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Abstract Postural equilibrium is known to be controlled
by sensorimotor reflexes and automatic control loops but
also depends on high-level body representation in space,
probably implicating the right temporoparietal cortex.
Indeed, short-term prism adaptation to a 10� rightward
visual shift has been shown to reduce predominant
postural imbalance in patients with right hemisphere
damage, as it did for neglect symptoms. These effects are
likely to be explained by a high level effect of prism
adaptation on body and space representation, rather than
by a sensorimotor effect. Cognitive after-effects of prism
adaptation to a leftward visual shift, suggesting neglect-
like symptoms, have also recently been shown in normal
subjects on line bisection tasks. In the present study, we
investigated the effect of wedge prism adaptation on
postural control in normal subjects. Two groups of seven
healthy subjects were either adapted to a leftward or a
rightward visual shift. Results showed that our procedure
induced changes in lateral postural control in normal
subjects. Furthermore, this lateral postural after-effect
was dependent on direction of prism adaptation. Indeed,
only adaptation to a leftward visual shift induced
significant rightward postural bias in normal subjects.
The rightward postural lateral displacement was nega-
tively correlated with the visual vertical. Both transfer and
direction specific effect of visuo-manual adaptation to

prisms on postural control suggest that effects of adap-
tation act more on high-level postural control linked to
body representation in space or at least reveal close
interaction between sensorimotor plasticity and body
representation.

Keywords Prism adaptation · Space representation ·
Postural control · Body representation · Subjective visual
vertical

Introduction

Symmetrical sensorimotor after-effects of wedge prism
adaptation are commonly described in classical literature
(see Welch 1986). However, recent results in neglect
patients raise a new issue about the cognitive nature of
prism after-effects (for review see Rossetti and Rode
2002). Indeed, it has recently been shown that a single,
short adaptation period of a 10� rightward prismatic shift
of the visual field improves various cognitive symptoms
of patients with unilateral spatial neglect for at least
several days (Farn� et al. 2002; McIntosh et al. 2002;
Pisella et al. 2002; Rossetti et al. 1998, 1999). Unilateral
spatial neglect is a neuropsychological disorder common-
ly observed following right hemisphere injury. Neglect of
contralesional space is characterized by a failure to report,
respond to, or orient to novel or meaningful stimuli, even
when this deficit cannot be attributed to either sensory or
motor defects (Halligan and Cockburn 1993; Heilman and
Valenstein 1979). For many authors, neglect might be
attributed to a distortion of space representation linked to
dysfunction of right posterior parietal cortex (Bisiach et
al. 1983). Sensorimotor manifestations of this condition,
such as the rightward displacement of the perceived
midline with respect to the body, are improved by prism
adaptation (Rossetti et al. 1998). Furthermore, prism
adaptation is able to markedly improve cognitive levels of
neglect as assessed by standard neuropsychological tests
such as line bisection, line cancellation (Pisella et al.
2002; Rossetti et al. 1998) and simple drawing from

C. Michel · Y. Rossetti · G. Rode · C. Tilikete ())
Institut National de la Sant� et de la Recherche M�dicale
(INSERM), Unit� 534, 16 Avenue L�pine, 69676 Bron, France
e-mail: tilikete@lyon.inserm.fr
Tel.: +33-4-72913400
Fax: +33-4-72913401

C. Tilikete
Service de Neuro-Ophtalmologie, H�pital Neurologique,
Hospices Civils de Lyon, 69394 Lyon, France

Y. Rossetti · G. Rode
Service de R��ducation Neurologique, H�pital Henry Gabrielle,
Hospices Civils de Lyon, 69565 St. Genis Laval, France

Y. Rossetti · G. Rode · C. Tilikete
Institut F�d�ratif des Neurosciences de Lyon,
H�pital Neuro-cardiologique, 69394 Lyon, France

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595.276 785.197 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil:      RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2Geräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



memory, as well as on non-manual tests such as reading,
object recognition (Farn� et al. 2002; Rossetti et al. 1999)
or even mental imagery (Rode et al. 1999, 2001, 2003).

In parallel, adaptation to a 10� rightward prismatic
shift improves postural symptoms in right brain-damaged
patients with left hemiparesia (Tilikete et al. 2001). These
patients show predominantly lateral displacement of the
centre of pressure toward the ipsilesional side relative to
right hemiparetic patients (Rode et al. 1997, 1998). This
asymmetry might be partly attributed to distortion of body
representation linked to the right posterior parietal lesion
(P�rennou et al. 2000). Indeed, several authors have
proposed that posture is not only controlled by a system
based on reflex and automatic action (Kolb et al. 2001;
Massion and Viallet 1990) but also depends on higher
level functions through the elaboration of an internal
model of the body (Gurfinkel and Levick 1991; Timmann
and Horak 2001). The body scheme is progressively built
up from sensory and motor experiences; nevertheless,
several pieces of evidence suggest that body representa-
tion is partly governed by implicit knowledge of body
structure (Berlucchi and Aglioti 1997). One example is
the phantom sensations reported by phocomelic children
who were born without one or more limbs (Melzack
1990). Even though the limbs of phocomelic children did
not develop physically, they are nevertheless represented
in sensory and motor areas (Brugger et al. 2000).
Furthermore, imitation of the movements by neonates
suggests an innate knowledge of the body that antedates
the adult body scheme (Berlucchi and Aglioti 1997).

The above-reviewed results obtained from neglect and
left hemiparetic patients show that prism adaptation can
induce improvements of neurological deficits resulting
from a right brain lesion. In addition to sensorimotor
after-effects (such as subjective perception of the body
midline), the improvement of cognitive neglect manifes-
tations (Rode et al. 1999) and postural control in patients
with right brain damage (Tilikete et al. 2001) suggest an
effect of prism adaptation on internal maps used for space
and body representation. Common mechanisms for, or at
least close interaction between, sensorimotor plasticity
and higher levels of space and body representation
(Rossetti et al. 1999) may explain this set of concordant
results. Along this line, if prism adaptation acted on the
body scheme by modifying body representation, a
postural adjustment should be observed not only in right
brain damage patients with postural deficits (Tilikete et al.
2001) but also in normal subjects. This hypothesis could
be sustained by the modification of space representation
in normal subjects. Indeed, evidence for cognitive after-
effects of prism adaptation has already been provided by
studies in normal subjects performing line bisection tasks
(manual bisection and Landmark task). Prism adaptation
to a leftward optical shift emulates moderated neglect-like
symptoms in the form of rightward biases measured by
line bisection tasks (Berberovic and Mattingley 2002;
Colent et al. 2000; Michel et al. 2002).

In the present study we investigated the effect of prism
adaptation on postural control in normal subjects by

recording the projection of the centre of pressure and
subjective visual vertical. If after-effects of prism adap-
tation on postural control were sensorimotor then a
symmetrical bias would be expected. However, if there
were an effect on body scheme then the main effect would
be a rightward postural bias after adaptation to a leftward
optical shift. The following experiments expand on the
exploration of after-effects of prism adaptation in normal
subjects. We aimed not only at uncovering properties of
the normal system and further exploring the properties of
the spatial maps altered by prism adaptation, but also at
the better understanding of the nature of the internal maps
involved in postural maintenance.

Material and methods

Subjects

Fourteen right-handed and normal-sighted healthy subjects partic-
ipated in the experiment. The group exposed to a rightward optical
deviation was composed of three females and four males ranging in
age from 17 to 42 years (mean 27 years, SE 3.0 years), and the
group exposed to a leftward optical deviation was composed of four
females and three males ranging in age from 21 to 28 years (mean
24 years, SE 0.8 years). All subjects gave their informed consent
prior to their inclusion in the study, in accordance with the local
ethics committee.

Experimental procedure

Posturographic evaluation

The posturographic evaluation was performed with a Dynatronic
statokinesimeter. It consisted of a statokinesimetric platform
measuring 45�45 cm supported by three strain gauges. The room
was normally illuminated and a 75-cm long rod, placed 60 cm in
front of the subject (64� angle of vision), was presented on the
vertical axis and aligned with body midline. The available visual
cues were the vertical rod and the vertical wall of the box in which
the posturographic evaluation was performed. During the test,
subjects stood barefoot on the platform in the upright position with
their arms alongside their body and with their feet placed 10 cm
apart on the designed site, centred in relation to the antero-posterior
and lateral axis. The analogue signal from the three gauges,
digitalized at a sampling frequency of 5 Hz for 53 s, was used
online to calculate the successive positions of the centre of pressure
along the forward-backward (Y-axis) and the left–right axis (X-
axis). Three main parameters were extracted from these data: the
mean lateral projection of the centre of pressure (Mean X), the
mean antero-posterior projection of the centre of pressure (Mean Y)
and the surface area (S). For Mean X, a rightward bias from mid-
sagittal plane was assigned a positive value and a leftward bias was
assigned a negative value. For Mean Y, a forward bias from frontal
plane was assigned positive value and a backward bias a negative
value. Surface area was a measure of the area of the confidence
ellipse of the distribution of the centre of pressure. Two sessions
were performed: in the first one, subjects kept their eyes closed
(closed-eye condition), and in the second they kept their eyes open
(open-eye condition). Postural measures were recorded before (pre-
test) and after (post-test) prism adaptation.

Subjective visual vertical (SVV)

The visual perception of verticality was recorded for all subjects.
Using a remote control, subjects were asked to align a 31-cm long
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phosphorescent rod with their subjective perception of the verti-
cality (12 trials). The rod was placed 175 cm from the subjects’
eyes (10� angle of vision). Before each trial, the phosphorescent rod
was presented alternately with various rightward or leftward
angular deviations from the vertical within the frontal plane by
the examiner. The task was performed in total darkness before (pre-
test) and after (post-test) prism adaptation.

Sensorimotor effects

In order to measure sensorimotor after-effects, effective develop-
ment of the adaptation was assessed with two tasks performed
before (pre-test) and after (post-test) prism adaptation. (1) In the
“open-loop” pointing task, subjects were required to point toward
visual targets with the right hand and without visual feedback (total
after-effect). The total lateral error from the visual target (TLE) was
the parameter recorded in this task. (2) In the proprioceptive
estimation of body midline task (proprioceptive after-effect), the
subjects had to point with the right hand in alignment with their
mid-sagittal axis in darkness (e.g. see Kornheiser 1976; Rossetti et
al. 1998). The proprioceptive lateral error from the mid-sagittal axis
(PLE) was the parameter calculated in this task.

Prism adaptation

Following the pre-tests, subjects sat at a table and wore prismatic
goggles producing a shift of the visual field. With goggles on, the
total visual field was 105�, the monocular visual field was 75� and
the binocular visual field was 45�. The relative locations of the
visual stimuli were conserved whereas the absolute location was
shifted in the direction of the optical deviation. Subjects were asked
to point, as fast and as accurately as possible, with the right arm to
each of the ten visual targets that were placed on the table equitably
distributed relative to the subject’s body midline. The adaptation
procedure lasted 20 min during which the subjects wore prisms
producing a 15� (leftward or rightward) lateral visual shift. Vision
of the starting position of the hand was occluded to ensure optimal
development of the adaptation (Redding and Wallace 1997a). This
procedure was identical to that used in a previous study (Colent et
al. 2000). Seven subjects were exposed to a 15� leftward visual shift
(group L) and seven others to a 15� rightward visual shift (group
R).

The sensorimotor effects, the posturographic data and the
subjective visual vertical were evaluated in that sequence before
and after prism exposure. Subjects were asked to keep their eyes
closed between trials and were transported in a wheelchair between
the table (used for prism adaptation) and the statokinesimeter in
order to minimize de-adaptation.

Statistical analysis

To estimate the after-effects of prism adaptation we analysed the
TLE and the PLE of subjects using a two-way analysis of variance.
This analysis evaluated the condition (pre-test and post-test) as
within-subject factors, and the effect of the group (group L and
group R) as between-subjects factors. The specific effects of each
factor were analysed with least significant difference (LSD) post
hoc comparison.

To evaluate the effect of prism adaptation on postural equilib-
rium in groups L and R, we performed a two-way analysis of
variance for S, Mean X and Mean Y with eyes open and eyes
closed. The analysis evaluated the condition (pre-test and post-test)
as within-subject factors, and the effect of the group (group L and
group R) as between-subjects factors. The specific effects of each
factor were analysed with LSD post hoc comparison.

In both groups, a correlation analysis was performed between
the effects of prism adaptation and all others parameters.

All statistics were performed by the STATISTICA software
package (release 4.5, 1993; StatSoft, Tulsa, OK, USA). The 95%

confidence interval was used to establish statistical significance.
Mean and standard error are presented in parentheses.

Results

Open-loop pointing task

The statistical analysis revealed a significant group effect
on TLE [F(1,12)=25.8, P<0.001], and a group � ’pre-post’
interaction [F(1,12)=39.7, P<0.0001]. As expected, group L
showed a significant rightward TLE (mean €SE
13.7€2.7�) during the open-loop pointing task when the
post-test (11.8€2.1�) and the pre-test (–1.9€1.3�) values
were compared (P<0.001). Group R exhibited a signifi-
cant leftward TLE (–14.4€3.6�) when the post-test
(–13.1€3.2�) and the pre-test (1.3€1.5�) values were
compared (P<0.007). Sensorimotor after-effects of prism
adaptation, observed in open loop pointing task, were
symmetrical; they had similar amplitudes (P>0.8) and
were each oriented in the direction opposite to the optical
deviation.

Proprioceptive straight-ahead task

Statistical analysis revealed a significant group � pre-post
interaction on PLE [F(1,12)=15.14, P<0.005]. A significant
rightward PLE was detected in group L (13.3€4.6�) when
the post-test (10.3€4.6�) and the pre-test (–3.0€1.7�)
values were compared (P<0.015). Symmetrically, a
leftward PLE (–9.9€3.6�) was observed in group R when
the post-test (–7.1€3.1�) and the pre-test (2.8€4.6�) were
compared (P<0.03). The sensorimotor after-effects as-
sessed by the proprioceptive straight-ahead demonstration
task, were symmetrical; they had similar amplitudes
(P>0.5) and were oriented in the direction opposite to the
optical deviation.

Postural after-effects

Surface area (S)

Closed-eye condition. The statistical analysis revealed a
significant pre-post effect on S [F(1,12)=6.70, P<0.03]
without group effect. For group L, S was 231€29 mm2

during the pre-test and 296€45 mm2 during the post-test.
For group R, S was 257€58 mm2 during the pre-test and
385€94 mm2 during the post-test. Therefore, prism
adaptation induced a symmetrical increase of the surface
area in the two groups for the closed-eye condition.

Open-eye condition. There was no group effect, no pre-
post effect and no significant interaction (P-values >0.3).
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Mean X

Closed-eye condition. Statistical analysis revealed a
significant group � pre-post interaction [F(1,12)=9.90;
P<0.009] (Fig. 1). For group L, Mean X was shifted
significantly to the right (P<0.008) (Fig. 2). The right-
ward shift (8.0€2.9 mm) observed between the post-test
(8.0€3.1 mm) and the pre-test (0.0€3.6 mm), ranged from
–0.1 mm to 23.5 mm. For group R no significant effect
was observed (P>0.23). Mean X was localized at
0.4€3.1 mm in the pre-test and at –2.7€1.8 mm in the
post-test.

Open-eye condition. No pre-post effect, no group effect
and no interaction was observed (P-values >0.9). For
group L, Mean X was 4.2€2.7 mm in the pre-test and
7.1€2.8 mm in the post-test. For group R, Mean X was
0.6€2.0 mm in the pre-test and –0.24€1.7 mm in the post-
test.

Therefore, the effect of prism adaptation on Mean X
position was asymmetrical: only adaptation to a leftward
optical deviation induced a rightward postural imbalance
in experimental closed-eye condition (Fig. 3). This result
provides support for a direction-specific effect of prism
adaptation on postural control in the frontal axis in normal
subjects.

Mean Y

Closed-eye condition. There was a significant pre-post
effect without group effect. Mean Y was shifted forward
after prism adaptation [F(1,12)=5.87, P<0.04]. For group L,
Mean Y was –27.5€6.9 mm in the pre-test and
–21.1€8.4 mm in the post-test. For group R, Mean Y
was –33.1€4.8 mm in the pre-test and –27.6€5.9 mm in
the post-test.

Fig. 1 Mean lateral displace-
ment of the centre of pressure
(Mean X, in mm) before (pre-
test) and after (post-test) the
prism adaptation procedure in
groups adapted either to a left-
ward or rightward visual devia-
tion, under the closed-eye
condition. A significant lateral
displacement was observed only
in the group adapted to a left-
ward optical deviation. SE
standard error, N.S. non-signif-
icant (P>0.05), *significant
(P<0.05)

Fig. 2A–B Displacement of the centre of pressure on the lateral
axis (A, in cm) and projection of the centre of pressure on the
ground (B) for one subject adapted to a leftward optical deviation,
before (pre-test) and after (post-test) adaptation under the closed
eye condition. Note the rightward deviation of the projection of the
centre of pressure in the post-test (Ant anterior, Post posterior)
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Open-eye condition. There was a significant pre-post
effect without group effect. Mean Y was shifted forward
after prism adaptation [F(1,12)=9.22, P<0.02]. In the group
L, Mean Y was localized at –30.2€7.6 mm in the pre-test
and at –26.2€8.2 mm in the post-test. For group R, Mean
Y was –35.6€5.6 mm in the pre-test and –24.5€4.3 mm in
the post-test.

There was a constant forward displacement on Mean Y
after prism adaptation, irrespective of the direction of the
optical shift (rightward versus leftward) and the experi-
mental condition (closed or open eyes) (Fig. 3).

Subjective visual vertical (SVV)

The statistical analysis revealed no effect of group (L
versus R), no pre-post condition effect and no group �
pre-post condition interaction (P>0.08). However, in
group L the correlation analysis revealed a significant
negative correlation between the mean effect of prism
adaptation on X-axis and the effect of prism adaptation on
SVV (correlation coefficient –0.90, P<0.05). Whereas the
mean position of the centre of pressure was laterally
shifted to the right after adaptation to a leftward optical
deviation, the SVV was shifted counterclockwise
(–0.26€0.18�; pre-test –0.43€0.25�, post-test –0.69€0.36�).

Discussion

Whereas sensorimotor after-effects of prism adaptation
have been extensively described (e.g. Redding and
Wallace 1997b, Welch 1986), it is only recently that
several cognitive after-effects have been demonstrated in
unilateral neglect patients (reviewed in Rossetti and Rode
2002) and, to a lesser extent, in normal subjects during

line bisection tasks (Berberovic and Mattingley 2002;
Colent et al. 2000; Michel et al. 2002). The present work
investigated whether after-effects of wedge prism adap-
tation can extend to the postural control of normal
subjects, as has been reported for patients with right
hemisphere lesions (Tilikete et al. 2001). The main results
of the present study showed that wearing prisms that shift
the vision horizontally during a pointing task with the
right arm might alter the lateral postural control in normal
subjects. Furthermore, the lateral postural bias was
dependent on direction of the prism adaptation. Indeed,
only adaptation to a leftward (not to a rightward) visual
shift induced a significant rightward shift of the vertical
projection of the centre of pressure, which was negatively
correlated with the visual vertical. The secondary results
showed an increased surface area and a forward displace-
ment of the body weight, in both rightward and leftward
group conditions, which might be explained by a postural
compensation to the backward postural adjustments
required during the pointing movements performed with
the prisms or by a reaction to the slight ‘magnifying’
effect of the prisms. Another secondary observation was
that postural after-effects of prism adaptation were
observed only in the closed-eye condition. Visual cues
are known to be crucial for the control of body posture
(Paulus et al. 1984). In our experiment, vertical cues
available in the environment when the eyes were open
may explain absence of significant effects with eyes open.
The discussion following will attempt to provide expla-
nations for our main results. The discussion is based on
three principal points: (1) the extension of current
literature of prism adaptation transfer, (2) the link
between the present asymmetrical results in normal
subjects and the symptoms known in right brain-damaged
patients, and (3) the anatomical hypothesis to explain how

Fig. 3 Relative displacement of
mean position of the centre of
pressure in groups adapted ei-
ther to a leftward or rightward
visual deviation in the two ex-
perimental conditions (eyes
open and eyes closed). Perfor-
mances in the pre-test were
undifferentiated between groups
or experimental condition
(P>0.45). There was a global
significant forward effect in
both rightward and leftward
visual group for both condi-
tions. Note the significant
rightward asymmetrical lateral
effect in the leftward visual
group in the closed-eye condi-
tion (*P<0.05)
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prism adaptation could qualitatively simulate right-brain
damage deficits in normal subjects.

These present results extend the current literature
about prism adaptation on several points. Firstly, for
many years the after-effects of prism adaptation in normal
subjects have been found to have incomplete or no
generalization across different tasks. For example, adap-
tation with head fixed cannot be generalized to the
contralateral arm (Taub and Goldberg 1973), and can
even be specific to the velocity (Kitazawa et al. 1997) or
to the type of arm movement performed during the
exposure period (Martin et al. 1996b). Nevertheless,
experimental conditions with head free may produce
inter-manual (e.g. Choe and Welch 1974; Redding and
Wallace 1988) or inter-limb (Elliot and Roy 1981)
transfer. Some other experiments also showed inter-
modal after-effects of visuo-manual adaptation such as
auditory mislocation (Lackner 1973, 1976). As for
transfer of prism adaptation across different tasks, inter-
estingly our results showed that a manual adaptation to a
visual shift could transfer significantly to the postural
system. Secondly, sensorimotor after-effects of wedge
prism adaptation are known to be symmetrical (see
Kornheiser 1976; Redding and Wallace 1992; Welch
1986). However, our results show that the postural after-
effects of prism adaptation are asymmetrical and thus of a
specific nature. These effects appear significant only after
adaptation to a leftward optical deviation and are
rightward oriented. Both transfer and direction-specific
effects of prism adaptation on postural control suggest
that effects of adaptation arise more from higher levels of
postural control rather than from lower level sensorimotor
reflexes. These results extend on our previous work
(Colent et al. 2000; Michel et al. 2002) by showing that
adaptation to a leftward optical shift modifies not only the
extrapersonal space representation but also the body
representation at a high level of processing.

The links between the present asymmetrical results in
normal subjects and the symptoms known to exist in
right-brain-damaged patients need to be discussed now.
Firstly, the holistic processing of sensory information for
the control of body postural activities has been attributed
to the right parietal cortex (P�rennou et al. 1997).
Furthermore, clinical analyses show greater postural
difficulties after right hemisphere damage than after left
hemisphere lesion (Bohannon et al. 1986; Rode et al.
1997). More precisely, the right temporoparietal junction
(TPJ) has been found to markedly contribute to body
stability by composing internal models (P�rennou et al.
2000), by resolving sensory ambiguities, synthesising
information from disparate sensory modalities and com-
bining efferent and afferent information (Mergner et al.
2001). In neglect patients, where damage predominates in
the right parieto-occipito-temporal junction, there is a
dramatic postural instability (P�rennou et al. 2000) and an
ipsilateral rightward displacement during standing. A
similar but moderate rightward postural bias was ob-
served in our experiment in normal subjects after
adaptation to a leftward visual shift, suggesting an

influence, at least indirectly, of prism adaptation on the
right parietal cortex.

Secondly, to regulate the postural control of the body,
the central nervous system must rely on an internal
representation of the vertical axis. Clinical studies show
that deficits of general spatial direction are more frequent
and more severe following right hemisphere damage than
after left hemisphere lesion (Benton et al. 1975; Taira et
al. 1998). The perception of the subjective visual vertical
is oriented in the opposite direction to the lesion (Brandt
et al. 1994). Indeed, neglect patients show a counter-
clockwise perception of the vertical orientation (Kerkhoff
1999), negatively correlated with the postural bias in
upright position. Even if pre-post measurement did not
show any significant change in subjective visual vertical,
our results in normal subjects reinforce these data since
the rightward bias in upright posture was negatively
correlated with the subjective visual vertical after a visuo-
motor adaptation to a leftward optical shift.

Thirdly, neglect seems to be associated with failure to
attend to the body scheme (P�rennou et al. 2001), which
suggests that neglect is in part attributable to a deficit of
spatial cognition (Halligan 1995; Rode et al. 1999, 2003;
Rossetti et al. 1998). A recent study by Richard et al.
(2000) investigating extrapersonal projection of the body
in neglect patients suggests a compression of the body
projection in extracorporeal space in which the projection
of the left hemi-body is narrower than the right one. Such
a remapping of the body scheme in space leading to “an
amputation of the left part of the ‘normal’ body scheme”
transiently induced by prism adaptation in normal
subjects might be responsible for postural neglect-like
imbalance.

With our results showing qualitative simulation of
right brain deficit in normal subjects, we have now to
consider the anatomical substrates that could explain how
adaptation to a leftward optical deviation can modify
inter-hemispheric balance to the detriment of the right
hemisphere. Anatomical structures involved in prism
adaptation are not well known. The involvement of the
cerebellum in prism adaptation is crucial (e.g. see review
of Jeannerod and Rossetti 1993; Thach et al. 1992;
Weiner et al. 1983). Prism adaptation in humans and
monkeys is abolished by disruption of visual afferents to
the cerebellum (Baizer et al. 1999; Martin et al. 1996a).
Whereas the parietal cortex is not necessary for prism
adaptation (L. Pisella, C.Michel, C. Tilikete, A. Vighetto
and Y. Rossetti, submitted for publication), it has been
shown in brain imaging studies to be involved during the
prism adaptation process (Clower et al. 1996) and in after-
effects (Sekiyama et al. 2000). It is now necessary to
consider how the action of prism adaptation at a
cerebellar level could produce a parietal-like deficit (as
in the present experiment), and how it can be responsible
for a therapeutic effect on neglect patients (reviewed in
Rossetti and Rode 2002). Firstly, anatomical connections
from the cerebellum to the parietal cortex underlying the
recalibration during the adaptive process have been
recently demonstrated (Clower et al. 2001). Secondly, a
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recent positron emission tomography (PET) investigation
showed that the parietal cortex and cerebellum seem to be
involved in the therapeutic effect of prism adaptation in
neglect patients (Luaut� et al. 2002). Therefore, specific
cerebello-parietal pathways could provide an anatomical
substrate to enable higher level effects of prism adapta-
tion (Rossetti and Rode 2002; Schmahmann 1998). Apart
from parietal cortex, lesions of ventral premotor cortex
have been shown to reduce the development of adaptation
in monkeys (Kurata and Hoshi 1999). Cerebellar projec-
tions to pre-motor areas of the frontal lobe may also
represent part of the neuronal substrate for prism adap-
tation (Kurata and Hoshi 1999).

At a neuronal level, effects of prism adaptation could
be mediated by polymodal neurons of the parieto-
temporal cortex (Bremmer et al. 2001). In the monkey,
neurons of the temporoparietal junction (TPJ), classified
as polymodal vestibular units responding both to vestib-
ular and somatosensory stimulations (Gr�sser et al.
1990a, 1990b), could provide the anatomical substrate
for transfer of prism adaptation to postural control.
Furthermore, we have to consider the possible influence
of prism adaptation interfering with projections of the
parietal cortex onto primary target areas via feedback
projections (Hyvarinen 1982) to modify the elementary
processing of sensory information. Indeed, it as been
shown that mechanisms of neuronal plasticity might even
involve the primary visual cortex in monkeys (Sugita
1996).

Possible mechanisms of the postural after-effect
induced by prism adaptation will have to be considered
in further studies. For example, the interaction between
the direction of the visual shift and the hand used for
pointing might be addressed by measuring the postural
after-effect induced by prism adaptation when the left
hand is used.1

Conclusion

Our study has shown that after-effects of a visuo-manual
adaptation to a leftward lateral shift of the visual field
could be extended to the postural control in normal
subjects. These results support the idea that postural
control in humans depends on both sensory inputs and an
inner postural body scheme. The plasticity of inter-
sensory and sensorimotor co-ordination involved during
prism adaptation may thus affect higher-level represen-
tations of extrapersonal and internal body space.
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