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Abstract. The aim of present research is refinement of the parameters and statistical properties of methods for diagnosing
phase synchronization areas based on the dependence of the instantaneous phase difference of oscillations on time.
Methods. Two methods are compared that allow one to identify of synchronization modes based on the dependence of
the instantaneous phase difference of oscillations on time: a method based on an estimate of the phase coherence coefficient
and a method based on a linear approximation of the instantaneous phase difference in a sliding window and an estimate of the
slope of the approximating straight line. The phase synchronization of the low-frequency (0.04-0.15 Hz) components of the
time series of interbeat intervals and blood pressure is analyzed. A mathematical model of the cardiovascular system is used to
generate an ensemble of test data when analyzing the statistical properties of methods of phase synchronization analysis and
refining their parameters. Test data is generated by modulating the coupling parameters between the autonomic control loops
of blood circulation in the model, providing the known presence and absence of synchronization modes. Results. During the
analysis of the model data, the values of the method parameters were refined. The sensitivity and specificity of the methods
were evaluated. A higher sensitivity of the previously proposed method for detecting phase synchronization intervals in the
analysis of non-stationary time series of the cardiovascular system is shown. Conclusion. In the analysis of non-stationary time
series of the cardiovascular system shown the higher sensitivity of the method for detecting phase synchronization intervals,
what based on a piecewise linear approximation of the instantaneous phase difference in a sliding window and an estimate of
the slope of the approximating straight line.

Keywords: phase synchronization, mathematical model, low frequency, autonomic control, heart rate variability, blood pressure,
sensitivity, specificity, receiver-operating-characteristic curve.
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Annomayus. Llens HACTOSAIIETO NCCIEAOBAHNS — YTOYHEHHE ITAPAMETPOB U CTATHCTUYCCKUX CBOHCTB METOOB JHATHOCTUKH
y4acTKoB (pa30BOM CHHXPOHHM3ALIMH 110 3aBUCUMOCTH MTHOBEHHOM pa3zHOCTH (a3 konebaHuit ot BpeMeHu. Memoowt. Conocras-
JISTIOTCSL METOJI, OCHOBAHHBIH Ha OlleHKe Kod(dumyenTta Ga3oBoil KOTepeHTHOCTH, U METO/I, OCHOBAHHBII Ha KyCOYHO-JIMHEHHON
amNMpoOKCHMaluy MIHOBEHHOI pa3sHOCTH (a3 B CKONB3SIIEM OKHE M OIECHKE yIIIOBOTO KO3((HUINEHTa HAKIOHA alIPOKCH-
MUpyOLIeH npsAMoil. AHanu3upyeTcs (as3oBas CHUHXpoHH3alMs HU3K04acTOTHBIX (0.04-0.15 I'l) KOMIOHEHT BpeMEHHBIX
peanusanuii KapMOUHTEPBAIOrPaMMBI M apTepUaIbHOTO JaBlIeHHs. MareMaTnueckast MOJIelb CepACTHO-COCYJUCTON CHCTEMBI
HCTIONB3YeTCs ISl TeHepanuy aHCcaMOJIs TECTOBBIX JAHHBIX IIPH aHAJN3€ CTATHCTHIECKUX CBOMCTB METOIOB IHATHOCTUKH
(ha30BO CHUHXPOHHM3ALMU U HACTPOMKH MX HapaMeTpoB. TecTOBbIE NaHHbIE T€HEPUPYIOTCA NMPH MOLYILUU MapaMeTpoB
CBSI3M MEX/y KOHTYpaMH aBTOHOMHOTO KOHTPOJISI KpOBOOOpAIIEHHsI MOJIEIH, 00ecIiedrBast 3aBeJOMOe HaJIMIHe U OTCYTCTBHE
PEXUMOB CHHXpOHM3aIUH. Pesyibmamul. B Xone aHanm3a QJaHHBIX MOJENH ObUIM YyTOYHEHBI 3HAYCHHS [TapaMeTPOB METOJOB.
OreHeHbI YyBCTBUTENIBHOCTD U CHELUUIHOCTh METONOB. 3axatouerue. [loka3ana Goliee BRICOKas YyBCTBHTEIBHOCTh METO/IA
JIMarHOCTHKH (ha30BOI CHHXPOHU3AIMH, OCHOBAHHOTO Ha KyCOYHO-JIMHEHHOW alpOKCHMalii MTHOBEHHOH pa3HOCTH (a3 B
CKOJIB3AIIEM OKHE M OLEHKE YIIIOBOTO Kod((HIMeHTa HAKJIOHA alIIPOKCHMUPYIOIIEH MPSMOMH, IPH aHAIN3e HECTAlMOHAPHBIX
BPEMEHHBIX PSJIOB CEPICYHO-COCYIUCTOI CUCTEMBI.
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Introduction

The works [ 1-7] show the importance of studying the phase synchronization between the processes
of autonomic baroreflex control of heart rate variability and blood pressure (BP) for understanding the
fundamental principles of the functioning of the cardiovascular system and solving applied problems
of medical diagnostics. Low-frequency (LF) components of interbeat intervals (RR-intervals) and BP
signals are often used as a source of information about these processes [8]. We have previously shown
that the LF components of the RR-intervals and BP signals are characterized by strong non-stationarity
and chaotic dynamics, which manifests itself in the alternation presence and absence of synchronization
modes [1,9, 10]. Moreover, the relative time of synchronization modes is important for the diagnosis and
therapy of various circulatory pathologies, as well as understanding the peculiarities of the interaction of
complex nonlinear elements of the human body [1,4-7,11,12].
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When studying the phase synchronization of complex systems of biological nature according to
their time series, there is always a problem of choosing the methods of phase synchronization analysis
and refining their parameters. The complexity of the systems under study and the nonstationarity and
noisiness of the analyzed signals make it difficult to diagnose synchronization and can lead both to
masking the synchronization modes and to false detection of synchronization modes [13, 14].

Therefore, the purpose of the work is analyzing the statistical properties of methods of phase
synchronization analysis and refining their parameters that allows you to identify areas of phase
synchronization between the RR-intervals and BP signals in the LF range.

The known methods of diagnostics of synchronization are distinguished by various advantages,
disadvantages and peculiarities of their use, which a priori make it impossible to use a number
of such methods for solving worthwhile goals. A number of well-known methods, for example,
synchrograms [15] and calculation of the instantaneous frequency ratio [16], claim to qualitatively
analyze the dynamics and their formalization to determine the boundaries of synchronization sections is
difficult. Methods based on information-theoretic approaches [17] require long stationary time series
and cannot be used to analyze the systems under study.

The paper compares two methods that allow one to identify of synchronization modes based on
the dependence of the instantaneous phase difference of oscillations on time: a method based on an
estimate of the phase coherence coefficient [18] and a method based on a linear approximation of the
instantaneous phase difference in a sliding window and an estimate of the slope of the approximating
straight line [1].

The selected methods are widely used for diagnostics of synchronization in radiophysical systems,
nonlinear reference oscillators, systems of biological nature, including analysis of signals from the
central nervous system and cardiovascular system [1, 19, 20].

The first problem typical for the analysis of the biological processes under study is the lack
of objective information on the location of synchronization intervals. The second problem is the
impossibility of recording long-term experimental records, which are necessary to obtain reliable
statistical conclusions. These problems were solved by generating test data using a specially developed
mathematical model that simulated the alternation of areas of synchronous and asynchronous behavior
of processes of autonomic baroreflex control of heart rate variability and mean arterial pressure.

1. Model

We modified the mathematical model from work [21], which simulates the phase synchronization
of the processes of autonomic baroreflex control of heart rate variability and mean arterial pressure.

The dynamics of the processes under study is described by two self-oscillators with delayed
first-order feedback, which generate self-oscillations with a frequency of about 0.1 Hz. Additionally,
the interaction of the studied processes is influenced by the dynamics of the main heart rate, mean BP,
elastic properties of the aorta, peripheral vascular resistance, adrenaline concentration in the vessels
and heart, the activity of two groups of baroreceptors, the respiration process and other parameters
of the model. In [15], the values of the model parameters are proposed, which make it possible to
describe the functioning of the studied control processes in a healthy person in a standing position. Due
to the structure of the model in this mode, 100% synchronization is observed between the investigated
autonomic control processes.

However, the reduction to zero of the coefficients responsible for the effect of the sympathetic
and parasympathetic links of autonomic control on heart contractility, peripheral vascular resistance,
heart rate, allows us to describe the mode of autonomic blockade. In this mode, 100% desynchronization
is observed between the investigated autonomic control processes.
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Fig. 1. a — Fragments of the BP signal of model. b — Fragments of RR-intervals of model. ¢ — Fourier power spectra of the BP
signal of model. d — Fourier power spectra of RR-intervals of model. e — Differences of instantaneous phases of RR-intervals
and BP. In (a, b, e) gray bars mark the true areas of phase synchronization. In (¢, d) gray bars mark the boundaries of the
LF-band

When generating model time series by changing the parameters of the model, we alternated the
mode of functioning of the studied processes of a healthy person in the standing position and the mode
of autonomic blockade. The duration of the intervals of blockade and normal functioning reproduced the
statistics of the distributions of the duration of the intervals of synchronization and areas of asynchronous
behavior of the studied control processes, which were evaluated in [22].

As a result, we obtained temporal realizations of the blood pressure signal and RR-intervals, for
which information about the position of the phase synchronization intervals was known. The duration
of the data was about 10,000 characteristic oscillation periods. In Fig. 1, a, b fragments the signal
RR-intervals and BP of model, gray bars mark the true areas of phase synchronization are shown.

To extract the phases RR-intervals and BP, we filter them in LF-band with band-pass filter
0.06-0.14 Hz in accordance with the method proposed in [10]. In Fig. 1, ¢, d, Fourier power spectra the
signal RR-intervals and BP of model, gray bars mark the boundaries of the LF-band are shown. Then, we
calculated the instantaneous phases ¢, (¢) and ¢, (t) for these rhythms using the Hilbert transform [23]
and their phase difference Aq(t) = @, (t) — ¢, (t). In Fig. 1, e the differences of instantaneous phases
of RR-intervals and BP are shown. In Fig. 1, e, it can be seen that sections of phase synchronization,
in which the phase difference fluctuates around a certain constant value, alternate with sections of
asynchronous behavior, in which the phase difference increases.

2. Methods of phase synchronization analysis

We compared two methods for finding the boundaries of the synchronization sections using the
phase difference signal.

The first method is based on the calculation in windows of duration b seconds sliding along the tem-
poral implementation of the phase synchronization index p [24]. As a result, p; is calculated for
the moment ¢; corresponding to the middle of the window. By shifting the window by one point along
the temporal realization of Ag(t), p;+1 is calculated for the time instant ;1. Regions of phase synch-
ronization, in which the dependence of the Ag(t) is a flat plateau, correspond to the regions with the
value of p; close to unity. Phases of phase synchronization are identified if p; > pg, where pg is the
threshold value of the phase synchronization index p, and the duration of such an interval is at least .
b, po and [ are free method parameters. Further, when mentioning this method, we will use the
“method p”.

boposkosa E. U., Mwbyramos FO. M., Xpauxos A. H., Kapasaes A. C.

W3BecTus By3os. [TH/I, 2021, 1. 29, Ne 3 359



The second method is based on a piecewise linear approximation of the instantaneous phase
difference in a sliding window and an estimate of the slope of the approximating straight line o [1].
The method is as follows. In a window with a width b, using the least squares method, a linear
approximation of the dependence of the difference of the instantaneous phases Ag(t) is carried out.
As a result, for the moment of time ¢; corresponding to the middle of the window, the slope of the
approximating straight line a; is calculated. By shifting the window by one point along the temporal
realization of Ag(t), we calculate the tilt angle a; for the moment of time ¢;11. The regions of phase
synchronization, on which the dependence of the Ag(¢) is a flat plateau, correspond to the regions with
a small value of the slope coefficient N. Phase synchronization sections are identified if |o;| < |op],
where 0 is the threshold value of the slope coefficient o, and the duration of such an interval is at
least [. b, Ny and [ are free parameters of the method. In what follows, when referring to this method,
we will use the “method a”.

The choice of parameters for methods for analyzing complex experimental signals is a nontrivial
task that requires taking into account the features of specific systems under study. In this case, as a rule,
the choice of parameters is a compromise between the requirements for specificity, that is, the probability
of not detecting a false synchronization interval (1-FPR — false positive results) and sensitivity, that is,
the probability of detecting a synchronization interval where it is actually present (TPR — true positive
results) method [25]. Therefore, in the course of comparing the methods, their parameters were taken
over wide ranges with TPR and 1-FPR estimates. For the method a: we went o over the interval [0;0.1]
with a step of 0.001. The value oy = 0 corresponds to the horizontal section of the phase difference,
ag = 0.1 corresponds to an increase in the Ag(t) by 7 radians over a characteristic period. For the p: pg
method, we went over the interval [0.6; 1.0] with a step of 0.004. The value py = 1.0 corresponds to a
O-peak in the distribution of the phase difference, and pg = 0.6 is often chosen as an empirical estimate
of the lower threshold of the index value corresponding to phase synchronization. For all algorithms,
the parameters of the sliding window width b were sorted out in the range [1; 40] seconds with a step
of 1 second. The minimum length of the synchronization region [ was selected in the range [10; 40]
seconds with a step of 10 seconds (1 characteristic period).

3. Results

As a result of the analysis, using
a priori information about the position of
the phase synchronization sections, ROC-
curves (receiver operating characteristic) were
constructed, characterizing the ratio between the
proportion of true positive leads (TPR) and false
positive conclusions (1-FPR) about the presence
of phase synchronization sections. In Fig. 2, the
result of the method comparison is presented.
The solid line corresponds to the method a. The
dotted line corresponds to the method p. Each

TPR

0 — 77— point on the graphs gives information about what
0 02 04 06 08 1 sensitivity (TPR) a given method provides for
1-FPR a given specificity (1-FPR). For example, the

Fig. 2. Receiver operating characteristic, characterizing the ratio _
between the proportion of true positive leads (TPR) and false upper left corner of the graphs (TPR=100 and

positive leads (1-FPR) about the presence of phase-locked areas. 1-FPR=0) corresponds to the ideal case of error-
Solid line is for method . Dotted line is for method p free detection of synchronization regions.
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It can be seen that the solid ROC curve always remains above the dashed ROC curve. This
indicates that the method a demonstrates a higher sensitivity than the method p.

Figure 2 shows that the method a, in contrast to the method p, can provide TPR at 0.7
and 1-FPR at 0.3. Such TPR and 1-FPR are acceptable characteristics of the method when solving
problems of medical diagnostics. Method o parameter areas providing TPR =0.7 and specificity=0.7:
ap €[0.003; 0.004], b €[15; 40] seconds, I €[10; 30] seconds.

Conclusions

In the course of the ROC analysis, the methods of searching for phase synchronization regions
were compared. It is shown that when studying the phase synchronization between the signals of RR-
intervals and BP in the low-frequency range, the method based on approximating the phase difference
with a line in a sliding window and estimating the slope of the approximating line demonstrates a better
ratio of sensitivity and specificity than the method based on the calculation in sliding window phase
synchronization index. The range of parameters of the method was revealed, providing sensitivity at
the level of 0.7 and specificity at the level of 0.3, which is necessary for the analysis of signals of a
biomedical nature.
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