Decrease of coherence between the
respiration and parasympathetic control of
the heart rate with aging

Cite as: Chaos 31, 073105 (2021); https://doi.org/10.1063/5.0056624
Submitted: 12 May 2021. Accepted: 16 June 2021. Published Online: 02 July 2021

IBAVAR Ponomarenko, A, S, Karavaev, E 1. Borovkova, VAN, Hramkov, AR, Kiselev, ' M. D. Prokhorov,

3 & @

View Online Export Citation CrossMark

and ' T. Penzel

Sctht

Summaries of the la%éé‘t-breakthroughs
in the physical sciences ., Fuishng

Publishing

Chaos 31, 073105 (2021); https://doi.org/10.1063/5.0056624 31, 073105

© 2021 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1518041&setID=405123&channelID=0&CID=554244&banID=520431750&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=3eb061b2135dae696921817a93aa61b893686d38&location=
https://doi.org/10.1063/5.0056624
https://doi.org/10.1063/5.0056624
http://orcid.org/0000-0002-1579-6465
https://aip.scitation.org/author/Ponomarenko%2C+V+I
http://orcid.org/0000-0003-4678-3648
https://aip.scitation.org/author/Karavaev%2C+A+S
http://orcid.org/0000-0002-9621-039X
https://aip.scitation.org/author/Borovkova%2C+E+I
http://orcid.org/0000-0002-0730-6024
https://aip.scitation.org/author/Hramkov%2C+A+N
http://orcid.org/0000-0003-3967-3950
https://aip.scitation.org/author/Kiselev%2C+A+R
http://orcid.org/0000-0003-4069-9410
https://aip.scitation.org/author/Prokhorov%2C+M+D
http://orcid.org/0000-0002-4304-0112
https://aip.scitation.org/author/Penzel%2C+T
https://doi.org/10.1063/5.0056624
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0056624
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0056624&domain=aip.scitation.org&date_stamp=2021-07-02

Chaos ARTICLE scitation.org/journalicha

Decrease of coherence between the respiration
and parasympathetic control of the heart rate
with aging

Cite as: Chaos 31, 073105 (2021); doi: 10.1063/5.0056624
Submitted: 12 May 2021 - Accepted: 16 June 2021 - @
Published Online: 2 July 2021

h @®

View Online Export Citation CrossMark

V. |. Ponomarenko,%® 2 A. S. Karavaev,'>° (2 E. |. Borovkova,>® 2 A. N. Hramkov,” 2/ A. R. Kiselev,**

M. D. Prokhorov,'? 2 and T. Penzel?*

AFFILIATIONS

TKotelnikov Institute of Radioengineering and Electronics of Russian Academy of Sciences, Saratov Branch, Zelyonaya Street, 38,
Saratov 410019, Russia

?|nstitute of Physics, Saratov State University, Astrakhanskaya Street, 83, Saratov 410012, Russia

3|nstitute of Cardiological Research, Saratov State Medical University, B. Kazachaya Street, 112, Saratov 410012, Russia

“National Medical Research Center for Therapy and Preventive Medicine, Petroverigsky Lane, 10, Moscow 101000, Russia
SInterdisciplinary Sleep Medicine Center, Charité—Universitdtsmedizin, Charitéplatz 1, Berlin 10117, Germany

Note: This paper is part of the Focus Issue, In Memory of Vadim S. Anishchenko: Statistical Physics and Nonlinear Dynamics of
Complex Systems.
2 Author to whom correspondence should be addressed: ponomarenkovi@gmail.com

ABSTRACT

The study of coordinated behavior between different systems of the human body provides useful information on the functioning of the body.
The peculiarities of interaction and coordinated dynamics of the heart rate and respiration are of particular interest. We investigated the
coherence of the processes of respiration and autonomic control of the heart rate for people of different ages in the awake state, in sleep with
rapid eye movement, and in deep sleep. Our analysis revealed a monotonic decrease in the coherence of these processes with increasing age.
This can be explained by age-related changes in the system of autonomic control of circulation. For all age groups, we found a qualitatively

similar dynamics of the coherence between the studied processes during a transition from the awake state to sleep.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056624

The aging process is accompanied by physiological changes in
various organs and systems of the body, in particular, the cir-
culatory and respiratory systems. For the timely detection of
pathological changes, it is necessary to develop methods for non-
invasive control of their severity. In this paper, we study the
signals of the cardiovascular system and respiration in subjects
of different age groups without cardiovascular and respiratory
pathologies in the awake state and in different stages of sleep. We
have shown that the analysis of the coherence of the amplitudes
and phases of the signals makes it possible to quantitatively char-
acterize age-related changes in the cardiorespiratory interaction.
A decrease in the coherence of the studied processes with increas-
ing age is revealed, both in the awake state and in different stages
of sleep. This indicates deterioration with age in the coordination
of the respiratory and cardiovascular systems. It has been shown
in our study that for all age groups, the coherence of respiration

and the process of parasympathetic control of the heart rate is
minimal in sleep with rapid eye movement and is maximal in deep
sleep. Thus, a quantitative assessment of the degree of coherence
of the processes under study is a promising tool for solving prob-
lems of the automated classification of different stages of sleep in
polysomnography studies.

INTRODUCTION

Nonlinear, including chaotic, oscillations are typical for the
work of various body systems.'~ In particular, the complex dynam-
ics of the cardiovascular system and respiration attracts much atten-
tion for researchers.”'> Vadim Anishchenko and co-workers made
a significant contribution to research in this area.'>'* In Ref. 15, he

Chaos 31, 073105 (2021); doi: 10.1063/5.0056624
Published under an exclusive license by AIP Publishing.

31, 073105-1


https://aip.scitation.org/journal/cha
https://doi.org/10.1063/5.0056624
https://doi.org/10.1063/5.0056624
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0056624
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0056624&domain=pdf&date_stamp=2021-07-02
http://orcid.org/0000-0002-1579-6465
http://orcid.org/0000-0003-4678-3648
http://orcid.org/0000-0002-9621-039X
http://orcid.org/0000-0002-0730-6024
http://orcid.org/0000-0003-3967-3950
http://orcid.org/0000-0003-4069-9410
http://orcid.org/0000-0002-4304-0112
mailto:ponomarenkovi@gmail.com
https://doi.org/10.1063/5.0056624

Chaos ARTICLE

studied the complex nonlinear dynamics of the blood pressure sig-
nal. In Ref. 16, he has shown a possibility of reconstructing the phase
portrait from a human electrocardiogram and from the signal of an
isolated heart of a frog. In Ref. 17, a method was proposed for con-
structing a model of interbeat intervals in the form of a discrete map.
Using this model, the synchronization between the processes that
regulate the heart rate was investigated.'*

The complex dynamics of the cardiovascular system is
explained by both chaotic self-oscillations of its subsystems'*~*' and
their interactions.”” Such complex collective dynamics ensures the
normal functioning of the body,”*** while the deterioration of the
coordinated behavior of the body’s subsystems and the simplifica-
tion of their dynamics may indicate the problems in health."”>~*’ One
of the most important interactions within the human body is the
interaction between the cardiovascular and respiratory systems.’*"
This interaction results in the frequency modulation of the heart
rate, known as respiratory sinus arrhythmia (RSA).”>** A number
of studies have shown that the rhythms of the cardiovascular system
can be synchronized with the respiration.'****=** It has been shown
that the degree of synchronization of the main heart rhythm and
respiration as well as the direction of their coupling are different in
different sleep stages'' and depend on the age of subjects.”**~*

In contrast to the papers referenced above, studying the syn-
chronization of respiration with the main heart rate, we have
shown the presence of synchronization between the respiration and
oscillations of heart rate variability (HRV) in the low-frequency
(LF) range (0.04 —0.15Hz) and the high-frequency (HF) range
(0.15 — 0.5 Hz)."**>*¢ The frequency components of HRV in the LF-
range reflect the control of blood circulation from the sympathetic
nervous system.”” The main HRV frequency in the HF-range cor-
responds to the frequency of spontaneous respiration in healthy
subjects,”” and the power of HF-oscillations in HRV is associated
with the parasympathetic control of the heart rate.”>" In active
experiments, the synchronization between the respiration and infra-
slow oscillations of brain potentials,”’ which are associated with the
autonomic control of blood circulation, was also investigated.”

In this paper, we test a hypothesis that the degree of coher-
ence of respiration and parasympathetic control of the heart rate
in the HF-range may change during a transition from the awake
state to different sleep stages and also correlate with physiological
changes caused by aging. For testing this hypothesis, we analyze
the coherence between the signal of spontaneous respiration and
HEF-oscillations in HRV in healthy subjects without cardiovascular,
respiratory, and neurological pathologies.

EXPERIMENTAL DATA AND METHODS OF THEIR
ANALYSIS

Subjects

Our study included 96 healthy subjects (59 females and 37
males), who were divided into four groups depending on age. The
first group included 36 subjects aged 20 — 34 years, the second group
included 23 subjects aged 35 — 49 years, the third group included 17
subjects aged 50 — 64 years, and the fourth group consisted of 20
subjects in ages 65 and older. The data were recorded at the sleep
laboratories within the European Union project SIESTA.> All eight
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sleep laboratories followed the same recording protocol in terms of
recorded signals and leads. The study was approved by the local
institutional review boards of the sleep centers involved. All study
participants provided written informed consent. Exclusion criteria
subjects for the healthy group were obstructive apnea and hypop-
nea, other reported sleep disorders, and identified pathologies of the
respiratory, cardiovascular, and neural system.

Data preprocessing

The signals of electrocardiogram (ECG) and respiration were
simultaneously recorded within 8h at night for each subject. The
ECG and respiratory signals were sampled at 200 and 20 Hz, respec-
tively. The epochs of wakefulness, rapid eye movement (REM) sleep,
and deep sleep (DS) including the stages of S2 and S3 sleep in accor-
dance with the classification™ were detected. We analyzed the first
5-min segments of the detected epochs without artifacts in ECG and
respiratory signals.

Extracting from the ECG signal a sequence of RR-intervals,
i.e., a series of time intervals between the two successive R peaks,
we obtained information about the HRV.”’ To obtain an equidis-
tant time series from a not equidistant sequence of RR-intervals, we
approximated it with cubic splines and resampled with a frequency
of 20 Hz.

Methods

For convenience, let us denote the sequence of RR-intervals and
the respiratory signal as x(¢) and y(f), respectively. For each subject,
we estimated in awake state and in different sleep stages the cross-
spectrum R, (f) of the signals x(f) and y(t) in a 60-s window moving
along the time series with a shift of 20s,

Ro(f) = (FDF (D), 1)

where F,(f) and F,(f) are the Fourier transform of the signals x(t)
and y(1), respectively; the asterisk denotes complex conjugation; f
is the frequency; and angular brackets denote average over 12 time
windows.

Then, we calculated the coherence function C(f)*>* between
the signals x(¢) and (1),

Ry (DI
VRo(PRy (P’

where Ry (f) and Ry, (f) are the power spectra of the signals x() and
y(t), respectively, calculated and averaged in the same way as the
cross-spectrum Ry, (f). The coherence function (2) takes values in the
range from 0 (if the frequency components are not coherent) to 1 (if
the phases and frequencies of the Fourier harmonics of the analyzed
signals at a given frequency are coherent). For each pair of signals
x(¢) and y(t), we calculated the maximum value of the coherence
function Cpx = max(C(f)) in the HF-range.

Then, we filtered the signals x(f) (sequence of RR-intervals)
and y(f) (respiratory signal) using a rectangular digital filter with
the bandpass of 0.15-0.50 Hz and denoted the filtered signals as
sc(t) and s,(1), respectively. Furthermore, for s,(t), we constructed
the analytic signal £,(¢),””"* which is a complex function of time

C(p = (2)
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defined as
Cu(t) = sx(B) + i5,(8) = A (1)e?, 3)

where A, (f) and ¢,(?) are, respectively, the amplitude and the phase
of the analytic signal and function §,(#) is the Hilbert transform of
se(8),”

+00

§x(t) :ﬂ_IPV/ ;x(f)

—00

dr, (4)

where PV means that the integral is taken in the sense of the Cauchy
principal value. We constructed the analytic signal ,(t) for the
filtered signal s, (t) in the same way.

The instantaneous phase ¢, () of the signal s,(f) was deter-
mined from Eq. (3) as ¢, () = arctan(S,(t) /s«(¢)). The instantaneous
phase ¢, (¢) of the signal s,(f) was defined in the same way. We
detected the epochs of coherence between the instantaneous phases
of HF-oscillations in RR-intervals and respiration analyzing the
following phase difference: Ap(t) = ¢«(t) — @,(¢). The epochs of
coherence of the instantaneous phases ¢ () and ¢, (¢) correspond
to the areas in which the phase difference Ag(t) fluctuates around a
constant value and the condition [A¢(f)| < const is fulfilled.”

For detecting the epochs of phase coherence between the stud-
ied signals, we used the algorithm** based on a linear approximation
of an instantaneous phase difference in a moving window, which has
shown its effectiveness for physiological signals.”’ The algorithm for
searching of phase coherence epochs is as follows. The time series
of Ag(t) is linearly approximated in a window of width b by using
the method of least squares. As a result, for a time moment #; cor-
responding to the middle of the window, we obtain a coefficient «;
of the approximating line slope. Moving the window by one point
along the time series of Ag(t), we calculate a slope a4 for a time
moment #;;; and so on. The epochs of phase coherence, in which
the relative phase Ag(f) exhibits plateaus, correspond to areas of
small || < |k| values, where k is a threshold value. The duration
of these epochs should exceed the value [ to exclude short regions
with a high probability of accidental coincidence of instantaneous
phases of oscillations. Following recommendations given in Ref. 45,
the values of b and I were chosen close to a characteristic period of
oscillations (b = 4sand [ = 45s) and |k| = 0.01.

Specific phase coherence (SPC) was calculated as the total dura-
tion of all coherent epochs divided by the duration of the entire
record. The SPC measure is equal to 1 in the presence of coherence
throughout the entire record and equal to 0 in the absence of epochs
of coherence. We calculated SPC and C,,,x for each subject in the
awake state and in different sleep stages.

Estimation of statistical significance of results

To test the statistical significance of SPC and Cix, We com-
pared their values with the values obtained from the surrogate data.
From each original signal s,(f) and s, (t), we generated M = 100 sur-
rogate time series by setting a uniform random distribution of the
initial phases of the harmonics in the signal expansion in a Fourier
series.”’ This method of preparing surrogate data preserves the peri-
odograms of the analyzed signals but destroys coherence between
their phases. Then, for each ith pair of surrogates, we calculated

scitation.org/journal/cha

SPC'and C',i=1,..., M. For the ensembles of surrogate data, we
plotted their distributions. Finally, we defined the 95th percentile
of such distributions, which corresponds to the level of statistical
significance p < 0.05.

To test the significance of differences in the estimates of mean
values for different groups, we used the Kruskal-Wallis test and the
Mann-Whitney U-test.*>*

RESULTS

Figure 1 shows short fragments of typical experimental signals
for a healthy elderly subject (71 years old) in the awake state. The
sequence of RR-intervals is presented in Fig. 1(a), and the signal
of respiration is presented in Fig. 1(b). Figure 1(c) shows the time
series of the signals s, (t) and s, () obtained by bandpass filtering of
the signals x(¢) and y(t), respectively, in the 0.15-0.50 Hz band. It
can be seen in Fig. 1(c) that the signals s.(f) and s,(t) oscillate in
anti-phase and demonstrate phase coherence. The phase portraits
of oscillations are depicted in Fig. 1(d). Figure 1(d) shows that for
the considered signals, it is possible to set the center of rotation of
the radius vectors on the phase plane. This fact indicates that the
instantaneous phases are defined correctly.

Figures 2(a) and 2(b) show the differences Ag(t) between the
instantaneous phases of the signals s, (f) and s, (t) for a healthy young
subject of 22 years old [Fig. 2(a)] and the same healthy elderly subject
asin Fig. 1 [Fig. 2(b)] in the awake state, REM sleep, and deep sleep.
The plots of all phase differences show long epochs, in which A¢(f)
is almost constant that corresponds to high coherence between the
phases of the analyzed signals. These horizontal plateaus alternate
with the intervals of the rapid variation of A¢(#), which corre-
spond to the incoherent behavior of phases. In REM sleep and in the
awake state, the phase difference Ag(f) increases greater than in DS.

3 ®
= = 0
10 50 '30

ey ~—~
= )
“ Iy
- -
=~ S~
— ~
=
“ 2

Time (s) 5,0, s,(0)

FIG. 1. Fragments of a sequence of RR-intervals (a) and respiratory signal
(b) for one of the elderly subjects in the awake state. (c) Filtered signals x(t) and
y(f). (d) Phase portraits of oscillations.
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FIG. 2. Phase differences A¢ (t) for a selected young (a) and a selected elderly
subject (b) during the awake state, REM sleep, and DS. Coherence functions C(f)
of RR-intervals and respiration for a young subject (c) and an elderly subject (d).
REM sleep is shown by a red dotted line, the awake state is shown by a thin green
line, and DS is shown by a thick blue line.

In the young subject, A¢(f) increases more slowly than in the elderly
subject.

The coherence functions of RR-intervals and the signal of respi-
ration are presented in Fig. 2 for a healthy young subject [Fig. 2(c)]
and a healthy elderly subject [Fig. 2(d)] in the awake state and in
different sleep stages. The coherence functions exhibit pronounced
peaks in the frequency range of 0.15-0.50 Hz, indicating the coher-
ence of signals. A decrease in the coherence is observed for the
elderly subject in the REM sleep stage.

For each subject in the awake state, REM sleep, and DS, we cal-
culated the SPC and C,,,x measures for the studied signals. For all

(a)

SPC

0.5

REM Awake DS

Sleep stages
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age groups, we found that the degree of coherence of respiration and
the process of parasympathetic control of the heart rate is different
in the considered states (Fig. 3). The SPC and C,,,; took the values
0.80+0.02 and 0.87 £ 0.01, respectively, in REM sleep; the values
0.87 £0.01 and 0.91 £ 0.01, respectively, in the awake state; and the
values 0.91 & 0.02 and 0.94 = 0.01, respectively, in DS. The measures
are presented as mean =+ standard error.

The significance of the difference of SPC and C,,,x measures
during the awake state, REM sleep, and DS is confirmed by the
Kruskal-Wallis test for three groups [H(2.0)=40.86, p <0.0001
for SPC and H(2.0) =62.25, p <0.0001 for Cy.x]. These results
show the sensitivity of both measures of coherence to physiolog-
ical changes caused by the influence of the higher level neural
centers on the systems regulating the processes of heartbeat and
respiration.

Figure 4 demonstrates a monotonic decrease in the coherence
of respiration and the process of parasympathetic control of the
heart rate with increasing age. To construct this figure, we used all
records without dividing them into states of wakefulness and sleep.
When comparing the youngest and oldest groups, the difference
in the coherence of the studied processes in these groups is about
6% for the SPC measure (the Mann-Whitney U-test p =0.0009)
and about 7% for the C,, measure (the Mann-Whitney U-test
p <0.0001).

The results of the analysis of the coherence of the studied pro-
cesses in the awake state and in different sleep stages are presented
in Fig. 5 separately for each age group. Figure 5 shows the similar
dynamics of SPC and C,,,« measures for all age groups. As well as
in Fig. 3, the coherence of respiration and the process of parasym-
pathetic control of the heart rate is minimal in REM sleep and is
maximal in DS. In the awake state, the coherence is higher than in
REM sleep and lower than during DS. With aging, the difference
between the coherence measures in the awake state and in different
sleep stages becomes more noticeable, especially for the SPC mea-
sure. The most pronounced difference of SPC and C,,,x measures
is observed between REM sleep and DS in subjects over 50 years
of age.

= (b

Cmax

0.5
REM Awake DS

Sleep stages

FIG. 3. Coherence of respiration and HF-oscillations in RR-intervals in the awake state, REM sleep, and DS. (a) SPC measure. (b) Crnax measure. Left columns show the
measures averaged over the ensemble of experimental data, and the right (gray) columns show the values of the 95th percentile of the measures calculated for surrogate

data. Error bars indicate a standard error.
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FIG. 4. Coherence of respiration and HF-oscillations in RR-intervals depending on the age of the subjects. (a) SPC measure. (b) Cnax measure. White columns show the
measures averaged over the ensemble of experimental data, and the gray columns show the values of the 95th percentile of the measures calculated for surrogate data.

Error bars indicate a standard error.

DISCUSSION

It is known that breathing significantly affects the dynamics
of the heart rate.”" Parasympathetic fibers innervate airway smooth
muscle, providing the dominant control of smooth muscle tone
and, therefore, the airway caliber, as well as the airway glands and
microvasculature in the respiratory tract.”” In this case, feedback
loops from the pulmonary stretch receptors and arterial barore-
ceptors act through the nucleus tractus solitarii on the Bétzinger
complex located in the pontomedullary region of the pons, which
provides regulation of the cardiovagal parasympathetic outflow by
the respiratory pattern generator.”” Such a complex ring dynam-
ical system provides flexible regulation of the respiration process
in healthy subjects. Its activity is manifested in the HF-range of
HRV at the frequency of respiration. This phenomenon had been
described in physiology as RSA. Therefore, the coherence between
the respiration and parasympathetic control of the heart rate mea-
sures the “amount” of coherent RSA. The modulation of the activity

[] REM [ ] Awake [] DS
I (a)

09} _ } %
éf 0.8 ‘ ' I
207t '
06|
0.5
20-34 3549  50-64 >65
Age (years)

of the nerve fibers of the parasympathetic branch of the autonomic
nervous system caused by physiological processes in the body and
age-related pathological changes is reflected in the change in the
coherence of respiration and HF-oscillations in HRV.

It is known that in healthy subjects, the state of REM sleep
is typically associated with an increase in the sympathetic activ-
ity and often with a low parasympathetic activity. During DS, the
sympathetic activity is the lowest and the parasympathetic activity
may increase up to very high values, exceeding the activity during
the awake state.”>”” As shown in our study, these effects are con-
firmed by a decrease in the coherence of respiration and the process
of parasympathetic control of the heart rate in REM sleep and an
increase in the coherence of these processes in DS with respect to
the coherence in the awake state (Fig. 3). Moreover, this result holds
true for different age groups (Fig. 5). The Kruskal-Wallis test con-
firms the statistical significance of the differences between the age
groups.

[] REM [ ] Awake [] DS
ST o - (b)
oo 1 &l aff

L, 08r
Q:)é L
0.7
06
0.5
20-34 3549  50-64 265
Age (years)

FIG. 5. Coherence of respiration and HF-oscillations in RR-intervals in the awake state, REM sleep, and DS depending on the age of the subjects. (a) SPC measure.

(b) Cnax measure. Error bars indicate a standard error.
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Age-related changes are accompanied by aging of the lung
tissue, the lung compliance, and some changes of the chest and
thoracic spine as well, which change the breathing process and
its dynamics.>”” Age-related changes are observed in a decrease
in sympathetic and parasympathetic responses’ that leads to a
decrease in the power of HRV in the LF and HF ranges.”"’* Appar-
ently, this is the reason for the revealed decrease in the coherence
of respiration and parasympathetic control of the heart rate (Fig. 4).
In a future study, it would be useful to add a test of paced breath-
ing while awake in order to check these changes under standardized
conditions in addition.

The obtained results are generally consistent with other
studies’ and provide useful additional tools for assessing the charac-
teristics of the cardiorespiratory interaction in various physiological
states of a subject. The considered coherence measures are promis-
ing as additional information for classification of sleep stages in
physiological studies without recording an electroencephalogram.”

CONCLUSION

Aging is an irreversible process accompanied by changes in
all organs and systems of the body, including the cardiovascular,”
respiratory,”® and autonomic nervous’”’' systems. However, the
severity of the consequences of such changes can be reduced in the
case of their timely diagnostics. In this paper, linear and nonlin-
ear measures of coherence are used to quantify age-related changes
in the cardiorespiratory interaction. A decrease with age in the
coherence of respiration and the process of parasympathetic regu-
lation of the heart rate is shown, which is caused by changes in the
functioning of autonomic control of the cardiovascular and respira-
tory systems. This can be interpreted that coherent RSA decreases
with increasing age. We have also shown that the coherence mea-
sures differ in the awake sate and in different stages of sleep for all
age groups. Thus, the considered coherence measures may be use-
ful for the development of methods for classifying sleep stages in
polysomnography studies.
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