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Abstract

We discuss multiple-time scale properties of neurophysiological control mechanisms, using
heart rate and gait regulation as model systems. We find that scaling exponents can be used
as prognostic indicators. Furthermore, detection of more subtle degradation of scaling properties
may provide a novel early waming system in subjects with a variety of pathologies including
those at high risk of sudden death. © Published by 1998 Elsevier Science B.V. All rights
reserved.

1. Introduction

Scale-invariant properties in biological systems have received much attention recently
[1,2]. The absence of characteristic temporal (or spatial) scales may confer important
biological advantages, related to adaptability of response [2,3]. In this paper, we present
some recent progress in applying scale-invariant (fractal) analysis to physiological time
series. We will concentrate on the output of two model physiological systems: (1)
human heartbeat time series under neuroautonomic control; and (2) human gait time
series under the control of central nervous system.

2. Human heartbeat dynamics

Clinicians often describe the normal activity of the heart as “regular sinus rhythm”.
But, in fact, cardiac interbeat intervals normally fluctuate in a complex, apparently
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Fig. 1. Representative complex physiological fluctuations. Cardiac interbeat interval time series of 2000 beats
from (a) a healthy subject, (b) a subject with congestive heart failure (CHF) and (c) a sudden cardiac death
subject with ventricular fibrillation (VF).

erratic manner [2,4] (Fig. 1). This highly irregular behavior has recently motivated
researchers [5,6] to apply time-series analyses that derive from statistical physics, es-
pecially methods for the study of critical phenomena where fluctuations at all length
(time) scales occur. These studies show that under healthy conditions, interbeat in-
terval time series exhibit long-range power-law correlations reminiscent of physical
systems near a critical point [7,8]. Furthermore, certain disease states may be ac-
companied by alterations in this scale-invariant (fractal) correlation property. Here we
explore the potential utility of such scaling alterations in the detection of pathological
states.

Our analyses are based on the beat-to-beat heart-rate fluctuations of digitized electro-
cardiograms recorded with an ambulatory (Holter) monitor. The time series obtained
by plotting the sequential intervals between beat i and beat / + 1, denoted by B(i),
typically reveals a complex type of variability (Fig. 1). The mechanism underlying
such fluctuations appears to be related primarily to countervailing neuroautonomic in-
puts. Parasympathetic stimulation decreases the firing rate of pacemaker cells in the
heart’s sinus node. Sympathetic stimulation has the opposite effect. The nonlinear inter-
action (competition) between the two branches of the autonomic nervous system is the
postulated mechanism for the type of erratic heart-rate variability recorded in healthy
subjects [4,9].
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2.1. Detrended fluctuation analysis (DFA)

Difficulties of quantitatively analyzing physiological time series arise mainly from
their nonstationarity and sometimes short data length. We have developed a scaling
analysis, called detrended fluctuation analysis (DFA) [10,11], which takes these fac-
tors into account. DFA is a modified root-mean-square analysis of a random walk
based on the following concept: a stationary time series with long-range correlations
can be integrated, i.e., form an accumulated sum, to form a self-similar process. There-
fore, measurement of the self-similarity scaling exponent of the integrated series can
tell us the long-range correlation properties of the original time series. In short, we
integrate the original time series once; then we determine the fluctuations F(n) of the
integrated signal around the best linear fit in a time window of size n. The slope
of the line relating log F(n) to logn determines the scaling exponent (self-similarity
parameter) o. The DFA method has been validated on control time series that con-
sist of long-range correlations with the superposition of a non-stationary external trend
[10]. It has also been successfully applied to detect long-range correlations in highly
heterogencous DNA sequences [10,12,13], and other complex physiological signals
[11,14,15].

Fig. 2 compares the DFA analysis of representative 24 h interbeat interval time se-
ries of a healthy subject and a patient with congestive heart failure (CHF). Notice
that for large time scales (asymptotic behavior), the healthy subject interbeat interval
time series shows almost perfect power-law scaling over two decades (20 <n < 10000)
with @ = 1 (i.e,, 1/f noise) while o =~ 1.3 (closer to Brownian noise) for the CHF
patient.
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Fig. 2. Plot of log F(n) versus logn for two 24 h interbeat interval time series. The circles are from a healthy
subject while the triangles are from a subject with congestive heart failure. Arrows indicate “crossover” points
in scaling, from Ref. [11].






