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Synchronization between main rhythmic processes governing the cardiovascular dynamics in hu-
mans, namely, the main heart rhythm, respiration, and the process whose fundamental frequency is
close to 0.1 Hz is studied under different regimes of breathing. The analysis of the experimental records
reveals synchronous regimes of different orders n @ m between all the three main rhythms. Investigation
of the model system is carried out demonstrating a good qualitative coincidence with experimentally

ohsaerved results,
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1 Introduction

The coexistence of rhythmic processes interacting
with each other is typical for living organisms [1].

For example, operation of human cardiovascular
system (CVS) is governed by the following most

significant oscillating processes: the main heart
rhythm with a frequency of about 1 Hz gener-
ated by the cardiac pacemaker, respiration whose
frequency is usually around 0.25 Hz, and the pro-
cess of blood pressure and heart rate regulation
affected by the sympathetic nerve activity and
baroreflex loop and having in humans the funda-
mental frequency close to 0.1 Hz [2]. Recently,
it has been found that the main heart rhythm
and respiration can be synchronized [3-7]. The
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intensively studied [2,8-11]. However, the abil
ity of this rhythm to become synchronized to to
respiratory and cardiac rhythis with ifregoon
cies f, and fj,, respectively, invites turther o
vestigation. Phase synchronization in statistice.
sense between the spontaneous respirafion .

the process whose period is about 10 s has heo
reported in [12]. Interaction between the iy
heart rhythm and the process with the frequenes

¥

f, has been studied mainly in ferms of physi
ogy [2,11] and in the models [9,13,14]. Note th

the model proposed in {13] has demonstrated cn
trainment between these two rhythms.

In this paper we systematically study sv
chronization between the rhythm with the b

%

sic frequency of about 0.1 Hz and two other
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rhythms (respiration and heartbeat) under il
ferent regimes of breathing. The paper s orgo
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nized as follows. In Section II we describe the
experiments performed and the techniques used
for data processing. Section III presents results
of investigation of synchronization between the
three main rhythms within the human cardiovas-
cular system for the cases of spontanecous and
paced respiration. Section 1V contains investi-
gation of equations modelling slow oscillations in
blood pressure. In Section V we summarize our
results.

2 Data Processing Techniques

We studied 7 healthy volunteers. They were men
aged 20-34 years. The electrocardiogram(ECG)
and respiratory signals were simultaneously mea-
sured in the sitting position. All signals were
recorded with the sampling frequency 250 Hz and
16-bit resolution.

Four experiments were performed with each
subject under different regimes of breathing.
First, the signals were registered during spon-
taneous respiration and three other experiments
were carried out under paced respiration. Sound
pulses set the rate of breathing. The frequency
of paced respiration was fixed in two experiments
(0.25 Hz and 0.1 Hz) and was linearly increasing
from 0.05 Hz to 0.3 Hz in the third case. The du-
ration of experiments under spontaneous breath-
ing and fixed-frequency breathing was 10 min-
utes. Records under linearly changing frequency
of respiration lasted 30 minutes.

Figure 1 shows short segments of typical ECG
and respiratory signals. To calculate the phase of
the ECG signal, following the usual convention,
we assume that at the time moments £, corre-
sponding to the appearance of i peak (the high-
est and narrowest peak of the ECG attributed to
the pumping action of the heart) the signal phase
is increased by 27 [15]. Hence, we can assign to
the times ¢; the values of the ECG signal phase
ép(ty) = 2wk, where k = 0,1,2,.... Within the
interval between R peaks the instantaneous phase
is defined as follows

@fz(ﬁ) = 2

t—t
g R okt <t < ey, (1)
tk»%ml — t?::

e

ECG

o,

Hespiration

FIG. 1. Segments of an ECG signal (a) and of a respi-
ratory signal (b) for the case of spontaneous breathing.
Both signals are in arbitrary units.

To calculate the respiratory signal phase ¢, we
use the Hilbert transform {15] after removing low-
frequency trend and high-frequency noise.
Extracting from the ECG signals the sequence
of B-R intervals, i.e., the series of the time in-
tervals T; between the two successive H peaks,
we obtain the information about the heart rate
variability. Typical sequence of R-H intervals
(tachogram) is shown in figure 2(a). To obtain
equidistant time series from this not equidistant
secuence we plot on the horizontal axis the time

k

of R peak appearance t, = > 1, instead of the
=1

beat number. Interpolating linearly this discrete

dependence and resampling the resulting signal
with a constant sampling time we obtain equidis-
tant data to which the standard procedure of the
Fourier power spectrum calculation can be ap-
plied.

The spectral analysis of H-R intervals reveals
different frequency domains of the HRV. Gener-
ally the Fourier power spectrum of H-I inter-
vals demonstrates well-distinguished character-
istic peaks at frequencies f,. and f, associated
with the respiratory and low-frequency fluctua-
tions of the heart rate, respectively [figure 2(b)].

Besides high-frequency range, 0.15-0.4 Hz, and
low-frequency range, 0.04-0.15 Hz, containing the
peaks f. and f,, respectively, a very low fre-
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with frequency f, we filtered the sequence of K-
R intervals removing the high-frequency fluetua-
tions (> 0.15 Hz) and very low frequency oscilla-
tions (< .05 Hz). After this bandpass filtration
we calculate the phase ¢, of the low-frequency

heart rate Huetu {mmw nsing the Hilbert trans-

......

formn.
1o detect synchronization between two signals
we caleulate the phase difference

[ . _.
L) e = TP — DDy, (

B
oo
“‘R.-W iy

where ¢ and ¢y are the phases of the two signals,
19
T A

phase difference, or relative phase [4].

noand moare integers, and is the generalized
The pres-

cnce of niom phase synchronization is defined by

the condition tgﬁ“ ' — O < const, where ' s a

C gzmi ant. In this case the relative phase ditference

(© ?2 m ﬁsz{ M‘z{s‘ﬁm around s a_.{.:,xm ant affii‘w

‘?’ii’“&é% {'Z%‘E' SV E’id“ﬂ”‘{'}? 1zation b ¢ ‘ﬁi}“‘v%f’{ff%?i}i two sign Mz%&%:a 15

based on the analysis of the ratio of instantaneous
f1/f> of these signals.
the instantancous frequencies we construct a local

frequencies

polyvnomial approximation for the instantaneous
phase ¢(t) on an interval essentially larger than

Typical B-R intervals (a) and their Fourier
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the characteristic period ot oscillations. A derivae

tive of that polvnomial unction gives an estimate

of the frequency of oscillations. In the region of
frequency synchronization the ratio ol frequencies
of noisy signals remains approximately constant.

The presence ol synchronization between two

sienals can be demonstrated by plotting o sy

chrogram. To construct a synchrogram 4] we d

termine the phase ¢o of the slow signal at thines
t; when the cyclic phase of the fast signal attains
a cert mzz fixed value 8, ¢, (4;) mod 27 = 0, and

i

plot ¥ 2(t;) versus ¢;, where

é’?’?

g e
L

o (1) mod 2w (3

and m 15 a munber of adjacent cveles of fthe

slow signal. In the case of nom synchronization.
127

(1) attains only n different values within

adijacent cycles of the slow signal, and the syun-
chrogram consists of 7 horizontal lines.

tmental Results

It this section wo consider whoether the interac-
fion bhetween 'E'{}.}.ﬁﬁ main rhvthinic processes with
g

frequencies f,, [, and f. within the Inunan car

diovasenlar svstemn leads to thelr svie mmzm 11001

3.1  Synchronization between  the
rhvthms under spontaneous
respiration

Phase synchronization between the main heart
rhythm and respiration has been demonstrated
by several groups of investigators [4-6]. In our
experiments we also observed synchromzation be-
tweent these rhyvthms lasting 30 s or longer for

Alinost all

5% sticied.
subjects demonstrated }3;{ presence of several dif-

cach of the seven subj

ferent nun epoch of synchronization within one
record.

Figure 3(a) shows the generalized phase ditter-
ence af’;“; between the BOG and respiratory sig-
nals calculated with Equation (2), where ¢y = ¢y,
15 the ECG signal phase, ¢ = ¢, 18 the phase of
the respiratory signal, and n = 1, m = 4. One
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To mvestigate a phase synchronization be-

¢
tweenn the rhythim with frequency ~ 0.1 Hz and
f

respiration let us consider the phase difference
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oscillations of the heart rate, and ¢ = ¢,. 1The

where ¢ = ¢, 18 the phase of low-Irequency

analysiz of the generalized phase difference ¢,
and instantancous frequency ratio f,/ f, indicates
the presence of different nom epoch of syuchro-

nization, table |,
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Fiovure 4 allustrates 201 svnchromzation, when
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of low-Trequency oscillations of the heart rate, and
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the presence of _;_._f@sz;-a:-%g{_% syuchronization of orders

ez '

2 and 52, res pec avely, The mstantancous tre-

quency ratio f,/ f, [hgure 4{c)| is almost constant
within gmm@imm;&%ﬂ the same tine intervals, m-
dicating the presence of frequency synch wm@----
fio1 also.

In figure D a syvnchrogram 1s shown, The pres-
cnee of two abmost horizontal hines in the plot of
SV ) within the time mterval 1351580 s con-

hrms the prescuce of 200 locking émi:@é} ratecd by

figure 4
I ot ns consioer now the ndoeraction of two

self-oscillatine processes, namely, the main beart

5,

rhvtinn and the process of blood pressure and

|;.

heart rate regulation.  Using Equation (2) with

G = oy, oand g o= o, we caleulate the phase dif-
ference oY and investigate its temporal behav-
or. We observe the regions where the relative

N ITy
K8y TH

However, on average, the duration of these epochs

phiase fluctuates aronud a counstant value.

15 shorter and the fluctuations of the relative
phase within thein are greater than i the cases
considered above ol synchronization between each

of these rhythins and respiration. Un the one.

hand, it can be a manitestation of some specific

featurcs of interaction between two physiological
processes under investigation. On the other hand,
the ratio of the rhythims average frequencies fy
and f, is signiheantly greater than ;}z{:z ratio of
the frequencies f, and f., or [, and f,. There-
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Table 1. Orders of synchronization detected between
the rhythm with period 7, and spontaneous respira-
tion. The subjects are denoted by letters. The syn-
chronization regimes lasting 50 s or longer are pre-
sented. In the case of several epochs of synchroniza-
tion of the same order the duration of the longest
epoch is indicated.

; Code by nchronization o

A | 3:1(558), 4:1 (m} s), 5:1 (50 s),
7:2 (100 s), 9:2 ( 3 )

3:1 (120 s), 5:2 (50 8), 7:2 (90 s),

3:1 (70 s), 4:1 (m ), 7:2 (50 )
3:1 (130 s), 5:2 (60 )

2:1 (90 s), 3:1 (ISU ), 4:1 (60 s),
' 5:2 (130 ), 7:3 (70 )

I 2:1 (160 s), f"":4.....,, (60 s), 7:3 (50 s)

G | 2:1 (145 ), 3:1 (80 s}, 5:2 (70 s)

fore, the relatively small frequency fluctuation ot
one of the rhythms results in different number of
cycles of the fast process within adjacent cycles
of the slow process. We observe synchronization
between the rhytinnic processes with periods 1y,
and T, only for 5 subjects (B, D, E, F, G).

3.2  Synchronization between the
rhythms under paced respiration

For the case of breathing with the fixed trequency
of 0.25 Hz we obtain the results coinciding quali-
tatively with those obtained for the above case
of spontaneous respiration. We observe phase
synchronization between the three main rhyth-
mic processes operating within the CVS. In com-
parison with the case of spontanecus respiration
this case of breathing is characterized by longer
epochs of phase locking. Probably, it is explained
by the fact that the variability of fiixed-frequency
respiration is several times smaller than the varni-
ability of spontaneous respiration.

The case of breathing with the fixed frequency

ject F demonstrates

i

[t LI TTT LA E SN TT T EEF PR LT T E .

of 0.1 Hz 1s more specific. The power spectirun:
of R-R intervals demonstrates the only one well-
distinguished peak at the frequency of breathing
for all the subjects. Under paced respiration with

the fixed period of 10 s we observe 1:1 phase and

frequency synchronization between the variation
of the heart rhythim and respiration during the
entire record. 'The time series of both
and A-K mtervals are filtered with a bandpass
0.05-0.15 Hz. Phase synchromization between the
main heart rhyvthm and both the respiration and
variation of K-HK intervals 1s also observed. These
two kinds of synchronization have the same or-
ders.

In the case of linearly ncreasing frequency
of respiration we observe various orders of syn-
chronization between the main heart rhythin and
respiration for each subject. For instance, sub-
cardiorespiratory synchro-

respiration

nization ot orders lomn, m = 5,0,...,12, lasting
5 cycles of respiration, or longer. I he results ob-
tained in our study agree well with the results
reported in [7]. They testify that the system gen-
erating the main heart rhythm can be treated as
a generator in a physical sense, and that the res-
piration can be regarded as an external forang of
this system.

Figure 6 illustrates the case of 1:6 synchroniza-
tion. A 1‘1(}{%?{“}1“1?&1 plateau n the range 1100
1300 s (f, = 0.20-0.23 Hz) in the plot of the rel
ative phase cpé‘g 's Indicates the presence ot g;}iz.fé.x;{%

synchronization.

Let us consider in detail the synchronization
between the process whose basic frequency is
~ 0.1 Hz and respiration. As in the previous case,
the signal of respiration can be regarded as an ex-
ternal forcing applied now to the system generat-

ing self-sustained oscillations with frequency f,.
For the respiratory frequencies tar from 0.1 Hz

the power spectra of R-R intervals computed
in J-minute imtervals of the 30-minute recording
demonstrate two main peaks at the frequency f,
and the average frequency of respiration within
the 3-minute interval. For the respiratory fre-
quencies close to 0.1 Hz the power spectra of [i-
R intervals demonstrate one main peak at the

Nonlinear Phenomena in Complex Systems Vol. 6, No. 4, 2008
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FIG. 6. Generalized phase difference of the signals

of ECG and respiration under paced respiration with
linearly increasing frequency.

average frequency of respiration. Thus, if the fre-
quency of the external forcing, i.e., the frequency
of respiration, is close to the basic frequency ot
e system responsible for the slow regulation of
hlood pressure and heart rate, then the frequency
locking takes place.

Figure 7 shows a typical dependence of the fre-
quency of the slow heart rate oscillations on the
frequency of respiration. In this plot f, is the
requency at which the main peak is observed in
the power spectrum of the respiratory signal and
f, is the frequency at which the appropriate peak
is observed in the power spectrum of R-K inter-
vals. The power spectra of both respiration and
R- R intervals are computed in a 3-minute running
window. The presence of 1:1 frequency locking 1s
clearly seen within the interval 0.07-0.14 Hz. One
can also see the regions where the experimental
points are located along dashed lines with a fixed
requency ratio. These regions indicate the pres-
ence of frequency synchronization of order 2:1 in
the interval ~ 0.16-0.21 Hz and of order 5:2
the interval & 0.22-0.24 Hz.

The relative phase difference ¢}’ [figure 8(a))
exhibits plateau within the interval 200-650 s
(0.08-0.14 Hz) indicating the presence of 1:1
phase synchronization. Figure 8(b) demonstrates
the regions of frequency synchronization within
which the instantaneous frequency ratio f,/ f, re-
mains approximately constant. The interval of
1:1 phase locking is the longest one. The synchro-

(.20 - .
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.15 g .
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0.10 - e s
> 1 N -7
R : M#wﬂﬂ : ™
005‘: fﬁ*ﬁ#wi?“jﬁi“‘#
] @f#%%ﬂﬂ
O,OOW'“W”TEEE;:'s”“{‘"‘“f“““f‘tl§;rz: "11:5;155:
0.00 010 020 0.30
f [Hz]

FIG. 7. Dependence of the frequency of the low-
frequency heart rate oscillations f, on the respiratory
frequency /.. Dashed lines are the lines along which
the frequency ratio indicated by figures is constant.

eram [figure 8(c¢)! also gives indication of 1:1 and
2:1 synchronization under respiratory trequencies
0.08-0.13 Hz and 0.21-0.22 Hz, respectively. In
these regions the synchrogram has a one-band
and two-band structure, respectively.

Synchronization between the main heart
rhythm and the rhythm with frequency [, is also
observed under linearly increasing frequency of
respiration. As well as in the cases of sponta-
neous breathing and fixed-frequency breathing,
this kind of synchronization is less pronounced
than the two others

4 Simulation results

To describe mathematically the process of blood
pressure and heart rate regulation with the fre-
quency close to 0.1Hz, on physiological grounds
the models in the form of delay-differential equa-
tions have been proposed [17,18]. For example,
the nonlinear feedback model considered in [18]
can be written in the following form

ex(t) = —x(t) + f(x{t — 7)), (4)

where x characterizes the mean arterial pressure,
7 is the total delay time which is a sum of afler-
ent and efferent delays, ¢ is the lag in vasculature
dynamics, and function f defines nonlocal corre-
lations in time. The function [ has demonstrated
a sigmoidal nonlinearity

Nonlinear Phenomena in Complex Systems Vol. 6, No. 4, 2005
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FIG. 8. Generalized phase difference (a), and the in-
stantaneous frequency ratio (b) between the process of
low-frequeney regulation of the heart rate and the pro-
cess of respiration under linearly increasing frequency
of respiration. (¢} Synchrogram, demonstrating one-
band structure (1:1 synchronization) and two-band
structure (2:1 synchronization).
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where the parameters a, b, ¢, and specify
the shape of the characteristic [18]. This model
provides for sustained stable oscillations under a
w%d@ Wéii}”‘i{-“%h? cf‘}f g'}mm&mtm‘* variations, i.e. physio-

Applymg ) hﬁmz"z.{imi{: external forcing or forc-
ing with linearly increasing frequency to the
model (4), we observe that it demonstrates the
phase and frequency locking qualitatively similar
to the one described above for experimental sig-
nals. In the case of periodic driving in the pres-
ence of noise the nonlinear feedback model (4)
takes the form

ci(t) = —x(t)+ f(z(t — 7))+ Asin (vt) + &, (6)

fg [Hz]
(LG5 {}}Ii} ﬁ.}i Q.;E} {}*;25 ().30
06—+ :
& 40~ \\
g -
s -80-
120
T T i f | SR S i S | A A S | T
() 600 12{}(} 180
Time [s]

FIG. 9. Generalized phase difference ) 1 of the non-
linear feedback oscillator and the external force with
linearly increasing frequency f,.

where A and v are respectively the amplitude and
frequency of the external force, and & is the Gaus-
sian white noise.

For the case of linearly increasing frequency
of the external force the phase difference ¢, =
Dose — VT, where ¢qse 18 the phase of the oscillator
(6), is presented in figure 9. The system param-
eters are chosen in according with recommenda-
tions given in [18]. We use 7 = 4 8, ¢ = 1.3 s,
a=1b=2 ¢c=33, zx = 0.5, f; = v/2n varies
from 0.05 Hz to 0.3 Hz, A = 1.4, and £ has a zero
mean and standard deviation of 3% of the stan-
dard deviation of the data without noise. Under
driving frequencies of 0.07 — 0.13 Hz the 1:1 lock-
ing takes place with a horizontal plateau in the
plot of ¢y 1 (figure 9).

The qualitative similarity of figure 9 and hgure
&(a) confirms the commonness of phenomena ob-
served in the considered periodically driven oscil-
lators of physiological nature. These results also
testify that the system generating within the hu-
man cardiovascular system the rhythm with the
frequency of about 0.1 Hz can be treated as a
self-sustained oscillator.

5 Conclusion

Analyzing the signals gained with the use of non-
invasive methods we have shown that the three
main rhythmic processes in the human cardio-
vascular system can be synchronized with each
other. The presence of epochs where the in-
stantaneous frequency ratio of nonstationary sig-

nals remains stable while the frequencies them-

Nonlinear Phenomena in Complex Systems Vol. 6, No. 4, 2005
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selves vary, and the existence of several differ-
ent n:m epochs within one record count in fa-
vor of the conclusion that the phenomena ob-
served in our study are associated with the pro-
cess of adjustment of rhythms of interacting sys-
tems. The experiments with linearly increasing
frequency of respiration clearly indicate that the
system generating the rhythm associated with the
low-frequency fluctuations of the heart rate can
be regarded as a self-sustained oscillator under
external forcing, affected by noise.

[t has been found that synchronization be-
tween the main heart rhythm and the rhythm
whose fundamental frequency is close to 0.1 Hz
is less pronounced than synchronization between
each of these rhythms and respiration. We ob-
served synchronization between the respiration
and the two other rhythms for each subject un-
der various regimes of breathing. We have shown
that phases of rhythms can be locked with differ-
ent ratios nim, and that the presence of several
different orders of synchronization is typical for
subjects studied. Under paced respiration with
a fixed frequency or linearly increasing frequency
the synchronization between the main processes
coverning the CVS dynamics was stronger than
synchronization in the case of spontaneous respi-
ration.
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