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Information about the world is often encoded in the brain as topographic maps. These internal representations are not always static but
can have a dynamic nature, allowing for constant adjustments that depend on factors like experience or injury. Recently, it has been
shown that areas involved in visuomotor transformations also show topographical organization. These findings suggest that it could be
possible to observe plastic modifications in specific parts of the representation in response to a local perturbation that affects only a part
of the space that is represented. Here, we tested this hypothesis using an adaptation paradigm with hemiprisms. Our results suggest that,
initially, the system tries to modify the visuomotor transformation in the whole spatial representation; however, if feedback is available
from both hemifields, the system can perform specific regional topographical realignments. The results also suggest that access to the
rearranged visuomotor transformation is independent of eye position, in contrast with previous studies that found a kind of conditional
learning. Also, whereas prism adaptation experiments using ballistic movements do not show intermanual transfer of learning, the
topographical modification found here is available to both hands. These results provide strong evidence for rapid topographical plasticity
that can modify space transformations between two different modalities.
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Introduction
Information about the world from different sensory modalities
including vision, audition, and somatosensation (Buonomano
and Merzenich, 1998; Knudsen, 2002) is often encoded in the
brain as topographic maps. These internal representations are
not always static, and they frequently have a dynamic nature that
allows for constant adjustments by factors like experience or in-
jury (Recanzone et al., 1992; Weinberger, 1995). Recently, it has
been shown that areas involved in visuomotor transformations
also show a topographical organization (Andersen et al., 1997;
Sereno et al., 2001). A topographical representation in these areas
opens the possibility of selective modifications performed by
plastic mechanisms in specific parts of the representation, like
those that occur in other sensory modalities. If internal represen-
tations involved in visuomotor transformations are ruled by sim-
ilar plastic mechanisms, then they should show regional modifi-
cations in response to a local perturbation that affects only a part
of the space represented.

Initial attempts to study visuomotor plasticity include earlier
prism adaptation studies. Although most of that research focused

on perceptual changes induced by optic distortions of the prisms,
some experiments specifically addressed the visuomotor prob-
lem using hemiprisms (Kohler, 1964; Pick et al., 1969). These
studies found visuomotor gaze-contingent adaptations after us-
ing hemiprisms for periods ranging from 4 h to many weeks.
Specifically, they found that the system could display two visuo-
motor mappings, one for targets presented in the direction of the
prismatically viewed field and the other for targets presented in
the direction of the undistorted field. However, because eye po-
sition was always tied to gaze direction during these studies, it was
assumed that the eye position was cuing the visuomotor mapping
that should be used with or without prism. These studies could
not differentiate whether the system was using two visuomotor
mappings or one spatially modified mapping. Other studies,
however, have specifically shown that the system is capable of
accessing multiple visuomotor mappings cued by different stim-
uli or contexts (Cunningham and Welch, 1994; Ghahramani et
al., 1996; Martin et al., 1996).

Behind the postulation of two visuomotor mappings cued by
eye position in the hemiprism studies is the assumption that both
normal and displaced maps covered the entire spatial represen-
tation. This assumption fits with the idea that changes in space
perception shift space rigidly (Bedford, 1993). For example, if a
subject is asked to point to a specific target using prisms that
displace the visual field 10° to the left, then, after adaptation, the
subject will point 10° to the left of any other space location. There
is, however, another possible explanation for the hemiprism re-
sults. Instead of generating multiple visuomotor mappings with
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entire space shifts for different eye positions, one single visuomo-
tor map may be locally modified in a specific part of the
representation.

Here, we tested whether the system can modify the visuomo-
tor transformation map in one region of the spatial representa-
tion by using a hemiprism adaptation paradigm. If the system can
use space-specific visuomotor mappings, it would be compatible
with the notion that the system has topographical representations
of space (Sereno et al., 2001) and that these topographical repre-
sentations can be modified regionally without necessarily affect-
ing the whole representation. In contrast, if the system uses a
clustered representation of space using a foveation-based signal,
or if the plastic mechanisms cannot modulate specific areas of a
topographic representation, then the map would be adjusted as a
whole, shifting space everywhere (Bedford, 1993; Cohen and
Knudsen, 1999; Knudsen, 2002).

Materials and Methods
Subjects
One hundred right-handed, young, healthy university students (one-half
men; one-half women) between the ages of 18 and 24 years participated
in this study. All subjects were volunteers and were informed about the
general nature of the experiment according to the Declaration of
Helsinki.

General procedure
As shown in Figure 1, we tested subjects using a setup that divided the
visual field into two hemifields (upper and lower), one without and the
other with a prism that produced an optical lateral displacement (but see
the description of groups below). Subjects had to alternate throws of clay
balls (weight, 10 g) toward a 12 � 12 cm target (a cross) projected onto a
large sheet of parcel paper 2 m in front of them. The cross was projected
using a computer-controlled projector that changed the position of the
target every 4 s. For throws in the upper hemifield, the cross was pro-
jected 45 cm above eye height. For throws in the lower hemifield, the
cross was projected 45 cm below eye level. Subjects were instructed to use
their right hands, to make all throws overhand, and to throw the balls to
the location where they saw the target. The subjects were seated with head

restrained by a chin and forehead rest. No directions were given about
trunk or shoulder posture. The subjects had an unobstructed view of the
target during the entire session; however, they were instructed not to look
down at their hand as they collected the next ball from a tray located on
a table right next to their bodies. The locations of the ball impacts for each
hemifield were plotted sequentially by trial number (abscissa) versus
horizontal displacement (in centimeters) from a vertical line passing
through the target center (ordinate). Impacts to the left of the target were
plotted as negative values, and impacts to the right were plotted as posi-
tive values.

Experimental conditions
The experiments had three conditions as reported previously
(Fernandez-Ruiz and Diaz, 1999). In condition PRE, subjects threw balls
at the target without any visual displacement. While making their throws
during condition PRI, subjects viewed the target through 30 diopter
Fresnel 3M Press-on plastic lenses (3M Health Care, St. Paul, MN) that
produced a deviation of the space to the right (base left). The prisms were
mounted on goggles that were secured by Velcro straps. Subjects wore
goggles with prisms encompassing either both or only one hemifield,
depending on the group to which they were assigned (see below). The
number of throws to the upper or lower hemifield during condition PRI
varied for each group (see group descriptions below). Before making
throws in the POS condition, goggles were removed from the subjects.
The subjects always saw the alternating targets vertically aligned with or
without prisms. When the subjects were looking through prisms, the
targets were displaced to the left, so the subjects saw them straight ahead.

Groups
Subjects were divided into six groups (A, B, C, and D: 20 subjects per
group; E and F: 10 subjects per group) depending on the PRI character-
istics as follows (see Fig. 2).

Group A. Subjects in this group had prisms in both upper and lower
visual hemifields. The target, however, only appeared in the lower hemi-
field. During conditions PRE, PRI, and POS, subjects made 25, 250, and
25 throws, respectively.

Group B. Subjects in this group had prisms in both upper and lower
visual hemifields. During each condition, the target alternated between
the two hemifields. The subjects made 25, 250, and 25 throws to each
hemifield during PRE, PRI, and POS, respectively.

Group C. Subjects in this group had prisms only in the lower hemifield.
During each condition, the target alternated between the two hemifields.
However, during condition PRI, they threw balls only to the lower hemi-
field. Therefore, the subjects made 25 throws each to the upper hemifield
during PRE and POS, and they made 25, 250, and 25 throws to the lower
hemifield during PRE, PRI, and POS, respectively.

Group D. Subjects in this group had prisms only in the lower hemifield.
During each condition, the target alternated between the two hemifields.
The subjects made 25, 250, and 25 throws to each hemifield during PRE,
PRI, and POS, respectively.

Group E. This group was similar to group D, except that during PRI the
subjects had to look toward the hemifield opposite to where they saw the
target (a circle indicated the position where they should look). They were
instructed, however, to keep aiming the balls at the target where the cross
appeared.

Group F. This group was similar to group D, except that they made five
additional throws with their eyes closed both after PRE and after PRI.

Eye tracking
The position of the eyes was monitored in every throw by an ISCAN
(Burlington, MA) real-time data monitoring system coupled to an
RK.426PC Pupil/Corneal Reflection Tracking System that allowed us to
do on-site calibrations subject by subject. Although the system tracks eye
movements in both vertical and horizontal dimensions, we were inter-
ested in the horizontal eye movements that indicated whether subjects
were looking to the upper or lower hemifield. The horizontal displacing
prism did not affect these measurements. The setup included an infrared
illuminator, an eye camera connected to the eye-tracking circuit card in a
personal computer that, in turn, fed into an eye monitor.

Preliminary studies were done to position the eye tracker in such a way

Figure 1. Experimental setup. Using a computer-controlled projector, two targets were pre-
sented in an alternating manner 2 m away from the subject. One target was 45 cm above and
the other was 45 cm below the subject’s eyes. The vertical presentation of the targets was
arranged such that they always appeared to be aligned with each other regardless of the intro-
duction of the prisms. With their heads restrained by a chin and forehead support, subjects had
to throw clay balls with the right hand to the appearing target. Eye movements were monitored
with an optic track device. A typical record of the vertical eye positions while a subject alternated
throws is shown.
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that there was no interference with the mechanics of the task. The eye
tracking showed a clearly detectable difference of eye position while the
subjects were looking at the target in either hemifield (Fig. 1).

Measurements
First, while wearing the prisms, an adaptation measure was obtained by
subtracting the horizontal distance between the impact of the ball and the
target on the final throw from that on the initial throw of the PRI condi-
tion. Second, after removing the prisms at the beginning of the POS
condition, an aftereffect measure was defined as the horizontal distance
between the impact and target of the first throw. Third, the adaptation
rate was measured by the sequence of throws during the PRI condition.
For the straight-ahead throws in group F, the measure was the average of
the five throws made before and the five throws made after the PRI
condition, all of which were made with eyes closed.

Results
General statistical analyses
Given below are the statistical analyses of the three experimental
phases between groups using omnibus ANOVAs. The p values in
the rest of Results pertain to the Student–Newman–Keuls (SNK)
post hoc analysis described here.

Baseline (PRE)
An ANOVA test on the baselines found no group differences (F �
1.25; df � 8; p � 0.21). For all groups, the SNK analysis on the
baselines showed no differences between groups (Fig. 2).

Adaptation (PRI)
The statistical analysis of the adaptation magnitude showed that
there were differences between groups (F � 17.076; df � 7; p �
0.01). An SNK showed that the adaptation magnitudes for the

upper hemifield in D and E (where there were no prisms) were
similar, but they were different from the rest of the adaptations.
No other differences were found among groups (subset for � �
0.05). The adaptation rate analysis showed statistical differences
between throws (F � 29.664; df � 49; p � 0.01) and between
throws per group (F � 1.901; df � 343; p � 0.01). An SNK
revealed three homogeneous subsets of groups: first, groups D
and E in the upper hemifield; second, group B in both hemifields;
and third, groups A, C, D, and E in the lower hemifields. The
subset for � was � 0.05.

Additional analysis of the adaptation rate of groups D and E
for the first 25 throws during PRI in the upper hemifields (with-
out prisms) shows significant differences from their baselines
(F � 6.339; df � 3; p � 0.01). The SNK indicated two subsets, one
for the baselines and one for the upper hemifield throws (Fig. 2,
groups D and E, arrows with asterisks).

Aftereffect (POS)
The aftereffect statistical analysis showed differences between
groups (F � 15.401; df � 8; p � 0.01). A subsequent SNK re-
vealed three subsets (� � 0.05). First, both group B aftereffects
were significantly greater than those of the other groups. Second,
groups A, C, D, and E in their lower hemifield and group C in the
upper hemifield were both included in one subset. Finally, in the
last subset, both D and E upper throws were the only ones to
exhibit negative aftereffects. For group F, repeated measures
ANOVA on the straight-ahead throws made before and after ad-
aptation in both hemifields showed significant differences be-
tween groups (F � 23.9; df � 7, 32; p � 0.01).

Figure 2. The visuomotor map is affected by plastic mechanisms that try initially to modify the whole spatial representation. If the system is topographically organized and the perturbation
affects only a specific area of the map, then the system can show rapid plastic changes that lead to a significant change only in the affected region of the map. Throwing balls in both prism-displaced
hemifields (b) leads to a faster, more robust adaptation that was followed by a larger aftereffect than throwing only to the lower hemifield (a). Throwing balls only in one prism-displaced hemifield
produces significant aftereffects in the untrained area (c). Having one hemifield without and one with prisms (d and e) produces an initial deviation on both hemifields (indicated by an asterisk in
the upper hemifield). Continuous interactions, however, led to a topographical differentiation between the two hemifields that is eye-position independent (e). The top and bottom graphs represent
throws to the upper and lower hemifields, respectively. The horizontal distance to the target (in centimeters) is represented on the x-axis, and the trial number is on the y-axis. A prism vignette
indicates the presence of prisms in that specific condition. The vertical arrows indicate the maximum aftereffect distances.
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Tendency to make generalized compensations to the whole
spatial representation
Initially, we tested whether the system has a tendency to make
generalized compensations to the whole spatial representation.
First, we completed control group A (Fig. 2a), where subjects
threw only to the lower hemifield. Then, we added groups B and
C to test plasticity interactions between the two hemifields in the
presence or absence of visuomotor behavior in the upper hemi-
field during the adaptation. Group B (Fig. 2b), which had prisms
in both hemifields, showed a faster than normal adaptation in the
lower hemifield than control group A ( p � 0.001), suggesting an
active interaction between hemifields. However, if subjects had
the opportunity to interact in only one prism-perturbed hemi-
field, and if they were deprived of interactions in the other hemi-
field (group C: throws to the upper hemifield only during PRE
and POS, but not during the critical PRI phase), then the system
generalizes the compensation to the whole spatial representation,
showing aftereffects in the lower hemifield that were similar to
group A ( p � 0.98) and group B ( p � 0.08). The most interesting
result from this group is that, although they did not make throws
to the upper hemifield during PRI, these subjects showed an af-
tereffect of the same magnitude in both hemifields ( p � 1.0) (Fig.
2c). This suggests that the system generalizes the compensation to
the whole spatial representation when it is deprived of interactions in
one hemifield. These initial findings agree with previous reports sug-
gesting a rigid shift of the visuomotor transformation of the entire
spatial representation (Bedford, 1993; Vetter et al., 1999).

The system can sustain topographical plasticity
Contrary to previous studies that found rigid space shifts (Bed-
ford, 1993), our methodology allowed us to dissociate the axis of
displacement from the axis of perturbation-affected areas (Cun-
ningham and Welch, 1994; Ghahramani et al., 1996). The results
obtained with this setup suggest that the system can sustain to-
pographical plasticity given enough visuomotor feedback in both
hemifields. Group D was designed to test whether the system
could adapt to two different conditions, one in each hemifield, by
making alternating throws into the two hemifields. Accordingly,
group D (Fig. 2d) made throws into the prism-free and the prism-
displaced hemifields. An analysis of the 25 initial PRI throws in
the upper hemifield showed a significant deviation from baseline
( p � 0.001) (Fig. 2d, horizontal arrow) in the same direction as
the one observed simultaneously in the lower hemifield. This
initial deviation, however, returned toward the baseline level by
the second half of the period, although without fully reaching it.
Meanwhile, the lower hemifield showed normal adaptation. If
aftereffects were different, it would suggest a real change of the
internal representation beyond the influence of the prism. The
results show aftereffects in opposite directions in the upper and
lower hemifields ( p � 0.001). The aftereffect in the lower hemi-
field is similar to that observed in groups A and C ( p � 1.0), but
smaller than group B ( p � 0.002). The behavior in the upper
hemifield of group D suggested, again, that the plastic mecha-
nisms acting on the visuomotor transformation initially affected
the whole spatial representation. If this initial trend had main-
tained its course, it would have supported the hypothesis that the
spatial internal representation of the visuomotor transformation
had to shift rigidly everywhere, as suggested by the results of
groups B and C. However, the trend stopped and reverted toward
the baseline, suggesting that the system can distinguish between
the two topographic zones. The critical test, however, was to
determine the aftereffect magnitudes. Upper and lower hemifield
aftereffects were different, suggesting a real change of the internal

representation beyond the influence of the prism. These results
clearly show that the system can sustain topographical plasticity
in a restricted area of the visuomotor transformation spatial rep-
resentation. Similar findings have been found using a setup that
displays virtual images of the position of the effector (Ghahra-
mani et al., 1996).

The hemifield adaptation is not gaze contingent
Previous long-term studies suggest the possibility that the system
develops a new visuomotor representation that is accessed in-
stead of the original one (McGonigle and Flook, 1978; Welch et
al., 1993; Martin et al., 1996; Knudsen, 2002). In humans, the
formation of new representations requires long periods of train-
ing and shows two characteristics: first, the system requires a cue
to know when to access it; and second, it does not show afteref-
fects once the cue is gone (Martin et al., 1996). In previous studies
using similar hemiprism approaches (Kohler, 1964; Pick et al.,
1969), it was concluded that the eye positions acted as cues in-
structing the system to switch between internal representations.
To evaluate whether we were observing a new internal represen-
tation, or a topographical modification of the original, we tested
group E, which was similar to D, but the subjects had to make the
throws to the target opposite their gaze direction (Fig. 2e). The
prediction would be that, if the eye positions were cuing
the expression of the newly acquired representation, then an
adaptation acquired with the eyes looking down would displace
throws to the upper target while looking down and vice versa. The
results do not support this hypothesis, because they clearly show
an aftereffect in the lower hemifield similar to group D ( p � 1.0),
although the subjects were inverting their gaze with respect to
their throws. Therefore, we concluded that, under these experi-
mental conditions, eye position does not cue the access to the
adapted state.

Adaptation mechanism
A final test to determine whether the system is showing topo-
graphical realignments would be to demonstrate transfer to the
untrained hand. One way to demonstrate this is to test for inter-
manual transfer of the proprioceptive component of prism adap-
tation with a shift test (Redding and Wallace, 2002). Group F
followed the same protocol as group D, except that subjects were
asked to make five straight-ahead throws with their eyes closed
after the initial baseline, and another five similar throws after the
adaptation phase with both the trained and the untrained hand.
Straight-ahead throws made to the lower hemifield with both
right and left hands were different from both upper hemifield and
all baseline throws (all significant comparisons were p � 0.01,
and all nonsignificant comparisons were p � 1.0). These results
show a significant topographical distribution with either hand
(Fig. 3), which is an indication of an intermanual transfer that
conserved the topography of the learned realignment. This sug-
gests that the modified internal representation of the visuomotor
transformation circuit is available to both hands and that it
clearly affects the proprioceptive component of prism adaptation
through realignment (Welch et al., 1974; Redding et al., 2005).

Discussion
These results provide crucial evidence that the visuomotor sys-
tem can make rapid local plastic changes in response to visual
perturbations circumscribed to a specific topographic area. These
findings represent a phenomenon different from the multiple
visuomotor mappings found after long training periods
(McGonigle and Flook, 1978). Whereas the first phenomenon
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implies a rapid plastic change in a region of the visuomotor map
that is not dependent on cues like eye position, the second one
implies the slow generation and storage of new visuomotor trans-
formations that need to be applied throughout the entire map,
and that need different cues to be accessed (Kohler, 1964; Welch,
1971; Kravitz and Yaffe, 1972a,b; Welch et al., 1993; Martin et al.,
1996; Fernandez-Ruiz et al., 2000).

The topographical plasticity observed here seems to be stim-
ulated by competing input signals arising from different regions
of the spatial map. Our results suggest that, in the absence of
conflicting inputs, the default setting of the system is a tendency
to generalize the adaptation to the entire map (Bedford, 1993;
Ghahramani et al., 1996; Vetter et al., 1999). This hypothesis
would explain the initial displacement in the prism-free upper
hemifields of groups D and E. If there are conflicting input signals
arising from different regions of the map, then the system can
make rapid local plastic changes. The mechanisms serving such
plastic changes could also act in the alignment between other
sensory modalities using fundamental plastic mechanisms found
in different topographical rearrangements (Buonomano and
Merzenich, 1998).
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