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Prism adaptation (PA) has been shown to affect performance on a variety of spatial tasks in healthy
individuals and neglect patients. However, little is still known about the mechanisms through which PA
affects spatial cognition. In the present study we tested the effect of PA on the perceptual-attentional
“where” and motor-intentional “aiming” spatial systems in healthy individuals. Eighty-four participants
performed a line bisection task presented on a computer screen under normal or right-left reversed view-
ing conditions, which allows for the fractionation of “where” and “aiming” bias components (Schwartz
et al., 1997). The task was performed before and after a short period of visuomotor adaptation either
to left- or right-shifting prisms, or control goggles fitted with plain glass lenses. Participants demon-
strated initial leftward “where” and “aiming” biases, consistent with previous research. Adaptation to
left-shifting prisms reduced the leftward motor-intentional “aiming” bias. By contrast, the “aiming” bias
was unaffected by adaptation to the right-shifting prisms or control goggles. The leftward “where” bias
was also reduced, but this reduction was independent of the direction of the prismatic shift. These results
mirror recent findings in neglect patients, who showed a selective amelioration of right motor-intentional
“aiming” bias after right prism exposure (Fortis et al., 2009; C.L. Striemer & J. Danckert, 2010). Thus, these
findings indicate that prism adaptation primarily affects the motor-intentional “aiming” system in both
healthy individuals and neglect patients, and further suggest that improvement in neglect patients after
PA may be related to changes in the aiming spatial system.

Keywords:

Prism adaptation
Visuomotor adaptation
Spatial neglect

Line bisection
Attention

Motor

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The human brain has a remarkable ability to quickly learn and
adapt to environmental changes. One such change - perturbation
of the visual field - has been studied using wedge prisms for the last
two centuries (Stratton, 1896). Exposure to lateral shifting prisms
induces an optical deviation that causes objects to appear laterally
deviated from their actual location. The classic procedure of prism
adaptation (PA) consists of repeated active movements toward
visual targets while subjects wear prismatic goggles (Kornheiser,
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1976; Redding & Wallace, 1997). When subjects first point to an
object, they initially perform a pointing error in the same direc-
tion as the optical deviation (e.g., rightward deviation for rightward
shifting prisms). Adaptation to the lateral shift induced by prisms
is demonstrated by a gradual correction of the pointing errors in
subsequent movements and it is accompanied by contralateral
pointing errors once prisms are removed, termed the aftereffect
(e.g., leftward deviation for rightward shifting prisms). Importantly,
recent work has demonstrated that prism adaptation may have
therapeutic implications, improving left spatial neglect on both lab-
oratory and functional tasks (Keane, Turner, Sherrington, & Beard,
2006; Pisella, Rode, Farne, Tilikete, & Rossetti, 2006; Rossetti et al.,
1998; for a review see Rode, Klos, Courtois-Jacquin, Rossetti, &
Pisella, 2006). Here we explored the potential mechanism of the
therapeutic effects of prism adaptation in a group of healthy young
adults.



P. Fortis et al. / Neuropsychologia 49 (2011) 2718-2727 2719

1.1. Spatial neglect and prism adaptation

Spatial neglect is a complex and heterogeneous disorder more
frequently following right- than left-hemisphere brain damage that
causes a failure to report, respond or orient toward stimuli pre-
sented in the space opposite the brain lesion (Driver & Mattingley,
1998; Halligan, Fink, Marshall, & Vallar, 2003; Heilman, Watson, &
Valenstein, 1979; Ringman, Saver, Woolson, Clarke, & Adams, 2004;
Vallar, 1998). It can affect different cognitive mechanisms medi-
ating attention, intention, and/or space representation. Errors in
neglect patients, for example, may be primarily due to perceptual-
attentional “where” bias, demonstrated in reduced perceptual
resources, or unawareness of stimuli in contralesional space
(Barrett, Beversdorf, Crucian, & Heilman, 1998; Barrett, Crucian,
Beversdorf, & Heilman, 2001; Rapcsak, Verfaellie, Fleet, & Heilman,
1989). Others may exhibit deficits primarily in motor-intentional
“aiming” systems with specific impairments in the planning and
execution of actions toward the contralesional hemispace, even in
the absence of primary motor deficit (Heilman, 2004). “Aiming”
impairments have been demonstrated in limb, body, or even eye
movements (Barrett, Crucian, Schwartz, & Heilman, 1999; De Renzi,
Colombo, Faglioni, & Gibertoni, 1982; Ringman, Saver, Woolson, &
Adams, 2005). In many cases, both “where” perceptual-attentional
and “aiming” motor-intentional deficits may be observed in spa-
tial neglect patients, but these deficits may also be observed in
relative isolation (Barrett & Burkholder, 2006; Danckert & Ferber,
2006; Kerkhoff, 2001; Mapstone et al., 2003). Spatial neglect, by
definition, causes functional disabilities affecting everyday life
(Barrett et al., 2006), and is also associated with poor rehabilita-
tion outcomes, and loss of independence (Denes, Semenza, Stoppa,
& Lis, 1982; Katz, Hartman-Maeir, Ring, & Soroker, 1999; Paolucci,
Antonucci, Grasso, & Pizzamiglio, 2001). Improvement in neglect
symptoms following prism exposure has been reported in visuo-
spatial tasks (e.g., cancellation, drawing, line bisection; Rossetti
et al., 1998), as well as mental imagery tasks (Rode, Rossetti,
& Boisson, 2001; Rossetti et al., 2004) and may extend to dif-
ferent sensory modalities such as tactile (Maravita et al., 2003)
and auditory extinction (Jacquin-Courtois et al., 2010). PA shows
clear effects on motor performance such as postural imbalance or
actions that require motor activation such as wheelchair navigation
(Jacquin-Courtois, Rode, Pisella, Boisson, & Rossetti, 2008; Michel,
Rossetti, Rode, & Tilikete, 2003; Shiraishi, Yamakawa, Itou, Muraki,
& Asada, 2008; Tilikete et al., 2001). However, not all neglect-
related symptoms, nor treated patients, improve (e.g., Dijkerman
et al., 2003; Ferber, Danckert, Joanisse, Goltz, & Goodale, 2003;
Ferber & Murray, 2005; Morris et al., 2004; Rousseaux, Bernati, Saj,
& Kozlowski, 2006; Sarri, Greenwood, Kalra, & Driver, 2010; Sarri,
Kalra, Greenwood, & Driver, 2006). Indeed, the mechanism through
which PA ameliorates spatial neglect still remains unclear. Recent
studies in neglect patients have hypothesized a specific effect of
prism adaptation on the “aiming” component of spatial mapping
as shown by a selective improvement in the motor bias, but not the
perceptual bias, of a line bisection task (Fortis, Kornitzer, Goedert,
& Barrett, 2009; C.L. Striemer & J. Danckert, 2010). We wished to
learn whether a primary effect of PA on spatial “aiming” could
be observed in a group of healthy young subjects. Some studies
have detected an asymmetric effect of adaptation to left- and right-
shifting prisms in healthy young adults mirroring that of neglect
patients, with healthy young adults showing greater generalization
of aftereffects after exposure to left-, as opposed to right-shifting
prisms (Berberovic & Mattingley, 2003; Loftus, Nicholls, Mattingley,
& Bradshaw, 2008; Loftus, Vijayakumar, & Nicholls, 2009; Michel
etal., 2003, but see Michel, Vernet, Courtine, Ballay, & Pozzo, 2008;
Morton & Bastian, 2004). Although these effects may be mediated in
part by the a priori leftward baseline bias of young healthy individ-
uals on visuomotor tasks (Goedert, Leblanc, Tsai, & Barrett, 2010),

they are similar to PA effects in neglect patients who have an a priori
rightward baseline bias on visuomotor tasks, and show adaptation
to right-, but not left-, shifting prisms (Rossetti et al., 1998). If the
“aiming” hypothesis of the therapeutic effects of PA were correct,
we would expect to see dissociable effects of left- and right-shifting
prisms on motor-intentional aiming performance in healthy young
adults.

1.2. Decoupling motor-intentional and perceptual-attentional
influences on performance

Our investigation focused on how PA may alter the spatial dis-
tribution of perceptual-attention versus motor-intention in a line
bisection task. One means to separate the perceptual and motor
contributions of a visually guided movement is by asking subjects
to perform a visuo-motor task in which the viewed perception of
their movement is dissociated from the direction of their action.
This method has been used to decouple “where” and “aiming” com-
ponents in visuo-motor tasks with video (Adair, Na, Schwartz, &
Heilman, 1998; Barrett & Burkholder, 2006; Barrett et al., 1999,
2001; Coslett, Bowers, Fitzpatrick, Haws, & Heilman, 1990; Na et al.,
1998; Schwartz, Adair, Na, Williamson, & Heilman, 1997), mirrors
(Tegner & Levander, 1991), and an epidiascope (Nico, 1996). All
of these methods reverse the orientation of visually viewed hand
movement relative to the direction of actual hand movement in
the workspace. In the paradigm of Schwartz et al. (1997), partic-
ipants performed a line bisection task while viewing their hand
and the line via a TV screen, rather than directly. The image pre-
sented on the screen was either natural or horizontally reversed
with respect to the workspace where the participant bisected lines.
In the natural condition, the visual feedback of the movement
projected on the screen was congruent with the movement per-
formed, so that rightward hand movements appeared rightward
on the screen, and leftward hand movements appeared leftward.
However, in the reversed condition, the display was horizontally
reversed so that visual feedback of rightward movements appeared
leftward, and vice versa. If a participant errs toward the same side
(for example, moving toward the left side of the workspace) under
both natural and reversed viewing conditions, it suggests that the
participant’s bias is relatively insensitive to visual feedback and
thus may be an output-related motor-intentional or “aiming” bias.
If a participant’s error changes direction between the natural and
reversed viewing conditions (e.g., the participant made leftward
responses under natural viewing, but rightward responses under
the reversed viewing), it suggests that the bias is dependent on
visual input, and thus may be a perceptual-attentional or “where”
spatial bias (Schwartz et al., 1997). In their sample of young to
middle-aged adults, Schwartz et al. reported that the majority of the
participants’ line bisection errors were “where” in nature. Directly
comparing performance in natural and reversed viewing conditions
(Na et al., 1998; Schwartz et al., 1997) determines whether spa-
tial errors are primarily “where” or “aiming” in nature. However,
both “where” and “aiming” systems would be expected to work
together to produce a visually guided action, and the procedure
of Schwartz et al. (1997) does not separately and simultaneously
quantify “where” versus “aiming” spatial bias. We used a paradigm
similar to that of Schwartz et al. to decouple “where” and “aim-
ing” spatial bias, but simultaneously quantified these biases after
Barrett and Burkholder (2006) using Eqs. (1) and (2) below:

Natural Error = Aiming Component + Where Component (1)
Reversed Error = Aiming Component — Where Component (2)

In the natural condition, both “where” and “aiming” compo-
nents are aligned, contributing additively to performance in the
same direction (Eq. (1)). However, in the reversed condition, the
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“where” component is reversed 180° and thus changes its sign (Eq.
(2)).

Because “where” and “aiming” functions are intimately linked in
adaptive behaviour, the reversed condition imposes unnatural task
demands by definition. We previously presented evidence confirm-
ing the validity of “where” and “aiming” spatial bias components
fractionated by this method, by demonstrating response of healthy
individuals to perceptual-attentional and motor-intentional cue-
ing conditions (Garza, Eslinger, & Barrett, 2008). As predicted, visual
distraction selectively affected perceptual-attentional “where”, but
not motor-intentional “aiming” bias. Conversely, motor cueing
selectively affected motor-intentional “aiming”, but not “where”
bias components. Our team also demonstrated validity of the natu-
ral/reversed line bisection procedure in neglect patients receiving
interventions expected to affect primarily “where” versus “aiming”
bias (Barrett & Burkholder, 2006; Barrett et al., 1999, 2001).

In the present work, we evaluated whether PA would primarily
affect “aiming” spatial bias by studying the effects of PA on “where”
and “aiming” spatial errors in a video line bisection task, using a
modified version of the Schwartz et al. (1997) paradigm in which
participants bisected lines using a computer.

1.3. Current study

Participants were exposed to right- or leftward-shifting prisms
or control goggles fitted with plain glass lenses. We used the com-
puterized line bisection task to decouple the perceptual-attentional
“where” and motor-intentional “aiming” components of their line
bisection errors. Consistent with previous findings, we expected
that adaptation to a leftward shifting prism would affect the motor-
intentional “aiming” component of the computerized line bisection
task, whereas no change was expected for the right-shifting group.

2. Methods
2.1. Participants

Eighty-four right-handed participants (35 males, 49 females, mean age:
19years; SD: 2.11; range 18-31), naive to the purpose of the study, were enrolled
from the Department of Psychology of Seton Hall University, South Orange, NJ and
gave their informed consent prior to participating in the study. Twenty-eight par-
ticipants were exposed to right-shifting prisms (13 male, mean age: 19years, SD:
1.15, range 18-23), 28 to left-shifting prisms (11 male, mean age: 20 years, SD: 3.18,
range 18-31), and 28 to control goggles fitted with plain glass lenses (11 male, mean
age: 19years, SD: 1.36, range 18-25). All participants were right handed and had
normal or corrected to normal vision.

2.2. Prism adaptation procedure

Participants completed the following tasks in this order: (1) a pre-exposure
evaluation; (2) exposure condition to either rightward or leftward lateral shift, or
to control goggles fitted with plain glass lenses, and (3) a post-exposure evaluation
identical to the pre-adaptation one. During prism adaptation with right - or left-
lateral shift, participants wore Bernell™ Deluxe Prism Training Glasses fitted with
optical wedge prisms shifting participants’ vision 12.4° laterally. During adaptation
with control goggles, and during pre- and post-adaptation evaluation, participants
wore Bernell™ frames fitted with plain glass lenses. The glasses were inserted into a
light-proof goggle that prevented participants from seeing any undistorted portion
of the peripheral visual field.

2.2.1. Exposure condition

Participants sat at a table with their right hand positioned on top of the table
near the center of their body. This served as a starting point for all movements.
A narrow shelf (19 cm high x 14 cm wide) occluded the participant’s view of the
early part of any arm movements and a black cloth attached from the participant’s
neck to the shelf blocked the view of the starting position of the arm. The adaptation
procedure consisted of a line bisection task. The arm’s movement remained occluded
to vision for most of its path and became available in the last part of the trajectory.
Depending on the length of the individual participants’ arms, participants could
see the distal third of their handpath (approximately 20-22 cm including the hand,
wrist, and early part of the arm). Participants were asked to mark the perceived
center of a horizontal line by performing one quick out-and-back motion. They were
also instructed to not correct the movement trajectory in the last part, when the

hand became visible. After each movement, the participant returned her hand to
the starting position at body center. Sixty horizontal lines (240 mm length, 2.0 mm
thick) were presented one at a time on sheets of standard letter size paper. The
lines were placed in the right, center, or left position relative to the participant’s
midsagittal plane. The right/left position deviated from center by 21 cm. The lines
were presented twenty times in each position in a pseudorandom order, such that
each group of 6 trials included two instances of the three positions (right, center, and
left). The exposure phase lasted about 10 min. The difference between the deviation
on the initial and last six trials was used to index the extent to which participants
were able to correct the lateral deviation induced by the prismatic displacement.

2.2.2. Pre- and post-exposure evaluation

During the pre- and post-exposure evaluation, two aftereffect measurements
(visual-proprioceptive and proprioceptive tests), and a computerized line bisection
fractionation task were administered.

2.2.2.1. Proprioceptive test. Participants were blindfolded and used their right index
finger to point straight ahead 5 times to indicate the subjectively estimated position
of their body midline. After each movement, the experimenter prompted them to
return to the starting position in the middle of their chest. A transparent panel
(1.0m long, 0.5m high) marked with a ruler was placed at the distance of 55cm,
aligned with the center of participants’ body (Mark & Heilman, 1990), allowing the
experimenter to record the deviation of the finger position from the true objective
body midline. Rightward errors were recorded as positive and leftward errors as
negative (in degrees).

2.2.2.2. Visual-proprioceptive test. Participants satata table in front of a wooden box
(35 cm high, 100 cm width, and 28 cm deep). A black cloth attached from the partic-
ipant’s neck to the upper side of the box blocked the initial view of arm movements
and the shelf prohibited participants from viewing the remainder of their point-
ing movement. With eyes open, participants performed six pointing movements
toward a visual target (pen) presented by the experimenter at the distal edge of the
top face of the box. The target was presented two times in each of three positions
(straight-ahead, 21° rightwards, and 21° leftwards), in a pseudorandom order. After
each movement, the experimenter prompted participants to return to the starting
position in the middle of their chest. The distal side of the box was closed by a trans-
parent panel marked with a ruler visible only from the experimenter’s side, such
that pointing error could be recorded. Pointing errors were measured in degrees of
distance between the finger and the target: a positive score denoted a rightward
displacement with respect to the position of the target, a negative score a leftward
error.

2.2.2.3. Computerized line bisection task. Participants were seated at a table in front
of a computer screen (set to 640 x 480 pixel resolution). The screen was positioned
at the distance of 50 cm and aligned with the center of the participant’s body. The
participants’ task was to mark the center of twenty horizontal lines (265 mm length,
3 mm thick). Each line was presented alone and displayed at the center of the screen
at participants’ eye level. Between each line bisection trial a random-dot visual mask
appeared for 500 ms. Participants used a computer mouse to click on the location
that they believed to be the center of the line. The right arm and hand movement
was occluded from view via a wooden box covering the arm and hand (25 cm high,
80 cm wide, and 25 cm deep) and via a black cloth attached from the participants’
neck to the proximal side of the box. During the first half of the trials (10 lines,
natural condition), the movement of the mouse and the pointer on the video screen
was congruent: rightward movement of the mouse moved the pointer rightward
and leftward movement, leftward. In the other half of the trials (10 lines, reversed
condition) the right-left video feedback of the pointer movement was reversed. Thus,
in the reversed condition, rightward movement of the mouse moved the pointer
leftward on the video screen and vice versa.

The deviation from the objective midpoint of the line presented in the natural
and reversed conditions was scored by transforming from pixels to the nearest mm:
a positive value denoted a rightward error, a negative value, a leftward error. Using
Eqs.(1)and (2)and their algebraic equivalents, we fractioned individual participants’
error in the natural and reversed conditions into its “where” (Eq. (3)) and “aiming”
(Eq. (4)) spatial bias components (Barrett & Burkholder, 2006; Barrett et al., 2001;
Chen, Erdahl, & Barrett, 2009; Garza et al., 2008).

Natural Error — Reversed Error

Where Component = 5 (3)

Natural Error + Reversed Error

Aiming Component = 3

3. Results

We adopted an alpha (&) of 0.05. We followed up all significant
interactions with orthogonal, single degree-of-freedom, simple
main effects tests after Keppel and Wickens (2004, p. 520) and used
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a Bonferroni-corrected alpha when making multiple means com-
parisons with t tests. Where appropriate, we reported the partial
eta-squared (nf,) measure of effect size.

3.1. Pre-test/baseline

Separate one-way ANOVAs with group (right- and left-shifting
prisms, and control goggles) as a factor revealed that the
groups were similar at baseline for all tests: proprioceptive
test, F(2,81)=0.57, p=0.566, 771% = 0.01; visual-proprioceptive test,
F(2,81)=0.16,p=0.851, 775 = 0.01; natural, F(2,81)=2.12,p=0.124,
nj = 0.05, and reversed, F(2,81)=1.10, p=0.332, 3 = 0.03, com-
puterized line bisection tasks; “where”, F(2,81)=1.71, p=0.209,
13 = 0.04, and “aiming”, (2, 81)=1.40, p=0.260, 73 = 0.03, frac-
tionated bias components.

We performed separate single-sample t tests versus zero on the
measures to determine the accuracy of performance at baseline
using the Bonferroni-corrected « of 0.01. For the proprioceptive
and visual-proprioceptive tests, participants’ baseline performance
was accurate (ts<1.3, ps>0.200). Consistent with the leftward
bias of healthy young participants observed in previous studies,
the natural line bisection performance (M=-2.69, SD=3.6), and
the fractionated “where” (M=-2.16, SD =3.6) and “aiming” biases
(M=-0.52, SD =1.4) were significantly leftward biased at baseline
(ts>3.4 and ps <0.001, for all tests; all errors in mm).

3.2. Prism exposure

The difference between the initial and last six trials of the expo-
sure condition was examined to assess whether participants were
able to correct the lateral deviation induced by the prisms. As can be
seeninTable 1, participants exposed to right- or left-shifting prisms
showed an initial line bisection error deviated in the direction of
the lateral shift induced by prisms, but this error was reduced at the
end of adaptation. A 3 x 2 mixed ANOVA with Prisms (left, right or
control) and Time (first six trials, last six trials) as factors revealed
a main effect of Prisms, F(2,81)=28.9, p<0.001, nﬁ =0.42 and a
Prisms by Time interaction, F(2,81)=23.4,p<0.001, nf, = 0.37.Sim-
ple main effects tests on the effect of Time at each level of Prism
revealed that both the left-shifting, F(1,81)=25.1, p<0.001, nf, =
0.24, and right-shifting, F(1,81)=20.5, p<0.001, nf, =0.20, prism
groups reduced their prism-induced error between the first and
last six trials of adaptation. The leftward deviation of the con-
trol group, however, did not significantly change between the first

a Proprioceptive

OBefore PA
B After PA

N w
1 y

-
L

Deviation (°)
o

A
-2
-3
Left Right Control
Group

Table 1

Adaptation effect. Mean deviation of the initial and last six trials of the exposure
condition across the three groups: right- and left-shifting prisms, and control plain
goggle. Values represent the deviation (expressed in mm) from the objective center
of the line: positive values indicate rightward deviation, and negative values indicate
leftward deviation. Shift represents the difference between the first and last six trials
of the exposure condition. Values in parentheses are standard deviations. Asterisks
denote a significant reduction (ps <0.001) in error from the first to the last six trials.

Initial 6 trials Last 6 trials Error reduction
Right-shifting prism 3.71 0.96 2.75*

(4.95) (4.64) (2.86)
Left-shifting prism —6.57 -3.52 3.04*

(3.56) (3.17) (3.88)
Control goggle -1.93 -0.89 1.04

(3.67) (3.54) (2.84)

and last trials of the exposure condition, F(1,81)=2.9, p=0.092,
2 —0.04
5 .

3.3. Pre-post test differences

Analyses of pre- versus pos-test differences were performed
using mixed ANOVAs with Prisms (left, right and control) and
Pre/Post (pre, post) as factors. Furthermore, because the effects of
prisms may wear off as a participant performs multiple post-test
assessments, all analyses of pre-post differences were initially car-
ried out with the inclusion of Test-order (first, second, or third) as
a factor. For the proprioceptive, visual-proprioceptive, natural line
bisection, and “aiming” bias there were no main effects nor inter-
actions involving Test-order (all ps>0.09). Thus, for simplicity of
reporting, the order factor was dropped from these analyses. Effects
of order on “where” bias and reversed line bisection are discussed
below.

3.3.1. Proprioceptive test

Pointing movement deviations in the proprioceptive and visual-
proprioceptive tests before and after exposure to the prism were
examined to assess whether participants adapted to the prisms. As
can be seen in Fig. 1a, accurate pre-prism proprioceptive pointing
performance moved in the direction opposite the prism shift after
training with the prism. Analyses revealed a significant main effect
of Prisms, F(2,81)=3.89,p=0.02, 775 = 0.09, and a Prisms by Pre/Post
interaction, F(2,81)=5.85, p=0.004, ng = 0.13. Simple main effects
tests of pre-post differences at each level of Prism revealed that
proprioceptive straight-ahead was shifted significantly rightward
after left prism adaptation, F(1,81)=4.4, p=.039, nl% =0.05, and

b Visual-proprioceptive
OBefore PA
37 O After PA
2 -
g
0 —— |—|—|=|=I
3
a -1
2 4
3
Left Right Control
Group

Fig.1. (a) Proprioceptive test and (b) visual-proprioceptive test. Values represent the pointing errors (°, error bars are 1 SEM): in the proprioceptive test from the true objective
body midline; in the visual-proprioceptive test from the visual target. Results refer to the average of the group of participants before (grey column) and after (black column)
exposure to left-shifting prisms (left panel), right-shifting prisms (middle panel), or control plain goggles (right panel). Positive/negative scores indicate rightward/leftward

errors.
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a Aiming bias
OBefore PA
1 9 O After PA
£ |
Eo
= | R
2
=
3
2-
,2 -
Left Right Control
Group

P. Fortis et al. / Neuropsychologia 49 (2011) 2718-2727

b Where bias
} OBefore PA
1 B After PA
=] |
E
S-11
k<
3 -2 1
(=)
-3
-4 4
Left Right Control
Group

Fig. 2. (a) Motor-intentional “aiming” bias and (b) perceptual-attentional “where” bias. “Where” and “aiming” biases were derived from the fragmentation of the natural and
reversed line bisection errors (mm, positive/negative scores indicate rightward/leftward errors, error bars are 1 SEM). Results refer to the average of the group of participants
before (grey column) and after (black column) exposure to left-shifting prisms (left panel), right-shifting prisms (middle panel), or control plain goggles (right panel). Note
that for the “where” bias, these averages exclude participants who performed the computerized line bisection last.

significantly leftward after right prism adaptation, F(1,81)=6.6,
p=0.012, ng = 0.08. However, there was no significant change in
proprioceptive straight-ahead for the control group, F(1,81)=1.8,
p=0.184, r)ﬁ =0.02.

3.3.2. Visual-proprioceptive test

Pre-post performance on the visual-proprioceptive test is
depicted in Fig. 1b. As can be seen in the figure, both left and right-
shifting prisms induced aftereffects in the direction opposite the
prism shift. Analyses revealed a significant main effect of Prisms,
F(2,81)=30.85,p<0.001, 7712, = 0.45, and a Prisms by Pre/Post inter-
action, F(2,81)=69.39, p<0.001, n% = 0.62. Simple main effects
tests revealed that for the right-prism group, the initial pre-
exposure error in the pointing movements was more left-deviated
in the post-exposure condition, F(1,81)=51.2, p<0.001, ng =0.39.
Similarly, for the left-prism group, the initial pre-exposure error
was more rightward deviated in the post-exposure condition,
F(1,81)=77.4,p<.002, r]% = 0.49. The amount of error in the point-
ing movements of the control group did not change from pre to
post, F(1,81)=1.9, p=0.167, 77,2; =0.02.

Taken together, these results demonstrate that both right- and
left-shifting prisms induced contralateral aftereffects in the propri-
oceptive and visual-proprioceptive tests, showing that participants
adapted to the lateral displacement induced by both prisms. Inspec-
tion of the effect sizes suggests these effects were of similar
magnitude for the left and right prisms (0.49 and 0.39 on the visual-
proprioceptive and 0.05 and 0.08 on the proprioceptive for the left
and right groups, respectively).

3.3.3. Fractionated “where” and “aiming” components of
computerized line bisection

The fractionated “where” and “aiming” biases were our mea-
sures of primary interest as these represent a quantification
of motor-intentional and perceptual-attentional errors assessed
while a person is performing a visually guided action. Participants’
average “aiming” bias is depicted in Fig. 2a. Consistent with our
hypothesis, we observed a significant interaction between Prisms
and Pre/Post for the “aiming” bias, F(2,81)=5.35, p=0.007, nf, =
0.12, and no other effects ps >0.23. Simple main effects tests of
Pre/Post at each level of Prism revealed a significant rightward shift
only for the left prism group, F(1,81)=9.6, p=0.003, ’71% =0.11. By
contrast, no pre-post difference was found for the right-shifting
prism, F(1,81)=1.5, p=0.222, 77;27 = 0.02, and control groups, F<1,
r)f, = 0.00.Thus, amotor-intentional “aiming” bias was significantly
affected only in the group exposed to left-shifting prisms.

Preliminary analyses of the “where” bias including the factor of
Test-order revealed a Pre/Post by Prism by Test-order interaction,
F(4,75)=4.4,p=0.003, ng = 0.19. Inspection of the means revealed
that for both left and right-shifting prisms, a general rightward
pre-post shift was observable for those performing the computer-
ized line bisection task first or second, but was absent in those who
performed the task last. For the left prism, there was a mean right-
ward shift of 1.53, 1.62, and 0.09 mm for those performing the task
first, second and third, respectively. For the right prism there was a
mean rightward shift of 0.68 and 2.73 for those performing the task
firstand second, but a mean leftward shift of 0.50 for those perform-
ing the task third. Due to this order effect, remaining analyses of the
“where” bias were performed on the subset of participants who per-
formed the task either first or second (N=43),! as the effects of the
prism may have worn off for participants performing the task last.

The “where” bias for those who performed the task first or
second appears in Fig. 2b. Analyses revealed a significant main
effect of Pre/Post, F(1,40)=12.69, p=0.001, r]f, = 0.24 and a signif-
icant Pre/Post by Prisms interaction, F(2,40)=7.5, p=0.002, r]f, =
0.27. Simple main effects tests of Pre/Post at each level of Prism
revealed a significant rightward shift for both the left, F(1,40)=10.9,
p=0.002, r;lz, =0.21, and right prism groups, F(1,40)=13.6,
p=0.001, r]lz, = 0.26. There was no pre-post difference observed in
the control group, F(1,40)=1.1, p=0.294, n = 0.03.

3.3.4. Computerized line bisection performance in natural and
reversed condition

Performance in the natural and reversed line bisection condi-
tions, by themselves, do not indicate the extent of participants’
“where” and “aiming” biases, but they do give a picture of the
resultant performance when these biases are working together, as
is the case in a visually guided movement. Table 2 contains the
mean error for the natural and reversed conditions before and after
prism exposure. Analysis of the natural condition revealed a main
effect of Pre/Post, F(1,81)=5.31, p=0.024, ng = 0.06, and a Prisms
by Pre/Post interaction, F(2,81)=3.04, p=0.050, nf, = 0.07. Simple
main effects tests revealed a significant rightward deviation after
exposure to left-shifting prisms, F(1,81)=11.0, p=0.001, nf, =0.12.
By contrast, there was no significant change in the line bisec-
tion performance of the right-shifting prism, F<1, 1712, =0.01, and
control groups, F<1, ng = 0.00. Thus, only the left-shifting prisms

T An error in assignment to the conditions led to 43 participants performing the
line bisection task last and 43 participants performing it either first or second.
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Table 2

Computerized line bisection. Mean error in the natural and reversed conditions of the computerized line bisection task pre and post prism exposure. Values represent the
mean deviation (expressed in mm) from the objective center of the line: positive values indicate rightward deviation, and negative values indicate leftward deviation. Shift
represents the difference between the pre and post exposure errors. Standard deviations appear in parentheses. Note that for the reversed condition, these averages exclude
participants who performed the computerized line bisection last. Asterisks denote significant pre-post shifts in performance (ps <0.01).

Pre Post Shift
Line bisection natural condition Right-shifting prism -3.75 —3.46 0.29
(-3.62) (-3.99) (=2.55)
Left-shifting prism -2.51 -0.97 1.54*
(—3.84) (—4.84) (=2.19)
Control goggle -1.79 -1.77 0.03
(-3.24) (—3.64) (-2.61)
Line bisection reversed condition Right-shifting prism 1.18 -0.9 —2.08*
(-3.99) (-4.22) (-3.3)
Left-shifting prism 1.76 0.83 -0.93
(-3.18) (-3.23) (-1.56)
Control goggle 1.09 1.42 0.33
(-2.97) (-3.39) (-1.8)

significantly affected the line bisection performance under natural
viewing conditions.

Preliminary analysis of the performance in the reversed con-
dition revealed a Prisms by Pre/Post by Test-order interaction,
F(4,75)=4.1, p=0.005, 1712, = 0.18. Inspection of the means revealed
that for both left and right-shifting prisms, a general leftward
pre—post shift was observable for those performing the comput-
erized line bisection task first or second, but this shift deviated
rightward for those who performed the task last. For the left prism,
there were mean leftward shifts of 0.998 and 0.84 for those per-
forming the task first and second, and a 0.858 mean rightward shift
for those performing it third. Similarly for the right prism, there
were mean leftward shifts of 0.585 and 3.572 for those perform-
ing the task first and second, but a mean rightward shift of 0.260
for those performing the task third. Thus, the effects of the prisms
on reversed line bisection performance seems to wear off for those
who performed the computerized line bisection task last. Limit-
ing the analyses of the reversed line bisection condition to those
who performed the computerized bisection task either first or sec-
ond, revealed a main effect of Pre/Post, F(1,40)=6.2, p=0.017, 7)% =
0.18 and a Pre/Post by Prisms interaction, F(2,40)=4.0, p=0.027,
77% =0.17. Simple main effects tests revealed a significant left-
ward pre-post shift in reversed bisection errors for the right
prism group, F(1,40)=11.0, p=0.002, 7712, =0.22 and no signifi-
cant pre-post change in the errors of the left prism, F(1,40)=2.0,
p=0.162, n7 = 0.05 and control groups, F<1, 73 = 0.01.

3.3.5. Correlation analysis

To test whether the change in the “aiming” motor-intentional
bias was related to the degree of adaptation, we computed
Pearsons’ correlations between the mean lateral deviation (post
exposure-pre exposure) in the aiming bias and the propriocep-
tive and visual-proprioceptive measures of participants exposed to
left-shifting prisms. Neither the correlation between the deviation
in the “aiming” bias and the visual-proprioceptive shift (r=-0.24,
p=0.22), nor the correlation between the deviation in the “aim-
ing” bias and the proprioceptive shift (r=0.05, p=0.80) approached
significance.

4. Discussion

We sought to test the “aiming” hypothesis of the therapeu-
tic effect of PA on left spatial neglect (Fortis et al., 2009) by
examining decoupled perceptual-attentional “where” and motor-
intentional “aiming” contributions to line bisection performance
in a group of healthy young individuals. Consistent with pre-
viously observed dissociations in the healthy young (Berberovic
& Mattingley, 2003; Colent, Pisella, Bernieri, Rode, & Rossetti,

2000; Loftus et al., 2008, 2009; Michel et al., 2003) we predicted
that left-shifting, but not right-shifting prisms would induce a
change in motor-intentional “aiming” bias. Our results support
the idea that, at least in the current circumstances, PA primar-
ily affects motor-intentional “aiming” spatial systems. Exposure to
left-shifting prisms decreased the leftward “aiming” bias after PA,
as demonstrated by a more central bisection performance in the
post-exposure condition. However, no changes in the “aiming” bias
were found after exposure to right-shifting prisms and control gog-
gles, indicating that the effect of left-shifting prisms was not due to
increased familiarity with the task. In contrast to the effects of PA
on the “aiming” bias, the effect of PA on the “where” bias was not
prism-specific: Participants who adapted to both left- and right-
shifting prisms showed a more rightward deviated “where” bias
after prism exposure.

4.1. Effects of PA on motor bias: implications for neglect

The present findings confirm an important role for motor-
intentional “aiming” spatial systems in PA, and may elucidate the
mechanisms through which PA affects spatial neglect. Our results
are consistent with results of recent studies in small groups of
neglect patients. For example, in a previous study, we found a
selective improvement in the “aiming” bias of neglect patients
who underwent a similar paradigm of computerized line bisec-
tion under natural and reversed conditions (Fortis et al., 2009;
Fortis et al., Submitted for publication). C.L. Striemer and J. Danckert
(2010) similarly showed that neglect patients improved in a man-
ual line bisection task (consisting of both motor-intentional and
perceptual components), whereas the performance on a purely
perceptual landmark test remained unchanged after rightward
prism exposure. These results can account for the improvement
recorded in neglect patients post-PA in tasks requiring visually
guided motor behaviours involving eye and arm movements. Ben-
eficial effects of PA have been reported on manual motor tasks
performed under visual guidance (e.g., cancellation and drawing;
for reviews see Luaute, Halligan, Rode, Jacquin-Courtois, & Boisson,
2006; C.L. Striemer & J.A. Danckert, 2010), oculomotor scanning
(Angeli, Benassi, & Ladavas 2004) and oculomotor bias (Dijkerman
etal., 2003; Ferber et al., 2003), and in tasks requiring a motor acti-
vation such as postural imbalance (Shiraishi et al., 2008; Tilikete
et al,, 2001), and wheelchair navigation (Jacquin-Courtois et al.,
2008). An ameliorative effect of PA on a motor-intentional “aiming”
component of spatial errors may also help to explain the bene-
ficial effects in daily-life activities in neglect patients exposed to
PA training (Fortis et al., Submitted for publication; Fortis et al.,
2009; Fortis et al., 2010; Frassinetti, Angeli, Meneghello, Avanzi, &
Ladavas, 2002; Serino, Angeli, Frassinetti, & Ladavas, 2006; Serino,
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Barbiani, Rinaldesi, & Ladavas, 2009; Serino, Bonifazi, Pierfederici,
& Ladavas, 2007; Vangkilde & Habekost, 2010).

A specific neuroanatomic-behavioral mechanism for a PA effect
was recently hypothesized in a review by C.L. Striemer and
J.A. Danckert (2010). The authors suggested that adaptation to
prisms may primarily influence the visuomotor circuits of the
dorsal visual stream (specifically, in the superior parietal lobule
and in the intraparietal sulcus) that mediate not only motor-
related but also attentional processes (Corbetta & Shulman, 2002;
Milner & Goodale, 2006). This interpretation supports a benefi-
cial effect of prisms in covert attention tasks requiring a shift of
visual attention without eye movements (Nijboer, McIntosh, Nys,
Dijkerman, & Milner, 2008; Striemer & Danckert, 2007; Striemer,
Sablatnig, & Danckert, 2006). On this account, PA might also influ-
ence perceptual processes indirectly through connections between
dorsal and ventral stream areas, mediated by the inferior pari-
etal lobe (IPL) and the superior temporal gyrus (STG). Indeed,
some studies have also suggested a beneficial effect of PA on
perceptual tasks (Berberovic, Pisella, Morris, & Mattingley, 2004;
Saevarsson, Kristjansson, Hildebrandt, & Halsband, 2009; Sarri
et al., 2006, 2010). Since the IPL and the STG are critical sites
for neglect (Karnath, Ferber, & Himmelbach, 2001; Mort et al.,
2003) a failure to alter perceptual biases in neglect patients
may be partly a consequence of a loss of connections between
dorsal and ventral stream areas. Finally, it is also possible that
PA alters subcortical-cortical interactions with both perceptual-
attentional and motor-intentional effects (Barrett & Burkholder,
2006; Liinenburger, Kleiser, Stuphorn, Miller, & Hoffmann, 2001;
Ogourtsova, Korner-Bitensky, & Ptito, 2010).

4.2. Effects of PA on perceptual bias

Unexpectedly, both left- and right-shifting prisms reduced a
leftward “where” bias, and this effect was only observed immedi-
ately after PA. A possible (post hoc) explanation for a non-specific
effect of PA on “where” bias could be that prism exposure trig-
gered a correction of the baseline leftward “where” bias in the
post-exposure condition through visuo-motor learning. During the
exposure condition participants learned to detect and correct the
line bisection error induced by the prismatic shift. It is possi-
ble that the mechanisms acquired during the exposure condition
were transferred to the computerized line bisection task, especially
when the task was performed immediately after the adaptation
phase. The initial leftward “where” bias of our participants was big-
ger in magnitude than the leftward “aiming” bias (t (83)=-3.70;
p<0.001), replicating previous findings of a primarily perceptual-
attentional bias in healthy young participants (Barrett, Crosson,
Crucian, & Heilman, 2002; Garza et al., 2008; Schwartz et al., 1997).

In our study, both groups exposed to prisms reduced their left-
ward “where” bias. Therefore, the visuo-motor learning process of
the adaptation phase may have induced an increased ability to cor-
rect the “where” bias in the post-exposure condition. Berberovic
and Mattingley (2003) similarly found that both left- and right-
shifting prisms induced a post-PA rightward shift on estimates of
visual center for stimuli appearing in extrapersonal space. The same
kind of effect was also observed by Barrett and Burkholder (2006)
when both right and left monocular patching reduced leftward
“where” spatial errors in the peripersonal space. More research is
needed to understand non-directionally specific PA effects on the
magnitude of perceptual-attentional “where” errors.

4.3. Mechanisms of prism adaptation
Previous investigators have hypothesized that the process of

adapting to a visual displacement may depend on realignment of
spatial coordinate reference frames (Redding & Wallace, 2010; see

Redding & Wallace, 2006 and Redding, Rossetti, & Wallace, 2005 for
reviews). The lateral visual shift induced by prisms generates dis-
cordance between visual and proprioceptive feedback that could
initiate a re-alignment process during the visuomotor training. The
presence of aftereffects when prisms are removed has been pro-
posed to result from this transformation. A recent study in neglect
patients showed a positive correlation between the re-alignment
in the proprioceptive test and improvement in a standard cancel-
lation test following PA (Sarri et al., 2008). To test whether the
re-alignment process predicted the influence of prisms on the “aim-
ing” component we performed a correlation analysis between the
shift in the “aiming” component and the shift in the aftereffect
measures. Our data showed that the effect on the motor behaviour
was independent of the degree of adaptation: there was no correla-
tion between the deviation in the motor-intentional “aiming” bias
and the deviation in the visual-proprioceptive test (p=0.21), nor
in the proprioceptive test (p=0.80). This result suggests that the
influence of prisms on the “aiming” component was not directly
attributable to the proprioceptive shift induced by prisms. There-
fore, it is possible that adaptation to prisms induces realignment of
sensory-motor reference frames and affects cognitive spatial func-
tions through independent mechanisms. Indeed, clinical evidence
has shown that the presence and severity of neglect deficits is dis-
sociated from the rightward deviation of the egocentric reference
frame (see Chokron, 2003 for acomprehensive review). As Chokron,
Dupierrix, Tabert, & Bartolomeo (2007) recently suggested, the
therapeutic effect of PA could be seen as resulting from the learning
of new sensori-motor processes. Our result suggests that the new
sensorimotor association may be driven by the change in the motor
component following PA.

4.4. Asymmetrical effect of prism adaptation

It has been extensively described that healthy individuals show
a systematic leftward bias when performing a line bisection task
(Bowers & Heilman, 1980; Jewell & McCourt, 2000; McCourt &
Jewell, 1999; McCourt, 2001). In accordance with previous find-
ings, we found an initial leftward bias from the veridical true center
of the line (natural condition). Similarly, a leftward perceptual
“where” bias and a leftward motor-intentional “aiming” bias were
also recorded when the two components where decoupled, repli-
cating previous findings of leftward motor and perceptual biases
in the line bisection task in healthy individuals. An a priori left-
ward bias has also been observed in the performance of numerous
tasks in healthy individuals (Longo & Lourenco, 2007; McGeorge,
Beschin, Colnaghi, Rusconi, & Della Sala, 2007; Nicholls, Bradshaw,
& Mattingley, 1999; Nicholls & Loftus, 2007). Thus, in contrast with
neglect patients, who show a rightward spatial bias, healthy indi-
viduals appear to show a subtle but systematic leftward spatial bias.
In our study we showed a selective reduction of the leftward bias
observed in the natural condition of the computerized line bisection
task as well as of the motor-intentional “aiming” bias. This effect
was recorded only after exposure to left-shifting prisms, whereas
the same two tasks were not affected by right-shifting prisms. Pre-
vious research in healthy individuals provided evidence for similar
lateralized effects of PA after left- but not right-shifting prisms
(Berberovic & Mattingley, 2003; Colent et al., 2000; Loftus et al.,
2008, 2009; Micheal et al., 2003; Micheal et al., 2008; Nicholls &
Loftus, 2007). In all these tasks a consistent initial leftward bias was
reduced after exposure to left-shifting prisms, whereas exposure to
right-shifting prisms did not affect the performance.

Aselective lateralized effect of PA has also been demonstrated in
neglect patients by improvement of the rightward bias after right-
but not left-shifting prisms (Rossetti et al., 1998, 2004). A possible
explanation of the similarity of these results in healthy individuals
and neglect patients is that PA may influence cognitive functions
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for which the baseline performance is biased (Goedert et al., 2010;
Striemer et al., 2006; Bultitude & Woods, 2010). For example,
Bultitude, Rafal, and List (2009) provided evidence that PA can
reverse hierarchical perceptual processing, depending on the bias
at the baseline level. Neglect patients, who typically show a local
processing bias, acquired a more global processing bias after expo-
sure to rightward shifting prisms. On the contrary, neurologically
healthy individuals, who typically show a global processing bias,
acquired a more local processing bias after exposure to left-shifting
prisms (Bultitude & Woods, 2010). This interpretation could also
account for the result we recorded in the reversed condition of
the computerized line bisection task, in which the visual feed-
back was right-left horizontally inverted. In this task the initial bias
from the veridical center of the line was deviated rightward, mir-
roring the initial leftward bias recorded in the natural condition.
As suggested from the baseline bias interpretation, we recorded a
selective lateralized effect of PA: the bias was reduced in the group
of subjects who performed the task immediately after exposure to
right-shifting prisms, whereas exposure to left-shifting prisms did
not affect the performance.

4.5. Line bisection adaptation procedure: adaptation and
aftereffect

In the present study we used a line bisection task during the
exposure condition (see also Goedert et al., 2010). A commonly
used adaptation task is based on repetitive pointing movements
toward visual targets (see Redding & Wallace, 2006 for a review),
although several other visuo-motor adaptation tasks have also been
employed (e.g., ball and dart throwing tasks, walking tasks, and
ecological activities; Fernandez-Ruiz & Diaz, 1999; Fernandez-Ruiz,
Hall, Vergara, & Diiaz, 2000; Fernandez-Ruiz et al.,2003; Fortis et al.,
2010; Martin, Keating, Goodkin, Bastian, & Thach, 1996a; Martin,
Keating, Goodkin, Bastian, & Thach, 1996b; Micheal et al., 2008;
Morton & Bastian, 2004; Shiraishi et al., 2008; see also the review
of Kornheiser, 1976 for older works). The pointing adaptation task
has also been the most frequently used task for the rehabilitation
of neglect patients (Frassinetti et al., 2002; Humphreys, Watelet, &
Riddoch, 2006Humprheys et al., 2006; Nijboer, Nys, van der Smagt,
van der Stigchel, & Dijkerman, 2010; Rossetti et al., 1998; Serino
et al., 2006, 2007, 2009). However, it is not easy for therapists to
create an objective record of patients’ performance while using the
pointing adaptation task. In the absence of specialized equipment,
recording of error during adaptation relies on the human exam-
iner’s visual assessment of the patient’s deviation. On the contrary,
when patients bisect lines on standard paper, a record of their adap-
tation error is created. Given the potential usefulness of recording
adaptation errors (Serino et al., 2006) and the ease of the method,
we introduced the line bisection task during the exposure condition
of the present study. Our results showed that, similar to the typical
effects of a pointing task, the line bisection task induced adaptation
to prisms as well as symmetrical aftereffects.

Despite the presence of adaptation to prisms, we acknowledge
that direct comparisons of findings involving diverse visuo-motor
adaptation procedures (e.g., line bisection vs pointing task) should
be carefully drawn. For example, the amplitude of the aftereffects
recorded in the current study was smaller than previously reported
in studies involving a pointing adaptation task (Redding & Wallace,
2006). Participants were exposed to prisms inducing a 12.4° of
lateral visual shift. The magnitude of the shift of the two afteref-
fects tests ranged from 12% to 18% of the prismatic displacement,
whereas the magnitude reported after pointing adaptation tasks
has been stated to be around 30% of the prismatic displacement.
Thus, it is possible that the line bisection task may have a reduced
effectiveness ininducing sensorimotor aftereffects compared to the
more traditional pointing task.

Another consideration is the visibility of the body part being
monitored during the visuo-motor task in the adaptation phase.
Previous studies have indeed demonstrated that minor changes
in the adaptation procedure (i.e. exactly how much of the arm a
person can see) can differentially influence the effectiveness of PA
(see Ladavas, Bonifazi, Catena, & Serino, 2011; Redding & Wallace,
1990, 1997, 2010). For example, concurrent exposure conditions,
in which simultaneous visual and proprioceptive feedback of the
pointing movement is available, have shown to induce mostly
proprioceptive aftereffects. On the contrary, terminal exposure
conditions, in which the vision of the limb is available only at the
terminus of the pointing movement, induce mostly visual afteref-
fects. In our study, the amount of lateral deviation induced in the
proprioceptive test was similar in magnitude to the lateral devia-
tion induced in the visual-proprioceptive test. This result suggests
that our procedure produced a predominant change in the felt posi-
tion of the arm, whereas the felt eye position was less affected. It
will be interesting in future investigations to test if changes in the
exposure procedure would differently affect our measures. Specif-
ically, a delayed visual feedback exposure condition, which would
produce a largely change in the felt eye position, may induce dif-
ferently changes in the “where” and “aiming” spatial components.

However, different adaptation tasks do not necessarily result in
adifferent effect of prisms on cognitive spatial functions. In a recent
study in neglect patients Fortis et al. (2010) directly compared the
effect of two adaptation tasks that differed in terms of movements
performed and visibility of the arm exposed. The first task was a
typical pointing task (as in Frassinetti et al., 2002), consisting of
pointing movements to visual targets in which only the finger was
visible during the movement. The other task consisted of ecological
visuo-motor activities involving manipulation of common objects.
In this novel procedure (which was much preferred by the patients)
the arm movement was visible for the whole path. Interestingly,
both tasks equally ameliorated visuo-spatial disabilities of neglect
patients suggesting that despite differences in the adaptation pro-
cedures, the two adaptation tasks affected spatial biases of neglect
patients in a similar way. This result indicates that diverse adapta-
tion procedures may affect cognitive spatial mechanisms in similar
ways, opening up promising new possibilities for the rehabilitation
of neglect.

4.6. Prism adaptation and the reversed line bisection task

In our experiment, the prism adaptation task required partici-
pants to learn a new visuomotor transformation, but the reversed
line bisection also introduces a visuomotor transformation. Inter-
estingly, it was only this task (and one of the measures derived
from this task—the “where” bias) that showed an effect of the
order in which participants’ performed the post-exposure tasks.
We observed reliable effects of the prisms only in participants who
performed the reversed line bisection task first or second, and not in
those performing it after both the visual and visual-proprioceptive
tests. This order effect suggests that the visuomotor transformation
induced by the prisms could only “hold up” under the additional
visuomotor transformation of the reversed line bisection when that
task was performed very soon after the prism exposure. Further-
more, the failure to find effects of task order on the visual and
visual-proprioceptive tests suggests that performing the reversed
line bisection task first did not eliminate the visuomotor transfor-
mation induced by the prism: We observed significant changes pre
to post for both prisms in both of these measures.

4.7. Conclusion

The present study demonstrated specific effects of PA on motor-
intentional “aiming” spatial bias. A primary PA effect on “aiming”
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components of spatial errors in both neurological healthy par-
ticipants and neglect patients (Fortis et al, 2009) has major
implications for the feasibility of PA as a therapy for stroke sur-
vivors with left neglect. These results imply that some neglect
patients (perhaps those primarily disabled as a result of “aim-
ing” spatial errors) may be better candidates for PA training. This
may partly explain heterogeneity of response to PA in prior thera-
peutic PA studies for spatial neglect. Our finding also confirms an
asymmetrical effect of PA in healthy individuals where left- but
not right-shifting prisms affect the congruent line bisection per-
formance. This result supports the theory that PA may influence
cognitive functions for which the baseline performance is biased
due to either brain damage as in neglect patients or to a normal
cognitive phenomena as in neurologically healthy individuals.

Acknowledgements

The authors thank Linda Furey for helping in collecting data,
and Marius Peelen for helpful comments on an earlier draft of this
manuscript.

References

Adair, . C,, Na, D. L., Schwartz, R. L., & Heilman, K. M. (1998). Analysis of primary and
secondary influences on spatial neglect. Brain and Cognition, 37, 351-367.

Angeli, V., Benassi, M. G., & Ladavas, E. (2004). Recovery of oculo-motor bias in
neglect patients after prism adaptation. Neuropsychologia, 42, 1223-1234.

Barrett, A. M., Beversdorf, D. Q., Crucian, G. P., & Heilman, K. M. (1998). Neglect
after right hemisphere stroke: A smaller floodlight for distributed attention.
Neurology, 51, 972-978.

Barrett, A. M., & Burkholder, S. (2006). Monocular patching in subjects with right-
hemisphere stroke affects perceptual-attentional bias. Journal of Rehabilitation
Research and Development, 43, 337-346.

Barrett, A. M., Buxbaum, L. ]., Coslett, H. B., Edwards, E., Heilman, K. M., Hillis, A.
E., et al. (2006). Cognitive rehabilitation interventions for neglect and related
disorders: moving from bench to bedside in stroke patients. ] Cogn Neurosci, 18,
1223-1236.

Barrett, A. M., Crosson, ]. B., Crucian, G. P., & Heilman, K. M. (2002). Far bias on
the radial line bisection task: Measuring perceptual-attentional and motor-
intentional bias in normal subjects. Cortex, 38, 769-778.

Barrett, A. M., Crucian, G. P., Beversdorf, D. Q., & Heilman, K. M. (2001). Monocu-
lar patching may worsen sensory-attentional neglect: A case report. Archives of
Physical Medicine and Rehabilitation, 82, 516-518.

Barrett, A. M., Crucian, G. P., Schwartz, R. L., & Heilman, K. M. (1999). Adverse effect of
dopamine agonist therapy in a patient with motor-intentional neglect. Archives
of Physical Medicine and Rehabilitation, 80, 600-603.

Berberovic, N., & Mattingley, ]J. B. (2003). Effects of prismatic adaptation on
judgements of spatial extent in peripersonal and extrapersonal space. Neuropsy-
chologia, 41, 493-503.

Berberovic, N., Pisella, L., Morris, A. P., & Mattingley, J. B.(2004). Prismatic adaptation
reduces biased temporal order judgements in spatial neglect. Neuroreport, 15,
1199-1204.

Bowers, D., & Heilman, K. M. (1980). Pseudoneglect: Effects of hemispace on a tactile
line bisection task. Neuropsychologia, 18, 491-498.

Bultitude, J. H., Rafal, R. D., & List, A. (2009). Prism adaptation reverses the local
processing bias in patients with right temporo-parietal junction lesions. Brain,
132,1669-1677.

Bultitude, J. H., & Woods, ]J. M. (2010). Adaptation to leftward-shifting prisms
reduces the global processing bias of healthy individuals. Neuropsychologia, 48,
1750-1756.

Chen, P.,Erdahl, L., & Barrett, A. M. (2009). Monocular patching may induce ipsilateral
“where” spatial bias. Neuropsychologia, 47, 711-716.

Chokron, S. (2003). Right parietal lesions, unilateral spatial neglect, and the egocen-
tric frame of reference. Neuroimage, 20(Suppl. 1), S75-81.

Chokron, S., Dupierrix, E., Tabert, M., & Bartolomeo, P. (2007). Experimental remis-
sion of unilateral spatial neglect. Neuropsychologia, 45, 3127-3148.

Colent, C., Pisella, L., Bernieri, C., Rode, G., & Rossetti, Y. (2000). Cognitive bias induced
by visuo-motor adaptation to prisms: A simulation of unilateral neglect in nor-
mal individuals? Neuroreport, 11, 1899-1902.

Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven
attention in the brain. Nature Reviews Neuroscience, 3, 201-215.

Coslett, H. B., Bowers, D., Fitzpatrick, E., Haws, B., & Heilman, K. M. (1990). Directional
hypokinesia and hemispatial inattention in neglect. Brain, 113(Pt 2), 475-486.

Danckert, J., & Ferber, S. (2006). Revisiting unilateral neglect. Neuropsychologia, 44,
987-1006.

De Renzi, E., Colombo, A., Faglioni, P., & Gibertoni, M. (1982). Conjugate gaze paresis
in stroke patients with unilateral damage. An unexpected instance of hemi-
spheric asymmetry. Archives of Neurology, 39, 482-486.

Denes, G., Semenza, C., Stoppa, E., & Lis, A. (1982). Unilateral spatial neglect and
recovery from hemiplegia: A follow-up study. Brain, 105(Pt 3), 543-552.

Dijkerman, H. C., McIntosh, R. D., Milner, A. D., Rossetti, Y., Tilikete, C., & Roberts, R.
C.(2003). Ocular scanning and perceptual size distortion in hemispatial neglect:
Effects of prism adaptation and sequential stimulus presentation. Experimental
Brain Research, 153, 220-230.

Driver, J., & Mattingley, ]. B. (1998). Parietal neglect and visual awareness. Nature
Neuroscience, 1, 17-22.

Ferber, S., Danckert, J., Joanisse, M., Goltz, H. C., & Goodale, M. A. (2003). Eye move-
ments tell only half the story. Neurology, 60, 1826-1829.

Ferber, S., & Murray, L. J. (2005). Are perceptual judgments dissociated from motor
processes? A prism adaptation study. Cognitive Brain Research, 23, 453-456.
Fernandez-Ruiz, J., & Diaz, R. (1999). Prism adaptation and aftereffect: Specifying

the properties of a procedural memory system. Learning and Memory, 6, 47-53.

Fernandez-Ruiz, ]., Diaz, R., Hall-Haro, C., Vergara, P., Mischner, ]., Nunez, L., et al.
(2003). Normal prism adaptation but reduced after-effect in basal ganglia dis-
orders using a throwing task. The European Journal of Neuroscience, 18, 689-694.

Fernandez-Ruiz, ]., Hall, C., Vergara, P., & Diiaz, R. (2000). Prism adaptation in normal
aging: Slower adaptation rate and larger aftereffect. Brain Research. Cognitive
Brain Research, 9, 223-226.

Fortis, P., Chen, P., Goedert, K. M., & Barrett, A. M. Prism adaptation selectively
improves motor-intentional spatial bias in neglect patients. Submitted for pub-
lication.

Fortis, P., Kornitzer, J., Goedert, K. M., & Barrett, A. M. (2009). Effect of prism adap-
tation on “aiming” spatial bias and functional abilities. Neurology, 72, A332.
Fortis, P., Maravita, A., Gallucci, M., Ronchi, R., Grassi, E., Senna, I., et al. (2010).
Rehabilitating patients with left spatial neglect by prism exposure during a

visuomotor activity. Neuropsychology, 24, 681-697.

Frassinetti, F., Angeli, V., Meneghello, F., Avanzi, S., & Ladavas, E. (2002). Long-lasting
amelioration of visuospatial neglect by prism adaptation. Brain, 125, 608-623.

Garza, J. P., Eslinger, P. ]., & Barrett, A. M. (2008). Perceptual-attentional and motor-
intentional bias in near and far space. Brain and Cognition, 68, 9-14.

Goedert, K. M., Leblanc, A., Tsai, S. W., & Barrett, A. M. (2010). Asymmetrical effects of
adaptation to left- and right-shifting prisms depends on pre-existing attentional
biases. Journal of International Neuropsychological Society, 1-10.

Halligan, P. W,, Fink, G. R., Marshall, ]J. C., & Vallar, G. (2003). Spatial cognition:
Evidence from visual neglect. Trends in Cognitive Science, 7, 125-133.

Heilman, K. M. (2004). Intentional neglect. Frontiers in Bioscience, 9, 694-705.

Heilman, K. M., Watson, R. T., & Valenstein, E. (1979). Neglect and related disorders.
In K. M. Heilman, & E. Valenstein (Eds.), Clinical neuropsychology (pp. 296-346).
New York: Oxford University Press.

Humphreys, G. W., Watelet, A., & Riddoch, M. ]. (2006). Long-term effects of prism
adaptation in chronic visual neglect: A single case study. Cognitive Neuropsy-
chology, 23, 463-478.

Jacquin-Courtois, S., Rode, G., Pavani, F., O'Shea, ]J., Giard, M. H., Boisson, D., et al.
(2010). Effect of prism adaptation on left dichotic listening deficit in neglect
patients: Glasses to hear better? Brain, 133, 895-908.

Jacquin-Courtois, S., Rode, G., Pisella, L., Boisson, D., & Rossetti, Y. (2008). Wheel-
chair driving improvement following visuo-manual prism adaptation. Cortex,
44, 90-96.

Jewell, G., & McCourt, M. E. (2000). Pseudoneglect: A review and meta-analysis of
performance factors in line bisection tasks. Neuropsychologia, 38, 93-110.

Karnath, H. O,, Ferber, S., & Himmelbach, M. (2001). Spatial awareness is a function
of the temporal not the posterior parietal lobe. Nature, 411(6840), 950-953.

Katz, N., Hartman-Maeir, A., Ring, H., & Soroker, N. (1999). Functional disability and
rehabilitation outcome in right hemisphere damaged patients with and with-
out unilateral spatial neglect. Archives of Physical Medicine and Rehabiliation, 80,
379-384.

Keane, S., Turner, C., Sherrington, C., & Beard, ]. R. (2006). Use of fresnel prism glasses
to treat stroke patients with hemispatial neglect. Archives of Physical Medicine
and Rehabiliation, 87, 1668-1672.

Keppel, G., & Wickens, T. D. (2004). Design and analysis: A researcher’s handbook (4th
ed.). Upper Saddle River, NJ: Pearson.

Kerkhoff, G. (2001). Spatial hemineglect in humans. Progress in Neurobiology, 63,
1-27.

Kornheiser, A. S. (1976). Adaptation to laterally displaced vision: A review. Psycho-
logical Bulletin, 83, 783-816.

Ladavas, E., Bonifazi, S., Catena, L., & Serino, A. (2011). Neglect rehabilitation by
prism adaptation: Different procedures have different impacts. Neuropsycholo-
gia, 49(5), 1136-1145.

Loftus, A. M., Nicholls, M. E., Mattingley, J. B., & Bradshaw, J. L. (2008). Left to right:
Representational biases for numbers and the effect of visuomotor adaptation.
Cognition, 107, 1048-1058.

Loftus, A. M., Vijayakumar, N., & Nicholls, M. E. (2009). Prism adaptation overcomes
pseudoneglect for the greyscales task. Cortex, 45, 537-543.

Longo, M. R., & Lourenco, S. F. (2007). Spatial attention and the mental number
line: Evidence for characteristic biases and compression. Neuropsychologia, 45,
1400-1407.

Luaute, J., Halligan, P., Rode, G., Jacquin-Courtois, S., & Boisson, D. (2006). Prism
adaptation first among equals in alleviating left neglect: A review. Restorative
Neurology and Neuroscience, 24, 409-418.

Liinenburger, L., Kleiser, R., Stuphorn, V., Miller, L. E., & Hoffmann, K. P. (2001). A
possible role of the superior colliculus in eye-hand coordination. Progress in
Brain Research, 134, 109-125.

Mapstone, M., Weintraub, S., Nowinski, C., Kaptanoglu, G., Gitelman, D. R., & Mesu-
lam, M. M. (2003). Cerebral hemispheric specialization for spatial attention:



P. Fortis et al. / Neuropsychologia 49 (2011) 2718-2727 2727

Spatial distribution of search-related eye fixations in the absence of neglect.
Neuropsychologia, 41, 1396-1409.

Maravita, A., McNeil, J., Malhotra, P., Greenwood, R., Husain, M., & Driver, J. (2003).
Prism adaptation can improve contralesional tactile perception in neglect. Neu-
rology, 60, 1829-1831.

Mark, V. W,, & Heilman, K. M. (1990). Bodily neglect and orientational biases in
unilateral neglect syndrome and normal subjects. Neurology, 40, 640-643.

Martin, T. A., Keating, J. G., Goodkin, H. P., Bastian, A. ]., & Thach, W. T. (1996a).
Throwing while looking through prisms. I. Focal olivocerebellar lesions impair
adaptation. Brain, 119(Pt 4), 1183-1198.

Martin, T. A., Keating, J. G., Goodkin, H. P., Bastian, A. ]., & Thach, W. T. (1996b).
Throwing while looking through prisms. II. Specificity and storage of multiple
gaze-throw calibrations. Brain, 119(Pt 4), 1199-1211.

McCourt, M. E. (2001). Performance consistency of normal observers in forced-
choice tachistoscopic visual line bisection. Neuropsychologia, 39, 1065-1076.

McCourt, M. E., & Jewell, G. (1999). Visuospatial attention in line bisection: Stimulus
modulation of pseudoneglect. Neuropsychologia, 37, 843-855.

McGeorge, P., Beschin, N., Colnaghi, A., Rusconi, M. L., & Della Sala, S. (2007). A lat-
eralized bias in mental imagery: Evidence for representational pseudoneglect.
Neuroscience Letters, 421, 259-263.

Michel, C., Rossetti, Y., Rode, G., & Tilikete, C. (2003). After-effects of visuo-manual
adaptation to prisms on body posture in normal subjects. Experimental Brain
Research, 148, 219-226.

Michel, C., Vernet, P., Courtine, G., Ballay, Y., & Pozzo, T. (2008). Asymmetrical after-
effects of prism adaptation during goal oriented locomotion. Experimental Brain
Research, 185, 259-268.

Milner, A. D., & Goodale, M. A. (2006). The visual brain in action. New York: Oxford
University Press. (Chapter).

Morris, A. P., Kritikos, A., Berberovic, N., Pisella, L., Chambers, C. D., & Mattingley,
J. B. (2004). Prism adaptation and spatial attention: A study of visual search in
normals and patients with unilateral neglect. Cortex, 40, 703-721.

Mort, D. J., Malhotra, P., Mannan, S. K., Rorden, C., Pambakian, A., Kennard, C., et al.
(2003). The anatomy of visual neglect. Brain, 126(Pt 9), 1986-1997.

Morton, S. M., & Bastian, A. J. (2004). Prism adaptation during walking general-
izes to reaching and requires the cerebellum. Journal of Neurophysiology, 92,
2497-2509.

Na, D. L., Adair, J. C.,, Williamson, D. ]., Schwartz, R. L., Haws, B., & Heilman, K.
M. (1998). Dissociation of sensory-attentional from motor-intentional neglect.
Journal of Neurology, Neurosurgery and Psychiatry, 64, 331-338.

Nicholls, M. E., Bradshaw, ]. L., & Mattingley, ]. B. (1999). Free-viewing perceptual
asymmetries for the judgement of brightness, numerosity and size. Neuropsy-
chologia, 37,307-314.

Nicholls, M. E., & Loftus, A. M. (2007). Pseudoneglect and neglect for mental alphabet
lines. Brain Research, 1152, 130-138.

Nico, D. (1996). Detecting directional hypokinesia: The epidiascope technique. Neu-
ropsychologia, 34, 471-474.

Nijboer, T. C., McIntosh, R. D., Nys, G. M., Dijkerman, H. C., & Milner, A. D. (2008).
Prism adaptation improves voluntary but not automatic orienting in neglect.
Neuroreport, 19, 293-298.

Nijboer, T. C., Nys, G. M., van der Smagt, M. ]., van der Stigchel, S., & Dijkerman, H. C.
(2010). Repetitive long-term prism adaptation permanently improves the detec-
tion of contralesional visual stimuli in a patient with chronic neglect. Cortex,
47(6), 734-740.

Ogourtsova, T., Korner-Bitensky, N., & Ptito, A. (2010). Contribution of the superior
colliculi to post-stroke unilateral spatial neglect and recovery. Neuropsychologia,
48(9), 2407-2416.

Paolucci, S., Antonucci, G., Grasso, M. G., & Pizzamiglio, L. (2001). The role of uni-
lateral spatial neglect in rehabilitation of right brain-damaged ischemic stroke
patients: A matched comparison. Archives Physical Medicine and Rehabilitation,
82, 743-749.

Pisella, L., Rode, G., Farne, A., Tilikete, C., & Rossetti, Y. (2006). Prism adaptation in the
rehabilitation of patients with visuo-spatial cognitive disorders. Current Opinion
in Neurology, 19, 534-542.

Rapcsak, S. Z., Verfaellie, M., Fleet, W. S., & Heilman, K. M. (1989). Selective attention
in hemispatial neglect. Archives of Neurology, 46, 178-182.

Redding, G. M., Rossetti, Y., & Wallace, B. (2005). Applications of prism adaptation:
A tutorial in theory and method. Neuroscience and Biobehavioral Reviews, 29,
431-444,

Redding, G. M., & Wallace, B. (1990). Effects on prism adaptation of duration and
timing of visual feedback during pointing. Journal of Motor Behavior, 22,209-224.

Redding, G. M., & Wallace, B. (1997). Prism adaptation during target pointing from
visible and nonvisible starting locations. Journal of Motor Behavior, 29, 119-130.

Redding, G. M., & Wallace, B. (2006). Prism adaptation and unilateral neglect: Review
and analysis. Neuropsychologia, 44, 1-20.

Redding, G. M., & Wallace, B. (2010). Implications of prism adaptation asymmetry
for unilateral visual neglect: Theoretical note. Cortex, 46, 390-396.

Ringman, J. M., Saver, J. L., Woolson, R. F., & Adams, H. P. (2005). Hemispheric asym-
metry of gaze deviation and relationship to neglect in acute stroke. Neurology,
65,1661-1662.

Ringman, J. M., Saver, J. L., Woolson, R. F., Clarke, W. R., & Adams, H. P. (2004). Fre-
quency, risk factors, anatomy, and course of unilateral neglect in an acute stroke
cohort. Neurology, 63, 468-474.

Rode, G., Klos, T., Courtois-Jacquin, S., Rossetti, Y., & Pisella, L. (2006). Neglect
and prism adaptation: A new therapeutic tool for spatial cognition disorders.
Restorative Neurology and Neuroscience, 24, 347-356.

Rode, G., Rossetti, Y., & Boisson, D. (2001). Prism adaptation improves representa-
tional neglect. Neuropsychologia, 39, 1250-1254.

Rossetti, Y., Jacquin-Courtois, S., Rode, G., Ota, H., Michel, C., & Boisson, D.
(2004). Does action make the link between number and space representation?
Visuo-manual adaptation improves number bisection in unilateral neglect. Psy-
chological Science, 15, 426-430.

Rossetti, Y., Rode, G., Pisella, L., Farne, A., Li, L., Boisson, D., et al. (1998). Prism adap-
tation to a rightward optical deviation rehabilitates left hemispatial neglect.
Nature, 395, 166-169.

Rousseaux, M., Bernati, T., Saj, A., & Kozlowski, O. (2006). Ineffectiveness of prism
adaptation on spatial neglect signs. Stroke, 37, 542-543.

Saevarsson, S., Kristjansson, A., Hildebrandt, H., & Halsband, U. (2009). Prism adap-
tation improves visual search in hemispatial neglect. Neuropsychologia, 47,
717-725.

Sarri, M., Greenwood, R., Kalra, L., & Driver, J. (2010). Prism adaptation does not
change the rightward spatial preference bias found with ambiguous stimuli in
unilateral neglect. Cortex, 47(3), 353-366.

Sarri, M., Greenwood, R., Kalra, L., Papps, B., Husain, M., & Driver, J. (2008). Prism
adaptation aftereffects in stroke patients with spatial neglect: Pathological
effects on subjective straight ahead but not visual open-loop pointing. Neuropsy-
chologia, 46, 1069-1080.

Sarri, M., Kalra, L., Greenwood, R., & Driver, J. (2006). Prism adaptation changes per-
ceptual awareness for chimeric visual objects but not for chimeric faces in spatial
neglect after right-hemisphere stroke. Neurocase, 12, 127-135.

Schwartz, R. L., Adair, J. C., Na, D., Williamson, D. ]., & Heilman, K. M. (1997). Spatial
bias: Attentional and intentional influence in normal subjects. Neurology, 48,
234-242.

Serino, A., Angeli, V., Frassinetti, F., & Ladavas, E. (2006). Mechanisms underlying
neglect recovery after prism adaptation. Neuropsychologia, 44, 1068-1078.
Serino, A., Barbiani, M., Rinaldesi, M. L., & Ladavas, E. (2009). Effectiveness of
prism adaptation in neglect rehabilitation: A controlled trial study. Stroke, 40,

1392-1398.

Serino, A., Bonifazi, S., Pierfederici, L., & Ladavas, E. (2007). Neglect treatment by
prism adaptation: What recovers and for how long. Neuropsychological Rehabil-
itations, 17, 657-687.

Shiraishi, H., Yamakawa, Y., Itou, A., Muraki, T., & Asada, T. (2008). Long-term effects
of prism adaptation on chronic neglect after stroke. NeuroRehabilitation, 23,
137-151.

Stratton, G. M. (1896). Some preliminary experiments on vision without inversion
of the retinal image. Psychological Review, 3, 611-617.

Striemer, C., & Danckert, ]. (2007). Prism adaptation reduces the disengage deficit in
right brain damage patients. Neuroreport, 18, 99-103.

Striemer, C., Sablatnig, J., & Danckert, J. (2006). Differential influences of prism adap-
tation on reflexive and voluntary covert attention. Journal of the International
Neuropsychological Society, 12, 337-349.

Striemer, C. L., & Danckert, ]. (2010). Dissociating perceptual and motor effects of
prism adaptation in neglect. Neuroreport, 21(6), 436-441.

Striemer, C. L., & Danckert, J. A.(2010). Through a prism darkly: Re-evaluating prisms
and neglect. Trends in Cognitive Sciences, 14, 308-316.

Tegner, R., & Levander, M. (1991). Through a looking glass. A new technique to
demonstrate directional hypokinesia in unilateral neglect. Brain, 114(Pt 4),
1943-1951.

Tilikete, C., Rode, G., Rossetti, Y., Pichon, J., Li, L., & Boisson, D. (2001). Prism
adaptation to rightward optical deviation improves postural imbalance in left-
hemiparetic patients. Current Biology, 11, 524-528.

Vallar, G. (1998). Spatial hemineglect in humans. Trends in Cognitive Science, 2,
87-97.

Vangkilde, S., & Habekost, T.(2010). Finding Wally: Prism adaptation improves visual
search in chronic neglect. Neuropsychologia, 48, 1994-2004.



