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1. Introduction

Currently, the production of Ukrainian digital electro-
cardiographic telemetry systems has increased significant-
ly [1, 2]. Using electrocardiographic telemetry systems,
electrocardiograms (ECG) can be recorded and recorded
signals can be transferred to the distant diagnostic center.
For example, transtelephonic digital 12-channel electrocar-
diograph complex “Telecard” developed by “TREDEX Com-
pany” (Kharkov, Ukraine) deserves attention [3, 4]. In the
“Telecard” complex, ECG transmission is performed through
any communication channels including standard telephone
lines, mobile communication channels, radio channels of any
range and telephone channels of the DECT standard. ECG
is encoded and transmitted in digital form, which provides
guaranteed high quality of the signal and allows to diagnose
any heart disease such as ischemic heart disease, myocardial
infarction, various heart rhythm disorders, etc., by a cardiol-
ogist in the distant diagnostic center.

Thus, the problem of design of intelligent automated car-
diac decision support systems (CDSS) which are part of the
electrocardiographic telemetry systems is urgent. Creation
and introduction of such systems will improve the quality of
diagnosis in medical emergency rendering.

2. Analysis of previous studies and the problem statement

Traditionally, morphological ECG analysis is performed
to diagnose the state of the cardiovascular system. Particu-
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larly electrocardiography is used to determine the frequency
and regularity of heartbeats. Premature beats is the most
common disorder of heart rhythm. Extrasystole is extraor-
dinary excitement (and subsequent contraction) of the heart
or its parts resulting from heterotopic excitation of the
myocardium [5]. The peculiarity of this disease is that the
extrasystoles occur randomly on the background of a large
number of normal periods, which requires a long (several
hours) ECG monitoring [6], while automated methods for
the detection of “suspicious” periods are virtually not avail-
able. In practical work and scientific research, the main at-
tention is focused on ventricular arrhythmia as some types of
premature ventricular contractions (PVCs) can indicate the
possible development of ventricular fibrillation [7, 8].

ECG is a biomedical signal (BMS) with locally concen-
trated features (LCF) [9]. During ECG analysis, the waves
and complexes are allocated [10, 11], their amplitude and
time characteristics are measured, as well as the shape of the
selected structural elements is analyzed [12].

Traditionally, the BMS with LCF analysis is performed
in the temporal domain with the usage of modern classifica-
tion methods such as cluster analysis and pattern recogni-
tion [13, 14], neural networks [15], fuzzy clustering [16, 17].
Despite the use of different methods for classification, in
their implementation, researchers face a number of common
issues specific to the analysis of such a complex signal as the
ECG. Most of the methods require a manual marking of the
signal which is not possible for long-term ECG monitoring.
Due to the high variability of ECG, the methods tuned for
a particular data set can give large errors in other data sets.




In addition, these methods require a significant amount
of training samples during the training phase. The pro-
cess of formation of the training sample is not trivial as it
is based on the user experience (cardiologist), so it is prone
to errors and is costly in terms of both time and money. In
case of cluster analysis, it is necessary to take into account
factors such as computational costs, sig-

4. The method of morphological analysis of biomedical
signals with locally concentrated features

To solve this problem, let us consider the proposed in [20]
method of morphological analysis of BMS with LCF in more
detail (Fig. 1).
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conducted. As a rule, the transition 's1
to the frequency and time-frequency
characteristics is associated with high
computational costs, even in the case of
fast calculation algorithms. Alternative
features may be considered as together with conventional
amplitude-time characteristics, as well as those individu-
al. For example, the effectiveness of the phase space for the
diagnosis of certain states of the cardiovascular system
using ECG is shown in [2, 9]. However, the phase space
does not include features of the analyzed signal; in this
case, the ECG analysis using the phase space is made for
the average trajectory that does not allow detecting con-
ditions such as premature beats.

To solve the problem of morphological analysis of BMS
with LCF, in [20] the authors suggested the method based
on the construction of a multi-channel non-linear filter
(NF). The task of this method is detection of structural
elements (SE) of the given type and their localization on the
useful signal. The basis of the method is the idea of transfor-
mation of BMS with LCF into a new feature space using the
properties of the useful signal model. The proposed method
of morphological analysis of BMS with LSP improves the
accuracy of detection of structural elements of ECG on the
noise background [21].

Therefore, further development of the method of the
morphological analysis of BMS with LCF suggested by
the authors in order to improve the quality of diagnosis
of ventricular arrhythmia in the CDSS by providing
additional diagnostic information obtained as a result of
representation of the ECG in the new feature space is of
interest.

3. The objective and tasks of the study

The objective of the research is to give alternative di-
agnostic features in readable graphic form for cardiologists
along with the traditional presentation of ECG signal.

To achieve this objective, the following tasks should be
solved:

— to develop a system of alternative diagnostic features
that can be represented in a human-readable graphical form;

—to investigate the diagnostic value of the system of
alternative diagnostic features for premature ventricular
contractions.

Fig. 1. Generalized scheme of morphological analysis of BMS with LCF on the

basis of the non-linear filter

In step S, in each channel corresponding transforma-
tion of the input signal x[t] (t=0;T, -1, T, — length of the
input signal) is performed with consideration of the useful
signal model (USM). The output of each block F" gener-
ates the tuple of parameters for NF (linear dimensions of the
aperture, the weight function of the filter, the prototype of
SE of the given class):

K, = (x,[t]. P L (x[t],P)),

where x,[t] (t=0;T,-1) — reference signal (the prototype
of SE of the given class); T, << T, — length of the prototype;
P, - set of parameters for the i-th channel; f,(x[t],P,) — the
i-th transformation function of the signal x[t] within the
aperture.

The linear size of the aperture is defined by a linear di-
mension T, of the prototype x,[t] of the given structural
elements on the time axis.

Step S2 is a non-linear filtering. The result of this step
is finding the desired structural elements (Fig. 1). In each
block F®, the detection function §,[t]€[0;1] of the i-th
channel is defined as

L [ — (1)

C1+a,D(0f,0")

where o, €(0;1] —coefficient reflecting the sensitivity to
changes in structural elements of the same class due to the
presence of noise and variation of parameters;

Na;
D’ (0, 0)= 2}(3’5 -yi)
pn

is square of the distance between the prototype ®! of the
structural elements and the current object @ within the
aperture;

yﬁ =f,(x,[t],P), ya =f(x[t],P)

are coordinates of the objects ®f and w; respectively;
o;,Na,, teP.



Detection of the structural elements of the given type in
the i-th channel is performed using the private decision rule
(PDRI) based on detection function y,[t] [22, 23]:

0 ' 2

<[] x[t] Vte[t,t, +T,] if §,[t.]>Pd;
X [t]=
! X in other cases,

where %,[t] — private filter response; t,, — point of local
maximum of the function §¥,[t] that it is §,[t,.]27,[t]
VteM(t,); §,[1 — detection function of mode (1) of the
i-th channel; M(t,)=M(t,)\({t,} — deleted neighborhood
of the point t,; M(t,) — neighborhood of the point t,;
e — index of local maximum; Pd;, — threshold of PDRi;
x”=const — constant which determines the signal level
corresponding to the absence of SEs of the given type in the
current signal fragment (for example, ECG isoline level).

Then private decision rules are combined into collective
of decision rules (CDR), the result of this union is a signal
X[t] containing structural elements of the given class.

In step S3, the characteristics of found structural ele-
ments of the signal X[t] are calculated. These characteristics
are the components of the set X. The components of the set X
are the traditional diagnostic features that are used to diag-
nose the state of the cardiovascular system by ECG.

5. Development of alternative diagnostic features system

According to a specific decision rule (2), not all the
objects ®; are subjected to the classification but only the
objects @; for which the detection function ¥,[t] has local
maximums ({®;}c{m;}). L. e., each classified object & is
the fragment of signal x[t] of length T, which starts at the
point t,,.

In its turn, {®}=Q,UQ,, Q,NQ,=J, where Q,, Q,
are sets of the desired structural elements and all other
objects respectively. In addition, each object &; can be de-
scribed as in the original feature space by amplitudes x[t] of
said signal fragment and in an alternative feature space by
coordinates ¥ calculated using the functions f; (X[t],R). It
should be noted that only objects of the set Q, coincide with
the structural elements accepted in medical practice. The
objects of the set Q, are abstract and their properties are not
analyzed in the conventional diagnosis of the cardiovascular
system by ECG. However, since in step S1 (Fig. 1) the input
signal transformation is performed by the useful signal mod-
el then in the new feature space the structural elements are
described by diagnostic features adapted to the useful signal
model and maximally taking into account the properties of
considered BMS with LCF. Therefore, the relative position
of objects of the sets Q, and Q, in an alternate feature space
is useful to consider in order obtaining additional diagnostic
information.

Most clearly the relative position of objects of the sets
Q, and Q, could be visualized in graphical form. It is
necessary that the number of coordinates is Na, <3 in the
alternative space, and the coordinate values §j should be
normalized.

To normalize the coordinates of objects @, let us use
the properties of detection function (1). The normalized dis-
tance D’(o?,w!)e[0;1] between objects ®” and ®! can be
determined using detection functions ¥,[t] as follows:

4 ~ 1
D'(f,0)) =\1-§[t] :\/1_1‘HXW(0)P(D-L):

= D(w!,0!) #)w(w?,w:)\/a&ilt]. 3)

1+ 0, D* (0, 0!

Then, taking into account the expression (3), the alter-
native diagnostic features §7° normalized and centered rela-
tive to the prototype ! for the i-th channel are determined
with the following expression:

Vi =h - Viouyiltl, )
where §7°, ¥ —normalized and not normalized coordinates
of objects ®! and ; in the alternative feature space.

It’s obvious that §°€[0;1] and §[°=0 if the object &
coincides with the prototype o}, i.e. yj=§; Vj=1Na.
Then, the more the object @" is similar to the prototype o!
in an alternative feature space, the closer this object will be
located to the origin. And the most diverse objects will be
located at the boundary of the unit circle.

6. Visualization of QRS complexes in the alternative
feature space

To present the ECG in proposed alternative feature
space (AFS), the QRS complex of lead I of normal ECG
averaged as per 50 periods was selected as a prototype. Mor-
phological analysis was performed using a single channel of
the designed NF (Fig. 1), so the following description of ex-
periments index i is omitted. The finite difference of the first
order was used as the transformation function f(x[t],P) in
order to describe the prototype ®” in AFS [23]:

f(X[t],P)Z X[tk+1]_x[tk]’ (5)

tk+1 _tk

where t, € P —indices of reference points between which the
finite difference is calculated.

Left and right slopes of the QRS complex are described
by the transformation function (5) (Fig. 2 shows corre-
sponding sections between peaks of the Q, R and R, S
waves), so the number of coordinates is Na=2.

R

Qs
Fig. 2. A typical QRS complex of lead | of normal ECG

As aresult of the morphological analysis of the QRS com-
plexes of normal ECG is visualized in the AFS as two compact
clusters (Fig. 3, @). In addition, the authors propose another
presentation of the objects in AFS as the hodograph, which is
constructed by connecting all the objects @ in AFS. Let us
call this hodograph as ECG-hodograph (Fig. 3, b).

In Figs. 3—10, the objects of the set Q, are marked in red,
and the objects of the set Q, — in blue. Since according to
(4) normalization of coordinates of objects @; is performed
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7. Visualization of normal ECG and ECG with premature
ventricular contractions in the ASF

As it was previously mentioned, the considered BMSs

with LCF are quasi-periodic signals. The lower is the vari- ) 0 bl
ability of heart rate and ECG structural elements (waves — -0.8 -06 -04 5 02 0 08 -06 -04 7 02 0
and complexes), the more compacted object groups should be

formed in the alternative feature space. Conversely, the great- a b

er is the variability of the structural elements, the more blurry
object groups will be formed in the alternative feature space.

To verify this statement, a series of experiments for the
detection of QRS complexes of normal ECG and ECG with
different types of PVCs was held. The experiment conditions
are as follows:

— the QRS complex of lead I of normal ECG averaged as 08
per 50 periods was selected as a prototype;

— morphological analysis was performed on lead T of
ECG with different types of PVCs using a single channel of 0.4
the designed NF; Y2

— the objects ®” in AFS were described using the ex- 0-2 Q,
pression (5).

In case of contractions of PVCs left, PVCs right and

Fig. 6. Visualization of ECG with PVCs left, “R on T” in AFS:
a — the location of the object relative to ®P (marked *);
b — ECG-hodograph
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Fig. 4. Visualization of ECG with PVCs left in AFS: b
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b — ECG—hodograph
a b

It is easy to notice that on ECG-hodograph complete
ECG cycle is visualized as geometric shapes to easily identi-
fy an electrocardiogram with atypical cycles that are typical
for ventricular arrhythmia.

Fig. 8. Visualization of ECG with PVCs right, early in AFS:
a — the location of the object relative to ®P (marked *);
b — ECG-hodograph
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Fig. 9. Visualization of ECG with PVCs right, «<R on T» in
AFS: a — the location of the object relative to @ (marked *);
b — ECG-hodograph

Fig. 10. Visualization of ECG with multifocal PVCs in AFS:
a — the location of the object relative to ®P (marked *);
b — ECG-hodograph

8. Discussion of the study results of the alternative
feature system diagnostic value

Fig. 3, a shows a typical arrangement of objects in the
alternative feature space with respect to the prototype @”
of the QRS complex of lead I of normal ECG. From Fig. 3, a
it is evident that the objects of classes Q, and Q, represent
compact sets, and the objects of the class Q, are divided into
three clusters. For normal electrocardiogram, ECG-hodo-
graph is a triangle-type figure (Fig. 3, b).

Figs. 3—10 show that the location of the objects of the
class Q, differs from the corresponding representation for
normal ECG. The objects of the class €, are not grouped
into three separate clusters, wherein for different types of
premature ventricular contraction the dots configuration is
different (Fig. 4-10 a, Fig. 5, a, Fig. 6, a, Fig. 7, a, Fig. 8, a,
Fig. 9, a and Fig. 10, a). It should be noted that in addition

to the ECG-hodographs triangles, characteristic of a normal
ECG, a variety of additional figures are formed. The more
so, individual ECG-hodograph points are linked to the time
axis, which makes it possible to find those ECG («suspi-
cious» periods), the objects of which differ from the similar
objects of normal ECG.

ECG-hodographs with PVCs left (Fig. 4, b, Fig. 5, b,
Fig. 6,b), PVCs right (Fig. 7,b, Fig. 8,5, Fig. 9,5) and
multifocal PVCs (Fig. 10,b5) do not only differ from
ECG-hodograph of normal ECG, but are also different from
each other. Also, there is a significant difference between
the location of the objects of the class Q, in AFS for most
dangerous extrasystoles «R on T» (Fig. 6, a and Fig. 9, a)
and the corresponding presentation of objects for other types
of PVCs (Fig. 4, a, Fig. 5, a, Fig. 7, a, Fig. 8, a, Fig. 10, a).
An even more pronounced pattern is observed in the corre-
sponding ECG-hodographs (Fig. 6, b and Fig. 9, b).

Thus, the graphical representation of ECG in APP allows
visually identify significant differences in the location of the
objects of the class Q, for the considered types of PVCs,
which makes it possible to carry out their classification.

It is worthwhile to concentrate further investigations on
the study of AFS for other types of pathologies, as well as on
the development of diagnostically valuable digital character-
istics of ECG-hodographs.

9. Conclusions

1. The suggested system of alternative diagnostic fea-
tures presents the description of BMS with LCF in new
feature space with consideration of the useful signal model,
which is used in the method developed by the authors of the
morphological analysis of BMS with LCF. Due to the pre-
sentation of the considered BMS with LCF as ECG-hodo-
graph it becomes possible to identify the ECG with atypical
cycles that are typical for PVCs without the need to create
training samples.

2. The analysis carried out for determination of the di-
agnostic value of alternative diagnostic features to detect
PVCs showed that there are significant differences between
the ECG-hodographs for normal ECG and ECG with the
presence of PVCs of various kinds. Due to presentation of
additional information in the form of ECG-hodographs, a
physician can visually easily and quickly perform a classifi-
cation of different types of PVCs according to ECG of any
duration, which in combination with the classical analysis
of «suspicious» ECG periods on the time axis increases the
speed and accuracy of the diagnosis.
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