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Currently, spectral analysis occupies an important place among the various methods of investi-
gation of heart rate variability. The result of the spectral analysis is a spectral power density of
the study of heart rate variability, which serves as an indicator of the various mechanisms of regula-
tion of the cardiovascular system. A common classical nonparametric method for calculating
the spectral power density is the Welch periodogram method, with its underlying fast Fourier trans-
form procedure. This method calculates and then averages a set of spectra obtained from time-
sequentially shifted segments of the initial dependence of heart rate variability. The resulting de-
pendence of the spectral power density of the signal is a statistical estimate and characterizes the de-
pendence of the distribution of the average power of the signal from the frequency. With this ap-
proach, the analyzed dependence of heart rate variability is considered as the realization of some
random process. In this case, the amplitude of a peak of the dependence of the spectral power density
is not associated with a constant amplitude (or its square) harmonics with a certain frequency and re-
flects a certain constant rhythm at this frequency, but is associated with the average measure of oscil-
latory activity (power) analyzed dependence heart rate variability at the frequency under considera-
tion.

Keywords: heart rate variability, spectral analysis, Welch periodogram method, nonparametric
method, spectral power density, oscillating processes, random processes.

Introduction

Currently, among the various methods of investigation of variability of heart rate variability (HRV)
is important in spectral analysis [1—4]. The result of the spectral analysis is power spectral density (PSD)
of HRV, which serves as an indicator of the different mechanisms of regulation of the cardiovascular
system [1]. Common classical nonparametric method of calculation of the PSD is periodogram Welch
method, with the underlying procedure Fast Fourier transform (FFT) — algorithm of fast calculation of
the discrete Fourier transform (DFT) [5]. In this method, is calculated and then averaged set of spectra,
obtained on sequentially offset in time segments depending source of HRV. The obtained dependence of
the PSD signal is a statistical estimation and describes the dependence of the distribution of the average
power of the signal (HRV) frequency. With this approach, we analyze the dependence of HRV is re-
garded as a realization of a random process (in the initial assumption of stationary, that is, on average,
homogeneous in time and at constant time dispersion, average, etc.). In this case, the amplitude of any
peak based on PSD not connected with constant amplitude (or its square) wave with a certain frequency
and reflect some consistent rhythm at this frequency, and is related to the average measure of oscillatory
activity (power) of HRV analyzed based on the considered. Numerical characteristics of PSD, reflects
a measure of approximation of the studied process to the harmonic process is the coefficient of harmoni-
zation [6, 7]. An important characteristic of the calculated PSD (calculated spectrum) of HRV is based
on the statistical validity of its values at different frequencies. As the final result of the spectral analysis
of the dependence of PSD frequency is the result of averaging the sample spectra (periodogram), com-
puted for shorter time intervals compared to the original signal, it is necessary to calculate also the dis-
persion of the values most important peaks of the resulting SPM. Because of the variability in time of
the studied sample according to HRV spectra (periodogram) will vary in form. The variance of the va-
lues of any peak at the frequency of the resulting PSD (obtained by averaging the sample spectra) re-
flects the extent of the spread of values of peaks of the sample spectra in the considered frequency.
When you reach a magnitude of dispersion of PSD peaks for specific values cannot be considered statis-
tically significant [8]. For example, if the value of the root-mean-square estimation (RMSE) of a certain
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peak of PSD HRYV exceeds the value of this peak, it is necessary to conclude that the considered peak of
PSD HRV was formed not by a regular oscillation with a certain frequency present in the analyzed HRV
dependence, but by a certain irregular sequence of single waves (bursts, The assessment of the balance
of sympathetic or parasympathetic effects on the heart (simpatikus-parasimpatikus), as a rule, is associa-
ted with the regularity of various oscillations present in the investigated dependence of HRV. From the
literature it is known the influence of irregular waves tachycardia induced by swallowing, in the form of
PSD HRV in the low frequency region [2, 4]. It is shown that the presence of such waves in the analyzed
dependencies of HRV can distort the shape of PSD and lead to erroneous conclusions about the intensity
of the sympathetic or parasympathetic influences on the heart. The control RMSE PSD can prevent er-
roneous conclusions. The appearance of random waves of any nature according to far will lead to an in-
crease in RMSE expect PSD. Evaluation RMSE some peak PSD HRV on a specific frequency is an es-
timate of the measure of instability of the intensity oscillations at this frequency present in the analysed
based on HRV. Informational role according RMSE PSD noted in [4].

Modelling

In Fig. 1 shows the temporary implementation of VSR with a duration of 200 s, given a method of
interpolation for uniformly sampled with a step of 0.4 s. The known algorithm [1, 2]. In Fig. 2 shows
the dependence of the SPM of the frequency of a given implementation of HRV calculated using
periodogram Welch method, when the number of time segments N =9, segment duration Atc=40s
overlapping segments in time equal to 20 s.
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PSD in Fig. 2 also shows the spectra in the frequency-time distribution (plane frequency-time) cal-
culated for each of the nine relative to each other, sequentially offset in time of short segments of
the initial implementation of the HRV (see Fig. 1). The average thus obtained nine spectra of the sample
leads to a resultant according to PSD of HRV. Calculation of standard deviation values taken from nine
sample spectra at each frequency of the whole frequency range leads to addiction RMSE PSD frequen-

cy, is also shown in Fig. 2 (S,, S, top right peaks PSD, 6, G5, bottom right — peaks RMSE).
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The resolution in frequency Afp dependences PSD when u sing a weight function Hamming is
0.045 Hz in the General case is given by Afp = 1.8/Atc. The dependency of PSD on the frequency of
realization of HRV (see Fig. 1) contains two main peaks with values of 75 ms*/Hz and 105 ms*/Hz, re-
spectively. The values of standard deviation o, G,,, corresponding to peaks equal to 68 ms®/Hz and
71 ms’/Hz. The intervals of the distribution of the amplitudes of S, and S, peaks of SPM (Fig. 2) with
a confidence level of 90 % determined by inequalities 32.84 < S; < 117.16 and 60.38 <5, <143.02 re-
spectively. The calculations were made according to the method [8]. The absolute value of the interval

distribution is equal to AS| = 84.32 ms*/Hz and AS, = 88.04 ms*/Hz. At the same time AS, /§2 =0.838,

AS, /S, =1.124, which is indicative of sufficiently large errors in the calculation of the amplitudes of

the SPM peaks or about the large instability of the amplitudes of the vibrations reflected by these peaks.
The value of the SPM ratio allows us to conclude that the oscillations of the HRV realization corre-
sponding to the second peak of the PSD are relatively more stable, which is also evidenced by
the dynamics of the variation of the sampling spectrum in time, shown in Fig. 2 (time-stable frequency
band).

The excess in magnitude of the first peak of the PSD by the second can be explained by the more
stable in amplitude character of the oscillations of the HRV reflected by the second peak in comparison
with the oscillations corresponding to the first peak of the PSD. The maximum oscillation amplitudes
corresponding to the first and second PSD peaks are approximately the same. It can be noted that
the predominant factor forming the type of PSD in Fig. 2 is the ratio of the stability of the amplitude of
the oscillations reflected by the peaks, and not the ratio of the maximum oscillation amplitudes. Without
analyzing the dependence of RMSE PSD on frequency, such a conclusion can not be made (Fig. 3).
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The values of the SKO o;; 6, correspondlng to these PSD peaks are 300 ms*/Hz and 240 ms*/Hz,
which exceeds the values of the peaks Si, S, PSD. In Fig. 4 (Sl, S2 top right peaks PSD, o5 o5, bot-

tom right — peaks RMSE) depicts the dependence of the PSD on the frequency of realization of the HRV
(see Fig. 3) also containing two main peaks with the values 273 ms*/Hz and 125 ms*/ Hz, respectively.
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Therefore, the dependency of the PSD on Fig. 4, as well as the ratio of the magnitude of the main
PSD peaks can not be considered statistically reliable. The dynamics of the change in the sample spec-
trum over time, shown in Fig. 4, indicates a considerable instability of the oscillations reflected by the
main PSD peaks, which is a consequence of the nonstationarity of the process hown in Fig. 4. Fig. 6
(§] , §2 top right peaks PSD, o5, o5, bottom right — peaks RMSE) shows the dependence of the PSD on
the frequency of HRV realization (Fig. 5), containing one dominant peak.
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The position in frequency of the maximum PSD size 1300 ms*/Hz does not coincide with the posi-
tion of the frequency maximum of the RMS according to SPM is equal to 840 ms*/Hz and corresponds
to the smaller value of RMSE approximately equal to 680 ms*/Hz. The maximum PSD (fig. 6) due to
the presence of narrow frequency bands relatively more stable oscillations that can be seen from the dy-
namics of changes in the sample spectrum. A wide frequency band of the main peak of PSD can be ex-
plained by the existence of unstable oscillations with frequencies in the vicinity of the frequency of max-
imum PSD. The dependency of PSD on the frequency of realization of HRV (Fig. 7), is shown in Fig. 8

(S,,S, top right peaks PSD, o5 G5, bottom right — peaks RMSE), allows the identification of relatively

stable low-frequency oscillations, as reflected by the peak of the PSD at the frequency of 0.04 Hz size
125 ms*/Hz (RMS equal to 62 ms’/Hz). Against the background of unstable high frequency oscillations
(peak value SPM 260 ms*/Hz, the value RMSE — 285 ms*/Hz).

The relatively low level of the low frequency peak PSD at the frequency of 0.04 Hz is not due to
the small magnitude of the amplitude of the low-frequency oscillations at the frequency of 0.04 Hz, but
to the insufficient duration of the time segment Atc = 40 s. when calculating the sample spectra forming
the Welch periodogram. The value of Atc = 40 s. leads to the value of the resolution at the frequency of
PSD equal to 0.045 Hz. Fluctuations with frequencies less than 0.045 Hz will not manifest themselves
sufficiently on the PSD dependence. In the analysis of physiological signals (including time dependence
far) except for the calculation based on the MTA required the calculation is also based on RMSE PSD

BecTHuk HOYplY. Cepus «KomnbioTepHble TEXHONOrMK, ynpasreHue, PaauoaneKkTPoHUKay. 55
2018. T. 18, N2 4. C. 52-58



MHqJOKOMMYHVIKaLIVIOHHbIe TeXHOJIOr'Mn U CUCTEMbI

with estimation of confidence intervals of the distribution peak value PSD, the most important for phys-
iological interpretation. This will prevent errors in interpretation resulting from analysis of the shape of
PSD domains.
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Conclusions

Currently, among the various methods of investigation of variability of corection rate (HRV) is im-
portant in spectral analysis [1-4]. The result of the spectral analysis is power spectral density of HRV,
which serves as an indicator of the different mechanisms of regulation of the cardiovascular system.
The RMSE value of the analyzed peak SPM is a numerical assessment of the measure of instability of
the intensity fluctuations in HRV, measured by the peak. In General, the dependence RMSE PSD fre-
quency is an estimate of the measure of instability of the oscillations reflected by the HRV dependence
of SPM and can have independent importance for the physiological interpretation. Calculation of statis-
tical reliability of the PSD of HRV is performed in the version 2.0 computer program “Spectral analysis
of physiological signals” [9].
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CTATUCTUYECKAA OOCTOBEPHOCTb CIMEKTPA MOLLHOCTH
CUrHAJNA BAPUABEJIbHOCTWU CEPOAEYHOIO PUTMA

A.H. Pazo3uH, B.®. TenexkuH
FOxHO-Ypanbckuli 2ocydapcmeeHHbIlU yHusepcumem, 2. YenssibuHck, Poccus

B macrosmiee Bpems cpean pa3IMYHBIX METOAOB HCCIICAOBAHMS BapHaOEIbHOCTH CEpIEeYHOrO
pUTMa BaXKHOE MECTO 3aHUMAET CIIEKTPalbHbIN aHAIN3. Pe3ybTaTOM CIIEKTPalIbHOIO aHAIU3a SBJIS-
€Tcs CIeKTpajibHas TIOTHOCTh MOIITHOCTH MCCIIEIOBAHUS BapHAaOEIbHOCTH CEpAEYHOr0 PUTMA, CIIy-
JKalllasg B KaueCTBE MHJUKATOPa Pa3jIMYHBbIX MEXAHHU3MOB PEryJIILMU CEPACUHO-COCYIUCTON CUCTE-
MBI PacripocTpaHEHHBIM KJIACCHYECKUM HETapaMeTpUYeCKUM METOJIOM BBIYHCIICHHUS CIIEKTPaIbHOMN
IJIOTHOCTH MOIIHOCTH SIBJISIETCS IEPUOIOTPAMMHBIA METOI Y314a, C JIeXkKallel B ero OCHOBE Ipole-
Iypoit OvIcTporo npeodpa3oBanus Oypoee. [Ipu 3TOM MeTOIe paCCUUTHIBACTCS U 3aTEM YCPETHICTCS
HA0Op CIIEKTPOB, MOJTYYCHHBIX Ha MOCICOBATEIIEHO CMEIIEHHBIX BO BPEMEHHU CETMEHTaX MCXOTHON
3aBHCHUMOCTH BapHaOeIbHOCTH CepAeUHOro putMa. [lomydaemas mpu 3TOM 3aBHCHMOCTB CIICKTPaIb-
HOM IUIOTHOCTH MOIIHOCTH CHUTHAJIA SIBJISIETCS] CTATUCTUYECKOM OLEHKON M XapaKTepHU3yeT 3aBUCH-
MOCTb paclpeesIeHUs] B CPEAHEM MOILHOCTH MCCIEAYEMOT0 cUrHajia oT 4yacToThl. [Ipu TakoMm moa-
XOJIe aHAIM3HUpYyeMast 3aBUCHUMOCTh BapHaOeIbHOCTH CEPICYHOTO PUTMA pacCMaTpUBAETCs B Ka4ecT-
BE peaJM3aliid HEKOTOPOTo CIyJalHOTro mporecca. B 3ToM ciydae aMIUTUTYyAa Kakoro-iInbo Muka
3aBHCHUMOCTH CHEKTpaNbHas IJIOTHOCTh MOIIHOCTH HE CBA3aHA C MOCTOSHHOW aMIUIMTYIOH (Wiau eé
KBa/IpaTOM) TaAPMOHUKH C OTPEJEIEHHON YaCTOTOW U OTpa)karollel HEKOTOPBIA MOCTOSHHBIA PUTM
Ha 3TOM YacToTe, a CBA3aHa CO CpeqHel Mepoil KojaebaTeTbHOH aKTUBHOCTH (MOIIIHOCTHIO) aHAIHU3H-
pyeMoii 3aBUCUMOCTH BapHaOeIbHOCTH CEPJICYHOI0 PUTMA HAa paCCMAaTPUBAaEMON 4acTOTe.

Knouesvie cnosa: eapuabenrvrocmsv cepOeyHo020 pumma, CHEKMpPAnIbHbIU AHAIU3, NePUuooo-
2PAMMHBILL MemoO Yanua, nenapamempuyecKuil Memoo, CNeKmpAaibHAs NJIOMHOCIb MOWHOCMU,
KoebamesnbHbie NPOYECChl, CLyUallHble NPOYecchl.
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