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Abstract

Many authors emphasize the fundamental and practical
importance of investigation of the low-frequency rhythm
in the brain and cardiac signals that correlate with the
activity of the autonomic control of circulation. How-
ever complexity, nonstationarity and high nonlinearity
of the system complicate the research and require ap-
plication of the specialized methods. This study aims
to compare the methods of coupling detection that were
adapted to the detection of coupling between the loops
of autonomic control of circulation. The analysis of the
data from healthy subject demonstrated that the methods
based on the analysis of phase dynamics and coherence
function calculations are adequate for the investigation
of coupling patterns in the autonomic control of circu-

lation. However the results of both methods require the
control of statistical significance.
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1 Introduction

Understanding of the coupling between the infra-slow
0.1 Hz rhythms in electroencephalogram (EEG) and the
activity of autonomic control of circulation is important
from the fundamental understanding and can be applied
in medical diagnostics [Aladjalova, 1957; Vandenhouten
et al., 2000].

Recently we studied the synchronization of the infra-
slow oscillations of the EEG [Karavaev et al., 2018; Kar-
avaev et al., 2016] with respiration and the activity of
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Figure 1. Time series of (a) — Cz EEG lead, (c) — RR and (e) — respi-
ration (in nominal units). Normalized wavelet-spectra for the (b) — Cz

EEG lead, (d) — RR and (f) — the respiratory signal.

autonomic control of circulation [Ponomarenko et al.,
2013] in awake healthy subjects during the experiments
with active respiration.

The subjects were instructed to inhale on an audio
stimulus which frequency was changing according to the
preset law.

To reveal the coupling patterns in the experimental data
we used the original method based on the phase dy-
namic analysis. In the several stages of the experiment
we detected the phase and frequency synchronization of
the infra-slow EEG oscillations with respiration and re-
vealed the self-exciting brain structures responsible for
the generations of the infra-slow EEG oscillations.

In [Karavaev et al., 2018] the estimation of the coher-
ence function was also applied to the same data. The
next step is to study the patterns of directional coupling
of respiration with the infra-slow EEG oscillations and
the activity of autonomic control of circulation.

The aim of this study is to investigate the applicability
of the nonlinear method based on phase dynamic mod-
eling to detection of the coupling of respiration with the
slow 0.1 Hz oscillations in EEG potentials and the se-
quence of RR-intervals (RR) in resting awake healthy
subjects that breathe spontaneously.

2 Experimental Data

The 30-minutes non-invasive scalp EEG, I-standard
lead electrocardiograms (ECG) and the signals of respi-
ration were simultaneously recorded from three subjects
that were breathing spontaneously.

The standard “10-20” protocol was used for registra-
tion of the non-invasive 19- lead EEG and the abdominal
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strain gauge sensor was used to record respiration.

The signals were recorded with the standard certified
device Encephalan-EEGR-19/26 (Medicom MTD, Rus-
sia) at 16 bits resolution and 250 samples per second.
The bandwidth for the EEG channels was 0.0016-80 Hz,
0.003-80 Hz for the ECG channel and 0.003-80 Hz for
the signal of respiration.

3 Methods

We compared three methods of coupling detection.

The first method we used was estimation of the phase
coherence p [Mormann et al., 2000]. It can be calculated
from the phases difference Ag(t,) = ¢z (tn) — dy(tn)
of two oscillations X and Y as:

p = [{exp(iAd(tn)))], )

where ¢ - imaginary unit, ¢,, = nAt - discrete time, At
- sample time, n - sample number, (...) is the time aver-
aging. Index p can reach the value of 1 when the oscil-
lations are totally synchronized and the phase difference
is constant.

Index p reaches O when two oscillations are not cou-
pled. The values in between 0 and 1 correspond with

weak coupling.
The second approach we used was estimation of co-

herence function C( f) that reveals the coupling between
individual spectral components of the two systems and is
based on the analysis of the cross-spectra [White et al.,
1990]. For two oscillations X and Y it can be calculated
as:

VIS (OIS, (NI

where S, (f) and S, (f) — are X and Y power spectra,
(IS2(1)] > 0,18,(f)] > 0), 54, (f) - cross spectrum,
Cyy(f) can reach 1 if the phases and the amplitudes are
matching. Cgy(f) = 0 if they do not match. Cyy(f)
in between 0 and 1 suggest weak coupling between the
amplitudes and the phases of the systems.

The statistical significance of the phase coherence and
the coherence function were controlled with the ampli-
tude adjusted Fourier transform (AAFT) surrogate data
[Schreiber et al., 1996] that was generated by randomiz-
ing the phases of the signal’s Fourier-harmonics.

The third method we used was developed to detect
presence and direction of the coupling and is based on
the phase dynamics modeling [Rosenblum et al., 2001].
We used the time-series to construct the individual pre-
dictive models:
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Figure 2. The coherence function of the lead Pz EEG and (a) RR,

(b) — respiration for one of the subjects. Solid line is the value of the

coherence function. Dotted line is 95% significance level.

where A is a time-lag between the time-series, 7 is a
time lag and @, is a vector with coefficients of 3rd or-
der trigonometric polynomial. To detect the coupling we
estimated the strengths with which the second system af-
fects the first:

1 I SF,
Goy = 55 / /O i d0sd0, @

Gy, was calculated in the same manner. The statistical
significance of this method results was controlled with
the analytical approach described in details in [Smirnov
et al., 2003] at the significance level p = 0.05.

4 Results

The typical experimental signals and their wavelet
spectra are presented in the fig. 1. It is evident from
the spectra that in the RR variability signals the charac-
teristic oscillations are present in the LF and HF ranges
and in the respiratory signal there are oscillations on the
main frequency of the spontaneous respiration (fig.1 d,f).

However the spectral analysis of the EEG signals did
not reveal any low-frequency oscillations in the LF or HF
ranges (fig 1 b). This observation correlates well with the
existing data and can be explained by the complexity and
comparatively low power of the infra-slow potentials in
the EEG [Knyazev, 2016].

We used the abovementioned methods of coupling de-
tection to reveal the coupling patterns of the respira-
tory signal with the infra-slow EEG oscillations and
the rhythms in the RR. The coupling between the EEG
potentials and the RR rhythms was analyzed in the
0.04-0.15 Hz range (so-called Low Frequency — LF
range [Camm et al., 1996]). Coupling between the EEG
potentials and the signal of respiration was analyzed
in the 0.15-0.4 Hz range (High Frequency HF range
[Camm et al., 1996]).

The results of the analysis based on the phase coher-
ence calculations were not statistically significant for ei-
ther the LF or the HF range. The p index calculated be-
tween the EEG potentials in the HF band and the signal
of respiration was 0.14 £ 0.08 (mean =+ standard devia-
tion) as averaged from all subjects and EEG leads. The
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p index index calculated between the EEG potentials in
the LF band and the RR rhythms was 0.16 4= 0.07. The
p index between the RR rhythms in the LF range and the
respiratory signals was 0.18 + 0.12 and 0.16 4+ 0.02 in
the HF range.

The coherence function C'(f) revealed the statistically
significant coupling between the 0.1 Hz rhythms in the
RR signals and several EEG leads (Fig. 2 a). The C(f)
calculated between the HF EEG rhythms and respiration
is lower and just above the verge of the significance level
(Fig. 2 b).

For the HF rhythms in the EEG leads and the respira-

tory signal the C'(f) is 0.59 4 0.05 as averaged from all
subjects and EEG leads. For the LF rhythms in the EEG

leads and the RR signals the C(f) is 0.90 & 0.04 and for
the HF range it is 0.16 £ 0.02 [Karavaev et al., 2018].

The results of coherence function calculations suggest
that the 0.1 Hz rhythms in the EEG and RR signals and
0.1 Hz rhythms in the EEG and respiratory signals are
highly coherent. The maximal values that coherence
function reached was 0.83 between the Fz EEG lead and
the RR variability signals. The maximum was observed
at the 0.09 Hz frequency. The maximal coherence be-
tween the P4 EEG lead and the respiratory signal was
0.83 at 0.25 Hz.

The typical examples of coupling diagnostics via the
phase modeling are presented in fig. 3. The panels show
the dependence of the coupling index G from the de-
lay time 7 The vertical whiskers represent the signif-
icance level as calculated with the analytical approach
from [Smirnov et al., 2003]. The analysis revealed that
the estimation of the delay time that corresponds with the
maximal G shows high variance. The strongest variance
was observed for the central EEG leads, the coefficient
of variation was 141% for the C4 EEG lead. The lowest
variance was observed for the occipital leads, the coeffi-
cient of variation was 11 % for the P3 EEG lead.

The fluctuations of the 7 are most likely related to the
nonstationarity of the experimental data, complexity of
the oscillations and presence of noises of various ori-
gins. Therefore the estimation of the coupling delay is
a nontrivial problem that exceeds the scope of this study.
For the further analysis we took into account the maxi-
mal value of the G(7) dependence. The approach based
on the phase dynamics modeling revealed the patterns
of coupling between the infra-slow EEG potentials and
the RR rhythms in the LF frequency range that is mostly
related to the sympathetic control of circulation [Camm
et al., 1996]. Coupling in the direction from the RR sig-
nal to the EEG leads is more pronounced (Fig. 3d) than
the coupling in the opposite direction (Fig. 3c). The
maximal value of G for the coupling in direction from
the RR rhythms to the EEG lead was reached for the Pz
lead and was 0.11. Maximal G for the coupling in the
opposite direction was for the T6 lead and was 0.07.

The influence of the respiratory signal on the infra-
slow EEG oscillations in the HF range is typicaly not sta-
tistically significant (Fig. 3e). For most EEG leads we
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Figure 3. The directional coupling index G (solid line) estimated be-

tween the C4 EEG lead and RR (a, b) and respiratory signal (c, d) in
one of the subjects. The A was set to 10 s. The arrows in the title
of the vertical axis indicate the direction of the coupling being tested.
Whiskers mark the analytical 95% confidence interval for the differ-
ence between G and 0. A zero G value is indicated by a horizontal

dotted red line. Bottom axis marks a time delay between the signals.

revealed significant influence from the infra-slow EEG
oscillations on the respiratory signal (Fig. 3f). The max-
imal value of G for the coupling in direction from the
respiratory rhythm to the EEG lead was reached for the
T6 lead and was 0.15. Maximal G for the coupling in
the opposite direction was for the T5 lead and was 0.19.

5 Conclusion

The study demonstrated that the analysis of the cou-
pling patterns in the autonomic control of circulation
including the brain centers can be carried out with cal-
culation of the coherence function or the method based
on the phase dynamics modeling. In the case of co-
herence function it is necessary to control the statistical
significance via AAFT surrogate data [Schreiber et al.,
1996]. The analytical [Smirnov et al., 2003] approach to
the control of statistical significance must be adopted in
case of the phase dynamics modeling. The coupling co-
efficients were estimated for three subjects however the
standard deviation of the estimation was too high due to
the small sample size. Therefore the patterns of direc-
tional couplings need further investigation.
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