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The aim of the investigation is to study the potential of the informational and statistical method in the analysis of heart rate variability
in assessing functional state of the vegetative nervous system, and to develop criteria for evaluating the degree of self-organization of the
processes controlling cardiac activity and tone state.

Materials and Methods. The investigation included 156 people of both genders, which were divided into three groups. Group 1 (n=60)
comprised practically healthy individuals aged 18-23 years, group 2 (n=38) included practically healthy individuals aged 32-60 years, and
group 3 (n=58) consisted of patients with the diagnosis of “acute cerebral circulatory disorder, stroke”. Electrocardiograms recording with the
following plotting of cardiointervalograms and their analysis were performed using electrocardiograph Poli-Spectrum-8 (Neurosoft, Russia),
programs Poli-Spectrum and Poli-Spectrum-Rhythm, as well as programs especially developed by the authors for computation of Dirichlet
distribution parameters.

Results. For practically healthy people the state of regulatory systems with the dominance of self-organization processes and parasympathetic
nervous system tone prevailed. Self-organization coefficient S equal to one is a sort of a boundary between a normal state of the human
organism regulatory systems and conditions caused by insufficiency or inadequacy of the adaptive systems, for which its value becomes less
than one. While a self-organization coefficient evaluates a general state of the human adaptive regulatory systems, a coefficient of the tone state
determines the character of cardiovascular system functioning. Regulatory systems having the values of self-organization coefficient and tone
coefficient below one may be considered to be in a critical state.

Conclusion. Informational and statistical approach to the analysis of heart rate variability allows a more precise evaluation of the functional
regulatory systems condition in comparison with the traditional methods of heart rate variability analysis.
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Investigations of heart rate variability (HRV) have been
drawing attention of the scientists and physicians for
several decades as rather a simple method of receiving
reliable information (one lead electrocardiogram
recording) on the processes going in the organism as
a whole and in the cardiovascular system alone. At
present, classic methods of receiving and interpreting
the HRV parameters have been formed [1-6].

In our opinion, however, the main problem of such
investigations lies in the fact that the applied methods
of mathematic processing of time series analyze
the parameters (statistical, spectral, nonlinear, etc.)

of the time series, but not the state of the analyzed
system. If we approach to the analysis of the human
cardiovascular system on the basis of investigating
the states, then the processes determining them may
be presented by a statistical model (image) in the
form of probability distribution. Such presentation,
according to thermodynamic concept of information,
suggested by Claude Shannon [7], allows to consider
the processes, going on in the analyzed system, in
terms of thermodynamics and one of its most important
concept — entropy. For our discussion it is important,
that entropy as a universal function of the substance
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state consists of production and flow [8]. The flow
characterizes the exchange (of the substance or energy)
of the object with the external environment, whereas
production is part of entropy, determined by the running
irreversible processes.

If heart rate regulation system is regarded using
autonomic and central contours as the two functional
systems [9], then a statistical model of such system may
be presented as beta-distribution with the function of
probability density
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It has been previously shown [10], that application of
parameters of informational entropy of beta-distribution
instead of traditional parameters describing HRV enables
us to determine more clearly differences between
healthy and sick people with vascular cerebral diseases.
However, simplifications lying in the basis of this model
make formula (1) incapable of reflecting the system of
circulatory regulation as a multi-contour hierarchical self-
organizing system, which is characterized by nonlinearity,
complexity and openness. Dirichlet distribution, a one-
dimension analog of which is the above-mentioned
model — beta-distribution (1) — was suggested as
a model of multi-contour system for evaluation of the
states of human adaptive regulatory systems according
to HRV parameters [11]. As a statistical model Dirichlet
distribution reflects the result of joint realization n-1 of
independent processes x;, going on with the velocities
(intensities) v, and a process, contrary by its meaning,
running with v, velocity. In this regard, the distribution
informationally is equivalent to the object of any nature
and complexity degree, including blood circulatory
system. The function of probability density of Dirichlet
distribution, determined on k-dimensional simplex,
equals to
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Dirichlet distribution entropy may be presented as a
sum
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represents entropy production, satisfying the second law
of thermodynamics, whereas a summand

(6)

corresponds to the entropy flow, responsible for the
processes of interaction with the external environment,
and may have both positive and negative values.
On the basis of external entropy property of Dirichlet
distribution, integral index of adaptive capabilities of the
human organism, a coefficient of adaptation (A,), has
been chose

H.(a,,)=—Inl(a,)+(0,—n)y (o)

A=Rbe, ")
LKp,

where Y K}, is a total quantity of cardiointervals (R-R
intervals) of two-dimensional, three-dimensional, four-
dimensional, five-dimensional and other Dirichlet models,
found during the analyzed period in the time series,
having negative values of external entropy, and Y. Kj.
is a total quantity of cardiointervals of two-dimensional,
three-dimensional, four-dimensional, five-dimensional,
and other Dirichlet models, found during the analyzed
period in the time series, having positive values of
external entropy.

However, the coefficient of adaptation A,, suggested
previously by the authors [11], does not adequately take
into consideration the contribution of Dirichlet models
of various dimensions, making it impossible to assess
reliably the degree of self-organization of the processes
controlling cardiac activity, which may become a sensible
criterion of the body regulation system state at a definite
point of time.

The aim of the investigation is to work out criteria
for assessing the degree of self-organization of the
processes controlling cardiac activity and the state
of vegetative nervous system tone on the basis of
informational and statistical approach to the analysis of
heart rate variability, taking into account the contribution
to the regulation the activity of parasympathetic and
sympathetic branches of the autonomic nervous
system.

Materials and Methods. Three groups took part in
the investigation: a group (n=60) of practically healthy
young people of both genders aged 18-23 years, a group
(n=38) of practically healthy people aged 32-60 years
and a group (n=58) of patients with cerebral circulatory
disorders (with a diagnosis “acute cerebral circulatory
disorder, stroke”).

The study complies with the Declaration of Helsinki
(the Declaration was passed in Helsinki, Finland, June,
1964, and revised in October, 2000, Edinburg, Scotland)
and was performed following approval by the local ethic
committee. Written informed consent was obtained from
every patient.

Electrocardiograms were taken according to the
recommendations [1, 5] using electrocardiograph
Poli-Spectrum-8 (Neurosoft, Russia). Building up
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cardiointervalograms and data analysis were performed
using programs Poli-Spectrum and Poli-Spectrum-
Rhythm, and original programs especially developed
for calculation of Dirichlet distribution parameters. The
degree of self-organization of the processes controlling
cardiac activity, in contrast to [11], was assessed by the
value of the self-organization coefficient S,

YK}
= = D- 8
YK, ®

where YK}, _is a total weighted quantity of cardiointervals
of Dirichlet models of i-dimension, found during the
analyzed period in the time series, having a negative
value of external entropy, and K}, is a total weighted
quantity of Dirichlet models, found during the analyzed
period in the time series, having a positive value of
external entropy.

The state of the autonomic nervous system tone was
evaluated traditionally by the ratio of the high-frequency
heart rates in the spectrogram to the low-frequency rates
(LF/HF) [7, 8], and also by the ratio of the number of the
self-organization processes of the heart rate regulation
system involving parasympathetic nervous system to the
number of the same processes involving sympathetic
nervous system, i.e. by the value of the coefficient T,
for which the following ratio has been chosen by the
authors:

Tk ©
2Ky,

where 'K, is a total weighted quantity of
cardiointervals of two-dimensional, three-dimensional
and four-dimensional Dirichlet models found in the time
series, having a negative value of external entropy, and
“iK_is a total weighted quantity of Dirichlet models
with a negative external entropy of dimensions from five-

to fourteen-dimensional.

Methodologically, the result was achieved in the
following way: a sequence of cardiointerval samples
of n-volume was chosen from the cardiointervalogram
of N values volume moving by one value. Values of
the asymmetry coefficient and excess index were
determined for each obtained sample, which then were
used to find the sequence of beta-distributions (1). In
accordance with the rules of informational and statistical
theory, set forth in the work [12], from the following one
after another beta-distributions we proceeded to the
sequence of Dirichlet distributions.

Statistical verification of the hypotheses was done
using Student t-criterion and MS Excel program.

Results. Classification of the practically young people
by the groups according to T; parameter: vagotonic type
(T>1.3) — 13 persons, normotonic type (1<T<1.3) —
12, and sympathicotonic type (T<1) — 9 persons
showed statistically significant (p<0.01) differences in
the mean values of Dirichlet model dimensions between
the groups of vagotonic—sympathicotonic, vagotonic—
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normotonic, and normotonic—simpathicotonic types of
persons, and also in the mean values of the ratio of the
low frequency component of the HRV spectrum (LF)
to the high frequency component (HF) between the
groups of normotonic—sympathicotonic and vagotonic—
sympathicotonic types.

Usage of LF/HF parameter for classification of the
young men into groups: vagotonics (LF/HF<0.8) — 12
persons, normotonics (0.8<LF/HF<1.7) — 13 persons,
and sympathicotonics (LF/HF>1.7) — 9 persons —
showed statistically significant (p<0.01) differences
in the mean values of Dirichlet model dimensions only
between the groups of vagotonics—sympathicotonics
and normotonics—sympathicotonics.

Successive application of T; and LF/HF parameters
to this group of young people in classifying the type of
vegetative regulation allowed identification of the group of
typical vagotonics (T>1, LF/HF<0.8) — 9 people, typical
normotonics (T=1, 0.8<LF/HF<1.7) — 5 people, and
typical sympathicotonics (T<1, LF/HF>1.7) — 5 people.

Determination of the relative weighted quantity
of Dirichlet model cardiointervals, found in the time
series, having a negative value of external entropy
of dimensions 2—-4 and 5-14 for typical vagotonics,
normotonics, and  sympathicotonics  (Figure 1)
demonstrated, that predominance of cardiointervals
of Dirichlet models weighted quantity with a negative
external entropy of dimension 2—4 in the time series
is characteristic of typical vagotonics. In this case
coefficient T, is essentially greater than one for the state
with a marked activity of the parasympathetic branch
of the vegetative nervous system. For the typical
normotonics there is a relative equality of contribution
of weighted quantity of Dirichlet models of the small
(2—4) and large (5-14) dimensions to the processes of
self-organization, whereas predominance of Dirichlet
models with 5—-14 dimensions at Ti<1 is characteristic of
typical sympathicotonics.

o Dimension 2—4; o Dimension 5-14
%
100
50
0
Vagotonics Normotonics Sympathicotonics

Figure 1. The ratio of Dirichlet models of dimensions 2—-4 and
5-14 (in percentage) among the young people with a different
tone of the autonomic nervous system
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In order to test the application of self-organization
coefficients S, and T, for the assessment of the autonomic
regulation system state, parameters of the three groups
of people have been analyzed: practically healthy young
people at the age of 18-23 years, practically healthy
people at the age of 32—60 years and sick people aged
32-60 years with acute cerebral circulatory disorder
(Figure 2).

The state of the body regulatory systems in the group
of practically healthy young people was determined by
the predominance of self-organization processes (S,>1)
in the majority of the examined persons, in 64% of which
the tone of the parasympathetic nervous system (S >1,
T>1) was increased. The number of people with a normal
self-organization of the regulatory systems slightly
diminishes (by 10%) with age, as well as the proportion
of people with predominance of parasympathetic system
tone.

In the group of patients with acute cerebral circulatory
disorder the processes of self-organization are preserved
only in 46% of the examined individuals with the larger
quantity of people with a high tone of the sympathetic
nervous system and absence of the self-organization
processes of the regulatory systems (35% of cases).

Thus, according to the degree of significance of
the contribution of the autonomic nervous system to
the regulation of the blood circulation the investigated
parameters were distributed in the following descending
order: T, LF/HF, as shown by the analysis of the heart
rate.

Norm, 18-23 years Norm, 32-60 years

5% 3% 5%

28% 48%

64%

Acute cerebral circulatory
disorder, stroke

o —S>1; T>1;
o —S>1; T<{;
s — Sx<1; T>1;
o —S<1; T<1

4%

Figure 2. Results of the analysis of the autonomic regulation
system state using informational and statistical parameters S,
and T;
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The coefficient of self organization S, equal to one is a
sort of a boundary between a normal state of the human
organism regulatory systems and conditions caused by
insufficiency or inadequacy of the adaptive systems, for
which its value becomes less than one.

The states of the autonomic nervous system may
be considered to be critical, when the values of self-
organization coefficient S, and tone coefficient T; are
below one.

Conclusion. The informational and statistical
approach to the analysis of the heart rate variability
enables one to assess more precisely a functional
state of the body regulatory systems compared to the
traditional methods of the HRV analysis. This fact may
be of great importance for evaluating biological and
social adaptation of a man to different environmental
and life conditions, assessment of reactivity and stability
of the organism under various extreme exposures.
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