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Abstract In an earlier posturographic investigation
(Collins and De Luca 1993) it was proposed that open-
loop and closed-loop control mechanisms are involved in
the regulation of undisturbed, upright stance. In this
study, stabilogram-diffusion analysis was used to exam-
ine how the natural aging process affects the operational
characteristics of these control mechanisms. Stabilo-
gram-diffusion analysis leads to the extraction of repeat-
able center-of-pressure (COP) parameters that can be di-
rectly related to the steady-state behavior and functional
interaction of the neuromuscular mechanisms underlying
the maintenance of erect posture. Twenty-five healthy
young males (aged 19-30 years) and twenty-five elderly
males (aged 71-80 years) who were free of major gait
and postural disorders ‘were included in the study. An
instrumented force platform was used to measure the
time-varying displacements of the COP under each sub-
ject’s feet during quiet standing. The COP trajectories
were analyzed as one-dimensional and two-dimensional
random walks, according to stabilogram-diffusion analy-
sis. Using this technique, it was demonstrated cross-sec-
tionally that healthy aging is associated with significant
changes in the ‘quasi-static’ dynamics of the postural
control system. (It was also shown that more traditional
posturographic analyses, i.e., summary statistics, were
not sensitive enough to detect these age-related differ-
ences.) It was found that the steady-state behavior of the
open-loop postural control mechanisms in the elderly is
more positively correlated and therefore perhaps more
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unstable, i.e., the output of the overall system has a
greater tendency to move or drift away from a relative
equilibrium point over the short term. In contrast with
this result, it was also found that the steady-state behav-
ior of the closed-loop postural control mechanisms in the
elderly is more negatively correlated and therefore per-
haps more stable, i.e., over the longer term, there is an
increased probability that movements away from a rela-

tive equilibrium point will be offset by corrective adjust-

ments back towards the equilibrium position. In addition,
it was demonstrated that the elderly -utilize open-loop
control schemes for longer time intervals and corre-
spondingly larger COP displacements during periods of
undisturbed stance. This result suggests that in the elder-
ly there is a greater delay, on average, before closed-loop
feedback mechanisms are called into play. Finally, it was
shown that there is an increased heterogeneity of postur-
al control abilitics in healthy older adults.
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Random walk - Human

-—

Introduction

A number of neuromuscular modifications accompany
the normal aging process. Advancing age has been asso-
ciated, for example, with muscle weakness (Faulkner et
al. 1990). reduced cutaneous sensation (Whanger and
Wang 1974). diminished proprioception (Skinner et al.
1984). and decreased nerve conduction velocity (Dorf-
man and Bosley 1979). These degenerative changes can
impair balance control in many different ways (Horak et
al. 1989; Lord et al. 1991; Prieto et al. 1993; Alexander
1994). Accordingly, the elderly are often predisppsed to
falls (Tinetti et_al. 1988; Tinetti and Speechley 1989:
Lipsitz et al. 1997), which are a common cause of mor-
bidity and mortality among older persons. Despite the
severity and frequency of this problem, postural instabil-
ity in the elderly remains a poorly understood phenome-
non.




A number of recent studies have documented age-re-
lated changes in the strategies that are utilized by the
postural control system to correct for various external
perturbations and disturbances (Woollacott et al. 1986;
Maki et al. 1987: Manchester et al. 1989; Stelmach et al.
1989; Alexander et al. 1992). Little is known, however,
as to how the ‘quasi-static’ performance and characteris-
tics of the postural control system are affected by the
aforementioned age-dependent alterations to sensory and
muscular subsystems. This situation is complicated by
the fact that the results of previous studies analyzing qui-
et-standing postural stability among individuals of differ-
ent age groups have been ambiguous ~ some have report-
ed age-related differences in postural sway (Sheldon
1963; Hasselkus and Shambes 1975; Overstall et al.
1977; Era and Heikkinen 1985; Ring et al. 1989; Pyykkd
et al. 1990; Hytonen et al. 1993), whereas others have
found none (Dornan et al. 1978; Fernie et al. 1982). For
instance, Overstall et al. (1977) reported that total an-
teroposterior (AP) sway increased with age; however,
Fernie et al. (1982) found that a related measure — mean
speed of sway — did not exhibit an age-related trend. In
addition, thé motor control insights gained from the ma-
jority of these earlier studies have been meager, largely
because the analyses of the posturographic data have
been limited to summary statistics, which, in general,
cannot be interpreted in a physiologically meaningful
way. For instance, it is unclear how the aforementioned
summary measures (i.e., total AP sway and mean speed
of sway) can be related to the operational characteristics
of the neuromuscular mechanisms involved in balance
control. Thus, given this paucity of physiologically rele-
vant information and given that static posturography
(compared with dynamic posturography) is a much sim-
pler and safer test to perform and administer to elderly
individuals, there is a clear need to gain an increased un-
derstanding of the effects of age on the regulation of un-
disturbed stance.

In an earlier study (Collins and De Luca 1993), we
examined quiet-standing center-of-pressure - (COP) tra-
jectories as one-dimensional and two-dimensional ran-
dom walks. This work was based on the assumption that
the movements of the COP represent the combined out-
put of co-existent deterministic and stochastic mecha-
nisms. These analyses revealed that over short-term in-
tervals of time! during undisturbed stance the COP be-
haves as a positively correlated random walk, i.e., one
which tends to move or drift away from a relative equi-
libdum point following a perturbation, whereas over
long-term intervals of time it resembles a negatively cor-
related random walk, i.e., one which tends to return to a
relative equilibrium point following a perturbation. We
interpreted this finding as an indication that during quiet
standing the postural control system utilizes open-loop
and closed-loop control schemes over short-term and
long-term intervals, respectively (an open-loop control

1]t is important to note that the concept of time in stabilogram-dif-

fusion analysis corresponds to a moving time window as opposed
to the passage of real time :
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system is one which operates without feedback, whereas
a closed-loop control system is one which operates with
feedback). From this perspective, our approach, known
as stabilogram-diffusion analysis, has the advantage that
it leads to the extraction of repeatable COP parameters
which can be directly related to the steady-state behavior
and functional interaction of the neuromuscular mecha-
nisms underlying the maintenance of upright stance.

In the present study, we utilized stabilogram-diffusion
analysis and the open-loop/closed-loop postural control
hypothesis to examine how the natural aging process af-
fects the operational characteristics of the control mecha-
nisms that are involved in the regulation of quiet stand-
ing.

Methods

Experimental methods

Included in the study were 25 healthy young males (age: 19-30
years, mean 22 years) and 25 elderly males (age: 71-80 years,
mean 75 years). The subjects in the two populations were of simi-
Jar size — body weight (meanzstandard deviation): 70.7+8.4 kg
(young), 77.4£9.5 kg (elderly); and height: 173.8+5.9 cm (young),
171.9+6.4 cm (elderly). Individuals were excluded from the inves-
tigation if they had a known history or evidence of a gait or pos-
tural disorder, or if they had lost their balance and fallen within the
last five years. Informed consent was obtained from each subject
prior to participation. This study was approved by the Boston Uni-
versity Charles River Campus Institutional Review Board. »

Postural sway was evaluated by using a Kistler 9287 multi-
component force platform to measure the time-varying displace-
ments of the COP under a subject’s fect. The force platform data
were sampled at a frequency of 100 Hz {the noise characteristics
of the platform are described by Collins and De Luca (1993)).
Each subject was instructed to stand upright on the platform in a
standardized stance; the subjects’ feel were abducted 10° and their
heels were separated mediolaterally by a distance of 6 cm. During
the testing, the subjects stood barefoot with their arms relaxed
comfortably at their sides and their eyes fixed on a point in front
of them. A series of 10 trials was conducted for each subject. Each
trial lasted for a period of 30 s. Rest periods of 60 s were provided
between each trial.

Clinical evaluation and subject classification

As suggested by Alexander (1994), it is possible that some of the
previously reported age-related differences in postural control may
have been due to subtle, undetected disease in the elderly subjects,
ie., the clinical screening procedures and inclusion criteria of

these earlier studies may not have been sufficiently strict. In order

to minimize the possible effects of disease-related functional de-
clines on the present posturographic analyses, a physician trained
in geriatric medicine (A.B.) performed a complete medical evalua-
tion of the 25 elderly subjects who passed the initial screening cri-
teria described above. Specific attention was paid to clinical find-
ings associated with impaired balance and gait. The evaluation in-
cluded a complete history and review of medications, with atten-
tion to medical conditions and drugs associated with increased risk
of falls; a physical examination, including evaluation of postural
vital signs, cardiovascular function, neurologic findings, and vi-
sion; and an assessment of cognitive function and mood with stan*
dargdgzed instruments (Folstein et al. 1975; Yesavage and Sheikh
1986). .

An independent panel of geriatric specialists with expertise in
falls established a priori criteria for increased risk of impaired bal-
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Table 1 Clinical reasons for exclusion of 13 elderly subjects from
the sub-population of healthy elderly

Subject  Reasons(s) for exclusion

1 Macular degeneration, cataracts,
flurazepam medication

2 Visual impairment
3 Orthostatic hypotension, cervical and knee arthritis
4 Vertigo
5 Diabetes mellitus
6 Cervical arthritis, tremor
7 Vertigo, transient ischemic attacks
8 Diabetes mellitus, vertigo,
impaired vibratory sensation
9 Vertigo, doxepin medication
10 Diabetes mellitus
11 Orthostatic hypotension, tremor
12 Macular degeneration, orthostatic tachycardia
13 Myocardial infarction, pacemaker, chemotherapy

for lymphoma, neck and knee arthritis

ance. These criteria included: (1) medical conditions such as visu-
al problems, chronic arthritis, and cardiovascular problems; (2)
medications such as psychotropics and blood pressure-lowering
drugs; and (3) physical examination findings such as neurologic
abnormalities, orthostatic hypotension, and joint deformities. Sub-
jects who met criteria for potential balance impairment were des-

ignated as “at risk for falls’. The other subjects were classified as |

‘healthy’. Thirteen of the 25 elderly subjects included in the study
were classified as ‘at risk for falls’. Table 1 lists the clinical rea-
sons as to why each of these individuals were so classified.

Stabilogram-diffusion analysis

The COP trajectories were studied as one-dimensional and two-di-
mensional random walks according to stabilogram-diffusion anal-
ysis (Collins and De Luca 1993). In stabilogram-diffusion analy-
sis, the displacement analysis of COP trajectories is carried out by
computing the square of the displacements between all pairs of
points separated in time by a specified time interval At (Fig. la).
The square displacements are then averaged over the number of Ar
making up the COP time series. This process is repeated for in-
creasing values of Ar. A plot of mean square COP displacement
(e.g., <Ar¥>) versus At is known as a stabilogram-diffusion plor2
(Fig. 1b). Stabilogram-diffusion plots are computed for each sub-
ject trial and then 10 such curves are averaged to obtain a resultant
stabilogram-diffusion plot for a particular subject. A more com-
plete description of stabilogram-diffusion analysis is given by Col-
lins and De Luca (1993, 1995a).

A schematic representation of a typical resultant stabilogram-
diffusion plot is shown in Fig. 1b. In order to parameterize such
plots, two regions are identified — a short-term region and a long-
term region (denoted by subscripts s and /, respectively, through-
out the manuscript). These regions are separated by a transition or
critical period over which the slope of the stabilogram-diffusion
plot changes considerably. Stabilogram-diffusion analysis involves
the extraction of three sets of posturographic parameters: diffusion
coefficients, scaling exponents, and critical point coordipates.

Diffusion coefficients reflect the level of stochastic activity
and/or energy of the COP along the mediolateral (ML) or AP axis

or about the plane of support. From a physiological standpoint, the -

short-term and long-term COP diffusion coefficients characterize

2 In the present study, {x,} and {y,) are the ML and AP COP time
series, respectively, and <Ar>=<Ax2>+<Ay2>. Thus, r designates
planar COP measurements and displacements. The brackets <->

denote an average over time or an ensemble average over a large
number of samples

the stochastic activity of the open-loop and closed-loop postural
control mechanisms, respectively. Diffusion coefficients D; are
calculated from the slopes of the resultant linear-linear plots of
mean square COP displacement versus A, according to the gener-
al expression :

<Aj*>=2DAt M

where <Aj2> is the mean square COP displacement, and j=x,y,r.

Scaling exponents, which can be any real number in the range
0<H<1, quantify the correlation between the step increments
making up an experimental time series. If H=0.5, then the incre-
ments in displacement are statistically indepéndent. This is the re-
sult expected for classical Brownian motion. If H>0.5, then past
and future increments are positively correlated (Feder 1988; Saupe
1988). In this case, a random walker moving in a particular direc-
tion for some t, will tend to continue in the same direction for ¢
>to. In general, an increasing (decreasing) trend in the past implies
an increasing (decreasing) trend in the future. On the other hand, if
H.<0.5, then the stochastic process is negatively correlated (Feder
léSS: Saupe 1988). In this case, increasing (decreasing) trends in
the past imply on the average decreasing (increasing) trends in the
future. From a physiological standpoint, COP scaling exponents
quantify the correlated behavior of the respective postural control
mechanisms, i.e., short-term scaling exponents (which are typical-
ly greater than 0.5) characterize the drift-like dynamics of the
open-loop postural control mechanisms, whereas long-term scal-
ing exponents (which are typically less than 0.5) characterize the
antidrift-like dynamics of the closed-loop postural control mecha-
nisms. Scaling exponents H; are calculated from the slopes of the
resultant log-log plots of mean square COP displacement versus
Ar, according to the generalized scaling law

<Aj>~Ar2Hj )]

where the symbols correspond to those of Eq. 1. Diffusion coeffi-
cients and scaling exponents are each computed for both the short-
term and long-term regions of resultant stabilogram-diffusion
plots. In the present study, the respective slopes needed to calcu-
late these parameters were determined by utilizing the method of
least squares to fit straight lines through defined portions of the
aforementioned plots. All parameters were determined by a single
investigator.

The critical point coordinates — the critical time interval Ay
and critical mean square displacement <Aj> ., where j =x,y,r — ap-
proximate the transition region that separates the short-term and
long-term regions. An estimate for each critical point was deter-
minad as the intersection point of the straight lines fitted to the
two regions of the linear-linear version of each resultant stabilo-
gram-diffusion plot.(Fig. 1b). From a physiological standpoint,
these coordinates approximate the temporal and spatial character-
istics of the region over which the postural control system switch-
es from open-loop control to closed-loop control. .

The above approach involves the fitting of two different models
(when H#0.5) to the same data sets, i.e., diffusion coefficients rep-
resenting the slope of a linear model (see Eq. 1), and scaling expo-
nents representing the exponent of a scaling-law model (see Eq. 2).
In a recent set of studies (Collins and De Luca 1994, 1995b), we
demonstrated that COP trajectories are significantly different from
uncorrelated random walks and that the aforementioned (short-
range and longer-range) correlations in the COP time series are due
to underlying dynamic processes. This result implies that the non-
linear data-analysis technique is more valid than the linear data-
analysis technique. Given this result, the COP diffusion coeffi-
cients, which are calculated using the linear data-analysis tech-
nique, should be viewed as ‘effective’ diffusion coefficients (such
measures represent ‘actual’ diffusion coefficients only when
H=0.5, which is rarely the case with quiet-standing COP trajecto-
ries). As such, these parameters approximate the effective diffusion
of the COP about the base of support. From this perspective and
from the standpoint of our postural control hypothesis, the short-
term and long-term effective diffusion coefficients should be inter-
preted as approximate measures of the effective stochasticity of the
open-loop and closed-loop control mechanisms, respectively.




Fig.- 1 a Diagram showing the
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Traditional COP parameters

The following commonly used COP parameters were also calcu-
lated from the stabilogram time series: maximum AP displace-
ment, maximum ML displacement, root-mean-square displace-
ment, total sway path, and radial area (Hasan et al. 1990). The
above parameters were computed for each subject trial and then
the respective values were averaged for each set of 10 trials to ob-
tain a resultant measure for each parameter for each subject.

Statistical analyses .
In the first set of statistical analyses, the F test and Student’s #-test
were used to compare the variances and group means, respective-
ly, of the stabilogram-diffusion parameters and traditional COP
parameters that were calculated for the young (N=25) and elderly
(N=25) populations. If the young and elderly population variances
for a particular parameter were sufficiently different, then a
weighted analysis was used to estimate the standard error of the
difference between the two means.
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For the second set of statistical analyses, the population of el-
derly subjects was separated into two groups — healthy elderly
(N=12) and at-risk elderly (N=13) - according to the classification
scheme described earlier. (The parameterization of the posturo-
graphic data and the clinical evaluation/classification of the elder-
ly subjects were double-blinded.) The Student-Newman-Keuls
multiple range test was used to perform pairwise comparisons be-
tween the computed posturographic results for the young, healthy
elderly, and at-risk elderly populations. The F'test was also used to
compare the variances of the respective parameters that were cal-
culated for the three subject populations.

Results
Entire subject sample -

We begin by comparing the posturographic results for the
young subjects with those for the entire group of 25 elder-




484

Fig. 2a,b Raw-data resultant 150

planar stabilogram-diffusion
plots and fitted regression lines
for one representative healthy
young subject (age 20 years)

and one representative healthy 100

elderly subject (age 71 years):
a linear-linear plots, b log-log
plots. Values for the computed 2
short-term and long-term effec- (mm”)
tive diffusion coefficients

(in units of mm?2 s-!) are given

in a, where the computed cri-

tical point coordinates are:

At, =0.7 s (young), 1.5 s (elder-

ly), and <Ar?>_=10.7 mm?

(young), 59.6 mm? (elderly).

Values for the computed short-

term and long-term scaling

exponents are given in b. The

lines fitted for computation

of D, D, H,, and H,, for the

representative young subject

had 2 values of 0.98, 1.00,

<Ars>

1.00, and 0.99, respectively, 100

while for the representative
elderly subject the respective r?
values were 0.99, 0.98, 1.00,
and 0.93

(mm®)

0.1

ly subjects. These aged subjects. who were free of major
gait and postural disorders, were considered representative
of typical elderly from the population at large. Raw-data
resultant planar stabilogram-diftusion plots for representa-
tive young and elderly subjects are given in Fig. 2. Several
comparative points about these plots should be noted.
Firstly, from the linear-linear plots of mean square COP
displacement versus time interval (Fig. 2a), it can be seen
that the slope of the short-term region for the elderly sub-
ject was substantially larger than that for the young sub-
ject, whereas the slopes of the long-term region for the
two subjects were relatively similar. These findings were
reflected in the computed values for the effective diffusion
coefficients — the short-term effective diffusion coefficient
(D,,) for the aged subject was substantially greater than
that for the young subject, whereas the long-term effective
diffusion coefficients (D,;) for the two_subjects.were rela-
tively similar (Fig. 2a). Secondly, it should be noted from
Fig. 2a that the transition region between the short-term
and long-term regions for the representative elderly sub-
ject occurred over larger mean square COP displacements
and larger time intervals than that for the representative
young subject. These differences were reflected in the cal-
culated values for the critical point coordinates — the criti-
cal mean square displacement (<Ar?>.) and critical time

<ar®> 10

-

(a) ‘ Elderly |

Temtt

Time Interval (s)

interval (At,,) for the elderly subject were both larger than
those for the young subject (see Fig. 2). Finally, from the
log-log plots of mean square COP displacement versus
time interval (Fig. 2b), it can be seen that the slopes of the
short-term and long-term regions for the elderly subject
were respectively greater and less than those for the young
subject. These differences were reflected in the computed
values for the scaling exponents — the elderly subject’s
short-term and long-term scaling exponents (H  and H,,
respectively) were respectively larger and smaller than
those for the young subject (Fig. 2b). Aswill be described
below, these representative findings, in general, capture
the significant differences between the two populations.
The group means and standard deviations of the cal-
culated stabilogram-diffusion parameters for the young
and elderly populations are given in bar-plot form in
Figs. 3 and 4. Firstly, there were statistically significant
differences between the elderly and young short-term ef-
fective diffusion coefficients (Fig. 3a) — the respective
group means for the elderly subjects were approximately
twice those for the young subjects. However, there were
no significant differences between the elderly and young
long-term effective diffusion coefficients (Fig. 3b). Sec-
ondly, the respective short-term scaling exponents for the
elderly subjects were significantly greater (P<0.005)




Fig. 3a—d Group means and
standard deviations for the
young (N=25) and elderly
(N=25) subjects: a short-term
effective diffusion coefficients,
b long-term effective diffusion
coefficients, ¢ short-term scal-
ing exponents, d long-term
scaling exponeats. Dashed line 40r
value expected for classical

(c) Short-Term Scal. Exp.

Brownian motion, i.e., //=0.50.
+ ** Statistically significant 30t
differences at P<0.05 and
0.005, respectively; —— statisti-
cal comparisons that were not -
P v 201
significant NE
10}
0
D, Dys
* *k
1.00

075}

0.50

0.25

0.00

than those for the young subjects (Fig. 3c). The COP tra-
jectories for the elderly subjects were thus more positive-
ly correlated over short-term intervals of time. On the
other hand, the AP and planar long-term scaling expo-
nents for the elderly subjects were significantly smaller
(P<0.005) than those for the young subjects (Fig. 3d).
Thus, over long-term intervals of time, the COP trajecto-
ries for the aged subjects were more negatively correlat-
ed in the AP direction (changes in planar stabilogram-
diffusion parameters, €.g., H,, are directly related to
changes in the respective AP and/or ML parameters). Fi-
nally, for all three resultant plots (ML, AP, and planar),
both the critical mean square displacements and critical
time intervals for the elderly subjects were significantly
greater than those for the young subjects (Fig. 4)-

The group means and standard deviations of the tradi-
tional COP parameters for the young and elderly popula-
tions are shown in bar-plot form in Fig. 5. There were 1o
- significant differences between the two groups for the

(a) Short-Term Effective Diff. Coeff.
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majority of these parameters. Only one such parameter —
maximum AP displacement — was significantly different
(P<0.05) between the two populations. -

The results from the F tests are summarized in Table
2. Between the young and elderly subjects, there were
statistically significant differences in the variance of 11
of the 18 stabilogram-diffusion parameters and in the

variance of one (maximum ML displacement) of the five

traditional COP parameters. The majority of these differ-
ences were significant at P<0.005. In each case, the vari-
ance for the elderly population was significantly greater
than that for the young population.

Subgroup analysis

Since some of the increased variance in the elderly popu-
lation may have been due to the presence of medical
conditions and medications with subclinical effects on
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Fig. 4a,b Group means and
standard deviations for the
young (N=25) and elderly
(N=25) subjects: a critical time
intervals, b critical mean
square displacements. Symbols

Bl Young (N=25)
[ Elderly (N=25)

in Fig. 3 . .
asin rig (a) Crit. Time Intervals (b) Crit. Mean Square Displ.
3.00( 100 ¢
225¢ 75+
o~
» 1.50t E SOk
0.75F 25+
0.00 0
AL A Al <ax> <ayt>, <art>,
* * *ok ok *% ok
Fig. 5 Group means and stan-
dard deviations for the young Il Young (N=25)
(N=25) and elderly (N=25) [ Elderly (N=25)
subjects for the following tra-
ditional COP parameters:
a maximum anteroposterior .
displacement (Max AP), | (a) Displacements (b) Tetal Sway Path & Radial Area
maximum mediolateral dis-
placement (Max ML), and 40 600 200
root-mean-square displacement w
(RMS); b total sway path (TSP)
and radial area (RA). Symbols
asin Fig. 3 30 450 1150
L L 4 3
20 § 300 100 3
10} 150} 150
0 0 0
Max AP MaxML RMS TSP RA

* -

balance control and since such factors may have also in-
fluenced the aforementioned young-elderly differences
in quiet-standing dynamics, we separated the aged popu-
lation into two groups — healthy elderly and at-risk elder-
ly. Figure 6 presents the group means and standard devi-
ations of the effective diffusion coefficients and scaling
exponents for the young, healthy elderly, and at-risk el-
derly populations. The statistical results from the pair-
wise comparisons are summarized below each bar plot.
There were no significant differences between the heal-

- - -

thy elderly and young subjects for any of the short-term
effective diffusion coefficients (Fig. 6a). However, the at-
risk elderly had a significantly larger short-term AP ef-
fective diffusion coefficient than both the young subjects
and healthy elderly. The short-term planar effective dif-
fusion coefficient for the at-risk elderly population was
also significantly larger than that for the young popula-
tion. From Fig. 6b, it can be seen that there were no sig-
nificant differences between the respective populations
for any of the long-term effective diffusion coefficients.




Table 2 Results from the F tests comparing the variances of the
respective COP parameters for the different subject populations. *,
** Sratistically significant differences at P<0.05 and 0.005, re-
spectively; — F tests that were not significant. Max. AP displ. max-
imum anteroposterior displacement, Max. ML displ. maximum
mediolateral displacement, RMS Displ. root-mean-square dis-

placement, Y young, Et elderly (total), £h elderly (healthy), Er el-
derly (at risk)

Parameter Y-Et Y-Eh Y-Er Eh-Er
D *x ok *% _
DM * o *% _
ys
D * % - X _
D’:, 3 — *of * %
D}., - - - -
Drl - - > -
H.r.\' - - - -
H\'.r - - - -
H, - - - -
Hxl * - * -
H\’l - - - -
H, - : - -
Al *k s #k _
A ,“‘t * _ *% *
A ,‘". sk _ *% *
<Anx?_> i *% o **® —
<AYZ>‘ * 3% %% *% _
<A',,3>C *k ®x Kok _
-

Max. AP displ. - - - -
Max. ML displ. ** * * -
RMS displ. - - - -

Total sway path - - _
Radial area - -

All pairwise comparisons of the short-term scaling
exponents, with the exception of H,, for the healthy el-
derly and at-risk elderly, indicated significant differences
between the subject populations (Fig. 6¢). In each of
these cases, the short-term scaling exponent for the at-
risk elderly was significantly greater than that for the
healthy elderly which was significantly greater than that
for the young subjects. In addition. the long-term AP and
planar scaling exponents for both the healthy elderly and
at-risk elderly were significantly smaller than the respec-
tive measures for the young subjects (Fig. 6d). These dif-

" ferences are clearly illustrated in the scatter plots of
Fig. 7. The young subjects typically exhibited relatively
small short-term scaling exponents and relatively large
long-term scaling exponents, whereas the opposite situa-
tion generally held for the elderly subjects, with the at-
risk elderly typically exhibiting larger short-term scaling
exponents than the healthy elderly.

Figure 8 presents the group means, standard devia-
tions, and a results summary of the pairwise comparisons
of the critical point coordinates for the three subject pop-
ulations. There were no significant differences between
the respective groups for either Az, or Az, (Fig. 8a).
However, the planar critical time interval for both the
healthy elderly and at-risk elderly was significantly
greater than that for the young subjects. In addition, the
AP and planar critical mean square displacements for
both the healthy elderly and at-risk elderly were signifi-
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cantly larger than the respective measures for the young
subjects (Fig. 8b).

The results for the traditional COP parameters for the
young, healthy elderly and at-risk elderly populations are
presented and summarized in Fig. 9. There were no sta-
tistically significant differences between the respective
populations for any of the traditional parameters.

The results from the F tests comparing the variances
of the respective COP parameters for the three subject
populations are summarized in Table 2. There were sig-
nificant differences between the healthy elderly and
young subjects in the variance of seven of the 18 stab-
ilogram-diffusion parameters and in the variance of one
(maximum ML displacement) of the five traditional
COP parameters. Between the at-risk elderly and young
subjects, there were signiﬁcant differences in the vari-
ance of 12 of the 18 stabilogram-diffusion parameters
and also in the variance of maximum ML displacement.
In each of the above cases, the variance for the elderly
population was significantly greater than that for the
young population. There were also significant differ-
ences between the healthy elderly and at-risk elderly in
the variance of three stabilogram-diffusion parameters
~ Dy, At and Ar,. In each case, the variance for the at-
risk elderly was significantly greater than that for the
healthy elderly.

Discussion

In the present study, we demonstrated cross-sectionally
that healthy aging is associated with significant changes
in the ‘quasi-static’ dynamics of the postural control
system and that these changes can be quantified during
undisturbed stance using stabilogram-diffusion analysis.
We also showed that more traditional posturographic an-
alyses, i.e., summary statistics, were not sensitive
enough to detect these age-related differences. These re-
sults were derived from a comparison of healthy young
subjects with a population of carefully screened, healthy
elderly subjects. The young-elderly differences in quiet-
standing dynamics are likely to be due to age-dependent
alterations in the steady-state behavior. and functional
interaction of the underlying neuromuscular control
mechanisms. Accordingly, below we interpret the
present posturographic findings from the standpoint
of our open-loop/closed-loop postural control hypothe-
sis.

The short-term ML and AP scaling exponents for the
healthy elderly were significantly larger than those for
the young subjects (as noted above, changes in planar
stabilogram-diffusion parameters, e.g., H,, are directly
related to changes in the respective ML and/or AP pa-
rameters). This result suggests that the steady-state be-
havior of the open-loop postural control mechanisms in
the elderly is more positively correlated and therefore,
perhaps more unstable, i.e., the output of the overall
system has a greater tendency to move or drift away
from a relative equilibrium point over the short term.
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Fig. 6 Group means and stan-
dard deviations for the young
(N=25), healthy elderly (N=12),
and at-risk elderly (N=13) sub-
jects: a short-term effective dif-
fusion coefficients, b long-term
effective diffusion coefficients,
¢ short-term scaling exponents,
d long-term scaling exponents.
Dashed line value expected for

(a) Short-Term Effective Diff. Coeff.

Bl Young [Y] (N=25)
B Elderly - healthy [Eh] (N=12)
Elderly - at risk [Er] (N=13)

(b) Long-Term Effective Diff. Coeff.

A . 40 40
classical Brownian motion, i.e.,
H=0.50. The table below each
plot summarizes the statistical
results from the pairwise com- 30 0r
parisons of the respective popu-
lations. Symbols as in Fig. 3
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This change may be due, in part, to a postural control
strategy® adopted by elderly individuals whereby they
increase the net stiffness of their musculoskeletal sys-
tem by increasing the level of muscular activity across
the joints of their lower limbs.# A potential advantage of

3 We recognize that there are other plausible strategies and/or
functional changes which could account for these posturographic
results. We present this hypothesized, age-dependent postural con-
trol strategy as only one possibility

4 Since the stiffness of an activated muscle (i.e., its resistance to
stretch) is directly related to the tensile force developed in that
muscle, the co-activation of antagonistic muscles can be used to
modulate the net mechanical stiffness of a joint (i.e., its resistance
to movement), without changing the resultant moment acting
about the joint (Winters et al. 1988)

this strategy is that ‘stiffer’ systems are better at resist-
ing and correcting for transient perturbations. This strat-
egy could be disadvantageous, however, given that
‘stiffer’ active muscles exhibit a higher level of stochas-
tic activity. More specifically, since fluctuations are al-
ways present in the mechanical output of skeletal mus-
cles (De Luca et al. 1982) and since the average ampli-
tude of these noise-like fluctuations increases as the
amount of force produced by a muscle increases (Joyce
and Rack 1974), the aforementioned postural ‘control
strategy would lead to increased short-term fluctuations
across the joints. In an unstable system (such as an in-
verted pendulum or upright biped), these alterations
would, in general, lead to an increased tendency to
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Fig. 7 Scatter-plots of a short-
term and long-term AP scaling

rA Young

A Elderly - healthy

O Elderly - at risk ]

exponents and b short-term
and long-term planar scaling
exponents during quiet stand-
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Fig. 8 Group means and stan- —
dard deviations for the young Young (Y] (N=25)
(N=25), healthy elderly (N=12), B4 Elderly - healthy (Eh] (N=12)
and at-risk elderly (N=13) sub- Elderly - at risk [Er] (N=13)
jects: a critical time intervals,
b critical mean square displace-
ments. The table below each (a) Crit. Time Intervals (b) Crit. Mean Square Displ.
plot summarizes the statistical
results from the pairwise com- 3.00 100
parisons of the respective popu- .
lations. Symbols as in Fig. 3
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drifts in some direction for short-term intervals of time
and thus result in larger short-term scaling exponents, as
were calculated for the healthy elderly.6 These changes
occurred in both the x- and y-directions implying that
the muscles involved act mediolaterally and anteropos-
teriorly.

It is also expected that this postural control strategy
would lead to higher average levels of short-term postur-

5 Winters et al. (1988) have shown that musculoskeletal models
which utilize antagonist co-activation for open-loop quasi-static
position control exhibit position drift

al sway and therefore result in larger short-term effective
diffusion coefficients. Although the respective mean val-
ues for D, and D, for the healthy elderly were larger
than those for the young subjects, these differences were

6 With sensitive, i.e., extremely low-noise, surface EMG elec-
trodes, it should be possible to test this hypothesized postural con-
trol strategy. However, this was not considered as part of the study |
at the outset; it will be a part of future work. Although the rela-
tionship between recorded EMG signals and resultant joint stiff-
ness has not been well established, it is expected that the EMG
RMS value for a particular muscle will increase if the muscle’s
level of activity (and hence its stiffness) is increased.
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Fig. 9a,b Group means and
standard deviations for the
young (N=25), healthy elderly
(N=12), and at-risk elderly
(N=13) subjects for the follow-

Il Young [Y] (N=25)
B2 Elderly - healthy (Eh] (N=12)
Elderly - at risk [Er] (N=13)

ing traditional COP parameters:
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root-mean-square displacement ]
(RMS); b total sway path (TSP)
and radial area (RA). The table
below each plot summarizes i L 4
the statistical results from the 30 450 130
pairwise comparisons of the
respective populations. Symbol E
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not significant (P=0.15 and 0.13, respectively). The pre-
dicted co-parameter change, however, was borne out and
is clearly illustrated by the computed results for the at-
risk elderly, who had significantly larger mean values for
H,, and D, than both the young subjects and healthy el-
derly In the case of the healthy elderly, the increase in
their short-term scaling exponents, and the proposed cor-
responding increase in muscular activity across their
lower-limb joints, may not have caused a large enough
increase in their short-term effective diffusion coeffi-
cients, as compared with the young subjects, to be de-
tectable with the relatively small sample (N=12) in our
subgroup analysis.

This hypothesized, age-dependent postural control
strategy is indirectly supported by previous dynamic
posturographic investigations. Manchester et al. (1989),
for example, showed that older adults utilize increased
levels of antagonistic muscle activity during perturbation
experiments. Consistent with the results of the present
study, these authors also found that this effect was more
pronounced in aged subjects with subtle, underlying pa-
thology.

In contrast with the above short-term scaling-expo-
nent results, we found that the long-term AP scaling ex-
ponent for the healthy elderly was significantly smaller
than that for the young subjects. This finding suggests
that the steady-state behavior of the closed-loop postural
control mechanisms in the elderly is more negatively
correlated and therefore perhaps more stable, i.e., over
the longer term, there is an increased probability that
movements away from a rélative equilibrium point will

be offset by corrective adjustments back towards the
equilibrium position. Such a change in control dynamics
could be effected by an increase in the gain of the feed-
back mechanisms that are involved in the regulation of
upright stance. A postural control strategy of this sort
may allow elderly individuals to compensate for the
aforementioned alterations in the steady-state behavior
of the open-loop control mechanisms, i.e., to offset the
effects of an increased tendency for short-term drift.
These changes in the long-term dynamics of the postural
control system could account for the finding -that the
long-term effective diffusion coefficients for the healthy
_elderly were smaller, albeit not-significantly smaller,
than those for the young subjects, i.e., an increase in
gain, for a given level of effective stochastic activity,
would decrease the probability of the COP moving a
greater distance away from a relative equilibrium point
and/or shifting between different equilibrium points, and
thereby lead to lower long-term effective diffusion coef-
ficients. The differences between the young and elderly
long-term effective diffusion coefficients may not have
been significant because the proposed gain changes
would also have had to offset the indirect effects of the
aged subjects’ increased tendency for short-term drift,
i.e., it is expected that an increase in short-term drift
and/or fluctuations across the multiple joints of the body
would lead to an increase in the long-term fluctuations of
the overall system. Similar results were obtamed with
the at-risk elderly.

The healthy elderly were also characterized by signifi-
cantly larger planar critical time intervals (the changes in




At and Ar, were not statistically significant, however,
their combined effect on Ar,. did produce a significant dif-
ference). This finding suggests that aged subjects utilize
open-loop control mechanisms for longer intervals of
time, and that in the elderly there is a greater delay, on av-
erage, before closed-loop feedback mechanisms are called
into play. Such an alteration in postural control dynamics
could lead to a more unstable situation during erect stance.
This age-related modification in the temporal interaction
of the open-loop and closed-loop control mechanisms may
be due to a number of different factors. For example, it
may be due in part to increased postural muscle response
and reflex times, which have been documented as con-
comitants of the aging process (Inglin and Woollacott
1988; Stelmach et al. 1989, 1990). In addition, this change
may be the result of diminished proprioception, which has
also been reported as a common consequence of aging
(Skinner et al. 1984). An individual with reduced proprio-
ception or joint position sense may not be able to detect
small changes in body position during quiet standing. The
body and/or individual body segments of such an individ-
ual may thus be allowed to drift over larger displacements
and for correspondingly longer time intervals before cor-
rective feedback mechanisms are utilized.

Likewise, it should be noted that the significant in-
crease in the AP critical mean square displacement for
the elderly subjects can be directly attributed to the
combined effect of the increase in D, and the increase
in At,,, i.e., greater short-term effective stochastic activi-
ty ufilized over longer time intervals would naturally
lead to larger values for the critical mean square dis-
placement. As with the aforementioned scalar changes
in cri-tical time interval, the changes in D, and Ar,, re-
spectively, were not statstically significant, however,
their combined effects on <Av>>_did produce a signifi-
cant difference. From a physiological standpoint, the
significant increase in <Ay2>_in elderly subjects may be
related to age-dependent increases in proprioceptive
thresholds, in accordance with the arguments presented
above. :

We also demonstrated that there is an increased het-
erogeneity of postural control abilities in healthy older
adults. The variance of seven of the 18 stabilogram-dif-
fusion parameters (and one of the five traditional COP
parameters) for the healthy elderly was significantly
greater than the variance of the respective measures for
the young subjects. Given that the healthy elderly were
carefully screened for subtle pathology, these differences
in population variability cannot be attributed to underly-
ing disease; instead, these differences were likely due to
physiologic aging. Importantly, we also found that the
number of stabilogram-diffusion parameters indicating
significant young-elderly differences in variance and/or
group mean was reduced substantially with the separa-
tion of the aged population into two groups — subjects ‘at
risk for falls’ and ‘healthy’ subjects. This latter result
confirms the need for using careful screening procedures
and strict inclusion criteria in future posturographic stud-
ies of older persons. e
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On a final note, it is intriguing to consider the possi-
bility of using short-term stabilogram-diffusion parame-
ters as clinical measures of postural instability. Both D,
and H,, indicated significant differences between the
healthy elderly and at-risk elderly that were not evident
from summary COP measures, such as total sway path or
radial area. The consistent changes in the aforemen-
tioned dynamic COP measures for the present heteroge-
neous population of at-risk elderly (i.e., subjects with a
myriad of medical conditions and risk factors) may have
been due to a common compensatory postural control
strategy, e.g., one that involved the stiffening of the mus-
culoskeletal system via increased muscular activity, 4s
opposed to a common disease-related change in the un-
derlying control mechanisms. Likewise, the at-risk elder-
ly may have behaved similarly due to a general ‘fear of
falling’ (Maki et al. 1991) or a lack of confidence in their
ability to maintain balance during quiet standing. Further
work with well-defined patient populations is needed.
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