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Abstract Damage to the temporal-parietal cortex in the
right hemisphere often leads to spatial neglect—a disorder in
which patients are unable to attend to sensory input from their
contralesional (left) side. Neglect has been associated with
both attentional and premotor deficits. That is, in addition to
having difficulty with attending to the left side, patients are
often slower to initiate leftward vs. rightward movements
(i.e., directional hypokinesia). Previous research has indicated
that a brief period of adaptation to rightward shifting prisms
can reduce symptoms of neglect by adjusting the patient’s
movements leftward, toward the neglected field. Although
prism adaptation has been shown to reduce spatial attention
deficits in patients with neglect, very little work has examined
the effects of prisms on premotor symptoms. In the current
study, we examined this in healthy individuals using leftward
shifting prisms to induce a rightward shift in the egocentric
reference frame, similar to neglect patients prior to prism
adaptation. Specifically, we examined the speed with which
healthy participants initiated leftward and rightward reaches
(without visual feedback) prior to and following adaptation to
either 17° leftward (n = 16) or 17° rightward (n = 15) shifting
prisms. Our results indicated that, following adaptation, par-
ticipants were significantly faster to initiate reaches towards
targets located in the direction opposite the prism shift. That
is, participants were faster to initiate reaches to right targets
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following leftward prism adaptation and were faster to initiate
reaches to left targets following rightward prism adaptation.
Overall, these results are consistent with the idea that prism
adaptation can influence the speed with which a reach can be
initiated toward a target in the direction opposite the prism
shift, possibly through altering activity in neural circuits
involved in reach planning.

Keywords Prism adaptation - Attention - Visuomotor
control
Introduction

Damage to the right temporo-parietal cortex often leads to
spatial neglect—a heterogenous disorder in which patients
are unable to attend to sensory stimuli (visual, auditory, tac-
tile) on their contralesional (i.e., left) side, and may even
cause the patient to neglect the left side of their own body
(Danckert and Ferber 2006; Husain and Rorden 2003). In
addition to an impairment in processing sensory events
occurring on the contralesional side, patients with neglect
are also slower to initiate leftward movements toward targets
in left space (for a review see Coulthard et al. 2006). Neglect
is a debilitating condition that is present in roughly 50% of
patients following a right hemisphere stroke (Buxbaum et al.
2004), and the severity of neglect is correlated with a poorer
overall functional recovery (Cherney et al. 2001; Di Monaco
et al. 2011). As such, many different techniques have been
developed to try and reduce symptoms of neglect in patients
with the disorder (for a review see Luaute et al. 2006).

One technique that has been extensively investigated as
a potential therapy for patients with neglect is the prism
adaptation (PA) procedure pioneered by Rossetti and col-
leagues (Pisella et al. 2006; Rossetti et al. 1998). Prior
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to PA the patients are asked to close their eyes and point
straight-ahead of their body midline. Typically, a patient
with neglect will point far to the right of midline, as their
egocentric reference frame has been shifted toward their
ipsilesional (right) side (Karnath et al. 1998). The patient is
then asked to wear a set of rightward shifting prism lenses
that induce a 10° (or greater) rightward visual shift. While
wearing the prisms, the patient is asked to reach toward
targets that are placed to the left and right of their body
midline. Initially, when the patient reaches toward the tar-
get they miss far to the right because of the rightward shift
induced by the prisms. However, on subsequent reaches the
patient learns to adjust their movements leftward to com-
pensate for the rightward visual shift (Redding and Wallace
2006; Rossetti et al. 1998). After 5-10 min of pointing to
targets while wearing the prisms, the glasses are removed
and the patient is asked to close their eyes and point
straight-ahead once again. Because the patient had to adjust
their movements leftward to compensate for the rightward
visual shift, their egocentric reference frame also shifts
leftward, closer to true center (Pisella et al. 2006; Rossetti
et al. 1998). In a seminal study, Rossetti et al. (1998) dem-
onstrated that this leftward realignment of the egocentric
reference frame in patients with neglect led to significant
improvements on clinical tests of neglect such as line bisec-
tion, cancelation and figure copying.

Since the initial demonstration by Rossetti et al. (1998)
numerous studies over the past 18 years have demonstrated
that rightward PA can reduce a number of neglect symp-
toms such as the leftward disengage deficit (Nijboer et al.
2008; Schindler et al. 2009; Striemer and Danckert 2007),
the rightward attentional bias (Berberovic et al. 2004; Strie-
mer et al. 2007), tactile extinction (Maravita et al. 2003),
oculomotor biases (Angeli et al. 2004; Serino et al. 2006),
deficits in posture and balance (Tilikete et al. 2001), as well
as problems with visual imagery (Rode et al. 2001).

In addition, a number of studies in healthy adults over
the past 15 years have demonstrated that leftward shifting
prisms can shift attention and perceptual biases rightward,
in the direction opposite the prism shift (e.g., Colent et al.
2000). Using this leftward PA technique, several studies
have demonstrated a small rightward shift in performance
on tasks like line bisection and the landmark task (Colent
et al. 2000; Herlihey et al. 2012; Michel and Cruz 2015;
Michel et al. 2003a; Schintu et al. 2014; Striemer and
Danckert 2010a; Striemer et al. 2016), covert visual atten-
tion (Striemer et al. 2006), posture and balance (Michel
et al. 2003b), and tactile (Girardi et al. 2004) and visual
exploration (Ferber and Murray 2005). Although leftward
shifting prims can induce a small rightward shift in per-
formance (Colent et al. 2000; Michel et al. 2003a; Schintu
et al. 2014; Striemer et al. 2016), most previous studies in
healthy adults have failed to observe any significant effects
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of rightward shifting prisms on tasks that measure attention
or spatial biases; however, see Striemer et al. (2006) and
Berberovic and Mattingley (2003) for notable exceptions.
Interestingly, Goedert et al. (2010) have suggested that the
effectiveness of leftward and rightward shifting prisms to
induce after-effects in the direction opposite the prism shift
may be related to pre-existing attentional biases such that
participants with a larger leftward attentional bias (as meas-
ured by line bisection) are more likely to be influenced by
left prisms, and vice versa for participants with a rightward
attentional bias. Studying how PA can alter attention and
spatial biases in healthy adults is important for two reasons:
(1) it affords a more thorough understanding of how the
visuomotor system is linked with other cognitive functions
(e.g., attention, spatial perception), and (2) it may offer a
better understanding of how PA influences the behavior of
patients with neglect.

Although prisms may be a useful way to reduce some
symptoms of neglect, and can be used to induce changes
in attention and perceptual biases in healthy adults, other
research suggests that prisms may have different effects
depending on the nature of the experimental tasks used.
Specifically, several studies suggest that prisms may have
a greater influence on tests that require responses using
the motor effectors that are directly influenced by adap-
tation (i.e., the eyes or the hand), but prisms may have
less of an influence on tests that require purely percep-
tual responses (Danckert 2014; Dijkerman et al. 2003;
Ferber et al. 2003; Sarri et al. 2010; Striemer and Danck-
ert 2010a, b, 2013; Striemer et al. 2013). Furthermore,
some of our recent work (Striemer et al. 2016) examin-
ing the effects of different magnitudes of leftward PA in
healthy adults demonstrated that a larger leftward prism
shift (17°) led to a greater rightward shift in manual line
bisection compared to a smaller leftward prism shift
(8.5°). In fact, the magnitude of the after-effect induced
by PA (i.e., the rightward shift in straight-ahead point-
ing) was positively correlated with the magnitude of the
observed rightward shift in manual line bisection. In con-
trast, magnitude of prism shift had no differential effect
on a perceptual equivalent of the line bisection task (i.e.,
the landmark task). Thus, even in healthy adults, PA may
have differential effects on motor vs. perceptual responses
(Striemer et al. 2016).

One motor deficit that is commonly observed in
patients with neglect is directional hypokinesia—a
slowed ability to initiate reaches towards targets in con-
tralesional (i.e., left) space (Buxbaum et al. 2004; Coul-
thard et al. 2006; Heilman et al. 1985; Husain et al. 2000;
Mattingley et al. 1992, 1998; Sapir et al. 2007). Specifi-
cally, it has been observed that patients with neglect have
a direction-specific reaching deficit such that they are
slower to initiate leftward (but not rightward) reaches
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toward targets located in left space (Husain et al. 2000;
Mattingley et al. 1998). Although directional hypoki-
nesia is a symptom commonly associated with neglect
(Buxbaum et al. 2004; Coulthard et al. 2006), it is impor-
tant to note that this deficit can also be observed in right
brain damaged patients without neglect (Rossit et al.
2009).

In the current study, we investigated whether PA
could be used to induce a direction-specific alteration in
the speed with which healthy participants could initiate
reaches to left vs. right targets. To examine this possibil-
ity, in the current study, participants completed a target
reaching task in which they had to point to targets located
to the left or right of body midline as quickly and accu-
rately as possible prior to, and following adaptation to
either 17° leftward (n = 16), or 17° rightward (n = 15)
shifting prisms. As mentioned previously, prior research
examining the effects of prisms on tests of attention and
spatial biases in healthy adults has commonly observed
significant effects following leftward, but not rightward
PA (e.g., Colent et al. 2000; Michel et al. 2003a; Schintu
et al. 2014; Striemer et al. 2016). Given this, we predicted
that leftward PA would have a significant influence on
the speed with which participants could initiate reaches
to targets in the direction opposite the prism shift (i.e.,
to right targets). Furthermore, given that rightward shift-
ing prisms typically do not lead to significant changes on
tasks that measure attention or spatial biases in healthy
adults (for a recent review see Michel 2015), we predicted
that rightward shifting prisms would have little or no
effect on the speed with which participants could initiate
reaches toward targets.

Methods
Participants

This study consisted of 31 right-handed (by self-report)
undergraduate students (9 males; mean age 20.67 years; SD
3.91) from the MacEwan University psychology participant
pool who participated for course credit. All participants
had normal or corrected to normal vision. The participants
provided informed consent prior to participating in the
study. If the participant agreed to take part in the study they
were randomly assigned into either the leftward (n = 16;
5 males, mean age 20.75, SD 3.97), or rightward shifting
prisms group (n = 15; 4 males, mean age 20.6, SD 3.98).
The experimental protocol was approved by the MacEwan
University Research Ethics Board in accordance with the
ethical standards of the 1964 Declaration of Helsinki (last
update: Seoul, 2008).

Apparatus and procedure
Reaching task

In this study participants completed a reaching task in
which they were asked to make leftward and rightward
reaches to targets on a touch screen once prior to, and once
following PA. The reaching task used in the current study
was modified from Sapir et al. (2007). During the task
participants were asked to wear special goggles (PLATO,
Translucent Technologies) that could be made transparent
to allow a view of the workspace, or opaque to eliminate
the participant’s view of the workspace (Fig. 1). Partici-
pants sat with their head in a chin rest 45 cm away from
a horizontally mounted 32" widescreen touch screen (ELO
touch systems) located at their midsagittal plane. A but-
ton (a serial mouse) that was aligned with the center of
the touch screen was placed directly in front of the partic-
ipant and served as the start position for each trial. Dur-
ing the task the touch screen constantly displayed a cen-
tral fixation cross that was flanked by two unfilled squares
(2.5 cm X 2.5 cm) with their centers 12° to the right and
left of center (Fig. 1). All stimuli were white and were pre-
sented on a uniform black background in a dimly lit room.
Throughout the task participants were told to always
maintain fixation on the central cross, and to not look at the
peripheral boxes. Fixation was directly monitored by the
experimenter using a video camera that was positioned to
monitor participant’s eyes. Participants had very little trou-
ble maintaining fixation during the task. Each trial began
with the participant holding down the start button with
their right index finger while fixating on the central cross
with the PLATO goggles open (i.e., transparent) to allow a
clear view the workspace. Then, after a random delay inter-
val of 1500-3000 ms, a target stimulus (i.e., a white aster-
isk: 1.1 cm by 1.1 cm) was presented for 2000 ms in the
center of either the left or right box. The target appeared
in one of the two boxes with equal probability in a random
order. Upon presentation of the target, participants were
instructed to release the start button and reach toward and
touch the target as quickly and accurately as possible with
their right index finger while maintaining central fixation.
Importantly, upon release of the start button the PLATO
goggles immediately (i.e., within 5 ms) switched from
a clear to an opaque state, thereby eliminating all visual
feedback and knowledge of endpoint accuracy during each
trial (Fig. 1b). This was done to prevent de-adaptation from
the prisms during the post-prisms reaching task. For each
trial, we recorded reaction time (i.e., the time between the
presentation of the target and the release of the start but-
ton), movement time (i.e., the time between the release
of the start button and contact with the touch screen) and
endpoint error (distance between the endpoint of the reach
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Fig. 1 The layout of reaching task. Participants sat in front of a hori-
zontally mounted touch screen with their head in a chin rest. a Dur-
ing the task participants wore PLATO goggles (Translucent Tech-
nologies) that could be made opaque to eliminate their view of the
workspace following reach onset. At the beginning of a trial the par-
ticipant fixated on the central cross while holding down a start but-
ton. After a variable period of time (1500-3000 ms) a target stimulus
(an asterisk) appeared in one of the peripheral boxes. b Following the
onset of the target the participant reached to the target as quickly and
accurately as possible while maintaining central fixation. Immediately
after movement onset (i.e., the release of the start button) the PLATO
goggles turned opaque thereby eliminating any visual feedback or
knowledge of the accuracy of their reach with respect to the target.
This was done to prevent any de-adaptation from the prisms during
the reaching task

and the target location). After a touch response was reg-
istered by the screen there was a 2000-ms delay in which
the PLATO goggles remained opaque (i.e., blocking vision
of the workspace). Once the participant pressed and held
down the start button, the goggles returned to a clear (i.e.,
transparent) state prior to commencing the next trial. A sin-
gle block contained 50 trials (25 left and 25 right targets) in
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random order. Each participant completed two blocks (i.e.,
100 trials) prior to and following PA with a short break in
between each block to allow participants to rest.

Prism adaptation procedure

Following the baseline reaching task, participants were
adapted to 30 diopter prisms (Bernell Products) that were
used to induce either a 17° leftward (n = 16), or 17° right-
ward (n = 15) shift of the visual field.! The experimental
procedure was identical for the two groups. During the PA
procedure participants sat with their head in a chin rest in
front of the touch screen with their right index finger on the
start button. The initial starting position of the hand was
partially obscured by the chinrest; however, participants
had full vision of their hand during the reach (i.e., concur-
rent feedback). During each trial a circular target (1 cm in
diameter) appeared either 10 cm to the left, or 10 cm to the
right of the participant’s body midline. Participants were
instructed to reach out and touch the target as quickly and
accurately as possible with their right index finger. After
touching the screen, the participant returned their finger to
the start button and another target was presented. In total,
participants completed 200 pointing trials (100 left targets
and 100 right targets) presented in a random order while
wearing the prisms. The PA task took roughly 7-10 min to
complete.

In order to measure PA after-effects participants com-
pleted a straight-ahead pointing task before, and immedi-
ately after PA. In addition, a final straight-ahead pointing
measurement was taken at the conclusion of the study to
determine if participants remained adapted throughout the
experiment. During the straight-ahead pointing task, the
participant sat with their head in a chin rest. Participants
were instructed to make five pointing movements straight-
ahead of their body midline (i.e., subjective midline) with
their eyes closed. The endpoint of each of the pointing
movements was recorded by the surface of the touch screen.
These endpoints were used to calculate subjective straight-
ahead pre-PA, immediately post-PA and once again at the
conclusion of the experiment.

To summarize, in the current study participants com-
pleted the tasks in the following order: (1) baseline (pre-
prisms) reaching task, (2) baseline (pre-prisms) subjec-
tive straight-ahead pointing, (3) PA procedure (either 17°
leftward or 17° rightward shifting prisms), (4) post-prisms
subjective straight-ahead pointing, (5) post-prisms reaching
task, and (6) final subjective straight-ahead pointing.

! For smaller angles 1 prism diopter = 0.57° or 1° = 1.75 prism
diopters (Millodot 2009).
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Data analysis

For the reaching task, average reaction (RT) and move-
ment times (MT) were calculated [in milliseconds (ms)]
for each trial for each participant. Any trials in which the
RT was below 150 ms or more than 2SD above the partici-
pant’s mean RT for that condition were discarded as outli-
ers. Outliers accounted for less the 5% of the data in each
participant. For the endpoint error data from the reaching
task, we calculated horizontal pointing error [in centime-
ters (cm)] by subtracting the finger landing position from
the actual target location where negative values were errors
to the left of the target location, and positive values were
errors to the right of the target location. Initially, the data
from the reaching tasks were analyzed with the use of a
three-way mixed-model ANOVA with prisms group (left,
right) as a between-subject factor, and time (pre, post), and
target (left, right) as within-subject factors. We also car-
ried out planned comparisons (using paired-samples 7 tests)
examining the difference in reaction times for left targets
pre vs. post prisms and right targets pre vs. post prisms.
In addition, given that we expected a significant change in
RT when initiating reaches toward targets in the direction
opposite the prism shift, we also carried out a subsequent
ANOVA analysis with the with prism group (left vs. right)
as a between-subject factor, and time (pre vs. post) and tar-
get (ipsilateral or contralateral to the prism shift) as within-
subject factors. Post-hoc tests were carried out using either
paired-samples or independent-samples 7 tests with Bonfer-
roni correction.

For the straight-ahead pointing task, we calculated the
endpoint (in cm) for each of the five straight-ahead point-
ing movements in each session (pre, post, final) and then
averaged across them. The straight-ahead pointing data
were initially analyzed using a mixed-model ANOVA with
group (left vs. right prisms) as a between-subject factor and
time (pre, post, final) as a within-subject factor. This overall
ANOVA was then followed up by separate one-way within-
subject ANOVAs for the left and right prisms groups with
time (pre vs. post vs. final) as the within-subject factor. We
then used planned comparisons (using paired-samples ¢
tests) to contrast the straight-head pointing data for the pre
vs. post sessions, and the pre vs. final sessions, to deter-
mine if participants adapted, and remained adapted to the
prisms.

Results
Prism adaptation

To determine whether participants successfully adapted
to prisms we initially examined straight-ahead pointing

Prism adaptation: Straight-ahead pointing
OLeft prisms @Right prisms
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Fig. 2 The straight-ahead pointing data for the left (white bars) and
right (gray bars) prisms groups as a function of time (pre, post, final).
All data are reported in centimeters (cm) with negative values indi-
cating a leftward shift and positive values indicating a rightward shift.
*A statistically significant difference (p < 0.05). Error bars represent
the within-subject standard error (Loftus and Masson 1994)

performance using a mixed-model ANOVA with group
(left vs. right prisms) as a between-subject factor and time
(pre, post, final) as a within-subject factor. This analysis
revealed main effects of time [F(2,58) = 10.58 p < 0.0001,
np = 0.27] and group [F(1,29) = 7.06, p = 0.013, % = 0.20],
as well as a group X time interaction [F(1,29) = 42.28,
p < 0.0001, ;1;', = 0.59]. To investigate the main effect of
time we used paired samples ¢ tests to carry out planned
comparisons. The main effect of time indicated that, over-
all, the pre-prisms pointing session (0.85 cm) was signifi-
cantly different from the post (4.25 cm) pointing session
[#(30) = 4.30, p < 0.0001, d = 0.77]. In addition there was
a trend for the pre-prisms pointing session (0.85 cm) to dif-
fer from the final pointing session [2.58 cm; #(30) = 1.96,
p = 0.06, d = 0.35]. Finally, there was no significant differ-
ence between the post (4.25 cm) and final (2.58 cm) point-
ing sessions [#(30) = 1.66, p = 0.11, d = 0.29]. The main
effect of group revealed that, overall, straight-ahead point-
ing judgments were larger for the left (4.97 cm) compared
to the right (—0.013 cm) prisms group.

To further examine the group X time interaction we
analyzed the effect of time separately for the left and right
shifting prisms groups using within-subject ANOVAs
with time (pre, post, final) as the within-subject factor.
For the leftward shifting prisms group (n = 16) there was
a significant effect of time [F(2,30) = 13.22, p < 0.0001,
;712) = 0.47; Fig. 2]. Planned comparisons revealed that, fol-
lowing leftward PA, straight-ahead pointing was shifted
significantly rightward post (5.7 cm) in comparison to pre-
adaptation] 1.9 cm; #(15) = 3.104, p = 0.007, d = 0.78]. We
also found a difference in straight-ahead pointing between
the pre (1.9 cm) and final pointing sessions [7.29 cm;
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1(15) = 6.298, p < 0.001, d = 1.57] indicating that partici-
pants were still adapted to prisms at the conclusion of the
experiment.

For the rightward shifting prisms group (n = 15) we
also observed a significant effect of time [F(2,28) = 13.14,
p < 0.0001, ng = 0.48; Fig. 2]. Planned comparisons
revealed a significant difference in straight-ahead pointing
pre (—0.31 cm) vs. post prisms [2.72 cm; #(14) = —2.9009,
p =0.011, d = 0.75], but in the direction opposite than was
expected. That is, participants initially pointed further to
the right after rightward PA. However, by the end of the
experiment there was a significant leftward shift in straight-
ahead pointing when comparing the pre (—0.31 cm) and
final pointing sessions [—2.44 cm; #(14) = 2.771, p = 0.015,
d =0.71; Fig. 2].

Finally, to compare the magnitude of adaptation effects
between the two prisms groups we computed difference
scores for the straight-ahead pointing data for pre vs. final
and post vs. final. This analysis revealed that, for the pre
vs. final pointing sessions, the leftward PA group (5.35 cm)
had a larger change in straight-ahead pointing than the
rightward PA group [-2.12 cm; #(29) = 6.50, p < 0.0001,
d = 2.34]. However, if one considers the fact that immedi-
ately post PA the rightward PA group demonstrated a right-
ward shift in straight-ahead pointing (2.72 cm), but then
demonstrated a significant leftward shift in straight-ahead
pointing by the end of the experiment (—2.44 cm), then the
total shift in straight-ahead pointing between the post and
final sessions in the right PA group was (5.15 cm). Impor-
tantly, the total amount of shift post vs. final in the right-
ward PA group (5.15 cm) was no different than the total
shift in straight-ahead pointing observed in the leftward
PA group pre vs. post PA [5.35 cm; #(29) = 0.14, p = 0.89,
d = 0.05]. Thus, the total amount of change in straight-
ahead pointing between the groups in response to PA was
the same by the end of the experiment.

Reaching task: reaction time

To analyze reaction time in the reaching task we used a
three-way mixed-model ANOVA with group (left prisms,
right prisms) as a between-subject factor, and time (pre,
post), and target (left, right) as within-subject factors. We
observed main effects of time and target. The main effect
of time [F(1,29) = 5.724, p = 0.023, r]IZ) = 0.17] indicated
that participants were faster to initiate reaches post-adap-
tation (433 ms) in comparison to pre-adaptation (450 ms).
The main effect of target [F(1,29) = 46.666, p < 0.001,
’15 = 0.62] indicated that participants were faster to initiate
reaches toward right targets (433 ms) in comparison to left
targets (450 ms). There was also a significant time X tar-
get X group interaction [F(1,29) = 12.999, p < 0.001,
= 0.31].
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To further investigate the time X target X group inter-
action, we computed time X target ANOVAs separately
for the leftward and rightward shifting prisms groups. For
the leftward shifting prisms group we found a main effect
of target [F(1,15) = 10.43, p = 0.006, 775 = 0.41] and a
significant time X target interaction [F(1,15) = 5.820,
p = 0.029, ns = 0.28; Fig. 3a]. The main effect of target
indicated that participants in the leftward shifting prisms
group were faster to initiate movements toward right tar-
gets (428 ms) in comparison to left targets (442 ms) over-
all. Furthermore, in reference to the time X target inter-
action, planned comparisons indicated that the difference
in reaction time for right targets pre (440 ms) vs. post
prisms (415 ms) was significant [#(15) = 2.42, p = 0.029,
d = 0.60], such that participants were faster to initi-
ate rightward movements following leftward PA. How-
ever, there was no significant change in reaction times
to left targets pre (451 ms) vs. (431 ms) post-adaptation
[¢(15) = 1.75, p = 0.10, d = 0.44; Fig. 3al].

The same analysis for the rightward shifting
prisms group also revealed a main effect of target
[F(1,14) = 61.252, p < 0.001, ’73 = 0.81], and a sig-
nificant time X target interaction [F(1,14) = 7.467,
p = 0.016, ;15 = 0.35; Fig. 3a]. The main effect of tar-
get in the rightward shifting prisms group indicated
that participants in the rightward shifting prisms group
were faster to initiate movements toward right targets
(438 ms) in comparison to left targets (459 ms). As for
the time X target interaction, planned comparisons failed
to demonstrate a significant difference for reaction times
when initiating reaches toward right targets before versus
after PA [#(14) = 0.524, p = 0.609, d = 0.13]. However,
we did observe a non-significant trend toward faster reac-
tion times to initiate reaches to left targets post (450 ms)
compared to pre-PA [468 ms; #(14) = 1.838, p = 0.087,
d = 0.47; Fig. 3a].”

To further analyze the effects of PA on reaction times
to targets in the direction opposite the prism shift, we
conducted a mixed-model ANOVA with group (left vs.
right prisms) as a between-subject factor, and time (pre
vs. post) and target (ipsilateral or contralateral to the
direction of prism shift) as within-subject factors. Fol-
lowing this analysis we observed a significant main effect

2 In order to determine whether the delayed leftward shift in straight-
ahead pointing in our rightward shifting prisms group may have influ-
enced the data in our reaching task, we also compared the RT data
from the first half versus the second half of the post-prisms reach-
ing task. To analyze this we conducted a two-way within-subject
ANOVA with time (first half, second half) and target (left, right) as
factors. No significant effects were observed with this analysis. This
suggests that the delayed leftward shift in straight-ahead pointing fol-
lowing rightward prism adaptation did not influence the RT data in
the post-prisms reaching task.
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Fig. 3 a The reaction time
(RT) data in milliseconds (ms)
from the reaching task for the
leftward and rightward shifting

Motor reaction time: Group x time x target
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of time [F(1,29) = 5.72, p = 0.023, 1112) = 0.17], such par-
ticipants were faster to respond post (433 ms) vs. pre
(450 ms) PA. In addition, we also observed significant
target X group [F(1,29) = 46.66, p < 0.0001, ;7}% = 0.62]
and time X target [F(1,29) = 12.99, p = 0.001, nﬁ =0.31]
interactions.

The target X group interaction demonstrated that the
difference in reaction time to ipsilateral minus contralat-
eral targets was significant between the two groups.

Specifically, overall, the leftward shifting prisms group
was faster for contralateral (428 ms) vs. ipsilateral targets
(442 ms; diff. = —14 ms), whereas the rightward shifting
prisms group, overall, was faster for ipsilateral (438 ms)
vs. contralateral targets [459 ms; diff. = 21 ms; #(29) = 6.8,
p < 0.0001, d = 2.47]. Note that this is, essentially, the
same as the main effect of target demonstrated in the previ-
ous analysis such that participants were faster overall to ini-
tiate movements right vs. left targets. Specifically, the left
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prisms group was faster overall for contralateral (i.e., right
targets), whereas the right prisms group was faster overall
for ipsilateral (i.e., right) targets.

More importantly, the time X target interaction (Fig. 3b)
revealed that there was a significant reduction in RTs for
targets presented on the side opposite the prism shift (i.e.,
contralateral targets) when comparing pre PA (454 ms)
vs. post PA [432 ms; (#(30) = 3.07, p = 0.01, Bonferroni
corrected, d = 0.56]. However, there was no significant
reduction in RT for targets presented on the same side as
the prism shift (i.e., ipsilateral) when comparing pre PA
(446 ms) vs. post PA [434 ms; #(30) = 1.71, p = 0.18, Bon-
ferroni corrected, d = 0.31]. This interaction clearly demon-
strates that PA resulted in a reduction in RTs for initiating
movements toward targets presented on the side opposite
the prism shift for both the left and the right prisms groups.
Furthermore, this effect was of equal magnitude for both
the leftward and rightward shifting prisms groups as there
was no three-way interaction with group (p = 0.20).

Reaching task: movement time data

To analyze movement time in the reaching task we used a
three-way mixed-model ANOVA with group (left prisms,
right prisms) as between-subject factor, and time (pre,
post), and target (left, right) as within-subject factors. We
found a main effect of target [F(1,29) = 107.92, p < 0.001,
;1[2) = 0.78], and a marginally significant target X group
interaction [F(1,29) = 3.96, p = 0.056, ng = 0.12]. The
main effect of target indicated that, overall, participants
were faster to execute reaches to right (785 ms) compared
to left (842 ms) targets. Given that we had no specific
hypotheses regarding the possible effects of PA on MT, we
did not carry out any additional analyses.

Reaching task: endpoint error data

To analyze horizontal pointing error in the reaching task,
we used the same mixed-model ANOVA with group (left
vs. right prisms) as the between-subject factor and time
(pre vs. post) and target (left vs. right) as the within-sub-
ject factors. This analysis revealed a main effect of target
[F(1,29) = 37.08, p < 0.0001, 175 = 0.56] such that, over-
all, pointing errors were greater for left (—2.45 cm) com-
pared to right targets (0.89 cm). In addition, there was also
a significant time X group interaction [F(1,29) = 226.56,
p < 0.0001, 175 = (.89; Fig. 4]. The time X group inter-
action demonstrated that, although there was no differ-
ence in pointing errors between the groups prior to PA
[left prisms = —0.96 cm vs. right prisms = —0.84 cm;
1(29) = 0.143, p = 0.89, d = 0.05], there was a significant
difference in pointing errors following PA. Specifically,
pointing errors for the leftward PA group were to the right
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Horizontal pointing error: Reaching task
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Fig. 4 The horizontal endpoint error data in centimeters (cm) as
a function of group (left prisms vs. right prisms) and time (pre vs.
post). *A statistically significant difference (p < 0.05). Error bars
represent the within-subject standard error (Loftus and Masson 1994)

of the target (4.16 cm) post PA, whereas pointing errors
for the rightward PA group were to the left of the target
post PA [-5.5 cm; #(29) = 10.74, p < 0.0001, d = 1.96].
Importantly, the difference in pointing errors pre vs. post
adaptation were also significantly different between the two
groups [left prisms = —5.13 cm vs. right prisms = 4.61 cm;
1(29) = 15.05, p < 0.0001, d = 2.75] indicating that the
effect of PA on pointing errors was in opposite directions
for the two groups (i.e., in the direction opposite the prism
shift).

Correlation analysis

To examine the possible relationship between changes in
straight-ahead pointing and changes in RT before and after
PA we conducted a correlation analysis on pre-post differ-
ence scores separately for the leftward and right shifting
prisms groups. Specifically, if larger changes in straight-
head pointing were related to larger changes in RT post PA
then one would expect a positive correlation between the
two variables (see Striemer et al. 2016). Thus, for straight-
ahead pointing we subtracted data from the ‘final’ point-
ing session (at the end of the experiment) from the ‘pre’
pointing session. For the RT data, given that we observed
the largest effects of prisms on RTs to targets contralateral
vs. ipsilateral to the prism shift, we subtracted RTs from
targets contralateral to the prism shift, from RTs to targets
ipsilateral to the prism both pre and post PA. We then com-
puted a final difference score that examined the change in
the difference in RTs for targets ipsi vs. contralateral to the
prism shift before vs. after PA (i.e., we subtracted the pre
ipsi vs. contra difference score from the post ipsi vs. contra
difference score).
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Fig. 5 The correlation between changes in straight-ahead point-
ing (final-pre; cm) and changes in the difference in reaction times
between targets presented ipsilateral vs. contralateral (ipsi—contra;
ms) to the prism shift pre vs. post prisms for the left (a) and right (b)
prisms groups

For the leftward PA group this analysis revealed that
there was a tendency for larger changes in straight-head
pointing (i.e., a larger rightward shift) to be correlated with
larger changes in RT to targets ipsilateral vs. contralateral
to the prism shift pre vs. post PA [r(16) = 0.43, p = 0.085,
one-tailed]. Furthermore, when the same analysis was con-
ducted for the rightward PA group there was no such trend
toward a positive correlation [#(15) = 0.05, p = 0.85, one-
tailed]. It is important to emphasize that these correlations
need to be interpreted with caution as they are based on a
small number of data points (Fig. 5).

Discussion

In the present study, we were interested in whether adap-
tation to leftward or rightward shifting prisms could influ-
ence the speed with which healthy adults could initiate
reaches to left and right targets. Numerous previous studies

in healthy adults have demonstrated that, following left-
ward PA, there is a rightward shift in performance on tests
of attentional and spatial biases (for a recent review see
Michel 2015). In addition, most previous studies have failed
to demonstrate any consistent effects of rightward shifting
prisms on attentional and spatial biases in healthy adults
(e.g., Colent et al. 2000; Michel et al. 2003a; Schintu et al.
2014; Striemer et al. 2016). Given these previous findings,
we predicted that leftward PA would alter the speed with
which participants could initiate reaches toward targets in
the direction opposite the prism shift (i.e., to right targets).
However, we expected no effects following rightward PA.
The results from the current study indicated that, simi-
lar to previous studies (Colent et al. 2000; Michel et al.
2003a; Schintu et al. 2014; Striemer et al. 2016), there
was a significant rightward shift in straight-ahead point-
ing following leftward PA (Fig. 2). However, in the right-
ward shifting prisms group, there was initially a rightward
shift in straight-ahead pointing immediately post-prisms,
followed by a significant leftward shift by the end of the
experiment. The initial rightward shift in straight-ahead
pointing (i.e., immediately post PA) was unexpected as
most (if not all) previous studies to our knowledge have
demonstrated a significant leftward shift in straight-ahead
pointing following rightward PA (e.g., Colent et al. 2000;
Michel et al. 2003a; Schintu et al. 2014; Striemer et al.
2016). We are unsure as to why we observed this effect
and, given that is has not been observed in previous stud-
ies, it may be a spurious finding. Nevertheless, we do not
feel that the initial rightward shift in straight-ahead point-
ing following rightward PA had a negative impact on our
study for two reasons. First, participants in the rightward
PA group demonstrated the expected leftward after-effect
by the end of the experiment. In fact, if you compare the
difference in straight-ahead pointing between the post PA
and final pointing sessions for the rightward PA group, it is
of the same magnitude of that observed in the leftward PA
group when comparing pre vs. final. This suggests that the
overall amount of shift in straight-ahead pointing was the
same between the two groups. The second reason we do not
feel that the initial rightward shift in pointing in the right
PA group influenced our results comes from our analysis of
the endpoint error data from the post-prisms reaching task
(Fig. 4). Specifically, if you look at the endpoint errors for
reaches during the post-prisms reaching task, they are in
the direction opposite the prism shift for both groups (i.e.,
left errors for right prisms and vice versa for left prisms).
This is exactly what one would expect from someone
who had successfully adapted to a rightward prism shift.
Thus, we are confident that, overall, participants adapted
equally to left and right prisms in the two groups and that
they remained adapted throughout the experiment. This is
particularly important in the current study as participants
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completed 100 reaching movements in the post-prisms
reaching task which may have been expected to result in
de-adaptation. However, because we were able to remove
all visual feedback during the reach using the PLATO gog-
gles, we were able to limit de-adaptation from the prisms.

The most interesting results from the current study
were observed in the reaction time data from the reaching
task. Similar to previous studies (Sapir et al. 2007) par-
ticipants were, overall, faster when reaching toward right
compared to left targets with their right hand. In addition,
we observed that, following PA, participants were faster
to initiate reaches toward targets in the direction opposite
the prism shift. That is, following leftward PA, participants
were faster to initiate reaches to right targets, whereas fol-
lowing rightward PA participants were faster to initiate
reaches to left targets (Fig. 3a, b). This finding was fur-
ther emphasized in a subsequent analysis that examined
the influence of PA as a function of target side (i.e., ipsi-
lateral vs. contralateral) with respect to direction of prism
shift (i.e., for left prisms left targets = ipsilateral, right tar-
gets = contralateral, and vice versa for right prisms). Spe-
cifically, this analysis revealed a significant time (pre vs.
post PA) by target (ipsilateral vs. contralateral) interaction
such that participants were faster to initiate reaches toward
contralateral targets (i.e., targets in the direction opposite
the prism shift) following PA. Importantly, there was no
interaction with group (i.e., direction of prism shift) indi-
cating that the effects of PA on reach RT were equivalent
for both the left and right PA groups (Fig. 3b).

Analysis of the movement time (MT) data indicated that,
overall, participants were faster to initiate reaches to right
compared to left targets when reaching with the right hand.
These results are consistent with the RT data reported ear-
lier. In addition, although PA was able to speed RT to ini-
tiate reaches to targets in the direction opposite the prism
shift, PA had no systematic effects on MT (i.e., no differ-
ences emerged pre vs. post PA).

Finally, in order to examine the relationship between
changes in straight-ahead pointing pre vs. post PA and
changes in performance in the reaching task we conducted
a correlation analysis on difference scores. Specifically, we
correlated changes in straight-ahead pointing (final minus
pre) with changes in the difference in RT to targets that
were ipsilateral vs. contralateral to the prism shift before vs.
after PA. Interestingly, for the leftward (but not the right-
ward) PA group, there was a trend [r(16) = 0.43, p = 0.085,
one-tailed] toward a positive correlation between changes
in straight-ahead pointing, and changes in the difference in
RT for targets ipsilateral vs. contralateral to the prism shift
pre vs. post PA. That is, larger rightward shifts in straight-
ahead pointing following leftward PA were correlated with
larger changes in the difference in RT between targets ipsi-
lateral vs. contralateral to the prism shift pre vs. post PA.
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Although this trend needs to be interpreted with caution
because it is only based on a small number of data points,
it is worth pointing out that the relationship is in the direc-
tion one would expect if changes in straight-ahead point-
ing were linked with changes in RT post-prisms. Further-
more, this trend is also consistent with recent data from our
lab in which we observed a significant positive correlation
between changes in straight-ahead pointing, and changes in
manual line bisection pre vs. post PA (Striemer et al. 2016).
These data also support the more general notion that the
beneficial effects of prism on attention and spatial biases
may be directly tied to changes in motor performance
that are induced by PA (Striemer and Danckert 2010a, b).
Finally, it is also worth pointing out that the trend toward a
correlation between changes in straight-ahead pointing and
changes in RT was only observed in the leftward shifting
prisms group. Although it is not clear why this trend was
only observed for the leftward shifting prisms group, it may
be related to the fact that changes in straight-ahead point-
ing in the expected direction took longer to develop in the
rightward shifting prisms group.

Although we have demonstrated that prisms can speed
RTs to initiate reaches toward targets in the direction of
the prism after-effect, it is still unclear how PA was able
induce this effect. Specifically, PA could speed reach RTs
toward targets in the direction opposite the prism shift by
either, (1) inducing a bias in attention in the direction of
the prism after-effect, thereby speeding target detection,
and hence, motor RT or (2) by increasing the speed with
which the participant could plan movements towards tar-
gets in the direction of the prism after-effect once the target
was detected. Although, in theory, either explanation could
account for our effects, we believe that it is more likely the
case that prisms speeded the initiation of the reach towards
the target, rather than speeding target detection per se. We
will consider each of these theories in turn.

The notion that PA might alter the distribution of spa-
tial attention by rebalancing activity between the two hemi-
spheres has been suggested since the original studies of
PA in patients with neglect and healthy adults were first
published (for reviews of possible mechanisms see Clarke
et al. 2016; Michel 2006; Pisella et al. 2006; Redding and
Wallace 2006; Striemer and Danckert 2010b). The first
evidence that PA might alter the allocation of attention
in healthy adults was reported by Colent et al. (2000) and
Michel et al. (2003a). Specifically, using manual line bisec-
tion and landmark tasks they demonstrated a significant
rightward shift in manual bisection (Michel et al. 2003a)
and a rightward shift in the perceived midpoint of the
line in the landmark task (Colent et al. 2000; Michel et al.
2003a) following leftward, but not rightward PA. This sup-
ported the idea that, in healthy adults, leftward PA led to a
rightward shift in attention by increasing activity in the left



Exp Brain Res (2017) 235:3193-3206

3203

posterior parietal cortex (PPC) and simultaneously decreas-
ing activity in the right PPC (for a review see Michel 2006).
A rightward shift in attention following leftward PA (and
vice versa following rightward PA) could provide a simple
explanation for the results of the current study. Namely,
following leftward PA participants may have experienced
a rightward shift in attention which led to faster detection
of right targets, and hence, larger changes in motor RTs
for right, but not left targets. The same mechanism (in the
opposite direction) could explain the results for the right-
ward shifting prisms group. That is, a speeding of RTs for
left but not right targets following rightward PA.

If a simple visual attentional bias account could explain
the results from the current study, then there should be
ample evidence that PA can speed RTs to detect targets in
the direction opposite the prism shift in healthy adults in
previous studies; however, this is not the case. In a previous
study Striemer et al. (2006) found that PA could speed the
reorienting of reflexive covert attention away from a cue in
the direction opposite the prism shift. That is, participants
were faster to reorient attention away from a right cue to a
left target following leftward PA and were faster to reorient
attention away from a left cue to a right target following
rightward PA (Striemer et al. 2006). It is important to note
that, in the Striemer et al. (2006) study, PA had no effect
on RTs to non-cued targets (i.e., targets that appeared with-
out any preceding cue). This is consistent with previous
work in healthy adults showing no changes in simple RTs
to detect left or right targets following PA in the absence of
a spatial cue (Berberovic et al. 2004; Morris et al. 2004).
A recent study by Martin-Arevalo et al. (2016) lends fur-
ther support to Striemer et al.’s (2006) findings. Specifi-
cally, Martin-Arevalo et al. (2016) found that leftward (but
not rightward) PA reduced ERP amplitudes associated with
shifting attention leftward, as well as detecting invalidly
cued left targets. Note, however, that no behavioral (i.e.,
RT) effects were observed by Martin-Arevalo et al. (2016)
in response to PA. Nevertheless, these two studies indicate
that, following leftward PA, there are changes in the effi-
ciency with which participants can redirect attention away
from a cue on the side opposite the prism shift. However,
there is no clear evidence that PA can influence RTs for
non-cued targets. It is important to emphasize that, in the
current study, participants were required to initiate a reach
towards a non-cued target that appeared on the left or right
side of the screen. Given that no previous studies in healthy
adults have ever observed changes in simple RT to detect
non-cued targets following PA, we feel that it is unlikely
that our results can be explained by a simple visuospatial
attentional bias account.

One aspect of the current study that is unique is that
this is the first study (at least to our knowledge) that has
directly examined changes in RT to initiate movements

to left and right targets pre vs. post PA. Specifically, our
study required participants not only to attend to and detect
the target, but also to plan and execute a reach towards
the same target (without visual feedback). Given that pre-
vious studies in healthy adults have only observed effects
of prisms on attention tasks that require reorienting atten-
tion away from a cue (Martin-Arevalo et al. 2016; Striemer
et al. 2006) and have failed to demonstrate any effects of
PA on simple RT to detect left or right targets (Berberovic
et al. 2004; Morris et al. 2004; Striemer et al. 2006), we are
inclined to believe that prisms must have altered the speed
with which participants were able to plan their movements
to targets in the direction opposite the prism shift.

To clarify, we are not suggesting that attention was unaf-
fected by prisms in the current study, only that a simple
visuospatial attentional bias account post-prisms is unlikely
to explain our effects. Interestingly, a good deal of previ-
ous work has suggested that the left hemisphere may be
“dominant” for fine motor control, such that it is respon-
sible for planning and executing skilled movements with
both hands (Kimura, 1993; Perenin and Vighetto 1988;
Rothi and Heilman 1997). In addition, numerous studies
have suggested that visuospatial attention (i.e., attending to
different locations in space) and so-called “motor attention”
(i.e., the ability to plan motor actions to different locations)
rely on separable cognitive and neural mechanisms (Joni-
kaitis and Deubel 2011; Rushworth et al. 1997, 2001a, b).
Specifically, the right PPC (in particular the right inferior
parietal lobe and temporal-parietal junction) is thought to
be critical for reorienting visuospatial attention (e.g., Cor-
betta et al. 2000, 2002), whereas the left PPC (in particular,
the left supramarginal gyrus) is thought to be important for
controlling motor attention when planning reaching move-
ments (Rushworth 1997, 2001a, b). Additional evidence
in support of the separation of visual attention from motor
attention comes from the fact that deficits in the speed with
which one can detect the presence of a visual target (i.e.,
visuospatial attention) are not correlated with deficits in
visuomotor control (Striemer et al. 2009). One possible
explanation for the current findings is that, because par-
ticipants adapted to prisms by reaching to targets with the
right hand which is controlled by the left PPC, this may
have influenced the left PPC’s ability to allocate motor
attention (i.e., to plan movements), thereby speeding motor
RTs toward targets in the direction opposite the prism shift.
Note that this is consistent with several previous studies
that have demonstrated that the left PPC is actively engaged
during PA with the right hand (e.g., Clower et al. 1996;
Danckert et al. 2008; Luaute et al. 2009).

Another potential mechanism to explain the results of
the current study comes from a study by Magnani et al.
(2014) who demonstrated that PA increases intracorti-
cal excitability [as measured via paired-pulse transcranial

@ Springer



3204

Exp Brain Res (2017) 235:3193-3206

magnetic stimulation (TMS)] in the primary motor cortex
(M1) contralateral to the prism-induced after-effect. That
is, leftward PA, which induces a rightward after-effect,
was found to increase the excitability of M1 in the left
hemisphere. In contrast, rightward PA, which induces a
leftward after-effect, was found to increase the excitabil-
ity of M1 in right hemisphere. Critically, in the Magnani
et al. study (2014; as in the current study), all reaches were
made with the dominant right hand. Thus, the changes in
M1 excitability observed by Magnani et al. (2014) can-
not be explained by the hand used during adaptation, but
instead are tied to the direction of the prism after-effect.
Magnani et al. (2014) further postulated that the changes in
M1 activity that arise following PA might possibly spread
to other areas within the activated hemisphere. Thus, as
per Magnani et al. (2014), an increase in M1 activity in
the left hemisphere following leftward PA might then
spread to other motor areas within the same hemisphere,
creating a generally more active left hemisphere (and vice
versa for rightward PA). Therefore, if leftward PA results
in an increase in M1 excitability in the left hemisphere,
and this effect then spreads to other motor related regions
of the left hemisphere such as the PPC, then this could
result in faster RTs to initiate movements to right targets.
The reverse of this could also explain faster RTs to initiate
movements to left targets following rightward PA. Again,
if rightward PA increases activity in right M1 (Magnani
et al. 2014), and this increased activity spreads to the right
PPC, then this could explain why participants were faster
to initiate reaches to left targets following rightward PA
(i.e., increased activity in visuomotor regions of the right
hemisphere). To put it simply, according to the results of
Magnani et al. (2014), PA might influence reach RTs to tar-
gets in the direction opposite the prism shift through creat-
ing something akin to a “field effect” that is often observed
in patients with optic ataxia following damage to the PPC.
That is, patients with optic ataxia are slower and less accu-
rate at executing reaches towards targets on the contral-
esional side with either hand (Perenin and Vighetto 1988;
Pisella et al. 2007; Striemer et al. 2007). In contrast, by
increasing activity in motor regions (i.e., M1 and/or PPC)
in the hemisphere opposite the prism after-effect, it might
be possible to create the reverse of this effect, namely faster
RTs to initiate reaches to targets in the direction opposite
the prism shift.

Ultimately, whether our results can be better explained
through prisms altering motor attention mechanisms in
the left PPC, or though prisms creating a “field effect”
by increasing activity in motor regions in the hemisphere
opposite the prism after-effect, remains an open topic for
future investigation. Future studies could adopt our behav-
ioral paradigm in concert with measures such as EEG/ERP
recordings to examine whether activity in motor regions of
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the two hemispheres are systematically altered by PA, and
whether these changes are related to observed effects in RT
to initiate reaches towards targets. Using electrophysiologi-
cal recordings would also allow a better separation between
the effect of prisms on sensory aspects of target detection,
from mechanisms related to motor preparation, and reach
planning. Finally, another important question for future
investigation is whether the effects of PA on reach initiation
RT transfer to the un-adapted hand.

It is important to note that the results from the current
study could also potentially be extended to the treatment of
directional hypokinesia in patients with right brain damage.
That is, if PA increases hemispheric activity in the direc-
tion opposite the prism after-effect (Magnani et al. 2014),
or makes it easier for the left PPC to allocate motor atten-
tion to targets in left space, then rightward PA could make
it easier for patients with right brain damage to initiate left-
ward reaches.

Conclusion

In conclusion, the results of the current study demonstrate
that PA can speed reach initiation in the direction of the
prism-induced after-effect. Specifically, participants were
faster to initiate reaches towards right targets following left-
ward PA and vice versa following rightward PA. Our results
could be explained through PA altering brain circuits in the
left PPC that are involved in controlling motor attention
(i.e., reach planning), or through the creation of a “field
effect” via increases in cortical excitability in M1 in the
hemisphere opposite the prism after-effect (Magnani et al.
2014). Taken together, the current data add further support
to the notion that PA can influence performance in tasks
that require a motor response with the adapted hand (Strie-
mer and Danckert 2010a, b; Striemer et al. 2016). Finally,
our results may be applied to help treat directional hypoki-
nesia in patients with right hemisphere brain damage.
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