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Abstract Fourteen healthy adults were tested to assess
the potential influence on stance maintenance of two
parts of the visual feedback technique (display scale and
time delay). The task consisted in their keeping a spot on
the screen representing their center of pressure, CoP (i.e.
successive points of application of the ground reaction
forces detected by the force platform on which they were
standing) to a minimum size. The analysis focused on
elementary motions computed from the complex CoP
trajectories, that is the horizontal motion of the center of
gravity (CoGy) and the difference between the CoP and
the wvertical projection of the center of gravity
(CoP—CoG,). The former is recognized as the main
variable in postural control, and several interesting
features can be extracted from the latter. The results
indicate that setting a delay and increasing the display
scale induce substantial reductions in CoP—CoG, and
CoGy, displacements, respectively. Interestingly, when
the two effects are combined, these single effects cohabit
quite happily. Fractional Brownian motion modeling of
these trajectories revealed clearly that, in each case, these
effects originate principally from poor or improved
control, respectively. This feature confirms that these
elementary motions are involved differently in the pos-
tural system and that study of the complex CoP might
not be of great interest. By generating opposing but
complementary trends, the visual feedback technique
should thus be perceived as a promising tool for
inducing particular postural behavior in healthy and
disabled individuals.
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Introduction

Standing perfectly still in bipedal upright stance is not
humanly possible. The main reason is the inability of
whole body motion, expressed through that of the center
of gravity (CoQG), to accurately follow (because of iner-
tia) displacements imposed by the points of application
of the resultant reaction forces, i.e. the center of pressure
(CoP). In addition, the farther the CoP is from the CoG,
the larger the horizontal acceleration communicated to
the latter (Breniere et al. 1987; Caron et al. 1997). From
that, the neurophysiological basis which enables the
body to be constrained in a low range of motion consists
in detecting body motion as quickly as possible, through
various sensory cues, and initiating precise motion
aimed at limiting body acceleration. When problems
arise in this organization or, more simply, when there is
a desire to improve one’s capacity to stand still, one way
to enhance postural performance is to provide the sub-
ject with additional perceptual information. Although
our somesthetic (through plantar pressure and joint and
limb motion), visual, and vestibular systems are able,
through integrative processes, to communicate how our
whole body moves to the central nervous system, the
information obtained through a force platform device is
much more sensitive than plantar pressures. From a
study based on a two-point discrimination threshold
measured on the soles (Weinstein 1968), the average
20 mm thresholds are far superior to the precision of a
standard force platform. This principle, known as visual
feedback (VFB), consists in providing the displacements
of the CoP to the subject on the force platform via a
visual display (Rougier 1999a, 2003a). Giving the output
of the force platform in both medio-lateral (ML) and AP
directions has indeed been common practice in all pre-
vious studies conducted on this topic.

Recent studies have highlighted two aspects of VFB
which have opposite effects on the elementary motions
which, reconstituted, correspond to the complex CoP
displacements—the horizontal motion of the center of
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gravity (CoGy,) and the distance in the plane of support
between the CoP and the vertical projection of the CoG
(CoP—CoG,). Delaying the display on the screen of the
monitor significantly diminishes the amplitudes of
CoP—CoG, motion whereas CoGy, motion is barely af-
fected (Rougier 2004). The main reason lies in the need,
in this task, to reduce as much as possible the horizontal
acceleration communicated to the CoG. On the other
hand, increasing the display scale or zooming the CoP
on the screen of the monitor induces the subjects to
substantially diminish their CoG;, motion without
altering the CoP—CoG, motion (Rougier et al. 2004). In
this case, the enhanced visibility of the spot improves the
capacity of the subject to control his CoG during the
correction process. At this stage it should be emphasized
that the former is recognized by several authors (e.g.
Horstmann and Dietz 1990) as the controlled variable in
this task whereas the latter constitutes a fair expression
of the resulting joint stiffness (Winter et al. 1998) and is
linked to the level of neuro-muscular activity (Rougier
et al. 2001). Modeling of the various trajectories as
fractional Brownian motion demonstrates that delaying
visual information induces subjects to reduce their con-
trol of CoP—CoG, motion over the shortest time
intervals A¢. On the other hand, enlarging the display
scale progressively improves the way the CoGy, motion is
controlled during the longest Af. By inducing distinct
behavior for each elementary trajectory, these results
highlight the need to disentangle complex CoP motion.
Complementarily, with one elementary motion
(CoP—CoG, or CoGy motion) being controlled at a
given time (Rougier and Caron 2000), these results
emphasize that undisturbed upright stance is indeed
controlled through two different mechanisms that are
successively called into play (Collins and De Luca 1993;
Rougier 1999a).

On the other hand, as demonstrated by decomposi-
tion of the CoP displacements into two eclementary
CoP—-CoG, and CoGy, motions, a dysfunction of pos-
ture control may have different origins. Overall, an un-
steady individual is generally characterized by CoP
displacements covering large territories. However, one
should bear in mind that these excessive territories can
be explained theoretically by either a single exaggerated
elementary motion or by both of them. In the first case,
the subject will be unable to reduce his/her neuro-mus-
cular activity to a minimum or to control his/her body
motion. In the second case, the problem essentially de-
pends on the interaction between the two motions, be-
cause, as already stated, the overwhelming CoP—CoG,
motion weakens the capacity to handle CoGy, displace-
ments efficiently. Naturally, these particularities are also
of importance when considering appropriate rehabilita-
tion procedures. Nevertheless, an important question,
which remains unsolved and which constitutes the aim
of this study, is the compatibility of the effects induced
by the VFB technique. It could indeed be of prime
interest to improve, for instance, both the neuro-mus-
cular activity (by reducing its control) and body motion

(by reinforcing its control) with a single combination of
delay and display scale. In particular, could previously
observed improved corrections as a result of the en-
larged display on the monitor be altered by limiting the
horizontal acceleration, and thus the CoG displacements
resulting from the delayed VFB? Conversely, could the
diminished CoP—CoG motion previously observed
when the VFB is delayed be again lessened by enlarging
the CoP display? Finally, this pilot study focused on
normal subjects to avoid any distortion of the control
mechanisms involved in undisturbed stance maintenance
because of various possible diseases.

Methods
Experimental procedure

Fourteen healthy subjects, eight males and six females,
ranging in age from 21 to 48 years (body weight
65.4+11.5 kg; height 175+7.6 cm; mean = standard
deviation) with no known visual or balance pathology
gave their written informed consent and were included
in this study. As illustrated by Fig. 1, the subjects
stood on a triangular force platform of 80 cm each
side (PFO1; Equi+, Aix les Bains, France) in a natural
position (feet abducted at 30°, heels separated by
3 cm) and were asked to reduce the CoP displacements
on the screen as much as possible with their arms at
their sides. The VFB was implemented by displaying
the horizontal trajectory of the CoP in real time
through specific software (PROGO1; Equi+) on the
screen of an additional 21-inch monitor connected to
the computer and placed at eye level 80 cm in front of
the subjects. The signals issued from the load cells, on
which the plate lay, were amplified and converted from

Fig. 1 Schematic representation of the experimental set-up show-
ing a subject standing on a force platform, beside the investigator,
looking at the trajectory of his/her CoP projected on the screen of
an additional monitor



analogue to digital form before being recorded on a
personal computer with a 64 Hz sampling frequency.
The AP and ML displacements of the CoP were de-
picted on the screen from top to bottom and from left
to right, respectively. To facilitate the tracking, the
data-acquisition software was programmed in such a
way that the spot (4 pixels wide) was always posi-
tioned at the center of the screen at the onset of the
trial and only the last 64 CoP positions (i.e. 1 s) were
represented. The CoP trajectory was then processed in
a number of different ways. ML and AP characterize,
in the coordinates system, medio-lateral and forward—
backward directions, respectively.

The procedure, for the whole sample, included six
experiments performed in a random order, all with the
common characteristic of involving the visual feedback
technique. These six conditions indeed correspond to all
possible combinations including two levels of gain (2
and 20) and three time delays (0, 500, and 1,000 ms).
Within this framework, the gain or display scale corre-
sponds, in fact, to the ratio expressing the amplitudes of
the displacements of the CoP, measured through the
force platform, and the corresponding motions on the
screen. For instance, a gain of 2 signifies that a CoP
displacement of 1 cm will infer a 2 cm displacement of
the spot on the monitor. Each condition was composed
of five trials lasting 64 s, a rest period of a similar
duration being allowed between each trial. At the end of
each trial, knowledge of the results in terms of surfaces
with a 90% confidence interval of both CoP—CoG, and
CoGy, motions was given to the subjects (Tagaki et al.
1985). The rest period between each experiment lasted at
least 10 min.

Estimation of CoGy, and CoP—CoG, motion

CoGy, and CoP—CoG, motion were estimated from the
CoP trajectories measured through the force platform.
To be more precise, a relationship between the ampli-
tude ratio of the horizontal motion of the center of
gravity (CoGy), CoP motion (CoGy/CoP), and sway
frequencies was used to determine CoGy and conse-
quently CoP—CoG, motion. From this CoGy;/CoP
relationship, displayed graphically in Fig. 2 and initially
proposed by Breniére (1996), it can be logically deduced
that CoP oscillations operating over too high frequen-
cies would not incur appreciable CoG movements. This
ratio seems maximum for the lower frequencies (CoGy,
and CoP are characterized by similar positions at 0 Hz)
and tends towards zero above 3 Hz. Estimation of the
CoGy, consists in multiplying the complex data, trans-
formed in the frequency domain through a fast Fourier
transform (FFT), by the above-mentioned low-pass filter
and recovering to the time domain by processing an
inverse FFT. All of this data processing was automati-
cally performed through the Equi+ PROGO1 software.
The article by Caron et al. (1997) provides the details of
this procedure.
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Fig. 2 Amplitude ratio between CoG;, and CoP motion as a
function of sway frequency. This filter shows that CoGy, and CoP
have similar positions at 0 Hz whereas CoGy, motion relative to
CoP becomes smaller, thus determining increased CoP—CoG,
amplitudes, as displacement frequency increases (from Rougier and
Caron 2000)

Signal processing

The signal processing used in this study has been de-
scribed in detail in previous studies (Rougier and Caron
2000; Rougier and Farenc 2000). Three approaches were
adopted to study the CoP—CoG, and CoGjy, elementary
motion:

1) a classical method based on data such as the surface
of an ellipse calculated with a confidence interval
(Tagaki et al. 1985) and mean velocity,

2) data (root mean square (RMS) and mean power
frequency (MPF)) calculated from mean frequency
decompositions of the various motions on specific
bandwidths (0-3 Hz for CoP—CoG, and 0-0.5 Hz
for CoGy,), and

3) a mathematical model, termed fractional Brownian
motion (Mandelbrot and Van Ness 1968).

The RMS and the MPF express a mean amplitude
independent of the frequency bandwidth, and the
respective contribution of lowest and highest frequen-
cies, respectively. Fractional Brownian motion (fBm)
modeling enables specification of the extent to which a
trajectory is controlled. Its general principle is that the
aspect of a trajectory, expressed as a function of time,
may be quantified by a fractional, i.e. non-finite, inte-
ger space dimension. The latter thus provides a quan-
titative measurement of wiggle in the trajectory in a
single direction. This fractional dimension D, in a sin-
gle direction, is, in fact, linked to the Hurst scaling
exponent H, because D=1—H for this case. This scal-
ing regime corresponds graphically to the half slope of
the line portions constituting a variogram depicted bi-
logarithmically. The latter in fact expresses the mean-
square displacements <Ax®> as a function of
increasing time intervals (1/64 s <Ar<10 s) and is given
by the formula:

<xr>=AH
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Note that the squared distances are simply used to
prevent a null mean displacement. A median value of 0.5
for H indicates a linear relationship between the two
variables and thus a lack of correlation between past and
future increments, suggesting that the trajectory is to-
tally uncontrolled. On the other hand, i.e. if H differs
from 0.5, positive (0.5 < H) or negative (H <0.5) corre-
lation can be inferred, which is indicative of a given part
of determinism in the control. Depending on how H is
positioned with respect to the median value 0.5, it can be
inferred that the trajectory is more or less con-
trolled—the closer to 0.5, the less the control. In addi-
tion, depending on whether H is superior or inferior to
the 0.5 threshold, persistent (the point is drifting away)
or anti-persistent behavior (the point retraces its steps)
can be revealed, respectively.

Because two straight-line portions generally charac-
terize variograms relative to undisturbed upright stance
maintenance (a quite flat line preceding or succeeding a
steeper one), a final step consists in the determination of
the transition point for both directions, i.e. the point
corresponding to the slope inflection. CoP and CoGy,
displacements being by definition in phase, the temporal
coordinate of the transition points on the variograms
characterizing the CoP trajectories will also be that of
the CoGy, and CoP—CoG, motion. The method used for
this purpose is based on the evolution, as a function of
increasing At, of the distance between the CoP vario-
gram and a completely stochastic process. In this case,
the stochastic process corresponds to the ordinary
Brownian motion and is characterized by a 1 slope
(inferring, in that case, a 0.5 value for H). The retained
principle is that the At for which this distance is maxi-
mum is the Az of the transition point (Rougier 1999b).
However, it should be pointed out that the stochastic
behavior, taken as a reference, is itself modified by the
low or high-pass filter used for the computation of CoGy,
and CoP—CoG, motion. As seen in the upper part of
Fig. 3, instead of the straight line characterizing the CoP
trajectories, the filter effect leads, in fact, to curvilinear
functions moving progressively away from or closer to
the 1 slope mentioned above (because 2x(H=0.5)=1).
Precisely, the temporal order of the increments from
CoP trajectories have been randomly shuffled and then
recombined to generate stochastic trajectories which
were then processed like the experimental ones to obtain
CoGy, and CoP-CoG, motion. Scaling regimes relative
to “‘average stochastic variograms” over the same At
must therefore be taken as a reference in such a way
that:

Hey = Hexp — Hgo + 0.5

where H.,, Hexp, and Hg, represent the calculated,
experimental, and stochastic scaling regimes, respec-
tively. Thus, for each of the two motions investigated
and each ML and AP component, two scaling exponents
(indexed as short and long latencies: Hy and Hj) and
the coordinates of the transition point were extracted.
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Fig. 3 Method used to determine, in one direction, the transition
between successive scaling regimes for the CoGy, and CoP—CoG,
trajectories from one subject’s data. The upper part represents the
three variograms, computed for a single direction ML or AP,
characterizing CoP (gray) and CoGy, and CoP-CoG, (black), i.e.
the mean-square displacements as a function of increasing Az. The
tilted or curvilinear dashed curves which pass through each
variogram at the point with the shortest Az theoretically express a
pure stochastic process. The lower part displays the distances, in
arbitrary units, between variograms and the dashed lines mentioned
above. The maximum distance relative to the CoP trajectory is
taken to be the transition points’ At coordinate. Thus, the dotted
horizontal and vertical straight lines correspond to the mean square
displacement and Ar coordinates of the different transitions
between successive regimes involved in undisturbed upright stance
control (from Rougier and Caron 2000)

Figure 3 illustrates this procedure with an example of
CoP, CoGy, and CoP—CoG, trajectories.

To evaluate the effects of the interaction between time
delays and scaling display of the VFB on undisturbed
stance control, all data were analyzed by two-factor
analysis of variance (ANOVA) with repeated measures,
the first level of significance being set at P <.05.

Results

Before presenting the results of both types of elementary
motion, it is relevant to mention that modifying the two
FBV variables does not affect the mean position of
CoGy, motions in both ML and AP directions. Conse-
quently, the various effects observed through this
investigation cannot be explained by modification of the
position of the body with respect to the base of support.

Classical data

An interesting result is that the ANOVA is incapable of
displaying the smallest effect when only some of the data



obtained from the CoP displacements are considered
(left column of Fig. 4). This is true for both the surfaces
of the ellipses and the mean velocities. On the other
hand, opposite effects can be observed for both
CoP—CoG, and CoGy, motion. One may note, in par-
ticular, for the surfaces of the ellipses that modifying the
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VFB gain has an effect on the CoG; motion
(F(1,78y=5.906, P<.017) whereas the time delay inter-
feres principally with the CoP—CoGymotions
(Fo,78y=4.285, P<.017). Overall, increasing the VFB
delay induces an increase of CoGy motion and a
decrease of CoG—CoP, motion. Because the CoP

Fig. 4 Group means and i
standard deviations for classical CoP COGh CoP COGv
and frequency data displayed as Surface (mm?2
a function of increasing time ( ) gain: p<.05 delay: p<.05
delay. In each panel, the values 80 50 12
are in black and gray for gains
of 2 and 20, respectively. The T
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the ANOVA and the nature of . e 4 ;
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above or below the plots
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gain and in some cases the RMS (mm) (ML direction .
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displacements constitute the algebraic sum of these two
elementary motions, the two previous effects, of oppo-
site signs, tend to counterbalance each other.

On the other hand, an insignificant effect is seen for
the mean velocities. As the delay increases, these veloc-
ities seem to diminish for all motion. Modifying the gain
does not seem to alter this feature even though these
velocities, for a given delay, are always lower for the
CoGy, motions when the gain is reduced.

Frequency data

With regard to the RMS data, some opposing effects
are seen depending on the elementary motion taken
into consideration (lower part of Fig. 4). From that,
the RMS values computed from the CoP displace-
ments are unaffected by the gain or delay modifica-
tions. On the other hand, the former plays a
significant role for the CoGy motion for both ML
(F.78y=4.491, P<.037) and, in particular, AP direc-
tions (F( 73y=7.404, P<.008). The larger the visual
display of the VFB, the smaller the CoG; motion in
these directions. On the other hand, the CoP—CoG,
motion tends to diminish with the setting of a VFB
delay, whatever the gain values. This feature concerns
both ML (F(275)=3.445, P<.037) and AP directions
(F(2,78):4'1519 P<019)

The MPF values, uniquely, elicit statistically signifi-
cant results for the elementary CoG;,, motion only, as
seen from the lower panels of Fig. 4. Increasing the VFB
gain induces some enhanced values for these MPF in
both ML and AP directions. Complementarily, signifi-
cantly delaying the VFB produces a decrease of these
values. Interestingly, one may emphasize that the F
values are higher when the VFB gain is modified (ML:
(F(1’78): 15979, P< 000), AP: (F(1’78): 50589, P< 000)
than when a delay is set (ML: (F75)=9.873, P <.000);
AP: (F373y=6.236, P<.003). Finally, opposing effects,
although without any statistical trend, are observed for
the CoP—CoG, motion.

Data from the fBm modeling

Modifying the display scale and/or delaying the VFB on
the screen alters the postural behavior of the subjects, as
highlighted by the fBm modeling. If the temporal
coordinate Az, which indicates the onset of the corrective
process, remains unaffected by the VFB, the spatial
coordinates <Ax?> have a variety of statistically sig-
nificant effects. However, these latter are quite opposite
in nature depending on the direction. One may note
indeed, from the ANOVA, that modifying the delay
induces smaller <Ax?>> in the ML (F2.78)=4.814,
P<.011) and, more particularly, in the AP direction
(F2,78y=6.835, P<.002) for the CoP-CoG, motion
(Fig. 5). The same feature is also observed for the CoP
displacement, but solely in the ML direction

(F2.78y=4.692, P<.012). On the other hand, displaying
the VFB through different scales results in appreciable
modification in the AP direction alone. This is true for
both CoP (F(; 75)=4.827, P<.031) and CoG;, motion
(F(1’78) = 4335, P< 041)

Finally, some effects on the slopes of the variograms
should also be emphasized. To be precise, these slopes,
as mentioned in the methods section, are used to com-
pute the various scaling regimes aimed at characterizing
the successive line portions usually depicted in the
variograms for such signals. From our results it seems
that the observed effects are not identical for the two
directions. In the ML direction, modification of the de-
lay provokes a decrease of the short latency scaling re-
gimes H for both CoP—CoGy, (F2,75)= 6.534, P <.002)
and CoP displacements (F(375=4.768, P<.011). As
seen from Fig. 5, the longer the delay, the smaller the Hy
values. Conversely, modifying the gain has no particular
effect, even though some slight differences can be ob-
served for the long scaling regimes H); computed from
the CoGy, motion. In the AP direction, changing the
delay only induces effects on the long latency scaling
exponents Hj for the global CoP displacements
(Fo,78y=4.287, P<.017). It is worth noting from the
lower panels of Fig. 5 that smaller Hj, which are sup-
posed to reveal an enhanced control of this motion, are
found for the 500 ms delay. Finally, altering the gain of
the VFB influences the values of the scaling regimes Hj
for both CoGy, (F2,78)=80.230, P <.000) and CoP mo-
tion (F(2,78y=2.458, P <.000). As seen from the plots of
Fig. 5, the larger the gain of the VFB, the smaller the Hy
values.

Interestingly, all the tests conducted on the interac-
tion between time delay and display scale do not lead to
any statistically significant results for any of the classi-
cal, frequency or fBm data.

Discussion

The results of this study clearly indicate that displaying
visual feedback to healthy individuals leads them to
adopt specific postural behavior depending on the
characteristics of the feedback. On the whole, the results
are in complete accordance with the two previous studies
on the subject and serve to confirm that:

1) displaying visual feedback through a monitor screen
with a time delay causes the individual to reduce the
amplitude of the CoP—CoG, motion (Rougier 2004)
on the one hand, and

2) magnifying the scale of the visual display predomi-
nantly affects the CoGy, motion (Rougier et al. 2004).

The novelty of this study’s results is that these effects
remain even though another aspect of VFB, i.e. display
scale or time delay, is modified. In other words, these
data indicate that the reduced CoP—CoG, motion usu-
ally observed during delayed VFB is still present, irre-
spective  of the scale of CoP visualization.
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Concomitantly, the effect of the gain (i.e. the improved
control for correcting CoGy motion) is preserved
throughout the various time delays. Another interesting
trend highlighted by the results is that both classical (i.e.

Time delay (ms) Time delay (ms)

based on summary statistics) and frequency analyses
applied to the complex CoP trajectories do not reveal
any statistically significant trend. On the whole, these
features thus emphasize the importance of having
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recourse to data obtained from fractional Brownian
motion modeling and/or focusing on elementary CoGy,
and CoP—CoP, motion.

Modifying the time delay predominantly
affects the way CoP—CoG, motion is controlled

When graphically displaying the variograms to illus-
trate the relationship between the mean square dis-
tances <Ax’> and the increasing time intervals Az,
one of the main modifications concerns the slopes of
the linear portions computed for the shortest Az. As
seen by the scaling regimes Hy, whose values express
the half slopes of these line portions, setting a time
delay in the visualization of the VFB, whatever the
value of the gain, induces a decrease in these slopes and
consequently reduced H, values. From the fBm mod-
eling, these latter express a larger contribution of sto-
chastic processes in the control of CoP—CoG, motion.
Because the latter motion, during these shortest Az,
constitutes the main part of the variograms of the
complex CoP trajectories, similar trends can be found
for the Hg scaling coefficients aimed at characterizing
these CoP variograms. The slight difference comes from
the fact that the CoGy components, which seem
uncontrolled in all such postural studies during this
period (because the Hy scaling exponents are close to
the median 0.5 value), are suppressed when studying
the CoP—CoG, motions. Biomechanically, these re-
duced H can be interpreted as a larger probability for
the trajectories to wiggle until a corrective process be-
gins to operate. In other words, for a given time
interval, the distance covered by the trajectory in a
single direction will be lessened. This principle explains
why the spatial coordinates of the transition points are
also reduced under these conditions. One should note,
at this stage, that increasing the gain induces a ten-
dency for the H, regimes to be reduced. It can be thus
hypothesized that the improved sensitivity of the visu-
alized CoP trajectories enables the subjects to better
appreciate the advantage of diminishing the
CoP—CoG, motion as much as possible, and from that
to better appreciate the neuro-muscular activity in his
lower limbs. These effects seem to be progressive in
nature for the ML direction whereas the opposite is
true in the AP direction for the longest delay of 1 s.
This tendency for effects to be more significant the ML
direction than in the AP direction is also a common
trend in this kind of study. For instance, it has previ-
ously been shown that the VFB effects, when compared
to a referenced eyes-open condition, were always more
pronounced in this direction (Rougier 2003a). Simi-
larly, it is also in the ML direction that the Hy scaling
exponents are reduced when the time delay is pro-
gressively increased (Rougier 2004). Accordingly, some
future experiments consisting in furnishing information
relative to a single direction should be planned to
better assess these different effects.

On the other hand, it should be borne in mind that
the CoP—CoG, amplitudes are thought to express the
level of neuro-muscular activity developed for this
equilibrium task. According to the size principle initially
described by Henneman et al. (1965), the muscular force
increase is achieved by recruiting additional motor units
whose mechanical properties in terms of contraction
times tend to progressively decrease. From the CoGy/
CoP ratio, the higher the frequency, the smaller the
relative displacements of CoGy, and thus, the larger the
amplitudes and the higher the MPF of the CoP—CoG,
spectra (Winter et al. 1998; Caron et al. 2000). Thus, one
of the main consequences of setting a delay could be a
reduced muscular activity in the subjects.

Despite this reduced initial horizontal acceleration
communicated to the CG, the correction of the latter
seems to be initiated after a similar distance has been
covered when the delay is lengthened. This is indeed
highlighted by the <Ax?> coordinates. However, one
should note that neither the temporal coordinates At nor
the degree to which the CoGy, motions are controlled in
order to return to their initial position, are affected by
the time delay.

Modifying the display scale predominantly affects
the way the CoGy, motions are controlled

The main advantage for the individual to see the dis-
placements of its CoP on a larger scale is that the CoGy,
motion becomes further reduced in amplitude, as seen,
for instance, by the surface or RMS data. This effect is
seen for both ML and AP directions, even though a
more pronounced reduction is, a priori, observed for the
latter. Another interesting result concerns the MPF
which seem to increase with the gain, signifying that the
delay needed by the CoGy, to return to its initial position
is diminished. These modifications in postural strategies
are plainly explained by fBm modeling. Indeed, even
though a slight effect is observed for the spatial coor-
dinates of the transition points in the AP direction, the
main effect remains a huge diminution of the long la-
tency scaling exponents for both ML and AP directions.
In other words, these features show that when the dis-
play scale is high, the individuals become more able to
control their CoGy, motions in order to make it return to
a place where body acceleration is temporally lowered.
This feature alone could explain the reduced MPF
mentioned above. On the other hand, the previous ef-
fects induced by an increased gain appear to be unaf-
fected by the setting of the time delay. This suggests that
the individuals, even though the given information is
delayed, are still able benefit from informed knowledge
of the CoP position. On the whole, these results are in
complete accordance with previous results which de-
scribe that these postural effects were progressively ob-
served as the display scale was increased (Rougier et al.
2004). Lastly, because the CoGy;, motion constitutes the
main contribution of the CoP trajectories during the



longest At, as seen through the variograms computed
from the various displacements (Fig. 3), these effects on
the scaling regimes Hj are also, logically, found for the
CoP displacements.

Despite reduced initial horizontal acceleration,
the CoGy, is not necessarily better handled
to maintain balance during VFB

As shown by the results, the amplitude of CoP—CoG,
motion is reduced when the VFB is delayed. Considering
that, biomechanically, this latter motion expresses the
initial horizontal acceleration communicated to the CoG
(Breniere et al. 1987), one may thus hypothesize that the
control of body motion should, in turn, be facilitated.
One of the most interesting findings of modeling the
trajectories (issued from a force platform) as an fBm is
that the CoGy, motion seems to be controlled only for
the longest Az. The previous period, the shortest A, is
stochastic in nature in all cases (Rougier and Caron
2000). Consequently, the only theoretical possibility for
modulating the control characteristics of this motion
includes the spatio-temporal coordinates of the transi-
tion point (<Ax?> and Ai) and the extent to which the
CoGy, motion is corrected (Hj). One of the main char-
acteristics of the VFB technique, when compared with
an eyes-open condition, is to induce an increase in the
distance covered by the CoGy motion until correction
occurs (Rougier 2003a). Because this feature is observed
whatever the delay or the display scale, this would seem
to suggest that the ability to limit the distance covered
until the onset of the corrective mechanism is not related
to the forces applied on the CoG at this precise moment.
This would suggest that a minimum distance needs to be
covered before engaging the corrective process and/or
the CNS needs to integrate other perceptual cues from
the sensory receptors. This differentiation thus legiti-
mizes the value of computing these mean square dis-
tances for both CoP—CoG, and CoG;, motion and, on
the whole, validates the dissociation of the CoP trajec-
tories into two elementary motions. Consequently, even
though both elementary CoP—CoG, and CoGy, motion
is estimated on a similar basis, i.e. the trajectories of the
CoP, the postural behavior encountered in this study
demonstrates that controls of these two motions are
completely separate from one another and thus estab-
lishes the need to disassociate the CoP. These results also
emphasize that neither CoG nor CoP—CoG motion can
be viewed as the single variable controlled in this
undisturbed upright stance experiment, thus challenging
the hypotheses formulated for instance by Horstmann
and Dietz (1990) for the former and Winter et al. (1998)
for the latter. As shown by the variograms, each ele-
mentary motion is indeed the controlled variable but for
a given time and in alternating fashion.

Another interesting result of this study is the nature
of the links between these distances and the extent to
which the CoGy, motion is then controlled during the
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longest Az. In most of the studies conducted on this topic
and analyzed by use of the same methodology, one of
the common features generally observed is that the
longer this distance, the more anti-persistent this pro-
cess, and vice versa (Rougier 2003a, 2003b; Rougier
et al. 2004). The decreased tendency for the CoGy, mo-
tions to wiggle as the scaling display increases and the
unchanging distance from which this control operates
highlights the independence of these variables.

Rehabilitation applications of the VFB technique
with display scale and time delay data

The complementary nature of the postural behavior in-
duced by this technique makes it a promising tool for
rehabilitation purposes. Indeed, apart from the inca-
pacity to properly initiate postural correction after a
reduced distance has been covered, whatever the cause
of the balance problem (excessive muscular activity,
difficulty, on a regular basis, to bring the CoG back to a
position where the external forces acting upon it will be
reduced), VFB with these two variables is thought to
provide a promising way forward for most patients.
More pragmatically, modulating the display scale and
time delay at the same time, might be time-saving for
patients needing to reduce their neuro-muscular activity
(by delaying the VFB) whilst at the same time improving
their capacity to appropriately correct their body mo-
tions. Further investigations are, however, needed to
assess whether these results, obtained with healthy
adults, can be observed as clearly with people with
various pathologies or with elderly individuals.
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