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Abstract

The purpose of this study was to determine the relationship between measures of local dynamic stability (LDS) during upright stance
and both descriptive measures of postural sway and a scaling index (o) derived from detrended fluctuation analysis. Center of pressure
(COP) time series were obtained from healthy participants (16 young and 16 older) during upright quiet stance. Vision and
somatosensation were altered by eye closure and standing on a compliant surface, respectively. A non-linear time-series analysis method
was used to compute three LDS parameters from the COP data: 4 which was defined as the COP excursion range in state space, and tg
and ;. which were defined as the divergence rates over short- and long-term timescales, respectively. LDS parameters, descriptive COP
measures, and o had generally consistent sensitivities to age and/or altered sensory conditions. Age x sensory condition interactions,
however, had distinct effects on LDS parameters compared to the other COP-based measures. Older individuals exhibited faster
divergence rates while having similar magnitudes of 4, compared to young individuals. These results suggest that older individuals stiffen
the musculoskeletal system via increased muscle activity, perhaps as an age-related postural adaptation. In addition, correlations between
LDS parameters and other COP measures were relatively small (*<0.29). Hence, LDS parameters (4, ts and 1) provide distinct
information on postural control and stability, supplementing other COP-based measures.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction stability was inferred empirically from systematic changes
in descriptive COP measures. However, postural stability
in quiet upright standing can be considered as a type of

local dynamic stability (LDS); i.e., the sensitivity of COP

In quiet upright stance, the center of pressure (COP)
reflects the collective postural control to maintain balance

within the base-of-support (Pricto et al., 1993; Winter,
1995). A variety of descriptive COP-based measures (e.g.,
mean velocity, mean power frequency, etc.) have been used
to examine the postural control system, and have been
shown to detect differences related to age (Du Pasquier
et al., 2003; Prieto et al., 1993), pathological conditions
(Nies and Sinnott, 1991) and altered sensory inputs
(Baratto et al., 2002). In these and related studies, postural
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dynamics to small perturbations such as internal neural
noise and/or altered sensory information. LDS is unlikely
represented by descriptive measures because of the inherent
temporal averaging involved.

Application of non-linear time-series analysis techniques
has enabled direct quantification of dynamic characteristics
of the postural control system. For example, several studies
have used the largest Lyapunov exponent (Aya.x) to
characterize an average rate of divergence during standing
to assess postural stability. Using such methods, indivi-
duals with pathological conditions were found less stable
than healthy individuals (Pascolo et al., 2005; Roerdink
et al., 2006). Since Anax can be spurious for experimental
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data that are not truly chaotic (Timmer et al., 2000), a
recent study (Kang and Dingwell, 2006) parameterized
LDS during standing and walking with a double exponen-
tial function from trunk kinematic variables. Furthermore,
the power-law scaling behavior of COP time series was
suggested to have implications in postural stability in that
individuals at a higher risk of falls exhibited smaller scaling
index values (Norris et al, 2005; Amoud et al., 2007).
Nevertheless, whether a relationship exists between LDS
and such a scaling index is unclear, and also uncertain are
the effects of age and altered sensory conditions on LDS.
The objective of this study was to parameterize the LDS of
quiet standing using COP time series and to examine the
sensitivity of LDS parameters to different age and sensory
conditions (i.e., altered vision and somatosensation). A
secondary objective was to examine if LDS parameters are
correlated with indirect stability measures (i.e., descriptive
COP measures and a scaling index). We hypothesized that
LDS parameters, a scaling index and descriptive COP
measures would all reflect differences in stability related to
different age and sensory conditions, yet the LDS parameters
would not be correlated with the scaling index or descriptive
COP measures. Confirming this hypothesis would demon-
strate that LDS parameters yield distinct information on
postural stability under varied age and sensory conditions.

2. Methods
2.1. Participants and experimental procedures

Thirty-two healthy individuals (16 young and 16 older adults, gender
balanced in each group) from the university and local community
volunteered for a larger study investigating the effects of age and localized
muscle fatigue on postural control. The mean (SD) age, height and body
mass were 20.9 (1.7)yr, 171.1 (6.8)cm and 67.3 (12)kg for young
participants, and 63.2 (5.5) yr, 167.8 (10.6)cm and 77.6 (17.8) kg for older
participants, respectively. Participants had no self-reported injuries,
illnesses, musculoskeletal disorders or occurrences of falls in the past
year. All completed an informed consent procedure approved by the
Virginia Tech Institutional Review Board.

Experimental trials involved quiet upright stance in several visual and
surface conditions. Participants stood barefoot on a force platform
(AMTI OR6-7-1000, Watertown, MA, USA) in a quiet room, and were
instructed to stand as still as possible with their feet together and arms at
their sides. Visual conditions had two levels: eyes-open (EO) and eyes-
closed (EC). In the EO condition, participants were asked to stare at a
cross mark that was located at eye height and 75 cm away from their eyes.
Surface conditions also had two levels: hard surface (HS) and soft surface
(SS). During SS conditions, a 23 mm-thick piece of foam covered the force
platform. Three replications of each of the four conditions (two
vision x two surface) were performed, in a randomized order, with at
least 1 min of rest between each. Repeatability of foot placement was
maintained by outlining the feet on poster board placed on top of the force
platform. Triaxial ground reaction forces and moments were sampled at
100 Hz. Each trial lasted 75, with the initial 10s and last 5s removed to
avoid initial transients and anticipation effects, respectively.

2.2. COP data reduction and descriptive measures

COP trajectories were computed in both anterior—posterior (AP) and
medial-lateral (ML) directions, and were demeaned in the respective
directions. Following Prieto et al. (1996), four descriptive COP measures

were computed: mean velocity (MV), 95% confidence ellipse area (EA9S),
and the mean power frequencies (MPF) of the COP time series in the AP
(MPFp) and ML (MPF) directions. MPFs were estimated using
Welch’s power spectrum estimation method. These descriptive measures
were normalized using individual anthropometric data (Hof, 1996).

2.3. Detrended fluctuation analysis (DFA), scaling index o.

DFA was used to extract «. DFA includes an integration step that
transforms a bounded series (COP series) into an unbounded series, which
has been suggested to surpass the shortcoming of earlier methods (see
Deligniéres et al., 2003). Fluctuation of the detrended series, F(n), is
characterized by the following power law:

F(n) oc n®, (1)

where o is the slope of a double logarithm plot of F(n) vs. n. Fractional
Gaussian noise (fGn) corresponds to O0<a<1, fractional Brownian
motions (fBm) to 1 <a<2 and Brownian motion to « = 1.5 (Deligniéres
et al., 2005). DFA was separately performed on the AP and ML
trajectories for n = 10-500 (i.e., 0.1-5s), considering that control
mechanisms for standing stability may act over 5s (Kang and Dingwell,
2000).

2.4. Local dynamic stability parameters

COP dynamics are constrained to a 2-D plane (i.e., the top surface of
the force platform). Hence, four state variables (i.e., COP movements in
the AP and ML directions and their derivatives) can sufficiently describe
the COP dynamics as a second-order system (Pai and Patton, 1996). The
state space vector of a COP time series is thus given as

S(4i) = [x(@:), y(t0), X(13), (1)), @

where x and X, respectively, represent the COP time series and its
derivative in the AP direction, y and y, respectively, represent the COP
time series and its derivative in the ML direction, and ¢; is a discrete time.
Derivatives were numerically obtained using a five-point differentiation
(Burden and Faires, 1997). Each variable of S(¢,) was demeaned and
normalized to unit variance to account for the different units involved.

For each point on S(¢,), the nearest neighbor was located, with an initial
separation from the point of at least twice a fixed time delay (Roerdink et
al., 2000). The time delay was computed for each trial using the average
displacement method (Rosenstein et al., 1994). Distances (Euclidean
norm) were computed to trace the behavior of this pair of neighboring
trajectories as a function of time; i.e., the divergence distance (d;, details in
Rosenstein et al., 1993). Subsequently, the mean divergence distance,
{d;», was obtained by averaging the logarithm of d; vectors for all pairs of
neighboring trajectories so that {d;) represents how a COP time series in
state space responds on average to small perturbations during quiet
upright stance. The mean divergence distance (computed over 5s) of the
COP dynamics was parameterized using a double exponential function
introduced by Kang and Dingwell (2006):

(dj) = A— Bse™'/*s — B e7'/L, 3)

where A can be considered as the COP excursion range in state space, Bs
and By as the initial respective excursions over short- and long-term
timescales, and t5 and 7y as the respective divergence rates over short- and
long-term timescales (ts <71). The effect of each parameter is illustrated in
Fig. 1.

To determine if LDS parameter values were due to auto-correlated
Gaussian noise, phase-randomized surrogate data were generated (Theiler
et al., 1992), and LDS parameters were computed for surrogate data. The
null hypothesis was that LDS parameters would be the same for the
original data and the surrogate data.

Separate three-way repeated measures analyzes of variance (ANOVA)
were performed on each of the COP measures to determine main and
interactive effects of age (Y, young vs. O, older), vision (EO vs. EC), and
surface condition (HS vs. SS). Significant effects were followed by post hoc
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Fig. 1. Effect of each parameter in the exponential fitting function for
LDS (Eq. (3)). The function saturates to the excursion range of COP in
state space (A); Bs and By are the initial excursions over short- and long-
term timescales and tg and 7t are the divergence rates over short- and
long-term timescales.

pairwise comparisons (Tukey HSD). To quantify the correspondence
between the LDS parameters and the other measures, coefficients of
determination (%) were computed within each age group. No obvious non-
linear relationships were apparent between pairs of measures. In addition,
separate one-way repeated measures ANOVAs were performed on the
LDS parameters for the original COP data and surrogate data within each
age group and sensory condition. Statistical significance was concluded
when p<.05.

3. Results
3.1. Effects of age, vision and surface conditions

ANOVA results are summarized in Table 1. The
exponential fitting function for parameterizing LDS mea-
sures (Eq. (3)) achieved *>0.9 across all trials. There were
main effects of age, vision and surface, as well as
age x vision interaction effects on the LDS parameters A
and 7p. Parameter 4 increased and 11 decreased with eye
closure, but this effect was less evident among O (Fig. 2).
Both A4 and 7 were smaller during SS than HS. Parameter tg
was affected by age (O<Y) and the vision x surface
interaction (Fig. 3). Parameter By was affected by vision,
age x vision and the vision x surface interaction
(YEC = OEC = OEO<YEO = OEC = OEOQO, and ECSS<
ECHS = EOHS = EOSS).

Regarding the scaling index, aap was affected by vision
and surface (ECHS = ECSS<EOHS<EOSS), while
omr. was affected by age and vision (YEO = OEO<
YEO = OEC<YEC). All values of aap and o were
between 1.23 and 1.48, hence, the COP time series can be
regarded as sub-diffusive fBm or Brownian motion.
Among the descriptive measures, there were main and
interaction effects of age, vision and surface on MV
(YEO = OEO<YEC = OEO<OEC, YHS = YSS =
OHS<OSS and EOHS = EOSS<ECHS <ECSS). EA95
was affected by vision and surface conditions, as well as the
age x vision interaction (HS<SS and YEO = OEO<
YEC<OEC). MPF,p was affected by age, vision and
surface condition (Y<O, HS<SS and EO<EC) and

Table 1
Main and interactive effects of age, vision and surface conditions on all
COP measures

Age Vision Surface  Age x Age x Vision x
vision surface surface

Faszoy Fuasany  Fasan Fasary  Faszan F1 347
A 5.70" 10557 13.927 7.54" 245 0.06
Bs 0.47 3.63 0.01 1.11 1.11 0.00
g 6.72" 233 0.74 0.08 1.72 6.48"
By 0.01 14.83" 097 3977 0.88 7.461
T 13.96"  97.46" 7817 25987  1.02 1.94
Uap 288 184477 347 0.99 0.84 7.16%
oML 5260 78757 3.07 g.11" 0.8 3.62
MV 8.657 635827 21.887 55837  4.06" 9.26"
EA95 278 413447 5367 27747 292 1.51
MPFap 6.017  219.89" 5247 0.83 0.30 1.99
MPF,;  8.00 1.88  14.86" 1.27 0.23 0.65

A, Bs, B, 15 and 1 —local dynamic stability parameters; aap and o —
scaling indices in AP and ML directions.
MYV, mean COP velocity; EA95, 95% confidence ellipse area; MPF5p and
MPFy, mean power frequency.

TSignificant at p<.05.
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Fig. 2. Effects of age and vision on local dynamic stability parameters A4
(top) and 7y (bottom). Effects of age, vision and age x vision were
significant for both A4 and 7. Significant differences between visual
conditions are indicated by * and error bars indicate standard errors.

MPFy; was affected by age and surface condition
(Y> O and HS<SS).

The LDS parameters (4 and tgs) for the original and
surrogate COP data were significantly different such that
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Fig. 3. Effects of vision and surface condition on local dynamic stability
parameter tg (top, young; bottom, older). The effects of age and vision x
surface were significant.

the surrogate data resulted in larger 4 values and smaller g
values within each age group and each sensory condition
(p<0.001). Yet, there were no significant differences in Bg,
By and 7, except that 7y was significantly smaller for the
surrogate data only in the ECSS condition for young
individuals (p<0.014). Mean divergence curves for the
surrogate data were shifted upward and diverged faster
over a short timescale vs. those of the original data (except
the one difference in 7y noted). Thus, it could be concluded
that fluctuations in COP time series are not due to a
linearly auto-correlated Gaussian noise process.

3.2. Correlations among COP measures

Several significant correlations existed between the LDS
parameters and either the scaling indices (xap and oy ) or
descriptive COP measures. However, these correlations
were of relatively small magnitude (+*<0.29; Table 2) for
both the young and older individuals.

4. Discussion

Our hypothesis was that the LDS parameters, descriptive
COP measures and a scaling index would each allow

Table 2
Coefficients of determination (%) between LDS parameters, scaling indices
(xap and oy ) and descriptive COP-based measures within each age group

Older Young

A BS Ts BL TL A BS Ts BL TL

tap 0.10 0.14 0.18 —0.03 007 012 0.8
oniL 025 0.10 0.04 0.04 0.15

MV —0.10 —0.07 —0.12 0.06 0.05 —0.04 —0.05 —0.29
EA95 —0.03 —0.04
MPFAp 006  —0.06 —0.11 —0.22 0.14  0.04 ~0.09 —0.25

MPFy;, 0.03 —0.12 —=0.19 —0.15 0.03 —0.10 —0.07 —0.18

Only significant > values are presented, and (—) indicates an inverse
relationship.

inferences on postural stability, but that there would not be
a strong correlation between the LDS parameters and the
other COP measures, the latter implying that LDS
parameters indicate distinct aspects of postural control.
LDS parameters were affected by age, vision and surface,
comparable to the descriptive COP measures and the
scaling index (Table 1). However, effects of age x vision
and/or vision x surface interactions were inconsistent
across some LDS parameters (4, By, ts and 71, descriptive
COP measures (MV and EA95) and the scaling index.
Correlation analysis also revealed that there were only
weak correlations between the LDS parameters and the
other COP measures (+*<0.25 for the older and r*<0.29
for the young). Thus, both aspects of the hypothesis were
supported.

Interpretation of the stability parameters is focused here
on A, ts and 7t since the overall behavior of the
exponential function (Eq. (3)) can be characterized by the
COP excursion range in state space (A4) and the divergence
rates over short- and long-term timescales (tg and 7p).
Older individuals had a larger range of COP excursion than
young individuals and altered somatosensory feedback
generally caused an increase in 4. Older individuals were
relatively insensitive to eye closure effects on 4 (Fig. 2). In
contrast, older individuals generally exhibited increased
values of MV, EA95 and MPFp with eye closure,
consistent with existing studies (e.g., Prieto et al., 1993).
Age-related postural adaptations have been suggested to
involve an increase in muscle activations and co-activations
to stiffen the musculoskeletal system (Collins et al., 1995;
Maki, 1993), and increased muscle activity was reported
when visual feedback was removed (Benjuya et al., 2004).
However, Laughton et al. (2003) noted that a casual
relationship between increased muscle activity and in-
creased postural sway is not clear. Given that the
parameter A for older individuals was insensitive to vision,
it would seem that older individuals successfully compen-
sated for the removal of visual feedback with a stiffening
strategy.

Older individuals exhibited faster rates of divergence
(ts and 71) than young individuals (Figs. 2 and 3), which
indicates that young individuals better regulated a local
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perturbation. These age-related differences in v may be
explained by deteriorations in the neuromuscular system
with age, such as decreased reflex rates (Chung et al., 2005),
decreased tendon mechanical properties (Onambele et al.,
2000) and a relative lack of precision of sensory sources
(Horak and Macpherson, 1996; Woollacott, 2000). In turn,
these changes are likely associated with differences in initial
responses and a longer timescale for responses to local
perturbations. Similarly, experimental modeling studies
have demonstrated that a decrease in corrective torques to
dampen a perturbation can increase sway over a short
timescale (Peterka, 2000), and an increase in stiffness,
damping and noise level can account for differences in
sway data among older individuals (Maurer and Peterka,
2005). The stiffening strategy further supports a relative
ineffectiveness of older individuals at suppressing local
perturbations since increased muscle activity decreases
force steadiness (De Luca et al., 1982; Galganski et al.,
1993) and force steadiness declines with age (Laidlaw et al.,
2000; Vaillancourt and Newell, 2003).

The LDS parameters had some significant correlations
with the descriptive COP measures, yet the magnitude of
these correlations was relatively small. Kang and Dingwell
(2006) reported moderate—strong correlations among By,
7g and both MV and COP range (r*>0.48). Relatively
weaker correlations were found here, possibly due to
methodological differences between studies including a
longer trial (S5min) with shoes worn, use of kinematic
variables to compute the LDS parameters and a non-
logarithmic mean divergence distance in the Kang and
Dingwell study. Although there was no substantial
correlation between the LDS parameter and o, the scaling
index may still be related with postural control and
stability in that the magnitudes of aap and o indicated
anti-persistent behavior of COP increments and the
scaling behavior of COP was modulated by age and
altered sensory conditions. Particularly, the magnitudes
of opp ranged from 1.31 to 1.48 (ECSS=ECHS<
EOHS <EOSS); correspondingly, from sub-diffusive fBm
to Brownian motion (Deligniéres et al., 2005, 2006). COP
time series in the AP direction behaved with stronger anti-
persistence in COP increments when visual feedback was
removed.

Some limitations of this study may limit generalization
of the present findings. First, the duration of COP time
series examined was relatively short (60s). The results are
thus not generalizable to more prolonged situations and/or
conditions with fatigue. Second, the LDS parameters may
be affected by measurement noise. Gaussian noise affects a
mean-divergence curve over a short timescale, specifically
by decreasing ts (Gao, 1997). However, the original COP
data actually diverged more slowly over a short timescale
than the surrogate data, which suggests that the results of
LDS parameters were not significantly affected by mea-
surement noise.

Despite these limitations, parameters describing LDS
were directly extracted from the time-dependent behavior

of COP time series in state space under the influence of
small perturbations (i.e., during quiet upright stance). LDS
results supported that older individuals use a stiffness
strategy as age-related postural adaptation, in that older
individuals exhibited faster divergence rates while the
excursion range of COP in state space for older individuals
was insensitive to vision. Further, there was no substantial
correlation between the LDS parameters and other COP
measures. Thus, the LDS parameters (A4, ts and 7p)
provided a more detailed description of postural stability
with age and altered sensory conditions, compared with the
descriptive COP measures and the scaling index. Use of the
LDS parameters appears to yield a distinct indication of
postural control and stability, supplementing descriptive
COP measures and the scaling index.
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