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a b s t r a c t

To examine the evolution of inter-segmental coordination over-time, a previously developed multivariate
model of postural coordination during quiet stance by Kuo et al. [1,2] has been extended. In the original
model, postural coordination was treated as an eigenvalue–eigenvector problem between two segmental
degrees of freedom represented by angular displacements of the trunk and shank. Strategies of postural
coordination were then identified using the sign of the covariance between the two segments’ angular
displacements. In contrast to the original model, the current model first subdivided the entire trial into
smaller time segments, comprising four cycles of perturbation, i.e., a 16 s window. This window marched
along the data advancing in 8.3 ms steps, each time performing the computation from the original model
on the terms of the covariance matrix. The resulting time-segment-dependent postural strategies esti-
mated the changes in posture control that took place over the course of the experiment. In addition to
the statistical modeling, the auto-power spectrums and cross-spectral density function estimates for the
entire trial, as well as for the individual time segments, were analyzed. In these experiments subjects
experienced a 0.25 Hz sinusoidal perturbation of a platform while exposed to a virtual reality environ-
ment. The data we collected showed that the statistical and spectral characteristics across the entire trial

may differ from individual time segments of the same trial indicating time-varying postural behavior.
Comparison of these results from young and elderly subjects revealed that the time dependency observed
in postural behavior was sensitive to aging. The young population managed to be consistent in their postu-
ral behavior throughout the entire trial and responded to the perturbation frequency with an out-of-phase
response between the postural segments. Elderly subjects, however, demonstrated inconsistent postural
behaviors as they switched back and forth between different postural coordination patterns within a

trial.

. Introduction

Previous studies have shown that sway during quiet stance [2–8]
xhibits non-linear and time-varying behavior suggesting shift-
ng mechanisms for control. Furthermore, Creath et al. [7] have
roposed that the whole body behaves like a multi-link pendu-

um during quiet stance and has two simultaneously co-existing
xcitable modes. Each mode exhibits a separate eigen-frequency

ontaining characteristic phase relationships that are functions of
he frequency at which the individual segments oscillate. Time-
arying spectral characteristics in head and trunk stabilization
o an external perturbation have also recently been reported [9],

∗ Corresponding author. Tel.: +90 312 210 4461; fax: +90 312 210 4462.
E-mail addresses: senih@metu.edu.tr (S. Gurses), kenyon@uic.edu (R.V. Kenyon),

keshner@temple.edu (E.A. Keshner).

746-8094/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.bspc.2010.06.002
© 2010 Elsevier Ltd. All rights reserved.

implying that segmental adaptation to an external disturbance
may continuously shift between several control mechanisms. Kuo
et al. [1] developed a multivariate model of postural coordina-
tion during quiet stance. In their model, postural coordination was
treated as an eigenvalue–eigenvector problem between two seg-
mental degrees of freedom represented by angular displacements
of the trunk and lower limb. A multivariate description of postural
sway was constructed to reveal two independent kinematic (spa-
tial) relationships (hip and ankle eigen-movements) each defining
a postural strategy [1]. A hip or ankle strategy of postural coor-
dination was identified using the sign of the covariance between
angular displacements of the two segments.
To understand the non-linear and time-varying properties
involved in posture control we extended the Kuo et al. model
[1] by dividing a trial into several time segments and then ana-
lyzing these time segments to identify whether a hip or ankle
strategy predominated. The ensuing data provided us with a pic-
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ig. 1. (a) A 20 s portion of a 140 s time series simulation of trunk and shank angul
otion decreased by a factor of 3 with respect to the angular motion of the shank

runk’s angular motion with respect to the angular motion of the shank remained co
imulated in a–d on the P-plane.

ure of the evolution of inter-segmental coordination across a trial.
ur results from examining both young and elderly populations

howed that a majority of the young subjects exhibited a con-
istent postural control strategy across time, whereas the elderly
ubjects were more likely to change their postural control strategy
rom one time segment to the next. Moreover, the characteristics
f the spectral components were found to be stable across time in
he young subjects, pointing to a consistent postural strategy, that
s, an out-of-phase relationship at the perturbation frequency. As
bserved by Kuo [2], elderly subjects demonstrated large variabil-
ty in their postural responses. Our model extended his findings
y revealing that many frequencies were involved in their postural
oordination.

. Methods

.1. Previous model

The eigen-structure of human postural sway has been explored
hrough a statistical model. Kuo et al. [1,2] used a multivariate
escription of postural sway to reveal two independent kinematic
spatial) relationships (eigen-movements) each defined as a pos-
ural strategy: an inverted pendulum (ankle strategy) or a bending
t the hip (hip strategy) [10]. In this model, the output vector �
or the kinematic relationship between two segments was defined
y Eq. (1), where �a and �h represent the angle between the foot
nd the shank (ankle) and the angle between the leg and the trunk
hip), respectively. Variability between the motions of these two
egments was calculated using the covariance matrix Q (Eq. (2))
here n is the number of data points. Matrix Q is a symmetric
atrix, where covariance of ankle and hip (�ah) is equal to the

ovariance of hip and ankle (�ha). Further, �2
a and �2

h
in (Eq. (2)) are

ariance of angular motion at ankle and hip, respectively. Eigen-
alues and related eigenvectors of this covariance matrix were
omputed to extract the spatial relation between the angular dis-
lacement of the trunk and the shank. Eigenvector 1 was defined
s representing an “inverted pendulum” strategy, where both seg-
ents rotate in the same direction. Similarly, eigenvector 2 was

efined as representing the “hip strategy” where the two segments
otate in opposite directions. The amplitudes of the related segmen-

al motions defined the associated eigenvalue of the eigenvectors
ince this scaled the length of the vectors and did not affect their
irection (Fig. 1e).

[ �a �h ] (1)
ition data during a 0.25 Hz platform translation. (a and b) Amplitude of the trunk’s
e phase angle in between remained constant (ϕ = �/4); (c and d) amplitude of the
t but ϕ shifted (�/2 and 3�/4, respectively); (e) elliptical representation of the data

Q = 1
n − 1

n∑
i=1

(�i − �̄)
T
(�i − �̄) =

[
�2

a �ah

�ha �2
h

]
(2)

Geometric representation of the solution: Kuo et al. [1] used
a two degree of freedom (DOF) statistical multivariate model to
analyze postural sway. Plotting the angular motion of the shank
versus the trunk resulted in an ellipse which lay in a plane labelled
P (Fig. 1). The ellipse graphically demonstrated the dominant pos-
tural strategy used by the subject throughout the selected interval
of time. The major and minor axes of the ellipse in the plane P
represented two spatial relationships (eigenvectors) between the
angular motion of the shank and the trunk. The covariance matrix
Q was decomposed (diagonalization) to identify these spatial rela-
tionships inherent in the ellipse. The angle of the ellipse’s major axis
(˛) designated the eigenvector associated with the largest eigen-
value of the covariance matrix, Q. A counterclockwise rotation of
the angle ˛ (from the + x-axis) was defined as positive. The domi-
nant postural strategy used by the subject was deemed an ankle
strategy if �/2 < ˛ < 0 (quadrant I response), or a hip strategy if
� < ˛ < �/2 (quadrant II response).

2.2. Time domain statistical model

Kuo et al. [1,2] used the subject’s entire time–response during
a trial to characterize their postural behavior. In this study, how-
ever, we investigated how postural characteristics varied during
the period of a trial by subdividing each trial into time segments.
By analyzing each time segment individually we could examine
the variability of the postural coordination exhibited by the subject
during the trial. Consequently, the terms of the covariance matrix
Q (in Eq. (2)) became a function of the m time segments that com-
prised the experimental data. That is, the covariance term �ah (in
Eq. (2)) is applied to a single time segment where T covers the time
interval for a single time segment as seen in Eq. (3).

�ah = 1
T

T∫
0

{�a(t) − �̄a} {�h(t) − �̄h}dt (3)

In essence, (3) characterizes the postural behavior for a spe-

cific time segment. When this analysis is performed for each time
segment that is part of the entire trial, �ah becomes a function of
time.

Since only the sign of the covariance can indicate a change in
the postural strategy, the covariance was normalized with respect
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o the magnitude of the motion of each of the body segments.
his normalization transformed the covariance into the correlation
oefficient thereby making its sign the prevalent variable (Eqs. (4)
nd (5)) [11]. As a result, the sign of the covariance of the motion
etween shank and trunk was used to extract the dominant eigen-
ector associated with the largest eigenvalue.

ah = �ah√
�aa · �hh

(4)

here,

1 ≤ �ah ≤ 1 (5)

.3. Frequency domain analysis

In addition to the statistical analysis above, power spectral
ensity (PSD) function estimates and cross-spectral density (CSD)
unction estimates of shank and trunk motion for both the entire
eriod of trial and for the individual time segments were also
nalyzed. The aggregate PSD and CSD for each time segment
hroughout the data will reveal any time-dependency effects that

ay exist in eigen-movements and related eigen-frequencies of the
ostural coordination. CSD estimates of the shank versus the trunk
ere then computed for each of the time segments to explore any

ime dependency that might be exhibited in the phase relationship
etween the shank and the trunk. Finally, the coherence function
stimates between the shank and trunk motion were computed to
xamine how the motions of the two body segments were coupled
t the driving frequency.

.4. Experimental apparatus and the experimental protocol

Our model was applied to previously collected data from
healthy young (25–38 years) and 6 healthy elderly (60–78

ears) subjects standing on a platform that translated in the
nterior–posterior direction at 0.25 Hz for 180 s for the young and
0 s for the elderly. All subjects gave informed consent according to
he guidelines of the Institutional Review Board of Feinberg School
f Medicine, Northwestern University to participate in this study.
ll subjects had no history of central or peripheral neurological
isorders or problems related to movements of the spinal column
e.g., significant arthritis or musculoskeletal abnormalities) and a

inimum of 20/40 corrected vision.
Three-dimensional kinematic data from the body segments

ere collected at 120 Hz using a motion analysis system (Opto-
rak, Northern Digital Inc., Ontario, Canada) with a resolution of
.1 mm. Infrared markers placed at C7 and the greater trochanter
ere used to calculate trunk angular position relative to earth ver-

ical. Shank angular position was defined as the angle between the
ateral femoral condyle and the lateral malleolus relative to earth
ertical. Sled motion was subtracted from the linear motion of each
egment prior to calculating segmental motion. Motion of the shank
as removed from motion of the trunk to reveal motion of the

runk with respect to the shank (�h). The shank was examined with
espect to the platform (�a).

Subjects stood in front of a virtual environment that provided
otion of the visual field. The virtual environment scene was driven

y an external signal summed with movements of the subject’s
ead transmitted from the motion analysis system [12]. The time
eries for the shank and trunk angular displacements were de-

rended linearly and bandpass filtered with a cut-off frequency of
.05 and 50 Hz. The first and last 20 s of each trial were removed

eaving 140 s of the 180 s trials and 70 s of the 90 s trials to be ana-
yzed. A 16 s window that marched along the data advanced 8.3 ms
er step (1/120) to explore the time variations for each data sample.
sing and Control 6 (2011) 85–93 87

3. Results

3.1. Experimental data

Fig. 2 shows a representative example of the behavior exhibited
by the majority (86%) of the young population and a minority of
the elderly population (17%) when experiencing a 0.25 Hz platform
perturbation with an earth-fixed scene. The single ellipse formed
by using the entire response from this condition (Fig. 2a) and the
multiple ellipses that resulted when these same data were subdi-
vided into time segments (Fig. 2e) show similar characteristics. The
pattern of postural behavior emerging from each method of analy-
sis shows a well defined ellipse whose major axis lies in quadrant
II of the P-plane [R2 = 0.78]. The regularity of this response can be
seen in Fig. 2d where �ah, the covariance term, is plotted as a func-
tion of time. It has been found that �ah has a consistent negative
value throughout the epoch of the trial. The negative value of �ah
confirms that the angle ˛, formed by the major axis of the ellipse,
is in the second quadrant of the plane P for both the overall and the
segmented ellipses (Fig. 2a and e). A minor axis of the ellipse also
emerges from the diagonalization of the covariance matrix Q. Since
this axis is orthogonal to the major axis, it is in the first quadrant
for these same data.

To reveal the frequency components of the postural strategies
used, we examined the power spectral density (PSD) of the two
segmental motions over the entire trial and at each time segment.
The PSD across the entire trial (Fig. 2b) shows that almost all of
the power in this response occurs at the perturbation frequency
(0.25 Hz). The PSD as a function of the individual time segments
(Fig. 2f) shows approximately the same characteristic as does the
entire trial analysis. However, the peak power varies somewhat
over the course of the trial as seen in the middle of the time segment
data. The CSD for the entire trial (Fig. 2c) reveals that these two body
segments have a predominant out-of-phase (180◦) (˚: phase angle;
−� < ˚ < −�/2 or �/2 < ˚ < �) relationship at the perturbation fre-
quency. When the trial was analyzed as a function of time (Fig. 2g),
we found little difference in the phase at the disturbance frequency
when compared to that of the entire trial. Furthermore, we find that
the motion of the trunk was larger than that of the shank. The two
body segments are coupled and their motion is coherent with the
perturbation at the 0.25 Hz frequency as shown in the coherence
function between motion of the two segments (Fig. 2h). The power
for the in-phase relation of the two body segments (minor axis of
the ellipse or ankle strategy) is small in the PSDs.

In contrast, a majority (83%) of the elderly subjects and a minor-
ity of the young subjects (14%) exhibited an overall ellipse that was
not representative of the ellipses that emerged as a function of time.
The single ellipse fitted by using the entire trial of a representative
elderly subject (Fig. 3a) falls in the second quadrant with an R2 of
0.43. When these data were examined as a function of time, the
individual ellipses that emerged changed in orientation, size, and
shape (Fig. 3e). Thus, according to these data, unlike the majority
of young subjects, a majority of the elderly do not exhibit a con-
sistent sign for the covariance term (Fig. 3d). The value of �ah(t)
varied between ±1 across the time of the trial. These data quantify
the extent to which ˛ shifted between quadrants I and II.

Examining the ensemble PSD produced for the shank and trunk
using data from the entire epoch of the trial, we found that the
power at the trunk was greater than that at the shank for all fre-
quencies (Fig. 3b). Also, the frequency at which the main peak
occurred (trunk: 0.13 Hz; shank: 0.2 Hz) was different from the

driving frequency (0.25 Hz). Finally, additional power can be seen
up to 0.75 Hz for the trunk and 0.5 Hz for the shank.

From the ensemble CSD phase (Fig. 3c), we found an out-of-
phase relationship between the trunk and shank at all frequencies.
The time-segmented PSDs (Fig. 3f) showed a more complex fre-
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Fig. 2. (a) Plot of an ellipse fit (white) to the 140-s response (black) of angular position of the shank with respect to platform (x-axis) plotted against angular position of the
t alyses
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runk with respect to shank (y-axis) from a typical young subject. All subsequent an
cross the entire trial. (c) CSD estimates for the entire trial (only phase angle is show
here t stands for time. (e) Ellipses fit to the shank versus trunk response for seven

ime segment: shank (solid) and trunk (dashed). (g) CSD at each time segment, (ϕ a

uency relationship with time. The postural responses exhibited
eak power at multiple frequencies instead of a single peak at the
erturbation frequency. In addition, the dominant power shifted
ack and forth between shank and trunk as a function of time. Fur-
hermore, the phase at the disturbance frequency (0.25 Hz) shifted
rom in-phase to out-of-phase as a function of time (Fig. 3g). In 10%
f the time segments presented in Fig. 3, the peak power was at
he shank and the motion was in-phase (Fig. 3g); for the remaining
0%, peak power was at the trunk and the motion was generally
ut-of-phase. Accordingly, motion between the trunk and shank or
etween the body and the platform was rarely coherent (Fig. 3h).

.2. Simulation of the experimental data

Data from our subjects indicated that postural responses could
e grouped into two general categories: responses dominated by
single frequency [Case 1] or responses that contained significant
ower at many frequencies [Case 2].

.2.1. Case 1
For Case 1 we used a single sinusoid at 0.25 Hz to simulate each

ostural segment’s motion (albeit noiseless); i.e., motion of the
runk with respect to the shank (�h) and motion of the shank with

espect to the platform (�a). We first varied the amplitude of sim-
lated trunk motion relative to the amplitude of shank motion by
factor of 1–3 (Fig. 1a and b, respectively), while the phase rela-

ionship between the two segments was held constant over the
nterval of the simulation (ϕ = �/4). We then changed the phase
used these data. (b) PSD estimates of the shank (solid line) and trunk (dashed line)
rrow indicates 0.25 Hz. (d) Correlation coefficient, �ah(t), between shank and trunk,
ent time segments. Arrows show the corresponding time segments. (f) PSD at each
Hz). (h) The coherence function estimate at each time segment.

angle, ϕ between the shank and the trunk from �/4 to 2�/4, and
3�/4 (Fig. 1c and d, respectively), while the amplitude of the trunk’s
angular motion with respect to the angular motion of the shank
remained constant. According to these conditions, Eq. (1), was now
defined as:

�(A, t, ϕ) = [Aa sin(ωt + ϕ) Ah sin(ωt)] (6)

where Aa and Ah were the magnitudes of the shank and the trunk
segmental motion, respectively, ω was the driving frequency of the
system (fixed at 0.25 Hz), t represented time and ϕ was the phase
angle between the two segments’ angular motion. Covariance �ah
between ankle and hip’s motion (Eq. (3), the cross-talk term in
covariance matrix Q in Eq. (2)) was then calculated where T was
the total recording time for n cycles of perturbation; i.e., T = 2�n/ω:

�ah(A, ϕ) = 1
T

∫ T

0

Aa sin(ωt + ϕ) · Ah sin(ωt)dt (7)

The solution for Eq. (7) was:

�ah(A, ϕ) = AaAh cos(ϕ)
2

(8)

3.2.2. Case 2

Our data and that of others’ [5,6,9,13,14] have shown that the

response to a disturbance with even a single frequency can result in
a response that contains significant power at many frequencies. As
a first step at understanding this complex response, we simulated
responses using two frequencies, which is the simplest case that
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ig. 3. (a) Plot of an ellipse fit (white) to the 90-s response (black) of angular posit
runk with respect to shank (y-axis) from a typical elderly subject. Data in b–h are s

an be defined for a multi-frequency response. For this condition,
q. (1), was re-defined as:

(A, ω, ϕ, t)

[
n∑

i=1

Aa
i sin(ωit + ϕi)

n∑
i=1

Ah
i sin(ωit)

]
(9)

here Aa
i

and Ah
i

were the magnitudes of the shank and trunk seg-
ental motion, respectively for the ith sinusoidal involved in the

esponse with the phase ϕi between the ankle and hip’s angular
otion, while t represented time. It is important to note that some

f the sinusoids involved in the response might be representing the
th mode of the postural dynamics with the related eigen-frequency

i. The phase relationship between the ankle and hip, ϕi, was once
gain held constant throughout an individual simulation. In con-
rast to Case 1, using Eq. (9) instead of Eq. (6) also made � a function
f the frequencies ωi involved in the response.

Covariance, �ah, between ankle and hip motion was then calcu-
ated through Eq. (10):

1
∫ T n∑

a

n∑
h

ah =
T

0 i=1

Ai sin(ωit + ϕi) ·
i=1

Ai sin(ωit) · dt (10)

Given that the simulated response involved harmonics; i.e., inte-
er multiples of the fundamental (perturbation) frequency, the
the shank with respect to platform (x-axis) plotted against angular position of the
red identical to Fig. 2.

solution for Eq. (10) became (n = 2): (see Appendix A)

�ah(Ai, ϕi) = Aa
1Ah

1
2

cos(ϕ1) + Aa
2Ah

2
2

cos(ϕ2) (11)

Examining the covariance, �ah (Eq. (11)), as a function of Ai, and
ϕi, we realized that the sign of the covariance depended at least on
both the magnitude and phase of the ankle and hip angular motion.
This was in contrast to the first case, where the sign of the covari-
ance term, �ah, depended only on the phase between the angular
motion of the ankle and hip (see Eq. (8)).

For Case 2, we used two frequencies, 0.25 and 0.57 Hz, which
were within the range of the response power measured in our data
[although these frequencies could be arbitrarily chosen within the
response range of the subject]. Furthermore, the phase relationship
between the ankle and hip was constant at each frequency: the
angular motion of the ankle and hip was in-phase at the lower fre-
quency while at the higher frequency it was out-of-phase (Fig. 4c).
We then applied two different spectrums of power for these two
frequencies. In both of the spectrums, the following scheme was
employed: the power of the ankle response was greater than power
of the hip response at 0.25 Hz but at 0.57 Hz, the power of the hip

response was higher than the power of the ankle response (Fig. 4b
and e). However, the peak in the spectral response [or dominant
power of the response] took place at 0.25 Hz in the first spectral
pattern (Fig. 4b), while the dominant power of the response was at
0.57 Hz in the second spectral pattern (Fig. 4e).
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Fig. 4. The first spectral pattern (a and b): 140-s simulated response of the angular position of the shank versus the angular position of the trunk with the elliptical
representation of the data on the plane P, (a). The major axis of the ellipse lies in quadrant I. The power seen at 0.25 Hz (perturbation frequency) in the simulated response
of the subject is greater than the power seen at 0.57 Hz (b). The second spectral pattern (c and d): 140-s simulated response of the angular position of the shank versus
the angular position of the trunk with the elliptical representation of the data on the plane P with the major axis of the ellipse lying in the quadrant II (c). The power seen
a n at the perturbation frequency (0.25 Hz) in the response of the subject (d). The phase
r ach frequency (e). The arrows at e show the phase angles at the two frequencies involved
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Table 1
Summary of the protocols and obtained results from the experiments and the
simulations.

Stimulus: sinusoidal A-P platform motion

Experiments

Population Strategy [quadrant] Consistency

86% of young and
17% of elderly

Lumped responses: hip
[QII]
Responses over-time:
hip [QII]

Only QII
Frequency response is
at the perturbation
frequency only

14% of young and
83% of elderly

Lumped responses: hip
[QII]
Responses over-time:
ankle [QI] and hip [QII]

Variable between QI
and QII
Frequency response is
at many frequencies

Stimulus: sinusoidal A−P platform motion

Simulations Conditions Result

Case 1 Single dominant
frequency; phase
constant

only phase between
hip and ankle can cause
a change in quadrants.

Case 2 Multiple dominant
frequencies [2 freq];

either amplitude or
phase [or both] can
t 0.57 Hz in the simulated response of the subject is greater than the power see
elationship between the shank and trunk’s angular motion were held constant at e
n the simulated response of the subject.

The simulations for both Case 1 and Case 2 help clarify how
heir respective equations represent our data. For Case 1, the behav-
ors shown in Fig. 3 display two important features of the integral
iven in Eq. (7): that both amplitude and phase of the segmental
otion can be changed across time. Our simulations also confirm

he conclusions derived from Eq. (8), that the only way to shift
he ellipses from one quadrant to the other was to change the
alue of ϕ. Thus, changing only the amplitude of segmental motion
oes not produce a switch from one quadrant to another. When
< ϕ < �/2, covariance between ankle and hip remained positive,

.e., the segments co-varied in a positive direction regardless of their
mplitudes (Fig. 1a and b). Similarly, when �/2 < ϕ < �, covariance
etween ankle and hip remained negative, i.e., the segments co-
aried in a negative direction (Fig. 1d). If ϕ = �/2, the result of the
ntegral was zero and the response aligned with the axes of plane P
Fig. 1c). However, when the value of ϕ was set to �/4, �/2 and 3�/4
Eqs. (6)–(8)), the ellipses shifted between quadrants regardless of
mplitude (Fig. 1e).

However, our simulations from Case 2 show that there is more
han one way to shift the ellipses from one quadrant to the other
hen there are two frequencies in the response, where the modes

f segmental motion have opposite phase relationships. In contrast
o Case 1, the covariance term �ah can change sign either with a
hange in the amplitude of motion in any of the postural segments
Eq. (11)) or with a change in the ratio of the frequencies (k = ω1/ω2)
merging in the subject’s response (see Appendix A). For Case 2, the
esulting behaviors shown in Fig. 4a and d display one of three (see
ppendix A) important features of the integral given in Eq. (10):

hat a change in the amplitude of the postural segments’ motion in
ime causes a shift in the postural behavior. Thus, in the case of a

ulti-frequency response where there can be an in or out-of-phase
elationship dependent on frequency, changing only the amplitude
f segmental motion could produce a switch from one quadrant to
nother when the phase at each frequency remained constant. For
xample, a quadrant I ankle strategy response (Fig. 4a) exhibits its

ominant power at the perturbation frequency (Fig. 4b) with an in-
hase relationship between ankle and hip (Fig. 4c). Alternatively, a
uadrant II hip strategy response (Fig. 4d) can be achieved by shift-

ng power to the other frequency in the spectrum of the response
Fig. 4e) without changing the phase relationships between the
phase constant cause a change in
quadrants.

ankle and hip motion. Finally, if the power spectrum remains con-
stant, a flip in the phase would produce the same result (not shown).
Protocols and results obtained from the experiments and the sim-
ulations are summarized in Table 1.

4. Discussion

Our analysis shows that the majority of the young adult sub-
jects used a “hip strategy” when compensating for our postural
disturbance. The use of the “hip strategy” at a single frequency

meant that they only needed to control the phase of the segmental
response to maintain a uniform postural coordination. Variabil-
ity in the postural kinematics of an otherwise homogenous cohort
(healthy young adults) has been noted previously when the sen-
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ory array has been significantly altered [2,15] or when subjects
ere asked to perform a concurrent cognitive task [16–18]. But
hen neither sensory alterations nor additional attention demands
ere present, healthy young subjects exhibited consistent ground

eaction forces and lower limb EMG responses after the first few
econds of a 30 s trial of tandem stance [19]. However, given
he same single frequency stimulus perturbation, elderly adults
xhibited multiple dominant frequencies in their response. The
ppearance of multiple frequencies required that they control
hase, magnitude, and the frequency of the response to organize an
ffective postural strategy. In fact, elderly subjects were observed
o switch their response strategies between hip and ankle through
continuum of these synergies throughout the period of the trial

20,21].
During quiet stance, Creath et al. [7] identified postural behav-

ors that had co-existing excitable modes, each with separate
igen-frequencies in young adults. Our analysis indicates that
hen a single dominant input perturbs the system, a more con-

istent strategy is organized by the young adults to counteract
he disturbance with almost the entire power of the response
bserved at the perturbation frequency. Thus, postural control
n young adults can demonstrate linear system behavior. On the
ontrary, our results indicate that the elderly subjects are unable
o harness their control mechanisms to match the most rele-
ant frequency for the postural disturbance. Rather, the power
f the elderly subjects’ response is scattered over a broad, nearly
eatureless spectrum. This spectrum resembles a chaotic regime
eveloped by transitions originating from non-linearities in the
ostural dynamics which have started from a few independent
scillations at well defined frequencies [22]. In fact, responses
bserved over long periods of postural disturbance would sug-
est that higher order processes (i.e., attention and perception)
re supplying the non-linear dynamics to the postural behaviors
ecorded in these experiments [23–28]. The subsequent demands
f controlling multiple response parameters will increase the com-
lexity of the postural solution and may ultimately require that
reater attention be given to the organization of the response.
iminished capacity to attend to more than one task during pos-

ural demands has been cited as a causative factor for instability
n the elderly [29]. Thus, these findings have significant implica-
ions for the control of posture in the elderly, particularly when
laced in environments that contain more than one input that
ay have an impact on our ability to maintain an upright posture

30,31].
Any possible existence of chaotic behavior or motion, and the

otential physiological mechanisms responsible for the behav-
oral difference observed between young and elderly subjects,
eserves to be analyzed. We have demonstrated that a time domain
tatistical model provides a more sensitive measure of postural
rganization than the more commonly used measure of center
f pressure [19,32–35] which is a global outcome measure and
oes not fully describe segmental postural behaviors. A perturbed
ostural system does not necessarily respond only at the driv-

ng frequency [6,7,13] and one of the advantages of this statistical
odel is that it is not limited to describing behavior just at the driv-

ng frequency. We believe that this model will enable us to explore
he full bandwidth of adaptive postural control during complex
asks.
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Appendix A.

If the response of the subject to the perturbation involves only
one frequency then the covariance between the angular motions
of the shank (�a) and the trunk (�h) can be written as (Eq. (7)
rewritten):

�ah(A, ϕ) = 1
T

∫ T

0

Aa sin(ωt + ϕ) · Ah sin(ωt)dt (A1)

where T = n2�/ω and ω is the driving frequency. n is an integer
showing the number of cycles of perturbation. If we define � = ωt
and change the variable of the integral in Eq. (A1) from time t to
angle �:

�ah(A, ϕ) = 1
n2�

∫ n2�

0

Aa sin(� + ϕ) · Ah sin(�) · d� (A2)

The solution of the integral in Eq. (A2) is:

�ah(A, ϕ) = AaAh cos(ϕ)
2

(A3)

Covariance �ah between shank and trunk segmental motion was
calculated through Eq. (A4) in the case of the postural response
involving more than one frequency:

�ah(A, ω, ϕ) = 1
T

∫ T

0

m∑
i=1

Aa
i sin(ωit + ϕi) ·

m∑
i=1

Ah
i sin(ωit) · dt (A4)

Eq. (A4) can also be written by using “change of variables” as
presented above:

�ah = 1
n2�

∫ n2�

0

m∑
i=1

Aa
i sin(�i + ϕi) ·

m∑
i=1

Ah
i sin(�i) · d� (A5)

where ωit = �i
Let us assume the simplest case for the solution of the integral

presented in Eq. (A5), which is “two sines” (m = 2). In this case, Eq.
(A5) can be written as:

�ah(A, ω, ϕ) = 1
n2�

∫ n2�

0

(Aa
1 sin(�1 + ϕ1)

+ Aa
2 sin(�2 + ϕ2)) · (Ah

1 sin(�1) + Ah
2 sin(�2)) · d� (A6)

Note that ϕ1 and ϕ2 are constants. Further, ω1t = �1 and ω2t = �2
where, �1 = k�2 and k = ω1/ω2, which is constant.

Thus, Eq. (A6) can now be written as:

�ah(A, k, ϕ) = 1
n2�

∫ n2�

0

(Aa
1 sin(k�2 + ϕ1)

+Aa
2 sin(�2 + ϕ2)) · (Ah

1 sin(k�2) + Ah
2 sin(�2)) · d�2(A7)

where d� is defined as d�2. Eq. (A7) can be expanded as:

�ah(A, k, ϕ) = 1
n2�

(

∫ n2�

0

Aa
1 sin(k�2 + ϕ1) · Ah

1 sin(k�2) · d�2

+
∫ n2�

0

Aa
2 sin(�2 + ϕ2) · Ah

2 sin(�2) · d�2

+
∫ n2�

Aa sin(k� + ϕ ) · Ah sin(� ) · d�

0

1 2 1 2 2 2

+
∫ n2�

0

Aa
2 sin(�2 + ϕ2) · Ah

1 sin(k�2) · d�2) (A8)
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The solution of the second integral in Eq. (A8) has already been
iven in Eq. (A3), where it is independent of the ratio k. Thus, Eq.
A8) can be written as:

ah(A, k, ϕ) = Aa
2Ah

2
2

· cos(ϕ2) + 1
n2�

(

∫ n2�

0

Aa
1 sin(k�2 + ϕ1)

· Ah
1 sin(k�2) · d�2 +

∫ n2�

0

Aa
1 sin(k�2 + ϕ1)

·Ah
2 sin(�2) · d�2 +

∫ n2�

0

Aa
2 sin(�2 + ϕ2)

·Ah
1 sin(k�2) · d�2) (A9)

The solution of the first integral in Eq. (A9) depends on the value
f k; such that:

ah(A, k, ϕ) = Aa
2Ah

2
2

· cos(ϕ2) + Aa
1Ah

1
2

· cos(ϕ1)

− Aa
1Ah

1
kn8�

[cos(ϕ1) sin(kn4�)+ sin(ϕ1)·(cos(kn4�)−1)]

+ 1
n2�

(

∫ n2�

0

Aa
1 sin(k�2 + ϕ1) · Ah

2 sin(�2) · d�2

+
∫ n2�

0

Aa
2 sin(�2 + ϕ2) · Ah

1 sin(k�2) · d�2) (A10)

n” is an integer, being the number of cycles of perturbation, which
epends on the experimental protocol. However, “k” is an intrinsic
haracteristic of the subject’s response and if it is an integer then
q. (A10) comes out to be:

ah(A, k, ϕ) = Aa
2Ah

2
2

· cos(ϕ2) + Aa
1Ah

1
2

· cos(ϕ1)

+ 1
n2�

(

∫ n2�

0

Aa
1 sin(k�2 + ϕ1) · Ah

2 sin(�2) · d�2

+
∫ n2�

0

Aa
2 sin(�2 + ϕ2) · Ah

1 sin(k�2) · d�2) (A11)

Eq. (A11) suggests that if the subject’s response involves a har-
onic; i.e., an integer multiple of the fundamental frequency then

he solution of the first integral in Eq. (A9) becomes independent
f the ratio of the two frequencies (k).

Further, if we proceed with the solution of the other two inte-
rals in Eqs. (A10) and (A11) then the general solution for �ah(A,k,ϕ)
an be written as [36]:

ah(A, k, ϕ) = Aa
2Ah

2
2

· cos(ϕ2) + Aa
1Ah

1
2

· cos(ϕ1)

− Aa
1Ah

1
kn8�

[cos(ϕ1) sin(kn4�)+ sin(ϕ1)·(cos(kn4�)−1)]

+ Aa
1Ah

2
n2�

{
cos(ϕ1) ·

[
sin((1−k)n2�)

2(1−k)
− sin((1+k)n2�)

2(1+k)

]
− sin(ϕ1) ·

[(
cos((1 − k)n2�

2(1 − k)
+ cos((1 + k)n2�

2(1 + k)

)

−
(

1
2(1 − k)

+ 1
2(1 + k)

)]}
+ Aa

2Ah
1

n2�

×
{

cos(ϕ2) ·
[

sin((1 − k)n2�)
2(1 − k)

− sin((1 + k)n2�)
2(1 + k)

]
[

[

[

ssing and Control 6 (2011) 85–93

− sin(ϕ2) ·
[(

cos((k − 1)n2�

2(k − 1)
+ cos((k + 1)n2�

2(k + 1)

)
−

(
1

2(k − 1)
+ 1

2(k + 1)

)]}
(A12)

where k /= 1. If k is a positive integer and not equal to one; i.e., the
subject’s response involves an harmonic then �ah becomes inde-
pendent of k and �ah(A,ϕ) becomes

�ah(A, k, ϕ) = Aa
2Ah

2
2

· cos(ϕ2) + Aa
1Ah

1
2

· cos(ϕ1) (A13)
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