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Abstract.

Work is about substantiation of mathematical model of high resolution rhythmocardio
signal in the form of a vector of stationary and stationary related random sequences.
Investigated the structure of probabilistic characteristics of this model for analysis of
cardiac rhythm in modern cardiodiagnostic system. Based on a new mathematical
model of wvector rhythmocardiosignals,was developed methods for statistical
evaluation of their spectral-correlation characteristics, which are used as diagnostic
features in automated diagnostic systems for functional diagnostics of the heart
condition and adaptive regulatory mechanisms of the human body
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1. Introduction

Analysis of the heart rhythm makes it possible to evaluate not only the state of the cardiovascular
system, but also the state of the adaptive capacity of the whole human body. Most modern systems for
automated cardiac rhythm analysis are based on statistical analysis of rhythmocardio signal, which is
an ordered set of durations of R-R intervals in a registered electrocardiogram [1-8]. However, this
approach is uninformative, because the R-R intervals reflect only the change in the duration of the
cardiac cycles and not the totality of the time intervals between single-phase values of the
electrocardio signal for all its phases.

In [9, 10], a new approach to the analysis of cardiac rhythm on the basis of high resolution
rhythmocardio signal was developed. As noted in these works, the classical rhythmocardio signal is
embedded in the high resolution rhythmocardio signal, which is the basis for increasing the level of
informativeness of the analysis of cardiac rhythm in modern computer systems of functional
diagnostics of the human heart state.

In [9, 10], it is justified to use a vector of random variables as a mathematical model of high
resolution rhythmocardio signal. But, this model is a relatively bad mathematical model of high
resolution rhythmocardio signal, since it does not allow to study its temporal dynamics. To take into
account the temporal dynamics of the high resolution rhythmocardio signal, it is necessary to use a
mathematical apparatus of the theory of random sequences, namely, to consider it as a vector of
random sequences.

1.1. Setting objectives
In this work, we will develop a mathematical model of high resolution rhythmocardio signal in the
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form of a vector of stationary and stationary related random sequences. Let's write down the structure
of probabilistic characteristics of this model for the analysis of cardiac rhythm in modern cardiac
diagnostics systems.

Based on this model, we develop methods for statistical analysis of the rhythmocardiosignal with
increased resolution in the framework of the spectral correlation theory of random processes

2. Research results

In the most general form stochastic models that takes into account the dynamics of changes high
resolution rhythmocardio signal is vector =, (« ,m)= {F, (w,m),0 €Q,1=TC,meZ { random

sequences. In this vector, the index m indicates the cycle number of the electrocardio signal, and the

index | indicates the reference number of the electrocardio signal within its cycle. The number L of
intervals per cycle of the electrocardio signal determines the resolution of the rhythmocardio signal
and sets the number of phases in the cycle of the electrocardio signal that can be separated by methods
of segmentation and detection in solving the problem of automatic formation of the rhythm cardio
signal from the electrocardio signal.

Justify of probabilistic characteristics of the vector EL(a)' ,m) random sequences. One of the
simplest stochastic models that takes into account the dynamics of high resolution of rhythmocardio

signal is the vector EL(co',m)={F,(w',m),cu' eQ . =1 ,meZ } stationary and stationary

related random sequences. First of all, note that the vector EL(a)' ,M) stationary and stationary

related random sequences, in the particular case, if its components are stationary sequences with
independent values, that is, white noises given on the set of integers, is a known model of high
resolution rhythmocardio signal in the form of a vector of random variables, which was developed in
[9, 10]. But in practice, the hypothesis of the independence or non-correlation of the time intervals
between single-phase values of the electrocardio signal is not true, requiring a stochastic dependence
between the rhytocardiogram intervals with higher resolution, and hence the use of a more complex
and more general mathematical model as a vector EL(a)',m) stationary and stationary related
random sequences.

The defining property of a vector EL(a)',m) of stationary and stationary related random
sequences is the invariance of its family of distribution functions to time shifts by an arbitrary integer
K eZ. For any distribution function FpT T (Xl,...,xp,ml,...,mp) order p (peN) from the

R
family of vector EL(w',m) distribution functions of stationary and stationary related random
sequences there must be such equality:

FpT T (xl,...,xp,ml,...,mp)= FpT T (Xl,...,Xp,rTh+k,--,mp+k),
ye R
X; pes X, € R, m,..,m, € Z, Il,...,lp IS {T}, keZ. (1)
Distribution function FpT T (X1X ,ml,...,mp) in the case, when I1=I2:...:Ip =| is a
R
distribution function FpT (xl,...,xp,ml,...,mp) |- stationary components T,(a)',m) of vector
|

EL(a)' ,M) - so it must to be P -dimensional auto-function of distribution for stationary random
sequence T, (a)' ,m), that describing the time distances between single-phase electrocardiogram for it

I-phase. So, if p=1, then we will have one-dimensional F1T (X,m) auto-function distribution of
|

stationary random sequence T,(e ,m).



In the case where equality |, =1,=...=1 =1 is not executed then the distribution function

FpT T (xix ,ml,...,mp) is a P -dimensional compatible distribution function for several (at
ye

least two) stationary components of a vector EL(a)' , M), what describing the time distances between

single-phase intervals of an electrocardio signal generally for its various phases.

The distribution functions family of vector = (a)' , M) of stationary and stationary related random
sequences most fully describes its probabilistic structure, however, methods for statistically
estimating the distribution function Fp T (xix ,ml,...,mp) have too high computational

TI we by

1 'p
complexity for their practical use in the computer diagnostic systems of the functional state of the
cardiovascular system of the human body. We can use not just vector distribution functions

. p
Z| (w ,m) but we can use momentary functions by s= Zs ; order, which, if they are also invariant
j=1
to time offsets (offsets by argument m).
p
So, if there is a mixed initial momentary function c T (rr11,...,mp) order s= Zsj vector's
T . =1
1 p

= (a)' , M) stationary and stationary related random sequences, then it has equality:

CsTll"'TI (m1 ,-..,mp)= M {T|lsl (CO : ml).. _lep (a) : mp)}: cSTI T (ml + k,_,,mp +|(),

p 1 p

ml,...,mpeZ,ll,...,lpe{T},keZ. (2)

p

If there is a mixed central momentary function T T (m1 ,...,mp) order s=Zsj vector's
T| -l =1

1

= (a)' , M) stationary and stationary related random sequences, then it has equality:

e nfe e T, |-
= o

"

m, +Kk,..m_+Kk),
T ...TIp ! P )

1

ml,...,mpeZ,Il,...,Ipe{lT},keZ. (3)
Where {clT re Oy } is the set of first-order initial moments (mathematical expectations) of

stationary random sequences from the set tﬂl (w,m),..,T, (o, m)}.
p

In practice, for analysis of high resolution rhythmocardio signal, it is reasonable to use mixed
high-order momentary functions, namely, mixed second-order initial momentary functions -
covariance functions and mixed second-order central momentary functions - correlation functions. In

this case, the initial second-order momentary functions for the vector EL(a)‘,m) stationary and
stationary related random sequences are presented as a matrix of covariance functions:



G = _CzT (ml ’ mz) CzT (ml , mz) ¢ (ml M, ) |
1 1l 1l
CZT2T1 (ml , mz) CzTZ-I-2 (ml ' mz) o CZTsz (ml ) mz) , (4)
cszTl (ml ,m, ) CszT2 (ml M, ) o CZTpr (m1 ,m, )_

which can be presented more compactly as:

G =g (m11m2)1|11|2:T ’ ©)
U
12
where each of its elements is a covariance function ¢ (ml,mz), which is given as:
Ty
¢ - (m,m,)=M {T,l(a)l , ml)l'I2 (co : mz)}, m,m,Z,1,, IZ{H}. (6)
|

)

Vector's components =, (w ,m) random sequences are stationary and stationary related
sequences, then their covariance functions are functions of only one integer argument U, which is

equal to u=m, —m, . Therefore, the covariance matrix of this random vector can be represented as
follows:

C =|c, _ ()l l,=7C, 7)
T
172
where each of its elements is a covariance function c, (u) which is equal to:
Ty 1y
¢, — (U)=¢, _ (m-m,),u,m,m,zZ, Il,lz{r—L}. (8)
TT T
12 12
Provided that |, =1, =1, the covariance function c (u) is an auto-covariance function I -

h
stationary components T, (a)' ,m) of vector EL(a)' , M), which describes the time distances between
single-phase intervals of electrocardiogram for | -phase. If I, =1, , that means the covariance function

c, (u) is the mutual covariance function for two stationary components of a vector =, (o ,m),
',
they describe the time distances between single-phase intervals of electrocardiogram |, and I, -

phase.

Mixed central second-order momentary functions for a vector =\ (@ ,m) stationary and stationary
related random sequences are presented as a matrix of correlation functions:

RT: r (ml'mZ) rz-l- (ml'mz) rz-l- (m1’m2)—
Tl AP, Thp
r2T2 ) (ml , mz) rszTz (ml , mz) o rszTp (ml , mz) , 9)
_rszTl (ml M, ) rszTz (ml ,M, ) o rZTpr (m1 M, )_




which can be presented more compactly as:

Rr=[r, _ (m,m,)l l,=1C], (10)
T

172
where each of its elements is a correlation function T, (ml,mz), which is given as:

.
Il

N Ny e

m,m,eZl,l, e {H}
The components of the vector EL(a)' , M) random sequences are stationary and stationary related

sequences, their correlation functions are functions of only one integer argument U, which is equal to
u=m, —m, . This correlation matrix of this random vector can be represented as:

Re=in o (u) 1, I, =71 |, (12)
Ty
where each of its elements is a correlation function I, (u) which is equal to:
Ty 1y
. (u)=r, T (m,—m,),u, m,,m,Z, |1,|2{H}. (13)
T, T,

Provided that |, =1, =1, correlation function r, T (u) is auto-correlation function | -stationary
nh

components T, (a)' ,m) of vector = (wl , M), which describes the time distances between single-phase

intervals of electrocardiogram for |-phase. If I, =1, , then the correlation function T, (u) is a

.
'l

mutual correlation function for two stationary components of a vector = (a)' , M), description of time
distances between single-phase intervals of electrocardiogram |, and |, -phase.

Figures 1-4 show the results of statistical processing of the high resolution rhythmocardio signal,
by statistical evaluation of its corresponding probability characteristics.
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Figure 1: Several cycles of the investigated electrocardio signal
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Figure 2: Schedule of T, (m), T, (M) realizations of the first component T,(« ,m) and second

w w

component Tz(a)' ,M)of the vector rhythmocardiogram, that describes duration: a) P -intervals of

electrocardio signal; b) R -intervals of electrocardio signal
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Figure 3: Histograms of T, (m), T, (M) realizations of the first component T,( , M) and second
w w

component Tz(a)' ,M), of the vector rhythmocardiogram describing the duration accordingly: a) P -

intervals of electrocardio signal; b) R - intervals of electrocardio signal
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Figure 4: Schedule of implementation f, (u) statistical estimates of autocorrelation functions
nh
r, T (u) (I, =1,=1) first component T,(w ,m) and second component T,(e ,M), what describing
il

the duration accordingly: a) P - intervals of electrocardio signal; b) R - intervals of electrocardio
signal.



3. Conclusions

The mathematical model of high resolution rhythmocardio signal in the form of a vector of
stationary and stationary related random sequences is substantiated. The structure of probabilistic
characteristics of this model for analysis of cardiac rhythm in modern cardiodiagnostic systems is
investigated. Unlike the existing model of high resolution rhythmocardio signal in the form of a
vector of random variables, new model take into account the temporal dynamics of the high resolution
rhythmocardio signal, which is the basis for increasing the level of informativeness of the analysis of
cardiac rhythm in modern computer systems of functional diagnostics. Based on a new mathematical
model of a rhythmocardiosignal with increased resolution, a statistical estimation of its probabilistic
characteristics is carried out within the framework of the spectral correlation theory of random
Processes.

In the future scientific researches it is planned to justify the choice of the minimum number of
diagnostic features necessary for carrying out the diagnosis in the analysis of heart rhythm on the
basis of the obtained statistical estimates.

4, References

[1]Singh N., Kegan J.,M., Wilcox J., C., Hadley D., Plews D., and Froelocher V. “Heart Rate
Variability: An Old Metric with New Meaning in the Era of using mHealth Technologies for Health
and Exercise Training Guidance. Part One: Physiology and Methods” Arrhythmia &
electrophysiology Review , vol. 7, 2018, pp 193-198.

[2]Hoang C., Kien N., Dung N. “A Review of Heart Rate Variability and its Applications”
APCBEE Procedia, vol. 7, 2013, pp 80-85.

[3] Sassi R., Cerutti S., Lombardi F., and etc. “Advances in heart rate variability signal analysis:
joint position statement by the e-Cardiology ESC Working Group and the European Heart Rhythm
Association co-endorsed by the Asia Pacific Heart Rhythm Society” EP Europace, vol. 17, 2015, pp
1341-1353.

[4]Hitoshi M., Ritsushi K., Yoshifumi I., and etc. “Analysis of the heart rate variability during
cryoballoon ablation of atrial fibrillation” EP Europace, vol. 20, 2018, pp 1259-1267.

[5] Sandercock G., Bromley P., Brodie D. “The reliability of short-term measurements of heart rate
variability” International Journal of Cardiology, vol. 103, 2005, pp 238—-247.

[6] Rahozyn A. Spectral analysis of heart rate variability on the plane of complex frequencies //
Ural Journal of Cardiology (in press). [in Russian].

[7]Rahozyn A., Kononov D. Analysis of the spectral structure of multichannel physiological
signals). // Digital electronic systems (electronic journal). 1999. vol 3. (http://www.prima.tu-
chel.ac.ru/drs/). [in Russian].

[8]Ryabikyna G., Sobolev A. Heart rate variability. M.: Star’Ko, 1998. [in Russian].

[9]S. Lupenko, N. Lutsyk, O. Yasniy and L. Sobaszek, “Statistical analysis of human heart with
increased informativeness” Acta mechanica et automatica, vol. 12, 2018, pp. 311-315.

[10] Serhii Lupenko, Nadiia Lutsyk, Oleh Yasniy, Andriy Zozulia The Modeling and Diagnostic
Features in the Computer Systems of the Heart Rhythm Analysis with the Increased Informativeness.
2019 9th International Conference on Advanced Computer Information Technologies (ACIT). IEEE,
2019. pp. 121-124.

[11] Lupenko S, Lytvynenko I, Stadnyk N, Osukhivska H, Kryvinska N. Modification of the
Software System for the Automated Determination of Morphological and Rhythmic Diagnostic Signs
by Electrocardio Signals. 2020. vol. 2623. (http://ceur-ws.org/Vol-2623/paper4.pdf).


http://www.prima.tu-chel.ac.ru/drs/
http://www.prima.tu-chel.ac.ru/drs/

