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ABSTRACT

Known works have shown a decrease in the coherence of the process of parasympathetic control of heart rate variability
and the process of respiration during healthy aging. To get an idea of the reasons for the decrease in the coherence of the
processes under study, in this work we investigated the possibility of using the method for assessing the directional
coupling based on modeling of phase dynamics to analyze the directional couplings between the processes of
parasympathetic control of heart rate variability and the respiration process. Due to the complexity, nonstationarity and
strong nonlinearity of the processes under study, an important and nontrivial task is to choose the duration of the
analyzed time series of high-frequency oscillations of the RR-intervals signal and respiration in calculating the indices of
directional coupling. This work shows the possibility of using the method for assessing the directional coupling with the
length of the analyzed time series from 15 to 450 characteristic periods of oscillations.
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1. INTRODUCTION

The interaction of the human cardiovascular and respiratory systems attracts considerable attention of researchers [1-5].
It has been shown that the cardiorespiratory interaction changes in different physiological states [6-8], is important in the
study of sleep [9-12], decreases in the process of healthy aging [13, 14], differs in newborn children [15].

The interaction between the cardiac and respiratory systems has traditionally been identified by respiratory sinus
arrhythmia (RSA) analysis [1, 2], which explains the periodic change in heart rate during the respiratory cycle, and
cardiorespiratory phase synchronization (CRPS) [3-5], which is defined as sequential occurrence of heartbeats in the
same relative phases in successive respiratory cycles.

For a deeper understanding of the complex structure of communication between the cardiac and respiratory systems,
researchers are trying to characterize the driver-response (causal) relationships, or directionality of coupling [16-19]. The
idea of the method for assessing the direction of cardiorespiratory interaction is as follows. Instantaneous phases of
oscillations are determined from the time series of signals from the CVS and respiratory systems. Then, the phase
dynamics of oscillations is simulated using coupled irregular autonomous oscillators.

It is assumed that if the first system is controlled by the second system, then the evolution of the instantaneous phase of
the first system also depends on the instantaneous phase of the second system. Therefore, predicting the dynamics of the
instantaneous phase of the first system from its previous values can be improved by using information about the
dynamics of the instantaneous phase of the second system, only if the second system controls the first system.

There were proposed several quantitative indices in works [16-19], which were used to analyze the directed
cardiorespiratory interaction between the main heart rate with a characteristic frequency of about 1 Hz and respiration
with a frequency of about 0.25 Hz. In these works, it was shown that in a newborn child, couplings are symmetrical.
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During the first 6 months of a child's life, there is a tendency to a transition from a symmetrical coupling to an almost
unidirectional coupling, the respiratory generator in the central nervous system becomes dominant. For adults, the
coupling between the cardiovascular and respiratory systems is unidirectional, the respiratory rate affects the heart rate
through stimulation of the vagus nerve and direct mechanical action on the pacemaker.

An important and open question is the study of the cardiorespiratory interaction between the process of parasympathetic
control of heart rate variability and the respiration process. In work [13], we analyzed the cardiorespiratory interaction in
a large group of healthy subjects from 20 to 96 years old and found that the coherence of the processes of
parasympathetic control of heart rate variability and the respiration process decreases with age.

To get a further idea of the reasons for the decrease in the coherence of the processes under study, in this work we
investigated the possibility of using the method for assessing the directional coupling proposed in [19] in analyzing the
signals of high-frequency oscillations of the signal of RR intervals and respiration.

It is known that in order to obtain non-biased estimates of the directional coupling indices and to ensure the frequency of
erroneous conclusions about the presence of the influence of systems on each other less than 0.05, it is necessary that the
time series be sufficiently long and, at the same time, stationary. Therefore, the purpose of this work was to study the
influence of the duration of temporary realizations on the calculated indices of the directional coupling.

2. EXPERIMENTAL DATA

We analysed data of 10 healthy subjects (3 females and 7 males) aged 19 to 21 years (M+SD). The signals of
electrocardiogram (ECG) and respiration were simultaneously recorded within 2 hours for each subject. Registration was
carried out in a calm state in a horizontal position of the body approximately 2 hours after eating in the morning.

Figure 1 shows fragments of typical experimental signals. The signal of electrocardiogram was recorded in the I standard
lead, the respiratory signal was recorded using a resistive sensor. Signals were recorded using a multichannel digital
polyrecorder Rehacor-T (Medicom MTD, Russia) with a sampling frequency of 250Hz and a 16-bit resolution. The band
pass of all recorded signals in both devices was 0.003-100 Hz.

In accordance with the recommendations [20] we extracted the time series of RR-intervals, then interpolated it and
resampled at regular intervals with a frequency of 5 Hz. Figure 1(b) shows the resulting series of RR-intervals.
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Figure 1. Experimental data of the subject Nel: (a) — ECG, (b) — RR-intervals (points — nonequidistant sequence, solid line —
interpolated equidistant series), (c) — respiration. ECG signal is given in millivolts, RR-intervals in seconds, respiration in
mm.

3. METHODS

Figure 2 shows the Fourier power spectra obtained from the RR-intervals and respiration signals. High-frequency
spectral regions of 0.14-0.5 Hz were marked in blue and red. According to a number of works [20,21], high-frequency
oscillations with a frequency of 0.14-0.5 Hz in the signal of RR-intervals (Fig.2a) reflect the activity of the
parasympathetic circuit of the heart rate regulation and their basic frequency coincides with the basic respiratory
frequency [22] (Fig. 2b). In this work we calculate the strength of the directional coupling between the processes of RR-
intervals and respiration in the HF range.

Proc. of SPIE Vol. 12194 121940B-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Jun 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



0.025 (A) 0.6 (B)

S()
S

O N T T T T 1 0 d T 4 T 4 T r T * 1
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
f,Hz 1, Hz
Figure 2. The Fourier power spectra obtained from the signals of: (a) — RR-intervals; (b) — respiration. High-frequency
spectral regions of 0.14-0.5 Hz are marked in blue and red.

To isolate high-frequency oscillations of RR-intervals and respiration, we used a band-pass filter with a passband of
0.14-0.5 Hz. Figure 3 shows fragments of the signals of RR-intervals and respiration obtained as a result of filtering.
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Figure 3. High-frequency oscillations isolated from signals of: (a) — RR-intervals; (b) — respiration.

To isolate the instantaneous phases of the signals, we used the Hilbert transform. Figure 4 shows fragments of the
instantaneous phases of the RR-intervals and respiration signals.
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Figure 4. The instantaneous phases of the high-frequency oscillations isolated from the signals: red line — RR-intervals; blue
line — respiration.

Using the method proposed in the work [19] we calculated the directional couplings indices between the obtained time
realizations of the instantaneous phases of RR-intervals and respiration at several values of the trial delay between the
time series A. We iterated over the trial delay A in the range +4 seconds (it is about one characteristic period of the
investigated high-frequency oscillations) with a step of 1 second and calculated indices Grr-sresp(A) U Gresp—srr(A) for
each A. The indices Gresp—»rr(A) and Gresp—rr(A) took on values from 0 to 1. The index Gresp—rr(A) characterizes what
fraction of the dispersion of the phase oscillations of the RR-intervals signal can be described using the values of the
signal of phase oscillations of respiration. The index Grrresp(A) characterizes what fraction of the dispersion of the
phase oscillations of the respiration signal can be described using the values of the signal of phase oscillations of RR-

intervals.
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4. RESULTS

The aim of this work was to study the influence of the duration of the time series of instantaneous phases on the
estimates of the indices of the directional coupling between the investigated high-frequency components of the RR-
intervals and respiration signals. Therefore, for each person, the dependences Gresporr(A)and Grr—resp(A) were
calculated over 24 time series of duration L 1,2,3,4,5,10,15,20,25 and 30 minutes.

Figure 5 shows examples of the dependences Gresp—rr(A) and Grr—resp(A) for subject No2, estimated by analyzing the
time series of instantaneous phases with a duration L of 1, 5 and 30 minutes.
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Figure 5. The example of the dependence of the directional couplings indices on the trial delay, estimated from time series
of 1, 5, 30 minutes: (a) — Gresp—>RR(A); (b) — GRresp>rR(A).

To reduce the dimension of the task for all the obtained dependencies, we calculated the maximum value of the strength
of the directional coupling from RR-intervals to respiration maxGrr-resp(A) and from respiration to RR-intervals
maxGresp—>rr(A). Further, we used only these maximum values of the indices and for each subject, separately for each
duration of the time series L, we estimated the average value of the indices of the coupling between the scatter of these
values. Figure 6 shows the result of evaluating the indices maxGrr—resp(A)and maxGresp—->rr(A) in 24 windows 5 minutes
long for subject Ne3. For the example shown in Figure 6(b), the median (first; third quartile) of the maxGrr—resp(A)
index is 0.15 (0.11; 0.21). For the maxGresp—->rr(A) index, the median (first; third quartiles) is 0.19 (0.15; 0.22) (Fig. 6a).
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Figure 6. The result of evaluating the indices of directional couplings in 24 windows 5 minutes long for subject Ne3 (a) — the
points show the values of the indices Gresp—rr(A); (b) — the points show the values of the indices GrRR-sResp(A)
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Figure 7 shows the result of estimating the median, the first and third quartiles of the directional coupling indices for the
entire experimental sample, depending on the duration of the analyzed time series. Analysis of the data obtained from the
records of all subjects shows a stable estimate of the directional coupling indices for all analyzed time series durations L.
The maxGresp—»rr(A) index varies from 0.17 to 0.26, the maxGrr—resp(A) index - from 0.16 to 0.21. The difference
between the first and third quartiles of the maxGresp—>rr(A)nindex reaches its minimum value when the length of the
realization L is 120 seconds, the Grr-resp(A) - when the length of the realization L is 240 seconds.
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Figure 7. Numerical indices averaged over the experimental ensemble: (a) — maxGRresp—»RrR(A); (b) — maxGrr—Resp(A). L is
the length of the time series used to estimate the indices of the coupling. Box-and-whisker diagrams show the minimum and
maximum value, first, second and third quartile of indices.

5. CONCLUSION

Thus, during our studies, we have shown the possibility of using the method for assessing the directional coupling,
proposed in the work [19], to analyse the directional couplings between the processes of parasympathetic regulation of
heart rate variability and the respiration process. The method used shows a stable assessment of the directional link
indices when analyzing time series with a duration of 15 to 450 characteristic periods of fluctuations.
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