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Model for cardiorespiratory synchronization in humans
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Recent experimental studies suggest that there is evidence for a synchronization between human heartbeat
and respiration. We develop a physiologically plausible model for this cardiorespiratory synchronization, and
numerically show that the model can exhibit stable synchronization against given perturbations. In our model,
in addition to the well-known influence of respiration on heartbeat, the influence of hedehddtence blood
pressurgon respiration is also important for cardiorespiratory synchronization.
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[. INTRODUCTION conditions under which cardiorespiratory synchronization is
observed, and hence designing further experimental as well
Synchronization is a general phenomenon that plays afs theoretical studies of this phenomenon.

important role in biological and physiological systefis?]. _ Structural car_diovascular and/or cardiorespiratory m_odel-
For a dual oscillator system, synchronization is defifi@d ing has a long history. One of the most famous models is the
by one proposed by DeBoet al. [8]. This is a simple beat-to-
beat model describing relationships among blood pressures,
Ny —Me,| <e, (1) respiration, peripheral resistance, and cardiac interbeat inter-

vals. This model has further been elaborated recently by
. . . Seidel and Herzdl9] (SH) to take into account detailed fac-
where n qnd m are mtegers that describe the rat|9 of thetors such as the sinus node responsiveness, autonomic neu-
synchronlzed OSC'”a.t'.O”S‘z’l»Z are phases of the oscillators, rotransmitter kinetics, and time-depend@nindkessel vas-
ande is a small positive constant. o cular dynamics. SH also incorporated into their model
Recent studies have focused on the synchronization beshysiologically plausible nonlinear interactions that were
tween two vital oscillators in humans, heartbeaF and respiragy nd to generate even chaotic dynamics. However, the mod-
tion. Schéer and co-worker$4—6] recorded resting human gs of both DeBoeet al.and SH only considered respiratory
heartbeatsR waves of an electrocardiograrand respiration  influences on heartbeat, not the opposite effect where the
for 30 min, and plotted instantaneous respiratory phases #feartbeat affects respiration. In other words, there is no mu-
each occurrence of heartbeat against the beat number. Thayal interaction between these two oscillators in their models,
found horizontally striped plots for some subjects, indicatingwhich sometimes exists in models showing synchronization
that relation(1) is satisfied for sufficiently long periods of phenomend1,10,11. Thus, in the present study, we add to
time. They also showed that the degree of synchronization ithe SH model an effect of heartbeat and the resultant changes
inversely proportional to the magnitude of the respiratoryin the baroreceptor afferent activity, which is known to be
modulation of cardiac cycle length4], known as respiratory present in physiology experiment$2,13, and found that
sinus arrhythmiaRSA), and concluded that there are two this modification results in the cardiorespiratory synchroni-
competing factors in cardiorespiratory interactions. Furtherzation. ) ] _
more, Seidel and Herz§T] reported similar synchronization This paper is organized as follows. In Sec. II, we describe
behavior for 213 cardiac cycles in their experiment. Theythe cardiovascular model emphasizing the key difference

compared the beat number per single breath of original datiom the SH model, namely, the additional effect of heartbeat

with that of stochastic surrogate data, and found the prob®” respiration. Section 1l contains results of numerical simu-

ability that the observed synchronization was due to a chanc@lons and consideration of the parameter region where the
4 cardiorespiratory synchronization in this model is observed
event was extremely low~3X10"%).

A | understandi fth hani f h .and the stability of the synchronization. We also study effects
general understanding ot the mechanisms of Synchronigg ;56 on synchronization. In Sec. IV, we provide a mecha-

zation behavior is lacking. Further experimental investiga-,ic, accounting in part for the results in our model. Finally,

tions in humans might shed light, but human physiologicaliy sec. v/ we summarize our results and discuss some impli-

experiments are associated with problems such as the limitgStions of our model for future research on “complex” car-
length of data and intrinsic nonstationarity. Instead, we degjgvascular dynamics in humans.

velop a physiologically plausible structural model, that can
simulate cardiorespiratory synchronization. Such a model, if Il. METHODS
successfully developed, would be useful in investigating .
A. Model description
Figure 1 schematically describes the model used in the
*Electronic address: yamamoto@p.u-tokyo.ac.jp present study. The original SH model consistsipfneural
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afferents from baroreceptors to the central nervous systenfiring. The phase velocity is a function of both sympathetic
(i) autonomic(vagal and sympathetimeural efferents from  (f,) and parasympathetid () influences on the sinus node,
the brain stem cardiovascular centers, aiid mechanical
signal transductions within the cardiovascular system finally d¢p 1
setting the arterial blood pressures. at mfsfp! ®)

In this model, the baroreceptor activity, is first set by
blood pressure (mmHg; 0.133 kPpand it's first derivative  \yhereT(=1.1 s, and the sympathetic influente(facili-
as tatory) is a function of cardiac concentrationge) of sym-
dp pathetic neurotransmitter “norepinephrinéle),
rp=ky(p—p)+kagp 2

(Cone)"oNe

where k;=0.02 mmHg?!, k,=0.00125 s mmHg*, and (Cone)"eNet (Cone) "o’
p(®=50.0 mmHg. Thisy, subsequently determines the ef- (6
ferent sympathetic ;) and vagal or parasympathetie )

— N -
fs_ 1+ k?ﬁ {CcNe'l' (CcNe_ CcNe)

Ne__ - _ —
activities, after being modulated by respiratory influefte  Werekg"*=1.6, Cene=2.0, andneye=2.0. As the release
as of Ne by the neural inputg is known to have a slow kinet-
ics, the c.ne Kinetics is described, after incorporating the
ve= ma{oyygo)_kg,,ﬁ Ki(1-R)], (3)  neural conduction delayfye=1.65 s), by the first-order
model,
wherev{(¥=0.8, k?=0.7, andk.=0.035 and
dCcNe:_ CCNe-I—kS v (t—e e) (7)
vp=max 0,07+ kgry kp(1-R)], (4) At g Cene's UeNed

wherer{®=0.0, k3=0.3, andk,=0.035. In the original SH Whererene=2.0 s andc; | =1.2.
model, the respiratory influence on the autonomic neural ef- The parasympathetic influenég (inhibitory) assumes no
ferents was a rectified sinusoidal wave with fixed frequencytransmitter kinetics, because the kinetics of neurotransmitter
(0.2 H2 and phas&0.0 rad. However, our model incorpo- *“acetylcholine” is sufficiently fast, and thd, is a direct
rates the dependency Bfupon v, and hence on a momen- function of the neural input,. However, based on experi-
tary blood pressure levésee below. mental findings that the vagal stimulation had greater brady-
Next, the heartbeat is generated by an integrate-and-fireardic effects especially in the latter half of cardiac cycles
model when the pacemaker phas (of the sinus node hits [14], the phase effectiveness cur#d ¢) is incorporated.
the threshold of 1.0% is reset to zero immediately after the Thus,
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(=0.1 Hz), sustained heart rate oscillatioidayer wave
sinus arrhythmiaMWSA)] frequently observed in human
experiment$15,16. Thus, we adopt this value #sy in the
present study.

As shown above, it is apparent that the original SH model
only considers unidirectional, respiratory influences on heart-
beat, not the opposite effect where the heartbeat affects res-
piration. We hypothesize that a mutual interaction between
respiration and heartbeat might be essential for the cardiores-
piratory synchronization because such an effect sometimes
exists in models showing synchronization phenomena
[1,10,17. Indeed, previous experimental results showed that,

The systolic part of blood pressure is determined by diasWhile baroreceptor stimuli did not affect the tidal ventilatory

tolic pressure of the previous be#t ; (mmHg) and cardiac
contractility of the current bed; ,

t—ti)

Tsys ,

t—t;

exp 1—
Tsys
where t; is the time of last contraction onset and,
=0.125 s. TheS is a function of the duration of previous

p=di_1+S (10

heart periodT; (s) through the Frank-Starling mechanism
(i.e., the greater cardiac filling results in the greater contrac

tility ), as well as the cardiac concentration of Neg. (7)].
This is described by

S/ =S+ k&cenet KsTio1, (12)
where  S(©=25 mmHg, ki=40 mmHg, and K§
=10 mmHgs? and
'ng
' <A L
S=§+(S S‘)slfns+‘sns’ (12)

whereS=70 mmHg anchg=2.5.

The diastolic part of blood pressure is described by the

volume, they did lengthen the period of expiration in anes-
thetized dog$12,13.

To incorporate this factor, we first introduce an instanta-
neous phase of respiration where 0.6<r<0.5 and 0.5r
=<1.0, respectively, correspond to expiratory and inspiratory
periods. With thisr, the respiratory influence’ in Eqgs.(3)
and(4) are described by

R=cog27r). (16

Without the influence of baroreceptor afferents, theas a
constant phase velocity of

dr_ 1
ai

; a7
Tresp
whereT, ¢, is a constant respiratory period.

Then we add the effect of the baroreceptor afferents on
the respiratory phase: ifv,>wy;q during expiration
[sin(2#r)>0.0], thenr is modulated as

dr 1 o )
- = - Vb~ Virig) s
dt Tresp b trig

(18

relaxation of the Windkessel arteries with a time-varying re-where Tresp IS @ constant respiratory period ar@ and

laxation “constant”r, (s),

dp_ p
dt 7,1’

(13

and ther, is a function of vascular concentration of Ne
(Cyne) as

NyNe

(14

() iy (e o) _vNe
Ty =Ty Ty CuNe (CuNe CvNe)ez‘,’\lNee-f—CnvNe,

where {0=22 s, 7,=1.2 s, ¢,ne=10.0, andn, .= 1.5.
Like Eq. (7), the c,ne has first-order kinetics with the con-
duction delayd, e (9),

dCUNe _ CvNe
dt

+ kivNeVS(t - 0vNe)v (15)

TuNe

where 7,ye=2.0 s andk? e 1.2. According to Seidel and

vyig = 1.3 are constant values. Note that the highgeresults

in the slower phase velocity during expiration, and thus
lengthens the period of expiration as observed in the experi-
mental studie$12,13.

B. Data analysis

A set of delay-differential equations above was numeri-
cally integrated by a Runge-Kutta method of fourth order
with a constant step siZ& m9. To handle the time delays in
Egs.(7), (8), and(15), we used ring buffers for sympathetic
and vagal activities, which store their immediate history. In
all simulations, we skipped first 180 s to exclude transients,
and recorded the following 5000 s.

Before evaluating the cardiorespiratory synchronization in
our model, we tuned two parameteks,in Eq. (3) andkj, in
Eqg. (4), so that the magnitudes of both RSA and MWSA
were comparable with those typically observed in human
experiments. To achieve this, we ran simulations Witk
=4.5 s andG=0.0 in Eq.(18), calculated the spectral pow-

Herzel [9], an increase in the vascular sympathetic delayers for both RSA and MWSA, and compared the results with
O,ne t0 4.2 s leads via a Hopf bifurcation to low-frequency those obtained in an experimdif7] with the samdin terms
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of Tresp) condition. The parameter values kif=k;=0.035, tribution of such a histogram by dividing the minimal phase
and the initial values ofp=110.0 mmHg, ccne=C,ne  distribution by the total number of beats. TRg, ,, also has
=0.15, dg=90.0 mmHg, $,=40.0 mmHg, and T, the minimal value of 0.0, and increases as the locking be-
=1.10 s were determined so that the simulated RSA angomes weaKe.g., see Figs.(B—d)].
MWSA as well as the mean heartbeat interval were all within
one standard deviation of the experimental values.
Synchronization is classified into three typds19); (i)
frequency and phase lockingd,) a phase locking without a A. Synchronization without noise
frequency locking, andiii) a frequency locking without @ 14 j,qge whether we could obtain the stable synchroniza-
pha}se locking among _multlple oscﬂlatprs.. In this Paper, W&;sn pehavior in our model, we set the criteriatdf, ,<5.0
defined the' ca.rdloresplratory synchromzagon only in the first,, 10-4 andP,, ,<0.002. This we did by visual inspection of
sense continuing for the entire period of simulati&A00 3, multiple phase “stroboscopes” so that we could discriminate

and introduced the following two criteria to judge whether pattern associated with both frequency and phase lockings
the synchronization was observed in our model. from others

First, we define an index of frequency locking as Figure 2 shows examples for simulations without inject-

IIl. RESULTS

L 1 ing noise into the baroreceptor activitgee following section
Hmn= — (&~ P,_,—27m)|, (19) for the results with nois)eWhen ('G,Tresp).=(0.2,4.52), the
iZn+1 2mm(L—n) phase stroboscog€&ig. 2(b), left], i.e., an instantaneous res-

piratory phase at each heartbeat, showed a perfect 1:5 syn-

whereL is the total number of beatd; is an instantaneous chronization also resulting in five sharp peaks in the histo-
respiratory phase when thi¢h heartbeat occursn=1,2,3, gram[Fig. 2b), right]. The indexH s was sufficiently small
andn=1,2,3 ... .ThisH,, indicates how much the respi- and we could confirm the acceptable frequency locking.
ratory phase slips during the entire course of simulation a#lso, as the histogram contained many bins without distribu-
compared to a completen:n frequency locking. Hence, tions, the indexP; s was zero, satisfying the phase-locking
Hmn=0.0 if there is a completm:n frequency locking, and ~ criterion.
Hn, n increases as the locking becomes wgalky., see Figs. When the respiratory period was slightly decreased to
2(b—0d]. Tresp=4.48 while keepingG to the same value of 0.fFig.

Under the frequency locked condition, the data array?(c)], the respiration and heartbeat were still phase locked
®;mod 27 (i=1,2,3...,L) was divided into 4 parts be- and satisfy the criteriof?; s=1.5X 10 3<0.002. However,
cause the phase slips everyr/h. Then, an index of phase due to the occasional jumps in the instantaneous phase, the
locking Py, , was calculated as the minimal probability dis- frequency locking criterion was not satisfied any more. On
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the other hand, in case ofG(T,.s;)=(0.028,4.90)[Fig.  rats, Stefanovskat al. [20] recently reported the evolving
2(d)], the value ofH, 4, satisfied the frequency locking crite- 1:n phase lockings where increased as the respiratory pe-
rion: indeed, for each respiratory cycle, there were alwaysiods increased after the injection of anesthetic drug.

four heartbeats. However, due to the continuous phase slip, Thus, it can be said that our model generally captures
the P, 4,=0.02>0.002 could not indicate the phase locking characteristics of the cardiorespiratory synchronization in
between two oscillations.

¢ OSCl ~ physiological settings; the robustness oflcompared to
With the criteria above, we then searched for the regiony,:n (m=2,3, . . . )ratios and the fragility of a 1:4 synchro-
for the stable synchronization from a parameter space Withization in humans against 1:3 and/or 1:5 synchronizations.
Tresp ranging from 2.0 to 6.07$38tep; 0.02 sandGranging g our knowledge, there is no other model that can explain
from 0.0 to 0.2(step; 4.0<10°7). The range OfT(esp WaS  hq actyal experimental results like this.
chosen as typical respiratory periods in humans and th@t of
was set so that the respiratory phase was not reversed. B. Svnchronization with noise

The resultgFig. 3) contain two main characteristics of the e
cardiorespiratory synchronization in our model. First, stable

It is well known that human cardiovascular variables ex-
synchronization was not observed whes- 0.0, and the syn-

hibit noisy dynamics[22]. In this section, as opposed to
chronized region became wider &increased. The value simulations for the deterministic case above, we study how

G=0.0 means that there is no influence of blood pressure odded noise affects the synchronization in our model. This

respiration, as in the original SH modg]. This result im-  strategy would also be useful in evaluating the stability of

plies that the baroreceptor influence on respiration, togethegynchronization against given perturbations.

with the respiratory influences on heartbeat, are important for To accomplish this, we added the Gaussian white ngise
this phenomenon to be observed. to the baroreceptor activity, of which standard deviation

Second, the width of the synchronized region depends owas set to 0.2Figs. 1 and 48)]. This magnitude of the noise

the ratio of synchronization. Generally, thenl@i.e., m=1)  was about 1/7 of the average amplitudergf, and roughly
synchronization had the wide region, and the region becameorresponds to the observed arterial blood pressure variabil-
narrower asn increased. Also, the region for 1:4 synchroni- ity in humans[23] as compared to the pulse pressure.
zation was much narrower than that for 1:3, and so for 1:6 Figure 4 shows examples for such simulations. When
synchronization as compared to 1:5. (G, Tresp =(0.2,4.44), the phase stroboscopéy. 4(b), left]

In humans under free-running conditions, Senaet al.  shows an acceptable 1:5 synchronization also resulting in
[4] observed many episodes of 1:3 synchronization, one dfive sharp peaks in the histogrdrig. 4(b), right]. The in-
which lasted as long as 1000 s, 2:5 and 2:7 synchronizatiordicesH, 5 and P, 5, respectively, also satisfied the criteria

for more than a minute, and short episodes of 1:4, 3:8, antbr frequency and phase lockings. WhenG,T esp)
4:11 synchronizations. Recently, Lotand StefanovskgL9] =(0.2,4.40), however, there were many episodes of jumps
also observed a 1:5 frequency locking for 200 s and a 1:and slips in the instantaneous respiratory phdsg. 4(c),
synchronization for 70 s, although the ratio of 1:7 needdeft] and bothH; s andP, s were not acceptable. Indeed, this
slower respiration and was out of range in our simulations. phase stroboscope is much like that frequently observed in

In addition, Seidel and Herzdl7] observed a 1:4 fre- human experiment4].
guency locking for 213 beats in humans under the paced In Fig. 4(d), we also plot an index for synchronization
breathing with the respiratory period set to 4 s, although the,, ,(t) recently proposed by Tasa al. [3] for noisy data.

setting is somewhat different from ours in the sense thatiHere\, , is a measure of the conditional probability that the
with the paced breathing, momentary blood pressure fluctugshase of one oscillator has a certain value with a small bin

tions cannot modify the respiration. Further, in anesthetizedvhen the phase of another oscillator belongs to the same bin,

051923-5



KOTANI, TAKAMASU, ASHKENAZY, STANLEY, AND YAMAMOTO

b

PHYSICAL REVIEW E 65051923
(@)

N w

o

Baroreceptor Activity "v

FIG. 4. Representative results of simulations

Time ) X with noise(the _standard deviation set to Dand
o H, 5=1.4x107, P, ;=0.0 the corresponding values fét andP. (a) Barore-

(b) ‘;m" N - L ceptor activity v,,. (b) The phase stroboscope
; — (left) and the histogram of the instantaneous res-
£ 0.5 jmen pmmany v 105 piratory phases (right) with (G,Tesp
o | — |
3 o 0
© "0 1000 2000 3000 4000 5000 6000 O

=(0.2,4.44). Hered and P are small enough to
01 o2 be judged for the stable synchronization, al-
Beat number

—_

_ _ though the horizontal stripes are more noisy than
H, .=1.5x107°, P, .=2.5x107°
(© ' p o - = P e those without noiséFig. 2). (c) The phase stro-
pj o 1 purl gl yenetl
f stomans w/ /ool sl mineet

boscope and the histogram withG(T esp)
p {05

Respiratory phase
o
»

=(0.2,4.40). Because of the noise, the synchro-
nization is observed partially, and bokhand P
0 ve’a 0
0 1000 2000 3000 4000 5000 6000 0 01 0.2
Beat number

do not satisfy our criteria for the stable synchro-

-y

nization.(d) An index for synchronizatioi ; g(t)
[3] for the data in(c). We can see that detects
(d) V*"Y w* v 'v ""v this partially synchronized pattern.
095 1
0.9
0

1000 2000 3000 4000 5000 6000
Beat number

and for completely phase-locked or completely phaseeriginal experimental demonstration by Stdraet al. [4].

unlocked data, one respectively obtaikg,=1.0 or A\,  This again confirmed the validity of our model for cardiores-
=0.0 [3,20,21. In our noisy simulation[Fig. 4(c)], the piratory synchronization in humans.
A1 5(t) remained close to 1.0 for most of the time with oc-
casional drops when big phase jumps were obseffégl

IV. MECHANISM OF SYNCHRONIZATION
4(d)]. Thus, our criteria for synchronization using baih, ,

In the preceding section, we showed the importance of
andP,, , are fairly strict in that only stable synchronization baroreceptor influence on respiration,&ron the cardiores-
behavior can be probed. piratory synchronization in our model. Starting from this evi-

As in the preceding section, we examined the region fodence, we discuss some possible mechanisms for the syn-
synchronization with noise in the same parameter sfleige ~ chronization in the present section.
5). Consequently, we found that most of ratios with the
smaller region in Fig. 3 disappeared and only Bynchro-

A. Effects of RSA
nizations and a few 2:5 and 2:7 ratios remained intact. The The original experimental demonstration of cardiorespira-

remaining ratios were those reported to exist stably in thaory synchronization in humarigl] revealed that such syn-
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: : 1: 1:
0.2r

oo
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® 1:n
© 2:n

== FIG. 5. Synchronized region with noise by

oo

changing parametefS (strength of the baroreflex
influence on the respiratory phasand Ties,
(natural respiratory period The stable synchro-
nization was judged for each combination @f
and T,¢s, With stepwise increases of 4003
and 0.02 s, respectively. Simulation was per-
formed five times and the mean and P were
. used. Compared with the results without noise
(Fig. 3), the region for synchronization is gener-
ally narrower and only the ratios of synchroniza-
0 . )

tion described by Sclier et al. [4] for humans
. ) . \ ) remained intact.
2 2.5 3 3.5
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chronization behavior was more readily observed when thesting to examine how the baroreflex sensitivity could
magnitude of respiratory modulation of cardiac cycle lengthaffect the synchronization behavior because this slow wave
i.e., RSA, was smaller. Recently, Lotamd StefanovskEl 9] in blood pressuréMayer wave could affect both respiration
also reported that the degree of synchronization measured hthrough Eq.(18)] and heartbedtthrough Eqgs(3), (5), (6),
conditional probability\ ., , [3] was inversely proportional to and(7)] in different ways, and hence the greater magnitude
the standard deviation of heartbeat interval time seriegnight lead to the stronger unlocking between these two os-

which is known to have moderate correlation with the mag-cillators. _ . .
nitude of RSA. Here we study the effect of the magnitude of , Figure 7 shows the results of such simulations. Increasing
RSA on the synchronized region in our model. ks resulted in the smaller magnitude of MW$Rigs. a—

Figure 6 shows the effects of changikfy in Eq. (4) on c)] possibly due to the reduced instability inherent to the
i region fo Synchronzaion by Seti to a consiant  9el2ye feedback syste for bload pressure contol, Conse-
Z?lmuzaiagiii4ngill;fgﬁa§f hkglarr'tesrglttes '?;hihgge;[:;tgﬁrgs ame wider as compared to that with the default value of

) ' e ) 2=0.7. On the other hand, the smallet, associated with
[Figs. Ga—0]. In other wordsk, changes the respiratory yqo greater MWSA magnitude, resulted in the narrower re-
influence on heartbeat as opposedxaepresenting the in- gion for synchronization.
fluence of heartbeat and hence blood pressure on resplratlon. Thus, it can be said that the sympathetic baroreflex sensi-
It was found thak;, does not seem to affect the synchronizedtjvity does affect the degree of cardiorespiratory synchroni-
region much, suggesting that the respiratory influence oiation in our model. This partly explains why Lotrand
heartbeator RSA) plays a minor role in masking the cardio- Stefanovskd19] observed smallek, , when the standard
respiratory synchronization in our model. deviation of heart rate time series were greater, because the

Thus, in our model, the forced entrainment of respirationdecreased® and hence the increased MWSA magnitude in-
to heartbeatand blood pressuyseems to be more important crease the standard deviation while the region for synchroni-
than RSA, i.e., the respiratory influence on heartbeat. Arzation would be narrower. This hypothesis could easily be
apparent contrast with the results of Siehaet al. [4] and  tested by examining the cardiorespiratory synchronization in

those of Lotricand StefanovskEL9] should be explained by humans and finding the difficulty in observing the synchro-
nization behavior when the subjects are in the standing po-

factors other than RSA as outlined below.
sition; the MWSA is generally greater while they are stand-

B. Effects of baroreflex sensitivity ing compared to the sitting or supine position.
In our model, as well as in the actual physiological sys- C. Dominance of odd ratios for synchronization
tem, the heartbeats are also influenced by another low- it the forced entrainment of respiration by heartbeat in
frequency oscillation, i.e., MWSA. Similar to a proposed “tracking” the ongoing, low-frequency fluctuations of heart
mechanism for generation of this slow wave both in hearfate (MWSA) and blood pressure is an important mechanism
rate and blood pressuf24], our model generates MWSA by of cardiorespiratory synchronization in our model, this may
the delayed ¢,ne=4.2 s) feedback control of blood pres- in part explain the fragility of a 1:4 synchronization both in
sure (Fig. 1) through the baroreflex control of the sympa- humans and in our model against 1:3 or 1:5 synchroniza-

thetic efferent activityvs [Eq. (3)]. Thus, it would be inter- tions.
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The amount of change in respiratory periods that could be How can we validate our model against the actual physi-
induced by Eq.(18) is roughly a function of a number of ological system? This is a tough question because the experi-
systolic parts of blood pressure wave with> vy Within mental data for this phenomenon in humans are not usually
the expiratory period. When the ratio of synchronization isaccurate enough to test the validity of our model. In further
1:5, for example, such numbers can range from 2 to 3, lead-esearch, we might need to investigate on how each param-
ing to the great flexibility to “adjust” respiratory periods to eter would affect general pictures of the synchronization and
ongoing changes in heartbeat. When 1:4, on the other handther “complex” dynamics, and evaluate tfidis)similarity
this number is always 2, suggesting the loss of the flexibilitywith the actual qualitative as well as quantitative dynamics in
to adjust respiratory periods. This may qualitatively explainthis cardiovascular and/or cardiorespiratory system.
For example, though we focused only on the stable syn-

sitions among different locking ratios; in this sense, we only

than that for 1:3, and so was that for 1:6 synchronization ashronization behavior observed for the entire period of simu-
to develop a more quantitative formalism to account for thisumps as shown in the noisy case in Figc)dand even tran-
investigated in the present study the conditions under which

why the region for 1:4 synchronization was much narrower
compared to 1:%Figs. 3 and & In future research, we need lations, the actual human ddté] exhibit intermittent phase

aspect of cardiorespiratory synchronization in humans.
cardiorespiratory synchronization was observed during “qui-
phases. This intermittency and/or these transitions

escent”
oth heartbeat and respiration. Thus, whether our model or

ight introduce nonstationarity to the time series data for
e variants could also simulate such intrinsic nonstationarity

V. DISCUSSION
In this paper, we investigated cardiorespiratory synchro-
nization in humans by a structural cardiovascular model, an
numerically showed that the model could exhibit the stabIe[h
synchronization against given perturbations. We also showef:l2
that, in addition to a well-known influence of respiration on
heartbeat, the simultaneous influence of heartbeat and hence
blood pressure on respiration was important for cardiorespi-
ratory synchronization in our model. Because cardiac influ-
ence on respiration was based on animal experiments We thank T. Nomura for helpful discussions and sugges-
[12,13, its existence in humans should be studied furthertions. This work was supporteo Y.Y.) by Monbusho
possibly by a method for analysis of the directionality of Grant-in-Aids for Scientific ReseardiGrant Nos. 11694135

6] would be of interest.
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