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Low-order chaos in sympathetic nerve activity and scaling of heartbeat intervals

Motohisa Osak&* Hiroo Kumaga Katsufumi Sakatd, Toshiko Onam? Ki H. Chon? Mari A. Watanabé,
and Takao Sarufa
!Department of Life Information Sciences, Institute of Gerontology, Nippon Medical School, 1-396 Kosugi, Nakahara-ku,
Kawasaki 211-8533, Japan
2Department of Internal Medicine, Keio University School of Medicine, 35 Shinanomachi,
Shinjuku-ku, Tokyo 160-8582, Japan
3Department of Electrical Engineering, City College of New York, New York, New York 10031
4Institute of Biomedical and Life Sciences, Glasgow University, Glasgow G12 8QQ, United Kingdom
(Received 18 March 2002; revised manuscript received 13 January 2003; published 29 April 2003

The mechanism of 1/scaling of heartbeat intervals remains unknown. We recorded heartbeat intervals,
sympathetic nerve activity, and blood pressure in conscious rats with normal or high blood pressure. Using
nonlinear analyses, we demonstrate that the dynamics of this system of three variables is low-order chaos, and
that sympathetic nerve activity leads to heartbeat interval and blood pressure changes. It is suggested that
impaired regulation of blood pressure by sympathetic nerve activity is likely to cause experimentally observ-
able steeper scaling of heartbeat intervals in hyperteribigh blood pressujerats.
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I. INTRODUCTION II. EXPERIMENTAL METHODS

The following is a brief description of our experimental

The power spectra of heartbeat intervals from healthy inmethods. We used telemetry to record electrocardiograms
dividuals exhibit a scale invariant fljpattern in the low- [9]. The transmitter was implanted in the peritoneal cavity
frequency rangef(< 0.1 Hz) [1-3]. Recent studies show that fqr 1 to 2 days before the experiment. The arterial pressure
loss of this 1f slope[4] and loss of heartbeat-interval mul- Signal from a transducer attached to the left femoral artery
tifractality [5] are closely correlated to the prognosis andc@theter was amplified. Multifiber recordings of renal sym-
severity of heart disease, but the mechanism underlying theathetic nerve activity{11] were made from electrodes
heartbeat-interval power law scaling remains unkno6u]. placed on the left renal nerve fascicle. Neural recording elec-

Scale invariance is commonly associated with the chaotirErOdes were connected to a high-impedance probe, which

dynamics, so nonlinearity in the dynamics of the systen'{vas connected to a differential amplifier with a band-pass
c

regulating heartbeat intervals would be a prime suspe ilter of 50—1000 Hz. The filtered neurogram was integrated

Physiologically, heartbeat intervals are determined by s m-.y a resistance-capacitance circtime constart:20 ms).
ysiologically, hea - y sy Electrocardiogram, blood pressure, and renal sympathetic
pathetic nerve activity and blood pressure in a complex in

) X X nerve activity were simultaneously recorded for over 100
teraction that involves the brainstem and feedback loops, by in conscious, unrestrained rats, both normotensive and
the _detglls of the interaction are unknown for |OW'frequencyspontaneously hypertensieeven each The signals were
oscillations. One study has suggested that the Iow—frequenca'lgitized with an analog-to-digital converter and sampled at
component of the heartbeat-interval power spectra is indez kHz. A smoothed instantaneous heart rate time series was
pendent of sympathetic nerve activii§]. However, we re-  constructed from heartbeat intervals betweenRheaves of
cently showed that the low-frequency blood pressure oscillathe electrocardiogram using an algorithm proposed by
tions arise from sympathetic nerve activity, and that theBergeret al. [12]. The time series of heart rate, blood pres-
elevated levels of sympathetic nerve activity in spontanesure, and renal sympathetic nerve activity were splined and
ously hypertensive rats reduced the nonlinear correlation besampled at 64 Hz, so that values of the entire constructed
tween sympathetic nerve activity and blood pressure that exime series were made to occur simultaneously. To ensure
ists in normotensivenormal blood pressujerats [9]. We  accurate preservation of the low-frequeney0.1 H2 sig-
therefore hypothesize that sympathetic nerve activity couldials, we used a Butterworth filter, which lost no more than
also be responsible for theflélope in heartbeat intervals 0.5 dB in the passhang0.1 Hz and had at least 15 dB of
and examine this hypothesis, using normotensive Wistarattenuation in the stopbane0.15 Hz. We visually confirmed
Kyoto rats and spontaneously hypertensive fass]. The the absence of aliasing errors due to digitization and filtering.
latter have higher sympathetic nerve activity, and are widely

acknowledged to be an appropriate model of essential hyper-

tension in man. IIl. MATHEMATICAL METHODS AND RESULTS

Figure 1 shows a typical heart-rate power spectrum from

a normotensive rat plotted with log-log axes. Regression

*Corresponding author.Ax: +81-44-733-1877; email address: analysis was performed between 0.0005 and 0.02 Hz. In a
osaka@nms.ac.jp similar manner to the power spectra in healthy humar3],
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8 § FIG. 2. (a) Filtered recording of heart rafeH(t) (beats/min],
% g renal sympathetic nerve activifys(t) (arbitrary unitg] and blood
et 3_-:"', pressurg¢ B(t) (mmHg)] from the rat in Fig. 1(solid line) and fit of
(] T .36 442 a nonlinear autoregressive modebtted ling. The two lines are so
% H(.t) (beatsllmin) close as to be indistinguishablg(t) andH(t) share the same po-
o 4 3 2 1 larity and approximate timing of their extrema. Pa(®lshows the

10 10 10 10 box in panel(a) on an expanded time scalg(t) peaks clearly
Frequency (Hz) precedeH(t) peaks and3(t) nadirs.

FIG. 1. Low-frequency portion of heart rateeats/min oscilla-  (equation given in the Appendixit must be noted, however,
tion power spectrum from a normotensive rat. The crosses denot#at the coefficients found for a particular data segment do
the regression line fitted over the range of 0.0005-0.02 Hz to th@ot describe the coefficients for an adjacent data segment
experimental data. Inset: Phase portrait. because the stochastic component brings about the sensitive

dependence on initial conditions in this chaotic sys{see
the slope of the line fitted to the data+#s—1, indicating a below), resulting in rapid diversion from predicted values.
1/f relationship between frequency and power. The mean and From the models, we obtained the characteristic expo-
standard error of the slope from normotensive rats wasents of the system by rewriting the model as a
—1.35-0.11 (h=7). In contrast, the corresponding slope in j-dimensional system, whejds the value of the largest de-
spontaneously hypertensive rats was significantly greater, #y in the model. The maximum dimensi¢atelay for any of
—1.95+0.12 (h=7) (p<0.05). the rats was low, at five. The largest Lyapunov exponents of

Several methods have been proposed to detect chaotic bl{t), S(t), and B(t) were calculated for five random seg-
havior in biological systems which tend to be nojg—15. ments in each animal, and were always found to be positive,
We used a recently developed algorithb®], because it was thereby indicating chaotic dynamics.
the only method thought to be sensitive in cases where sto- To find further evidence of low-order chaos, we con-
chastic and deterministic components are both involved. Thistructed phase portraits in two-dimensional state space
method first fits a nonlinear autoregressive model to a timgS(t), S(t+T)]. Plot a of Fig. 3 shows that some of the
series, followed by an estimation of the characteristic expoeycles in the phase portrait seem to have approximately the
nents of the model over the observed probability distributionrsame period. Similarly, Fig.(B) shows cycles with a-20-s
of states for the system. More specifically, the model for gperiod(0.05 H2, and Fig. 1, cycles of 0.01, 0.005, and 0.002

system outpuy can be written as Hz as well. We constructed stroboscopic plotd 8ft), S(t
+T)] for an incident wave of 0.005 Hz. In plat of Fig. 3
Yn=F[Y¥n-1,---Yn-klt+Ken, (a—1) we can see stretching, folding, and compression, pro-

cesses peculiar to low-order chaos. However, these processes
whereF is a nonlinear(polynomia) function corresponding were observed for 40 min at most, because the circulatory
to the deterministic park is a constant, and, are indepen- system was not being forced by a single oscillator at 0.005
dent, identically distributed Gaussian random variables. Theiz. Similarly, in plotg of Fig. 3 (incident wave of 0.002 Hz
ke, term corresponds to the stochastic part. We resamplednd in plot y of Fig. 3 (incident wave of 0.005 Hzshow
the filtered heart rate, renal sympathetic nerve activity, anévidence of determinism fd8(t) —H(t) andS(t) — B(t) dy-
blood pressure data at 2 HH(t), S(t), and B(t)] and  namics, respectively. The correlation dimensions of such
applied the above algorithm for data lengths of 500 s. Thephase portraits of5(t) were also found to be low (2.35
solid lines in Fig. Za) show a 500-s segment &f(t), S(t), +0.10 in normotensive rats and 2:88.10 in spontaneously
andB(t) recorded from a normotensive rat, the dotted lineshypertensive rajsanother sign of chaotic dynamics. In sum-
the result of the fit. The fit is remarkably accurate, considermary, evidence for chaotic dynamics in the three-variable
ing that, for example, only 11 coefficients are needed to desystem consisted of continuous broad band power spectra,
fine 1000 pointg500 s, 2 Hz for the S(t) trace in Fig. 2a) positive Lyapunov exponents, trajectories typical of low-
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a b c d
o S ] I(S, Q)= J Psg(s, )log[Psy(s, 0)/(Ps(s)Pq(q))]dsdg
.'é’ 4 . ¢ g h where(i) SandQ denote the system§ij) Py(s) andP(q)
§ 55 5.5 are the probability densities atandq, respectively, andiii)
g @ L o Psq(s, ) is the joint probability density as andq [17]. If
£ = the value of mutual information fdiS, Q is larger, it means
5;5 44 55 gl i k 1 that mutual dependence betweBrand Q is stronger. The
5 S(t) e - ¥ ; data length oB(t), H(t), andB(t) was 23 (=8192, that is,
(arb. units) & o i 4096 s. Roulston has reported that for smaller datasets
44 554 554 554 55 (<500, bias and random error can be a problgt8]. We
therefore calculated mutual information values for datasets
a b ¢ d of length 8192. Because the algorithm was developed for a
B 460 P 2 S discrete case, mutual information values were normalized so
R that the values between 0 and 1 are independent of the data
= 420 b length. According to our previous stufi¥8], a mutual infor-
E € f g : - mation value of 0.047 is generally taken as the threshold
g 460 { 4601 .t R value to discriminate correlated data from noncorrelated
S s . - data. We calculated the mutual informatiiT) of (S, Q; S
S 420 ;55 420 i i N : is a time series of renal sympathetic nerve activity &nib
% S(t) 460 " - T = another time serie${(t+T) or B(t+T),_ with a time delay
(arb. units) L o o T. T was then between-10 and 10 s in steps of 1 s. The
420 ' ' : ) maximum value of (T) betweenSandQ whereT was from
4 554 554 554 55 —10to 10 s is denoted by,.(S Q). We considered the time
a b c d delay T .S Q), at which the maximum value ofT) of (S,
'Y 100 Q) was given, as a physiological delay between these param-
i o i eterg[18]. If T (S Q) is positive, it means th&leadsQ. If
_ 60 ' ThadS Q) is negative, vice versa.
B 100 100 f g h I max(S H) was 0.14-0.06 andl (S, B) was 0.110.05
£ ) . ) (n=7). The values of these data were clearly above thresh-
£ f = i = old, indicating a strong correlation between sympathetic
< 60 60 ; nerve activity and the other variables. This correlation is also
o 4 55 50d 1 k 1 observed in Fig. 2. Calculations showed ti$t) led H(t)
S() L by 1.1+0.5 s andB(t) by 1.5+0.7 s (1=7). This delay be-
(arb. units) ' tween sympathetic nerve activity and the other variables is
60, 554 554 554 55 also observable in Fig.(B) with the expanded time axis. In

general, theS(t) peaks precede thel(t) peaks andB(t)
nadirs. We interpret this result as an indication that slow
oscillations of heart rate and blood pressure are produced by
slow oscillations of sympathetic nerve activity. The usual
physiological interaction between blood pressure, heart rate,
and sympathetic nerve activity is known as the baroreflex,
dimensional chaos, and phase portraits with a low number ofvherein an increas@ecreasgin blood pressure is compen-
correlation dimensions. sated for by decreasgncrease in heart rate and vascular
To analyze the correlation between sympathetic nerve agesistance, mediated by sympathetic nerve activity emanating
tivity and the other parameters, we calculated mutual inforfrom a reflex center in the brainstem. In other words, blood
mation values betwee8(t) andH(t) and betweers(t) and  pressure drives sympathetic nerve activity. However, Figs.
B(t), according to an algorithm proposed by Fraser and(a) and Zb) show thatS(t) peaks precede peaks Hif(t)
Swinney[17] and applied in our previous stufi¥8]. Mutual  and nadirs oB(t), which is consistent with a recent report
information, to be defined precisely later, can be used fothat sympathetic nerve activity precedes blood pressure in
measuring the nonlinear as well as the linear dependence abnscious rat§9]. Thus, correlation in the low-frequency
two variables. For a pair of time serieS={S(t)} and Q band(<0.1 H2 is actually baroreflex independent. This bol-
={Q(t)}, we measured how dependent the valueQ¢f sters the view that sympathetic nerve activity may play a
+T) are on the values 08(t). We made the assignment causative role in hypertension. This hypothesis is supported
[s,q]=[S(t), Q(t+T)] to consider a general coupled sys- by the observation that some of the nonlinear components of
tem(S, Q. The mutual information of this systehiS, Q) is  blood pressure regulation remain after baroreceptor denerva-
defined as the answer to the question, “Given a measuremetion (neural incapability of monitoring blood pressuf0].
of a values, how many bits on average can be predictedThe sympathetic nerve activity was significantly higher in
about a valuey in probability?” our spontaneously hypertensive rats than in the normotensive

FIG. 3. Phase portraits and stroboscopic plets3, and y of
[S(t),S(t+8)], [S(t),H(t)], and[S(t),B(t)]. The phases of inci-
dent waves are from 0° to 330° with a step of 3&{t), renal
sympathetic nerve activitarbitrary unitg; H(t), heart rate(t),
blood pressure.
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tion between sympathetic nerve activity and blood pressurgyqqry of Diversity of Complex Systems,” held at the Inter-

might be impaired in spontaneously hypertensive rats, anflational Institute of Advanced Studies at Kyoto, for helpful

that this might also cause thefIslope to be steeper. discussions. We also thank C. W. P. Reynolds for linguistic
assistance with the manuscript.

IV. CONCLUSIONS APPENDIX

Spontaneously hypertensive rats, an animal model for hu- For example, the model equation for renal sympathetic
man hypertension, have steep scaling of the low-frequencgierve activity in Fig. 2a) is as follows:
portion of their heartbeat-interval power spectra. Application
of a nonlinear autoregressive algorithm shows that, hyperten- S(t)=1.830&(t— 1) +0.24965(t — 2) — 1.5035(t - 3)

sive or not, low-frequency heartbeat-interval power spectra —0.0785(t—4) +0.5008(t—5)
characteristics are determined by the low-dimensional cha-

otic dynamics of a system of three variables, heartbeat inter- —0.1178(t—1)S(t— 1)+ 0.387F(t—1)S(t—2)
vals, blood pressure and sympathetic nerve activity, that is

different from interactions between the variables at higher +0.011 S(t—1)S(t—4) - 0.4235(1—2)S(t—2)
frequenciegbarorefley. It is suggested that decreased sensi- +0.213%(t—3)S(t—3)

tivity of blood pressure to sympathetic nerve activity is the

cause of the steep scaling seen in the hypertensive animals. —0.07115(t—-3)S(t—5).
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