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Abstract

We analyzed the temporal evolution of the displacement of the center of pressure (COP) during prolonged uncon-
strained standing (30 min) in non-impaired human subjects. The COP represents the collective outcome of the postural
control system and the force of gravity and is the main parameter used in studies on postural control. Our analysis
showed that the COP displacement during human standing displays fractal properties that were quanti®ed by the Hurst
exponent obtained from the classical rescaled adjusted range analysis. The average fractal or Hurst exponent (H) was
0.35 ^ 0.06. The presence of long-range correlations from a few seconds to several minutes due to the fractal character-
istics of the postural control system has several important implications for the analysis of human balance. q 2000
Elsevier Science Ireland Ltd. All rights reserved.
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Humans usually take for granted their ability to stand

upright and maintain their balance. It is only when postural

disorders arise that we recognize the complexity of control-

ling upright stance. Injuries and even loss of life due to falls

are frequent problems for the elderly [12]. Maintaining

balance during standing is a complex task achieved by the

postural control system which integrates information from

visual, vestibular, and somatosensory receptors of the body,

in conjunction with the passive properties of the musculo-

skeletal system. Nevertheless, standing for prolonged peri-

ods is a common task in daily life. For example, we stand in

line, stand and talk with someone, and commonly work in a

standing position. This form of standing is characterized by

repeated changes in body position, which are self-induced

and performed almost unconsciously. Even when a subject

is asked to stand as still as possible, his or her body moves

continuously to counteract the constantly occurring small

perturbations in order to stay within the small area of

support provided by the base of the feet. In this letter we

report that these ¯uctuations during natural standing display

properties typical of fractals and we address implications of

this ®nding for the study of the human standing.

The main parameter registered in balance studies is the

center of pressure (COP) location using a force plate. The

COP is the point of application of the resultant of vertical

forces acting on the surface of support; it represents the

collective outcome of the postural control system and the

force of gravity. The COP position is different from the

center of gravity (COG) position; while the latter indicates

the global position of the body, the COP includes dynamic

components due to the body's acceleration. At low frequen-

cies of sway, below 0.1 Hz, however, the COP and the

horizontal location of the COG (the gravity line) are similar

[19]. Such low frequencies are studied here, so our COP

data also applies to the body sway. The fractal nature of

the COP displacement during natural standing was conjec-

tured after we observed very low frequency components in

the data [5], a ®ngerprint of a long-range correlation process

which is a typical characteristic of fractals. Recently, we

quanti®ed these long-range correlations: the COP data

during natural standing resembled 1/f noise [4].

To study the fractal nature of the COP movements during

unconstrained standing we asked 10 non-impaired subjects

(28 ^ 5 years, 1.79 ^ 0.09 m, and 78 ^ 14 kg) to stand in an

unconstrained upright bipedal posture on a 40 £ 90 cm force
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plate for 30 min and recorded the movement of the COP over

time (methods are described in detail elsewhere [5]). The

subjects were allowed to move their body as long as they

stayed within the area delimited by the force plate. In general,

the observed movements consisted of postural adjustments

without moving the position of the feet. We used the classical

method of rescaled adjusted range or R/S statistic proposed

by Hurst that were originally developed in hydrology to

describe fractal properties of ¯uctuations in river levels but

later also many other phenomena [1,9].

Let

y�k� �
Xk

i�1

u�i� (1)

be the cumulative displacement of a random variable u(i)

after k steps. The R/S statistic computes a normalized range

of the variable y(k) (COP movement in our case) for each k

steps (time periods); a measure of the ¯uctuations of the
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Fig. 1. (a) Stabilograms (left) and anterior-posterior (a-p) COP time series (right) for the entire data during natural standing (1800s, ®rst
row), for 1/10 of the data (180 s, second row), and for 1/100 of the data (18 s, third row). The Hurst exponent (H) for this example is 0.34,
giving a reduction of 2.2 in the amplitude scale for each ten times of reduction of the time scale. Both scaled and real axes are indicated in
the 180s and the 18 s plots for illustration. Notice that after each scaling (that is related to the fractal exponent and to the period of time),
the three stabilograms and the time series present roughly the same amplitudes in space. For the sake of clarity, not all points are shown
for the 1800 and 180 s plots. The difference in the ®ne structure, observed for the 18-s time series compared to the other two time series,
is due to the fact that COP displacements for intervals of up to 1 s display a different behavior [3]. This behavior is most probably due to
the inertial characteristics of the body or to the different mechanisms of control of balance (known as open-closed loop model [3]). (b) R/
S plot in log-log scale for the 1800-s COP data of the previous example (®t for k � 10 to 600 s, slope� 0.34, r � 0:99, P , 0:00001).
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R(t,k) is the adjusted range and in order to study the

properties that are independent of the scale. Subsequently,

R(t,k) is normalized by
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The ratio R(t,k)/S(t,k) is called the R/S statistic. When

the plot of the logarithm of the R/S statistic versus the

logarithm of k presents a linear relationship, the data

obey a power-law function of type kH, where H is the

Hurst or fractal exponent obtained as the slope of a linear

regression in this plot. If the data are completely random

(uncorrelated data), like white noise, the observed regres-

sion line is ¯at and the H exponent is zero. If the data

represent a pure random walk, or Brownian noise (accu-

mulated white noise), H is 0.5, and the data are said to

contain trivial long-range correlations. If H is different

from 0 or 0.5, the data are said to be of the type of 1/f

noise, where f is the frequency of the phenomenon [1,9].

The analysis of the 30-min data was performed with the

maximum window size of up to 10 min for both of the two

directions of the COP movement, the anterior-posterior

(a-p) and the medial-lateral (m-l) direction. The result of

the R/S statistic for the ten subjects gave a Hurst exponent

of 0.35 ^ 0.06 (mean ^ SD, n � 20), ranging from 0.25 to

0.50, with an average fractal dimension, D, of 1.65

(D � 2 2 H). In general, we did not observe different

values of H for different ranges in the R/S plots. The corre-

lation coef®cients of the least square linear regression were

always above 0.9 and did not show any relation to the H

values. Furthermore, in order to con®rm the hypothesis of

the presence of long-range correlations, we performed a test

on surrogate data [16]. The results supported the hypothesis

of long-range correlations. It can therefore be concluded

that the COP movements have similar time and amplitude

statistical characteristics when properly scaled by the fractal

exponent in the range of a few seconds to 10 min. We did

not observe any relation between the postural adjustments or

movement of the feet and the H values. These ®ndings are

consistent with the ones using other methods to estimate the

long-range correlations [4]. The left panels of Fig. 1a show

examples of stabilograms (plots of COP in the a-p direction

as a function of COP in the m-l direction); the right panels

show the respective COP time series in the a-p direction

(H � 0:34 for this example). The ®rst row presents the

entire data set (1800 s), the second row 1/10 of the data

(180 s), and the third row 1/100 of the data (18 s). Fig. 1b

shows the corresponding R/S statistic plot for the entire time

series of Fig. 1a. The stabilograms illustrate the typical

property of fractals which is self-similarity: When both

axes are scaled by 102H, the data retain the main character-

istics in that a similar oscillatory pattern of the COP is

observed despite differences in amplitudes. The COP time

series also illustrate the fractal property of self-af®nity:

When the time axis is scaled by ten and the amplitude

axis is scaled by 102H, the data preserve their qualitative

structure.

In similar studies on short COP time series Collins and De

Luca analyzed correlations of up to 10 s and derived an

open-closed loop model for the postural control system

acting over such short periods of time [3]. In contrast, the

present work analyzes a longer time scale, spanning from 10

s to 10 min. The presence of long-range correlations in the

COP data during natural standing has several implications

for its analysis and interpretation.

One important issue in postural studies is the period of

data acquisition, i.e. for how long should one collect data to

capture essential properties of human standing? In a

frequently referenced study Powell and Dzendolet [15]

reported low frequencies in the COP data of 130 s of dura-

tion. Different authors have cited this paper as a reference to

justify the acquisition of data for no more than 2 min. Our

study suggests that with longer acquisition time, even lower

frequencies of COP were observed. We have shown that

there is no limit for observing low frequencies in COP

time series of up to an interval of 10 min. The important

conclusion is that the choice of period of acquisition has to

be based on which periods (frequencies) are regarded rele-

vant for the study in question.

Another issue is that the distinction between non-statio-

narity and long-range correlations in time series analysis is an

ill-posed problem, and studies on stationarity in COP data

have indeed shown discrepant results. Given our ®ndings of

long-range correlations, such differences are the conse-

quence that different investigators have tested only small

portions of a longer process. Because of the presence of

long-range correlations, apparent non-stationarities in short

COP time series might actually represent consequences of

¯uctuations of a longer stationary process. Thus, the issue of

stationarity cannot be adequately addressed using short time

series of up to few minutes. Alternatively, this problem can

be partially solved by applying a high pass ®lter to the data

with a cut-off frequency related to the period of data acquisi-

tion [20]. This method removes the long-range correlations

which are otherwise a possible source of error for the appar-

ent non-stationarity in the data.

Finally, the property of self-af®nity in COP data within

the range studied here has important implications for

comparing data acquired over different time periods. To

properly compare time series of different lengths, the data

should be scaled by the fractal exponent.

The ubiquity of fractals in nature has been observed in

wide ranges of different properties of biological systems

[2,6±8,13] and it has been applied to model the order of
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allometric scaling laws in biology [18]. The fact that the

displacement of COP during natural prolonged standing

follows a fractal scaling law is in line with these ®ndings.

Maintaining balance is executed by the postural control

system which integrates information from different sources

having different latencies and frequency responses and

controls a multi-degree-of-freedom mechanical system

with highly redundant actuators (many muscles crossing

the same joint). Physiological perturbations, e.g. breathing

and heartbeats (which also present long-range correlations

[7]), continuously perturb the equilibrium. Each of these

characteristics can be responsible for the long-range corre-

lation process [10,11,14,17]. Within this scenario, it is unli-

kely that a single neurological or physiological factor can be

identi®ed as the source of the fractal behavior. Rather, this

behavior is the outcome of a complex non-linear system

involving a number of different systems on different time

and length scales of the human body.
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[1] Beran, J., Statistics for Long-Memory Processes, Chapman
& Hall, New York, 1994.

[2] Chen, Y., Ding, M. and Kelso, J.A.S., Long memory
processes (1/fa type) in human coordination, Phys. Rev.
Let., 79 (1997) 4501±4504.

[3] Collins, J.J. and De Luca, C.J., Upright, correlated random
walks: a statistical-biomechanics approach to the human
postural control system, Chaos, 5 (1995) 57±63.

[4] Duarte, M. and Zatsiorsky, V.M., Long-range correlations in
human standing, manuscript in preparation.

[5] Duarte, M. and Zatsiorsky, V.M., Patterns of center of pres-
sure migration during prolonged unconstrained standing,
Motor Control, 3 (1999) 12±27.

[6] Gilden, D.L., Thornton, T. and Mallon, M.W., 1/f noise in
human cognition, Science, 267 (1995) 1837±1839.

[7] Goldberger, A.L. and West, B.J., Fractals in physiology and
medicine, J. Biol. Med., 60 (1987) 421±435.

[8] Hausdorff, J.M., Peng, C.-K., Ladin, Z., Wei, J.Y. and Gold-
berger, A.L., Is walking a random walk? Evidence for long-
range correlations in stride interval of human gait, J. Appl.,
Physiol., 78 (1995) 349±358.

[9] Mandelbrot, B.B., The Fractal Geometry of Nature, Free-
man, San Francisco, 1983, pp. 247±255.

[10] Marinari, E., Parisi, G., Ruelle, D. and Windey, P., On the
interpretation of 1/f noise, Commun. Math. Phys., 89
(1983) 1±12.

[11] Montroll, E.W. and Shlesinger, M.F., On 1/f noise and other
distributions with long tails, Proc. Natl. Acad. Sci., USA, 79
(1982) 3380±3383.

[12] Panzer, V.P., Bandinelli, S. and Hallett, M., Biomechanical
assessment of quiet standing changes associated with
aging, Arch. Phys. Med. Rehabil., 76 (1995) 151±157.

[13] Peng, C.-K., Buldyrev, S.V., Goldberger, A.L., Havlin, S.,
Sciortino, F., Simons, M. and Stanley, H.E., Long-range
correlations in nucleotide sequences, Nature, 356 (1992)
168±170.

[14] Per Bak, T.C. and Wiesenfeld, K., Self-organized criticality:
and explanation of 1/f noise, Phys. Rev. Lett, 59 (1987) 381±
384.

[15] Powell, G.M. and Dzendolet, E., Power spectral density
analysis of lateral human standing sway, J. Motor Behav.,
16 (1984) 424±441.

[16] Theiler, J., Eubank, S., Longtin, A., Galdrikian, B. and
Farmer, J.D., Testing for non-linearity in time series: the
method of surrogate data, Physica D, 58 (1992) 77±94.

[17] Weissman, M.B., 1/f noise and other slow, non-exponential
kinetics in condensed matter, Rev Mod. Phys., 60 (1988)
537±571.

[18] West, G.B., Brown, J.H. and Enquist, B.J., A general model
for the origin of allometric scaling laws in biology, Science,
276 (1997) 122±126.

[19] Winter, D.A., A.B.C. (Anatomy, Biomechanics and Control)
of Balance during Standing and Walking, Waterloo Biome-
chanics, Waterloo, 1995.

[20] Witt, A., Kurths, J. and Pikovsky, A., Testing stationarity in
time series, Phys. Rev. E, 58 (1998) 1800±1810.

M. Duarte, V.M. Zatsiorsky / Neuroscience Letters 283 (2000) 173±176176


