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Abstract

Stabilogram-diffusion analysis was used to gain insights into how idiopathic Parkinson’s disease (IPD) affects the postural control
mechanisms involved in maintaining erect stance. Twenty-two subjects with IPD and twenty-four healthy elderly subjects were studied
under eyes-open, quiet-standing conditions. The postural control mechanisms in the parkinsonian subjects, compared to the healthy
elderly, were characterized by an increase in the effective stochastic activity in the mediolateral direction. Mediolateral posturographic
measures were also associated with a history of falls and poor performance on clinical measures of balance. It is hypothesized that the
increase in mediolateral activity in subjects with IPD may reflect an attempt to maintain potentially stabilizing movements during quiet
standing in the face of impaired movement in the anteroposterior direction. This study supports the notion that mediolateral instability
is an important posturographic marker of functional balance impairment in the elderly.
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Idiopathic Parkinson’s disease (IPD) is a common neu-
rodegenerative disease of later life. The clinical hallmark
of advanced IPD is postural instability, which can result
in significant morbidity due to falls, associated injury and
functional impairment. Despite the morbid consequences
of this problem, the postural dyscontrol associated with
IPD remains a poorly understood phenomenon.

Most previous investigations of postural control mech-
anisms in [PD have measured motor responses to various
external perturbations and disturbances [7,13,15,16].
Studies of this sort, however, can be difficult to perform
and often yield conflicting results. The few studies which
have analyzed quiet-standing stability in IPD have been
contradictory, with some reporting a decrease in postural
sway compared to healthy subjects [13] and others report-
ing an increase in sway [16]. Furthermore, these investi-
gations limited their analyses to singular responses (e.g.
reaction times) of isolated systems and thus failed to pro-
vide meaningful insights into how the complex integra-
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tion of the different components of the postural control
system breaks down in advanced IPD.

Stabilogram diffusion analysis [4,5] is based on a ran-
dom-walk approach to quiet-standing center-of-pressure
(COP) trajectories. It has the advantage over traditional
posturographic approaches in that it yields COP parame-
ters which relate directly to the steady-state behavior and
functional interaction of the neuromuscular mechanisms
underlying the maintenance of erect stance. Stabilogram-
diffusion analysis has recently been used to gain insight
into how the natural aging process affects the operational
characteristics of the postural control mechanisms in-
volved in quiet standing [6]. Given the relative ease and
safety with which this technique can be applied to older
adults, we utilized stabilogram-diffusion analysis in the
present study to yield physiologically meaningful insights
into the postural dyscontrol associated with IPD.

Twenty-two subjects with IPD and twenty-four healthy
elderly control subjects were included in this study. IPD
subjects had their diagnosis previously confirmed by a
neurologist. All subjects were able to stand independ-
ently. Informed consent was obtained from each subject
prior to their participation.
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In order to screen for clinical findings associated with
impaired balance and gait, all subjects underwent a de-
tailed clinical evaluation by one of two physicians trained
in geriatric medicine (S.M. or A.B.). This assessment in-
cluded a complete history and medication review (with
attention to medical conditions and drugs associated with
increased risk of falls). A history of falls over the previ-
ous 12 months was determined by subjects’ self-report. A
targeted physical examination included the evaluation of
postural vital signs, height, weight, body mass index,
cardiovascular function, neurological signs, the Mini-
Mental Status Examination [10], and the Geriatric De-
pression Scale (short form) [18]. Subjects were excluded
if they had debilitating rheumatological or orthopaedic
conditions, neurological diagnoses (other than IPD), or
cognitive impairment such that they could not understand
the study protocol. Clinical measures of balance and gait
included habitual gait speed, functional reach (the ability
to reach as far as possible with an outstretched arm with-
out taking a step) {8], and a clinical balance scale [2] (IPD
group only).

The Unified Parkinson’s Disease Rating Scale (UPD-
RS) [9] and the Hoehn and Yahr Scale [12] were used to
quantify the severity of IPD. The distribution of subjects
at each Hoehn and Yahr stage were as follows: stage 1.5
(N =1), stage 2 (N=17), stage 2.5 (N="T7), stage 3 (N =6)
and stage 4 (N = 1). The disease duration ranged from 1.5
to 16.0 years (mean 8.6 +3.6 (SD) years). The group
mean score on the UPDRS motor subscale was 25 + 14
(range 4-49).

Postural sway was evaluated using a Kistler multicom-
ponent force platform to measure the time-varying dis-
placements of the COP under each subject’s feet. During
the testing, each subject stood barefoot on the platform
(feet abducted 10° and heels separated by 6 cm), with
their arms relaxed at their sides and their eyes fixed on
a point in front of them. A series of ten 30-s trials was
conducted for each subject with their eyes open. The
data were sampled at a frequency of 100 Hz. Rest periods
of 60 s were permitted between each trial. IPD subjects
were tested on their usual regimen of antiparkinsonian
drugs, and those with symptom fluctuations were tested
during an ‘on period’. Each subject was tested in a 1-day
session.

The COP trajectories were studied as one-dimensional
and two-dimensional random walks according to stabilo-
gram-diffusion analysis. This technique is described in
detail in previous work [4,5]. With this approach, stabilo-
gram-diffusion plots are generated for each subject by
plotting the mean square COP displacement versus in-
creasing time intervals. Stabilogram-diffusion plots have
two regions, one over short-term time intervals and the
other over long-term time intervals. These regions are
separated by a critical period over which the slope of the
plot changes considerably. Three sets of posturographic
parameters are extracted from these plots: effective diffu-

sion coefficients, scaling exponents, and critical point
coordinates. Effective diffusion coefficients reflect the
level of effective stochastic activity of the postural control
system along the mediolateral (ML) and anteroposterior
(AP) axes and about the plane of support. Scaling expo-
nents assess the likelihood that the COP will move away
from or toward a relative equilibrium point. Earlier stud-
ies using stabilogram-diffusion analysis [4-6] revealed
that over short-term time intervals during undisturbed
stance the COP behaves as a positively correlated random
walk, i.e. one which tends to move or drift away from a
relative equilibrium point, whereas over long-term time
intervals it resembles a negatively correlated random
walk, i.e. one which tends to return to a relative equilib-
rium point. 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 time intervals, respectively. (An
open-loop control system is one which operates without
feedback, whereas a closed-loop control system is one
which operates with feedback.) The open-loop postural
control mechanisms are characterized by relatively large
effective diffusion coefficients (i.e. relatively large effec-
tive stochastic activity). The closed-loop postural control
mechanisms, on the other hand, are characterized by
smaller effective diffusion coefficients (i.e. less effective
stochastic activity). The critical point coordinates (the
critical time interval and critical mean square displace-
ment) approximate the transition region separating the
short-term and long-term regions, thus quantifying the
temporal and spatial characteristics of the region over
which the postural control system switches from open-
loop control to closed-loop control.

The following commonly-used COP parameters were
also calculated from the stabilogram time series: maximal
AP displacement, maximal ML displacement, root mean
square (RMS) displacement, and radial area [11]. These
parameters were computed for each subject trial, and then
averaged for each set of 10 trials to obtain a resultant
measure for each parameter for each subject.

For each posturographic parameter and continuous
clinical measure, analysis of variance (ANOVA) was used
to compare group means between the healthy elderly and
IPD subjects. Chi-squared tests were used to compare the
frequency of the categorical clinical measures between
each group. Since a significantly greater proportion of
IPD subjects took antidepressant medications, separate
covariance analyses (ANCOVA) were performed for all
balance measures while controlling for the use of antide-
pressants. Pearson correlation coefficients were used to
compare functional measures of balance (functional
reach, gait speed, and the clinical balance scale) with
posturographic parameters. ANOVA was used to compare
balance measures between subjects with and without falls
in the previous year. Because of the large number of anal-
yses performed, the criterion level of significance was set
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Fig. 1. Group means and standard deviations for the healthy elderly
(N =24) and subjects with IPD (N =22) for: (a) short-term and (b)
long-term effective diffusion coefficients. The symbols Dys, Dy and
D represent the short-term effective diffusion coefficients in the me-
diolateral, anteroposterior and planar directions, respectively. Dyj, Dy
and Dy represent the long-term effective diffusion coefficients in the
mediolateral, anteroposterior and planar directions, respectively. The
symbols * and ** denote statistically significant differences at P < 0.01
and P < 0.001 levels, respectively, after controlling for the use of anti-
depressant medications (ANCOVA). The symbol -- denotes statistical
comparisons that were not significant.

at @ = 0.01 to reduce the chance of type 1 (false positive)
statistical errors.

The healthy elderly and IPD subjects were similar with
respect to age (75 £2 versus 72 + 10 years; NS), gender
(10% versus 9% male; NS), height (1.6 £0.1 versus
1.6 £ 0.1 m; NS), weight ( 66.4 +13.9 versus 63.3 %
14.8 kg; NS) and body mass index (26.5 +5.4 versus
25.5 + 4.6 kg/m?, NS). The two groups did not differ
significantly in the number of comorbid medical condi-
tions such as cardiovascular disease, diabetes, stroke or
arthritis. Antidepressants were the only class of medica-
tions (other than antiparkinsonian drugs) used signifi-
cantly more often in the IPD group (27.8% versus 0%;
P =0.006). Subjects with IPD had slower gait speeds
(09+0.3 versus 1.4+0.3 m/s; P<0.0001), smaller
functional reach (10.6 + 3.5 versus 13.9 + 2.0 inches; P =
0.0003), and higher scores on the geriatric depression
scale (0-15) (2.9 +2.9 versus 1.2 +2.5; P=0.04) than
the healthy elderly subjects. A greater percentage of sub-
jects in the IPD group had at least one fall over the previ-
ous 12 months compared to the control group (50% ver-
sus 16.7%, P =0.02). The groups did not differ signifi-
cantly in their scores on the Mini-Mental State Exam.

A number of posturographic measures distinguished
the IPD group from the healthy elderly subjects even
after controlling for the use of anti-depressant drugs
(ANCOVA). The ML (P < 0.0001) and planar (P < 0.01)
effective diffusion coefficients were significantly greater
in the IPD subjects over short-term time intervals. Over
long-term time intervals, the effective diffusion coeffi-
cients for the IPD subjects were significantly greater in
the ML direction only (P =0.002) (Fig. 1). In addition,
the ratio of the ML/AP short-term effective diffusion co-
efficients was significantly greater in the IPD group
{1.7 £ 1.0 (SD) versus 0.6 £ 0.3 (SD); P < 0.0001}. There
were no significant differences between the scaling expo-

nents and critical time intervals for the two groups, but as
expected from the aforementioned results for the effective
diffusion coefficients, the ML (P < 0.0001) and planar
(P <0.0001) critical mean square displacements were
greater in the IPD group. This finding reflects the fact that
because the effective stochastic activity of the IPD sub-
jects increased over short-term time intervals (along the
ML axis and about the plane of support) without a change
in the critical time intervals, the IPD subjects on average
drifted a greater distance before switching from open-
loop control to closed-loop control.

Among the traditional parameters, IPD subjects had
significantly larger maximal displacements in the ML
direction (P < 0.0001), but no significant difference in
maximal AP displacements compared to the healthy eld-
erly. Similarly, the ratio of the maximal ML/AP dis-
placement was greater (P < 0.0001) in the IPD group.
Radial area (P <0.0001) and RMS displacement (P <
0.001) were also significantly larger in the IPD patients.

The ratio of ML/AP short-term effective diffusion co-
efficients for the subject population as a whole (i.e.
healthy elderly and IPD subjects) was inversely correlated
with functional reach (R = -0.55, P < 0.0001) and habit-
ual gait speed (R =-0.54, P <0.0001). Among the IPD
subjects, this ratio was inversely correlated with their per-
formance on the clinical balance scale (lower scores indi-
cate poorer balance) (R =-0.63, P=0.001) and directly
correlated with the degree of difficulty they had standing
up from a chair (R = 0.65, P = 0.001). The only posturo-
graphic measures which were significantly greater in the
subjects who had fallen in the previous 12 months com-
pared to ‘non-fallers’ were the ML short-term effective
diffusion coefficient (P =0.01) and the maximal ML
displacement (P =0.01). The ML long-term effective
diffusion coefficient also had a tendency (P = 0.03) to be
associated with a history of falls.

Thus, the postural control mechanisms in IPD during
quiet standing are characterized by an increase in effec-
tive stochastic activity in the ML direction. These altered
dynamics were present when the motor control system
was operating both without (open-loop control) and with
(closed-loop control) feedback, as the ML effective dif-
fusion coefficients were greater for both short-term and
long-term time intervals, respectively. In addition, ML
posturographic measures were associated with a history of
falls and poor performance on clinical measures of bal-
ance, suggesting that these measures may be related to
postural instability.

Increased postural sway in the ML direction during
quiet stance in subjects with IPD has not been previously
reported. Compared to healthy elderly subjects, parkin-
sonian subjects have been found to have less sway in the
AP direction during undisturbed stance [13] and on ex-
treme forward or backward inclinations from a standing
position [15]. It has been suggested that some amount of
sway is needed to maintain balance during quiet stance
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[15]. Accordingly, the observed reduced AP sway in pa-
tients with IPD has been hypothesized to be a sign of
postural ‘inflexibility’, which in turn has been related to
postural instability [13,15]. From the perspective of this
hypothesis, the increase in ML activity we observed in
subjects with IPD may reflect an attempt on their part to
maintain these potentially stabilizing movements in the
face of impaired movement in the AP direction. More
specifically, the predominance of ML activity observed in
the present study may be due to a compensatory strategy
wherein subjects with IPD utilize their open-loop and
closed-loop postural control mechanisms to introduce
slight shifts and adjustments, respectively, in the ML di-
rection to counteract the effects of restricted movement in
the AP direction.

Perturbation experiments have revealed slower ankle
joint displacement trajectories in parkinsonian patients
compared to age-matched healthy subjects [7]. Bloem et
al. [3] hypothesized that this difference is due primarily to
increased ankle muscle stiffness in patients with IPD. It is
reasonable to assume that this functional change in mus-
cle characteristics would also affect the postural control
system during undisturbed stance. Thus, the aforemen-
tioned hypothesized compensatory quiet-standing move-
ments associated with IPD may be introduced at the hip,
as opposed to the ankle. This speculative point is consis-
tent with the finding of Beckley et al. 1] that parkin-
sonian subjects tend to select a proximal-distal (‘hip strat-
egy’) activation sequence of long-latency responses to
toe-up platform perturbations, which is a reversal of the
normal distal-proximal (‘ankle-strategy’) activation se-
quence observed in healthy elderly subjects. This issue
requires further study.

Maki et al. recently reported [14] that posturographic
measures of ML sway are the best predictors of falling
risk in an elderly population. We also found that the pa-
rameters which were most strongly associated with a his-
tory of falls and most highly correlated with clinical
measures of balance, were those representing ML postural
control activity. Thus, lateral instability may be an impor-
tant posturographic marker of functional balance impair-
ment. Given that measures of ML postural control activity
are increased to such a significant degree in IPD, elderly
fallers who display this behavior may have subtle parkin-
sonian features (which are often seen clinically in aging),
or possibly early disease. Further work is needed to deter-
mine if this is a disease-specific finding or a non-specific
indicator of advanced postural instability in the elderly.
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