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LINGUISTIC APPROACH FOR ESTIMATION OF ELECTROCARDIOGRAMS 'S
SUBTLE CHANGES BASED ON THE LEVENSTEIN DISTANGE

Introduction. The linguistic approach, based on the transition from electrocardiogram
(ECG) to codogram, gained fame for the analysis of heart rhythm. To expand the functional-
ity of the method, it is advisable to study the possibility of simultaneously monitoring the
dynamics of changes in the duration of cardiac cycles and the indicator of simmetry T-wave
that carries information about ischemic changes in the myocardium.

The purpose of the article is to develop algorithmic and sofiware components to solve
this problem and conduct experimental studies on model and real data.

Methods. ECG of certain groups was automatically encoded, Levenshtein distance was
calculated between ECG pairs for group and the reference codogram of the group was con-
structed. The evaluation of the results of experimental studies was carried out on the basis of
traditional methods of statistical analysis.

Results. It is shown that based on the Levenshtein distance between all pairs of codo-
grams of the test group, the reference codogram of the group of patients with coronary artery
disease (CAD) and the group of healthy volunteers can be determined. It was established that
making decisions based on the comparison of the ECG codogram of the person with the
reference codogram allows for the separation of representatives of the indicated groups with
sensitivity Sg = 72% and specificity Cp = 79% even in those cases when the traditional
analysis of the ECG in 12 leads is not informative.
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Conclusions. The proposed approach allows to obtain additional diagnostic informa-
tion when solving actual problems of practical medicine.

Keywords: linguistic approach, diagnostic sign of ECG, Levenshtein distance.

INTRODUCTION

The physiological processes occurring in biological systems are often repetitive
in time. Such processes generate specific signals, which are commonly called
cyclical in the scientific literature [1, 2]. A typical example of a cyclical signal is
an electrocardiogram (ECG), reflecting the cyclical nature of the circulatory
system and respiratory organs of a living organism.

Despite the fact that electrocardiography for over a hundred years has been
the most common method of functional diagnostics in cardiology, the sensitivity
and specificity of traditional ECG examinations are not high enough. Thus, in
work [3] it was shown that resting ECG, assessed by generally accepted criteria,
remains normal in approximately half of patients with chronic coronary artery
disease (CAD), including during episodes of chest discomfort.

Modern digital electrocardiographs, which implement traditional ap-
proaches to the analysis and interpretation of ECG, also do not provide the re-
quired reliability of diagnostic results. Moreover, experienced clinicians still
prefer visual interpretation of ECG, not completely trusting computer algo-
rithms, which, because of the complexity of real signals, often lead to errors at
the stage of recognition of informative fragments [4].

Therefore, scientists are constantly looking for alternative approaches to
computer processing of cyclic signals, in particular, ECG. One of these ap-
proaches is based on the transformation of the original signal into a word
(sequence of characters), for the analysis of which the concepts of formal
languages are used. Such an approach in various publications is called linguistic
[5, 6], structural [7] or syntactic [8].

In cardiology practice, the linguistic approach has become famous for ana-
lyzing heart rhythm [9, 10]. It has long been known that the heart rhythm is a
universal reaction of the organism to any influence from the external and inter-
nal environment [11]. Mathematical analysis of the heart rhythm allows you to
obtain important information about the functional state of all parts of the regula-
tion of human life, both in normal conditions and in various pathologies [12].
Computer technologies of mathematical analysis of heart rate variability of the
heart rate (HRV) are still actively used to assess the state of the autonomic nerv-
ous system and adaptive reserves of the body [13].

However, only on the basis of control over the sequence of lengths of the
R — R -intervals it is impossible to judge the functional state of the heart itself as
the main system-forming organ, in particular, the ischemia of the heart muscle.
To increase the credibility of the conclusion about the functional state of the
body, it is reasonable to supplement the analysis of the dynamics of the
R — R -intervals with an analysis of the dynamics of other ECG indicators.

In [14, 15], a method for analyzing an ECG signal was proposed, which
provides for encoding ECG symbols of a given alphabet that carry information
about the increment signs of both the R — R -interval lengths and the amplitudes
of R -wave of adjacent cycles. As a result, the observed ECG generates words
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(codograms), the processing of which by machine learning methods expands the
capabilities of the mathematical analysis of heart rhythm.

The International Scientific and Training Center for Information Technologies
and Systems of the National Academy of Sciences of Ukraine and the Ministry of
Education and Science of Ukraine has developed an innovative method for processing
electrocardiograms (ECG), which is called fasegraphy [16, 17]. A distinctive feature
of the method is the use of intelligent IT for processing the observed time signal
z(t) on the phase plane z(),z(t), where Z(t) is the rate of change of the electrical
activity of the heart [18]. This difference made it possible for the first time to imple-
ment a procedure for reliably determining the novel ECG feature (indicator 3, ) char-

acterizing the symmetry of the 7" -wave of the cardiac cycles [19].
Large-scale clinical studies conducted with the help of the FASEGRAPH®
software and hardware complex, which implements fasegraphy method, con-

firmed that measuring the indicator 3, and evaluating its standard deviation
RMS B, makes it possible to increase the accuracy of detecting the initial signs

of myocardial ischemia, even in cases where the analysis of traditional ECG
features in 12 leads is not informative [20].

It follows that, remaining within the framework of linguistic analysis, it is
advisable to study the possibility of simultaneously analysis the dynamics of

changes R — R - intervals and dynamics of changes [3,-indicator on the se-

quence of cardiac cycles.
The purpose of the article is to develop algorithmic and software compo-
nents for solving this problem.

BASIC COMPONENTS OF LINGUISTIC ECG ANALYSIS

Recall that the general scheme of linguistic analysis of the time signal z(7) sug-
gests segmentation z(¢) into a sequence of separate fragments, reflecting the
alternation of elementary events during the development of the process under
study [6]. Thus, a transition is made from the k -implementation of the signal
z,(t)observed on a limited time interval ¢e€[0,7] to the word
Sy = 0,0, - 0Lg as finite chain of characters o, € A, j=1,...,K from the al-

phabet of the “names” of the fragments. A set of all-possible words (not neces-
sarily finite) forms a formal language for which the grammar is built [21]:

G =(Q0, Q7. P, 0,). (1)

where ) is a set of non-terminal symbols (variables); €2, — a set of terminal
symbols (constants), Q, UQ =A,Q, N"Q =T ; P, — a set of grammatical
rules (substitution rules); o, € €2, — initial (root) non-terminal character.

In the majority of works devoted to linguistic analysis of signals, it is assumed
that the alphabet of reference fragments is known in advance [22], and the construc-
tion of grammar makers adequate to the set of observed signals is carried out by man
on the basis of informal knowledge of an expert in the subject area.
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Despite the fact that in a number of papers, particular, in [23], the main theoretical
concepts of the general formulation of the problem of restoring grammars on a training
set of observations were revealed, it should be stated that there are still no universal
methods for practical solution of this difficult problem.

Therefore, following the works [14, 15], we will make the transition from

the k -th observed signal z,(f) to the word S, =a 0., -0, , analyzing the

sequence of sign differences in the values of ECG indices on adjacent cycles.
Let we have N ECG cycles and values of several indicators are determine-
don on each of cycles , for example, the duration of RR intervals and the index

B, of T wave symmetry.
Denote each of these sequences as:

X5 Xy Xy - )

Let us determine the values of the indicator variable V,, i =2,...,N , by the
signs of the increments of the quantities on each cycle in relation to the previous cycle:

B +1if x,—x_, >0,
P -1, if x_,—-x >0. )

As a result, for the indicators RR and 3, , we will get two sequences of
indicator variables Vl.(RR) and me respectively, and each ECG cycle will be

encoded with one of the four symbols of the alphabet A = {a,b,c,d} as follows

(Tabl. 1).
The sequence of characters received in accordance with Table 1 forms a

N -bit word S, (codogram) that uniquely encodes the k -th processed ECG.
For illustration, a flowchart of the codogram’s generation .S, where N is

the total number of registered cardiac cycles (Fig. 1).
The proposed method of linguistic analysis and interpretation of ECG is

based on the Levenshtein distance L(S),S,)between two words S, S, of
N and M symbols, respectively. Recall that the Levenshtein distance is equal to
the minimum number of editing operations such as insertion, deletion, and re-
placement of a character for converting a word S, into a word S, [24, 25].

The algorithm for calculating the Levenshtein distance is as follows.

Table 1. Principle of ECG cycle coding

The value of the indicator variable V’.(RR ) +1 +1 -1 -1
The value of the indicator variable Vi(ﬁT) +1 -1 +1 -1
Symbol a b c d
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> 0<i<N

S(i-1)=a S(i-1)=b S(i-1)=c S(i-1)=d

Codogram
ddabdcbadcbadca

Fig. 1. The algorithm's block diagram for the formation of codograms

We form a matrix D of dimension N +1, M +1and fill the first row and
first column of the matrix D as follows:
D(@i,0)=i, Vi=0...N,
D0, )= j, Vj=0...M. (4)

The remaining elements of the matrix D (i >0, j>0) is filled in accor-

dance with the rule:
D(, j)=min{D(i,j =D +1, D=1, /) +1, D=1,/ =D +m(S,().S, (N} (s

where

0.if S,(i)=5,(j).

m(Sl(i),Sz(j)):{L itS(i)%S.()). (6)

As a result the value D(N, M) determines the Levenshtein distance.

In general, there may be several optimal paths from cell D(1, 1) to cell
D(N,M)that provide the minimum number of editing operations. Figure 2
illustrates this fact and shows the "optimal" sequence of transition from the word

S| = ddabdcbadcbadca 7

to the word
S2 = bacdaaacdadccbb. (8)
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d{d|a| b|d|c|b|a|d|[c| b|fa | d|c]|a
of1l2]3]als]e|7]s8]o]w0]u]1z]13]14]15
b1 ((M+@)| 334|567 |8|910[11]12]13|14
a2 2|2/@]3]4]5]6|6|7]8]0]|10]11]12]13
cl3 3|3 |3[@ala]s]e]7]7]8]9]10]11]12
Ed43344\®—@)\5667399]011
al8 4434|4567 ]8]s]9]10]10
al6 5|54/ 4]s5][5/®G]6|7]s]s]9]10]10
al2l6l6|s|s|s]e6|l6[@®®]7]8]8]9]10]10
cl8]7|7]6]l6]6|s5]6|6|6|®7]8]9]9]10
alols|7]7]7]6]6]6|7]6| 7@ s8]8]9]10
a0 o[s|7|s|7][7]7]6|7]7]8[@8]9]9
ali0]ols|s|s|s|s]|7]6]|7]8]s[@s]o
clizl1n|10]oolols|ols|7|6]7]s|@I@) s
c 3| 12|11]10]10]10]0]olols|7]7]8]9 @G
b |14 3]12]1f0]ufw]ofw|o]s]7]s]9]0@O
b [35] 14] 3] 1211 fnaf11f10]10/10] 9[8[ 8[9]10]00)

Fig. 2. Possible ways to ensure the optimal transition from the word S to the word S,

Table 2. The optimal transition from word S; to word S,

Step Source word Operation Result of editing
Replacement
1 S, = ddabdcbadcbadca d—b S;=bdabdcbadcbadca
2 S, = bdabdcbadcbadca Deletion d S1=babdcbadcbadca
3 S1=babdcbadcbadca Rep;aii:r:ent S1 = bacdcbadcbadca
4 S1 = bacdcbadcbadca Deletion ¢ S1 = bacdbadcbadca
5 S1 = bacdbadcbadca Replacement Si1 = bacdaadcbadca
b—a
Replacement
6 S, = bacdaadcbadca S, = bacdaaacbadca
d—>a
7 S1 = bacdaaacbadca Replacement S1 = bacdaaacdadca
b—>d
8 S, =bacdaaacdadca Replacement S1 = bacdaaacdadcc
a—>c
9 S1 = bacdaaacdadcc Insertion b S1=bacdaaacdadccb
10 S, = bacdaaacdadccb Insertion b S; = bacdaaacdadccbb
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The step on i symbolizes the removal of the next symbol from the word
S|, the step on j — inserting the next word S, symbol into the word S, , and the

step on both indices symbolizes the replacement of the S, symbol with the next

S, symbol or the absence of changes.

Table 2 demonstrates one of the optimal options shown in Fig. 2.

In addition to the classic Levenshtein distance, a number of its modifica-
tions are known, for example, the Damerau-Levenshtein distance, in which an
additional editing operation in the form of transposition - permutation of two
adjacent symbols, or the Levenshtein extension where different prices for ele-
mentary editing operations is introdused.

INFORMATION TECHNOLOGY OF LINGUISTIC ECG ANALYSIS

A number of important tasks can be formulated based on the calculation of the
Levenshtein distance between the ECG codograms, including:

Task 1. Study of the properties of the Levenshtein distance based on the
analysis of model signals generating an ECG of a realistic shape

Task 2. Decision making on the affiliation of the examined person one of
two groups, for example, a group of patients or a group of conditionally healthy
people, a group of trained or untrained, etc.

Task 3. Evaluation of the intra-individual characteristics of the codograms
of one person over a sufficiently large segment of observations.

Task 4. Study of the possibility of using Levenshtein distance to assess
changes in the functional state of the body under the influence of physical and
emotional stress, medication, surgery, etc.

To perform the necessary research, an information technology (IT) has been
developed, the structure of which is shown in Fig. 3.

To study the properties of the Levenshtein distances a software simulator that im-
plements a stochastic model of generating artificial electrocardiograms of a realistic
form [26] was uncluded in the IT. The generative model generates a sequence of ECG
cycles, built on the basis of the sum of asymmetric Gaussian functions.

z,(t) = Z A exp{— %} ©)

with a given level of distortion of parameters that characterize the shape of the
k -th fragment k € {P,Q,R,S,ST,T}

Studies of the possibilities of the proposed approach for solving other prob-
lems were carried out on the basis of real ECGs accumulated in the database of
the FASEGRAPH" complex. The complex consists of an ECG recorder with
finger electrodes and a computer program that provides automatic ECG process-
ing and determination of traditional and original diagnostic features, in particu-

lar, the duration of RR - intervals and parameters 3, beat to beat.
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IMITATOR OF ARTIFICIAL
ELECTROCARDIOGRAMS

U !

Sequence of values 3, and RR

U

Words (codograms) generation module
aacbadabbcbacbaabac

g

Levenshtein distance calculation module

1!

The module of statistical processing and visualization

- [w o] [s]
1} ) %
] 3 06

4
3

Fig. 3. Structure of information technology

According to the accumulated data, corresponding codograms were formed
and reference codograms of individual groups of subjects were determined, for
example, reference codograms of verified patients and conditionally healthy
volunteers, athletes and people who are not actively involved in sports, etc.

The algorithm for constructing reference ECG codograms is as follows.

Let O, and O, ECG which represent one of the two studied groups was re-
corded as a result of the experiments. Each of O, ECG of the first group (for
example, a group of patients) is encoded in words S;l) , q=1...,0, ,in accor-

dance with Table 1. According to formulas (4) - (6), the Levenshtein distance
LHV(S(I),SSI)) between each pair Sﬁl),Ssl), p=1..0,,v=1..,M, encoded

n

ECG is determined.

Next, we form a square O, xQ,-matrix of  distances
LW(SS),SEI)), u=1L..,0,, v=1,..,0, between all pairs of words correspond-
ing to the ECG of the first group of subjects
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Ly, LyLy

L, L,,.., L
A= 21> 22 20,

LQll’Lle""’LQlQ]

The row of this matrix, the sum of the elements of which is minimal, defines
the reference word S(()l) of the first group, i.e.
%)
M _ :
Sy = aig mmZ:Lllv . (10)
<v<0, p=l
The reference word Séz) of the second group is determined in a similar way
by analyzing the sum of the elements of the Levenshtein distance matrix
LHV(SfLZ),Siz)) , u=1...,0,, v=1,...,0, constructed for all pairs of codograms
of the second group, i.e.

[
S =arg minZva . (11)

1Sv<0y =1

Reference codograms (10), (11) allow solving various tasks, for example, re-
lating the analyzed ECG to the first or second groups based on a comparison of

the Levenshtein distance between the code word S, of the analyzed ECG and the
reference words S} and S\ :
ECG belongs to the first group, if L(S,,S") < L(S,,S?), (12)

ECG belongs to the second group, if L(S, ,S") > L(S, ,S). (13)

A similar rule can be used to make a decision about the level of fitness of a
person on the basis of Levenshtein’s distance between his codogram S, and ref-
erence words S(()l) and Séz) , constructed separately for groups of athletes and

people who are not actively involved in sports.

To assess the intraindividual features of the codograms (task 3), the data
of the concrete person was extracted from the database, which were registered
for a sufficiently large period of time. We analyzed only those persons who had
no serious organic cardiac abnormalities during the observation period.

On the basis of processing the QO codograms of a concrete person we de-

termined a reference word S for this person and calculated the Levenshtein
distance L(S, ,S,) L(S,,8,), ... , L(S,,S,) relative to S,. The values
L(S,,S,) L(S,.S8,), ..., L(S,,S,) were considered as the implementation

of a random value for which an estimate of the distribution was constructed and
its statistical characteristics were determined.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196) 11



Fainzilberg L.S., Dykach Ju.R.

For the study of changes in Levenshtein distances in the course of physical and
emotional loads, drip injections of drugs and other experimental studies (task 4), we
used the electrocardiogram accumulated in the database, recorded during the corre-

sponding observation period 7, and plotted the changes of the distances

L(S, .S, ) during the experiment relatively discrete time ¢ = 1,2,..., 7.

RESULTS OF EXPERIMENTAL RESEARCHES

Let us briefly review the first practical results obtained using the developed IT.
Figure 4 shows graphs of test signals generated by an artificial ECG simula-
tor. The first signal (the signal A)is a periodic function - a sequence of ECG

cycles of a given shape without distortion. Obviously, the codogram of such a
signal contain only one letter:

S, =dddd...dddd.

The codogram S ,was used as a reference for calculating the Levenshtein

distances to the codograms of two other test signals: a signal B that simulated a
sequence of reference cycles with distortions of the shape of the wave T only,
and a signal C that additionally distorted the durations RR - intervals. The stan-

dard deviation of 3, for both signals was RMS f3,= 0,3 units, and the standard

deviation of the RR -duration (the standard indicator of the mathematical analy-
sis of heart rate variability) was SDNN =140 ms.
The codograms constructed for the distorted signals had the form:

S = aacddccbaabdccbacabbcaaddcddadbbcaabbdaddadbabcc. ..
...babccdbabbdccbabcbababdcdacbabadcbadcdcbaddcd

S = bbabcbcabccaabddcbdcabdcaaabddcabdcbabbcbcecabdccabdce. ..

... beebabdcbdcbceabdcebdcbdcabddcbeabcaabddca.

Table 3 summarizes the results of the comparison of distorted signals B and
C with the reference signal A .

As can be seen from Table 3, the Levenshtein distance increases as the level of
ECG cycle distortion increases. However, it was established that the statistical de-

pendence of the distance L(S,,S,) of the analyzed codogram S, relative to the ref-
erence one 5, and index SDNN is substantially nonlinear: the coefficient of deter-

mination of the linear dependence R* < 0,5 .
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Table 3. The results of the comparison with the test signal A

SIGNAL | Incrementof RMS (3 ,un. | Incrementof SDNN ,ms Levenshtein distance, un.
B 0,03 0 L(S,8,) =46
c 0,03 140 L(S.,S,)="1

I
EEREEN;

RMS B, =0,03, SDNN =0

RMS B, =0,03, SDNN =140 ms

Fig. 4. Test signals: A — without distortion, B — distortion of 3, only, C —
both distortion BT and RR -intervals

Interesting results were obtained for athletes and people who are not ac-
tively involved in sports. The studies were conducted on the basis of real ECG,
obtained when testing young volunteers of both sexes aged 18—24, which were
divided into two groups:

* Group 1: O, =47 highly qualified athletes who are engaged in boxing,
various types of wrestling and triathlon;

* Group 2: (O, =113 people not involved in sports.

Investigations were carried out while performing the Martin test: 20 squats
in 30 seconds. We recorded ECG all person from each group before the load, at
the height of the load, and after a 3-minute rest. The values of the average heart
rate (/R ) and the average index [3, characterizing the symmetry of the 7" wave
were determined in these three states.

Following the previously obtained results [26], we will assume that an ade-
quate response of the organism to the load is that with the load both indicators
increase, and after resting they return to their original state, i.e.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne2 (196) 13
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(HR® - HR") > (HR® — HR"), (14)
B -B) > (B —pY). 15)
where n(l),n(z),nm — the value of the corresponding indicator in the initial

state, at the height of the load and after a 3-minute rest.
We studied the differences in the body's response to exercise in athletes and
people who are not actively involved in sports, based on conditions (14), (15), and

also based on an estimate of the Levenshtein distance L(S“®,S")and
L(S®, 8" ) between the codogram S'* at load height and codogram S after

resting with respect to to the original codogram S .

As a working hypothesis, it was assumed that the condition
L(S(z),S(l)) > L(S(3),S(l)) (16)

also confirms an adequate response of the organism to the load.
The results of the research are summarized in Tables 4 and 5, in the cells of
which the symbol “+” and “-” denote fulfillment or non-fulfillment of conditions

(14) — (16).

As can be seen from the data given in Tables 4 and 5, the athletes and non-
athletes observed small differences in the frequency of occurrence of events W,
i =1,...,8, which form a complete group. To confirm the reliability of the de-

tected differences, additional data processing was carried out on the basis of the
calculation of confidence intervals.

From probability theory it is known [29] that the frequency P " of a random event,
calculated from a sample of observations by volume Q , with reliability of inference

¥ determines the confidence interval I=[P" P*] of probability P, the
boundaries of which are determined by formulas:

Table 4. Athletes reaction to load

Indicator's recovery after the load
Random <@ Event
HR Br L (s, 5%)
event frequency, %
Condition (14) | Condition (15) | Condition (16)

Vv1 + + + 23,40
W, - + + 2,13
W3 + - + 2,13
W, - - + 2,13
W;s + + - 36,17
We - + - 10,64
W, + - - 14,89
Wy - - - 8,51
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Table 5. The response of non-athletes to the load

Rand Indicator's recovery after the load Event
andom R Br L (59,59 ven .
event — — — frequency, %

Condition (14) | Condition (15) Condition (16)
W, + + + 26,55
W, - + + 6,19
W; + - + 8,85
W, - - + 2,65
\x]5 + + - 34,51
We - + - 7,08
W5 + - - 11,50
Wg - - - 2,65
2 * *
1 Pd-p) 14
"o o ao
P(l)
2 17)
1 i
+ L
2 * * 2
.1z PA-P) 1¢
o™ o Tag
P =
= 2 g (18)
1 i
+ L
2
* 1 + * 1 i -
where 7, =arg® (—y) >0,and ® (x)=—=—= Ie 2dr.
2 N2 o,

On the basis of expressions (17), (18), according to the data of Tables 4 and
5, taking into account the volumes O, =47 and Q, =113 of the respective sam-
ples, the confidence intervals of the probability of random events W, ,i =1,...,8
are determined. It has been established that with reliability of inference
¥ =99% the reliability intervals of the probability for events W,, W,, W, do

not overlap in the group of athletes and people who are not actively involved in
sports (Table 6). And this with high credibility indicates that the probabilities of

these events are different. For example, in athletes P(W,)< 0,397, while
P(W,) > 0,498 in people who are not actively engaged in sports.

Table 6. Significant differences in confidence intervals of probabilities

Random event Confidence intervals of probabilities l'leliability of
Athletes Non-athletes inference Y
W, [0,100 ; 0,397] [0,498 ; 0,727] 99 %
W; [0,100 ; 0,397] [0,786 ; 0,941] 99 %
W [0,675 ; 0,940] [0,173 ; 0,383] 99 %
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Note that the indicators R and [, represent the averaged values of the pa-
rameters of individual ECG cycles, and the condition (16) characterizes the dy-
namics of the RR -intervals and the index 3, beat to beat. Therefore, condition

(16), to a greater extent than conditions (14), (15), characterizes transient proc-
esses when performing load tests.

The found statistically significant differences in the response of the body of ath-
letes and non-athletes to the load test may be related both to the athlete's overloads at
previous trainings and also to indicate that in the process of regular workouts the ath-
lete's body learns to more economically adapt to the load test. Both are reflected in the

features of the dynamics of change HR,B, and L(S*,S™). Of course, the study

of the found fact requires further deeper investigations on representative samples of
observations.

Recently, scientists have paid attention to intraindividual ECG changes of a
healthy person at rest [29], which is not a precursor of any pathology. In this regard, it
is interesting to study the intra-individual changes in the codograms of the same per-
son over a fairly long observation period.

The basis of such studies was based on the analysis of the ECG series of two

subjects, registered for six years. (J; =26 codograms of the first test subject

(male) and Q, = 25 codograms of the second test subject (woman) are analyzed.

Based on the processing of the available codograms, the reference codo-
gram of the first person

S él) =bccabcbadabdcadcabcabcecbdcbbeabecaddcbbdaba. ..
...cbccbdabadadccdbcadccbaccbdcabdabbcabcabdcbacabbeadcchda
and the second person
S? = addaddacdadadcbdabcaddacbdcadabdadcadcadacd. ..
...adbccadcbbcadbcdadcadcdcdbedaddacbacbedacdadaacbabbcada

was constructed using the method described above.
Levenshtein distance between reference codograms is

L(SS",8)=52.

Estimates of distributions of random variables L(S",S{") and

L(St(z),Séz)) , t=1,..,0, (histograms) corresponding to ECG’s codograms
recorded during the observation period are presented in the (Fig. 5).
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Fig. 5. Histograms of distance distributions L(S,m , S(()l)) and L(St(z) , S(()Z))

As can be seen from Fig. 5, Levenshtein distances
LS, Sy L(S®, S ) varied over a fairly wide range of values for both
individuals during the observation period. For comparison, we note that during
this period there were also significant fluctuations in traditional indicators 3,

and standard deviation of RR -intervals which amounted
B(T” =0,771+0,079, B(Tz) =0,752+0,125, SDNN® =379+16,1,
SDNN® =325+10,5.

The study of the diagnostic capabilities of the proposed method was carried
out using a database of real ECG recorded at the Ischemic Heart Diseases De-
partment of the V.D. Strazhesko’s Research Institute of Cardiology Academy of
Medical Sciences of Ukraine (Kyiv) and four clinics in Germany — Essen Uni-
versity Hospital (Essen), Katholical Hospital "Phillpusstift" (Essen), German
Heart Center (Berlin).

The clinical material consisted of 100 ECG records of patients with chronic
ischemic heart disease (CAD), whose diagnosis was previously established by

coronary angiography (class V), and 100 ECG records of healthy volunteers
included in the control group (class V)

By the formulas (10), (11) two reference codograms for the specified classes are de-
fined: the reference codogram of patients with ischemic heart disease

S\" = adcbdadcadabdabcadabdadcbdab

and reference codogram of a healthy volunteers

S = cbedcabdcabddcaadcaa.
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The Levenshtein distance between these codograms was
L(S, 8% =15.

Based on the processing of the available data, it has been established that
decision making according to the rules (12), (13) provides sensitivity

Sy =72% and specificity C, = 79%.
For illustration, we present the results of the ECG evaluation for two patients —
a verified patient (male, 69 years old), whose codogram was

SY = adcabdadcadabdaddabdaadabdbdda

and a representative of the control group — a male, 54 years old, whose codo-
gram was

S® = bdcbbcdcabedcabedcbaa.

It is easy to verify that L(S",S")=13 and L(S",S{’) =15, i..

LSO, 8" < LS, 8

and in accordance with the rule (12), the survey must be reduced to the
CAD-group.

Similarly, for the second person we have L(S'”,S{")=14 and
L(S?,87)=8,ie.
L(S?,8") > L(S, 5%)

and in accordance with the rule (13) the person should be reduced to a healthy
group.

It is important to note that traditional signs of myocardial ischemia (eleva-
tion or depression of the ST segment) not observed on all patient’s ECG. And
this means that conventional electrocardiography would classify all processed
ECG into healthy group.

At the same time experiments show that it is possible to classify representa-
tives of the classes even on such “complex” clinical material on the basis com-
parison of the Levenshtein distances.

Fig. 6 presents estimates of the conditional distributions P(L(S, ,S")) and

P(L(S, ,S$?)) of Levenshtein distances with respect to the reference codograms
of the sick and the healthy person.
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Testing the hypothesis of homogeneity of conditional distributions
P(L(S,,S{"))and P(L(S,,S$”)) according to the Kolmogorov-Smirnov
criterion showed that the hypothesis of equality of distributions should be re-
jected with high statistical significance (p < 0,001). The similar fact was con-

firmed by Mann-Whitney U test.
Consequently

P(L()|V)) # P(L() V). (19)

If also the diagnostic sign L(-) is conditionally independent of indicators
SDNN and RMS, i.e.

P(L,SDNN,RMS B, |V,)= P(L|V,)P(SDNN,RMS B, |V,),

k=12, 0

then, according to a theorem proved in [30], the Levenshtein distance is guaran-
teed a useful diagnostic sign in conjunction with SDNN and RMS in terms of
reducing the probability of erroneous decisions.

The analysis of the Levenshtein distances was also useful for illustrating the dy-
namics of ECG changes during the drug treatment of cardiovascular pathologies.
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Fig. 7. Schedule of changes in the distance L (S, S;) in the process of
intravenous drug infusions

Fig. 7 is a graph of the change in the distance L(S,,S,) between ECG

codograms, which were recorded during intravenous infusion of drugs to patient
R. (male, 72 years old), diagnosed with atrial fibrillation.

Patient R. was hospitalized at the Scientific and Practical Center for Preven-
tion and Clinical Medicine (Kyiv). ECGs were recorded every 5 minutes for 1
hour and 20 minutes in the process of intravenous infusion of Tivomax prepara-
tions followed by the addition of the drug Armadin.

Before the administration of the drugs, there was a pronounced extrasysitivity on
the patient's ECG, which decreased significantly to 20-th minute. With the further
administration of drugs, the heart rhythm gradually normalizes. By the end of 100
minutes, the standard deviations of the RR -interval were within the functional norm
(SDNN =30 ms). As can be seen from Fig. 7, the positive dynamics of intravenous
infusion of drugs is clearly illustrated by the graph of Levenshtein distances
L(S,,S, ) changing.

The analysis of the Levenshtein distance was also used to monitor the con-
dition of patient S. (male, 61) diagnosed with atrial fibrillation combined with
arterial hypertension, who was hospitalized for 47 days in a hospital for scien-
tists of the National Academy of Sciences of Ukraine. Monitoring was carried
twice a day (Fig. 8).

The patient was treated with antiarrhythmic drugs (Digoxin et al.) and
blood pressure lowering drugs (Captopres, etc.). Periodically intravenous infu-
sions of a number of drugs were conducted.

During the entire period of treatment, the patient's condition was stable,
which was reflected only by insignificant fluctuations of the Levenshtein dis-
tance between codograms except for some moments of time
(Fig. 8). One of such measurements, marked by an arrow in Fig. 8, was associ-
ated with the treadmill study, when the heart rate was 139 beats / min, and the
T -wave symmetry index assumed an excessively high value 3, = 2,05 unit.
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Fig. 9. Histograms RR- intervals before (left) and after (right) treatment of patient S

Daily monitoring of ECG indices using the method fasegraphy combined with
monitoring of Levenshtein distances, confirmed the effectiveness of the medical
treatment of the patient B.: the index decreased from the initial value of ms to the
value of ms. heart rate variability decreased by 73%, what clearly illustrates the com-
parison of the histograms of the durations of the RR -intervals (Fig. 9).

In conclusion we note that the considered approach of ECG coding with
subsequent analysis of the Levenshtein distance between codograms can natu-
rally be generalized to the cases when not only the intervals R — R and indicator
B, are used for ECG coding, but also other informative indicators, in particular,

amplitudes of R and 7" waves.

CONCLUSIONS

The proposed approach is based on converting sequences of parameters that
characterize the form of individual electrocardiogram cycles into a word — a
finite string of characters of a given alphabet. The words (codograms) obtained
in this way are analyzed on the basis of the Levenshtein distance, which deter-
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mines the minimum number of editing operations (inserting, deleting, and re-
placing a character) to convert one word into another.

The calculation of the Levenshtein distances between all pairs of codograms
of the group of subjects allows one to determine the reference codogram of this
group. Comparison of the Levenshtein distances, including the analysis of the
editorial distance between the current codogram and the reference codogram,
makes it possible to make diagnostic decisions about patient ownership of the
corresponding group.

An information technology based on the implementation of the components of
the proposed approach has been developed. Experimental studies conducted using
model and real data confirmed the potential diagnostic effectiveness of the proposed
approach for obtaining additional information in solving actual applied problems. Of
course, from the point of view of evidence-based medicine, such research should be
continued on a significantly larger amount of clinical material.
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JIIHTBICTUYHUM TTIAXIT TS OLITHIOBAHHS TOHKHX 3MIH
EJIEKTPOKAP/IIOI'PAMHU HA OCHOBI BIJICTAHI JIJEBEHIIITEMHA

Beryn. JlinrsictuaHuii minxin, ocHoBanuii Ha niepexoi Bin EKI™ no xonmorpamu, 3100yB nomysisp-
HICTB JUIS aHAMI3Y cepiieBoro putMy. st po3impenHs GyHKHAIBHIX MOXJIMBOCTEH METOIY JIOIIi-
JIBHO BHMBYUTH MOXKJIMBOCTI OJJHOYACHOTO KOHTPOJIFO JIMHAMIKM TPUBAIOCTI CEpPIEBUX LHKIIB 1
OpHUTIHAJIFHOTO MOKA3HMKA, SIKUH Hece IHPOPMALIIFO TPo iIIeMiuHi 3MiHH MiOKap/ia.

Merta cTaTTi — PO3pOOUTH AITOPUTMIYHI 1 IPOrpaMHi KOMIIOHEHTH I PO3B’SI3aHHS LbOIO
3aBJaHHSI 1 TIPOBECTH SKCIIEPUMEHTAIIBHI JIOCITI/PKEHHS 38 MOZICIIBHIMH 1 peayTbHIMU JJAHUMH.

Metogu. 3abe3neno aBroMmarnyHe koxyBaHHs EKI, oOuncrnennst Bincraneii JleBeHinreiiHa
Mk mapamu EKI' meBHOT rpynu BHIPOOOBYBaHHX 1 MOOYOBa pe)epeHTHOI KOJOTPaMU TPYIIH.
OUiHIOBaHHS PE3yJIBTATIB EKCIEPHUMEHTAIBHUX JIOCIIDKEHb TIPOBOAMIIOCS Ha OCHOBI TPaIMIIHUX
METO/IiB CTATUCTUYHOTO aHAI3Y.

PesyabTaTu. [TokasaHo, 110 Ha OCHOBI BijicTaHel JIeBeHIITeiiHa MK yciMa Iapamu KoJorpam
TPYNHU BUIPOOOBYBAaHUX MOYKHA BH3HAYMTH pe)epeHTHY KOAOTpaMy IPYIH XBOPUX Ha ilIEMIUHY
xBopoOy cepust (IXC) i rpymu 300poBHX J10OpOBONIBLIB. BeTaHOBIEHO, 1110 NPUIHATTA pillleHb Ha
OCHOBI TopiBHsAHHS Koziorpamu EKT™ BUIIpOOYyBaHOTO 3 €TAIOHHOK KOJOTPaMOI0 3a0e31edye oI
MPEJICTABHUKIB 3a3HAYEHUX TPyN 3 4yTMBicTIo Sr = 72% 1 cnemmdiunictio Cp = 79% HaBiTh B
THX BUIAJIKaX, KOJU Tpamuiiiamii anamiz EKT y 12 BiBeneHHSX BUSBISETHCS HEIHPOPMATUBHUM.

BucnoBkH. 3anpornoHOBaHUI MiXi/ 1a€ 3MOTY OTPUMATH JOJATKOBY AiarHOCTHYHY iH(Op-
MAIIifO JUTsI BUPIIICHHS aKTyaJIbHUX 3aBJaHb PAKTHIHOI METHIAHU.

Knrouoei cnosa: ninceicmuunuti nioxio, oiacnocmuuna ozuaxa EKT, éiocmans Jlesenwumetina.
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JIMHI BUCTUYECKUI IOIXO/T /151 OLIEHUBAHUS TOHKUX I/I3MEH’EHI/H71
OJIEKTPOKAPANOI'PAMMbBI HA OCHOBE PACCTOAHMA JIEBEHIITEMHA

BBenenme. JIunrBuctrueckuit moaxon, ocHoBaHHbIM Ha mepexoae oT OKI' k komorpamwme,
MIOJIyYHJI U3BECTHOCTH ISl aHANIM3a cepAeyHoro putMa. /s pacumpenns GpyHKIMOHAIbHBIX
BO3MOKHOCTEH MeTo/a IeJIeco00pa3HO U3YUUTh BO3MOXKHOCTH OJHOBPEMEHHOTO KOHTPOJIS
JTUHAMUKH U3MEHEHUS MPOJOJDKUTENBHOCTH CEPICUHBIX IIMKJIOB M OPUTMHAIBHOTO IOKa3a-
Tellsl, Hecylero HHpopManuio 00 HIIeMHYeCKUX H3MEHEHUSIX MUOKapAa.

Heab craTbm — pa3paboTaTh aIrOPUTMUYECKHE M NPOrPaMMHBIE KOMITIOHEHTBHI IS
peleHus 3TOM 3aJadd U IIPOBECTU HKCIEPHUMEHTANIbHbIE HCCIIEJOBAaHHS Ha MOJEIBHBIX U
peabHbIX TaHHBIX.

Metoabl. O6ecnieunBasioch aBToMaTudeckoe koaupoanue DK, BeIUMCIEHHE PaccTo-
sHui JleBenmrelina mexny napamu OKI' ompeneneHHON Tpynbl UCTIBITYEMBIX M IIOCTpOE-
HHE pedepeHTHOH KomorpaMMbl Ipynmnbl. OLEeHKa pe3ylbTaToOB dKCIEPHUMEHTAIBHBIX HCCIe-
JIOBaHUI1 TPOBOIMIIACH HA OCHOBE TPAIUIIMOHHBIX METOJIOB CTATUCTUYECKOTO aHAIU3A.

PesyabTaThl. [lokazano, uto Ha ocHOBe paccrostHmid JIeBeHIITeitHA MEeX Iy BCeMH Ma-
pamMH KOJOTpaMM TPYHIIBl HCIBITYEMBIX MOXKHO OIPENENUTh PEPEPEeHTHYI0 KOAOTPaMMy
Tpynnsl OONBHBIX UIIeMudeckoil 6onesnbio cepana (MBC) u rpynmsl 310poBEIX 100pOBOITE-
1EeB. YCTaHOBJICHO, YTO MPUHATHE PEIICHUH HAa OCHOBE cpaBHEHUs koxorpammbl DKI ucmbl-
TyEeMOTO C 3TAJIOHHOW KOJOTPaMMOW 00eCTieurBaeT pa3ie/ICHUE MPEICTABUTENCH YKa3aHHBIX
IPYIII ¢ 4yBCTBUTEIBHOCTBIO Sp = 72% u cnerupuunocteio Cp = 79% naxe B TeX Cllydasx,
Koraa TpagunuonHbiid ananus DKI' B 12 oTBeieHHIX OKa3bIBaeTCsI HEUH(POPMATHBHBIM.

BoiBoabl. [IpenokeHHbIH NOAX0/] HO3BOJISET HOIYYUTh JOIOJIHUTEIbHYIO JUArHOCTH-
4ecKyro HH()OPMAIHMIO IIPH PEIICHUH aKTyaIbHbIX 3aa4 IPaKTAYECKOH MEIHIHHBL

Knrouesnle cnosa: nuneeucmuyeckuii nooxoo, ouacnocmudeckuti npuziak IKI, paccmosnue
Jlesenwmeiina.
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