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INTRODUCTION

The processes underlying short-term plasticity induced by visuomotor adaptation to a
shifted visual field are still debated. Two main sources of error can induce motor adaptation:
reaching feedback errors, which correspond to visually perceived discrepancies between
hand and target positions, and errors between predicted and actual visual reafferences
of the moving hand. These two sources of error are closely intertwined and difficult
to disentangle, as both the target and the reaching limb are simultaneously visible.
Accordingly, the goal of the present study was to clarify the relative contributions of
these two types of errors during a pointing task under prism-displaced vision. In “terminal
feedback error” condition, viewing of their hand by subjects was allowed only at movement
end, simultaneously with viewing of the target. In “movement prediction error” condition,
viewing of the hand was limited to movement duration, in the absence of any visual target,
and error signals arose solely from comparisons between predicted and actual reafferences
of the hand. In order to prevent intentional corrections of errors, a subthreshold, progressive
stepwise increase in prism deviation was used, so that subjects remained unaware of the
visual deviation applied in both conditions. An adaptive aftereffect was observed in the
“terminal feedback error” condition only. As far as subjects remained unaware of the
optical deviation and self-assigned pointing errors, prediction error alone was insufficient
to induce adaptation. These results indicate a critical role of hand-to-target feedback error
signals in visuomotor adaptation; consistent with recent neurophysiological findings, they
suggest that a combination of feedback and prediction error signals is necessary for eliciting
aftereffects. They also suggest that feedback error updates the prediction of reafferences
when a visual perturbation is introduced gradually and cognitive factors are eliminated or
strongly attenuated.

Keywords: eye-hand coordination, visuomotor adaptation, prism adaptation, unawareness, prediction error,
feedback error, internal model

(1) a discrepancy between vision and proprioception of the hand

That sensorimotor adaptation can be induced by wearing prisms,
which shift the visual field laterally, has been known since at least
von Helmholtz (1910). When a subject wearing prisms is asked to
point quickly to a near object, (s) he initially points to the prism-
displaced image of the object, experiencing a pointing error. After
tens of pointing attempts, the pointing error is gradually reduced
to zero. When prisms are removed, the subject unexpectedly expe-
riences a pointing error in the opposite direction to that induced
by the prisms. This negative aftereffect persists after a few trials.
This simple experiment provides one of the simplest illustrations
of the short-term plasticity of the central nervous system (CNS),
which allows it to adapt to changes in the relationships between
visual inputs and corresponding motor outputs (for a review, see
Redding et al., 2005).

While the existence of short-term sensorimotor plasticity is well
established, the nature and origin of the error signals involved in
eliciting the adaptation are still a matter of controversy. Three
main sources of error have been suggested to induce adaptation:

(Craske and Crawshaw, 1974; Redding and Wallace, 1992a); (2) an
inconsistency between predicted visual reafferences of the moving
hand (derived from an efferent copy) and actual visual reaffer-
ences, as suggested by Held’s efference-reafference theory (Held
and Hein, 1958) or by more modern versions of this theory intro-
ducing internal models (Miall and Wolpert, 1996; Kawato, 1999;
Diedrichsen etal., 2005; Shadmehr etal., 2010); (3) a reaching
feedback error, i.e., the simultaneous vision of the target and hand
either during movement (Redding and Wallace, 1988) and/or at
movement end (Harris, 1963; Welch and Abel, 1970; Kitazawa
etal.,, 1995; Martin etal., 1996; Magescas and Prablanc, 2006).
Welch and Abel (1970) coined the term “target pointing effect”
to describe the observation that reaching to a prism-displaced
visual target shows more adaptation than when reaching to no
visual target. Under most conditions, these sources of error
are closely intertwined. The first one, the discrepancy between
vision and proprioception of one’s own limb, is known to pro-
duce a miscalibration of the visual reference frame or/and of
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the hand proprioception (Redding etal., 2005; Cressman and
Henriques, 2010; Scarpina etal., in press). In the following, to
avoid confusion, we consider adaptation paradigms which mini-
mize the influence of sensory (visual and proprioceptive) adaptive
rearrangements.

According to the influential theory of Held and Hein (1958),
Held (1961), Held and Freedman (1963), visuomotor adapta-
tion uses the comparison between predicted (the efference copy)
and reafferent visual signals. Efference copy refers to the copy of
the motor output resulting from a motor command (or some-
times, to the copy of this motor command) while reafferent
visual signal refers to the visual afference resulting from this
motor command, i.e., vision of the actively moving hand. Visuo-
motor adaptation results from the progressive decrease of the
conflict between the efference copy and reafferent signals. A sim-
ilar theory was further formalized by introducing the concept
of forward internal model, i.e., an instantaneous copy of the
state (position and velocity) of the limb representing a predic-
tion of the visual reafferences (Miall etal., 1993; Wolpert etal,,
1995; Miall and Wolpert, 1996; for a review, see Wolpert, 1997;
Wolpert etal., 1998; Kawato, 1999). Adaptation is induced by
the conflict between the forward internal model output (effer-
ence copy) and the corresponding visual reafferences that we
referred to as the prediction error as classically considered by
Held (1961), Miall and Wolpert (1996), or Tseng etal. (2007).
While many studies have suggested that prediction-error process-
ing is the main source of adaptation (Held, 1961; Diedrichsen
etal., 2005; Mazzoni and Krakauer, 2006; Tseng et al., 2007; Shad-
mehr etal., 2010; Taylor and Ivry, 2011; Izawa etal., 2012), the
respective roles of feedback error and prediction error have not
been completely elucidated, because some feedback error was usu-
ally present, or uncertain, in these studies. We consider feedback
error per se as the static or dynamic visual error between the goal-
directed target (or any physical or short-term memorized visual
landmarks) and the pointing hand. Such an isolation of pure feed-
back error condition without prediction error has been obtained
using a target-jump paradigm by Magescas and Prablanc (2006),
Cameron etal. (2010) and Laurent etal. (2011). These authors
showed that a strong and robust reaching adaptation could be
elicited by a terminal feedback error signal, in the absence of any
conflict between predicted and actual reafferences. This exper-
iment, similar to the classical saccadic-adaptation paradigm in
eye-movement control (for a review, see Hopp and Fuchs, 2004),
established that a robust adaptation could be elicited by a change
in the inverse model converting the goal of an action into motor
commands.

The aim of the present study was to determine the relative
contributions of retinal feedback error and non-feedback predic-
tion error in prism-induced reaching adaptation as defined above,
when subjects are unaware of the prism-induced conflict. Two
distinct experiments were performed in order to separate the two
error signals, by allowing the opening or closing of the exter-
nal feedback loop (vision of subject’s hand) at controlled times
of the execution of a pointing movement. In a first condition,
hereafter referred to as the “terminal feedback error” condition,
vision of the pointing hand was allowed at movement end only.
The only available source of error was the simultaneous vision

of the prism-displaced hand and target at movement end. In a
second condition, hereafter referred to as “movement prediction
error,” vision of the pointing hand during exposure was limited
to the duration of a self-initiated movement performed under a
black homogenous background, in the absence of any visual target
or landmark. The error signal arose solely from the comparison
between the predicted visual feedback from the moving hand and
the visual percept of the actual hand position, without any other
cue. Consistent with the results from the double-step adaptation
paradigm of Magescas and Prablanc (2006), which highlight the
role of terminal feedback error, we expected that the “movement
prediction error” condition would generate a lower level of adap-
tation than the “terminal feedback error” condition owing to a
lower accuracy of the discrepancy between the seen hand and its
visual prediction than those of a physical retinal error.

MATERIALS AND METHODS

SUBJECTS

Ten naive right-handed subjects (five female and five male, mean
age = 19.8 years, SD = 0.7 years) took part in the experiment.
All subjects had normal or corrected-to normal vision, and no
history of neurological or psychiatric disorders. They all provided
informed consent prior to participation. The experiment was con-
ducted in accordance with the Declaration of Helsinki and under
the terms of local legislation.

APPARATUS

The visual stimulation consisted in red light-emitting diodes
(LED) placed on a plane located horizontally above the subject’s
head (Figure 1A). As subjects observed the targets through a half-
reflecting mirror, the targets appeared on a horizontal table on
which the subjects were pointing. Because the target was a virtual
image, finger-to-target masking could not influence the results.
The (virtual) images of T1, T2, T3, and T4 targets were located 0
to 30 cm rightward from the subject’s sagittal axis in 10-cm incre-
ments, respectively, along a fronto-parallel line 57-cm away from
the subject’s eyes (Figure 1B).

The subject sat on a medical chair in front of the pointing
surface. The pointing surface was a black flat and matte sur-
face without a visual frame of reference or any other distinctive
landmark, and extending across the entire visual field. A non-
visible tactile landmark served as a starting point for pointing
movement. It was placed 20 cm away from the subject along
the sagittal axis. Direct vision of the pointing hand through the
half-reflecting mirror could be prevented by turning off a set of
power white LEDs placed between the mirror and the pointing
table. This electronically controlled optical device allowed the
subject to view his/her upper limb and hand over the black back-
ground during movement, and it prevented other spatial cues in
the absence of a visual target. It also made it possible to mask
the view of the hand prior to, and during, the movement to the
visual target, and to let the hand be visible after the end of the
movement only. Therefore, this apparatus made it possible to
dissociate non-retinal dynamic errors resulting from discrepan-
cies between the expected and actual visual reafferences of the
moving limb (“movement prediction error”), and physical hand-
to-target error signals resulting from the simultaneous vision of
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FIGURE 1 | (A) Experimental setup (modified from Prablanc etal., 1979).
Targets are seen through a half-reflecting mirror (hm) and appear to be
placed on the pointing surface. The target (t), mirror image of the
light-emitting diodes on the upper stimulation plane is shown as a filled red
circle. The prism-displaced image of the target (vt) is shown as an open red
circle. The pointing hand is only visible when the volume between the
mirror and the pointing surface is lit. An infrared-emitting diode is attached
to the right index fingertip, the position of which is recorded. A set of
either neutral or right deviating Fresnel prisms is placed in front of the
eyes, uncovering a large visual field (around + 30°). Prisms are mounted on
a motorized disk (mp), which allows quick switching, from zero to any
prism deviation. Vision of the target and limb was monitored, and this
information was used to open or close the external feedback loop (vision of
subject’s hand), and to adjust the binocular prism settings through fast
step-motors. Opening or closing the feedback loop was determined by the

crossing of a velocity threshold. Red solid line: physical target; red dotted
line: seen target; blue solid line: physical hand; blue dashed line: seen
hand; green solid line: hand velocity. (B) Layout of the targets. The four
targets (T1, T2, T3, T4) used in the pre- and post-tests were located along a
fronto-parallel line, at, respectively, 0, 100, 200, 300 mm right of the
midline. The four targets are used during pre- and post-tests, while T3 is
used during “terminal feedback error” condition exposure and no target is
used during “movement prediction error” condition exposure.

(C) Prism-induced visual displacement during exposure. The rightward
prism deviation of a single target T3 was incrementally shifted from 4 to 25
diopters (resulting in a 142-mm rightward displacement), every block of 10
trials. (D) Real-time control of target LEDs and vision of the limb during the
exposure period. Please see text for details. Solid red line: physical target;
dotted red line: seen target; solid blue line: hand; vertical dashed and
dotted blue line: movement onset and offset.

the target and limb (“terminal feedback error”). Care was also
taken to avoid dynamic retinal errors, such as moving hand-to-
landmark visual errors, by providing a black fully homogenous
background which allowed prediction errors only. Dynamic reti-
nal errors are the instantaneous hand-to-target signal which gives
both velocity and position error signals relative to target. Schween
etal. (2014) observed the capability of these dynamic signals to
drive some adaptive process.

During the exposure phase, the subject experienced prism
viewing. The prism device was composed of seven pairs of
Fresnel prism sheets (Press-On 3 M) mounted on two computer-
controlled motorized disks. This optical arrangement deviated
the line of sight of each eye rightward, with a large circular
visual field that allowed subjects to see the forelimb and hand
during pointing. The amount of prism deviation ranged from

0 to about 14° (corresponding to 0, 4, 8, 12, 15, 20, and 25
diopters). Notice that seeing through Fresnel prism introduces
vertical stripes. In order to prevent some knowledge of con-
text, the zero-diopter prism consisted of a neutral transparent
sheet with stripes. Small and progressive (computer-controlled)
prism increments in exposure avoided awareness of errors and
strategic correction (Magescas and Prablanc, 2006; Michel etal,,
2007).

An infrared emitting diode was attached to the right index fin-
gertip, the position (x, y horizontal components with a 0.1-mm
accuracy) of which was recorded at 100 Hz with an Optotrak
3020, Northern Digital Inc. Real-time monitoring of the tar-
get LEDs and of limb vision was performed using an ADWIN
(Keithley-Metrabyte) system. This was used to open or close
the external feedback loop (vision of subject’s hand), and to
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control the targets and the fast step-motors that controlled the
binocular prism settings. Online detection of hand pointing move-
ment was determined by a fixed 20-mm displacement and a
80-mm/sec velocity threshold, using a two-point central differ-
ence algorithm with a 10-ms binwidth (Magescas and Prablanc,
2006).

Note that a discrepancy between seen and felt hand positions
is inherent to prism exposure and that such a discrepancy can
induce sensory (visual and proprioceptive) adaptation (Harris,
1963; Redding et al., 2005; Priot etal., 2011). Several studies have
shown that a minimum movement duration of 1 s or more is
required for prism adaptation induced by visual-proprioceptive
conflict (for a review, see Redding and Wallace, 1992b). To reduce
the efficiency of the visual-proprioceptive error signal, the prism-
displaced vision of the hand was strictly limited to the movement
duration in the “movement prediction error” condition, and to
0.5-1 s after movement end in the “terminal feedback error”
condition. Thus, although a visual-proprioceptive mismatch was
present in both experiments, its influence was minimized by lim-
iting the duration of the inter-sensory mismatch. We aimed at
mitigating any static visual-to-proprioceptive conflict, in order
to measure the motor component of visuomotor adaptation. In
addition, as initial vision of the hand (either neutral or altered)
is known to influence movement planning (Rossetti etal., 1994,
1995; Desmurget etal., 1995), the movement was always initi-
ated without vision of the hand in order to avoid confounding
effects. As both conditions involved natural free-hand pointing
without an artificial interface, with similar kinematics and move-
ment durations, the difference between aftereffects should reflect
the influence of each type of adaptation. In addition, the sub-
ject’s lack of awareness of a conflict, and his/her ability to see
his/her hand naturally (as opposed to seeing a cursor or a han-
dle) allowed us to study adaptation, rather than learning (Redding
etal., 2005).

The “terminal feedback error” condition was not restricted to
a pure retinal error. It also included a small predictive compo-
nent. Indeed, starting on the first trial within a block of ten,
the subject expected his pointing to be on the target and not
statistically displaced on the right. However, this predictive com-
ponent was not consciously perceived as an external manipulation,
because the prism increment (corresponding approximately to
a 2-cm displacement of the target) was close to the variability
of open-loop pointing (mean standard deviation for individ-
ual participants = 15.7 mm), when the visual reafferences were
absent.

PROCEDURE

Each subject took part in the two experimental conditions
described above. An ABBA design with a two-week delay between
the experiments was used to mitigate order effects. A standard
experimental paradigm, including three blocked sessions (pre-test,
exposure to prisms, and post-test) was used. Pre- and post-tests
were the same for both conditions. All movements performed
during either the test or the exposure sessions were carried out
with a natural parabolic path at a natural and comfortable speed.
Fixation points prior to movements were not used during either
the tests or the exposure phases, so that subjects would have no

other spatial cue besides body-centered target information when
the target was lit under an otherwise dark background.

Pre- and post-tests

Pre- and post-tests were identical. At the beginning of each trial,
the subject was in total darkness and did not see his/her hand or
the table. The prism was in the neutral position (0 diopter). The
subject heard a 10-ms beep indicating that he/she had to place
his/her right index at a starting position defined by a tactile cue on
the pointing table. When the index was within & 10 mm around
the starting position, a second 100-ms beep occurred simulta-
neously with the lighting of one the four targets instructing the
subject to point to the target without vision of his/her hand. To
minimize error signals arising from discrepancies between his felt
index and seen target position, the target was turned off as soon
as the subject pointed to it (as determined by the hand-velocity
threshold). About 500 ms after the target was turned off, the sub-
ject was instructed to move back onto the tactile starting position
and the next trial started. Pre- and post-tests were composed of 10
blocks of the four targets (T1 to T4) presented in a pseudo-random
order.

Exposure
In the first condition named “terminal feedback error” exposure,
the only available source of error was the simultaneous vision of
the hand and target at movement end, without visual feedback of
the hand during movement (Figure 1C). At the beginning of each
trial, the subject was in total darkness and did not see his/her hand
or the table. The subject heard a 10-ms beep indicating he/she had
to place his/her right index at a starting position defined by a tac-
tile cue on the pointing table. A second 60-ms beep signaled that
the index was within &= 10 mm around the starting position. The
binocular prisms were initially set at 4 diopters. 500 ms after the
beep, the T3 target (20-cm right) was turned on. The subject had
to point to the visual target without vision of his/her hand. At the
end of the pointing movement (based on hand-velocity thresh-
old), the high-power white LED illuminated the pointing table,
allowing full forelimb and hand terminal feedback error, i.e., the
simultaneous vision of the target and hand at movement end for
a 0.5-1 s duration. The target and illumination of the hand were
then simultaneously turned off, the subject was instructed to move
back onto the tactile starting position, and the next trial started.
The return movement was thus carried out in the dark. The right-
ward prism deviation was incrementally increased to 4, 8, 12, 15,
20, and 25 diopters every block of 10 trials (Figure 1D), resulting
in 60 trials with a final prism deviation of 0.25 x 570 = 142 mm.
In the “movement prediction error” condition, the vision of
the hand was limited to the duration of motion, in the absence of
visual target (Figure 1C). The beginning of each trial was identical
to those described for “terminal feedback error” exposure, except
that after the beep signaling that the index was within £ 10 mm
around the starting position, the subject had to point ahead of
the shoulder at a distance corresponding to that of the T3 target
(experienced during pre-test), without vision of his/her hand. No
target was lit, but the intended pointing position was roughly at
the level of the parasagittal plane of the shoulder, i.e., nearly corre-
sponding to the T3 target. Direct vision of the hand was turned on
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at movement onset by turning on the high-power white LED on
the pointing table and was turned off at the end of movement in
order to prevent the perception of a final discrepancy between seen
and felt limb. Just after his/her limb became invisible, the subject
was instructed to move back onto the tactile landmark starting
position in the dark and next trial was launched. As in the “ter-
minal feedback error” condition, the rightward prism deviation
was incrementally shifted from 4 to 8, 12, 15, 20 and 25 diopters,
every block of 10 trials. The pointing instruction was repeated at
each prism increment in order to keep subject’s focus on his/her
task.

For both “terminal feedback error” and “movement prediction
error” conditions, prism increments were computer-controlled,
so that there was no break during the exposure, which might have
allowed the subjects to form cognitive strategies about prism incre-
ments. In addition, to avoid contextual influences, the striated lines
introduced by the Fresnel prisms were also reproduced during the
(no prism) pre- and post-tests.

Pointing movements during exposure were likely to be sim-
ilar across the two conditions. In the “terminal feedback error”
condition, the visual target was close to the shoulder parasagit-
tal plane whereas in the “movement prediction error” condition,
there was no target and the subject was instructed to point along
the parasagittal plane of the shoulder, at a distance corresponding
to that of the target during the pre-test. Consequently, movement
path and durations during the exposure were similar across the
two conditions.

DATA ANALYSIS

Pointing errors were defined as the difference between the final
position of the fingertip and the position of the target along the x
axis in the pre- and post-tests. For the “terminal feedback error”
condition, pointing errors during exposure were defined as the dif-
ference between the fingertip final position and T3-target position
along the x axis. For the “movement prediction error” condition,
there was no physical error during the exposure, as no target was
present. The average pointing position across the first ten point-
ing was taken as a reference for each subject, and was used to
compute an arbitrary pointing error along the x axis. For all point-
ing, leftward errors were assigned a negative value and rightward
errors a positive value. We also computed the mean variable point-
ing error during the pre-tests, which was defined as the standard
deviation of pointing, for each target and each subject. A mean
variable pointing error was also computed during exposure, and
defined as the standard deviation of pointing, for each prism devi-
ation and each subject. Only the six last pointing were taken into
account, corresponding to stabilized pointing after twice the decay
time-constant.

Prior to averaging the data, possible temporal drifts in point-
ing behavior across trials during the pre-test and exposure trials
were checked using Spearman correlation, with pointing error
as a dependent variable and trial number as an independent
variable.

In order to ensure that the initial pre-test performance (taking
into account both absolute and variable errors) was not differ-
ent between the two conditions, and not influenced by testing
order, a repeated-measure ANOVA was performed using the mean

pointing error, or mean pointing variable error, during the pre-
test as a dependent variable, the condition as a within-subject
two-level factor (prediction, feedback), the target position as a
within-subject four-level factor (T1 to T4), and the condition test
order as a between-subject two-level factor (prediction error fol-
lowed by feedback error, feedback error followed by prediction
error).

Changes in pointing error during exposure were quantified for
each prism increment by fitting a function of the form errx = xj,,+
ae~ =D/ with a > 0, b > 0,and b < 1, where errx denotes the
error along the x axis, xj;,, is the asymptotic value of the error, a
denotes the total amplitude decay of the error, i denotes the trial
number, and nc denotes a decay time-constant.

In order to compare the accuracy of the two error signals, a
repeated-measure analysis of variance (ANOVA) was performed
using the mean pointing variable error during exposure as a depen-
dent variable, the condition as a within-subject two-level factor
(prediction, feedback) and the prism deviation as a within-subject
six-level factor (P4 to P25).

In order to test for the presence of aftereffects, pointing-error
means were computed for each subject and were compared using a
repeated-measure ANOVA with session as a two-level factor (pre-
test, post-test) and the target as four-level factor (T1 to T4). This
analysis was performed for each condition (prediction and feed-
back) separately. Target position was included as a factor to analyze
the generalization of adaptation to untrained directions. For each
subject and each target, a mean pointing aftereffect was computed
by taking the signed difference between the mean values across
the 10 random repetitions of the pre-test and post-test pointing
errors, or the signed difference between the pointing distance for
the n™ repetition and the mean values across the 10 random repe-
titions of the pre-test (as no temporal trend were observed during
pre-test).

Although prism adaptation retention is usually quite strong,
post-test effects have been found to decay slightly over time. Here,
the temporal decay of the aftereffects as a function of target posi-
tion was analyzed using an ANCOVA with the aftereffect as a
dependent variable, the target as a four-level factor (T1 to T4),
and the repetition number as a continuous factor.

A paired t-test was performed to compare the duration of
pointing movement between the “terminal feedback error” and
“movement prediction error” conditions, based upon the velocity
threshold. Because of missing data for one subject, this test was
run on eight subjects only.

RESULTS

PRE-ANALYSIS

The data were pre-analyzed to identify subjects who correctly per-
formed the task during the exposure period. One subject was
identified as an outlier because his mean z-score for pointing error
during the “terminal feedback error” condition was equal to —6.
This subject’s data were excluded from the analyses. This reduced
the sample size from 10 to 9 subjects.

Preliminary analyses on pre-test data showed no difference
between conditions (“feedback” vs. “prediction”) for the mean
pointing (constant) error [F(1,7) = 2.16; p = 0.19] or the mean
variable error [F(1,7) = 1.64; p = 0.24], and no effect of testing
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error across all subjects (along the vertical axis) for a given trial number (along  prediction error” condition, the average pointing position across the first ten
the horizontal axis), for a given prism deviation (P4 — P25), in a given condition  pointing was taken as a reference for each subject, instead of T3-target. SE
("terminal feedback error”: red filled circles; “movement prediction error”: are indicated by vertical bars. For the “terminal feedback error” condition,
blue open circles). For the “terminal feedback error” condition, pointing errors ~ exponential fits to the data are shown (red curves).

order of the conditions for mean pointing error [F(1,7) = 0.77;
p = 0.41] or mean variable error [F(1,7) = 0.016; p = 0.9].
A statistically significant effect of target position was observed,
with a trend toward overshooting that declined with eccentricity

Table 1 | Parameters of the best-fitting exponential-decay function
through mean pointing errors versus trial number in the “terminal
feedback error” condition, with associated R.

Prism Xiim a 1/nc nc First trial R
deviation (mm) (mm) (trial) error

(PD) (mm)

4 2.1 39.9% 0.501* 2 42 0.99
8 4.3* 26.1* 1* 1 30.4 0.95
12 1.7 25.3* 0.777* 1.29 27 0.97
15 3.8 15.3* 0.804 1.24 19.2 0.77
20 6.6* 17.6* 1* 1 241 0.88
25 8.6* 19.5* 1% 1 28.1 0.88

The first trial error represents the sum of the asymptotic value xjj,, and of the
total amplitude decay a. Asterisks indicate one-tailed p values < 0.05 (calculated
for xlim, a and 1/nc).

[F(3,21) =7.07; p < 0.002] and increased variability for the most
eccentric target (T4) [F(3,21) = 5.24; p < 0.01].

No significant correlation was found between pointing errors
and trial number during pre-test of “terminal feedback error”
and “movement prediction error” conditions (feedback: Spear-
man p = 0.07, p=0.2; prediction: p = 0.11, p = 0.051), indicating
stable pointing performance over trials.

The mean duration of pointing movement was 489 ms
(SE = 21 ms) in the “terminal feedback error” condition and
476 ms (SE = 24 ms) in the “movement prediction error” con-
dition. These two values did not differ significantly [#(7) = 0.46,
p=0.66].

EVOLUTION OF POINTING ERRORS DURING EXPOSURE

Figure 2 shows pointing error as a function of trial number
and prism displacement during exposure for the two tested
conditions. For the “terminal feedback error” condition, a trend
for pointing error to decrease during exposure was observed,
and was well captured by an exponential-decay function fitted
to the data; the best-fit parameters of this function are listed
in Table 1. The asymptotic limit, X}y, increased linearly with
prism deviation (R = 0.86; p < 0.03) up to 8.6 mm, after
which it remained approximately constant, indicating a satu-
ration of the adaptive process. In addition, the decay-constant
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decreased from 2 to 1 (trial) as a function of prism devia-
tion.

For the “movement prediction error” condition, no system-
atic trend was observed during exposure (Figure 2), and the
experience of conflict between intended hand-pointing move-
ments and actual visual reafferences did not influence results
on subsequent trials, even for large prism deviations—up to
25 diopters (14°), which correspond to lateral displacements of
142 mm of the seen hand position relative to the actual physical
position.

A repeated-measure ANOVA showed a significant effect of
condition on the mean variable pointing errors [F(1,8) = 9.28;
p < 0.02], toward a larger variable error for “movement prediction
error” condition (12.8 + 1.9 mm for “movement prediction
error” condition and 9 £+ 1.9 mm for “terminal feedback error”
condition).

“TERMINAL FEEDBACK ERROR" VS. “MOVEMENT PREDICTION ERROR”
AFTEREFFECTS

Repeated-measure ANOVA on the mean pointing errors showed
a significant effect of session for the “terminal feedback error”
condition [F(1,8) = 23.18; p < 0.005] but not for the “move-
ment prediction error” condition [F(1,8) = 001; p = 0.98]. There
was no significant interaction between the session and target fac-
tors [F(3,24) = 0.14; p = 0.93] for the “terminal feedback error”
condition, consistent with homogenous transfer of adaptation to
untrained targetlocations (see Figure 3A). T-tests showed a signif-
icant aftereffect for each target: 48 + 8.2 mm for T1 [#(8) = 5.83,
p < 0.0005]; 48.1 £ 8.7 mm for T2 [#(8) = 5.55, p < 0.0001];
49.1 £ 10.2 mm for T3 [#(8) = 4.8, p < 0.005]; 45 £ 14.5 mm for
T4 [t(8) = 3.11, p < 0.05]. The average aftereffect, 47.6 mm,
represented 33.5% of the 25-diopter (142 mm) deviation. No
significant aftereffects were found for any of the target posi-
tions in the “movement prediction error” condition (minimum
p>0.56).

An ANCOVA on aftereffects for the “terminal feedback
error” condition showed a significant effect of repetition num-
ber [F(1,32) = 75.08; p < 0.0001], but no effect of target
[F(3,32) = 1.48; p = 0.24], and no interaction between target
and repetition number [F(3,32) = 1.55; p = 0.22], consistent with
a similar decline in aftereffects over time for all targets. Mean
aftereffects (averaged across the four targets) decayed across trials
(p = 0.98, p < 0.00001). The mean aftereffect on the first rep-
etition, 61 mm, represented nearly 43% of the 25-diopter prism
displacement applied on the last exposure trial (Figure 3B).

DISCUSSION

This study investigated adaptation induced by prism exposure
in two conditions: a “terminal feedback error” condition and a
“movement prediction error” condition. Adaptive aftereffects were
observed in the former condition only. The aftereffect, a shift of
the movement in the direction opposite to that induced by the
prism, was observed for all tested target eccentricities. For the
final, 25-diopter (14°) deviation, subjects exhibited a 33.5% (of
prism deviation) pointing aftereffect—43% (about 61 mm) when
considering only the first few trials. This result is consistent with
previous findings. For example, a previous study measured shifts

of 40-80% (of the prismatic deviation) after about fifty trials of
prismatic exposure, with either full vision of the hand and tar-
get during pointing, or terminal feedback error at movement end
(Redding and Wallace, 1996). Unlike for the “terminal feedback
error,” for the “movement prediction error” condition, no sta-
tistically significant aftereffect was observed. This results stands
in contrast to those of the only previous study (to our knowl-
edge) of prism adaptation that tried to dissociate these two error
components. This study, which was performed by Redding and
Wallace (1988), found an aftereffect of 25% following a 20-PD
prism exposure with vision of the hand during, and after the end
of, movement, without target. An important methodological dif-
ference between this previous study and the current one is that,
in the former, two lateral vertical lines were visible on the back-
ground. It is likely that the two lines acted as landmarks, which
could provide subjects with an indirect, dynamic feedback error
(between the seen hand and the lines). This explanation, if it is
correct, would be consistent with our hypothesis that hand-to-
target or hand-to-landmark (continuous or terminal) feedback
error signals play a key role in the adaptive process.

GENERALIZATION OF ADAPTATION

The aftereffect generalized to unexposed targets in the “terminal
feedback error” condition. This generalization more likely reflects
an adaptive process which is context independent (Bedford, 1989;
Vetter etal., 1999). Conversely, motor-learning process, as the lat-
ter type of effect is usually context-dependent and does not or little
generalize (Cothros et al., 2006; Mattar and Ostry, 2007).

Any unaware learning during the last, 25-diopter exposure
block, associating the prism-displaced image of the T3 target
used during the exposure (140 mm rightward) with the point-
ing on T3, should have generated a maximum aftereffect for a
target beyond T4, with a decreasing gradient for less eccentric
targets (T4 to T1). By contrast, the aftereffect observed in the “ter-
minal feedback error” condition generalized to untrained target
locations. There is some confusion in the literature between adap-
tation and skill learning. On the one hand the prism adaptation
literature (Redding etal., 2005) has been traditionally very care-
ful in distinguishing between strategic compensation and “true
adaptation” (Weiner et al., 1983). By contrast, the more recent lit-
erature on force-field and visual rotation skill learning tends to use
both terms indistinctly, although Mazzoni and Krakauer (2006)
clearly dissociate implicit adaptation and explicit strategy during
visuomotor rotation. Compensation of initial errors during expo-
sure can be achieved by either process, but true adaptation must
be objectified by the measure of aftereffects (Weiner etal., 1983;
Redding etal., 2005). A reduction of errors without aftereffect
implies that the compensation has been achieved through strate-
gic rather than adaptive mechanisms (Weiner etal., 1983; Pisella
etal., 2004). The definition of aftereffects is another source of con-
fusion between the two fields. While the prism literature has kept
focus on assessing aftereffects in conditions departing from the
exposure conditions (i.e., explicitly removing the glasses, unex-
posed target, different pointing speed, as described in Redding
etal., 2005), the force-field or rotated feedback literature is keep-
ing the subject in the training device to measure aftereffects (e.g.,
Herzfeld etal., 2014). Crucially, subjects exposed to prisms exhibit
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FIGURE 3 | (A) Pointing aftereffects as a function of target for the “terminal
feedback error” and “movement prediction error” conditions. Each point
represents the mean aftereffect across all subjects during the “terminal
feedback error” condition (filled red circles) or the “movement prediction
error” condition (open blue circles). Standard errors are indicated by vertical
bars. (B) Pointing aftereffects as a function of repetition number in the
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“terminal feedback error” and “movement prediction error” conditions. Each
point represents the mean aftereffect across all subjects during the “terminal
feedback error” condition (filled red circles) or the “movement prediction
error” condition (open blue circles). Error bars show + 1 SE of the mean
across subjects for each condition. For the “terminal feedback error”
condition, the best-fitting exponential-decay curve is shown.

robust aftereffects after explicitly removing the goggles, while sub-
jects exposed to a force-field exhibit little or no aftereffect when
they are tested outside the apparatus (e.g., Cothros etal., 2006).
Strategic compensation and true adaptation are not always easy to
tease apart, and O’Shea etal. (2014) showed that they may coex-
ist within a single reaching movement performed during prism
exposure, yet distinctly leading to aftereffects or not. In addi-
tion, although they share many common properties, adaptation
and skill learning are subtended by partially distinct processes. In
force-field paradigms, it has been suggested that their differences
reflect adaptive self-calibration of motor control versus learning
the behavior of an external object or tool (Lackner and Dizio, 2005;
Cothros etal., 2006).

DISENTANGLING FEEDBACK AND PREDICTION IN ADAPTATION

The lack of an adaptation aftereffect for all tested target loca-
tions in the “movement prediction error” condition challenges
an assumption implicit in some studies (Held, 1961; Tseng etal.,
2007), and it suggests that actual-to-expected reafference discrep-
ancies, when they are within the range of perceptual uncertainty,
are insufficient to induce short-term adaptation on their own.
This finding contrasts with those of Diedrichsen etal. (2005) and
Tseng etal. (2007). Like the present study, these earlier studies
involved a pointing experiment toward a visual target. Errors were
introduced by random rotation of the visual reafferences of the
hand, which is comparable to prism-displaced vision. When they
examined the influence of behavioral correction on the next trial,
the authors found strong and rapid adaptation effects, as assessed
using a state-space model of trial-by-trial adaptation. They con-
cluded that the rotation of the visual reafferences of the pointing
movement induced adaptation because it involved a change in the
predicted visual reafferences (based on a forward internal model).
However, it is important to note that, in these studies, the pre-
diction error was not the only driving the error signal, because

hand-to-target feedback error signals were available throughout
the movement and at its end.

Mazzoni and Krakauer (2006) demonstrated that if subjects
are provided with an intentional strategy to counter a 45° visuo-
motor rotation, they are able to successfully apply the strategy at
first, but then show a gradual drift away from the target. They
used an aiming target as a cue to indicate the way to efficiently
reach the goal target to counteract the visuomotor rotation. The
error signal that drove the implicit adaptation was likely the retinal
error signal derived from the “aiming target” (cue)-to-cursor feed-
back. Moreover, Taylor and Ivry (2011) further investigated the
Mazzoni and Krakauer (2006) paradigm. They used three condi-
tions: one with the aiming target permanently available, another
one with the aiming target available briefly before movement
onset, and a last one with a brief aiming target every two tri-
als. In all three cases they observed a significant aftereffect. When
they removed visual markers (in fact once over two successive
trials) that provided external landmarks, the degree of drift was
sharply attenuated. A brief flashed aiming target either system-
atic or once over two trials involves a visual short-term memory
feedback error, although it reduces its saliency. These results are
consistent with our hypothesis that the feedback error plays a key
role in the adaptive process. Indeed, the observed drift (and also its
correlated aftereffect) was maximum for a permanently lit aiming
target, then decreased by half under the flashed aiming target and
decreased by a forth for the intermittent flashed aiming target (“no
aiming target”). In comparable exposure conditions, Schaefer et al.
(2012) observed a limited adaptation to a perturbation applied
along task irrelevant dimensions of a movement (amplitude vs.
direction).

Magescas and Prablanc (2006) and Laurent etal. (2011) disso-
ciated feedback error from prediction error using a double-step
adaptation paradigm, which removed the prediction error by
keeping visual reafferences from the hand unaltered. A purely
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terminal feedback error signal was provided by introducing a tar-
get jump, i.e., turning off the target and the vision of the hand
at saccade onset. Then, at hand-movement end, the (shifted) tar-
get and the hand were made visible again, providing a terminal
feedback error signal. In order to keep subjects unaware of the
artificially introduced error throughout the exposure paradigm,
the target jump was slowly increased. In such an experimental
condition, subjects perceived a single target while they were pre-
sented a double-step target. The obtained adaptation was large
(with an aftereffect of about 30% of the final perturbation) and
very robust, without decay during the post-test. In addition, it gen-
eralized to a much larger area than the exposed location, ruling
out a simple learning phenomenon.

THE ROLE OF INCREMENTAL EXPOSURE IN ADAPTATION:
SELF-ASSIGNMENT OF ERRORS

In Magescas and Prablanc (2006) study, as each increment in target
jump was within the natural variability of open-loop visuomotor
responses, subjects self-assigned the observed feedback error at
movement end, as in the present experiment. Self-assignment of
errors by subjects may promote adaptation, irrespective of the
source of this error, due, either, to inaccurate goal localization, or
to a noisy motor command. A role of self-assignment in motor
performance adaptation has been suggested in previous studies
(Kording et al., 2007; Kluzik et al., 2008; Schubert and Zee, 2010;
White and Diedrichsen, 2010; Schlerf etal., 2013).

Prism adaptation (Michel etal., 2007) and force-field adapta-
tion (Malfait and Ostry, 2004) are highly sensitive to cognitive
factors. When errors are naturally attributed to internal causes
(due to imprecise definition of the goal, or to erroneous motor
command), self-assignment of errors facilitates the development
of an unaware adaptive process. Michel etal. (2007) compared
adaptation to an unconscious incremental prism exposure from
2 to 10° and to a sudden conscious exposure shift of 10°. They
found much larger aftereffects and robustness in the incremental
than in the sudden exposure. The association of strong adaptive
aftereffects with unconscious perturbations is not limited to prism
adaptation. As mentioned above, other motor-adaptation proce-
dures using incremental, sub-threshold steps have also been found
to induce large and robust pointing aftereffects (Magescas and
Prablanc, 2006; Cameron etal., 2010; Laurent etal., 2011, 2012).
In these paradigms, subjects had no knowledge of the perturba-
tion and self-assigned the errors related to inaccurate perception
or planning, but they did not attribute the error to a change in the
goal.

Differences in the strength of adaptation are likely to be related
to the assigned causes of errors. When a subject consciously per-
ceives the perturbation, she/he believes that the observed error
is the result of either a change in the external environment or a
misrepresentation of his action. It is therefore logical that adap-
tation, or learning, becomes strongly associated with the context
in which it is elicited. The adjustment is then a local rearrange-
ment tied to a particular situation in which the CNS learns a
new visuomotor transformation with a narrow spatial (Krakauer
and Mazzoni, 2011) or velocity (Kitazawa et al., 1997) adjustment.
However, when the perturbation is introduced gradually, the CNS
can interpret errors as a result of its own variability, and thus

correct some of the basic coordination parameters that under-
lie the organization of the sensorimotor system. Consistent with
this hypothesis, Michel etal. (2007) have suggested that larger
and more robust prism-adaptation effects for hemineglect patients
than for healthy subjects (Rossetti et al., 1998) is related to the fact
that patients do not perceive the disturbance. The mechanisms
underlying the alleviation of neglect symptoms by prism adaption
have been discussed by Striemer etal. (2008).

Incremental adaptation has obvious cumulative limitations,
however. When the incremental perturbation becomes too large,
adaptation measured through aftereffect suddenly drops (personal
communication). In addition, even if the perturbation is small,
the aftereffect decays much quicker when subjects are informed
(Cameron etal., 2010) than when they are uninformed of the
perturbation.

SELF-ASSIGNMENT AND PREDICTION

The self-assignment of errors is closely related to the notions of
efferent copy and predictive/forward model. The CNS is able to
predict sensory reafferences following muscular activation, given
the initial state of the body, a copy of muscle commands, and a
predictive forward internal model. It can determine, at the end
of the action, whether the actual reafferences are compatible with
the predicted reafferences. It also can differentiate self-produced
from externally produced sensory events (Sperry, 1950; von Holst
and Mittelstaedt, 1950; Held, 1961; Bastian, 2006). As motor com-
mands and their translation into movements are necessarily noisy,
the predictive model should allow for a margin of error, or con-
fidence interval. Consistent with this idea, some authors have
suggested the idea of probabilistic mechanisms in sensorimotor
control (van Beers et al., 2002; Kording and Wolpert, 2006; Steven-
son etal.,, 2009; Orbdn and Wolpert, 2011). The CNS would assign
the error either to the outside world, or to itself, depending on
the relative magnitude of the error as compared to the natural
noise for the same type of task. In this context, we suggest that
an optimal adaptation paradigm requires operating in an inter-
mediate zone, with errors small enough to be self-assigned by the
subject, but large enough to induce changes in the inverse model
(i.e., in the visual-to-motor transformation), so as to maintain
accurate performance and efficient prediction. We propose that
this is the case in studies involving prism adaptation using a low
deviation (Jakobson and Goodale, 1989), an unaware incremental
deviation (Michel et al., 2007), or non-contact Coriolis force-field
perturbations acting upon forward-reaching movements during
body rotation at constant velocity (Coello and Orliaguet, 1992,
1994; Lackner and Dizio, 1994, 2005; Dizio and Lackner, 1995;
Coello etal., 1996). Consistent with this view, Wilke etal. (2013)
suggested that, following a rotation of the visual reafferences, the
sensorimotor system must be recalibrated using only prediction
errors attributed to internal causes.

UNDERLYING FUNCTIONAL MECHANISMS

Based on the results described above, we propose that two com-
plementary mechanisms exist for visual information processing
during prism adaptation, when subjects are unaware of the visuo-
motor conflict. These mechanisms do not call for any cognitive
content or skill learning.
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The first mechanism involves accurate, intra-sensory hand-
to-target feedback error processing during, or at the end of,
movement. When an incremental adaptation is used, the CNS
can naturally and iteratively modify visuomotor transformations,
i.e., the inverse model. In this context, the adaptive process con-
sists in a series of exponential negative shifts, which updates the
inverse model as prism-strength increases.

The second mechanism involves processing of a non-retinal
error signal related to the discrepancy between the predicted and
seen hand positions — the output of the direct internal model.
Small incremental errors do not provide a detectable physical sig-
nal, so that modification of the inverse internal model does not
occur, at least, in the short term. Under these circumstances, there
is no change in the direction of arm movement along the pro-
jection axis of the shoulder, as we observed during the exposure
phase of the “movement prediction error” condition in the present
study. A likely explanation for this outcome is that feedback error
has a much lower threshold than prediction error. Prediction error,
having a low accuracy, would need feedback error to be updated.
Consistent with this view, Popa etal.’s (2012) have suggested that
“dual representations of prediction and feedback error within the
cerebellum may provide the signals needed to generate sensory
prediction errors used to update a forward internal model.”

In contrast with results of the present study, Synofzik etal.
(2008) observed adaptation of the inverse model using prediction-
error only. They investigated the relationship between the adaptive
aftereffect (called motor probe) and the visual prediction of one’s
own movement (called perceptual probe), independently from any
feedback-error signal, in a paradigm of visual rotation of the hand
movement. The visual rotation was introduced in 6° steps, up to
30° clockwise. Subjects were required to perform out-and-back
pointing movements in a virtual-reality setup in complete dark-
ness. The authors found nearly 40% adaptation of the perceptual
prediction in the direction of the rotated visual reafferences, and
a 30% aftereffect in the motor probe test in the direction opposite
to the visual rotation, as predicted by coherent adaptation of the
inverse and forward models of the arm (Haruno et al., 2001; Flana-
gan etal., 2003). A possible explanation for the different outcomes
of Synofzik etal’s (2008) study and the present study relates to
differences in maximum the stepwise deviation (30° vs. 14°), in
addition to protocol differences. A 30° visual rotation of the mov-
ing hand in an arbitrary, external coordinates system may be more
detectable than a 14° limb deviation in a head-centered reference
frame, and thus act as a learning signal, although both distortions
were progressively introduced. Synofzik et al. (2008) proposed that
a change in the prediction of the visual reafferences produces, in
turn, a change in the visual-to-motor transformation. They pro-
posed a quantitative test of the forward-model change following
a visuomotor adaptation. Although we did not test it, a change of
the forward model in our two “movement prediction error” and
“terminal feedback error” conditions is likely, since the final (25
diopters) prism displacement remained undetected by the sub-
jects. As noted by Izawa etal. (2012), some studies suggest the
existence of an inverse model that can be learned independently
of the forward model, through reinforcement learning (Izawa and
Shadmehr, 2011) or repetition (Diedrichsen etal., 2010; Huang
etal.,2011; Verstynen and Sabes, 2011). These authors also pointed

out that the localization task used by Synofzik et al. (2008; an assay
of the forward model) had some issues related to confounding fac-
tors: the recorded changes in the perception of the arm position
could reflect combined changes in the forward model and in pro-
prioception. Cressman and Henriques (2010) have obtained some
evidence consistent with the hypothesis that these changes reflect
proprioception recalibration, and are unrelated to an association
between motor commands and sensory consequences. Therefore,
it is unclear whether changes in the perceived state of the arm
after visuomotor adaptation are due to changes in some forward
model, or to a form of sensory adaptation. Izawa etal. (2012) and
Cressman and Henriques (2010) results, as well as ours, depart
from the top down view according to which adaptation of predic-
tion precedes adaptation of control in goal-directed movements
as suggested by Flanagan etal. (2003). It is likely that changes that
take place in motor commands during adaptation are only partly,
and indirectly, driven by changes in forward models.

ASSOCIATING FEEDBACK AND PREDICTION

Studies using the unaware double-step adaptation paradigm
(Magescas and Prablanc, 2006; Cameron et al., 2010; Laurent et al.,
2011, 2012) have demonstrated that adaptation can be elicited
without adaptation of the predicted visual reafferences, i.e., with-
out a change in the forward model. These findings emphasize the
role of visual feedback, but do not negate a role of prediction.
Based on the results of our “terminal feedback error” condition,
we suggest that optimal conditions for adaptation are obtained
when prediction error and a corresponding physical feedback error
signal are simultaneously present. The “terminal feedback error”
condition also included some predictive component, although not
consciously perceived. Advantageous consequences of the asso-
ciation between retinal-feedback and prediction errors for the
adaptation of the saccadic system have been suggested recently.
In the basic saccadic-adaptation paradigm, the target is moved
20-30% backward during the saccadic suppression period, which
opens the retinal feedback loop. The perceptual experience of an
overshoot at the end of each saccade produces, after about a hun-
dred trials, a decrease in saccade gain—an image of the inverse
model. Collins and Wallman (2012) designed a modified ver-
sion of the classical saccadic-adaptation paradigm based on the
fact that natural saccades have a gain statistically lower than 1,
and assuming that the CNS predicts eye movements based on
their commands. They compared two conditions with both the
same predicted, or unpredicted, retinal error. A much larger level
of adaptation was observed for predicted than for unpredicted
errors. It suggests that prediction error provides a strong additional
adaptive signal.

Figure 4 shows a very schematic representation of the processes
underlying goal-directed adaptation to visually displaced vision
of the world and of one’s own body (please refer to the legend
for more details). One additional feature to Miall and Wolpert’s
(1996) model is suggested by the results of the present study. It
highlights the need of combining feedback and prediction error
signals to iteratively update the forward model. The visual feed-
back error signal (red arrow) that is sent to the validation gate (g)
has a very low (retinal) detection threshold, whereas the predic-
tion error signal (green) also sent to this validation gate has a high
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FIGURE 4 | Functional schema of unaware visuomotor adaptation to
lateral prism deviations (derived from Miall and Wolpert, 1996). The
visual target location is laterally shifted using small prism increments,
every 10 pointing trials. To produce a reaching movement toward the
target, the inverse model uses initial hand estimate and the seen target
positions to compute a motor command, which is sent to the motor
system. The output of the latter controls the physical position of the
hand. The actual prism-displaced hand position (right red arrow) is sent to
a comparator. In parallel, the inverse model sends a copy (corollary
discharge) to the forward model, the output of which gives a prediction
of the hand visual reafferences (upper green arrow) sent to the
comparator. The prediction error (lower green arrow) is supposed to
iteratively update the forward model, which in turn (blue dotted arrow)

updates the inverse model. A new feature, in this schema, relates to the
need of combining feedback and prediction error signals to iteratively
update the forward model. The visual feedback error signal (red arrow)
that is sent to the validation gate (g) has a very low (retinal) detection
threshold, whereas the prediction error signal (green) also sent to this
validation gate has a high detection threshold, which makes it unreliable
alone to induce adaptive updating in the forward model, except for large
deviations perceived as resulting from external perturbations. However, for
small or moderate prediction errors, the feedback signal allows a
disambiguation of the prediction error and allows an adaptive updating of
the forward model. The hand-position estimate prior to movement onset
is a weighted average of proprioceptive (p) and visual (v) hand positions;
the latter (gray yellow arrow) is absent here.

detection threshold, which makes it unreliable alone to induce
adaptive updating in the forward model, except for large devia-
tions perceived as resulting from external perturbations. However,
for small or moderate prediction errors, the feedback signal allows
a disambiguation of the prediction error and allows an adaptive
updating of the forward model.

Note that the bias resulted from a weighted average of propri-
oception and vision of the hand before movement onset (Rossetti
etal., 1995) was eliminated here, because vision of the hand prior
to the movement was prevented in both the “terminal feedback
error” and “movement prediction error” conditions. Whether
adaptation of the forward model can automatically induce adap-
tation of the inverse model, as proposed by Synofzik etal. (2008),
cannot be answered based on the present results, because the
experiment was not designed to test for changes in the forward
model. However, it is likely that, with a much larger prism devia-
tion, the “movement prediction error” condition alone would elicit
an adaptation of the forward model, which in turn could induce
some adaptation of the inverse model. In the “terminal feedback
error” condition, the retinal error signal not only drives the adap-
tation of the inverse model, it may also refine the prediction error.
We suggest that the retinal error signal updates the adaptation of
the forward internal model, and strengthens the adaptation of the
inverse model.

BEHAVIORAL COHERENCE OF ADAPTATION PARADIGMS

When considering the behavioral coherence of adaptation
procedures for pointing or reaching, unaware double-step
paradigms (Magescas and Prablanc, 2006; Cameron etal., 2010)
may appear artificial, as they imply an adaptation of the inverse
model while the forward model is kept intact, which is not behav-
iorally coherent. Rotated visual feedback paradigms (Prablanc
etal., 1975; Diedrichsen etal., 2005; Tseng etal., 2007) raise
another issue with respect to behavioral coherence because,
although they allow a coherent modification of the forward and
inverse models, they disrupt visual-somatosensory consistency—
the object can be reached visually, but not physically. In order
to preserve functional coherence, the vision of the hand and the
image of the object both have to be rotated. Such a configuration,
allowing behavioral and functional coherence of the adaptive pro-
cess, may be realized in a 3D virtual reality environment, using
cyberglove recording and realistic visual feedback; it would mimic
prism-displaced visuomotor adaptation, preserving tactile and
force feedback.

In addition, most rotated visual feedback adaptation paradigms
are hand-centered at an arbitrary point, unrelated to the body
or head axis, and their degree of generalization is very narrow
(Krakauer etal., 2000; Tanaka etal., 2009). However, because
manipulanda rotating feedback paradigms make it easy to
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manipulate visual and force perturbations, they have made it pos-
sible to successfully investigate short-term memory of procedural
or skill learning (Miall etal., 2004). Finally, it is worth point-
ing out that even the most natural adaptation paradigms involve
intersensory discrepancies between visual and somatosensory sig-
nals. In the present study, we tried to reduce, if not eliminate,
such discrepancies. For long-term exposure, behavioral adapta-
tion to prism-displaced vision involves, not only, a change of the
inverse and forward models, but also, a series of sensory adapta-
tions (visual and proprioceptive) along the sensorimotor chain:
eye, head, and limb (Harris, 1963; Craske, 1967; Redding etal.,
2005; Hatada et al., 2006a,b).

NEURAL CORRELATES OF ADAPTATION

The role of the cerebellum in prism adaptation has been inten-
sively investigated in both primates (Baizer and Glickstein, 1974,
1994; Baizer etal., 1999) and humans (Weiner et al., 1983; Block
and Bastian, 2012). It has been suggested that cerebellar influences
are involved in a larger network, which includes the posterior pari-
etal cortex (PPC; Clower etal., 1996; Newport et al., 2006; Luauté
etal., 2009; Chapman etal., 2011), as well as the ventral premo-
tor cortex—a major target of cerebellar output (Kurata and Hoshi,
1999). In anatomical studies in monkey, Prevosto et al. (2010) have
identified projections from the cerebellar nuclei and cortex to the
medial intraparietal area and the ventral premotor cortex, con-
sistent with an involvement of ventral premotor cortex in prism
adaptation. In a recent fMRI study of prism adaptation, Kiiper
etal. (2013) identified an ipsilateral activation associated with the
early strategic motor control responses within the posterior cere-
bellar cortex and the dentate nucleus. However, Pisella et al. (2004)
showed that adaptation to a 15° prism displacement was still possi-
ble with a bilateral PPC lesion, and they suggested that the PPC was
primarily associated with the strategic component of adaptation.
Robertson and Miall (1999) compared the differential involvement
of the cerebellum in gradual or sudden adaptation to rotated visual
feedback, the former being more altered than the latter by inactiva-
tion of the dentate nucleus. Concerning the selective involvement
of the cerebellum in inverse and forward models in the context of
progressive visual rotation paradigms, Synofzik et al. (2008) tested
cerebellar patients and healthy subjects using the same rotation
paradigm. The former exhibited 20% adaptation of the perceptual
prediction, with no significant aftereffect—suggesting no signifi-
cant adaptation of the inverse model. By contrast with Synofzik
etal. (2008) and Izawa etal. (2012) found similar aftereffects for
cerebellar patients and control subjects following exposure to a
30° visual rotation in 5° steps, indicating that the inverse model
was adapted. However, unlike for control subjects, adaptation of
the inverse model was not associated with a change in motor-
response prediction. Therefore, while the role of the cerebellum
in prism adaptation is relatively well established, it is not clear
whether the forward and the inverse models (i.e., the predictive
and feedback adaptive processes) depend upon distinct regions of
the cerebellum.

CONCLUSION
The results of this study provided evidence that short-term
visuomotor adaptation induced using gradual, sub-threshold

prism displacement requires some feedback from the hand-to-
target signal. The processing of successive errors led to a gradual
reduction of errors in the absence of strategic behavior. These
findings moderate previous interpretations, according to which
discrepancies between actual and predicted movement reaffer-
ences are the main, and perhaps the only, source of visuomotor
adaptation induced by exposure to prisms that shift the visual
field or to rotated visual coordinates. Our finding, that retinal
hand-to-goal feedback is necessary for updating the prediction of
reafferences when a visual perturbation is introduced gradually
and cognitive factors are eliminated or strongly attenuated, sug-
gests a reversal of the causality between prediction and feedback
processes in unaware visuomotor adaptation. Although predic-
tive behavior remains one of the cornerstones of sensorimotor
organization, these results support the view that a high level
of visuomotor performance depends upon continuous updat-
ing of action predictions through sensory-feedback processing.
In the present study, any initial (prior to movement) conflicts
between proprioception and vision were deliberately removed in
order to facilitate comparisons with visual-rotation paradigms.
The influence of intersensory conflicts during movement was
further reduced through progressive, and limited, prism dis-
placements. An important goal for future studies and models of
long-term adaptation is to determine the contribution of motor
adaptation and its visual prediction, and of the many sensory
processes, including visual, oculomotor, neck, and limb proprio-
ceptive adaptation, which together contribute to smooth, accurate
and context-independent adaptive behavior.

ACKNOWLEDGMENTS

This work was supported by grants BioMeDef N° PDH1-SMO-3-
0807, and REI 2008.34.0044 from the DGA. The authors would
like to thank O. Sillan for software and electronics develop-
ment, the technical department of IRBA for motorized prisms
device development, R. Martel for help in performing the exper-
iments, V. Chastres and C. Micheyl for helpful suggestions on
the manuscript. This research paper is lovingly dedicated to my
Grandma Denyse (Anne-Emmanuelle Priot).

REFERENCES

Baizer, J. S., and Glickstein, M. (1974). Role of cerebellum in prism adaptation. J.
Neurophysiol. 236, 34-35.

Baizer, J. S., and Glickstein, M. (1994). Cerebellar lesion effects on prism adaptation
in a macaque monkey (abstract). J. Physiol. 476, 27.

Baizer, J. S., Kralj-Hans, L., and Glickstein, M. (1999). Cerebellar lesions and prism
adaptation in macaque monkeys. J. Neurophysiol. 81, 1960—-1965.

Bastian, A. J. (2006). Learning to predict the future: the cerebellum adapts
feedforward movement control. Curr. Opin. Neurobiol. 16, 645-649. doi:
10.1016/j.conb.2006.08.016

Bedford, E L. (1989). Constraints on learning new mappings between percep-
tual dimensions. J. Exp. Psychol. Hum. Percept. Perform. 15, 232-248. doi:
10.1037/0096-1523.15.2.232

Block, H. J., and Bastian, A. J. (2012). Cerebellar involvement in
motor but not sensory adaptation. Neuropsychologia 50, 1766-1775. doi:
10.1016/j.neuropsychologia.2012.03.034

Cameron, B. D., Franks, I. M., Inglis, J. T., and Chua, R. (2010). Implicit motor
learning from target error during explicit reach control. Exp. Brain Res. 206,
99-104. doi: 10.1007/s00221-010-2402-4

Chapman, H. L., Eramudugolla, R., Gavrilescu, M., Strudwick, M. W,, Loftus, A.,
Cunnington, R., etal. (2011). Neural mechanisms underlying spatial realignment

Frontiers in Human Neuroscience

www.frontiersin.org

November 2014 | Volume 8 | Article 880 | 12


http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Gaveau etal.

Error signals in visuomotor adaptation

during adaptation to optical wedge prisms. Neuropsychologia 48,2595-2601. doi:
10.1016/j.neuropsychologia.2010.05.006

Clower, D. M., Hoffman, J. M., Votaw, J. R., Faber, T. L., Woods, R. P., and Alexander,
G. E. (1996). Role of posterior parietal cortex in the recalibration of visually
guided reaching. Nature 383, 618-621. doi: 10.1038/383618a0

Coello, Y., and Orliaguet, J. P. (1992). Spatial specification of an aiming task with
unanticipated inertial disturbance. Int. J. Psychol. 27, 140-140.

Coello, Y., and Orliaguet, J. P. (1994). Spatial adaptation of fast pointing movement
to inertial perturbation: evidence for differential adjustment of amplitude and
direction. Curr. Psychol. Cogn. 13, 247-265.

Coello, Y., Orliaguet, J. P., and Prablanc, C. (1996). Pointing movement in an
artificial perturbing inertial field: a prospective paradigm for motor control study.
Neuropsychologia 34, 879-892. doi: 10.1016/0028-3932(96)00003-6

Collins, T., and Wallman, J. (2012). The relative importance of retinal error
and prediction in saccadic adaptation. J. Neurophysiol. 107, 3342-3348. doi:
10.1152/jn.00746.2011

Cothros, N., Wong, J. D., and Gribble, P. L. (2006). Are there distinct neural rep-
resentations of object and limb dynamics? Exp. Brain Res. 173, 689-697. doi:
10.1007/s00221-006-0411-0

Craske, B. (1967). Adaptation to prisms: change in internally registered eye-position.
Br. J. Psychol. 58, 329-335. doi: 10.1111/j.2044-8295.1967.tb01089.x

Craske, B., and Crawshaw, M. (1974). Adaptive changes of opposite sign in the
oculomotor systems of the two eyes. Q. J. Exp. Psychol. 26, 106-113. doi:
10.1080/14640747408400392

Cressman, E. K., and Henriques, D. Y. (2010). Reach adaptation and proprioceptive
recalibration following exposure to misaligned sensory input. J. Neurophysiol.
103, 1888-1895. doi: 10.1152/jn.01002.2009

Desmurget, M., Rossetti, Y., Prablanc, C., Stelmach, G. E., and Jeannerod, M. (1995).
Representation of hand position prior to movement and motor variability. Can.
J. Physiol. Pharmacol. 73, 262-272. doi: 10.1139/y95-037

Diedrichsen, J., Hashambhoy, Y., Rane, T., and Shadmehr, R. (2005). Neural corre-
lates of reach errors. J. Neurosci. 25,9919-9931. doi: 10.1523/J]NEUROSCI.1874-
05.2005

Diedrichsen, J., White, O., Newman, D., and Lally, N. (2010). Use-dependent
and error-based learning of motor behaviors. J. Neurosci. 30, 5159-5166. doi:
10.1523/JNEUROSCI.5406-09.2010

Dizio, P., and Lackner, J. R. (1995). Motor adaptation to Coriolis force perturbations
of reaching movements: endpoint but not trajectory adaptation transfers to the
nonexposed arm. J. Neurophysiol. 74, 1787-1792.

Flanagan, J. R, Vetter, P, Johansson, R. S., and Wolpert, D. M. (2003). Prediction
precedes control in motor learning. Curr. Biol. 13, 146—150. doi: 10.1016/S0960-
9822(03)00007-1

Harris, C. S. (1963). Adaptation to displaced vision: visual, motor, or proprioceptive
change? Science 140, 812—813. doi: 10.1126/science.140.3568.812

Haruno, M., Wolpert, D. M., and Kawato, M. (2001). Mosaic model for
sensorimotor learning and control. Neural Comput. 13, 2201-2220. doi:
10.1162/089976601750541778

Hatada, Y., Miall, R. C., and Rossetti, Y. (2006a). Two waves of a long-lasting
aftereffect of prism adaptation measured over 7 days. Exp. Brain Res. 169, 417—
426. doi: 10.1007/500221-005-0159-y

Hatada, Y., Rossetti, Y., and Miall, R. C. (2006b). Long-lasting aftereffect of a single
prism adaptation: shifts in vision and proprioception are independent. Exp. Brain
Res. 173, 415—424. doi: 10.1007/s00221-006-0381-2

Held, R. (1961). Exposure-history as a factor in maintaining stability of perception
and coordination. J. Nerv. Ment. Dis. 132, 26-32. doi: 10.1097/00005053-
196101000-00005

Held, R., and Freedman, S. J. (1963). Plasticity in human sensorimotor control.
Science 142, 455-462. doi: 10.1126/science.142.3591.455

Held, R., and Hein, A. (1958). Adaptation to disarranged hand-eye coordina-
tion contingent upon re-afferent stimulation. Percept. Mot. Skills 8, 87-90. doi:
10.2466/pms.1958.8.3.87

Herzfeld, D. J., Pastor, D., Haith, A. M., Rossetti, Y., Shadmehr, R., and
O’Shea, J. (2014). Contributions of the cerebellum and the motor cortex to
acquisition and retention of motor memories. Neuroimage 98, 147-158. doi:
10.1016/j.neuroimage.2014.04.076

Hopp, J. J., and Fuchs, A. E (2004). The characteristics and neuronal sub-
strate of saccadic eye movement plasticity. Prog. Neurobiol. 72, 27-53. doi:
10.1016/j.pneurobio.2003.12.002

Huang, V. S., Haith, A., Mazzoni, P, and Krakauer, J. W. (2011). Rethinking
motor learning and savings in adaptation paradigms: model-free memory for
successful actions combines with internal models. Neuron 70, 787-801. doi:
10.1016/j.neuron.2011.04.012

Izawa, J., Criscimagna-Hemminger, S. E., and Shadmehr, R. (2012). Cerebellar
contributions to reach adaptation and learning sensory consequences of action.
J. Neurosci. 32, 4230—4239. doi: 10.1523/JNEUROSCI.6353-11.2012

Izawa, J., and Shadmehr, R. (2011). Learning from sensory and reward pre-
diction errors during motor adaptation. PLoS Comput. Biol. 7:¢1002012. doi:
10.1371/journal.pcbi.1002012

Jakobson, L. S., and Goodale, M. A. (1989). Trajectories of reaches to prismatically-
displaced targets: evidence for “automatic” visuomotor recalibration. Exp. Brain
Res. 78, 575-587. doi: 10.1007/BF00230245

Kawato, M. (1999). Internal models for motor control and trajectory planning. Curr.
Opin. Neurobiol. 9,718-727. doi: 10.1016/S0959-4388(99)00028-8

Kitazawa, S., Kimura, T., and Uka, T. (1997). Prism adaptation of reaching
movements: specificity for the velocity of reaching. J. Neurosci. 17, 1481-1492.

Kitazawa, S., Kohno, T., and Uka, T. (1995). Effects of delayed visual information
on the rate and amount of prism adaptation in the human. J. Neurosci. 15,
7644-7652.

Kluzik, J., Diedrichsen, J., Shadmehr, R., and Bastian, A. J. (2008). Reach adaptation:
what determines whether we learn an internal model of the tool or adapt the
model of our arm? J. Neurophysiol. 100, 1455-1464. doi: 10.1152/jn.90334.2008

Kording, K. P., Beierholm, U., Ma, W. J., Quartz, S., Tenenbaum, J. B., and Shams,
L. (2007). Causal inference in multisensory perception. PLoS ONE 2:¢943. doi:
10.1371/journal.pone.0000943

Kording, K. P., and Wolpert, D. M. (2006). Bayesian decision theory in sensorimotor
control. Trends Cogn. Sci. 10, 319-326. doi: 10.1016/j.tics.2006.05.003

Krakauer, J. W.,, and Mazzoni, P. (2011). Human sensorimotor learning:
adaptation, skill, and beyond. Curr. Opin. Neurobiol. 21, 636—644. doi:
10.1016/j.conb.2011.06.012

Krakauer, J. W., Pine, Z. M., Ghilardi, M. E, and Ghez, C. (2000). Learning of
visuomotor transformations for vectorial planning of reaching trajectories. J.
Neurosci. 20, 8916—-8924.

Kiiper, M., Wunnemann, M. J., Thurling, M., Stefanescu, R. M., Maderwald, S.,
Elles, H. G., etal. (2013). Activation of the cerebellar cortex and the dentate
nucleus in a prism adaptation fMRI study. Hum. Brain Mapp. 35, 1574-1586. doi:
10.1002/hbm.22274

Kurata, K., and Hoshi, E. (1999). Reacquisition deficits in prism adaptation
after muscimol microinjection into the ventral premotor cortex of monkeys.
J. Neurophysiol. 81, 1927-1938.

Lackner, J. R., and Dizio, P. (1994). Rapid adaptation to Coriolis force perturbations
of arm trajectory. J. Neurophysiol. 72,299-313.

Lackner, J. R, and Dizio, P. (2005). Motor control and learning in
altered dynamic environments. Curr. Opin. Neurobiol. 15, 653-659. doi:
10.1016/j.conb.2005.10.012

Laurent, D, Sillan, O., and Prablanc, C. (2011). Saccadic-like visuomotor adapta-
tion involves little if any perceptual effects. Exp. Brain Res. 214, 163—174. doi:
10.1007/s00221-011-2815-8

Laurent, D., Sillan, O., and Prablanc, C. (2012). Generalization properties of a
“saccadic-like” hand-reaching adaptation along a single degree of freedom. Exp.
Brain Res. 216, 609-620. doi: 10.1007/s00221-011-2965-8

Luauté, J., Schwartz, S., Rossetti, Y., Spiridon, M., Rode, G., Boisson, D., etal.
(2009). Dynamic changes in brain activity during prism adaptation. J. Neurosci.
29, 169-178. doi: 10.1523/JNEUROSCI.3054-08.2009

Magescas, E, and Prablanc, C. (2006). Automatic drive of limb motor plasticity. J.
Cogn. Neurosci. 18, 75-83. doi: 10.1162/089892906775250058

Malfait, N., and Ostry, D. J. (2004). Is interlimb transfer of force-field adaptation a
cognitive response to the sudden introduction of load? J. Neurosci. 24, 8084—8089.
doi: 10.1523/JNEUROSCI.1742-04.2004

Martin, T. A., Keating, J. G., Goodkin, H. P, Bastian, A. J., and Thach, W. T. (1996).
Throwing while looking through prisms. II. Specificity and storage of multiple
gaze—throw calibrations. Brain 119, 1199-1211. doi: 10.1093/brain/119.4.1199

Mattar, A. A,, and Ostry, D. J. (2007). Modifiability of generalization in dynamics
learning. J. Neurophysiol. 98, 3321-3329. doi: 10.1152/jn.00576.2007

Mazzoni, P, and Krakauer, J. W. (2006). An implicit plan overrides an explicit
strategy during visuomotor adaptation. J. Neurosci. 26, 3642-3645. doi:
10.1523/JNEUROSCI.5317-05.2006

Frontiers in Human Neuroscience

www.frontiersin.org

November 2014 | Volume 8 | Article 880 | 13


http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Gaveau etal.

Error signals in visuomotor adaptation

Miall, R. C., Jenkinson, N., and Kulkarni, K. (2004). Adaptation to rotated visual
feedback: a re-examination of motor interference. Exp. Brain Res. 154, 201-210.
doi: 10.1007/s00221-003-1630-2

Miall, R. C., Weir, D. J., Wolpert, D. M., and Stein, J. E. (1993). Is the cerebellum a
smith predictor? J. Mot. Behav. 25,203-216. doi: 10.1080/00222895.1993.9942050

Miall, R. C., and Wolpert, D. M. (1996). Forward models for physiological motor
control. Neural Netw. 9, 1265-1279. doi: 10.1016/S0893-6080(96)00035-4

Michel, C., Pisella, L., Prablanc, C., Rode, G., and Rossetti, Y. (2007). Enhanc-
ing visuomotor adaptation by reducing error signals: single-step (aware) versus
multiple-step (unaware) exposure to wedge prisms. J. Cogn. Neurosci. 19,
341-350. doi: 10.1162/jocn.2007.19.2.341

Newport, R., Brown, L., Husain, M., Mort, D., and Jackson, S. R. (2006). The role of
the posterior parietal lobe in prism adaptation: failure to adapt to optical prisms
in a patient with bilateral damage to posterior parietal cortex. Cortex 42, 720-729.
doi: 10.1016/S0010-9452(08)70410-6

Orbén, G., and Wolpert, D. M. (2011). Representations of uncertainty in sensorimo-
tor control. Curr. Opin. Neurobiol. 21, 629-635. doi: 10.1016/j.conb.2011.05.026

O’Shea, J., Gaveau, V., Kandel, M., Koga, K., Susami, K., Prablanc, C,
etal. (2014). Kinematic markers dissociate error correction from sensorimo-
tor realignment during prism adaptation. Neuropsychologia 55, 15-24. doi:
10.1016/j.neuropsychologia.2013.09.021

Pisella, L., Michel, C., Grea, H., Tilikete, C., Vighetto, A., and Rossetti, Y. (2004).
Preserved prism adaptation in bilateral optic ataxia: strategic versus adaptive
reaction to prisms. Exp. Brain Res. 156, 399—408. doi: 10.1007/s00221-003-1746-4

Popa, L. S., Hewitt, A. L., and Ebner, T. J. (2012). Predictive and feedback
performance errors are signaled in the simple spike discharge of individual
Purkinje cells. J. Neurosci. 32, 15345-15358. doi: 10.1523/JNEUROSCI.2151-1
2.2012

Prablanc, C., Echallier, J. F, Komilis, E., and Jeannerod, M. (1979). Optimal
response of eye and hand motor systems in pointing at a visual target. I. Spatio-
temporal characteristics of eye and hand movements and their relationships
when varying the amount of visual information. Biol. Cybern. 35, 113—124. doi:
10.1007/BF00337436

Prablanc, C., Tzavaras, A., and Jeannerod, M. (1975). Adaptation of hand
tracking to rotated visual coordinates. Percept. Psychophys. 17, 325-328. doi:
10.3758/BF03203218

Prevosto, V., Graf, W., and Ugolini, G. (2010). Cerebellar inputs to intraparietal
cortex areas LIP and MIP: functional frameworks for adaptive control of eye
movements, reaching, and arm/eye/head movement coordination. Cereb. Cortex
20, 214-228. doi: 10.1093/cercor/bhp091

Priot, A.-E., Laboissi¢re, R., Plantier, J., Prablanc, C., and Roumes, C. (2011).
Partitioning the components of visuomotor adaptation to prism-altered distance.
Neuropsychologia 49, 498-506. doi: 10.1016/j.neuropsychologia.2010.11.028

Redding, G. M., Rossetti, Y., and Wallace, B. (2005). Applications of prism adapta-
tion: a tutorial in theory and method. Neurosci. Biobehav. Rev. 29, 431-444. doi:
10.1016/j.neubiorev.2004.12.004

Redding, G. M., and Wallace, B. (1988). Components of prism adaptation in ter-
minal and concurrent exposure: organization of the eye-hand coordination loop.
Percept. Psychophys. 44, 59—68. doi: 10.3758/BF03207476

Redding, G. M., and Wallace, B. (1992a). “Adaptive eye-hand coordination: implica-
tion of prism adaptation for perceptual-motor organization,” in Vision and Motor
Control, eds L. Proteau and D. Elliott (Amsterdam: Elsevier Science Publishers),
105-127.

Redding, G. M., and Wallace, B. (1992b). Effects of pointing rate and availability of
visual feedback on visual and proprioceptive components of prism adaptation. J.
Mot. Behav. 24, 226-237. doi: 10.1080/00222895.1992.9941618

Redding, G. M., and Wallace, B. (1996). Adaptive spatial alignment and strategic
perceptual-motor control. J. Exp. Psychol. Hum. Percept. Perform. 22, 379-394.
doi: 10.1037/0096-1523.22.2.379

Robertson, E. M., and Miall, R. C. (1999). Visuomotor adaptation during inactiva-
tion of the dentate nucleus. Neuroreport 10, 1029-1034. doi: 10.1097/00001756-
199904060-00025

Rossetti, Y., Desmurget, M., and Prablanc, C. (1995). Vectorial coding of movement:
vision, proprioception, or both? J. Neurophysiol. 74, 457—463.

Rossetti, Y., Rode, G., Pisella, L., Farne, A., Li, L., Boisson, D., etal. (1998). Prism
adaptation to a rightward optical deviation rehabilitates left hemispatial neglect.
Nature 395, 166-169. doi: 10.1038/25988

Rossetti, Y., Stelmach, G., Desmurget, M., Prablanc, C., and Jeannerod, M.
(1994). The effect of viewing the static hand prior to movement onset

on pointing kinematics and variability. Exp. Brain Res. 101, 323-330. doi:
10.1007/BF00228753

Scarpina, E, Van Der Stigchel, S., Nijboer, T. C., and Dijkerman, H. C. (in press).
Prism adaptation changes the subjective proprioceptive localization of the hands.
J. Neuropsychol. doi: 10.1111/jnp.12032

Schaefer, S. Y., Shelly, I. L., and Thoroughman, K. A. (2012). Beside the point: motor
adaptation without feedback-based error correction in task-irrelevant conditions.
J. Neurophysiol. 107, 1247-1256. doi: 10.1152/jn.00273.2011

Schlerf, J. E., Xu, J., Klemfuss, N. M., Griffiths, T. L., and Ivry, R. B. (2013).
Individuals with cerebellar degeneration show similar adaptation deficits with
large and small visuomotor errors. J. Neurophysiol. 109, 1164-1173. doi:
10.1152/jn.00654.2011

Schubert, M. C., and Zee, D. S. (2010). Saccade and vestibular ocular motor
adaptation. Restor. Neurol. Neurosci. 28, 9—18. doi: 10.3233/RNN-2010-0523

Schween, R., Taube, W., Gollhofer, A., and Leukel, C. (2014). Online and post-trial
feedback differentially affect implicit adaptation to a visuomotor rotation. Exp.
Brain Res. 232, 3007-3013. doi: 10.1007/s00221-014-3992-z

Shadmehr, R., Smith, M. A., and Krakauer, J. W. (2010). Error correction, sensory
prediction, and adaptation in motor control. Annu. Rev. Neurosci. 33, 89-108.
doi: 10.1146/annurev-neuro-060909-153135

Sperry, R.W. (1950). Neural basis of the spontaneous optokinetic response produced
by visual inversion. J. Comp. Physiol. Psychol. 43, 482-489. doi: 10.1037/h00
55479

Stevenson, I. H., Fernandes, H. L., Vilares, 1., Wei, K., and Kording, K. P. (2009).
Bayesian integration and non-linear feedback control in a full-body motor task.
PLoS Comput. Biol. 5:e1000629. doi: 10.1371/journal.pcbi.1000629

Striemer, C., Blangero, A., Rossetti, Y., Boisson, D., Rode, G., Salemme, R., etal.
(2008). Bilateral parietal lesions disrupt the beneficial effects of prism adaptation:
evidence from a patient with optic ataxia. Exp. Brain Res. 187, 295-302. doi:
10.1007/s00221-008-1303-2

Synofzik, M., Lindner, A., and Thier, P. (2008). The cerebellum updates predictions
about the visual consequences of one’s behavior. Curr. Biol. 18, 814-818. doi:
10.1016/j.cub.2008.04.071

Tanaka, H., Sejnowski, T. J., and Krakauer, J. W. (2009). Adaptation to visuomotor
rotation through interaction between posterior parietal and motor cortical areas.
J. Neurophysiol. 102, 2921-2932. doi: 10.1152/jn.90834.2008

Taylor, J. A., and Ivry, R. B. (2011). Flexible cognitive strategies during motor
learning. PLoS Comput. Biol. 7:¢1001096. doi: 10.1371/journal.pcbi.1001096

Tseng, Y. W., Diedrichsen, J., Krakauer, J. W., Shadmehr, R., and Bastian, A. J. (2007).
Sensory prediction errors drive cerebellum-dependent adaptation of reaching. J.
Neurophysiol. 98, 54—62. doi: 10.1152/jn.00266.2007

van Beers, R. J., Baraduc, P, and Wolpert, D. M. (2002). Role of uncertainty in
sensorimotor control. Philos. Trans. R. Soc. Lond. B Biol. Sci. 357, 1137-1145. doi:
10.1098/rstb.2002.1101

Verstynen, T., and Sabes, P. N. (2011). How each movement changes the next: an
experimental and theoretical study of fast adaptive priors in reaching. J. Neurosci.
31, 10050-10059. doi: 10.1523/JNEUROSCI.6525-10.2011

Vetter, P., Goodbody, S. J., and Wolpert, D. M. (1999). Evidence for an eye-centered
spherical representation of the visuomotor map. J. Neurophysiol. 81, 935-939.

von Helmholtz, H. (1910). Handbuch der Physiologischen Optik, 3rd Edn, Voss,
Leipzig, trans. J. P. C. Southall (1925) Treatise on Physiological Optics, Vol. 3, The
Perceptions of Vision, Rochester NY, Optical Society of America. Electronic Edn
(2001), University of Pennsylvania.

von Holst, E., and Mittelstaedt, H. (1950). Das reafferenzprinzip. Wechelwirkung
Zwischen Zentralnerven system und peripherie. Naturwissenschaften 37, 464—
476. doi: 10.1007/BF00622503

Weiner, M. J., Hallett, M., and Funkenstein, H. H. (1983). Adaptation to lateral
displacement of vision in patients with lesions of the central nervous system.
Neurology 33,766-772. doi: 10.1212/WNL.33.6.766

Welch, R. B., and Abel, M. R. (1970). The generality of the “target pointing effect”
in prism adaptation. Psychon. Sci. 20, 226-227. doi: 10.3758/BF03329034

White, O., and Diedrichsen, J. (2010). Responsibility assignment in redundant
systems. Curr. Biol. 20, 1290-1295. doi: 10.1016/j.cub.2010.05.069

Wilke, C., Synofzik, M., and Lindner, A. (2013). Sensorimotor recalibration depends
on attribution of sensory prediction errors to internal causes. PLoS ONE 8:¢54925.
doi: 10.1371/journal.pone.0054925

Wolpert, D. M. (1997). Computational approaches to motor control. Trends Cogn.
Sci. 1,209-216. doi: 10.1016/S1364-6613(97)01070-X

Frontiers in Human Neuroscience

www.frontiersin.org

November 2014 | Volume 8 | Article 880 | 14


http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Gaveau etal.

Error signals in visuomotor adaptation

Wolpert, D. M., Ghahramani, Z., and Jordan, M. I. (1995). An internal model for
sensorimotor integration. Science 269, 1880—1882. doi: 10.1126/science.7569931

Wolpert, D. M., Miall, R. C., and Kawato, M. (1998). Internal models in the
cerebellum. Trends Cogn. Sci. 2, 338-347. doi: 10.1016/S1364-6613(98)01221-2

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 11 July 2014; accepted: 13 October 2014; published online: 04 November
2014.

Citation: Gaveau V, Prablanc C, Laurent D, Rossetti Y and Priot A-E (2014) Visuomo-
tor adaptation needs a validation of prediction error by feedback error. Front. Hum.
Neurosci. 8:880. doi: 10.3389/fnhum.2014.00880

This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Gaveau, Prablanc, Laurent, Rossetti and Priot. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original pub-
lication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Human Neuroscience

www.frontiersin.org

November 2014 | Volume 8 | Article 880 | 15


http://dx.doi.org/10.3389/fnhum.2014.00880
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Visuomotor adaptation needs a validation of prediction error by feedback error
	Introduction
	Materials and methods
	Subjects
	Apparatus
	Procedure
	Pre- and post-tests
	Exposure

	Data analysis

	Results
	Pre-analysis
	Evolution of pointing errors during exposure
	“Terminal feedback error” vs. “movement prediction error” aftereffects

	Discussion
	Generalization of adaptation
	Disentangling feedback and prediction in adaptation
	The role of incremental exposure in adaptation: self-assignment of errors
	Self-assignment and prediction
	Underlying functional mechanisms
	Associating feedback and prediction
	Behavioral coherence of adaptation paradigms
	Neural correlates of adaptation

	Conclusion
	Acknowledgments
	References


