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Synchronization between main rhythmic processes in the human cardiovascular system
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For the cases of spontaneous respiration and paced respiration with a fixed frequency and linearly increasing
frequency, we investigate synchronization between three main rhythmic processes governing the cardiovascu-
lar dynamics in humans, namely, the main heart rhythm, respiration, and the process whose fundamental
frequency is close to 0.1 Hz. The analysis of the experimental records reveals synchronous regimes of different
ordersn:m between all the three main rhythms. The influence of the regime of breathing and the magnitude of
heart rate variability on the degree of synchronization is considered.
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[. INTRODUCTION cardiovascular system can be considered as weak and the
rhythm with frequencyf, is nonsynchronous with either of
Complex rhythmic processes interacting with each othethe two other rhythms. Phase synchronization in the statisti-
are typical in living organism§l,2). A striking example of cal sensg12] between the spontaneous respiration and the
such interaction between various physiological rhythms irocess whose period is about 10 s has been reported in Ref.
the operation of the human cardiovascular syst@ws). [22]. Interaction between the main heart rhythm and the pro-
The main heart rhythm with a frequency of about 1 Hz gen-cess with frequency, has been studied mainly in terms of
erated by the cardiac pacemaker, respiration whose frg?hysiology[3,6,21 and in the model$18,23,24. Note that
quency is usually around 0.25 Hz, and the process of bloothe model proposed in Ref23] has demonstrated entrain-
pressure and heart rate regulation affected by the sympatheti@ent between these two rhythms.
nerve activity and baroreflex loop and having in humans the In this paper we systematically study synchronization be-
fundamental frequency close to 0.1 F& are the most sig- tween the rhythm with the basic frequency of about 0.1 Hz
nificant oscillating processes governing the cardiovasculagnd the two other rhythmgespiration and heartbgainder
dynamics. different regimes of breathing. The influence of the magni-
The earliest inter-relation between these rhythms to béude of respiratory and low-frequency fluctuations of the
identified, and the most frequently investigated, is that beheart rate, i.e., RSA and MWSA, on the degree of synchro-
tween the respiratory and cardiac rhythms. Due to their inhization between main rhythms is investigated.
teraction the heart rate increases during inspiration and de- The paper is organized as follows. In Sec. Il we describe
creases during expiration. This respiratory modulation of théhe experiments performed and the techniques used for data
heart rate is known as respiratory sinus arrhyth(RSA) processing. Section Il presents results of investigation of
[4,5]. The question of whether RSA originates mainly from asynchronization between the three main rhythms within the
central coupling between respiration and heart [&t& or ~ human cardiovascular system for the cases of spontaneous
from baroreflex mechanisi8] is still a subject of contro- respiration, fixed-frequency respiration, and respiration with
versy. Recently, it has been found that the main heart rhythrlinearly increasing frequency. Section IV contains a discus-
and respiration can be synchronizZé&i-15). Besides, it has sion. In Sec. V we summarize our results.
been shown that cardiorespiratory synchronization tends to
become weaker with increasing respiratory modulation of the, DESCRIPTION OF MEASUREMENTS AND METHODS
heart rate, and concluded that these effects are two compet- OF DATA PROCESSING
ing aspects of cardiorespiratory interacti®n12,13.
The third significant rhythmic process operating within ~ We studied seven healthy volunteers. They were men
the CVS, namely, the process with a frequerigy=0.1 Hz  aged 20—34 years, having average levels of physical activity.
associated with the self-sustained blood pressure oscillatioriEhe electrocardiogranECG) and respiratory signals were
(Mayer wave and low-frequency oscillations in the heart simultaneously measured in the sitting position. All signals
rate [Mayer wave sinus arrhythmieMWSA)] has been in- were recorded with the sampling frequency 250 Hz and 16-
tensively studied3,16—21. However, the ability of these bit resolution.
rhythms to become synchronized to the respiratory and car- Four experiments were performed with each subject under
diac rhythms with frequencief, and f,,, respectively, in- different regimes of breathing. First, the signals were regis-
vites further investigation. tered during spontaneous respiration and the three other ex-
Investigation of heart rate variabilitfHRV) data from periments were carried out under paced respiration. The rate
healthy human subjects performed in REf4] has shown of breathing was set by sound pulses of duration 0.5 s. The
that the interaction of the three main rhythms within thesubject was asked to inhale when the sound signal appeared.
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FIG. 1. Segments of an ECG signa@) and of a respiratory
signal(b) for the case of spontaneous breathing. Both signals are in
arbitrary units.
There were no other requirements on the character of breath- 70 A S —
ing. Each subject was suggested to choose himself the most 0 0.5 1 1.5
comfortable duration of inhale and exhale and the amplitude Frequency [Hz]
of breathing. The frequency of paced respiration was fixed in . . . .
two experimentg0.25 Hz and 0.1 Hzand was linearly in- FIG. 2. TypicalR-R intervals(a) and their Fourier power spec-

creasing from 0.05 Hz to 0.3 Hz in the third case. The duralra (b) and (c) calculated by different waytsee text fy is the
tion of experiments under spontaneous breathing and fixedteauency of the main heart rhythrfy, is the respiratory frequency,
frequency breathing was 10 min. Records under Iinearly’;‘ndfv is the frequency of the process of slow regulation of blood

changing frequency of respiration lasted 30 min. The subjed?"eSsure and heart rate.

was given 3-5 min to become accustomed to the requirefly; require stationarity of the data. To calculate the respira-
regime of respiration before measuring under fixed-,ry signal phases, we use the Hilbert transforfi25] after
frequency breathing. For one of the subjects a series of a(}'emoving low-frequency trend and high-frequency noise.

ditional experiments was performed in the supine, sitting, Extracting from the ECG signals the sequenceRsR

and standing positions under spontaneous breathing. The dHftervaIs, i.e., the series of the time intervalsbetween the

ration of each of these measurements was 10 min. two successiv® peaks, we obtain the information about the

_ Figure 1 shows short segments of a typical ECG and reSsgqt rate variability. Note that according to RE26] the
piratory signals. There are several different ways for intro-g, 1 hjing frequency 250 Hz used in our experiments suffices
ducing phases for nonp_erlodlc OSC'I.lat'c{'%]' To calculate_ to detect accurately the time momentR®peak appearance.
the phase of the ECG S|.gnal, following the usual_convennonTI-yIOiCaI sequence oR-R intervals (tachogram is shown in
we assume that at the time mometgorresponding to the gy 54 7o obtain equidistant time series from this not
appearance R peak(the hlghest a_nd narrowest pea_k of the equidistant sequence we plot on the horizontal axis the time
ECG a‘gtrllbuted to the pumping action of the hém? signal of R peak appearandqg:E!‘: .1 T; instead of the beat number.
phase is increased byn2[25]. Hence, we can assign to the Interpolating linearly this discrete dependence and resam-

timest, the values of the ECG signal phagg(t,) =27k, é)ling the resulting signal with a constant sampling time we
0

¥yher¢kt= Ollf) 't' ) .Suct:h sug%estlonds relekvant becaus%th btain equidistant data to which the standard procedure of
ime interval between two subsequdRipeaks corresponds o o rier power spectrum calculation can be applied.

to one complete cycle of the oscillatory process and, there- The spectral analysis dR-R intervals reveals different
fore, the _phase_increase during this time intgrval is equal t?requency domains of the HRV. Generally, the Fourier power
2. Within the interval betvyeerR peaks the instantaneous spectrum ofR-R intervals demonstrates well-distinguished
phase is defined as follows: characteristic peaks at frequencigsand f,, associated with
the respiratory and low-frequency fluctuations of the heart
bn(t)=27 Tt 427K, te=t<ty,,. (1) rate, respectivelyFig. 2(b)]. Besides high-frequency range,
e — 1t 0.15-0.4 Hz, and low-frequency range, 0.04—0.15 Hz, con-
taining the peaksf, and f,, respectively, a very low-
Defined in this way, the phase is a monotonically increasindrequency range<0.04 Hz, is defined in the HRV power
piecewise-linear function of time and its computation doesspectrun{26]. Physiological interpretation of the HRV spec-
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trum components in the range0.04 Hz warrants further To detect synchronization between two signals we calcu-
elucidation[26]. This frequency domain is associated with late the phase difference

humoral, vasomotion, and thermo regulatid23] or with

metabolic and neurogenic proces$28|, and it is not stud- goﬁ?m=n¢1—m¢2, 2

ied in this paper. It should be noted that the Fourier power

spectra oR-R intervals and ECG signal are qualitatively the yhere ¢, and ¢, are the phases of the two signatsandm

same if the first one is computed using a technique describeglo integers, and,%zm is the generalized phase difference or

in Ref. [22]. According to this technique, the original se- 1o |ative phas§29]. The presence af:m phase synchroniza-
guence ofR-R intervals is presented as a sum ®fpeaks tion is defined by the conditio ﬁzm—C|<c0nst, whereC

placed at the time moments whéhpeaks occurred in the is a constant. In this case the relative phase differaarﬁﬁqy

ECG. In this case the HRV power spectrum demonStrateﬁuctuates around a constant value. Phase synchronization in

peaks corresponding to the basic frequefigyof the heart noisy systems can be understood in a statistical sense as the
rz?f:()e]and the combination frequencigs: f andf, f, [Fig. appearance of a peak in the distribution of the cyclic relative

To separate the rhythm with frequenty we filtered the phase{29]

sequence oR-R intervals removing the high-frequency fluc- 12 12
tuations (0.15 Hz) associated predominantly with respira- W m=¢nmmod 2. ©)
tion, i.e., RSA, and very low-frequency oscillations
(<0.05 Hz). After this bandpass filtration we calculate the Another technique widely used for the detection of syn-
phase¢, of the low-frequency heart rate fluctuations using chronization between two signals is based on the analysis of
the Hilbert transform and estimate the amplitude of MWSAthe ratio of instantaneous frequenciggf, of these signals.
as an average amplitude of the filtered signal oscillationsTo compute the instantaneous frequencies we use the method
The validity of this way of the signal with frequency, described in Refl12]. Following this method we construct a
construction is demonstrated in Sec. IV. local polynomial approximation for the instantaneous phase
To estimate the RSA amplitude we filtered the sequenceb(t) on an interval essentially larger than the characteristic
of R-R intervals eliminating the low-frequency HRV and period of oscillations. A derivative of that polynomial func-
very low-frequency HRV. After that following the technique tion gives an estimate of the frequency of oscillations. In the
presented in Ref.12], we compute the RSA amplitude for region of frequency synchronization the ratio of frequencies
every respiratory cycle as the difference between the longe$ff noisy signals remains approximately constant. The analy-
and the shortes®-R interval within this cycle and calculate Sis of the instantaneous frequency ratio is usually used in
the median of the distribution of the RSA amplitude for all addition to the analysis of phase differences. To compute the
respiratory cycles. ratio f,/f, there is no need to search for appropriate values
The intensity of the respiratory and low-frequency oscil-of n and m. Moreover, an approximately constant value of
lations of the heart rate can also be measured from the HRYhe ratio can be used for estimation of these integers.
power spectrun{26]. It should be mentioned that at the  The presence of synchronization between two signals can
breathing frequencies close to 0.1 Hz the power spectrum dieé demonstrated by plotting a synchrogram. To construct a
R-R intervals demonstrates the only one well-distinguishedsynchrogram{12] we determine the phasg¢, of the slow
peak at the frequency of breathing. Therefore, the estimatiosignal at timest; when the cyclic phase of the fast signal
of the HRV intensity contains the contribution of both RSA attains a certain fixed value, ¢,(t;)mod 27 =6, and plot
and MWSA. Yii(t;) versust;, where

TABLE I. Summary of the experimental data for the case of spontaneous respiration. The subjects
denoted by letters are listed in the order of increasing amplitude of respiratory sinus arrhifypiarhe
main heart rhythm, respiration, and the process of low-frequency regulation of the heart rate are denoted as
rhythms |, Il, and Ill, respectivelyT,, T,, andT, are the mean values of periods of the cardiac cycle,
respiratory cycle, and low-frequency oscillations of the heart rate, respectivglyp,, and o, are the
standard deviations of respective periods. The amplitudes of RSA and MWSA are characterized by the mean
valuesAgrsaand Aywsaand by the standard deviationgsa and oywsa, respectively.

Rhythm [ (s) Rhythm 11 (s) Rhythm 111 (s) RSA(s) MWSA (s)
Code Th o T, oy T, o Arsa  Orsa  Amwsa  Omwsa

0.68 0.02 2.96 0.26 10.64 2.54 0.02 0.01 0.02 0.01
0.61 0.03 3.17 0.37 9.33 1.89 0.04 0.01 0.03 0.02
0.81 0.05 2.96 0.45 10.31 2.80 0.05 0.02 0.06 0.03
0.74 0.04 3.12 0.37 9.85 1.56 0.06 0.02 0.07 0.03
0.88 0.07 3.70 0.70 9.80 2.35 0.08 0.04 0.06 0.04
0.90 0.06 4.02 0.47 9.35 1.46 0.09 0.03 0.08 0.05
0.74 0.19 3.83 0.77 9.19 211 0.25 0.19 0.21 0.11

G T moOw>

041913-3



PROKHOROVet al. PHYSICAL REVIEW E 68, 041913 (2003

B 7] (@ (
— B — a)
o5 407 ~ < 10
& 207 ?ssgr_z():
0 U I I I I I e e B w e oo S
6
e (b e 40
WAL = AL e 55207
3— S 04
0 200 400 600 oo
Time [s]
FIG. 3. Generalized phase diﬁeren¢§f4 (a) and the instanta-
neous frequency ratith) of the signals of ECG and spontaneous
respiration for subject D, demonstrating 1:4 synchronization when 0.2+
four heartbeats occur within one respiratory cycle. 0 ZOOT' [ ]400 600
ime [s
1 FIG. 4. Generalized phase diff g E
120\ . . 4. phase differencgs,; (a) and ¢z’ (b) and
m(tl)_ 277[¢2(t1)m0d 2mm] (4) the instantaneous frequency rafi®) of the signal with basic fre-

quencyf,~0.1 Hz and the signal of spontaneous respiration with
andm is a number of adjacent cycles of the slow signal. Inaverage frequenc;~0.25 Hz for subject F.
the case oh:m synchronizationmﬁf(tj) attains onlyn dif-
ferent values withinm adjacent cycles of the slow signal, and A. Case of spontaneous respiration

the synchrogram consists afhorizontal Imes._ . The experimental data for the case of spontaneous breath-
To characterize the degree of synchronization between

. . g Ing are presented in Table |. The table contains the mean
signals various synchronization measures have been pro-

: . 2 values and standard deviations of periods of three main
Eﬁiﬁfiﬂigégﬂgﬁzgitzg?igil?:;:xphasﬁm we calcu- rhythms within the CVS. The subjects are listed in the order

of ascending intensity of RSA.

Phase synchronization between the main heart rhythm and
Yam={exti (D]} = \/<005¢ﬁ?m(t))t2+<sin¢ﬁ?m(t))t2, respiration has been demonstrated by several groups of in-

(5  vestigators[12—14. In our experiments we also observed
synchronization between these rhythms lasting 30 s or longer

where angular brackets denote average over f{igig¢ By for each of the seven subject studied. The duration of the
construction,yﬁ?m=0 if the phases are not synchronized atlongest epoch of synchronization within a 10-min record has
all and y£2,=1 when the phase difference is constgmer-  been about 2 min. Aimost all subjects demonstrated the pres-
fect synchronization ence of several differenh:m epoch of synchronization
within one record.

Figure 3a) shows the generalized phase differerqné}%f‘4
between the ECG and respiratory signals calculated with Eq.
In this section we consider whether the interaction be{2), where ¢,= ¢, is the ECG signal phasej,= ¢, is the

Ill. RESULTS

tween the main rhythmic processes with frequenéjgsf, , phase of the respiratory signal, ang&=1, m=4. One can
andf, within the human cardiovascular system leads to theisee a horizontal plateau within the time interval 380-460 s
synchronization. indicating the presence of 1:4 phase synchronization between

TABLE II. Orders of synchronization detected between the rhythm with pefipchnd spontaneous
respiration. The subjects denoted by letters are listed in the order of ascending amplitude of RSA. The
synchronization regimes lasting 50 s or longer are presented. In the case of several epochs of synchronization
of the same order the duration of the longest epoch is indicated.

Code Synchronization
A 3:1(559,4:1(1709,5:1(50 9, 7:2(100 9, 9:2(50 9
B 3:1(1209,5:2(50 9, 7:2(90 9, 10:3(150 9
C 3:1(70 9, 41(125 9, 7:2(50 9
D 3:1(130 9, 5:2(60 9
E 2:1(909,3:1(180 9, 4:1(60 9, 5:2(130 9, 7:3(70 9
F 2:1(1609,5:2(60 9, 7:3(50 9
G 2:1(1459,3:1(80 9, 5:2(70 9
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FIG. 5. Synchrogram demonstrating 2:1 synchronization for
subject F under spontaneous respiration. g
=
the cardiac and respiratory rhythms. Figurd)3illustrates -
the ratio of instantaneous frequencies of the heartbeat and 9
breathing. Between 400 and 440 s the frequency ratio is 0 ZOOT. 400 600
practically constantf;,/f, =4, indicating frequency synchro- ime 5]
nization. FIG. 7. Generalized phase differenqoé?ll (a) and the instanta-

We have not found that cardiorespiratory synchronizatioryeoys frequency ratith) of the main heart rhythm and the rhythm

tends to become weaker with increasing intensity of HRV asyith basic periodT, for subject E under spontaneous respiration.
was reported in Refd.9,13,24. However, the number of

subjects studied in our research is not sufficiently large tquate in a more wide range than between 100 and 180 s, but
reveal statistical regularities. these fluctuations take place around a constant V@aiev-

To investigate a phase synchronization between th@rage, the frequency ratify /f,~0.5). The plot oflpgf(tj)
rhythm with frequency~0.1 Hz and respiration, let us con- shows a two-band structure within this time interval, but
sider the phase difference;, calculated with EqQ.(2),  these bands are not horizontgig. 5). Nevertheless, the oc-
where ¢, = ¢, is the phase of low-frequency oscillations of currence of two bands indicates that, on average, one cycle
the heart rate computed after filtrationR4R intervals(Sec.  of low-frequency oscillations of the heart rate occurs within
I1), and ¢,= ¢, . The analysis of the generalized phase dif-two respiratory cycles. Thus, the interval 440—600 s repre-

ferencee;’,, and instantaneous frequency rafip/f, indi-  sents frequency locking.
cates the presence of differantm epoch of synchronization, Studying synchronization between the process with fre-
Table II. guencyf, and respiration we have not revealed any relation-

Figure 4 illustrates 2:1 synchronization, when two adja-ship between the degree of synchronization and the intensi-
cent respiratory cycles contain one cycle of low-frequencyties of RSA and MWSAsee Tables | and)las well as in the
oscillations of the heart rate, and 5:2 synchronization. Thease of cardiorespiratory synchronization. To investigate
generalized phase differences’; and ¢g', normalized by — more thoroughly the influence of RSA and MWSA intensity
27 [Figs. 4a) and (b)] exhibit plateaus within the time in- on the degree of synchronization between the main rhythmic
tervals 100—180 s and 180-240 s, respectively, indicatingrocesses within the cardiovascular system we conducted a
the presence of phase synchronization of orders 2:1 and 5:8¢eries of additional experiments. During these experiments
respectively. The instantaneous frequency rdgiof, [Fig.  the ECG and respiratory signals of subject D were recorded
4(c)] is almost constant within approximately the same timein the supine, sitting, and standing positions under spontane-
intervals, indicating the presence of frequency synchronizaous breathing. The intensities of RSA and MWSA are sub-
tion also. stantially different in various positions of a subjé26]. In

In Fig. 5 a synchrogram is shown. The presence of twoour experiments we estimate the RSA amplitude as 0.10 s,
almost horizontal lines in the plot af;'(t;) within the time ~ 0.07's, and 0.05 s, and the MWSA amplitude as 0.03 s, 0.06
interval 135—-180 s confirms the presence of 2:1 locking il-S: and 0.08 s for the supine, sitting, and standing positions,
lustrated by Fig. 4. Note that the distribution of the cyclic respectively. However, the duration of epochs of synchroni-
relative phasely’, has a clear maximum within this time Zation between the main rhythms within the CVS and the
interval, indicating the presence of phase synchronizatio?umber of the observed orders of synchronization were ap-
High values of the phase synchronization indék (Fig. 6) proximately similar for different positions of the subject.

in the same interval also give an indication of phase synchro- L_et us consider now whether the mt_eractlon of two sel_f-
nization. oscillating processes, namely, the main heart rhythm with

During the last 160 s the relative phasé’, [Fig. 4(a] frequencyf,, and the process of blood pressure and heart rate

; : . ~ regulation with frequency, , leads to their synchronization.
and the instantaneous frequency rétidf, [Fig. 4(b)] fluc Using Eq.(2) with ;= by and ¢,= ¢, we calculate the

1.0+ phase diﬁerence:ﬂf’m and investigate its temporal behavior.
_ ] We observe the regions where the relative plm%,’fﬁ] fluc-
§>5'0-5‘: tuates around a constant valilég. 7(a)]. However, on av-
] erage, the duration of these epochs is shorter and the fluctua-
0.0 T tions of the relative phase within them are greater than in the
0 200 400 600 . R
Time [s] cases considered above of synchronization between each of

these rhythms and respiration. On the one hand, it can be a
FIG. 6. Time evolution of the phase synchronization ingg% ~ manifestation of some specific features of interaction be-
for subject F under spontaneous respiration. tween two physiological processes under investigation. On
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the other hand, the ratio of the rhythms average frequencies 1 @

f, andf, is significantly greater than the ratio of the frequen- 5 .

ciesf, andf,, or f, andf,. Therefore, the relatively small £ 0~ AT

frequency fluctuation of one of the rhythms results in differ- S 7

ent number of cycles of the fast process within adjacent -1 ' ' ' ' '

cycles of the slow process. As the resuiﬂ exhibits phase 1.5

slips and the regions of phase synchronlzatlon of close or- o ®)

ders, for example, 1:10 and 1:11, are overlapped. > 0
In Fig. 7(a) the generalized phase dlf“feren‘p?11 normal-

ized by 2 is shown. Between 110 and 2604 ; fluctuates 0.5 0 200 400 | 600

around a constant value. The distribution of the cyclic rela- Time [s]

tive phase\lf111 has a pronounced maximum in this time

interval, indicating the presence of phase synchronization in FIG. 8. Generalized phase differengg’; (@) and the instanta-
the statistical sense. The instantaneous frequency friatiq neous frequency ratito) of the heart rate variation and respiration
[Fig. 7(b)] also fluctuates around a constant value withinfor subject D under fixed-frequency breathing at 0.1 Hz.
approximately the same time interval, so that, on average,

the frequency ratio is close to 11. Besides 1:11 synchronizaaween the main heart rhythm and both the respiration and
tion, we observe synchronization of other orders lastingvariation of R-R intervals is also observed. These two kinds
longer than 5 cycle of the slow rhythm oscillations, i.e., hav-of synchronization have the same orders.

ing a duration over 50 s. However, we observe synchroniza-

tion between the rhythmic processes with peridgsandT, C. Case of paced respiration with linearly increasing

Only for 5 SUbjeCtiB, D, E, F, G frequency

As far as we know, the interaction between various
rhythms operating within the CVS has not been studied yet
Cardiorespiratory synchronization under paced respirationinder paced respiration with linearly increasing frequency.
with a fixed frequency has been studied in R¢14,15,23.  The cardiorespiratory synchronization under paced respira-
For the case of breathing with the fixed frequency of 0.25 Hzion has been studied in detail in Rg15] for the respiratory
we obtain the results coinciding qualitatively with those ob-frequencies from 3 to 30 breaths per min. However, during
tained for the above case of spontaneous respiration. We oleach 3-min measurement the subjects were breathing with a
serve phase synchronization between the three main rhytliixed frequency, and the respiratory frequency was increased
mic processes operating within the CVS. In comparison withby 1 breath per min from measurement to measurement. In
the case of spontaneous respiration the case of fixedbur experiment the signals were recorded continuously dur-
frequency breathing at 0.25 Hz is characterized by longeing 30 min under respiratory frequency increasing linearly
epochs of phase locking and higher index of phase synchrdrom 0.05 Hz to 0.3 Hz. Such a regime of breathing allows
nization. Probably, it is explained by the fact that the vari-us to reduce substantially the total duration of the experiment
ability of fixed-frequency respiration is several times smallerdirected to investigation of synchronization regime depen-
than the variability of spontaneous respiration. dence on the respiratory frequency. Besides, the boundaries
The case of breathing with the fixed frequency of 0.1 Hzof synchronization regions can be defined more accurately
is more specific. The power spectrumRR intervals dem- during the continuous experiment because the step of fre-
onstrates the only one well-distinguished peak at the frequency variation and variability of the human CVS intrinsic
qguency of breathing for all the subjects. To distinguish sepaparameters are much less in this case than during the series
rately the contribution of RSA and MWSA to the heart rate of separate measurements under various breathing frequen-
variability is not possible in this case. The HRV amplitude cies.
under fixed-frequency breathing at 0.1 Hz is four to five For each subject we observe various orders of synchroni-
times greater than the amplitudes of RSA and MWSA atzation between the main heart rhythm and respiration. For
frequencies of respiration far from 0.1 Hz. Thus, the signainstance, subject F demonstrates cardiorespiratory synchroni-
of respiration, which can be regarded as an external forceation of orders In, m=5,6, .. .,12, lasting 5 cycle of res-
applied to the system generating oscillations with basic frepiration, or longer. Note that synchronization orders at low
quencyf,, leads to the resonant increasing of the HRV am-frequencies of breathing are higher than those at high fre-
plitude at this frequency, if the frequency of respiration isquencies. The results obtained in our study agree well with
close tof, . the results reported in RefL5]. They testify that the system
Under paced respiration with the fixed period of 10 s wegenerating the main heart rhythm can be treated as a genera-
observe 1:1 phase and frequency synchronization betwedor in a physical sense, and that the respiration can be re-
the variation of the heart rhythm and respiration during thegarded as an external forcing of this system.
entire recordFig. 8). The time series of both respiration and  Figure 9 illustrates the case of 1:6 synchronization. A
R-R intervals are filtered with a bandpass 0.05-0.15 Hz. Thdorizontal plateau in the range 1100-1300 9, (
phase synchronization index'; is close to unity within the  ~0.20-0.23 Hz) in the plot of the relative phaqs%6 indi-
entire interval of observation. Phase synchronization beeates the presence of phase synchronization. The phase syn-

B. Case of paced respiration with a fixed frequency
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FIG. 9. Generalized phase differenq:%r6 of the signals of ECG
and respiration for subject D under paced respiration with linearly
increasing frequency, .

chronization index;x’f6 takes high values within this region
and low values outside it.

Let us consider in detail the synchronization between the
process whose basic frequency~9.1 Hz and respiration.
As in the previous case, the signal of respiration can be re-
garded as an external forcing applied now to the system gen-
erating self-sustained oscillations with frequerigy For the
respi_ratory frequencies fa_r from (_).1_Hz, the power spectra_\ of FIG. 11. Generalized phase differengt, (a), phase synchro-
R-R |n.tervals computed in 3'","” intervals of the 30-min ;4 indexy3y'; (b), and the instantaneous frequency ratipof
recording demonstrate two main peaks at the frequeCy the process of low-frequency regulation of heart rate and the pro-
and the average frequency of respiration within the 3-mincess of respiration for subject B under linearly increasing frequency
interval. For the respiratory frequencies close to 0.1 Hz, the respirationf, . (d) Synchrogram, demonstrating one-band struc-
power spectra oR-R intervals demonstrate one main peak atture (1:1 synchronizationand two-band structur@:1 synchroniza-
the average frequency of respiration. Thus, if the frequencyion).
of the external forcing, i.e., the frequency of respiration, is
close to the basic frequency of the system responsible for th€hese regions indicate the presence of frequency synchroni-
slow regulation of blood pressure and heart rate, then theation of order 2:1 in the interva&0.16—0.21 Hz and of
frequency locking takes place. order 5:2 in the intervai0.22-0.24 Hz.

Figure 10 shows a typical dependence of the frequency of The relative phase difference}’; [Fig. 11(a)] exhibits
the slow heart rate oscillations on the frequency of respiraplateau within the interval 200—650(8.08—0.14 Hy indi-
tion. In this plotf, is the frequency at which the main peak cating the presence of 1:1 phase synchronization. The phase
is observed in the power spectrum of the respiratory signadynchronization indexy3", [Fig. 11(b)] is close to unity
and f, is the frequency at which the appropriate peak iswithin the same interval and takes low values outside this
observed in the power spectrumRfR intervals. The power interval. Figure 1ic) demonstrates the regions of frequency
spectra of both respiration afiR intervals are computed in - synchronization within which the instantaneous frequency
a 3-min running window. The presence of 1:1 frequencyratio f,/f, remains approximately constant. The interval of
|OCking is Clearly seen within the interval 0.07-0.14 Hz. Onel:l phase |Ocking is the |0ngest one. The Synchrog:ﬂéigl
can also see the regions where the experimental points ang(d)] also gives indication of 1:1 and 2:1 synchronization
located along dashed lines with a fixed-frequency ratioynder respiratory frequencies 0.08—0.13 Hz and 0.21-0.22

Hz, respectively. In these regions the synchrogram has a one-

0.20 band and two-band structure, respectively.
] Synchronization between the main heart rhythm and the
—, 0157 rhythm with frequencyf, is also observed under linearly
i 0_10_f increasing frequency of respiration. As well as in the cases of
g 1 spontaneous breathing and fixed-frequency breathing, this
0.054 kind of synchronization is less pronounced than the two oth-
0.00 ] ers. We have not revealed any peculiarities of this kind of
"0.00 synchronization in comparison with experiments under an-
other regimes of respiration.
FIG. 10. Dependence of the frequenigyof the low-frequency IV. DISCUSSION

heart rate oscillations on the respiratory frequehcfor subject D.
Dashed lines are the lines along which the frequency ratio indicated It is well known that interaction between nonlinear oscil-
by figures is constant. latory systems and biological oscillators in particular can
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Moreover, synchronization between the three main

& @ rhythms in the human cardiovascular system can be detected
= O~~~ based on the analysis of univariate data, since the signal of
S respiration can be obtained from the HRV data as well as the
Al signal of the low-frequency heart rate fluctuations. We fil-
1 tered the sequence BFR intervals with the bandpass 0.15—
g b 0.4 Hz and calculated the phagg of this filtered signal.
N .

_e\: 04— Then we compare the phagg with the phasep, computed
I directly from the respiratory signal filtered with the same
o R L S L R R bandpass. The phase diﬁerem§’1=¢,—¢b presented in

0 200 400 600 Fig. 12b) for the case of breathing at 0.25 Hz indicates the

Time [s] existence of 1:1 phase synchronization during the entire 10-

FIG. 12. (a) Generalized phase differengd, of the signal with ~ Min record. Thus, a respiratory signal constructed from the
basic frequency close to 0.1 Hz obtained from the time series ofi€art rate variability data exhibits similar synchronization as
blood pressure and the signal with the same frequency constructd@r the recorded respiratory signal. These results agree well

from the sequence dR-R intervals.(b) Generalized phase differ- With those presented in Ref$14,22 where it has been
ence ¢}’ of the measured respiratory signal and the signal ofshown that the presence or absence of phase synchronization

breathing constructed from the sequenceReR intervals. between different interacting processes can be detected using
univariate data.
result in their synchronizatiofl,32,33. Investigations of The experiments with linearly increasing frequency of

signals of ECG, respiration, HRV, blood pressure, and bloodespiration clearly indicate that the system generating the
flows testify the interaction between different rhythmic pro-rhythm associated with the low-frequency fluctuations of the
cesses governing the cardiovascular dynamics in humarteart rate can be regarded as a self-sustained oscillator under
[28]. Our investigation shows that the interaction betweerexternal forcing, affected by noise. The commonness of phe-
the main rhythms operating within the CVS leads to theirnomena observed in periodically driven self-sustained oscil-
synchronization. The presence of epochs where the instantkators of physiological and physical nature is demonstrated in
neous frequency ratio of nonstationary signals remains stablRef.[12]. It has been shown there that qualitatively the same
while the frequencies themselves vary, and the existence déatures of phase and frequency synchronization are ob-
several differenti:m epochs within one record count in fa- served in the case of external forcing of the main heart
vor of the conclusion that the phenomena observed in ourhythm by respiration and in the case of periodic driving of
study are associated with the process of adjustment ofan der Pol oscillator in the presence of noise,
rhythms of interacting systems.

To investigate synchronization between the three main X— u(1—x2)x+ wix=g sin(vt) +§¢, (6)
rhythmic processes in the CVS, we have used in Sec. Il only
two experimentally measured signals, ECG and respirationwhere . is the parameter of nonlinearity, is the natural
The signal with frequency of about 0.1 Hz associated withfrequency,e andv are, respectively, the amplitude and fre-
the blood pressure oscillations and low-frequency oscillaquency of the external force, anglis the Gaussian white
tions in the heart rate was obtained in the way described imoise. To demonstrate the 1:3 locking typical for the cardio-
Sec. Il using filtration of the sequence RfR intervals with  respiratory system, the frequency ratitw, has been chosen
the bandpass 0.05-0.15 Hz. To demonstrate the validity dfetween 1/4 and 1/3 in Rdf12]. As a result, the synchroni-
this method of the signal with frequendy construction we  zation at subharmonic has been observed.
performed a series of additional experiments with two sub- In the case of an external forcing of the oscillatory pro-
jects in the sitting position under different regimes of breath-cess with fundamental frequenéy~0.1 Hz by respiration,
ing. During these experiments we simultaneously recordedve can observe synchronization at the fundamental fre-
three signals, namely, the ECG, respiration, and blood presjuency and higher harmonics. In systéf) this situation
sure on the middle finger of the right hand with the samplingcorresponds to the casesw,~1 andv/wy>1. The phase
frequency 250 Hz. After the blood pressure signal filtrationand frequency synchronization described in the preceding
with the bandpass 0.05-0.15 Hz we calculate the pkigse section is qualitatively similar to the one observed in system
of this signal using the Hilbert transform. A typical phase (6) under linearly increasing frequency of the external force.
difference ¢t%=¢,— ¢, for the case of fixed-frequency The phase difference; ;= ¢,qp—vt, Where ¢ q4p is the
breathing at 0.25 Hz is shown in Fig. (B2 The relative phase of the oscillator, is presented in Fig(dl3System(6)
phase!’] fluctuates around a constant value during the enparameters arg=1, fo=wo/2m=0.1 Hz, fq=v /27 varies
tire record indicating the presence of 1:1 phase synchronizdrom 0.05 Hz to 0.3 Hzg =0.45, and¢ has a zero mean and
tion between the signals with basic frequency close to 0.1 Hatandard deviation of 3% of the standard deviation of the
obtained in different ways. Consequently, the results predata without noise. Under driving frequencies of 0.08—0.15
sented above for the rhythm with frequenty separated Hz the 1:1 locking takes place with a horizontal plateau in
from the sequence oR-R intervals qualitatively coincide the plot of ¢, ; [Fig. 13@)] and a clear one-band structure in
with the results obtained using the time series of blood presthe synchrograniFig. 13b)]. This band in Fig. 1®) is not
sure. horizontal but has a slope. This result agrees well with the
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£4[Hz] V. CONCLUSION
005 010 015 020 025 030

Analyzing the signals gained with the use of noninvasive
methods we have shown that the three main rhythmic pro-
cesses in the human cardiovascular system can be synchro-
nized with each other. It has been found that synchronization
between the main heart rhythm and the rhythm whose fun-
damental frequency is close to 0.1 Hz is less pronounced
than synchronization between each of these rhythms and res-
piration. We observed synchronization between the respira-
tion and the two other rhythms for each subject under vari-
ous regimes of breathing. We have shown that phases of

FIG. 13. (a) Generalized phase differenge , of the van der Pol - jyy1hms can be locked with different ratiasm, and that the
oscillator and the external force with linearly increasing frequencypresence of several different orders of synchronization is

f4. (b) Synchrogram demonstrating synchronization of orders 1: . . . L .
(one bantl, 2:1 (two bands, and 3:1(three bands ]’[yp|cal for subjects studied. Under paced respiration with a

fixed frequency or linearly increasing frequency, the syn-

results of theoretical investigation of the oscillation phaseChronlzatlon between the main processes governing the CVS

dependence on the frequency detuning in the case of sel?iyn"’lmiCS was strpnger than synchronization in the case O.f
sustained oscillator synchronization at the fundamental freSPONntaneous respiration. We have not revealed a relationship

quency by external harmonic for§84]. Under driving fre- between the degree of synchronization and the intensities of

quencies of 0.25-0.3 Hz the 3:1 synchronization is observeffSPiratory sinus arrhythmia and Mayer wave sinus arrhyth-
with a three-band structure in Fig. (8. For the driving mia. The inter-relation between these phenomena needs fur-

frequencies close to 0.2 Hz the synchrogram shows a sholfier investigation.

epoch with two distinct bands indicating that, on average, In further research, we plan to detect synchronization be-

one cycle of oscillator occurs within two cycles of the exter-tween the main rhythmic processes operating within the hu-

nal force. The qualitative similarity of Fig. 13 and Figs(d1 man cardiovascular system from univariate data in the form

and (d) confirms the commonness of the obtained resultsof R-R intervals. It seems promising to compare the features

The 3:1 synchronization absent in Fig.(dLlcan be probably of synchronization between the main rhythms in the cardio-

achieved at higher values of the respiratory frequency. vascular system of healthy and sick humans and to investi-
To describe mathematically the process of blood pressurgate a possibility of using the obtained results for diagnostics

and heart rate regulation with the frequency close to 0.1 Hzgf a human state.

on physiological grounds the models in the form of delay-

differential equations have been propo$88d,36. Applying

a harmonic external forcing or forcing with linearly increas-

ing frequency to these models, we observe that they demon- ACKNOWLEDGMENTS
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