six wavelet filters and the classification rates using the
Kullback-Leibler (KL) and the Chernoff(CH) information measures for the 8-lead ECG
signals. Note that as before on the horizontal axis, L1, L2, L3 refer to results from the
linear discriminant using the features, wavelet variances, combined wavelet variance
and correlations and wavelet correlation, respectively. Likewise the results pertaining
to the quadratic discriminant are labeled accordingly.

These classification rates can be compared with those presented in Figure 11 on
Page 23 and Figure 12 on Page 24 for the 12-lead signals. It is clear that the 12-leads
based results are generally better than the 8-leads based results. This means that some
features associated to leads lead iii, aVR, aVL and aVF have been used as discriminant
variables. The linear combination could amplified the variance/correlation differences
among the groups with respect to the variance/correlation differences among the groups
using only the leads i and ii. For instance, if we use lev=0, which means that the original
series is used. When we perform the discriminant analysis using leads i, ii, iii, aVR, aVL
and aVF, we have as possible explanatory variables: var(i), var(ii), var(iii)=var(ii-i),
var(aVR)=var(-0.5(i+ii)), var(aVL)=var(i-0.5ii), and var(aVF)=var(ii-0.51) but when
we perform the discriminant analysis using only lead i and ii then we have as explanatory
variables var(i) and var(ii). Since leads i and ii are not independent, both approaches

are not equivalent.
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Figure 21: Classification rates for 8-lead ECGs
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Figure 22: Wavelet-based average classification rates and Kullback-Leibler and Chernoff classification

rates for 8-lead ECGs.
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4.5. Measuring the repeatability of the classification

The minimum length of the recorded electrocardiograms in the PTB database is
32000 observations. As mentioned at the beginning of this section, we discard the first
212 observations and the following 2! observations were used to develop and test the
discriminant procedures. Therefore, we have additional data, at least 32000 — 212 — 213
observations, that can be used to evaluate the proposed procedures. It is important to
notice that these extra segments of 2!3 observation were not used in the discriminant
procedure’s design. So, the classification of these “new” data can be considered as a
measure of the repeatability of our previous results. Of course, these “new” data are
not independent from the data used to develop the discriminant procedure.

Figure 23 on Page 35 shows the overall classification rates when using linear and
quadratic discriminant analysis with the wavelet features using each of the six wavelet
filters for a different section of 2!3 observations of the 12-lead ECG signals compared
to what was used to obtain the results shown in Figure 11 on Page 23. For both the
linear quadratic processes, apart for a slight increase in the specificity for some of the
wavelet filters, the results for this different sections of 2'3 observations appear to be
fairly compatible with those of the original 12-lead ECG signals in Figure 11 on Page 23.

Figure 24 on Page 35 shows the average classification rates from across the six wavelet
filters and the classification rates using the Kullback-Leibler (KL) and the Chernoff(CH)
information measures for this different section of 2'% observations of the 12-lead ECG
signals compared to what was used to obtain the results shown in Figure 12 on Page 24.
Note that as before on the horizontal axis, L1, L2, L3 refer to results from the linear
discriminant using the features, wavelet variances, combined wavelet variance and cor-
relations and wavelet correlation, respectively. Likewise the results pertaining to the
quadratic discriminant are labeled accordingly. These results appear to be fairly com-
patible with those of the original 12-lead ECG signals in Figure 12 on Page 24.

Hence the above assessment of the performance on two different sections of the 12-lead

ECG signals, would appear to validate our proposed classification procedure.
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Figure 23: Classification rates 12-lead ECGs for a different section of 2'3 observations.
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4.6. Comparisons with other author’s ECG classification results

Many researchers have analyzed the samples of ECG data for PTB database. In
particular, [32], [33], and [34] proposed pattern recognition approaches to classifying
the ECG signals between subjects with myocardial infarction and healthy controls from
this database.

Banerjee and Mitra [32] developed a algorithm based the Discrete Wavelet Transform
(DWT), which extracts features such as the QRS complex and computes the QRS vector
of the the 12-lead ECG signals. They applied it to 12-lead signals from 25 subjects with
myocardial infarction and 25 healthy controls. They obtained a sensitivity of 100% and
a specificity of 92% but they did not use test data or any cross-validation technique to
validate the accuracy of their results.

Kopiec and Martyna [33] used a combination of Support Vector Machine (SVM) and
Particle Swarm Optimization (PSO) to extract significant features for each of the 12 lead
ECG signals from 290 subjects in the database of which 52 were of healthy controls and
148 were myocardial infarction cases and the remaining 90 were of subjects diagnosed
with various other heart conditions. Their best test set overall accuracy results for sets
of 3 leads, viz., (avl, avr, avf); (i, ii, iil); (v1, v2, v3); (v4, v5, v6); (i, avf, v3) were all
around 80%.

Li et al. [34] developed a method referred to as Multiple Instance learning (MIL) which
is based on extracted QRS and ST features from the ECG signals and its heartbeats.
They applied the methods to 389 ECG records from subjects with myocardial infarction
and 79 from healthy controls and obtained a sensitivity of 93% and a specificity of 90%.

Our best results for the 12-lead ECG classification of a 96% sensitivity and a 96%
specificity, using the linear discriminant procedure for the 148 records from subjects
with myocardial infarction and 52 from healthy controls compare favourably with the
results obtained by these other authors who used the ECG signals from the same PTB
database, albeit from different samples.

The cardioPATTERN - Telemedical ECG-Evaluation and Follow up procedure [27],
using a database of 8500 ECGs from 3781 patients with different cardiac diseases,
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and 4719 normal persons, obtained a sensitivity of 72% and a specificity of 80% when
classifying myocardial infarction. Although this database as well as those used by [2], [?
|, [4] and [5] are not comparable with the PTB database, we can use their sensitivity and
specificity results as reference values. Clearly, the results obtained with our proposed
procedure with the 12-lead ECG signals compare quite favourably . Furthermore, given
that for most of the time we achieved our best results when both wavelet variances
and correlations were input together in the discriminant procedures, it is clearly an
indication that the relationships between the components of the multi-lead ECG signals

provide useful information for classification.

4.7. Remark

In order to evaluate the performance of the use of discriminant analysis with the
wavelet features when applied to multivariate time series with patterns different from
that of ECG signals, we conducted two sets of simulation studies in which we used the
stepwise implementation of Strauss [15] in linear and quadratic discriminant procedures.

For both studies, the best results were generally achieved when both wavelet variances
and wavelet correlations were input together as the discriminating variables. As was also
the case in the studies in Sections 3 and 4, when only wavelet variances were the input
variables, the overall misclassification rates were generally higher. It is therefore clear
that wavelet correlations provide useful information about the interrelationship between
the components of each multivariate time series for the purposes of classification when
combined with the wavelet correlations. Refer to [29] for the design and results of these

studies.

5. Concluding Remarks

We proposed a procedure of classifying multivariate ECG signals based on con-
ventional discriminant analysis with wavelet features, namely, wavelet variances and
wavelet correlations as the discriminating variables. We demonstrated in applications

to synthetic ECG data and to real ECG data and that when both wavelet variances and
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correlations were used as the discriminating variables, this proposed procedure gener-
ally produces better results in most cases than when only wavelet variances were used
or when only wavelet correlations were used. We also demonstrated that overall this
procedure outperforms other multivariate discriminant procedures proposed by Kak-
izawa et al. [11]. Furthermore we demonstrated through a number of experiments that
this proposed procedure is not sensitive to preprocessing, different sampling frequencies
and different signal lengths, provided that signal lengths are more than two seconds.
We also validated the procedure by demonstrating the repeatability of the results with
different ECG signal segments.

Using the results of other ECG data classifying methods as reference values, it is
clear that our proposed procedure displays favourable performance. Hence, the main
contributions of this paper are (i.) the inclusion of the interrelationship features be-
tween components of the ECG signals in the form of wavelet correlations provides
useful information for the purposes of classifying myocardial infarction; (ii.) the gener-
ally favourable performance of our approach when compared to the other well-known

methods for classifying multivariate time series.
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