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Abstract

We investigate the scaling features of blood pressure dynamics in healthy rats by means of the wavelet transform

modulus maxima method. We discuss how stress affects the phenomenon of multifractality in the cardiovascular

dynamics. Typical reactions to stress are considered, and distinctions in the stress-induced effects for male and female

rats are reported.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Many biological time series are highly nonstationary and inhomogeneous. In particular, nonstationary dynamics

represents a typical feature of a cardiovascular system [1]. This nonstationarity can be caused by several reasons. On

the one hand, it arises from changes in environmental conditions since various external stimuli, stresses, even simple

changes of a body position affect the heart rate and statistical characteristics of the heart activity. As a result, the car-

diovascular system may demonstrate long transient processes in the beat-to-beat dynamics. On the other hand, the non-

stationarity can vary from healthy to pathological regimes [2], the latter allows to assume that environmental conditions

are not the only origin of the discussed phenomena.

Processing of biomedical data is often realized within the framework of the following ideology: It is supposed that

short fragments of experimental time series are close enough to stationary signals, and such fragments can be studied by

means of traditional techniques of the statistical analysis. The given approach seems to be useful if the nonstationarity is

associated only with the low-frequency region of power spectrum with respect to the rhythms of interest from the phys-

iological point of view. Such nonstationarity is treated as a trend and may be simply filtered out from the data [3]. How-

ever, the given situation is not always true for real time series. As an example, besides a slow ‘‘floating’’ of the mean

value, instantaneous frequencies of various rhythmic components can display complex and irregular fluctuations,
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i.e., effects of nonstationarity may be associated with the higher frequencies as well. An analysis of such time series using

traditional statistical or spectral approaches can lead to various misinterpretations of the obtained results.

From the viewpoint of possible applications the attractiveness of a particular technique for signal processing de-

pends on its generality (i.e., its lack of restrictions with respect to the homogeneity and the stationarity of the data ser-

ies). Among such rather universal (and at the same time effective) tools the detrended fluctuation analysis [4,5] and the

wavelet based techniques [6–8] are particularly useful. The given tools have found many successful applications (see,

e.g., [9–11]). A potentially promising topic in physiological data analysis was offered by recent studies of Ivanov

et al. [12,13]. Using the wavelet based multifractal formalism [8] they have shown that physiological signals under

healthy conditions are related to a class of multifractal objects. According to Refs. [12,13], multifractal properties of

the heart rate dynamics may differ in health and disease, that is why scaling characteristics of the considered formalism

become of interest for classification of a state of biological system.

In the given paper, we discuss how stress affects the features of multifractality in the cardiovascular dynamics. Using

experimental recordings of arterial blood pressure (BP) in healthy rats we show that the stress-induced changes of multi-

fractality may be different for male and female organisms. We conclude that stress typically decreases ‘‘smoothness’’ of

blood pressure dynamics for male rats and sometimes reduces the degree of multifractality. A multiscale structure of BP

signals for females is less sensitive to stresses.
2. Experiments

Experiments were performed on 18 white rats weighting from 250 to 300g. (10 males and 8 females). Each of them

was instrumented with intra-arterial polyethylene catheter for direct blood pressure measurements. Arterial blood pres-

sure was recorded in freely moving rats during 30min at rest conditions, then during 15min at stress and during 60min

next day after stress (a recovery process). In our experiments, a model of immobilization stress was considered when a

rat has no possibility of freely moving. BP signals were acquired on the PC based multichannel complex PowerLab/400

ML401 using the software Chart 4 (ADInstruments Ltd., Australia). Data was collected with the sampling rate of

500Hz.

In the course of data preprocessing the ‘‘clear’’ fragments of BP signals were chosen for each stage of experiments

(fragments of about 10min without transient processes and artifacts). Taking the given fragments, a transition from

original time series (Fig. 1a) to the so-called point processes was performed, the latter being sequences of time intervals

between the local maxima of BP signal (Fig. 1b). Aiming to provide more precise determination of the maxima posi-

tions, BP signals were interpolated by splines. The extracted sequences of times represent an analogue of heartbeat

intervals of an electrocardiogram. Such sequences were further analyzed to reveal stress-induced changes of their com-

plex multifractal structure.
3. WTMM-method

Numerical analysis performed in our work was based on the wavelet transform modulus maxima (WTMM) method

[7]. This is now one of the commonly used approaches to study multiscale structures in complex time series. Since the

wavelets represent well localized functions, they are appropriate to the processing of inhomogeneous time series. The

attractiveness of using the WTMM method is associated also with the possibility it provides of analyzing a wide range

of scales and a broad spectrum of scaling characteristics (from small fluctuations and weak singularities to large fluc-
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Fig. 1. Blood pressure signal (a) and the sequence of time intervals between the local maxima of the given signal (b).
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tuations and strong singularities). This is an advantage of the wavelet-based technique in comparison with the previ-

ously suggested structure function method [14] that investigates multiscale properties by calculating the moments of

the probability density function. The WTMM-approach, described in details in [8], performs the numerical quantifica-

tion of a time series by means of the so-called singularity spectrum D(h), where D is the fractal dimension of the subset of

the data characterized by the Hölder exponent h.

The analysis of a function f(x) with the discussed approach is performed in the following way. In the first stage, the

wavelet transform coefficients are estimated:
T w½f �ðx0; aÞ ¼
1

a

Z 1

�1
f ðxÞw x� x0

a

� �
dx; ð1Þ
where f(x0) is a distribution at a point x0 (for sequences like interbeat intervals a random walk displacement may be

considered as f(x)), a is the scale parameter, and w is the wavelet ‘‘mother’’ function that can have a rather arbitrary

shape, although it should be soliton-like with zero average. In this work we characterized the singularities of random

walks constructed from point processes and used the so-called Mexican hat wavelet which is the second derivative of a

Gaussian function:
wðsÞ ¼ d2

ds2
exp � s2

2

� �� �
: ð2Þ
A local singular behavior of f(x) at the point x0 results in an increase of jTw[f](x,a)j as x! x0 and can be charac-

terized by the Hölder exponent h(x0) that quantifies the scaling of the wavelet coefficients for small a:

Tw[f](x0,a) � ah(x0).

Further, the statistical description of local singularities is performed using the notion of the partition function Z(q,a)

[8] being the sum of qth powers of the local maxima of jTw[f](x,a)j at the scale a [15]. For small values of a the following

power-law behavior is expected [8]:
Zðq; aÞ � asðqÞ; ð3Þ
with the scaling exponents s(q). The variation with powers q allows us to obtain a linear dependence s(q) with the single

Hölder exponent h(q) = ds(q)/dq = const in the case of monofractal objects and a nonlinear function with a large num-

ber of exponents h(q) for multifractals. The singularity spectrum D(h) can thereafter easily be estimated using the Leg-

endre transform:
DðhÞ ¼ qh� sðqÞ: ð4Þ
For positive values of q the partition function Z(q,a) characterizes the scaling of large fluctuations in the data series

(strong singularities); for negative q it reflects the scaling of small fluctuations (weak singularities). Application of the

WTMM-approach to time series allows us to characterize correlations of different types if h 5 0.5 and D(h)5 0. In

particular, the range 0 < h < 0.5 implies the presence of anti-correlated behavior. This means that large (compared

to the average) values of the data series are more probably to be followed by small values and vice versa [4]. h > 0.5

reflects correlated dynamics where large values are more likely to be followed by large values, and h = 0.5 corresponds

to uncorrelated behavior [12].
4. Results

Application of multifractal concept to an analysis of point processes extracted from the BP signals has revealed dif-

ferences in the stress-induced reactions of male and female rats. As a whole, males demonstrated significantly stronger

changes of the singularity spectrum D(h) at stress concerning a resting state. In Fig. 2 results for two rats are presented

(male and female) that show perhaps the clearest, but at the same time typical enough distinctions in responses to stress.

We can see that numerical values of the Hölder exponent h(q) decrease at stress for male (Fig. 2a and b). Reduction of

the given exponents indicates a change of correlation; the point process being analyzed becomes less ‘‘smooth’’. Such a

variation of scaling characteristics can be quantified by the difference in the values h for q = 0 related to the maxima of

D(h)-spectra. Because the fractal dimensions D are close to 1 if q = 0, we need to know only the Hölder exponents h(q)

to characterize the location of singularity spectrum as well as the degree of multifractality. (For this purpose it is easy to

introduce some measure of multiscality Dh being a range of possible values h(q)). Let�s note, that there is some reduction

of the given measure in Fig. 2a and b apart from a change of correlation properties: Dh � 0.5 corresponds to a resting

state whereas Dh � 0.3 corresponds to stress. In other words, the singularity spectrum D(h) becomes narrower at stress,

however, the analyzed data remain a multifractal process at all stages. Another response is observed for female.
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Fig. 2. Singularity spectra D(h) and the Hölder exponents estimated from point processes that characterize BP dynamics of a male

(a and b) and a female (c and d) rat. White circles correspond to a resting state, and black circles correspond to a stress condition.
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According to Fig. 2c and d, neither changes of h(q), nor decreasing of multiscality take place. The discussed character-

istics remain practically constant in the course of experiments. We can conclude, therefore, that the blood pressure

dynamics of this rat was insensitive to stress (at least, from the viewpoint of its multifractal description).
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Fig. 3. Typical enough phenomena in multifractal characterization of blood pressure dynamics in male rats. We show here the results

related to a resting state (white circles), to stress (black circles) and to recovery process (black triangles).
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Fig. 4. Typical enough phenomena in multifractal characterization of blood pressure dynamics in female rats. All denotations are the

same as in Fig. 3.

A.N. Pavlov et al. / Chaos, Solitons and Fractals 24 (2005) 57–63 61
Consider some additional illustrations. Figs. 3 and 4 demonstrate the main characteristics of multifractal formalism

for other male and female rats, respectively. Here we show the singularity spectra D(h) and the spectra of Hölder

exponents h(q) for all stages of experiments including a recovery process that is a transition to a resting state after

the termination of stress. We can see that the above mentioned effects are qualitatively the same. Again, males display

rather strong changes of multifractality at stress whereas females do not demonstrate essential changes of their blood

pressure dynamics. In both Figures, the singularity spectra related to recovery processes are quite similar to the initial

D(h)-spectra that were observed up to stress.

Aiming to show typicalness of the discussed phenomena, we would like to present results of the statistical analysis.

(1) Male rats. As a rule, numerical values of the Hölder exponents decreased at stress relative to a resting state (such

an effect was observed for 9 rats from 10). Moreover, 7 rats demonstrated essential distinctions between locations of the

singularity spectra. Having denoted the values h(0) estimated in rest and at stress by hr(0) and hs(0), respectively, it is

possible to quantify stress-induced effects. For 7 rats the following difference is obtained: hr(0) � hs(0) P 0.3 (we diag-

nose this case as strong changes). For other 2 rats the given phenomenon was less expressed: hr(0) � hs(0) 2 [0.1 � 0.2].

Only for 1 rat from 10, the exponents h(q) increased at stress (atypical reaction).

Reduction of the multiscality degree Dh was observed for 6 male rats. Using similar denotations Dhr(0) and Dhs(0),
this reduction can be quantitatively described as follows: D hr(0) � Dhs(0) 2 [0.15 � 0.4]. For other rats the measure of

multiscality did not show clear changes: Dhs(0) � D hr(0).

(2) Female rats. Usually, females demonstrated only small decreasing of the Hölder exponents: hr(0) � hs(0) < 0.15 (6

rats from 8). For 2 rats the exponents increased, namely: hs(0) � hr(0) 2 [0.1 � 0.2]. We have not found rats who display

strong changes of the location of D(h)-spectrum. Multifractality degree Dh did not show essential changes for 5 females.

In one case Dh clearly decreased: Dhr(0) � Dhs(0) � 0.35. For the remaining 2 rats it increased: Dhs(0) � Dhr(0) � 0.2.

Finally, we would like to mention some seldom encountered phenomena. In particular, for one rat we have found a

transition from a multifractal to a monofractal structure of point processes, the latter means that stress can sometimes

lead to a loss of multifractality in the cardiovascular dynamics. However, such phenomenon is atypical: for all other

rats the BP dynamics displayed multifractal properties throughout the experimental signals. In one case a clear transi-

tion from correlated (h > 0.5 at a resting state) to uncorrelated behaviour (h � 0.5 at stress) was observed. It should be

noted that such effect is also related to seldom encountered ones. More typical situation consists in the presence of cor-

relations at all stages.
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5. Conclusions

In this paper, we studied the possibility of a multifractal characterization of blood pressure dynamics in healthy rats.

Taking sequences of time intervals between the local maxima of BP signals, we analyzed how stress-induced changes of

a cardiovascular dynamics are reflected in the structure of the given point processes. The main results of this study con-

sists in the following.

Reaction to stress may be different for male and female rats although there are some general effects. In our exper-

iments, for 15 from 18 rats the Hölder exponents estimated from point processes decreased at stress (or, in few cases

they were practically constant at all stages). The latter allows to conclude that stress typically results in a change of

correlation properties: the analyzed data become less ‘‘smooth’’. Reduction of the multiscality degree was found for

7 rats; for 9 rats the measure Dh was unchanged, i.e. stress do not increase complexity of the BP dynamics.

As a rule, male rats show a strong enough reduction of the Hölder exponents at stress that is accompanied by a

reduction of multifractality for about a half of them. Females usually demonstrate a small decreasing of the Hölder

exponents without a change of the multiscality degree. The obtained results testify that the wavelet based multifractal

formalism represents a really promising tool for data processing: it can be successfully applied for classification of a

state of biological objects from highly nonstationary signals. This tool allows to characterize in details various changes

of the complex evolutionary dynamics of living systems.
Acknowledgments

The research described in this publication was made possible in part by Award No. SR-006-X1 of the U.S. Civilian

Research & Development Foundation for the Independent States of the Former Soviet Union (CRDF) and RFBR

grant No. 04-02-16769. A.P. acknowledges support from CRDF within the framework of BRHE Program (2003

Post-Doctoral Fellowship Award Y1-P-06-06) and from grant of President of Russia for young scientists (MK-

2512.2004.2).
References

[1] Liebovitch LS. Biophys J 1989;55:373;

Kitney RI, Rompelman O. The Study of Heart Rate Variability. London: Oxford University Press; 1980;

Kobayashi M, Musha T. IEEE Trans Biomed Eng 1982;29:456.

[2] Wolf MM et al. Med J Aust 1978;2:52;

Goldberger AL et al. Experientia 1988;44:983.

[3] Kantz H, Schreiber T. Nonlinear Time Series Analysis. Cambridge, England: Cambridge University Press; 1997.

[4] Buldyrev SV et al. Phys Rev E 1993;47:4514;

Peng C-K et al. Chaos, Solitons & Fractals 1995;5:82.

[5] Stanley HE et al. Physica A 1999;273:1;

Hu K et al. Phys Rev E 2001;64:011114;

Chen Zhi et al. Phys Rev E 2002;65:041107.

[6] Grossmann A, Morlet J. SIAM J Math Anal 1984;15:723;

Daubechies I. Ten Lectures on Wavelets. Philadelphia: S.I.A.M.; 1992.

[7] Muzy JF, Bacry E, Arneodo A. Phys Rev Lett 1991;67:3515.

[8] Muzy JF, Bacry E, Arneodo A. Int J Bifurcat Chaos 1994;4:245.
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