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Visuo-motor adaptation with optical prisms that displace the visual scene (prism
adaptation, PA) has been widely used to study visuo-motor plasticity in healthy
individuals and to decrease the lateralized bias of brain-damaged patients suffering
from spatial neglect. Several factors may influence PA aftereffects, such as the degree
of optical deviation (generally measured in dioptres of wedge prisms) or the direction
of the prismatic shift (leftward vs. rightward). However, the mechanisms through which
aftereffects of adaptation in healthy individuals and in neglect affect performance in tasks
probing spatial cognition remain controversial. For example, some studies have reported
positive effects of PA on auditory neglect, while other studies failed to obtain any
changes of performance even in the visual modality. We here tested a new adaptation
method in virtual reality to evaluate how sensory parameters influence PA aftereffects.
Visual vs. auditory-verbal feedback of optical deviations were contrasted to assess
whether rightward deviations influence manual and perceptual judgments in healthy
individuals. Our results revealed that altered visual, but not altered auditory-verbal
feedback induces aftereffects following adaptation to virtual prisms after 30-degrees
of deviation. These findings refine current models of the mechanisms underlying the
cognitive effects of virtual PA in emphasizing the importance of visual vs. auditory-
verbal feedback during the adaptation phase on visuospatial judgments. Our study also
specifies parameters which influence virtual PA and its aftereffect, such as the sensory
modality used for the feedback.

Keywords: prism adaptation, virtual reality, after-effect, visual, auditory

INTRODUCTION

Prismatic adaptation (PA) is a very effective technique to examine short-term sensory-motor
plasticity in the healthy or injured brain. Left optical prisms, often used in studies of healthy
individuals, displace the entire visual field and induce a compensatory bias in manual reaching
or pointing to visual targets (Redding et al., 2005). Once the prisms are removed, pointing
movements deviate in the direction opposite the optical shift (the so-called aftereffect). Since an
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initial report suggested that rightward PA may alleviate signs of
spatial neglect (Rossetti et al., 1998) this technique has widely
been studied in brain-damaged patients suffering from neglect.
Some studies suggest that PA may be effective in the short term
and after a single adaptation session (corresponding to 50–60
pointing movements), while repeated sessions may be necessary
to induce long-lasting improvements (Frassinetti et al., 2002;
Luaute et al., 2006b; Serino et al., 2007, 2009). These early findings
suggested a simple and effective method to treat attentional
disorders that produces a severe handicap in many activities of
daily life. Unfortunately, not all neglect patients respond to the
treatment, and several clinical trials failed to provide evidence
for lasting effects of PA on activities of daily life or even routine
clinical measures of neglect (Luaute et al., 2006a; Rousseaux et al.,
2006; Nys et al., 2008; Turton et al., 2010; Barrett et al., 2012;
Rode et al., 2015; Lunven et al., 2019; Vilimovsky et al., 2021).
Several hypotheses have been explored to explain the absence of
PA benefits, for example that damage to brain regions crucially
involved in spatial neglect also impairs recalibration following
PA (Pisella et al., 2006; Chapman et al., 2010; Kuper et al., 2014),
the presence of motor-intentional neglect (Goedert et al., 2014)
or differences in adaptation techniques (Ladavas et al., 2011).
However, no single explanation seems sufficient to explain all
inconsistencies between PA aftereffects in healthy individuals and
in neglect patients (Ptak and Schnider, 2020; Qiu et al., 2021).

Several parameters may modulate adaptation effects in healthy
subjects, such as the presence or absence of a visual feedback
(Freedman, 1968), movement speed (Kitazawa et al., 1997;
Redding et al., 2005 for a review), the degree of optical
deviation (Barrett et al., 2012; Michel and Cruz, 2015), or the
modality of the target to which participants point during the
adaptation stage (Calzolari et al., 2017). The latter effect is
of particular interest to elucidate whether PA is particularly
linked to a visual reference frame or affects spatial frames
irrespective of the sensory modality. Interestingly, Sarlegna et al.
(2007) showed that visual, kinesthetic, or verbal feedback could
be used to drive sensorimotor adaptation, highlighting that
adaptation is a multisensory process whose efficiency does not
depend on the sensory channel conveying the error signal.
Schmitz and Bock (2014) tested adaptation to auditory targets
while providing indirect feedback about performance (lateralized
sound indicating to move further to the left or right) and
found that although adaptation was slower in the auditory than
the visual modality, all groups eventually reached asymptote
indicating a similar degree of adaptation. Interestingly, this study
revealed larger transfer of adaptation effects from the visual
to the auditory modality than in the inverse direction. In a
later study the same authors observed similar aftereffects of
adaptation to visual or auditory targets in pointing, even if
subjects simultaneously adapted with each arm to a different
modality (Schmitz and Bock, 2017). In a study by Calzolari et al.
(2017) subjects wore wedge prisms displacing the visual field
rightward by 11.4◦ while performing pointing movements to
visual, auditory, or audio-visual targets. Pointing to auditory or
audio-visual targets induced adaptation effects in straight-ahead
pointing that were comparable across modalities, suggesting
crossmodal integration of different input modalities during prism

exposure. This finding is complementary to the observation
that rightward prismatic adaptation may alleviate some auditory
symptoms in neglect. Tissieres et al. (2017) investigated the effect
of rightward PA in patients with auditory neglect and found
a beneficial effect of prism exposure on left ear extinction in
dichotic listening (see also Eramudugolla et al., 2010; Jacquin-
Courtois et al., 2010). Together, these results suggest that
PA may affect multisensory, rather than exclusively visual
representations of space.

One question emerging from these findings is whether these
sensorimotor adaptation effects are driven by the modality of
the error signal during adaptation, or the spatial position of
the pointing target irrespective of its modality. In the study by
Calzolari et al. (2017) subjects performed pointing movements
to a sound source, and the error signal was provided by the
mismatch between the visual image of their hand and the
spatial position of the sound. It is possible that under this
setting, the sound provides similar information about spatial
position as a visual target does. Indeed, error-based learning has
been identified as the driving force of visuomotor adaptations
(Wolpert et al., 2011). However, contrary to visuomotor rotation
paradigms (see e.g., Shadmehr et al., 2010; Wolpert et al., 2011;
Kim et al., 2021), in the visual condition of our study, the error
signal was provided in the form of a slight mismatch between
visual feedback (position of the controller) and internal feedback
(efference copy)/proprioceptive feedback (position of the hand).
In this condition subjects always had a visual control about their
pointing precision. In the auditory-verbal condition, feedback
was provided at the end of the movement in form of a verbal
command. An alternative approach is to present during the
adaptation phase an auditory error signal regarding the hand
position, and thus to perform an adaptation fully in the auditory
modality. Influencing spatial reference frames through auditory
feedback error would provide a possible alternative to visual
prisms that might further be explored in clinical studies on
spatial neglect.

In the present study, we compared the effect of visual
vs. auditory-verbal feedback during the adaptation phase on
visuospatial judgments. We took advantage of the recent
development of an alternative adaptation technique that uses
virtual reality, rather than classic wedge prisms to induce PA
effects (Gammeri et al., 2020; Bourgeois et al., 2021). Whereas
wedge prisms introduced a mismatch between the sight of the
hand and the real hand, and a mismatch between the sight of
the target and the real target, virtual PA introduced a mismatch
between the sight of a controller that subjects hold in their
hand and the visual pointing target. Research using virtual
adaptation therapy is scarce as this is a new area of interest. One
study compared the effect of virtual PA with conventional PA
(Ramos et al., 2019). The authors found that simulated prism
exposure in immersed virtual reality produced larger prismatic
after-effects than conventional PA, which calls for further use
of virtual PA in adaptation therapy. Indeed, this technique has
two important advantages relative to optical prisms. First, any
amount of mismatch can be introduced simply by modifying the
horizontal position of the controller. While wedge prisms are
generally limited to 15–20 dioptres, virtual prisms can deviate
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by 30 or more degrees, without any optical deformation or
artifact. Second, the mismatch can be introduced gradually
across several pointing trials, which makes it difficult to detect
by the subject or patient. Previous studies have shown that a
progressive, multiple-step unaware condition was associated with
larger negative after-effects and greater robustness compared to
a single-step procedure (aware condition) (Michel et al., 2007).
Moreover, previous studies of motor control have shown that
subjects adapt to and retain gradually introduced perturbations
similarly or even better than sudden perturbations, whether
these affect kinematic or dynamic properties of the movement
(Kagerer et al., 1997; Klassen et al., 2005).

Using this technique, we previously observed adaptation
effects in healthy participants that were proportional to the
spatial mismatch, as well as transfer effects on line bisection
with the highest adaptation error (30◦; Gammeri et al., 2020).
Importantly, in contrast to most studies using wedge prisms
these findings were obtained with a rightward deviation, which
does generally not produce significant transfer of PA in healthy
participants. Based on these findings we here replicated the
virtual PA effects in healthy participants and additionally tested
whether significant PA effects can be induced through auditory-
verbal feedback. The main hypothesis of our study was that if
sensorimotor adaptation effects are driven by the spatial position
of the pointing target, both visual and auditory-verbal feedback
should induce adaptation effects.

MATERIALS AND METHODS

Participants
Fourty-eight healthy volunteers (27 women, mean age 26, range
18–46 years) with normal or corrected to normal vision and no
history of neurological or psychiatric disorders participated in
this study. Participants were all right-handers based on scores
of the Edinburgh Handedness Inventory (Oldfield, 1971). They
were randomly assigned to one of four groups (12 participants
per group) defined by the degree of optical deviation (0 degree of
deviation; 30 degrees of deviation) and sensory modality (visual,
auditory-verbal) used for the induction of adaptation effects.
They were neither informed about group affiliation nor that an
optical deviation is induced in some participants. All participants
gave informed consent, according to procedures approved by the
local ethical committee (University of Geneva, Switzerland).

Apparatus, Stimuli, and Procedure
The experiment was programmed using Unity 3D software.
A Vive VR system (HTC Corp., Taoyuan, Taiwan) was used to
present all stimuli. Participants sat in a chair while wearing the
VR headset and responded with the help of a controller held in
their right hand whose position was tracked in real-time. The VR
headset had a field of view of 110 degrees at a refresh rate of 90 Hz.
The spatial resolution of the VR system was less than a millimeter.
Before each experimental task, the VR-system was calibrated in
order to align the origin of the 3D virtual space to the midline of
the subject’s trunk. Head alignment was also monitored on-line
through all phases and corrected during the experiment if any

head movements with a translation or a rotation of more than
5 mm occurred. Each subject participated to one experimental
session, consisting in a baseline test phase, the adaptation phase
and a series of post-tests. The baseline and post-test phases
were composed of tests designed to evaluate the presence of
adaptation effects (visual closed-loop pointing and visual open-
loop pointing) and the transfer of adaptation effects to bisection
judgments (line bisection and landmark task). The order of
these four tasks was randomized and counterbalanced across
participants. At the end of the experimental session, participants
provided oral feedback about their subjective experience in order
to probe whether they had guessed an association between
pointing performance and target deviation during the adaptation
phase (Figure 1).

Adaptation
Participants saw a feature-less white space through the VR
headset. The image of the controller was replaced by the image
of a white rod, moving coherently with hand movements.
An adaptation trial started with the presentation of a black
sphere in front of the participant (2.6 degrees of visual angle),
approximately at chest height and at arm length. At the beginning
of each trial, the sphere turned red and participants were required
to reach it with the white rod. As soon as the rod came into
contact with the sphere the latter turned black, and participants
returned their arm to the start position. Unbeknownst to
the participants the perceived position of the controller (the
white rod) was gradually shifted rightward relative to its real
position, inducing participants to point more to the left to
compensate for this bias. PA was thus induced by creating a
mismatch between the true position of the target and the subject’s
hand (a demonstration of this manipulation can be seen in
Supplementary Videos “Adaptation”). The adaptation started
after the 15th trials to match the number of visual offsets at
the beginning of the experiment between the Visual and the
Auditory-verbal condition. The rightward deviation was induced
in very small steps (between 0.15 and 0.5 degrees per trial) so
that the maximal deviation (30 degrees) was reached after 120 s,
which corresponds to approximately 50–70 trials, depending on
individual pointing speed. Each participant then continued to
point at the maximal deviation until reaching 100 pointing trials.
The main reason for applying a gradual adaptation was to conceal
the perturbation from participants.

The auditory-verbal condition started in the same way as
visual adaptation, where the target and the controller were both
visible for the first 8 trials. The target then became invisible
while participants continued to reach in its direction with the
controller (white rod) still visible. At this stage they heard a
voice through the headphones that gave feedback about their
pointing performance. If the controller hit the invisible target
the word “Correct” was presented, while when it deviated from
target the feedback “More to the right” or “More to the left”
was given. This auditory feedback was expected to induce a
correction of the pointing movement in the next trial. After
15 trials the controller became invisible and subjects continued
to execute pointing movements in a completely blank space,
hence basing their pointing movements on the real or displaced
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FIGURE 1 | (A) Description of the four experimental groups. (B) Timeline of the experiment. Each experimental session consisted of three phases (pre-tests,
adaptation, and post-tests). Pre- and post-test phases evaluated the presence of adaptation effects on visual closed-loop and visual open-loop pointings and their
transfer to line bisection and landmark tasks.

position of the target according to the auditory feedback. In the
30◦ deviation condition, the position of the controller gradually
shifted to the right in the same way as in the visual adaptation
procedure. Correspondingly subjects more frequently heard the
feedback “More to the left” which invited them to correct their
next arm movement by pointing more to the left. Participants
made pointing movements until the full deviation of 30◦ was
reached (after 50–70 trials) and then made further movements
until reaching 100 trials.

Visual Closed-Loop and Visual Open-Loop Pointings
Visual closed-loop and open-loop pointings were tested with the
VR system in a monotonous white visual environment. The VR-
system was calibrated in order to align the origin of the 3D virtual
space to the midline of the subject’s trunk before each task and
monitored on-line during the whole experiment.

Visual open-loop pointing corresponded to straight-ahead
pointing, where subjects were required to point straight ahead at
a position corresponding to their mid-sagittal line. In the visual
closed-loop pointing, a black dot (2.6 degrees of visual angle) was
projected exactly in front of the participants and centered on their
sagittal midline. In both conditions the controller was not visible
and pointing was therefore performed under proprioceptive
guidance. Note that the term “open-loop” is generally used in the
literature on PA to designate absence of visual feedback of the arm
(even though proprioceptive feedback is still available).

Participants held the controller at chest height (start position),
reached to the visible target or an imagined point lying exactly
straight ahead, and pressed the controller button to record its end
position. They performed five trials for each pointing tasks.

Line Bisection
Participants were asked to bisect a series of black lines projected
on a white background (thickness: 1.15 degrees of visual angle),
whose horizontal extent covered 35, 50, or 65 degrees of visual

angle. The controller was visible and projected a red light
from its top end, allowing participants to bisect the line at
its estimated center. After each trial participants were required
to return to the start position (holding the controller at chest
height). There were three trials for each line length, presented
in random order.

Landmark Task
In this task, participants were asked to judge whether a red
vertical mark (11.4 degrees length) was placed exactly at a
position corresponding to their mid-sagittal line or displaced by
3, 6, or 9% to the right or to the left of the center. The mark
was presented centrally in 6 trials and displaced leftward in 9
trials (3 trials per displacement) and rightward in another 9 trials,
resulting in a total of 24 trials. Participants were asked to orally
indicate whether the vertical mark was centered on their sagittal
midline or displaced leftward or rightward. In order to assess
the subjective center, we computed a subjective bias by assigning
a score assessing the distance between the deviation from the
objective mark and the response given by the participants. For
instance, for a landmark presented left of center, a participant
would receive values of 0 for the answer “leftward displaced,”+ 1
for the answer “centered” and + 2 for the answer “rightward
displaced.” The subjective bias score corresponded to the average
of all scores, by excluding trials in which the line was bisected
in its center. Thus, an overall positive bias indicated that the
subjective center was shifted to the right, while a negative bias
indicated a leftward shift.

Awareness Questionnaire
An awareness questionnaire was used to evaluate the degree
of awareness of the spatial deviation between controller and
targets during the adaptation phase. The questionnaire started
with a general open question probing any awareness of the visual
shift (“Did you feel something strange when you were asked
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to reach toward the red spheres?”). Participants then answered
progressively more concrete questions about their subjective
experience (e.g., “I felt that the black dot was not in front of me”)
by providing ratings on a five-point Likert scale ranging from
“strongly agree” to “strongly disagree.”

RESULTS

Visual Closed-Loop and Visual
Open-Loop Pointings
In order to evaluate PA aftereffects, repeated-measures ANOVA
for the visual closed-loop and open-loop pointings were
performed with Time (pre-PA, post-PA) as within-subjects factor
and the four experimental groups (auditory-verbal 0◦, auditory-
verbal 30◦, visual 0◦, visual 30◦) as categorical factor.

For the visual closed-loop pointing, the analysis indicated
main effects of Time [F(1, 44) = 36.54, MSE = 1.98, p < 0.001;
η2
= 0.45] and Group [F(3, 44) = 5.20, MSE = 8.45, p = 0.004;

η2
= 0.26], as well as a significant interaction between Time and

Group [F(3, 44) = 16.63, MSE = 32.91, p < 0.001; η2
= 0.53].

Bonferroni post hoc tests of pre- and post-PA in each group
revealed PA aftereffects in the Visual 30◦ group (p < 0.001), but
not in the other groups (all p= 1; Figure 2).

For the visual open-loop pointing, one participant of
the group Auditory-verbal 30◦ was discarded because of an
exceedingly high pre-PA hand deviation (> 2 SD from the
participants’ mean). The analysis yielded main effects of Time
[F(1, 43) = 16.85, MSE = 3.56, p < 0.001; η2

= 0.28] and Group
[F(3, 43) = 3.35, MSE = 26.99, p = 0.028; η2

= 0.19], as well as a
significant interaction between Group and Time [F(3, 43) = 8.69,
MSE = 3.56, p < 0.001; η2

= 0.38]. Post hoc tests revealed
significant aftereffects for the Visual 30◦ group (p = 0.005), but

FIGURE 2 | Hand deviation from target (in degree) measured in the visual closed-loop and visual open-loop pointings pre- and post-PA. Negative values indicate
leftward deviation, while positive values indicate rightward deviation. Error bars represented standard errors. ∗Denotes significant comparisons (p > 0.05).
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not in the other groups (Visual 0◦: p = 1; Auditory-verbal 30◦:
p= 0.070; Auditory-verbal 0◦: p= 1; Figure 2).

Since no significant adaptation effects were observed in the
auditory-verbal condition, we wondered whether the instruction
to go “further to the left” was effective in inducing any hand
deviation during adaptation in the Auditory-verbal 30◦ group.
The controller position was recorded throughout the adaptation
phase for the four experimental groups in order to ensure
that a deviation was well observed in the condition with 30
degrees of deviation. As shown in Figure 3, participants similarly
deviated leftward in the Visual 30◦ and the Auditory-verbal 30◦
group. Though the latter group exhibited greater variability of
pointing movements, this can be explained by the generally lower
precision of pointing movements under auditory guidance (as
can also be seen when comparing Auditory-verbal 0◦ with the
Visual 0◦conditions).

Line Bisection
Since line length is known to affect bisection judgments, we
analyzed the line bisection data with a repeated-measures

ANOVA with Time (pre-PA, post-PA) and Line size (35, 50, 65
degrees of visual angle) as within-subject factors and Group as
categorical factor (Figure 4). The analysis yielded a significant
interaction between Time, Line size and Group [F(6, 88) = 3.21,
MSE = 0.001, p = 0.007; η2

= 0.18]. Bonferroni-comparisons
revealed a significantly larger rightward deviation post-PA as
compared to pre-PA in the Visual 30◦ group, but only for the
shortest line corresponding to 35◦ of visual angle (p < 0.001). No
other effect was significant.

Landmark Task
Table 1 shows the degree of subjective bias in the landmark
task pre- and post-PA. Since these data were not interval-scaled,
we compared pre- and post-PA subjective bias scores for each
group using Wilcoxon tests. These analyses yielded no significant
differences (all ps > 0.093).

Awareness Questionnaire
Only four subjects (3 subjects in the Visual 30◦ group and 1
subject in the Visual 0◦ group) reported that they had perceived a

FIGURE 3 | Hand deviation from target measured before and during the adaptation phase (start of adaptation indicated by the black arrow). The gray area
represents the 95th confidence interval for each group, and the black dots show deviations of individual subjects in every trial. Negative values indicate leftward
deviation, while positive values indicate rightward deviation.
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FIGURE 4 | Degree of deviation obtained on the line bisection for each line size (35, 50, 65 degrees of visual angle) pre- and post-PA. Negative values indicate
leftward deviation, while positive values indicate rightward deviation. Error bars represented standard errors. ∗Denotes significant comparisons (p > 0.05).

visual shift between the controller and pointing targets during the
adaptation phase as probed with the Awareness questionnaire.
The number of subjects was thus too low to probe related-effects
of awareness on prismatic adaptation.

DISCUSSION

Previous studies have repeatedly demonstrated robust aftereffects
of PA in healthy individuals during pointing toward visual
targets (Colent et al., 2000; Michel et al., 2003; Schintu et al.,
2014; Michel, 2015). Adaptation effects have been observed
when a visual feedback about arm/hand position was given
(closed loop) but also when this feedback was absent (open
loop). Based on these observations, one might hypothesize
that adaptation effects are not linked to a sensory modality
but rather depend on a modality-independent spatial reference
system. Thus, we here tested whether adaptation effects might
be induced through auditory-verbal feedback in inducing a
mismatch between hand and target position, similarly to the
visual mismatch induced by deviating prisms. We examined this
question using a virtual reality adaptation method, which avoids
blindfolding participants for the auditory adaptation. Our results
revealed that visual, but not auditory-verbal feedback induces
aftereffects following adaptation to virtual prisms after 30-degrees
of deviation.

Adaptation Effects in the Auditory
Modality
Only few studies investigated the contribution of the auditory
modality to prism adaptation effects (Eramudugolla et al.,
2010; Jacquin-Courtois et al., 2010; Calzolari et al., 2017;
Michel et al., 2019; Matsuo et al., 2020). Jacquin-Courtois
et al. (2010) demonstrated that PA can improve left auditory
extinction in visual neglect patients, indicating that PA may
interact with higher-order brain functions related to multisensory
integration. Also, fMRI studies reported similar fronto-parietal
activation for visual and auditory stimuli (Smith et al., 2010),
suggesting that visual and auditory attention may rely on a
supramodal attentional network. Of particular relevance for our
findings is the study by Calzolari et al. (2017), who observed

adaptation effects with right-deviating prisms when participants
pointed toward visual, auditory, or audio-visual targets. During
adaptation, subjects shifted their pointing movements leftward
irrespective of the target modality. In addition, aftereffects
measured with straight-ahead pointing were comparable between
all three adaptation conditions, suggesting a supramodal effect
of prisms. The main difference with our study is that these
authors used different target modalities (e.g., a sound played
through a loudspeaker located ahead of the participant) but kept
the adaptation procedure constant (pointing with eyes open).
Participants could not see their arm except for the very last part
of the pointing movement. However, they knew precisely where
their arm was located with respect to the target at the end of each
pointing movement. They thus had some visual control about
their arm position in all three target conditions. In contrast, our
subjects never had any knowledge of their hand position and had
to rely completely on the auditory-verbal feedback.

One could argue that the lack of adaptation effects is due to
subjects not following the verbal instruction to move more to
the left, but as Figure 3 shows this concern can be excluded.
All subjects corrected their trajectory across pointing movements
and finished the adaptation session with a constant leftward
pointing bias. Thus, the lack of adaptation effects measured in
the visual closed-loop and open-loop pointings must be due to
the fact that simply pointing more to the left (without a visual
feedback of the mismatch) may not impact the coordinate system
of the peripersonal action space with respect to the body center.
This interpretation may also be compatible with the adaptation
effects to auditory targets observed by Calzolari et al. (2017)
because even with purely auditory stimulation, participants may
be able to create a visual “tag” marking the spatial coordinates
of the origin of the sound. This visual tag may then play the
role of a visual target, that could signal a spatial mismatch
in pointing.

TABLE 1 | Mean subjective bias score for each condition.

Visual 0◦ Visual 30◦ Auditory-verbal 0◦ Auditory-verbal 30◦

Pre-PA −0.31 −0.28 −1.35 −0.36

Post-PA −0.09 −0.31 −0.79 −0.19
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A limiting factor of our study is that the auditory-verbal
condition possibly provided less (or less precise) spatial feedback
about hand and target position. Indeed, as seen in Figure 3
subjects’ responses appear to be more variable when feedback is
auditory (in both, the 30 and the 0 degrees conditions). However,
the figure also shows that subjects gradually shifted their pointing
movements leftward, and ended up with a deviation that was
comparable to the visual condition. The higher variability in the
auditory-verbal condition can be explained by lower precision
of pointing movements under auditory guidance (as is also seen
when comparing the Visual 0◦ and Auditory 0◦ groups; see also
Schmitz and Bock, 2017). A previous study by Schmitz and
Bock (2014) used a similar auditory feedback signal as we did
and observed adaptation aftereffects in the auditory modality.
Increased variability therefore doesn’t seem sufficient to explain
the complete absence of adaptation effects in our study.

The Nature of Error Signals Necessary
for Adaptation
A vast amount of literature is concerned with adaptation effects
in motor control and the nature of error signals underlying
these effects. Sensory-motor adaptation plays a prominent
role in the elaboration of models of motor control, as it
reflects the plasticity of the motor system and hence its
capacity to improve performance across repeated trials (Wolpert
and Ghahramani, 2000; Bock, 2013). Computational models
posit that the brain uses a forward model of the sensory
consequences of a motor command and compares them in
true time with the actual sensory outcomes (Shadmehr and
Krakauer, 2008; Wong et al., 2015; Haar and Donchin, 2020).
Consequently, sensory-motor adaptation might be triggered by
the need to reduce an error signal (i.e., a mismatch between
a predicted state and the true state, or sensory prediction
error) (Shadmehr et al., 2010). In the visual condition of our
study, the error signal was provided in the form of a slight
mismatch between visual feedback (position of the controller)
and internal feedback (efference copy)/proprioceptive feedback
(position of the hand). In this condition subjects always had a
visual control about their pointing precision. In the auditory-
verbal condition, feedback was provided at the end of the
movement in form of a verbal command. One may ask whether
the absence of adaptation effects in the visual closed-loop
and open-loop pointings can be explained by our use of a
symbolic, rather than an analogical error signal. However, this
seems unlikely, as other study found that a verbal feedback
could be used to drive sensorimotor adaptation (Sarlegna et al.,
2007), highlighting that adaptation may be a multisensory
processing, whose efficiency did not depend on the sensory
channel conveying the error signal. Moreover, Schmitz and
Bock (2014) found robust adaptation effects when subjects were
pointing toward auditory targets and received lateralized sounds
indicating to move further to the left or right on the next
trial. The major contrast between Schmitz and Bock (2014)
and our study is that their participants performed pointing
movements toward sounds played through headphones and
thus only had to deal with the error signal about their hand

position. In contrast, our subjects had to create a representation
of target position within the first 15 trials, and then maintain
this representation in mind while attempting to correct their
pointing movements. While they managed to follow the feedback
and to shift their hand gradually leftward, we hypothesize that
the simultaneous maintenance of target position and integration
of the error signal interfered with lasting recalibration of the
motor system. Finally, if significant after-effects are observed
for the visual open-loop pointing after 30◦ of adaptation
in the visual modality, a trend seemed to be also observed
in the auditory-verbal group after 30◦ of deviation. Further
testing with more subjects could be helpful to definitively
clarify this issue.

Transfer Effects of Adaptation
In addition to adaptation effects in the visual modality, we
also observed perceptual transfer effects following visual
(but not auditory-verbal) feedback. Interestingly, these
effects were restricted to the line bisection task and only
to the shortest lines. This result might be explained by
differences on exploration strategy. Indeed, we used lines
that were much longer than those generally used for paper-
and-pencil tasks. In the VR environment, longer lines
required eye-movements to be perceived entirely, which
may have interfered with or even canceled the adaptation
effects by recalibrating the coordinates of the sensory-
motor reference frame. We also found no transfer effects
in the landmark task, which is in good agreement with
previous reports suggesting that PA may affect visuomotor
performance more than purely perceptual measure (Harvey
et al., 1995; Gammeri et al., 2020; but see Ptak, 2017;
McIntosh et al., 2019).

It should be noted that the adaptation and transfer effects
we measured were observed with rightward deviating prisms,
similarly to two previous studies using the same methodology in
healthy individuals (Gammeri et al., 2020) and in brain-damaged
patients suffering from neglect (Bourgeois et al., 2021). This
result contrasts with the results found in healthy individuals
with wedge prisms. Indeed, the literature consistently reports
an effect of left PA in healthy subjects, whereas right PA does
not induce significant behavioral effects. Surprisingly, rightward
deviating prisms induce significant BOLD-signal changes in the
inferior parietal cortices (Clarke and Crottaz-Herbette, 2016 for
a review; Crottaz-Herbette et al., 2014; Schintu et al., 2020), as
well as PA-related electrophysiological markers (Martin-Arevalo
et al., 2016), though these changes are not accompanied by
behavioral modifications. In contrast and in line with our results,
a recent study using rightward prism-deviation found that
prism exposure in VR produces larger prismatic aftereffects than
standard prism exposure in healthy subjects (Ramos et al., 2019).
These negative results at a behavioral level using wedge prisms
suggest potential limitations of behavioral measures in healthy
subjects. One limitation could be the maximal deviating power
of optical prisms, which is limited to 20◦ for prismatic goggles,
beyond which a significant discomfort and visual distortion
is induced. This maximal deviation may not be enough to
induce significant behavioral changes in healthy subjects after
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rightward deviation. In contrast, the deviation of virtual prisms
is only limited by bodily biomechanical constraints, not the VR
technology. Another advantage is the possibility to induce the
mismatch between hand and target progressively (increasing it
from trial to trial), which significantly limits conscious perception
of any visual bias and thus eliminates the use of conscious
(Michel et al., 2007).

In sum, the findings of this study support the view that
sensory-motor adaptation effects can be induced with virtual
prisms (as with wedge prisms), and that these effects operate
in a visually aligned coordinate system. Our results refine
current models of the mechanisms underlying virtual PA’s
cognitive effects, as well as parameters which influence PA and
its aftereffect.
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