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Abstract

Human postural sway, as measured by fluctuations of the center of pressure (COP) under the feet of a quietly standing individual,
can be characterized as a stochastic process. The fluctuation—dissipation theorem (FDT) provides a linear relationship between the
fluctuations of a quasi-static, stochastic system to the same system’s relaxation to equilibrium following a perturbation. We applied
a similar linear relationship, based on the FDT, to the human postural control system to explore whether anterior—posterior (AP)
fluctuations of the COP during quiet stance can be used to predict the AP response of the postural control system to a weak
posteriorly directed mechanical perturbation (tug or pull at the waist). We tested 10 healthy elderly (mean age of 69 yr) and 10
healthy young (mean age of 25 yr) adult subjects. We found that this linear relationship was applicable to the postural control system
of all 10 young and eight of the 10 elderly adult subjects. These results suggest that it is possible to predict an individual’s dynamic
response to a mild perturbation using quiet-stance data, regardless of age. The existence of this FDT-based linear relationship with
respect to the human postural control system suggests that, for a given individual, the postural control system may use the same

control mechanisms during quiet stance and mild-perturbation conditions, regardless of age.
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1. Introduction

Human postural control during upright stance is
typically assessed in either of two modes: (1) quiet
stance, i.e., stance with no intended movement (a
“quasi-static’’ condition), or (2) perturbed stance, i.e.,
quiet stance that is disturbed by an external perturba-
tion, such as a push at the sternum or a sudden shift of
the support surface (a “dynamic” condition). Tests
involving perturbations could involve potential safety
risks, especially for persons with impaired balance such
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as elderly adults. Clinically, if it were possible to predict
an individual’s response to a perturbation using quiet-
stance data, then it would be unnecessary to perform
potentially hazardous perturbation tests in order to
assess an individual’s postural control capacity.
Fluctuations in the center of pressure (COP) under
the feet of an individual during quiet standing can be
represented as a stochastic process (Chiari et al., 2000;
Chow and Collins, 1995; Collins and De Luca,
1993,1994,1995; Ohira and Milton, 1995; Peterka,
2000; Sabatini, 2000; Yao et al., 2001). A statistical
mechanics theorem that applies to many stochastic
systems is the fluctuation—dissipation theorem (FDT)
(Honerkamp, 1998; Kubo, 1966; Pathria, 1972). The
FDT links the intrinsic fluctuations of a quasi-static
system to the system’s dynamic response to an external
perturbation. More specifically, it provides a linear
relationship between the decay of correlations in the
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Fig. 1. Experimental setup. Each subject stood with eyes open and bare feet on a force plate (model 9286, Kistler Instrument Corp., Amherst, NY).
The subject was loosely tethered at the waist to the perturbation mechanism such that normal postural sway was unhindered. To initiate a
perturbation, a mechanical trigger was activated that released a weight, which caused a small backward tug.

fluctuations of a stochastic system during a quasi-static
condition and the system’s relaxation to equilibrium
following a perturbation.

Lauk et al. (1998) applied a linear relationship based
on the FDT to the human postural control system. By
conducting quiet- and perturbed-stance experiments,
they were able to show in young adult subjects that
anterior—posterior (AP) fluctuations of the COP during
quiet stance can be used to predict the AP response of
the dynamic postural control system to a weak poster-
iorly directed perturbation through a linear relationship.
They also concluded that, since this FDT-based linear
relationship held for these conditions, the postural
control system uses the same neuromuscular control
mechanisms during quiet-standing and mild-perturba-
tion conditions. These results suggest that, at least with
healthy young adults, it may be possible to both assess
postural control capacity and explore neuromuscular
control behavior in response to mild-perturbations using
a simple, non-stressful technique based on quiet stand-
ing. However, it is not known whether this technique
can be applied to older adults and/or individuals with
impaired balance control.

Aging is associated with alterations in postural
control and response to perturbations (Collins et al.,
1995; Horak et al., 1989). It is also associated with an
increased risk for falls during perturbations (Sattin,
1992). A variety of integrated physiological systems
have also been shown to demonstrate a breakdown in
dynamic behavior with advancing age (Lipsitz, 2002).
These age-related alterations suggest that, in contrast to
young adults, the control mechanisms during quiet and
perturbed stance may be different in older adults. Thus,
this FDT-based linear relationship might not be
applicable to the postural control system for this group.

Accordingly, we hypothesized that it would not be
possible to predict the dynamic response of the postural
control system to a weak perturbation from quiet-
standing data in elderly individuals.

2. Methods
2.1. Subjects

We tested two groups of healthy, community-dwelling
adult subjects: 10 elderly (five females and five males;
age range: 66-73 yr, mean age: 69+2 (SD)yr; weight:
53-81kg; height: 1.5-1.7m) and 10 young adults (five
females and five males; age range: 21-30 yr, mean age:
2543 yr; weight: 51-89 kg; height: 1.6-1.8 m). Commu-
nity-dwelling elderly subjects were recruited from the
Harvard Cooperative Program on Aging Subject
Registry. Subjects were excluded if they had a gait,
orthopaedic, or neuromuscular impairment. The study
was approved by the Institutional Review Board of
Boston University. Informed consent was obtained from
each subject.

2.2. Experimental procedures

Twenty randomized trials were conducted on each
subject: 10 quiet-standing trials and 10 perturbed trials,
all 30s in duration. For all 20 trials, the subject was
instructed to maintain a quiet, upright posture through-
out the recording (Fig. 1). To initiate a perturbation,
which was a weak impulse disturbance (a backward
tug), a mechanical trigger was activated that released a
2.3kg mass. After the weight fell, the perturbation
mechanism caused the tether to quickly slacken, thus
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Fig. 2. A typical 30s anterior—posterior COP times series, y, for (a) a quiet-stance trial and (b) a perturbed-stance trial. Arrow A indicates
application of the backward tug. Arrow B indicates peak backward sway. Positive values indicate displacements toward the posterior direction, while

negative values indicate displacements toward the anterior direction.

allowing the subject to adjust to an upright posture. The
tug necessitated only a postural sway response, i.e., the
subject did not need to take a step to maintain balance.
The trigger was activated after a random delay of 10—
20s from the start of the trial. The subject received no
cues as to if or when the perturbation would occur. For
all trials, the COP time series data in the AP (y)
direction was computed from force-plate measurements,
which were sampled at 120Hz. To account for
variability of foot placement relative to the force-plate
origin, each 30s trial (3600 points) was adjusted such
that the COP trajectory was centered about the mean
value of the first 9s (1080 points) of the time series. This
adjusted time series, y, was calculated by referencing the
original time series, )y, respectively, to this mean value,
e.g., for datapoint i

N
UESTURES 0}
Jj=1

where i = 1 to 3600 and N = 1080. These data were then
filtered with a tenth order, 20 Hz low pass finite impulse
response (FIR) digital filter.

2.3. FDT-based analysis

The AP fluctuations of the COP during both quiet-
and perturbed-stance trials (Fig. 2) were analyzed using
a linear regression based on the FDT. The response
function (R(7)) of the AP displacement of the COP to a
mild backward tug was related to the derivative of a
correlation function (dC(r)/df) based on AP fluctua-
tions of the COP during quiet standing.! That is,
assuming the FDT is applicable to the postural control
system, then

R(t) = a + b(dC(¢)/d0), ()

! Using the pinned-polymer model of postural control proposed by
Chow and Collins (1995), Lauk and colleagues (1998) suggested that
the FDT for this model would be R(7) = (1/2D)(dC(¢)/d?), where 2D is
the amplitude of a stochastic driving force on the polymer.

where «a is typically small and reflects an arbitrary origin
for the COP,”> and b has arbitrary units due to
normalization of all trials. We computed dC(¢)/d¢ and
R(#) for each subject using a procedure described
previously (Lauk et al., 1998).

In summary, for the quiet-standing trials, we first
determined the autocorrelation of y for the kth trial
Sik(t) = r(@®yi(t + 1)), where 7 represents a time delay
and <-) denotes ensemble average (Fig. 3a). We then
calculated  the  correlation  function Ci(n) =
2[var(yr(t)) — Sik(¢)], where var(yi(¢)) is the variance of
y for trial k. Then we computed the derivative dCi(7)/dz.
The time of the maximal amplitude of dCy(¢)/dt was
used as the trigger point. Each trial was normalized in
amplitude to unity at the trigger point. A 4s window of
data beginning from the trigger point was then selected.’
Results of the 4 s windows from all quiet-stance trials for
a given subject were combined to obtain the average
derivative of the correlation function dC(¢)/d¢ (Fig. 3a).

The dynamic response function to the perturbation
R(?) was calculated by averaging AP (y) data from all 10
trials. For each perturbed trial, the time of the peak
backward sway amplitude following the perturbation
was used as the trigger point (Fig. 2b, Point B). Each
trial was normalized to unity at the trigger point, and a
4s window of data was selected. Results of the 4s
windows from all perturbation trials were averaged to
obtain R(¢) (Fig. 3b).

Finally, the predicted response Rp(#) was computed
from R,(?) = a+ b(dC(¢)/dt), where @ and b are the
optimal estimates for the parameters ¢ and b, respec-
tively. The cost function, used to determine @ and Z;, was
based on fitting Eq. (1) to the experimental data using
the method of least squares with errors in both variables
(Williamson, 1968), and minimized with the simulated

2Since a is non-zero, Eq. (1) represents a modified version of the
FDT with perhaps non-stationary drift.

3Lauk et al. (1998) found that, in general, strong observance of the
FDT-based relationship could only be shown for the first 4s of data.
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Fig. 3. Flowcharts of the data analysis protocols used to compute dC(7)/dt and R(¢) for each subject. (a) For each quiet-stance trial k, the
autocorrelation of yg, Sk(z), and correlation function, Ci(z), were determined. Then the derivative of the correlation function, dCy(z)/d¢t, was
computed and normalized to unity by the peak amplitude. A 4 s window starting from this peak value was selected. Finally, the results from all trials
were averaged together to determine dC(¢)/dz. (b) For each perturbed-stance trial /, the data were normalized to unity by the peak backward sway
amplitude. The response function, R;(z), was selected as the 4 s window from this peak sway value. Finally, the average response function, R(¢), was

computed.

annealing algorithm (Press et al., 1989). To test whether
the FDT-based relationship held for the postural control
system of a given subject, the goodness-of-fit between
the actual and predicted dynamic response functions,
R(7) and R,(1), respectively, was evaluated by a y° test
statistic with P—Q degrees of freedom, where P is the
number of data points (i.e., 480, due to a 4s window at
120 Hz) and Q is the number of adjustable parameters
(i.e., 2, due to R(¢) and dC(¢r)/dr) (Williamson, 1968).
Therefore, y> = 478 represents a moderately good fit,
and y? decreases as the fit between R(f) and R,(7)
improves.

2.4. Supplemental balance parameters

To compare balance or postural stability character-
istics of each test group, supplemental COP parameters
were computed from quiet-stance data using techniques
from both (a) stabilogram-diffusion analysis and (b)
more commonly reported or traditional sway analysis
procedures. Stabilogram-diffusion analysis (Collins and
De Luca, 1993; Collins et al., 1995) uses random walk
analyses to describe the behavior of the COP during
short-term s and long-term / intervals of time with three
repeatable sets of parameters, i.e., diffusion coefficients
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Fig. 4. Sample results from the FDT-based analysis for two subjects. The goodness-of-fit of the actual (thin line) versus predicted (bold line) response
function is tested using the y? test statistic with 478 degrees of freedom. The predicted response, R, (7), based on quiet-stance data closely predicts the
actual dynamic response behavior, R(¢), for the subject presented in panel (a); here 3> = 59. In panel (b), R (2) poorly predicts R(¢) for the subject;

here 3> = 652.

(Dj; and Dj), scaling exponents (H;, and Hj), and
critical point coordinates, critical time interval (At;.) and
critical mean square displacement ((Ajz>c , Where j =
x,y,r. (Here we focus on AP stabilogram-diffusion
parameters, where j = y.) Diffusion coefficients reflect
the average level of stochastic activity of the postural
control system. Scaling exponents, which range from 0
to 1, describe the likelihood of moving away from or
toward a relative equilibrium point and quantify the
correlation between increments of time, where H = 0.5
indicates an uncorrelated random walk process, H > 0.5
is associated with a persistence phenomenon such that
current and future displacements of the COP are
positively correlated, and H <0.5 denotes anti-persis-
tence such that displacements are negatively correlated.
Critical time coordinates approximate the transition
from short-term to long-term time interval regions.

We also calculated traditional sway parameters that
are more commonly reported measures of COP time
series data (e.g., Fernie et al., 1982; Overstall et al., 1977;
Prieto et al., 1996). For each COP time series, we
computed the maximum displacement, standard devia-
tion,Y and the range between the maximum and
minimum fluctuations of the AP COP about the origin
(max(y), SD(y), and range(y), respectively).

For each subject, the average value of each parameter
was computed for the 10 quiet-stance trials. Unpaired z-
tests were used to examine whether these measures of
postural stability varied by test group. To account for
multiple comparisons, p-values below 0.006 were con-
sidered significant, while those between 0.006 and 0.05
were considered ““borderline” significant.

“The standard deviation of our adjusted zero-mean data is
equivalent to the root mean squ?/ge (RMYS) of these data, for1 /lzarge n,
ie., SD() =[S (@) /(n— D], RMS(y) = [S(»(i)*/n] ", and
n = 3600.

3. Results

The actual and predicted dynamic response functions,
R(t) and Ry(f), respectively, were significantly well-
matched for eight of the 10 elderly subjects (3> mean +
SD: 1924+ 110; range: 59-368) and all 10 young adult
subjects (x> mean + SD: 198+ 104; range: 45-308). The
fit was poor for only two of the 10 elderly subjects (i.e.,
%>>652). Thus, in the majority of cases, we were able to
predict the behavior of the perturbation response from
quiet-stance data.

Fig. 4 displays results for R(#) and R,(f) for two
elderly subjects. All subjects exhibited the expected
curve shape for both functions, i.e., both panels display
curves that decay from 1.0 and then fluctuate around an
equilibrium state. The goodness-of-fit can be visually
evaluated with respect to: the rate of decay, the
magnitude of the equilibrium state, and the time at
which equilibrium was attained. y> decreases as the
similarities between the two curves increase. Fig. 4a
illustrates an example of an excellent fit, i.e., > = 59.
Note how the curves match each other quite well.
Alternatively, Fig. 4b illustrates a poor fit, where y> =
652. Note that the rates of decay and times to
equilibrium for each panel are different.

Statistically significant differences in supplemental
balance measures were found between the young
and elderly groups (Table 1). In general, elderly subjects
had significantly larger (p<0.006) AP fluctuations
of the COP, e.g., mean (+ SD) of the maximum
AP displacement for elderly and young adults were
13.84+3.4mm and 8.8+1.5mm, respectively. There
were also significant differences in the stabilogram-
diffusion analysis parameters. For example, short-
term AP diffusion coefficients for elderly adults were
larger, which implies that elderly adults have greater
short-term postural sway in the AP direction than young
adults.



1332 E.T. Hsiao-Wecksler et al. | Journal of Biomechanics 36 (2003) 1327-1333

Table 1

Mean anterior—posterior balance parameters (+ one standard devia-
tion) based on quiet-standing data using traditional sway and
stabiliogram-diffusion analysis techniques

Parameter Young Elderly ¥4

(N = 10) (N = 10)
Traditional sway
SD(y) 3.240.6 4.5+0.8 0.001%*
Max(y) 8.84+1.5 13.8+3.4 0.0005*
Range(y) 15.8+2.8 23.6+4.7 0.0003*
Stabilogram-diffusion
analysis
Dy 45+1.8 13.4+5.2 0.0001*
Dy 1.0+0.5 1.0+0.9 0.9
Hy 0.624+0.07 0.74+0.06 0.0004*
Hy 0.284+0.07  0.13+£0.07  0.0001*
Aty 1.3+0.4 1.3+0.6 0.9
(AP 9.8+54 27.0+13.9  0.002*

*p<0.006 based on unpaired 7-test.

All traditional sway parameters have units of mm, unless noted. Short-
term (D,,) and long-term (D,;) diffusion coefficients have units of
mm?/s. Short-term (Hy,) and long-term (H,;) scaling exponents are
dimensionless. Critical time intervals (At,.) have units of s. Critical
mean square displacements (<Ay? >.) have units of mm?.

We were unable to identify specific differences in
demographic, clinical, or balance characteristics be-
tween elderly subjects who did, or did not, show a good
fit between the actual and predicted dynamic response
functions.

4. Discussion

Our results suggest that, by applying a linear relation-
ship derived from the fluctuation—dissipation theorem
(FDT), it is possible to predict the dynamic response of
the postural control system after a mild perturbation
using only quiet-standing COP data in both healthy
young and elderly adults. We hypothesized that this
FDT-based linear relationship would not hold for older
adults since alterations occur in postural control with
age. Our data from the supplemental balance measures
indicated that there were significant differences in quiet-
stance postural sway and stability between the young
and elderly groups. However, we found that the FDT-
based technique was applicable to eight of 10 elderly test
subjects, as well as all of the young subjects. This novel
finding suggests that the postural control system may
use the same control mechanisms during quiet-stance
and mild-perturbation conditions, regardless of age or
quiet-stance behavior. This stems from the FDT-based
conclusion that when the postural control system is not
in equilibrium, it cannot distinguish whether it was
brought into that state by an intrinsic, random
fluctuation or a mild, external perturbation.

These findings may have promising clinical implica-
tions. They suggest that it may not be necessary to
perform tests that involve mild perturbations to assess
postural control capacity in healthy adults. Further
studies are necessary to determine whether this techni-
que is applicable to individuals with impairments in
balance that may place them at a greater risk for falls,
and to tests using larger perturbations. If it can be
shown that this FDT-based technique is applicable to
such conditions and individuals, then perturbation tests
may be deemed unnecessary. Physically perturbing a
fragile individual to evaluate balance control increases
the potential for falls during tests. Therefore, the
development of a simple, non-stressful technique to
analyze postural control is highly desirable. Conse-
quently, testing procedures that use only quiet-stance
data to predict dynamic response behavior to any
amount of perturbation would be beneficial for ensuring
the safety of the individuals being tested.
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