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bstract

The purpose of the present experiment was to investigate whether the sensory weighting of a plantar pressure-based, tongue-placed tactile
iofeedback for controlling posture could be subject to inter-individual variability. To achieve this goal, 60 young healthy adults were asked
o stand as immobile as possible with their eyes closed in two conditions of No-biofeedback and Biofeedback. Centre of foot pressure (CoP)
isplacements were recorded using a force platform. Overall, results showed reduced CoP displacements in the Biofeedback relative to the
o-biofeedback condition, evidencing the ability of the central nervous system to efficiently integrate an artificial plantar-based, tongue-placed

actile biofeedback for controlling posture during quiet standing. Results further showed a significant positive correlation between the CoP
isplacements measured in the No-biofeedback condition and the decrease in the CoP displacements induced by the use of the biofeedback. In
ther words, the degree of postural stabilization appeared to depend on each subject’s balance control capabilities, the biofeedback yielding a
reater stabilizing effect in subjects exhibiting the largest CoP displacements when standing in the No-biofeedback condition. On the whole, by

videncing a significant inter-individual variability in sensory weighting of an additional tactile information related to foot sole pressure distribution
or controlling posture, the present findings underscore the need and the necessity to address the issue of inter-individual variability in the field of
euroscience.

2007 Elsevier Ireland Ltd. All rights reserved.

re of

f
i
i
t
s
[
c
o
t

eywords: Balance; Biofeedback; Tongue Display Unit; Plantar pressure; Cent

e recently developed an original biofeedback system for
mproving balance whose underlying principle consists in sup-
lying the user with supplementary sensory information related
o foot sole pressure distribution through a tongue-placed tac-
ile output device (Tongue Display Unit) [31]. In a pioneering
tudy, the effectiveness of this system in improving postu-
al control during quiet standing has been evaluated on ten
oung healthy adults [31]. By showing reduced centre of foot
ressure (CoP) displacements when biofeedback was in use rel-

tive to when it was not, this experiment evidenced the ability
f the central nervous system (CNS) to efficiently integrate
n artificial plantar-based, tongue-placed tactile biofeedback
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or controlling posture during quiet standing. At this point,
t is important to bear in mind the existing literature report-
ng that individual subjects differ in the degree to which
hey weight visual (e.g. [4–6,11,15,16,21,34,35]), somatosen-
ory (e.g. [9,10,12,17–19,26,34,35,37,40]), and vestibular (e.g.
9,13,39]) information for controlling their balance. Within this
ontext, despite the overall stabilizing effect induced by the use
f this biofeedback [31], it is possible the sensory weighting of
he tactile lingual cues for controlling posture to also be sub-
ect of inter-individual variability. The present experiment was
esigned to evaluate this possibility, by testing a larger group of
ubjects.

Sixty young healthy adults (age: 27.4 ± 5.6 years; body

eight: 72.5 ± 12.8 kg; height: 177.8 ± 9.7 cm) participated in

he experiment. They gave their informed consent to the experi-
ental procedure as required by the Helsinki declaration (1964)

nd the local Ethics Committee, and were naive as to the purpose

mailto:nicolas.vuillerme@imag.fr
dx.doi.org/10.1016/j.neulet.2007.03.076
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f the experiment. None of the subjects presented any history
f motor problem, neurological disease or vestibular impair-
ent.
Subjects stood barefoot, in a natural position (feet abducted

t 30◦, heels separated by 3 cm), their arms hanging loosely
y their sides with the eyes closed, and were asked to sway
s little as possible. This postural task was executed under two
xperimental conditions of No-biofeedback and Biofeedback.
he No-biofeedback condition served as a control condition. In

he Biofeedback condition, subjects performed the postural task
sing a plantar pressure-based, tongue-placed tactile biofeed-
ack system [31]. A plantar pressure data acquisition system
FSA Inshoe Foot pressure mapping system, Vista Medical Ltd.),
onsisting of a pair of insoles instrumented with an array of
× 16 pressure sensors per insole (1 cm2 per sensor, range of
easurement: 0–30 PSI), was used. The pressure sensors trans-

uced the magnitude of pressure exerted on each left and right
oot sole at each sensor location into the calculation of the posi-
ions of the resultant ground reaction force exerted on each left
nd right foot, referred to as the left and right foot centre of foot
ressure, respectively (CoPlf and CoPrf). The positions of the
esultant CoP were then computed from the left and right foot
oP trajectories through the following relation [41]:

oP = CoPlf × Rlf

(Rlf + Rrf)
+ CoPrf × Rrf

(Rrf + Rlf)
,

here Rlf, Rrf, CoPlf, CoPrf are the vertical reaction forces under
he left and the right feet, the positions of the CoP of the left and
he right feet, respectively.

CoP data were then fed back in real time to a recently devel-
ped tongue-placed tactile output device [31,32]. This so-called
ongue Display Unit (TDU), initially introduced by Bach-y-Rita
t al. [1,2], comprises a 2D array (1.5 cm × 1.5 cm) of 36 elec-
rotactile electrodes each with a 1.4 mm diameter, arranged in a
× 6 matrix. The matrix of electrodes, maintained in close and
ermanent contact with the front part of the tongue dorsum, was
onnected to an external electronic device triggering the electri-
al signals that stimulate the tactile receptors of the tongue via
flat cable passing out of the mouth. Note that the TDU was

nserted in the oral cavity over the duration of the experiment,
uling out the possibility the postural improvement observed in
he Biofeedback relative to the No-biofeedback condition to be
ue to mechanical stabilization of the head in space. The under-
ying principle of our biofeedback system was to supply subjects
ith supplementary information about the medio-lateral (ML)

nd antero-posterior (AP) positions of the CoP relative to a pre-
etermined adjustable “dead zone” (DZ) through the TDU. In
he present experiment, AP and ML bounds of the DZ were set as
he standard deviation of subject’s CoP displacements recorded
or 10 s preceding each experimental trial. A simple and intuitive
oding scheme for the TDU, consisting in a “threshold-alarm”
ype of feedback provided in both the ML and AP directions
rom the CoP values, was then used [31]. (1) When the position

f the CoP was determined to be within the DZ, no electrical
timulation was provided in any of the electrodes of the matrix.
2) When the position of the CoP was determined to be outside
he DZ, electrical stimulation was provided in distinct zones of

f
A
K
f
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he matrix, depending on the position of the CoP relative to the
Z. Specifically, four different zones located in the front, rear,

eft and right part of the matrix were defined; the activated zone
f the matrix corresponded to the position of the CoP relative
o the DZ. In the case that the CoP was located towards the
ront, rear, left or right of the DZ, distinct stimulations of the
nterior, posterior, left and right zones of the matrix (i.e. stimu-
ation of the front, rear, left or right portion of the tongue) were
rovided, respectively. Finally, in the present experiment, the
requency of the stimulation was maintained constant at 50 Hz
cross participants, ensuring the sensation of a continuous stim-
lation over the tongue surface. The intensity of the electrical
timulating current was adjusted for each subject, and for each
f the front, rear, left and right portions of the tongue, given
hat the sensitivity to the electrotactile stimulation was reported
o vary between individuals [8], but also as a function of loca-
ion on the tongue in a preliminary experiment [32]. Several
ractice runs were performed before starting the experiment
o ensure that subjects had mastered the relationship between
he position of the CoP relative to the DZ and lingual stimu-
ations and they were accustomed to the postural task. Among
ll subjects, the observed maximum training time was below
min.

A force platform (AMTI model OR6-5-1), which was not a
omponent of the biofeedback system, was used to measure the
isplacements of the centre of foot pressure (CoP), as a gold-
tandard system for assessment of balance during quiet standing.
ignals from the force platform were sampled at 100 Hz (12 bit
/D conversion) and filtered with a second-order Butterworth
lter (10 Hz low-pass cut-off frequency).

Three 30 s trials for each experimental condition were per-
ormed. The order of presentation of the two experimental
onditions was randomized.

The surface area (mm2) covered by the trajectory of the CoP
ith a 90% confidence interval was used to describe subject’s
ostural behaviour as a measure of the CoP spatial variability.

Since no statistically significant differences were observed
etween the three postural measurements recorded in the
o-biofeedback condition and between the three postural mea-

urements recorded in the Biofeedback condition, the mean
alues of the three trials performed in these two experimental
onditions were used for statistical analyses. Two-tailed t-tests
ere then applied to the data from the No-biofeedback and
iofeedback conditions. In addition, Pearson’s correlation coef-
cients (r) were calculated to assess whether the presumable
ecrease in surface area of the CoP in the Biofeedback relative
o the No-biofeedback condition was associated with subject’s
aseline postural control for standing in the No-biofeedback
ondition. To this aim, CoP data were normalized for each sub-
ect by calculating the percentage decrease in the surface area
f the CoP measured in the Biofeedback condition compared
o the No-biofeedback condition. These normalized decreases
n surface area of the CoP were then plotted against the sur-

ace area of the CoP measured in the No-biofeedback condition.

significance level of P < 0.05 was used for all tests. The
omolgorov–Smirnov test showed that the distributions used

or these analyses did not depart from normality (P > 0.05).
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Fig. 1. Mean and standard deviation of surface area of the CoP displacements
measured in the two No-biofeedback and Biofeedback conditions. These two
experimental conditions are presented with different symbols: No-biofeedback
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Fig. 2. Scatter plots of the surface area of the CoP displacements measured
in the No-biofeedback condition vs. percentage decrease in the CoP displace-
ments measured in the Biofeedback relative to the No-biofeedback condition.
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white bars) and Biofeedback (black bars). The significant P-value for com-
arisons between No-biofeedback and Biofeedback conditions also is reported
***P < 0.001).

Analysis of the surface area of the CoP displacements showed
maller values in the Biofeedback than No-biofeedback condi-
ion (t = 5.74, P < 0.001, Fig. 1).

Scatter plots of the surface area of the CoP displacements
easured in the No-biofeedback condition versus percentage

ecrease in the surface area of the CoP displacements measured
n the Biofeedback relative to the No-biofeedback condition are
llustrated in Fig. 2. Results showed a significant positive cor-
elation between the surface area of the CoP measured in the
o-biofeedback condition and the decrease in the surface area
f the CoP displacements induced by the use of the biofeedback
r = 0.60, P < 0.001, Fig. 2).

The purpose of the present experiment was to identify
hether additional sensory information related to foot sole pres-

ure distribution to the user through a tongue-placed tactile
utput device could be weighted differently from one subject to
nother for controlling posture during quiet standing. To achieve
his goal, a large number of young healthy adults (N = 60) were
sked to stand as immobile as possible on a force platform
ith their eyes closed in two conditions of No-biofeedback and
iofeedback.

On the one hand, results showed reduced CoP displacements
n the Biofeedback than No-biofeedback condition (Fig. 1). In
eneral terms, this result confirms that an artificial tongue-placed
actile biofeedback can be efficiently integrated with other sen-
ory cues by the postural control system to improve balance
uring quiet standing [31]. At this point, one should keep in

ind that the tongue was chosen as a substrate for electrotactile

timulation site according to its neurophysiologic characteris-
ics. Indeed, because of its dense mechanoreceptive innervations
28] and large somatosensory cortical representation [24], the

[
l
f
c

he significant positive correlation indicates that the biofeedback has a greater
tabilizing effect in subjects exhibiting the largest CoP displacements when
tanding in the No-biofeedback condition.

ongue can convey higher-resolution information than the skin
an [27,29]. That is certainly one of the reason why the TDU
lready has proven its efficiency when used as the sensory out-
ut unit for tactile-vision [2,27] and tactile-proprioception [32]
ensory augmentation systems.

On the other hand, a significant inter-individual difference
n the strength of the biofeedback on improving postural con-
rol during quiet standing was observed (Fig. 2). At this point,
e can exclude that this observed differences are due either to

nter-individual differences in overall tactile sensitivity of the
ongue [8] or to adaptation to the postural task. Indeed (1) the
ntensity of the electrical stimulating current was adjusted to
ach subject [31,32] and (2) several practice runs were per-
ormed before starting the experiment to ensure that subjects
ad mastered the relationship between the position of the CoP
elative to the DZ and lingual stimulations, that they were accus-
omed to the postural task and that no detectable systematic
hanges were observed from the first to the last trial performed
n each experimental condition. Rather, we propose the vari-
bility in the size of the stabilizing effect induced by the use
f the biofeedback to stem from the differences in how indi-
idual subjects have weighted the plantar-based, tongue-placed
actile biofeedback for controlling their posture during quiet
tanding. Note that such inter-individual variability is reminis-
ent of individual differences in postural responses observed
onsecutive to visual (e.g. [4–6,11,15,16,21,34,35]), somatosen-
ory (e.g. [9,10,12,17–19,26,34,35,37,40]), and vestibular (e.g.

9,13,39]) stimulations reported in previous experiments, hence
ending support to the hypothesis that individual subjects dif-
er in the degree to which they weight sensory information for
ontrolling posture. Interestingly, results showed a significant
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ositive correlation between the surface of the CoP measured
n the No-biofeedback condition and the decrease in the surface
rea of the CoP induced by the use of the biofeedback (Fig. 2). In
ther words, the size of postural stabilization appeared to depend
n each subject’s balance control capabilities, the biofeedback
ielding a greater stabilizing effect in subjects exhibiting the
argest CoP displacements when standing in the No-biofeedback
ondition. With regard to the provision of additional tactile
ensory information to the postural control system, our results
orroborate those of a previous study in which the application
f a tactile stimulus providing sway-related cues was reported
o significantly reduce body sway, with the greatest percent-
ge reduction in sway observed in subjects with the greatest
way while standing normally without any additional tactile
timulus [26]. A possible explanation for the greater reduction
n sway by subjects that sway the most is that these subjects
ave a sensorimotor deficit so that the additional tactile stim-
li are not as redundant [26]. Along these lines, in the context
f the sensory reweighting mechanisms involved in postural
ontrol (e.g. [14,22,23,30,33,38]), previous studies have shown
hat the sensory weights of each sensory input, in addition to
arying from one individual to another, also depends on the
ensory context (e.g. availability, accuracy, reliability, incon-
istency between sensory signals). Indeed, to efficiently cope
ith changing environment/task/subject conditions, it is con-

eivable that the CNS adaptively and dynamically updates the
elative contributions of available sensory inputs to current con-
itions/constraints by (1) increasing the reliance on sensory
odalities providing accurate and reliable information (e.g.

30,38]) and (2) decreasing the reliance on sensory modalities
roviding inaccurate and unreliable information (e.g. [33]). At
his point, it is possible that, for a given subject, the weight given
o an augmented tactile input related to body sway for control-
ing posture during quiet standing might change according to
he state/reliability of its somatosensory system, as previously
bserved (e.g. [7,20,26,36]).

To conclude, in addition to the observation of an overall
tabilizing effect of a plantar-pressure-based, tongue-placed tac-
ile biofeedback [31], results of the present experiment showed
his additional tactile sensory information for controlling pos-
ure during quiet standing to be weighted differently from one
ubject to another. On the whole, by evidencing a significant
nter-individual variability in sensory weighting of an additional
actile information related to the foot pressure distribution for
ontrolling posture, the present findings underscore the need and
he necessity to address the issue of inter-individual variability
n the field of neuroscience. Indeed, inter-individual averaging,
y definition, extracts only the collective effects that are coin-
ident across subjects, hence failing to provide any information
bout individual variability in the functional organization of the
NS (e.g. [3,25]).
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