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Dynamic Changes in Brain Activity during Prism Adaptation
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Prism adaptation does not only induce short-term sensorimotor plasticity, but also longer-term reorganization in the neural represen-
tation of space. We used event-related fMRI to study dynamic changes in brain activity during both early and prolonged exposure to
visual prisms. Participants performed a pointing task before, during, and after prism exposure. Measures of trial-by-trial pointing errors
and corrections allowed parametric analyses of brain activity as a function of performance. We show that during the earliest phase of
prism exposure, anterior intraparietal sulcus was primarily implicated in error detection, whereas parieto-occipital sulcus was impli-
cated in error correction. Cerebellum activity showed progressive increases during prism exposure, in accordance with a key role for
spatial realignment. This time course further suggests that the cerebellum might promote neural changes in superior temporal cortex,
which was selectively activated during the later phase of prism exposure and could mediate the effects of prism adaptation on cognitive

spatial representations.
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Introduction
Sensorimotor plasticity can be induced experimentally in healthy
subjects using optical prisms that produce a misalignment be-
tween the perceived location of visual and proprioceptive infor-
mation. Under prisms, initial pointing movements are typically
deviated toward the virtual (perceived) target position. These
errors constitute the direct effect of prisms. Their correction is
thought to depend on a short-latency “strategic” process that is
activated by deviations from intended plans (error feedback;
Redding and Wallace, 1996). In general, terminal errors are suc-
cessfully corrected after a series of 10—15 trials only. Behavioral
research suggests that the terminal error on a given trial may be
used to correct movement on the next trial (Rossetti et al., 1993).
However, further pointing movements are necessary to obtain a
sustained realignment of visual and proprioceptive spatial coor-
dinates. This is a “true” adaptation (Weiner et al., 1983) that can
be demonstrated by a compensatory shift opposite to the prism
deviation when subjects are asked to point straight-ahead after
removal of prisms (so-called after-effects) (Redding et al., 2005).
The neural substrates underlying prism adaptation are of
great importance to understand sensorimotor plasticity. Further-
more, improvement of spatial neglect after prism adaptation in
stroke patients (Rossetti et al., 1998) and generalization of adap-
tation effects to other visuo-motor (Colent et al., 2000; Michel et
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al., 2003; Michel et al., 2007) or non-visuomotor tasks (Striemer
etal., 2006) in healthy subjects have generated a major theoretical
interest because they suggest that visuomotor adaptation might
modulate higher-level processes involved in spatial cognition.

A recent model (Pisella et al., 2006b) proposed that prism
adaptation might critically depend on the cerebellum, in keeping
with the lack of adaptation observed in patients with cerebellar
lesions (Weiner et al., 1983; Pisella et al., 2005), whereas the sub-
sequent cognitive effects might involve the posterior parietal cor-
tex (PPC) via bottom-up signals generated by the cerebellum. An
important role for PPC is also suggested by functional neuroim-
aging (Clower et al., 1996). In this pioneer study, PET scans were
performed in healthy volunteers while prismatic deviation was
reversed every five trials (left vs right), and revealed selective
activation in PPC during pointing with prisms (vs without
prisms), independent of the shift direction. However, because
deviation was repeatedly changed, this study captured only the
strategic short-term correction of visuo-motor errors before any
sustained realignment of sensorimotor coordinates could be es-
tablished. Another preliminary PET study on pointing with ver-
sus without prisms reported activation in the lateral cerebellum,
plus ventrolateral thalamus and prefrontal cortex (Zeffiro, 1995).
Sensori-motor plasticity has also been investigated using visuo-
motor rotation paradigms (Inoue et al., 1997; Imamizu et al.,
2000; Graydon et al., 2005; Seidler et al., 2006; Girgenrath et al.,
2008), but the large magnitude of visual rotation (=90°) in these
studies may involve high-level strategic control processes that are
distinct from pure spatial realignment mechanisms concerned by
prism displacement (Redding et al., 2005). Although one study
(Diedrichsen et al., 2005) used a small rotation (25°, closer to
prismatic shift), the direction was regularly reversed (clockwise
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or counterclockwise) so that the slow spa-
tial realignment component of adaptation
could not develop.

Here we examine the neural bases of
sustained prism exposure with the aims to
capture both the early strategic compo-
nent of prism adaptation and the more
progressive realignment process. We used
an event-related fMRI design allowing a
dynamic investigation of neural activity
over the time course of prism exposure
and adaptation.

Materials and Methods

Participants. We examined 14 healthy volun-
teers, 7 women and 7 men. Three subjects had
to be excluded from the analyses because of
technical problems during acquisition (two
failed to correctly hear auditory instructions
and behavioral responses of the third one were
missing). All tested subjects (age range 19-28,
mean 23) were right handed as assessed by the
Edinburgh inventory (Oldfield, 1971). Eight of
these subjects were right eye dominant and
three left eye dominant as determined by stan-
dard methods. All participants had a normal or
corrected-to-normal vision, and no history of
neurological or psychiatric disorders. They all
gave informed consent according to the local
ethical committee regulation.

Methods. Our paradigm included all three
classical phases of prism adaptation: (1) preex-
posure baseline; (2) active exposure to pris-
matic deviation over a prolonged period; (3)
postexposure  compensation  or  “de-
adaptation” (Redding et al., 2005). Participants
had to point to visual targets with their right
hand, across four consecutive fMRI runs: either
without prism (runs 1 and 4), or with prism
(runs 2 and 3) that shifted their vision 10° left-
ward (Fig. 1). Event-related fMRI responses
were obtained for each pointing trial in each
condition over the whole course of adaptation
(see Experimental procedures). By comparing
pointing during different runs, we could distin-
guish the different phases of prismatic adapta-
tion, including short-term strategic corrections
and “realignment,” as well as any activity re-
lated to the de-adaptation phase.

Participants were installed in the MRI scan-
ner with a particular set-up allowing a slight
anterior flexion of the head position to allow a
direct vision of the target display in front of the
scanner bore, with a very strict, although com-
fortable, fixation of head and shoulders to pre-
vent systematic pointing-related movements
(see Fig. 1b). Prismatic goggles were specifically
made for this experiment using a point-to-
point prismatic lens (Optiquepeter.com). The
main advantage of these prisms, compared with
Fresnel prisms, is the absence of any optical de-
formation of the environment perceived by the
subject, which is thought to favor low-level
sensori-motor spatial realignment (true adap-
tation) instead of higher-order strategic con-
trol. They were placed in front of the partici-
pant’s eyes and attached to their forehead and
to the headcoil. They were composed of a MRI
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Figure1. Experimental design and behavioral results. a, Four successive fMRI runs were performed, either without prisms (run
1: before prism exposure; run 4: after prism exposure) or with prisms (run 2: early prism exposure; run 3: late prism exposure). In
each run, participants pointed with the right hand to a right or left target (random order). Because the head was slightly bent
forward, targets were seen in direct vision and not reflected in a mirror. In runs 1 and 4, pointing trials alternated with control
blocks (clicking “CI” on a right or left button with the right hand). At the end of run 3, a measure of prisms after-effect was
performed by asking the subject to look at a target without prism and point to its remembered position with eyes closed. AE,
After-effect; Pt, pointing; Cl, clicking; L, left; R, right. b, Set-up for the pointing task. Subjects tried to reach with the tip of their
right index to one of two possible visual targets, located on the left or right side of a touch-sensitive display in the front of the
scanner bore. On each trial, the target to reach was indicated by an auditory command (the word “left” or “right”) through earphones. ¢,
Average end-position (visual angle) of each pointing trial during fMRI (for right and left targets plotted together). Positive values refer to a
right deviation, and negative values refer to a left deviation. Pointing to targets with visual feedback (empty circles) showed a classical
adaptation pattern. Before prism exposure (run 1), end position was accurate (baseline). Introducing the leftward prism (run 2) induced
leftward deviations (direct effect). The course of error correction comprised an early stage (during run 2) with arapid decrease of deviations,
and a later stage with return to the baseline (run 3). At the end of prism exposure, adaptation was tested by pointing without
visual feedback (filled circle) to targets (left or right) seen after a transient removal of the prism. This revealed a clear rightward
compensatory shift for all subjects, confirming a successful sensorimotor adaptation. After removal of the prism (run 4), a
compensatory rightward shift was observed, which was then progressively corrected.
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compatible cardboard frame and two transparent glasses: one neutral
(without any deviation) and one prismatic (producing a 10° leftward
shift of the visual wide-field). Position of the prism on the goggles was
randomly assigned across participants (7 subjects had the prism over the
right eye, 4 over the left eye). In addition, an opaque patch was put in
front of the goggles’ frame to allow monocular occlusion of either the
right or left eye. This patch was controlled by a mechanical device such
that it could be moved from one eye to the other during scanning without
moving the goggles or the head. The patch was placed over the eye with
the prism during runs 1 and 4 (i.e., neutral vision conditions), and over
the nonprismatic neutral glass during runs 2 and 3 (i.e., prism exposure
conditions).

The experiment began with two brief training sessions of pointing
without prisms, outside and inside the scanner. Then participants per-
formed 4 fMRI runs (~7 min for run 1 and 4 and ~6 min for run 2 and
3). Runs 1 and 4 (neutral vision) consisted of 4 blocks of pointing in
alternation with 4 blocks of clicking.

The pointing task required subjects to reach (with the tip of their right
index) to one of two possible targets, located on the left or right side of a
touch-sensitive display in front of the scanner bore. The targets were two
red points horizontally aligned on either side of the display (~10° from
center) and remained visible throughout the task. On each trial, the
target to reach was indicated by an auditory command (the word “left” or
“right”) through earphones, in a random sequence (3 left, 3 right in each
block). To ensure optimal adaptation, subjects were trained to make
pointing movements as fast and accurately as possible in a single move-
ment, with a starting hand position on their umbilicus, occluded from
sight; and then to return to this position immediately after touching the
target. In the clicking task, subjects were required to press (with their
right index) on either the right or left button of a response-pad, fixed on
their umbilicus. Instructions were identical to the pointing task, with the
same auditory commands (“left” or “right”) given by earphones in a
random order (3 clicks on either side in each block).

Each task was repeated four times in each of these runs (1 and 4),
resulting in 24 pointing trials (12 to the left target, 12 to the right) and 24
clicking trials (12 on the left key, 12 on the right) per run. Runs 2 and 3
(prism exposure) consisted of 4 blocks of pointing trials, alternating with
short rest periods without pointing. Pointing trials were exactly identical
to the other runs (see above) except for the presence of the prism. Each
block included 3 right and 3 left targets, in random order. At the end of
prism exposure (run 3), two adaptation test trials were performed, in
which the goggles were changed to the neutral position (with the patch
over the prism), and subjects were instructed to look and then point to
one of the visual targets with their eyes closed. These instructions were
given by earphones, without interrupting fMRI acquisition, with the
following sequence: “Look at the left (or right) target; close your eyes; and
now point.” Participants made one pointing movement to the left target,
and one to the right, in random order.

Pointing accuracy was recorded on each trial by comparing the end-
position of the movement relative to the target position on the visual
display. The latter consisted of a touch-sensitive surface, made with a thin
soft plastic board overlaying a PC keyboard adapted for MRI compati-
bility. Individual keys were not visible to avoid any visual cues other than
the two color targets. Pointing errors were measured in terms of the
distance between the keys touched at the end of the movement and the
key corresponding to the correct target position. This error was subse-
quently transformed in visual angle, with a deviation of 1 key (2 cm)
corresponding to ~2° (given a distance between the subject’s eyes and
visual display of ~55 cm). A more precise spatial discrimination of errors
was obtained by recording all keys simultaneously pressed by the subject,
and by calculating the final end-position as the average key coordinates
(which yielded a resolution of 0.5° in the horizontal axis given the lateral
shift of keys between rows). The size of terminal pointing errors allowed
us to derive different behavioral indices for each pointing trial, used as
independent predictor in our parametric analyses of fMRI data (see be-
low). The error size index was determined as the absolute magnitude of
terminal error on a given trial (i.e., with negative to positive values for
leftward to rightward deviations, respectively). The error correction in-
dex was determined as the amplitude of pointing adjustment occurring
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between the preceding trial and the current trial (error correction on trial
n = amplitude of the terminal error on trial # — 1 minus the terminal
error on trial n). Error correction was set to zero for the first trial of each
pointing block given that no correction could occur in this case.

MRI scanning. MRI data were acquired in a 1.5-T whole-body IN-
TERA system (Philips Medical Systems), using the standard head-coil
configuration. For each participant, structural images were acquired with
a 3-D-GRE T1-weighted sequence (FOV = 250 mm, TR/TE/Flip = 15
ms/5.0 ms/30°% matrix = 256 X 256, slice thickness = 1.25 mm) and
functional images with a GRE EPI sequence (TR/TE/Flip = 2500 ms/40
ms/80°, FOV = 250 mm, matrix = 128 X 128). Each functional image
comprised 30 contiguous 4.5 mm axial slices (2 X 2 mm in plane),
oriented parallel to the inferior edge of the occipital and temporal lobes,
and covering the whole brain from cerebellum to parietal cortex. For the
main experiment, a total of 636 functional images were acquired in four
scanning runs, each separated by a very brief pause, with an effective
repetition time of 2.5 s.

Data analysis. Images were processed and analyzed using SPM2 (Well-
come Department of Imaging Neuroscience). All functional volumes
were realigned to the first volume (Friston et al., 1995a), spatially nor-
malized to a standard template with a resampled voxel size of 2 X 2 X 2
mm, and smoothed using a Gaussian Kernel with a full width at half
maximum (FWHM) of 8 mm. To remove low-frequency drifts from the
data, high-pass temporal filtering with a cutoff of 128 s was applied.
Statistical analysis was performed using the general linear model (Friston
et al.,, 1995b) for event-related designs as implemented in SPM2. In our
main analysis, each pointing and clicking trial was modeled by convolv-
ing a & function at the trial onset (i.e., auditory command) with a canon-
ical hemodynamic response function (HRF). Error size and error correc-
tion measured on each pointing trial were included in the same design
matrix as additional parametric regressors, also convolved with the HRF.
Because these two regressors were effectively orthogonalized in SPM
analysis, we could obtain a measure of their independent contribution to
the neural responses on a trial-by-trial basis in each subject. The orthog-
onality between error and correction parameters was confirmed by com-
puting the absolute cosine values of their angle for each participant: mean
0.0676 (SD = 0.0244) and 0.0778 (SD = 0.0406) for runs 2 and 3, respec-
tively (values close to zero indicate orthogonality, whereas values close to
1 indicate colinearity), corresponding to nonsignificant correlation co-
efficients between these two parametric regressors (r < 1, p > 0.27 for
both runs). In addition, residual effects of head motion were corrected by
including the six estimated motion parameters for each subject as regres-
sors of no interest in the design matrix.

The general linear model was then used to generate parameter esti-
mates of activity at each voxel, for each regressor and each participant.
Contrasts images were calculated by applying appropriate linear con-
trasts to the parameters estimates for the regressors of each event. These
contrast images were then entered into one-sample ¢ tests across the 11
participants separately to perform random-effects group analyses. All
statistical analyses were performed on a voxelwise basis across the whole
brain. We report results at p < 0.001 uncorrected for multiple compar-
isons and cluster size >10. Location of activations in the cerebral cortex
was determined on the average brain template of the 11 subjects, accord-
ing to the stereotaxic coordinate system of the standard MNI template;
location of activations in the brainstem and cerebellum was determined
according to Schmahmann’s atlas (Schmahmann et al., 1999).

In a complementary SPM analysis, to estimate the time course of ac-
tivity on a trial-by-trial basis, we modeled individual pointing trials dur-
ing prism exposure (runs 2 and 3) as separate events in a new design-
matrix, including again motion parameters of no interest, and then
applied the general linear model to generate new parameter estimates of
activity at each voxel, for each regressor and each participant. These
parameters were pooled for left and right targets and averaged for pairs of
successive trials to smooth the time course curves. Beta values (i.e., pa-
rameter estimates of neural activity corresponding to each regressor in
the general linear model) obtained with this analysis were extracted and
averaged from clusters of three specific regions-of-interest (ROIs) that
were previously identified in our main SPM analysis (antIPS, POS, and
cerebellum).
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Table 1. Brain regions activated by visuo-motor control (pointing > clicking)
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Coordinates of peak activation (mm)

Area Side BA Cluster size T 7 X y z

Cerebellum vermis Vermis 416 1135 5.03 2 —78 —26
Cerebellum hemisphere R Lobule 4/5 470 8.85 4.57 20 —32 —28
Cerebellum hemisphere R Lobule 8R 50 7.93 436 26 —40 =50
Cerebellum hemisphere L Lobule 4/5 106 9.23 4.65 —24 —24 —32
Cerebellum hemisphere L Crus|l 46 5.8 3.75 —32 —80 =50
Cerebellum hemisphere L Lobule 8L 28 4.63 331 —32 —46 —44
Motor cortex L 4 810 9.33 4.67 —12 —48 62
Motor cortex R 4 16 5.52 3.66 30 -30 60
Premotor cortex R 6 28 5.14 3.52 26 —20 68
SMA R 6 13 4.85 34 8 —16 58
SMA L 6 80 5.51 3.65 -8 —26 50
Somato-sensory cortex L 3 30 537 3.6 —36 —20 48
Occipital R 18/19 73 5.56 3.67 6 —86 6
Occipital L 18/19 15 4.67 3.33 -32 =90 16
Occipito-temporal R 37 253 8.69 4.54 52 —68 4
Occipito-temporal L 19 65 6.86 4.09 —44 =72 -4
Occipito-parietal R 218 5.89 3.78 26 —78 40
Occipito-parietal L 19 181 5.49 3.65 =10 —82 44
SPL R 511 60 5.58 3.68 18 —62 64
IPL R 39 14 4.56 3.28 40 —76 18
Parahippocampal gyrus L 36 53 8.26 4.44 —-22 0 —36

All p values <<0.001 (uncorrected), cluster size =10 voxels. IPL, Inferior parietal lobule; SPL, superior parietal lobule; SMA, supplementary motor area; L, left; R, right; BA, Brodmann area.

Results

Behavioral performance

Pointing accuracy was determined by the distance between the
target and terminal location on the touch-pad. We compared the
different pointing conditions by ANOVA on the mean terminal
deviation using adaptation phase (runs 1—4) as factor. As can be
seen in Figure 1c, the main effect of phase was highly significant
[F(333) = 39.04; p < 0.0001], with Scheffé post hoc tests showing
a difference between run 2 and run 4 relative to run 1 (both p <
0.0002). There was no significant difference between run 3 and
run 1, confirming that terminal position returned to baseline
values (correct target location) during run 3.

To assess the time course of error correction, we also per-
formed trial-by-trial one-sample t tests comparing the average
end-position of each pointing (left and right trials together) with
the real position of the target (reaching the latter corresponding
to zero deviation). This showed no significant deviation during
run 1. During run 2, the maximum pointing deviation was ob-
served on the first trial (mean deviation = 1.7° to the left from the
real target position). The end-position of the first 12 trials plus
the leighth trial were significantly different from the real target
position, whereas the last 6 trials of run 2 and all subsequent trials
of run 3 were not different from the real target position. In run 4,
the end-position was again significantly different from correct
position for all trials except the last two, demonstrating a sus-
tained compensatory effect after prism exposure.

In addition, a direct measure of adaptation strength was ob-
tained at the end of prism exposure by test trials performed with-
out prism, but eyes closed (see Materials and Methods) (Fig. 1c¢).
These test trials confirmed a reliable sustained adaptation, with
highly significant rightward shift (mean deviation = 2.5° oppo-
site to the optical deviation) between end-position and real target
position (i.e., clear after-effects).

Brain imaging results

Control of visuo-motor actions: pointing > clicking

We first identified brain regions implicated in the visual guidance
of motor actions by contrasting all pointing trials made without

prisms, relative to all clicking trials performed in the same runs
(pointing run 1 + pointing run 4 > clicking run 1 + clicking run
4). Thus, any general cognitive processes activated by instruc-
tions, target selection, and/or motor decisions were canceled out
in this contrast. This analysis identified a network of regions
implicated in motor and proprioceptive control, including the
contralateral primary motor cortex, overlapping with an area
associated with elbow movements (Alkadhi et al., 2002); cerebel-
lum (vermis and both hemispheres); bilateral supplementary
motor area (SMA); and contralateral somatosensory cortex (Ta-
ble 1). Activations were also observed in superior parietal regions
implicated in visuo-motor action (Buneo and Andersen, 2006)
including the posterior parieto-occipital sulcus (POS) and in-
traparietal sulcus (IPS). These regions were used to define a func-
tional mask (at p < 0.05) of regions of interest (ROIs), specifically
associated with visuo-motor control, which we could then test for
changes during prism adaptation in subsequent analyses (see
below).

Sustained exposure to prism deviation: prism > neutral

Brain regions recruited during the whole period of pointing un-
der exposure to prismatic displacement were identified by con-
trasting all pointing trials in runs with prisms, relative to the first
run without prism (i.e., [pointing runs 2 + 3] > [pointing run 1]
X2). This revealed selective activation in both the right and left
superior temporal gyrus (STG) extending to the posterior-
superior temporal sulci (STS) (Table 2, Fig. 2). When using an
inclusive mask of ROIs previously defined as specific to visuomo-
tor actions (i.e., pointing > clicking, see above), no significant
overlap was found with the activated loci in STG/STS. This result
argues against a role of these areas for the direct visuo-motor
command of pointing, but rather suggests a contribution to
higher nonmotor function that can be modified by prism adap-
tation; see review in Michel (2006). Moreover, when comparing
activation in these temporal areas across the two successive prism
runs, both the left and right STG/STS showed a further increase
for pointing during run 3 compared with run 2 (Fig. 2) (T >4.93,
p <0.001 for both sides). This result further supports the hypoth-
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Table 2. Brain regions activated during prism adaptation
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Coordinates of peak activation (mm)

Areas Side BA Cluster size T z X y z
Sustained exposure to prism displacement: pointing run 2 + pointing run 3 > (pointing run 1) X 2
STS/STG R 21/22 n 6.70 4.04 58 =12 —12
R 22 28 6.29 391 70 —20 4
L 21/22 20 5.26 3.56 —60 —26 4
Early phase of prism adaptation: pointing run 2 > pointing run 3
Cerebellum hemisphere R Lobule 4/5 13 7.02 413 24 —38 -3
IPS/SPL R 7 " 6.74 4.05 40 —54 66
IPS/IPL L 39/7 43 6.52 3.99 —30 —68 40
Brain areas that negatively covaried with error size during prism exposure (run 2 and run 3)
POS L 7 24 7.15 4.17 —16 —66 407
Brain areas that positively covaried with error size during prism exposure (run 2 and run 3)
antlPS 39/40 14 5.1 35 —46 —54 56
De-adaptation phase: pointing run 4 > pointing run 1
IPL L 39/40 34 6.11 3.86 —48 —58 52

All p values <<0.001 (uncorrected), cluster size =10 voxels. STS, Superior temporal sulcus; STG, superior temporal gyrus; PPC, posterior parietal cortex; IPS, intraparietal sulcus; antIPS, anterior bank of the intra-parietal sulcus; IPL, inferior

parietal lobule; SPL, superior parietal lobule.

“Regions overlapping with visuo-motor activations in the pointing > clicking contrast (functional mask at p < 0.05, voxel >10).
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2, Fig. 3). Among these regions, only acti-
vation in the right cerebellum overlapped
with the ROI mask previously defined as
specific to visuomotor actions (pointing >
clicking), suggesting a role in both the
visuo-motor control of pointing and the
early exposure to prism deviation. Unlike
STG/STS, none of these parietal and cere-
bellar regions showed any progressive in-
creases in activation during pointing in
run 3 relative to run 2, but a significant
reduction instead.

We corroborated these data by perform-
ing an additional parametric analysis based
on the magnitude of terminal pointing er-
rors, which progressively decreased over suc-
cessive trials during prism exposure (runs 2
and 3). This analysis tested for any voxels
across the whole brain in which event-
related activity during pointing showed a lin-
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Figure 2.

left STS/STG.

esis that activation within the STG/STS is not directly associated
with sensorimotor plasticity but rather reflects higher-order pro-
cesses induced by prism adaptation.

Exposure to prism deviation: early versus late phase

To determine brain areas more specifically implicated during the
early stage of prism exposure, we contrasted pointing trials per-
formed during the second versus the third fMRI runs (pointing in
run 2 > pointing in run 3, all executed in presence of the exact
same prismatic displacement) (Fig. 1). This comparison identi-
fied a network of areas including the right cerebellum hemisphere
(lobule 4 and 5), the right superior parietal lobule (SPL) extend-
ing to the intraparietal sulcus (IPS), and the left posterior parietal
cortex extending to IPS and inferior parietal lobule (IPL) (Table

runl run2 run3 rund

Brain areas activated by sustained exposure to prism deviation. a- ¢, Activation in the left and right superior
temporal cortex revealed by contrasting pointing during run 2 and run 3 (with prism) relative to pointing during run 1 (baseline,
without prism), displayed on the average brain of the 11 subjects: , left sagittal section at x = —60; b, right sagittal section at
x = 58; ¢, coronal sectionaty = —22;d, horizontal section atz = 0. e, Parameter estimates of activity (betas, mean = SE) in the
right STS/STG (x, y, z = 58, —12, —12) for pointing trials across the four successive runs (== SE). A similar pattern was found in

ear parametric modulation as a function of
deviation magnitude, therefore allowing us
to identify regions in which activity covaried
either positively or negatively with error
magnitude on each individual trial (see Ma-
terials and Methods) (Table 2, Fig. 4a). A
significant positive correlation (i.e., voxels
with activity increasing in proportion to the
magnitude of deviation) across all successive
trials under prism (runs 2 and 3) was found
in the left anterior intraparietal sulcus (antIPS). Another activation
was observed in the anterior cingulate cortex (ACC) (x, y, z = —2,
30, 22, p < 0.001, but with a cluster size below our threshold of 10
voxels). However, a significant negative correlation (i.e., voxels with
activity decreasing in proportion to the magnitude of deviation)
across all successive trials in runs 2 and 3 was found in the left
parieto-occipital sulcus (POS). This cluster was located on the
supero-anterior bank of the sulcus. When comparing these regions
with the ROI mask previously defined by specific visuo-motor activ-
ity (pointing > clicking), only the left POS (negative covariation)
showed a significant overlap, suggesting a direct role in visuo-motor
control.

Because the correlation between parietal activation and error
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size during adaptation might reflect neural
processes engaged by either detection or
correction of errors (both being greater
during early than late stages of prism ex-
posure), our parametric analysis also in-
cluded an index of error correction, de-
fined as the difference in error size on trial
n relative to the preceding trial n — 1 (see
Materials and Methods), in addition to the
absolute error size index used above. For
both antIPS and POS clusters identified
above, we compared the values of these
two different parametric regressors, esti-
mating the modulation of activity during
pointing as a function of either error mag-
nitude or correction magnitude on the
current trial (as determined by separate
parametric factors in a single SPM analy-
sis). This comparison revealed that activity
in left POS was primarily modulated by
error correction on the current trial, more
than by error size; whereas conversely, ac-
tivity in left antIPS was modulated by error
size more than by correction (Fig. 4b). In
other words, a modulation of POS by be-
havioral performance was better ac-
counted for by error correction than by
error size on a given trial; and conversely a
modulation of antIPS by performance was
better accounted for by error size than by
error correction. ANOVA on the paramet-
ric estimates obtained for each modula-
tion type (error size and correction) and
each region confirmed a highly significant
interaction between modulation type and
region [F; ,5 = 21.35; p << 0.001]. These
data provide further evidence that the posi-
tive covariation of antIPS activity with point-
ing errors during prism exposure (Fig. 4a) is
related to the detection of deviation, whereas
the negative covariation of POS with pointing errors is directly re-
lated to the correction of deviation.

Figure 3.

Trial-by-trial analysis of adaptation

Given the dynamic nature of adaptation, we performed a separate
analysis to calculate parameter estimates of cerebral activity on a
trial-by-trial basis, and thus determine more precisely the time
course of changes in specific regions of interest (ROIs). In this
complementary analysis, individual pointing trials during prism
exposure in runs 2 and 3 (averaged across pairs of left and right
targets) were modeled by separate regressors in SPM (see Mate-
rials and Methods). Parameter estimates were then extracted for
these successive trials from ROIs in the left antIPS and left POS
(which were defined by our previous parametric analysis on error
size), as well as in the right cerebellum (which was activated in the
first run of prism exposure, see above). The time course of acti-
vation in these three regions is plotted in Figure 5, and shows
differential activation across the successive trials performed dur-
ing the first run of prism exposure (while error and correction of
the error took place). During the first 12 trials, antIPS progres-
sively decreased its activity and POS progressively increased ac-
tivity, before both regions reached a relative plateau. Whereas
activity in POS then remained relatively stable between trials 12—
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a-d, Brain areas activated by early adaptation to prisms and postprism de-adaptation. a, b, Activations in right and
left parietal cortex revealed by contrasting pointing in the early versus late phase of adaptation (run 2 > run 3), displayed in red
on a 3D brain template, showing a peak in left intraparietal sulcus extending to inferior parietal lobule (IPS/IPL, peak x, y, z =
—30, —68, 40) (a) and right intraparietal sulcus extending to superior parietal lobule (IPS/SPL, peak x, y, z = 40, —54, 66) (b).
¢, Activation in right cerebellum [peak x, y, z = 24, —38, —32, corresponding to lobule IV and V according to Schmahmann
(1999)] revealed by the same contrast. Results are also displayed on the average brain of the 11 subjects with horizontal sections
atz = 46 (a) and atz = —32 (). d, Activation in the left parietal cortex was also found during the de-adaptation phase by
contrasting pointing trials during run 4 (without prism but postprism exposure) relative to pointing during run 1 (baseline without
prism), displayed in green (peakx, y,z = —48, —58, 52).

18, antIPS showed further fluctuations until trials 1820 before
declining more completely. The right cerebellum showed a more
progressive increase over trials, reaching a later peak around trial
16, and then gradually decreased during the last 6 trials. The time
course of these activations were parallel to the pattern of devia-
tion and correction in pointing performance over the same trials,
because the greatest improvement in accuracy took place from
trial 1-12 and returned to a steady baseline performance after
trial 18 (Fig. 5) (see Behavioral results).

De-adaptation

Finally, we tested for brain regions involved in the de-adaptation
process (after-effects), after removal of the prism after successful
adaptation (Table 2). By contrasting pointing trials without
prism in the last run relative to the first run (run 4 > run 1), we
found selective increases in the left inferior parietal lobule ex-
tending to the antIPS, close to areas activated during early versus
late phase of prism exposure (Fig. 3d) as well as those showing a
positive correlation with pointing errors in parametric analysis
above (Fig. 4a). This is consistent with the marked deviation
errors observed behaviorally during initial pointing trials in the
de-adaptation run (Fig. 3e).
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Figure4. Parametric modulation of activation in relation to pointing error size during prism
exposure. a, Areas showing increases proportional to error size were found in the left anterior
IPS (antlPS, displayed in yellow on a 3D brain template, peak x, y, z = —46, —54, 56). Con-
versely, areas showing activity inversely proportional to error size were found in the left parieto-
occipital sulcus (POS, displayed in blue, peak x, y, z = —16, — 66, 40). b, Mean estimates of
parametric modulation for these two clusters (betas for parametric factors as computed by SPM
regression analysis), demonstrating a greater effect of error size for activity in antIPS, but a
greater effect of correction size (difference in error size between the preceding and current
trials) for activity in POS. Both parameter were also greater during run 2 than run 3.

Discussion

Our study reveals for the first time the neural substrates of prism
adaptation in healthy subjects, by tracking dynamic changes in
behavior and brain activity over the course of both sustained
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prism exposure and de-adaptation. Several distinct areas were
activated, reflecting specific processes involved in prism adapta-
tion, from initial pointing errors to successful spatial realign-
ment, as well as possible influences on spatial cognition.

We should note that our paradigm implied an alternation of
monocular vision across pointing conditions (one eye with
prisms, runs 1 and 4; vs the other eye without prisms, runs 2 and
3). However, only one contrast (Prism > Neutral) was potentially
affected by this bias, and the bilateral and symmetrical activation
(in superior temporal cortex) revealed by this comparison is un-
likely to be explained by monocular alternation.

Posterior parietal cortex

In posterior parietal cortex (PPC), the left parieto-occipital sul-
cus (POS) and left anterior intraparietal sulcus (antIPS) showed a
distinct profile of activation suggesting separate roles during
prism exposure. We found that activity in POS was related to
both reaching and correction magnitude on the current trial.
Thus, POS activity was low in the first prism trials (with large
terminal errors), and then progressively increased until errors
became reduced (~10 trials). This region was already reported
during reaching (Connolly et al., 2003; Medendorp et al., 2003)
or visuo-motor tracking (Diedrichsen et al., 2005). Moreover,
parieto-occipital lesions typically produce optic ataxia, an inabil-
ity to point to visual targets in peripheral vision (Karnath and
Perenin, 2005; Pisella et al., 2006a). Together, these data indicate
that POS might be responsible for adjusting movement plans
based on new visual inputs after displacement by prism, and thus
underlie successful correction during the early phase of prism
exposure. A neighboring region was also selectively activated in a
delayed mental rotation task (Suchan et al., 2002). This result
supports the hypothesis that POS may compute the correction
for the next trial through a deliberate mental translation (Rossetti
etal., 1993), and hence contribute to the strategic component of
prism adaptation.

In contrast, the left antIPS was activated in direct proportion
to pointing deviation, as demonstrated by a positive parametric
correlation between the trial-by-trial error size and activity in this
region; whereas there was no correlation with the magnitude of
correction on the current trial (unlike POS). These data suggest a
crucial role for this region in the error detection process, consis-
tent with a previous PET study reporting similar activation dur-
ing a reaching task with jumping targets (Desmurget et al., 2001).
Our results are also consistent with PET results showing a selec-
tive activation of IPL during pointing while prisms were reversed
(left to right) every five trials (Clower et al., 1996). However, the
latter design was likely to induce a state of continuous error pro-
duction (similar to the early prism exposure and final de-
adaptation phases of our study). Our new data suggest that this
activation may not underlie true adaptation per se (i.e., realign-
ment of visual-proprioceptive coordinates), but only the error
detection process necessary for the initial strategic corrections.
This interpretation is also compatible with a case study showing
impairment in error correction during prism exposure, but pre-
served adaptation, after bilateral parietal lesion (Pisella et al.,
2004).

Finally, an activation in right intraparietal cortex was also
observed during the early exposure phase, when comparing the
first versus second runs of pointing with prisms. Given the major
role of right PPC in visuo-spatial processing and attention (Me-
sulam, 1999), this finding may further argue for a visuo-spatial
component in the initial error signal generated by prism
exposure.
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Figure 5.  Time course of changes in behavioral and neural effects during early prism expo-
sure. a, Average pointing errors (in degrees of visual angle, mean == SE) for successive trials
after prism exposure (run 2). Data are pooled for left and right targets and averaged for pairs of
consecutive trials. A first phase with rapid correction in the first 12 trials is followed by slower
improvement, until returning to baseline performance in the last 6 trials. b—d, Parameter
estimates of activity for the same trials as calculated by a complementary event-related analysis
in SPM using a trial-by-trial model (mean betas = SE), extracted for left antIPS (b), left POS (c),
and right cerebellum (d). AntlPS showed rapid decrease of activity in the first 12 trials, followed
by some fluctuations until reaching minimal activity in the last 6 trials. POS activity showed
rapid increases in the first 910 trials and then reached a plateau. Right cerebellum showed
more progressive increases until trial 16 and then rapidly decreased to reach minimal activity in
the last 6 trials.
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Cerebellum

Activation of lobules IV and V in the right cerebellum was also
greater in the first run of prism exposure, relative to the second
run, and overlapped with visuo-motor activity associated with
pointing (relative to clicking). This is highly consistent with an
implication of this region in visually directed movements (Stein,
1986; Bursztyn et al., 2006) and eye—hand coordination (Miall et
al., 2000). A similar activation was found in the late stage of a
visual rotation tracking task (Imamizu et al., 2000), and attrib-
uted to the acquisition of a new internal model after visual per-
turbation. The cerebellum involvement in prism adaptation is
further supported by lesion-studies in both monkey (Baizer et al.,
1999) and man (Weiner et al., 1983; Martin et al., 1996; Pisella et
al., 2005). Interestingly, our trial-by-trial analysis revealed that
cerebellum activity increased progressively during the early phase
of prism exposure, and remained high for a longer period than
the initial rapid improvement in pointing accuracy.

Although our trial-by-trial analysis is essentially descriptive
and must be taken with caution because of inherent variability of
fMRI signal, this dynamic profile in key regions of the cerebellum
(and parietal cortex) shows a remarkable convergence between
behavioral and neural data.

We suggest that the cerebellum is particularly involved in the
realignment process that is necessary to re-establish a correct
spatial mapping among visuo-motor and sensorimotor coordi-
nates systems, so as to adapt to the optical shift. This process,
which may result in the acquisition of a new internal model, is
slower than the initial (more strategic) error correction and re-
quires more pointing movements to become established (Red-
ding et al., 2005). The relatively prolonged increases in cerebellar
activity during prism exposure (until a stable correction of point-
ing errors) seem consistent with a critical function providing
bottom-up signals to cortical areas responsible for the cognitive
effects of prism adaptation.

Superior temporal cortex

Another major finding of our study was the selective and bilateral
activation of the superior temporal sulcus (STS), extending into
the superior temporal gyrus, associated with sustained prism ex-
posure. STS increases arose only during the later stage, when
pointing deviation was fully compensated and errors completely
abolished. Such activity was further enhanced in the second rel-
ative to the first run with prisms, but unrelated to trial-by-trial
adjustment of performance.

This result suggests an important role for STS/STG in the slow
realignment process and longer-lasting changes induced by
prisms. Whereas a previous study of medial-temporal lobectomy
patients showed preserved prism adaptation (Canavan et al.,
1990), our results provide the first direct evidence for a major role
of lateral temporal regions in long-term effects of prism adapta-
tion that might underlie changes in spatial cognition. Studies in
monkeys have shown that STS and posterior-superior temporal
regions receive multimodal inputs and make important contri-
butions to cross-modal integration (Bruce et al., 1981). Thus,
STS/STG is ideally suited to link multiple sensorimotor signals in
a common spatial register.

These data provide new support for an implication of the
superior temporal lobe in spatial cognition (Karnath et al., 2001),
an issue that has been intensely debated in recent years (Halligan
etal., 2003). Lesion data suggest that right temporal damage may
be significantly more frequent in patients with left spatial neglect
than in patients without neglect (Karnath et al., 2004), with a
maximal lesion overlap being remarkably close to the right STS
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activation found in our study (x, y, z = 64-24 8 vs 70-20 4,
respectively). We therefore conclude that the progressive increase
of STS activity during prism exposure might reflect changes in a
cross-modal or supramodal system that could subserve the effects
of prism adaptation on spatial cognition, although other target
areas may potentially also contribute (Striemer et al., 2008).

Implications for theories of visuomotor adaptation and
spatial cognition

By identifying the neural networks underlying different compo-
nents of prism adaptation and their dynamical time course, our
results provide new insights on the mechanisms by which visuo-
motor plasticity may interact with spatial cognition. Based on our
results, we propose that the initial short-term strategic processes
implicate error detection signals in anterior IPS and error correc-
tion plans in POS; whereas the slower realignment processes im-
plicate the cerebellum at which different spatial maps for eye and
hand sensorimotor coordinates can be integrated and realigned.
In contrast, the more delayed activity observed within STS/STG
could mediate the cognitive effects of prism adaptation. The lat-
ter activation might be modulated by sustained activity in the
cerebellum. Hence, our results support the hypothesis that prism
adaptation can modulate cortical areas implicated in spatial cog-
nition through a bottom-up signal generated in the cerebellum
(Rode et al., 2003; Pisella et al., 2006b), albeit a key role of tem-
poral cortex was previously not suspected. Anatomical connec-
tions between the temporal cortex and the cerebellum remain
poorly known but might participate to cognitive functions asso-
ciated with cerebellum (Ramnani, 2006).

How sensorimotor plasticity induced by prism exposure can
improve spatial neglect remains largely unknown. Our results
add new support to the hypothesis that such therapeutic effects
may operate by recruiting or inhibiting intact cortical areas
(Pisella et al., 2006b). Among these areas, the temporal cortex of
the intact left hemisphere may be responsible for improving spa-
tial output subsequent to prism adaptation. This hypothesis is
consistent with a recent PET study in neglect patients (Luauté et
al., 2006), in which changes in left temporal cortex were corre-
lated with neglect improvement after prism adaptation. Further-
more, delayed activation in temporal areas, as observed here, may
contribute to consolidate these new spatial representations and
explain why the improvement of spatial neglect increased after a
delay of 2 h after prism exposure (Rossetti et al., 1998).
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