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Neglect patients typically show a rightward attentional orienting bias and a strong disengagement deficit, such that they are especially
slow in responding to left-sided targets after right-sided cues (Posner et al., 1984). Prism adaptation (PA) can reduce diverse debilitating
neglect symptoms and it has been hypothesized that PA’s effects are so generalized that they might be mediated by attentional mecha-
nisms (Pisella et al., 2006; Redding and Wallace, 2006). In neglect patients, performance on spatial attention tasks improves after
rightward-deviating PA (Jacquin-Courtois et al., 2013). In contrast, in healthy subjects, although there is evidence that leftward-deviating
PA induces neglect-like performance on some visuospatial tasks, behavioral studies of spatial attention tasks have mostly yielded
negative results (Morris et al., 2004; Bultitude et al., 2013). We hypothesized that these negative behavioral findings might reflect the
limitations of behavioral measures in healthy subjects. Here we exploited the sensitivity of event-related potentials to test the hypothesis
that electrophysiological markers of attentional processes in the healthy human brain are affected by PA. Leftward-deviating PA gener-
ated asymmetries in attentional orienting (reflected in the cue-locked N1) and in attentional disengagement for invalidly cued left targets
(reflected in the target-locked P1). This is the first electrophysiological demonstration that leftward-deviating PA in healthy subjects
mimics attentional patterns typically seen in neglect patients.
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Introduction
Hemispatial neglect is a highly disabling condition that occurs
mainly after lesions affecting the right hemisphere and manifests
as a failure to attend, respond, or orient to stimuli in the contral-
esional hemispace (Posner et al., 1984; Pisella and Mattingley,
2004; Jacobs et al., 2012). Although its clinical manifestations are

heterogeneous, it has traditionally been considered an atten-
tional disorder (Husain and Rorden, 2003) arising from the
combination of: (1) an abnormal bias in attentional orient-
ing—increased attention toward the right hemispace and/or
decreased attention toward the left hemispace (Kinsbourne,
1993; Bartolomeo et al., 1999), and (2) a difficulty in disen-
gaging attention in invalidly cued conditions— especially
when required to shift from right-cues to left-targets (for re-
view, see Posner et al., 1987; Losier and Klein, 2001; Bartolo-
meo and Chokron, 2002).
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Significance Statement

Prism adaptation (PA) is a promising tool for ameliorating many deficits in neglect patients and inducing neglect-like behavior in
healthy subjects. The mechanisms underlying PA’s effects are poorly understood but one hypothesis suggests that it acts by
modulating attention. To date, however, there has been no successful demonstration of attentional modulation in healthy sub-
jects. We provide the first electrophysiological evidence that PA acts on attention in healthy subjects by mimicking the attentional
pattern typically reported in neglect patients: both a rightward attentional orienting bias (reflected in the cue-locked N1) and a
deficit in attentional disengagement from the right hemispace (reflected in the target-locked P1). This study makes an important
contribution to refining current models of the mechanisms underlying PA’s cognitive effects.
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Due to its complex nature, spatial neglect is extremely dif-
ficult to treat and it is still unknown which rehabilitation tech-
niques and/or combinations of techniques lead to the best
treatment outcomes (for review, see Luauté et al., 2006). One
of the most promising interventions is prism adaptation (PA;
for review, see Redding and Wallace, 2006; Striemer and
Danckert, 2010; Jacquin-Courtois et al., 2013), which can pro-
duce striking symptom amelioration in some patients on a
multitude of different tasks including line bisection (Pisella et
al., 2002), global/local processing (Bultitude et al., 2009), hap-
tic exploration (Dijkerman et al., 2003), wheel-chair naviga-
tion (Jacquin-Courtois et al., 2008), visual imagery (Rode et
al., 2001), time perception (Magnani et al., 2011; Oliveri et al.,
2013), and nonvisual tasks, such as tactile and auditory extinc-
tion (Maravita et al., 2003; Jacquin-Courtois et al., 2010). To
account for such generalized effects some authors have postu-
lated that PA may act by modulating attention (Pisella et al.,
2006; Redding and Wallace, 2006). Indeed, in the classical
Posner task (Posner, 1980), robust attentional modulation af-
ter PA has been reported in neglect patients (Striemer and
Danckert, 2007; Nijboer et al., 2008).

Because leftward-deviating PA can induce neglect-like be-
havior in healthy subjects on visuospatial cognition tasks, such
as line bisection, greyscales, global/local processing, and time
perception across modalities (Colent et al., 2000; Michel et al.,
2003; Frassinetti et al., 2009; Loftus et al., 2009; Bultitude and
Woods, 2010; Magnani et al., 2012), it has been used to inves-
tigate the attentional modulation hypothesis of PA. To date,
however, there has been no successful demonstration that PA
to leftward-deviating prisms modulates behavioral perfor-
mance on spatial attention tasks in healthy subjects, as most of
the studies showed that PA does not alter reaction times (RTs;
Morris et al., 2004; Bultitude et al., 2013; but see Striemer et
al., 2006 for a positive result limited to a fraction of the par-
ticipants). It is unlikely, however, that PA acts on higher-order
cognitive functions, such as attention, in neglect patients but
not in healthy subjects. We reasoned that this discrepancy
could be attributable to the severe attentional capacity limita-
tion associated with neglect, which might make patients more
susceptible to behavioral attentional effects, although much
greater attentional-demands or much more difficult tasks
might be required to obtain similar behavioral results in neu-
rologically healthy subjects (O’Connell et al., 2011). Thus, we
postulated that negative behavioral results from healthy sub-
jects might still be accompanied by modulations in brain ac-
tivity related to attentional processes (Crottaz-Herbette et al.,
2014). We hypothesized that more sensitive measures, such as
event-related potentials (ERPs; Luck, 1995; Mangun, 1995),
might be more sensitive than RT measures in revealing atten-
tional modulations following leftward-deviating PA. We ex-
pected that PA would affect early stage visual components,
such as the P1 and N1, as they have traditionally been related
to attentional costs (P1-reflecting attentional disengagement)
and attentional benefits (N1; Luck et al., 1994; Lasaponara et
al., 2011), and have been shown to be affected in neglect pa-
tients (Verleger et al., 1996; Deouell et al., 2000; Marzi et al.,
2000, 2001; Driver and Vuilleumier, 2001). To test this hy-
pothesis healthy subjects performed a new variant of the
classic Posner cuing task (Posner, 1980) before and after
leftward-deviating or rightward-deviating PA, as well as in an
additional control before and after undergoing the procedure
while wearing neutral goggles.

Materials and Methods
Participants
A total of 34 healthy volunteers (all right-handed, 24 females, mean age
21.8 years, SD � 3.65) participated in the experiment. Three participants
were excluded from the final analyses due to an excessively noisy electro-
encephalogram (EEG) signal, leaving a final sample of 16 and 15 partic-
ipants per PA group (left PA, leftward-deviating prisms; right PA,
rightward-deviating prisms). All participants were undergraduate stu-
dents, were naive to the purpose of the experiment, had normal or
corrected-to-normal vision, and were paid for their participation. None
of the participants had a history of neurological or psychiatric diseases.
The experiment was approved by the local ethics committee and was
conducted in accordance with the ethical standards of the 1964 Declara-
tion of Helsinki (last update: Seoul, 2008). Because left PA (but not right
PA) modulates visuospatial performance in healthy subjects (Colent et
al., 2000; Berberovic and Mattingley, 2003; Michel et al., 2003; Striemer et
al., 2006; Nijboer et al., 2010), we used right PA as our control because it
is the most widely accepted control for the general effects of task repeti-
tion, timing and pointing, but also for the specific (ie, directional) effects
of the sensorimotor adaptation processes (Berberovic and Mattingley,
2003; Girardi et al., 2004; Morris et al., 2004; Luauté et al., 2009; Magnani
et al., 2014; Reed and Dassonville, 2014; Schintu et al., 2014; Scarpina et
al., 2015). Additionally, in response to the request of an anonymous
referee, we tested another group using neutral goggles to control for
low-level effects of the procedure (16 healthy volunteers, all right-
handed, 9 females, mean age 21.6 years, SD � 3.45).

Apparatus, stimuli, and procedure
The experiment was divided into three parts: an attentional task session
performed once before ( pre-) and once after adaptation ( post-), and the
adaptation procedure (Fig. 1A).

Attentional task. We used an endogenous variant of the classic Posner
task (Posner, 1980; for review, see Chica et al., 2014) because most studies
suggest that PA might act on neglect by generating compensatory volun-
tary attention processes (Dijkerman et al., 2003; Nijboer et al., 2008;
Eramudugolla et al., 2010).

The stimuli used and the sequence of events in each trial are illustrated
in Figure 1B. Nine circles were presented against a gray background, four
small circles (placeholders) on each side of a larger central circle. The
diameter of the eight peripheral circles subtended 1.5° of visual angle and
their outline was situated at a distance of 4.5° of visual angle from the
central circle at a viewing distance of 57 cm. Each trial began with the
presentation of the fixation display (containing the central cue and place-
holders for all possible target positions) which remained on the screen for
a random delay between 1000 and 1500 ms. Next, the cue was presented
by coloring one-half of the central circle white. The cue and the eight
peripheral circles remained on the screen for 300 ms. The white part of
the central circle served as a directional cue, indicating which side of the
display (left or right) was more likely to contain the target. After the 300
ms cue period, the cue was removed and the fixation display was shown
again for a random time between 300 and 400 ms, after which the target
was displayed on either the left or right side. The target appeared with
equal probability at the four possible locations and was created by elim-
inating either the upper or the lower part (0.5° of visual angle) of one of
the small circles. Immediately after a response was made, or once the
target had been displayed for 1500 ms, the screen remained black for the
1500 ms intertrial interval.

The attentional task consisted of a total of 336 trials (4 blocks of 84
trials each; 56 valid and 28 invalid conditions). The first block was pre-
ceded by a practice block of 10 trials, which were not further analyzed. In
this practice block, participants received feedback after each trial to max-
imize response accuracy throughout the experiment. The participants’
task was to indicate which part of the target-circle was missing (top or
bottom). The directional cue correctly indicated the upcoming target
location (left or right side of the display) on 67% of trials (valid condi-
tion), whereas the remaining trials were invalid (33%). Participants were
required to keep their eyes on the central circle throughout the experi-
ment and were instructed to indicate which part of the target-circle dis-
appeared by pressing one of two keys with the left or right index finger on
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a response box (top button when the upper part of the circle was missing,
or bottom when the lower part was missing). The hand-button response
assignment was counterbalanced across participants. Presentation soft-
ware (Neurobehavioral Systems) controlled the presentation of stimuli
and the acquisition of behavioral data throughout the experiment.

Adaptation. The procedure, stimuli, and material conformed to well
established protocols running in our laboratory and described by Schintu
et al. (2014). In brief, participants were seated with their head positioned
on a chinrest at a distance of 57 cm in front of a white horizontal board on
which three target dots (subtending 0.5°) were positioned at 0°, �10° and
�10° from their body midline. Before adaptation, participants placed
their right index finger on the starting position; just in front of their chest.
Participants could not see their hand when it was in the starting position
or during the first third of the pointing movement. They made six point-
ing movements to a position straight-ahead of their body’s midline with
their eyes closed to avoid visual feedback regarding their movements.
They were told to look at the central target (0°), close their eyes, point to
the target while keeping the eyes closed, and return to the starting posi-
tion. The open-loop pointing measure was the average of these six point-
ing movements. During adaptation, participants were fitted with
prism goggles which deviated their visual field by 15° either leftward
(left PA group) or rightward (right PA group), or in the subsequent
control group, with neutral goggles.

While wearing the goggles, they performed a total of 150 verbally-
instructed pointing movements toward the right (�10°) and left (�10°)
targets in a pseudorandom order. Participants were instructed to make a
ballistic movement and to correct any errors on the subsequent move-
ment. Following the adaptation phase, the goggles were removed and
participants were tested in the open-loop pointing once again directly
after adaptation (Post1) as well as at the end of the experiment (Post2; ie,
�30 min after adaptation), to assess whether the sensorimotor afteref-
fects were still present. Open-loop pointing accuracy was used to deter-
mine the amount of after-effect as a measure of adaptation to the goggles.

EEG: recording and analysis
The EEG was recorded using a 64-channel ActiCap system (Ag/AgCl
scalp electrodes) with a sampling frequency of 1000 Hz. All electrodes
were referenced to the FCz electrode during recording. Horizontal
(HEOG) and vertical (VEOG) eye movements were monitored by sen-
sors placed lateral to and below the outer canthi of the eyes. Impedances
for each channel were measured and kept �5 K� before testing
and all channels were amplified with two Brain Products DC amplifiers
and recorded using Brain Vision recorder software (http://www.
brainproducts.com). EEG data were analyzed using BrainVision Ana-

lyzer (Brain Products). Offline, all channels were re-referenced to the
grand average. Continuous EEG was digitally bandpass filtered from 0.1
to 30 Hz using a zero phase shift Butterworth filter (12 dB/oct). EEG was
segmented into 700 ms epochs beginning 100 ms prestimulus (either cue
or target). Segments were then baseline corrected by setting the average
of the 100 ms prestimulus baseline to zero. All trials containing eye move-
ments were corrected using ocular artifact removal (Gratton et al., 1983).
Trials with segments containing activity greater than �100 �V relative to
baseline, blinks, and trials with either anticipatory responses (�200 ms)
or slow responses (	1200 ms) were rejected. An average of 12.1% of
trials was excluded and a minimum of 40 trials per condition was used to
ensure a sufficient signal-to-noise ratio.

We analyzed ERPs locked to the cue onset (activity related to orienting
of spatial attention) and target onset (activity related to target processing/
reorienting) separately.

Visual inspection of cue-locked ERPs, based on the grand average and
topographic maps, revealed the existence of two main components of
interest. The first component was the P1, peaking at �110 –120 ms and
present bilaterally in parieto-occipital electrodes. This component was
followed by the N1, peaking at �170 ms in parieto-occipital electrodes,
with larger amplitudes contralateral than ipsilateral to the cue direction.

Visual inspection of target-locked ERPs revealed the presence of three
main components. The first component was the P1, peaking at �120–150
ms in parieto-occipital electrodes and with larger amplitudes ipsilateral to
the side of the target. This component was followed by the N1, peaking at
�180–200 ms in parieto-occipital electrodes, larger contralateral to the side
of the target. The N1 component was directly followed by the P3 component,
peaking at �340–360 ms with a maximum at central electrodes.

Based on previous studies which described the components above, we
calculated the peak latency and adaptive mean amplitude of each com-
ponent within each trial (the average amplitude in the window 20 ms
before and after the largest peak; Chica and Lupiáñez, 2009; Martín-
Arévalo et al., 2014 show a similar procedure) using PO7/PO8 and P3/P4
for the cue- and target-related P1 and N1 components, and Pz for the P3
target-related component (Eimer, 1994; Luck and Hillyard, 1994; Luck et
al., 2000; McDonald et al., 2009; Martín-Arévalo et al., 2014). Note that
data from PO7/PO8 and P3/P4 were collapsed since an initial analysis
including Electrode as a factor revealed that it did not interact with any
other factors (all p values 	0.05).

Latency and adaptive amplitude values were analyzed using mixed
ANOVA and significant effects were further analyzed using post hoc tests (t
tests for paired and unpaired samples) and the critical�-level was adjusted by
applying the Bonferroni correction. Because our predictions were related to

Figure 1. A, Timeline showing the three main parts of the experiment plus the open-loop pointing measurements. B, Sequence of events in a single trial in the attentional task. C, Sketch of the
electrode distribution on the scalp as viewed from above (the triangle represents the nose). Sites are named using the 10 –20 International system.
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session (preadaptation vs postadaptation) and
Group, for the sake of clarity we report only sig-
nificant interactions related to these factors in
both cue-locked and target-locked components.

Results
Prism adaptation
The difference between the preadaptation
and postadaptation landing positions
during open-loop pointing (open loop
pointing shift) was used to assess whe-
ther participants adapted to prisms and
whether they remained adapted. Because
the sign of the shift depends upon the di-
rection of the prisms we assessed whether
the amount of sensorimotor adaptation
was similar for the two groups by submit-
ting the absolute value of the shift to a
mixed ANOVA with PA group (left PA;
right PA) as a between-participant factor
and Time (immediately after PA: Post1;
and after the second attentional task ses-
sion: Post2) as a within-participant factor.
This analysis revealed no main effects or
interactions (all p values 	0.05), suggest-
ing that groups were equally adapted and
that the amount of sensorimotor adapta-
tion was comparable at Post1 and Post2. Next, to test whether
each group was significantly adapted, we compared the baseline
measure (pre-PA) with each of the two postadaptation measures
(Post1 and Post2) separately for the left PA and right PA groups.

In the left PA group, participants pointed on average 0.1 cm to
the right of the central target in the baseline measure (pre-PA). A
one-way repeated-measures ANOVA revealed a significant effect
of Time (F(2,30) � 125.73, p � 0.001, �p

2 � 0.89). Post hoc tests
comparing pre-PA with each of the postadaptation measure-
ments (Post1 and Post2) revealed that open-loop pointing at the
baseline differed significantly from each of the two postadapta-
tion measurements (5.7 and 5.3 cm to the right of the central
target for Post1 and Post2, respectively; all p values �0.001, Dun-
nett corrected). In the right PA group, participants initially
pointed on average 0.4 cm to the left of the central target. A
one-way repeated-measures ANOVA revealed a significant effect
of time (F(2,28) � 62.47, p � 0.001, �p

2 � 0.81). Post hoc tests
comparing pre-PA with each of the postadaptation measure-
ments (Post1 and Post2) revealed that pre-PA differed signifi-
cantly from each of the two postadaptation measurements (5.9
and 5.3 cm to the left of the central target for Post1 and Post2,
respectively; all p values �0.001, Dunnett corrected). Figure 2A
shows that in both groups open-loop pointing at baseline differed
significantly from each of the two postadaptation measures (all p
values �0.001, Dunnett corrected), showing that participants re-
mained significantly adapted until the end of the experiment.

Behavioral results
Table 1 shows the mean RTs and mean percentage of errors for
each experimental condition.

On average, participants in both the left and right PA groups
did not respond on 0.3% of trials. These trials were excluded from
all RT and EEG analyses. Incorrect responses (1.25 and 1.01% for
the left PA and right PA groups) as well as responses faster than
200 ms or slower than 1200 ms (0.4 and 0.5% for the left PA and
right PA groups) were also excluded from all RT and EEG analy-

ses. The percentage of error analysis revealed a significant main
effect of validity (F(1,29) � 12.70, p � 0.005, �p

2 � 0.30), with fewer
errors on invalid conditions (error rate 0.77 vs 1.49). Note that
this finding is in agreement with previous literature using atten-
tional discrimination tasks (Lupiáñez et al., 1997; Ivanoff and
Klein, 2004), even if it is not completely clear why cuing alters
error rates under some circumstances (Lupiáñez et al., 1997).
None of the other main effects or interactions were significant for
task accuracy (all p 	 0.08).

The mean RTs for correct trials were submitted to a 2 
 2 

2 
 2 mixed ANOVA with the following factors: session (pre-PA
vs post-PA), target side (left vs right), validity (invalid vs valid)
introduced as within-participant factors and PA group (left PA vs
right PA) as a between-participant factor. This analysis revealed a
significant main effect of session (F(1,29) � 28.95, p � 0.0001, �p

2

� 0.49), with significantly faster RTs in the post-PA session (670
vs 705 ms). There was also a significant main effect of validity
(F(1,29) � 24.85, p � 0.0001, �p

2 � 0.46) with faster responses
when the target appeared at a correctly cued side (valid) than an
incorrectly cued side (invalid; 674 vs 701 ms). The main effect of
target side was also significant (F(1,29) � 6.08, p � 0.02, �p

2 � 0.17)
as RTs for targets presented on the left-side were slower than
those presented on the right-side (690 vs 686 ms). Note that a
slight advantage for the right visual field has already been re-
ported in other tasks using locally defined stimuli (left hemi-
sphere advantage; Hübner et al., 2007; Burnham et al., 2011). No
other main effects or interactions were significant (all p 	 0.05).

ERP results
Cue-locked components
Separate mixed-design ANOVAs were conducted on the adaptive
mean amplitude and latency and included the factors session
(pre-PA vs post-PA), cue direction (leftward vs rightward), lat-
erality (ipsilateral vs contralateral to the cued side; wherein
ipsilateral refers to electrodes ipsilateral to the cued side, ie,
left hemisphere for leftward cues), and PA group (left PA vs
right PA; Fig. 3).

Figure 2. Average open-loop pointing error in each group. A, Left PA: adaptation to leftward-deviating prisms; right PA:
adaptation to rightward-deviating prisms. B, Neutral goggle group, before and after adaptation (Pre: before adaptation, Post1:
immediately after adaptation; Post2: at the end of the experiment, �30 min after adaptation). Zero represents no deviation from
the central target. Negative and positive values represent deviations to the left and right of the target, respectively. Error bars
represent the SEM. *p � 0.001.
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P1 component. Only the interaction between session, cue direc-
tion, and PA group (F(1,29) � 4.42, p � 0.04, �p

2 � 0.13) was signifi-
cant for the P1 amplitude (for both amplitude and latency: all other
main effects and interactions, p 	 0.16). To further investigate this
three-way interaction we conducted an additional ANOVA on the
change in P1 amplitude (post-PA � pre-PA) with Cue direction as a
within-participant factor and PA group as a between-participant
factor. Note that there was no difference in absolute P1 amplitude
before the adaptation procedure for the two cue directions and PA
groups (all p 	 0.25). Consistent with our previous analysis on adap-
tive mean amplitudes, the interaction between cue direction and PA
group (F(1,29) � 4.42, p � 0.04, �p

2 � 0.13) was significant (all other
main effects: p 	 0.59), but none of the post hoc t tests survived
Bonferroni correction (all p 	 0.4).

N1 component. The N1 was larger (F(1,29) � 65.56, p � 0.0001,
�p

2 � 0.69; �3.80 vs �2.69 �V) and peaked earlier (F(1,29) �

101.95, p � 0.0001, �p
2 � 0.77; 165 vs 171 ms) at electrodes

contralateral to the cue direction. The main effect of session was
also significant for the N1 amplitude (F(1,29) � 31.99, p � 0.0001,
�p

2 � 0.52) due to an overall reduction in the amplitude of this
component in the post-PA session compared with the pre-PA
session (�3.51 vs �2.99 �V). The main effect of cue direction
was also significant for the N1 amplitude (F(1,29) � 5.60, p � 0.02,
�p

2 � 0.16), with rightward cues showing a larger N1 (�3.36
vs �3.14 �V). The interaction between session, cue direction,
and PA group (F(1,29) � 4.76, p � 0.03, �p

2 � 0.14) was significant
(for both amplitude and latency: all other main effects and inter-
actions, p 	 0.06). A further ANOVA was conducted on the
change in N1 amplitude (post-PA � pre-PA) with cue direction
as a within-participant factor and PA group as a between-
participant factor. Note that there were no differences in absolute

Table 1. Mean RTs (in ms) and percentage of errors (in parentheses) for each condition in the attentional task separated by session (pre and post), target side, validity, and
group

Target

Prism adaptation

Left Right Neutral goggles

Invalid Valid Validity effect Invalid Valid Validity effect Invalid Valid Validity effect

Pre Left 711 (1.1) 681 (1.9) 29 732 (0.4) 701 (1.3) 31 748 (0.5) 700 (0.7) 47
Right 710 (1.1) 676 (1.4) 33 733 (0.6) 701 (1.5) 32 740 (0.4) 695 (0.7) 45

Post Left 683 (0.6) 663 (1.4) 19 686 (0.8) 665 (1.4) 21 719 (0.5) 678 (0.8) 42
Right 682 (0.9) 656 (1.5) 26 676 (0.6) 654 (1.5) 22 704 (0.4) 668 (0.8) 35

Validity effect: mean RT difference between invalid and valid conditions.

Figure 3. Mean cue-locked ERP waveforms for the P1 and N1 analyses before and after prism adaptation shown separately for laterality (ipsilateral and contralateral to the cued side), cue
direction (leftward and rightward) and PA group: (A) left PA and (B) right PA. Waves represent the PO7 and PO8 electrodes as an example. Topographic maps for the P1 (lower) and N1 (upper) are
also present beside each component.
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N1 amplitude before the adaptation pro-
cedure (planned comparisons; all p 	
0.52) with the exception of leftward and
rightward cues in the right PA group
(planned comparison; p � 0.01).

Consistent with our previous analysis
on adaptive mean amplitudes, the interac-
tion between cue direction and PA group
(F(1,29) � 4.76, p � 0.03, �p

2 � 0.14) was
significant (all other main effects: p 	
0.22). As can be observed in Figure 4A, in
the left PA group the leftward cue was as-
sociated with a significantly larger reduc-
tion in N1 amplitude than the rightward
cue (t test, p � 0.03), whereas in the right
PA group there was no difference in the
amount of N1 reduction for the leftward
and rightward cues (t test, p � 0.15). Fig-
ure 4A also shows that whereas rightward
cues were associated with approximately
the same reduction in N1 amplitude for
both PA directions (t test, p � 0.48), leftward cues were associated
with a greater N1 reduction in the left than the right PA group (t
test, p � 0.01).

In summary, the main finding from the cue-locked ERP anal-
ysis is that after left PA the N1 was reduced by a greater amount in
response to leftward than rightward cues, whereas after right PA
the reduction in N1 amplitude was similar for both leftward and
rightward cues.

Target-locked components
Separate mixed-design ANOVAs were conducted on the adaptive
mean amplitude and latency and included the factors session
(pre-PA vs post-PA), target position (left vs right), validity (valid
vs invalid), laterality (ipsilateral vs contralateral to the side of
target presentation), and PA group (left PA vs right PA).
Follow-up analyses were then conducted separately for the valid
and invalid cue conditions (Fig. 5).

P1 component. The P1 component was maximal at electrodes
ipsilateral to the target (F(1,29) � 111.15, p � 0.0001, �p

2 � 0.66;
1.33 vs 0.39 �V) but peaked earlier at contralateral electrodes
(F(1,29) � 180.11, p � 0.0001, �p

2 � 0.86; 115 vs 147 ms). The main
effect of validity was significant for both P1 amplitude and la-
tency (F(1,29) � 111.15, p � 0.0001, �p

2 � 0.66 and F(1,29) � 5.70,
p � 0.02, �p

2 � 0.16, respectively) as P1 was larger on invalid
conditions (1.04 vs 0.68 �V) but peaked earlier on valid condi-
tions (127 vs 134 ms). For P1 amplitude the interaction between
session, target side, validity, and PA group was also significant
(F(1,29) � 4.39, p � 0.04, �p

2 � 0.13; for both amplitude and
latency: all other main effects and interactions, p 	 0.05). To
further investigate this four-way interaction follow-up analyses
were conducted separately on valid and invalid cue conditions for
P1 amplitude and latency.

For valid conditions only the main effect of laterality was sig-
nificant (p � 0.0001; for both amplitude and latency: all other
main effects and interactions, all p 	 0.06). In contrast, for in-
valid conditions, in addition to the main effect of laterality (p �
0.0001), the interaction between session, target side, and PA
group was significant (F(1,29) � 6.06, p � 0.02, �p

2 � 0.17; for both
amplitude and latency: all other main effects and interactions,
p 	 0.06). This three-way interaction was further analyzed by
examining the change in P1 amplitude (post-PA � pre-PA) with
target position as a within-participant factor and PA group as a

between-participant factor. Note that there was no difference in ab-
solute P1 amplitude before the adaptation procedure for the two
target directions and PA groups (all p 	 0.20).

Consistent with our previous analysis on adaptive mean am-
plitudes, the interaction between target side and PA group was
significant (F(1,29) � 6.06, p � 0.02, �p

2 � 0.17; all other main
effects: p 	 0.05). As can be observed in Figure 6A, there was a
significantly larger reduction in P1 amplitude for left- than right-
sided targets in the left PA group (t test, p � 0.009), whereas in the
right PA group the amount of P1 reduction did not differ for the
left- and right-sided targets (t test, p � 0.21). Figure 6A also
shows that while the reduction in P1 amplitude for right-sided
targets did not differ for the two PA directions (t test, p � 0.13),
P1 amplitude reduction in response to left-sided targets was signifi-
cantly greater for the left than the right PA group (t test, p � 0.03).

N1 component. The N1 component was larger (F(1,29) � 47.85,
p � 0.0001, �p

2 � 0.62; �2.93 vs �1.22 �V) and peaked earlier
(F(1,29) � 144.24, p � 0.0001, �p

2 � 0.83; 196 vs 232 ms) at electrodes
contralateral to the target. For N1 amplitude, laterality interacted
with validity (F(1,29) � 4.20, p � 0.04, �p

2 � 0.12), as N1 was signifi-
cantly larger for valid than invalid conditions (�3.13 vs �2.73 �V)
only at electrodes contralateral to the target (t test, p � 0.01 and p �
0.69). The mean latency analysis revealed a main effect of validity
(F(1,29) � 20.02, p � 0.0001, �p

2 � 0.40) with an earlier peak for valid
than invalid conditions (208 vs 220 ms). None of the other main
effects or interactions of interest, either on amplitude or latency,
reached significance (all p 	 0.07).

P3 component. Neither the mean amplitude analysis nor the
mean latency analysis revealed any significant main effects or
interactions (all p 	 0.05).

In summary, these results show that adaptation to leftward-
deviating prisms (left PA) resulted in a smaller cue-locked N1 for
leftward than rightward cues and a smaller target-locked P1 for
invalidly cued left targets compared with invalidly cued right
targets.

Neutral goggles
Adaptation
We compared the baseline measure (pre) with each of the two
post-neutral goggle measures (Post1 and Post2). Participants
pointed on average 0.7 cm to the left of the central target in the
baseline measure (pre). A one-way repeated-measures ANOVA

Figure 4. Cue-locked ERP amplitudes. Average reduction in N1 amplitude for cue direction in (A) each PA group (left and right),
and (B) neutral goggle group. *p � 0.05.
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revealed a significant effect of time (F(2,30) � 7.09, p � 0.01, �p
2 �

0.32). Post hoc tests comparing pre with each of the post-neutral
goggle measurements (Post1 and Post2) revealed that open-loop
pointing at the baseline shifted slightly (�0.5 cm) but signifi-
cantly at Post1 (0.1 cm to the right of the central target; p � 0.001,
Dunnett corrected) but not at Post2 (0.2 cm to the left of the

central target; p 	 0.05, Dunnett cor-
rected), showing that the difference be-
tween the baseline and the immediate,
Post1 measure was not sustained until the
end of the experiment (Fig. 2B). In our
experience a small significant difference
between pre and Post1 (in this case corre-
sponding to �1°) is sometimes observed
when using neutral goggles and could be
due to participants correcting their natu-
ral kinematic errors during the pointing
procedure.

Behavioral results
Table 1 shows the mean RTs and mean
percentage of errors for each experimental
condition.

Participants did not respond on 0.2% of
trials. These trials were excluded from all RT
and EEG analyses. Incorrect responses
(0.6%), as well as responses faster than 200
ms or slower than 1200 ms (0.1%), were also
excluded from all RT and EEG analyses. The

percentage of error analysis revealed a significant main effect of
validity (F(1,15) � 6.66, p � 0.02, �p

2 � 0.30), with fewer errors
on invalid conditions (error rate 0.43 vs 0.78), replicating the
finding previously reported. None of the other main effects or
interactions were significant for task accuracy (all p 	 0.59).

Figure 5. Mean target-locked ERP waveforms for the P1 and N1 analysis before and after prism adaptation shown separately for laterality (ipsilateral and contralateral to the target side), validity
(valid and invalid conditions), and target position (left and right) in each PA group: (A) left PA and (B) right PA. Waves represent the PO7 and PO8 electrodes as an example. The topographic map for
the P1 (lower) and N1 (upper) beside each component represents valid conditions in the pre-PA condition as an example.

Figure 6. Target-locked ERP amplitudes for invalid conditions. Average reduction in P1 amplitude for target position in (A) each
PA group (left and right), and (B) neutral goggle group. *p � 0.05.
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The mean RTs for correct trials were submitted to a 2 
 2 
 2
mixed ANOVA with the following factors: session (pre- vs post-
neutral goggles), target side (left vs right), and validity (invalid vs
valid) introduced as within-participant factors. We replicated the
main effects found in the principal experiment: a significant main
effect of session (F(1,15) � 9.42, p � 0.01, �p

2 � 0.38), with signif-
icantly faster RTs in the postsession (720 vs 692 ms); a significant
main effect of validity (F(1,15) � 15.78, p � 0.001, �p

2 � 0.51), with
faster responses for valid than for invalid conditions (685 vs 727
ms); and a significant main effect of target side (F(1,15) � 6.06, p �
0.02, �p

2 � 0.28), as RTs for targets presented on the left-side were
slower than those presented on the right-side (711 vs 701 ms). None
of the interactions were significant (all p 	 0.05).

In response to a reviewer request we also performed an analysis
including all three groups in the between-participant factor group
(left PA vs right PA vs neutral goggles). This revealed the same main
effects of session, target side, and validity (all p � 0.001) reported
above and no interactions with group (all p 	 0.19).

ERP results
Cue-locked components
Separate mixed-design ANOVAs were conducted on the adaptive
mean amplitude and latency. They included the factors session
(pre- vs post-neutral goggles), cue direction (leftward vs right-
ward), and laterality (ipsilateral vs. contralateral to the cued side;

wherein ipsilateral refers to electrodes ipsilateral to the cued side,
ie, left hemisphere for leftward cues; Fig. 7A).

P1 component. The P1 peaked earlier (F(1,15) � 17.57, p �
0.001, �p

2 � 0.53; 115 vs 123 ms) at electrodes contralateral to the
cue direction. None of the other main effects or interactions,
either on amplitude or latency, were significant (all p 	 0.14).

N1 component. The N1 was larger (F(1,15) � 10.83, p � 0.01,
�p

2 � 0.41; �3.48 vs �2.74 �V) and peaked earlier (F(1,15) �
64.84, p � 0.0001, �p

2 � 0.81; 170 vs 176 ms) at electrodes
contralateral to the cue direction. The main effect of session
was significant for N1 amplitude (F(1,15) � 9.80, p � 0.001, �p

2

� 0.39) due to an overall reduction in the amplitude of this
component in the post-neutral goggles session compared with
the pre-neutral goggles session (�3.38 vs �2.84 �V). None of
other main effects or interactions of interest, either on ampli-
tude or latency, reached significance (all p 	 0.08).

Thus, after neutral goggles the reduction in N1 amplitude was
similar for both leftward and rightward cues.

Target-locked components
Separate mixed-design ANOVAs were then conducted on the
adaptive mean amplitude and latency. They included the factors
session (pre- vs post-neutral goggles), target position (left vs
right), validity (valid vs invalid), and laterality (ipsilateral vs con-
tralateral to the presentation of the target; Fig. 7B).

Figure 7. Neutral goggle group. A, Mean cue-locked ERP waveforms for the P1 and N1 analyses before and after adaptation shown separately for laterality (ipsilateral and contralateral to the cued
side) and cue direction (leftward and rightward). B, Mean target-locked ERP waveforms for the P1 and N1 analysis before and after adaptation shown separately for laterality (ipsilateral and
contralateral to the target side), validity (valid and invalid conditions), and target position (left and right). Waves represent the PO7 and PO8 electrodes as an example. Topographic maps for the P1
(lower) and N1 (upper) are also present beside each component. For target-locked ERP waveforms, the topographic map represents valid conditions in the pre-session condition as an example.
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P1 component. The P1 component was maximal at electrodes
ipsilateral to the target (F(1,15) � 20.25, p � 0.001, �p

2 � 0.57; 1.34
vs 0.40 �V) but peaked earlier at contralateral electrodes
(F(1,15) � 32.97, p � 0.0001, �p

2 � 0.68; 140 vs 164 ms). The main
effect of validity was significant for both P1 amplitude and la-
tency (F(1,15) � 16.78, p � 0.001, �p

2 � 0.52 and F(1,15) � 13.06,
p � 0.002, �p

2 � 0.46, respectively) as P1 was larger on invalid
conditions (1.10 vs 0.20 �V) but peaked much earlier on valid
conditions (142 vs 163 ms). None of the other main effects or
interactions, either on amplitude or latency, were significant (all
p 	 0.14).

N1 component. The N1 component was larger (F(1,15) � 19.66,
p � 0.0001, �p

2 � 0.62; �2.82 vs �1.01 �V) and peaked earlier
(F(1,15) � 20.13, p � 0.001, �p

2 � 0.57; 204 vs 228 ms) at electrodes
contralateral to the target. The main effect of validity was signif-
icant for both N1 amplitude and latency (F(1,15) � 8.18, p � 0.01,
�p

2 � 0.35 and F(1,15) � 11.96, p � 0.003, �p
2 � 0.44, respectively)

as N1 was larger (�2.46 vs �1.36 �V) and peaked earlier on valid
trials (205 vs 226 ms). The mean latency analysis revealed a main
effect of session (F(1,15) � 5.72, p � 0.03, �p

2 � 0.27), with an
earlier peak for the post-neutral goggles than for the pre-neutral
goggles (218 vs 214 ms). None of the other main effects or inter-
actions of interest, either on amplitude or latency, were signifi-
cant (all p 	 0.09).

P3 component. The main effect of session was significant for
the P3 amplitude (F(1,15) � 5.76, p � 0.02, �p

2 � 0.27), due to an
overall reduction in the amplitude of this component in the post-
neutral goggles session compared with the pre-neutral goggles
session (2.40 vs 2.10 �V). None of the other main effects or
interactions of interest, either on amplitude or latency, reached
significance (all p 	 0.07).

In summary, these results show that after neutral goggles there
was no modulation of the ERP components that were modulated
by adaptation to left- but not right-deviating prisms.

The requested ANOVA including all three groups in the
between-participant factor group (left PA vs right PA vs neutral
goggles) was also performed on the electrophysiological data. For
cue-locked components, for both amplitude and latency, we
found the same main effects of laterality (for P1 and N1) and of
session and cue direction (for N1) as in the previous analyses (all
p � 0.01). Importantly, for N1 amplitude, the interaction be-
tween session, cue direction, and group also showed the same
pattern as before: after left PA the reduction in N1 tended to be
greater in response to leftward than rightward cues (F(2,44) �
2.66, p � 0.08, �p

2 � 0.10), whereas after right PA or neutral
goggles this reduction was similar for both leftward and right-
ward cues (Fig. 4). Note that with the exception of the main effect
of cue direction, with an overall larger amplitude for rightward
than for leftward cues (p � 0.006), there were no other differ-
ences in absolute N1 amplitudes between the groups before the
adaptation procedure (all p 	 0.15). For target-locked compo-
nents, for both amplitude and latency, we found the same main
effects of laterality and validity (for both P1 and N1, all p � 0.01)
as in the previous analyses. Importantly, for P1 amplitude the
interaction between session, target side, validity, and group also
showed the same pattern: for invalid conditions the reduction in
P1 amplitude tended to be larger for left- than right-sided targets
in the left PA group (F(2,44) � 2.64, p � 0.08, �p

2 � 0.10), whereas
in the right PA and neutral goggle groups the amount of P1
reduction for left- and right-sided targets was comparable (Fig.
6). Note that absolute P1 amplitude before the adaptation proce-
dure was similar for the three groups and the two target directions

(all p 	 0.10). For P3 amplitude, only the main effect of session
was significant (F(1,44) � 7.19, p � 0.01, �p

2 � 0.14), as there was
an overall reduction in the amplitude of this component in the
postsession.

Discussion
We found that in healthy subjects left PA specifically modulated
electrophysiological markers of attentional processes involved in
a spatial cueing task. Left PA affected attentional orienting by
inducing an orienting bias toward rightward cues (to the detri-
ment of leftward cues), as well as attentional disengagement from
the right to the left hemispace but not vice-versa, whereas it did
not affect attentional maintenance at the cued location. Con-
cretely, left PA affected early stage electrophysiological compo-
nents (the cue-locked N1 and the target-locked P1), that are
known to be related to attentional processes (Luck et al., 1994;
Verleger et al., 1996) and are also disrupted in neglect patients
(Verleger et al., 1996; Hämäläinen et al., 1999; Deouell et al.,
2000; Marzi et al., 2000, 2001; Driver and Vuilleumier, 2001). The
effect of left PA on these attentional components will be de-
scribed separately in the following sections.

Attentional orienting
After left PA the cue-locked N1 became asymmetric, as the reduc-
tion in N1 amplitude was greater for leftward than rightward
cues. The N1 component has been linked to a benefit for correctly
allocating attentional resources, thus facilitating further percep-
tual processing of stimuli (Luck et al., 1994; Vogel and Luck,
2000). Given this, we suggest that its asymmetry for leftward and
rightward cues after left PA reflects a reduction in the efficacy of
leftward orienting of spatial attention upon cue presentation.
This result supports the hypothesis that left PA in healthy subjects
may produce the well known neglect-like behavior (Colent et al.,
2000; Michel et al., 2003) by altering the efficacy of direction-
specific attentional orienting. This interpretation is also sup-
ported by the findings of Verleger et al. (1996) who found a
smaller cue-locked N1 for left-sided than right-sided cues in ne-
glect patients, and who interpreted this finding in terms of im-
pairment in attentional orienting toward left-sided stimuli. More
recent studies in acute/subacute neglect patients also reported a
smaller cue-locked N1 for left-sided stimuli and subsequent nor-
malization of the left-right asymmetry in the cue-locked N1 am-
plitude with neglect recovery (Tarkka et al., 2011; Hämäläinen et
al., 2014). Left PA’s modulation of the cue-locked N1 is also
consistent with findings of early (�180 ms after stimuli onset)
visual processing impairments in neglect patients (Di Russo et al.,
2008).

Neuroimaging and dipole modeling studies have proposed a
parietal origin for the N1 component (Fu et al., 2005; Natale et al.,
2006). More precisely, it is assumed that N1 originates from the
intraparietal sulcus (IPS; Di Russo et al., 2003, 2005). This is
consistent with functional magnetic resonance (fMRI) data from
Corbetta et al. (2000) showing activations in IPS and the superior
parietal lobule (SPL) in response to directional cues. Note that in
the acute phase, neglect patients also present with perturbed ac-
tivations in these areas, despite the areas being structurally intact
(Corbetta et al., 2005). Moreover, it has also been shown that
patients with isolated lesions of the SPL-IPS have a spatial-
attentional orienting deficit/bias on Posner-like tasks (Gillebert
et al., 2011). Together, these studies show that the cue-locked N1
reflects processes involving brain areas that have been directly
involved in attentional orienting and lateralized attentional def-
icits (Husain and Nachev, 2007; Corbetta et al., 2008) and are
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hypothesized to be involved in PA’s effects on spatial attention
(Pisella et al., 2006, for an implication of the posterior parietal
cortex). As such, our observation that left PA induces an asym-
metry in the cue-locked N1 to leftward and rightward cues sug-
gests that left PA induces an orienting bias toward rightward cues.

Attentional maintenance
The target-locked N1 component is thought to reflect attentional
maintenance, ie, the capacity to maintain attention on the cued
side to facilitate the response to valid targets (Mangun, 1995).
Accordingly, this component was larger for valid than for invalid
conditions. However, in contrast to the amplitude of the cue-
locked N1, this component was not modulated by left PA, possi-
bly because efficient attentional maintenance throughout the
trial compensated for the left/right asymmetry produced by left
PA at cue presentation. Even though it is well established that
neglect patients can suffer from deficits in sustained attention
(Robertson et al., 1995; Hjaltason et al., 1996; Samuelsson et al.,
1998; Robertson, 2001; Husain and Rorden, 2003; Buxbaum et
al., 2004), it has been argued that these nonlateralized attentional
deficits are independent deficits which interact with spatial/later-
alized deficits (Farnè et al., 2004; Malhotra et al., 2009). This idea
is reinforced by the observation that nonlateralized deficits are
not specific to the neglect syndrome, but are also observed in
patients without neglect (for review, see Husain and Rorden,
2003). Our finding that attentional maintenance was unaffected
by left PA is consistent with previous results showing that, unlike
the cue-locked N1, the target-locked N1 does not differ between
neglect patients and controls (Verleger et al., 1996), and provides
additional evidence that attentional maintenance is independent
from spatial/lateralized attention.

Attentional disengagement
After left PA there was a significantly larger reduction in the
target-locked P1 amplitude for invalidly cued left- than right-
sided targets. It is widely accepted that the target-locked P1 re-
flects “attentional cost” (Luck et al., 1994), and that decreases in
P1 amplitude and/or delays in its peak reflect the cost of attending
to one location and then shifting attention to the actual place
where the target appears; ie, the cost produced by attentional
disengagement (Mangun and Hillyard, 1991). Thus, our findings
suggest that left PA increases the difficulty of disengaging from
the right when attention has to be reoriented to left-sided targets
following an invalid rightward cue. This is consistent with the
widely reported presence of a disengagement deficit in neglect
patients (Posner et al., 1984, 1987; Morrow and Ratcliff, 1988;
Losier and Klein, 2001; Bartolomeo and Chokron, 2002). This
disengagement deficit might contribute to the extinction of left-
sided stimuli, because Marzi et al. (2000) have reported differ-
ences in the P1 component for extinguished versus perceived
left-sided stimuli in neglect patients during trials with bilateral
stimulus presentation (Marzi et al., 2001; Driver and Vuil-
leumier, 2001).

Source localization studies have suggested the involvement of
the parietal cortex in generating the P1 component (Mangun et
al., 1993), and we speculate that our bilateral reduction of P1 for
invalidly cued left-sided targets comes from a bilateral modula-
tion of activity within SPL-IPS. In contrast, the right temporopa-
rietal junction’s contribution to attentional disengagement
(Corbetta et al., 2000) is thought to be indexed by the P3 compo-
nent (Daffner et al., 2003; Bledowski et al., 2004; Corbetta et al.,
2008), which was not modulated by left PA in our paradigm.

Implications for models of PA
Our findings suggest that left PA modulates early stage compo-
nents such as the cue-locked N1 (reflecting attentional orienting)
and the target-locked P1 (for invalidly cued left-sided targets,
reflecting attentional disengagement) mainly by acting on the
bilateral dorsal attentional network, whose core regions with
dense cross-hemispheric connectivity include SPL-IPS (Corbetta
and Shulman, 2002; Corbetta et al., 2008; Wang et al., 2015). This
idea is supported by recent neuroimaging studies in neglect pa-
tients showing that PA (Saj et al., 2013) and spontaneous neglect
recovery (Corbetta et al., 2005) bilaterally modulate several brain
regions crucially involved in spatial attention, in particular SPL-
IPS and the mid-frontal cortex. An fMRI study conducted while
right brain-damaged patients performed a Posner-like task also
reported larger bilateral activity reduction in dorsal attentional
network areas in neglect patients compared with those without
neglect (Umarova et al., 2011).

Our main results are in line with the model proposed by Pi-
sella et al. (2006), which postulates that PA critically depends on
the cerebellum and exerts its subsequent cognitive after-effects—
ameliorating (or inducing) neglect (-like) symptoms— by mod-
ulating parietal cortex activity. This model suggests a lateralized
modulation of attention via an initial inhibition of the parietal
cortex contralateral to the direction of the prismatic deviation
followed by a further modulation of the attentional balance via
interhemispheric interactions. Previous fMRI studies support
this idea, reporting lateralized cerebellar and parietal involve-
ment during the development of sensorimotor adaptation in
healthy subjects (Luauté et al., 2009; Chapman et al., 2010). Our
result, however, together with other previous studies (Saj et al.,
2013; Crottaz-Herbette et al., 2014), allows us to refine this
model, by postulating that PA’s lateralized cognitive after-effects
occur instead via a bilateral modulation of parietal activity.

Conclusions
In summary, by using electrophysiological markers of attention
we provide the first evidence that left PA in healthy subjects acts
on visuospatial attention and mimics the complex attentional
pattern typically reported in neglect patients; ie, the combination
of a rightward attentional orienting bias and a deficit in atten-
tional disengagement from the right hemispace. Concretely, this
complex pattern was reflected in left-PA-induced modulation of
early stage components (cue-locked N1 and target-locked P1)
that are generally agreed upon to reflect the lateralized attentional
processes most commonly impaired in neglect patients.

These findings have critical implications not only for better
understanding the therapeutic effects of PA in patients but also
the mechanisms underlying the cognitive effects of PA in the
healthy brain.
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dence for selective drop in attentional costs in uncertain environments:
challenging a purely premotor account of covert orienting of attention.
Neuropsychologia 49:2648 –2657. CrossRef Medline

Loftus AM, Vijayakumar N, Nicholls ME (2009) Prism adaptation over-
comes pseudoneglect for the greyscales task. Cortex 45:537–543. CrossRef
Medline

Losier BJ, Klein RM (2001) A review of the evidence for a disengage deficit
following parietal lobe damage. Neurosci Biobehav Rev 25:1–13. CrossRef
Medline
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