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Abstract
Data and theory from prism adaptation are reviewed for the purpose of identifying control methods in applications of the procedure. Prism
exposure evokes three kinds of adaptive or compensatory processes: postural adjustments (visual capture and muscle potentiation), strategic
control (including recalibration of target position), and spatial realignment of various sensory-motor reference frames. Muscle potentiation,
recalibration, and realignment can all produce prism exposure aftereffects and can all contribute to adaptive performance during prism
exposure. Control over these adaptive responses can be achieved by manipulating the locus of asymmetric exercise during exposure (muscle
potentiation), the similarity between exposure and post-exposure tasks (calibration), and the timing of visual feedback availability during
exposure (realignment).
q 2005 Elsevier Ltd. All rights reserved.
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The recent resurgence of interest in application of prism
adaptation methodology promises to increase our understanding of both normal perceptual-motor control (e.g.
Fernández-Ruiz et al., 2000; Kitazawa et al., 1995;
Kitazawa et al., 1997; Martin et al., 1996a; Martin et al.,
2002; Roller et al., 2001) and neuropathology (e.g.
Berberovic et al., 2004; Farnè et al., 2002; Ferber et al.,
2003; Frassinetti et al., 2002; Maravita et al., 2003; Pisella
et al., 2002; Rode et al., 1998/1999; Rossetti et al., 1998;
Tilikete et al., 2001). Adaptation to prismatic displacement
is particularly suited for application because its incremental
nature permits examination over relatively short time
periods, in contrast to prismatic distortions like left-right
or up-down reversal of the visual field that involve discrete,
all-or-none adaptive states and require extended exposure
for adaptation to occur (e.g. Sekiyama et al., 2000; Stratton,
1897a; Stratton, 1897b; Taylor, 1962). However, recent
application has not always taken into consideration the long
history (e.g. Held and Hein, 1958; Helmholtz, 1909; Kohler,
1951) and complexity of prism adaptation (Redding and
Wallace, 1993, 1997a, 2002, 2003a). Consequently, the
promise of application has not been fully realized. Here, we
sketch the current state of knowledge in prism adaptation
and the methodology needed for maximal benefit from its
application. We will show that prism adaptation is not a
simple process and, while the procedure can be used for
many different applications, certain minimal methodological standards should be met before the procedure is
developed for a specific application.

We begin by listing the primary empirical characteristics
of prism adaptation. Then we impose order on the empirical
facts by identifying the various processes of prism
adaptation that must be methodologically segregated.
Next, we sketch the perceptual-motor organization supporting the various adaptive processes, especially how they are
interrelated. Then we critique some examples of application
of the prism adaptation procedure. Finally, we conclude
with methodological recommendations that should permit
optimal use of the procedure in application.

1. Empirical observations
When a person first looks through wedge prisms that
optically displace the visual field, for example 108 in the
rightward direction, the person may have little feeling that
anything is out of the ordinary, but then he/she experiences

surprising difficulty in perceptual-motor tasks (i.e. direct
effects of prism exposure). For example, pointing toward a
visual target produces error to the right of target position,
where the target is seen to be located. Performance error is
gradually reduced to pre-exposure levels as the person makes
repeated attempts at target pointing (error reduction phase).
Adaptation to the prismatic displacement occurs. And, when
the prisms are removed the person experiences surprising
errors in the opposite direction, to the left of the target! This
negative aftereffect of prism exposure demonstrates a
persistence of adaptation acquired during exposure. Thus,
the basic prism adaptation procedure simply involves (1) preexposure baseline measurement of performance, (2) active
exposure to prismatic displacement to produce adaptation,
and (3) post-exposure compensatory aftereffect measurement of adaptation persistence. Is this all there is to prism
adaptation? Prism adaptation is deceptively simple. In fact,
there are many nuances of prism adaptation in both method
and results.
First, the initial direct effect of the prisms at the
beginning of exposure is not directly predictable by the
magnitude of prismatic displacement. While direct effects
are in the direction of displacement and roughly proportional to the displacement, the amount of direct effect
may not even nearly match the magnitude of displacement.
For example, objects in a well-structured visual field appear
to be displaced only about 40 percent of the prismatic
displacement even though participants remain stationary
and see no part of their body: there is an immediate
correction effect (Rock et al., 1966). Another modulation of
direct effect is the straight-ahead shift (Harris, 1974) where
cognitive judgment of straight ahead tends to be centered in
the optically displaced structured visual field such that
straight ahead objects tend to be judged closer to straight
ahead than they appear in spite of the optical displacement.
A third initial factor affecting direct effect is visual
capture (Hay et al., 1965; Tastevin, 1937) where the
stationary hand tends to be felt to be located near where
it looks to be located. A final factor affecting direct
effect is first trial ‘adaptation’ (Redding and Wallace,
2003b, 2004a). The effect of the prisms on the first
exposure trial is usually much less than would be
expected by the amount of prismatic displacement, even
if the pointing hand is only visible at the end of
movement and cannot be visually guided to the target.
For example, error in target pointing may be only 4 deg
to the right for a 10 deg rightward prismatic displacement: only 40 percent of the displacement. Thus, the
immediate direct effect of prismatic displacement on
experience and performance is surprisingly complex.
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Second, the time course of error reduction, adaptation
during prism exposure, is also complex. In general, target
pointing error at the terminus of movement (terminal error)
decreases, approaching pretest values in as few as about 15
trials: that is, subjects increasingly point toward the actual
rather than virtual target (Redding and Wallace, 1993;
Rossetti et al., 1993). However, direct effect (terminal error)
reduction varies, depending upon exposure condition
(Redding and Wallace, 1993; Uhlarik and Canon, 1971). If
the pointing limb is visible over the distal part of the pointing
movement, target achievement occurs in fewer trials than if
only the finger tip is visible at the end of the pointing
movement, at least when the hand movement is not too fast
(Rossetti et al., 1993). (These conditions have been called
concurrent and terminal exposure, respectively, because both
visual and proprioceptive feedback is available concurrently
with movement or only at the terminus of the movement). If
exposure pointing is continued beyond target achievement
(zero terminal error), overcompensation may appear in
which error occurs opposite the direction of the prismatic
displacement, especially with terminal exposure (Redding
and Wallace, 1993, 1990, 1992, 1994).
If the full movement path from starting to target positions
is visible, no direct effect of the prismatic displacement is
observed: that is, terminal error is near zero on the first trial
and remains so throughout exposure (Redding and Wallace,
1996, 1997b). Similarly, if concurrent exposure and very
slow movements toward the target is used, direct effects
may not appear (personal observation). Direct effects may
also be undetectable with small prismatic displacement or
gradually introduced displacement such that subjects are not
aware of the target displacement and do not make noticeable
errors during exposure (Dewar, 1971; Howard et al., 1974;
Jakobson and Goodale, 1989; Templeton et al., 1974;
Uhlarik, 1973).
Third, aftereffects of prism adaptation are perhaps most
complex. Aftereffect magnitude may show more generalization when exposure (training) and post-exposure (test)
conditions are similar, for example, in movement speed
(Kitazawa et al., 1997) or movement posture (Martin et al.,
1996a). Simultaneous dual adaptation can even occur where
different exposure conditions (e.g. directions of prismatic
displacement) elicit different aftereffects when postexposure test conditions are differentially similar to exposure
conditions (Martin et al., 1996a; Redding and Wallace,
2003a; Bingham and Romack, 1999; Prablanc et al., 1975;
Welch et al., 1993). On the other hand, aftereffects may show
complete generalization for all points in a spatial reference
frame implicated in exposure (Redding and Wallace, 1997a;
Bedford, 1993a; Guigon and Baraduc, 2002).
Local aftereffects may appear in different sensory-motor
systems and their associated reference frames (e.g. visual
eye–head and proprioceptive hand–head) that show additivity for an inclusive (e.g. eye–hand) coordination loop
involved in exposure (Redding and Wallace, 1993;
Templeton et al., 1974; Hay and Pick, 1966; Hay, 1970;
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Hay and Brouchon, 1972; Redding and Wallace, 1976,
1978; Wilkinson, 1971). Muscle potentiation aftereffects
may also occur when an effector is asymmetrically
exercised during prism exposure (Ebenholtz, 1974, 1976;
Paap and Ebenholtz, 1976); for example, asymmetric
fixation of a prismatically displaced target may produce
visual aftereffects.
Aftereffects and direct effects are not simply related.
Among the initial reduction in the direct effects of prism
exposure, only the straight-ahead shift seems to be
accompanied by aftereffects under certain conditions
(Redding and Wallace, 1978). The immediate correction
effect does not seem to produce reliable aftereffects of prism
exposure (Wallace et al., 1973). Visual capture does not
produce reliable aftereffects (Welch, 1978, 1986; Welch and
Warren, 1980, 1986; Welch et al., 1979). First trial
‘adaptation’ is also unrelated to aftereffects of prism
exposure (Redding and Wallace, 2004a).
Reduction in the direct effect of terminal error over the
exposure period and resultant aftereffects are more complexly related. Direct effect compensation for the prismatic
displacement usually reaches 100 percent, but aftereffects
typically show only about 40 percent compensation
(Redding and Wallace, 1993). Overcompensation during
exposure is related to aftereffect magnitude (Redding and
Wallace, 1993, 1990, 1992, 1994). Visibility of the entire
movement path does not produce direct effects or aftereffects (Redding and Wallace, 1996, 1997b, 2001), but if
only starting and target positions are visible, both kinds of
effects occur (Redding and Wallace, 2001). However,
aftereffects do appear even if the prismatic displacement
is so small or introduced gradually such that error during
exposure (direct effects) is undetectable (Dewar, 1971;
Howard et al., 1974; Jakobson and Goodale, 1989;
Templeton et al., 1974; Uhlarik, 1973). Aftereffects even
appear larger when awareness of the visual displacement is
prevented (Michel, 2003; Michel and Rossetti, 2004).
Aftereffects can appear without direct effects and vice
versa (Weiner et al., 1983).
From these empirical findings it is easy to see that prism
adaptation is not as simple as it may appear. Indeed, it seems
confusingly complex! In Section 2, we impose order on the
above empirical observations by identifying the primary
adaptive processes evoked by prism adaptation.

2. Adaptive processes
Prism exposure evokes all the mechanisms of adaptive
perceptual-motor performance in all their complexity
(Redding and Wallace, 1997a). At least three classes of
adaptive processes are elicited by prism exposure: postural
adjustments, strategic control, and spatial realignment (or
‘true’ adaptation). All of these classes of processes can
affect performance during prism exposure where performance feedback is available (direct effects) and performance
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after prism exposure where performance feedback is not
available (aftereffects).
Sensory-motor asymmetry introduced by prismatic
displacement can produce change in perceived and/or actual
posture of body parts. The classic demonstration of change
in perceived posture is visual capture, for example, where
the visible limb is felt to be positioned where it looks to be
(Hay et al., 1965; Tastevin, 1937). Visual capture is only
one example of the more general class of inter-sensory bias
effects (Welch and Warren, 1986). For example, the
asymmetry in the visual field produced by prismatic
displacement can induce a change in felt head position
(Redding and Wallace, 2003b, 2004a). Inter-sensory bias
does not itself produce aftereffects (Welch and Warren,
1980; Welch et al., 1979), but it can reduce the direct effect
of prismatic displacement on performance during prism
exposure, producing the appearance of adaptation: for
example, felt rotation of the (un-rotated) head opposite the
direction of prismatic displacement during exposure reduces
effective prismatic displacement and, therefore, targetpointing error in the direction of displacement (Redding
and Wallace, 2003b, 2004a).
Asymmetric motor exercise during prism exposure can
modify the reference set point of an effector and thereby its
actual resting position (Ebenholtz, 1974; Ebenholtz, 1976;
Ebenholtz and Fisher, 1982). For example, the asymmetric
eye posture required to fixate an objectively straight-ahead
target during prism exposure biases the straight-ahead eye
position in the direction of the prismatic displacement.
Similarly, if the visual target is objectively positioned so as
to avoid asymmetric exercise of the eyes, then the limb is
asymmetrically exercised in target pointing during prism
exposure with consequential bias of the straight-ahead limb
position opposite the direction of the prismatic displacement
(Redding and Wallace, 1978, 1988a). Such musclepotentiation produces aftereffects that match the direction
of other prism adaptation aftereffects (Paap and Ebenholtz,
1976), as well as affecting direct effects by reducing the
effective spatial misalignment. However, muscle-potentiation cannot be the sole source of aftereffects because they
can occur in the absence of asymmetric exercise (Craske
and Crawshaw, 1975; Craske and Crawshaw, 1978;
Crawshaw and Craske, 1974; Redding and Wallace, 1987,
1988b).
The performance errors induced by prismatic displacement recruit all of the strategic control processes that
normally produce everyday adaptive behavior. Traditionally, error correction has been recognized as ‘conscious
correction’ (Welch, 1978; Welch, 1986), but this term
depreciates the complexity and pre-conscious nature of
motor control (Redding and Wallace, 1993, 1997a).
Strategic control includes the selection, modification, or
learning of movement plans appropriate to the task at hand
and movement plans consist largely of feedforward control
elements that anticipate perturbation errors before they can

occur or before they can become large (Redding and
Wallace, 1997a).
When a movement plan fails to achieve its goal
performance, as happens during prism exposure, online
feedback control may serve to correct the performance error
if sufficient time is available (i.e. for relatively slow
movements) or knowledge of results from early trials may
recalibrate target position for the movement plan, thereby
improving exposure performance on following trials.
Recalibration is a kind of associative learning (Welch,
1978), specific to points or regions of a reference frame, but
it may generalize to post prism exposure performance
provided conditions are sufficiently similar, thereby producing prism exposure aftereffects (Redding and Wallace,
2002, 2003a, 2001, 2004b). However, recalibration also
cannot be the sole cause of prism exposure aftereffects, if
only because they can appear in the absence of performance
errors (Dewar, 1971; Howard et al., 1974; Jakobson and
Goodale, 1989; Templeton et al., 1974; Uhlarik, 1973).
The source of aftereffects unique to prism exposure is
spatial realignment (Redding and Wallace, 1993, 1997a,
2002, 2003a, 2001). The registered difference between the
goal-performance expected from a feedforward movement
plan and the performance achieved under feedback control
(reafference) signals a spatial discordance between spatial
maps and produces incremental realignment that improves
exposure performance. The most dramatic empirical
evidence that the expected-achieved position difference
is necessary for realignment is the absence of prism
exposure aftereffects when limb movement is slow enough
to be entirely under visual feedback control, such that no
error signal is generated (Redding and Wallace, 1996,
1997b).
Spatial realignment depends upon active strategic control
for detection spatial discordance, but recalibration can
interfere with realignment by reducing the detected spatial
discordance: substitution of a virtual target for movement
initiation that reduces target pointing error (direct effects)
on previous exposure trials (i.e. side pointing) can eliminate
or at least reduce the expected-achieved position discordance (Redding and Wallace, 1993, 1997a; see also Rossetti
et al., 1993; Rossetti and Koga, 1994). Spatial realignment
is a kind of non-associative learning (Redding and Wallace,
1997a; Bedford, 1993a; Guigon and Baraduc, 2002) that
generalizes to entire reference frames whenever a performance task involves the realigned spatial map(s), thereby
producing prism exposure aftereffects.
Postural adjustment, strategic recalibration, and spatial
realignment can all produce prism exposure aftereffects, but
for different reasons. Moreover, they can all contribute to
adaptive performance during prism exposure (Redding and
Wallace, 1993, 2003b, 2004a). The relationship between
strategic control (including calibration) and spatial alignment is particularly complex. In Section 3, we elaborate this
relationship.
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3. Strategic control and spatial alignment
High-level strategic control and low-level spatial alignment are separable, but interdependent. We begin by
providing a behavioral definition of the two concepts, we
then outline the perceptual-motor organization that supports
the two adaptive functions, and finally we consider the
manner in which they interact and generalize for the
particular exposure task.

3.1. Behavioral definition
Strategic control refers to ordinary, everyday adaptive
behavior: a person sees a coffee cup, codes its location in
the visual-motor reference frame, and sends the cup
location to the hand as a reaching-grasping command.
The command not only specifies the cup location, but also
the general region of extrapersonal space relevant to the
task: that is, the focus of the proprioceptive-motor
reference frame is shifted from, for example, the computer
keyboard, to the desk top where the cup is located. We say
that the proprioceptive-motor reference frame is ‘calicalibrated’ for the new task. A person may choose to visual
guide the hand to the cup or depend upon highly practiced,
‘automatic’ behavior in a familiar environment. We call
these ‘feedback’ and ‘feedforward’ strategies. When a
person misses the coffee cup, the cup location is reevaluated and a modified command is issued to the hand.
We call this process ‘recalibration’. Of course, feedforward
and feedback strategies may be temporally coordinated in
control of the initial and terminal parts, respectively, of the
hand movement. And recalibration may take the form of
coding a target position to the side of the cup so as to
reduce previous error.
Now, alignment refers to the missing step in the above
sketch of strategic control: the transformation of visualmotor coordinates into proprioceptive-motor coordinates.
The visual-motor reference frame is centered on the head,
but the proprioceptive-motor reference frame may be
centered on the shoulder: that is, the distance between
head and shoulder separates the centers of the two
coordinate systems. If reaching–grasping behavior is to be
accurate, head-centered location commands must be
transformed into shoulder-centered locations. When the
spatial relationship between visual-motor and proprioceptive-motor reference frames is changed, as it is when prisms
displace the visual-motor reference frame, realignment is
necessary to realign the two reference frames.
Alignment and realignment are possible because the
transformation involves constant parameters. Calibration
and recalibration take into account shifts in reference frames
arising, for example, from head and shoulder movements,
and the remaining constants are transparently embodied in
the alignment transformations. In everyday perceptualmotor performance alignment is a completely automatic and
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transparent process. Only when misalignment (arising from
experimental manipulation, growth, or pathology) occurs
does the realignment process become apparent.
3.2. Reference frames and sensory-motor systems
In this section, we review evidence for the sensory-motor
systems and associated reference frames involved in
strategic control and alignment. Behavioral data from
prism adaptation research (Redding and Wallace, 1997a,
2002) suggests that basic sensory-motor systems are linked
through a noetic nexus (Redding and Wallace, 1997a, 2002,
1988c), a switching point between component sensorymotor systems (e.g. visual eye–head and proprioceptive
hand–head systems) that form coordinative structures
(synergies; e.g. eye–hand coordination) and that utilize
different reference frames1. The spatial transformations of
the noetic nexus ultimately establish a common origin and
orientation for the various coordinate systems, but there
may be no single, unitary representation of perceptualmotor space; alignment of coordinate systems is in the
transformations, not necessarily in a unitary spatial map2.
Coordinative structures are strategic control functions
created by hierarchical planning that varies from general
to task specific movement plans (Redding and Wallace,
1997a).
Algorithms specific to the representations recruited for a
specific task perform transformations between coordinate
systems. Strategically recruited linkages are generally
assumed to be sensory-motor, perception-action systems
(Milner and Goodale, 1995), may be egocentric or allocentric, and are modulated by higher cognitive functions,
including attention (see also, Redding et al., 1985, 1992;
Redding and Wallace, 1985; Welch and Sampanes, 2004).
Behavioral evidence for this view is provided by the local
nature and additivity of realignment aftereffects. Depending
upon exposure conditions, realignment aftereffects of prism
exposure may appear in different amounts in the component
reference frames implicated by the exposure task (Redding
and Wallace, 1997a, 1990). For example, with a sagittal
target pointing exposure task, aftereffects change from
being primarily proprioceptive in nature to being primarily
visual in nature as sight of the pointing limb is delayed from
early to late (concurrent to terminal exposure) in the
pointing movement (e.g. Redding and Wallace, 1990). And
the total aftereffect for the exposure task is equal to the sum
1
The noetic nexus also serves transformations between sensory and
motor reference frames within a sensory-motor system (Redding and
Wallace, 1997a; de Graaf et al., 1995), but discussion of this function is
beyond the present scope.
2
Neurophysiological investigations (for reviews see Andersen et al.
(1997), Colby and Goldberg (1999) and Stein (1992)) have challenged the
traditional view of a single, unitary reference frame (e.g. Mountcastle et al.,
1975; Ventre et al., 1984), primarily because no such topographic map has
been found in the brain (see also the work of Farnè et al. (1998)). The
present view is neutral with respect to this controversy.
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of aftereffects in the component reference frames3. Thus,
sensory-motor systems, including their spatial representations, are independent, although they are strategically
combined to form coordinative structures for particular
tasks (see also the work of Bard et al. (1995)).
3.3. Calibration versus alignment
Redding and Wallace (1997a) and (2002) distinguished
different levels of spatial representation for calibration and
alignment (see also the works of Weiner et al. (1983),
Clower and Boussaoud (2000) and Welch and Sampanes
(2004))4. Calibration provides a regional description of a
task-work space (including position of targets and obstacles)
within the larger perceptual-motor space, thereby increasing
the precision and efficiency of task performance (Redding
and Wallace, 2003a)5. Calibration may be egocentric or
allocentric. A regional egocentric (self-centered) reference
frame may be mapped onto (calibrated for) an allocentric
(externally-centered) reference frame (Redding and Wallace, 2002, 2003a). Calibration is intentional (invoking
endogenous spatial attention) and perceptual-motor (identifying targets and obstacles and recruiting effectors), and is a
function of strategic control (evaluating, selecting, and
developing movement plans).
Calibration of a region of perceptual-motor space,
however, presupposes alignment of the origins and axes of
the coordinate systems for the sensory-motor systems
recruited for a particular task. If we subtract out the variable
differences between origins of coordinate systems due to
ordinary range of movement, ‘a constant remains for the
intact, adult organism; that constant reflects the long-term,
steady-state difference between coordinate system origins, as
distinct from ordinary variability. Such constants set
parameters for the transformations and do not have to be
computed for calibration purposes’ (Redding and Wallace,
2002, p. 129). Indeed, alignment is transparent for calibration
and misalignment appears to be calibration errors. By
‘transparent’ we mean alignment is ‘hidden’ from calibration, that calibration does not ‘see’ the present state of
alignment, and that alignment does not have to be computed
3

There are many instances of additivity (e.g. Redding and Wallace,
1993; Templeton et al., 1974; Hay and Pick, 1966; Hay, 1970; Hay and
Brouchon, 1972; Redding and Wallace, 1976, 1978; Wilkinson, 1971;
Mikaelian, 1970; Mikaelian, 1972; Mikaelian, 1974; Redding, 1978;
Wallace and Garrett, 1975; Wallace and Redding, 1979).
4
Clower and Boussaoud (2000) and Welch and Sampanes (2004) use the
terms ‘skill acquisition’ and ‘recalibration’ where we use ‘calibration’ and
‘alignment’, respectively. Although confusing, we believe that the present
terminology is more appropriate. Calibration and recalibration refer to the
specific aspect of skill acquisition immediately affected by prism exposure,
while alignment and realignment refer to the slower remapping of spatial
reference frames (Redding and Wallace, 1997a, 2002).
5
A regional task-work space might be thought of as the focus of spatial
attention, but we prefer a description in terms of task parameters, with
minimal invocation of endogenous processes.

by calibration. At the level of strategic control (including
calibration) the state of alignment is not ‘known’ and not
accessible. On the other hand, we do not mean to imply that
all parts of strategic control are consciously available.
The most direct empirical evidence of the calibrationalignment distinction comes from comparison of visual and
proprioceptive calibration under prismatic misalignment for a
target-pointing task (Redding and Wallace, 2001). Visual
calibration with sight of the limb in the starting position
reduced variable error compared to proprioceptive calibration
when the limb was not seen (see also the works of Bowditch
and Southard (1880) and Rossetti et al. (1994)). However,
transparent misalignment under visual calibration increased
constant error compared to proprioceptive calibration6.
Additional evidence comes from comparison of direct
effects of prismatic displacement during exposure with
aftereffects obtained after prism exposure (e.g. Redding and
Wallace, 1993). With repeated exposure trials exposure
performance errors (direct effects) quickly disappeared, but
aftereffects increased more slowly and did not achieve a
level of complete compensation for the prismatic displacement. Moreover, in later trials direct effects tended to show
overcompensation, error opposite the initial direction
induced by the displacement. This pattern of data suggests
at least two adaptive processes operating during prism
exposure: rapid recalibration of target position to quickly
reduce performance error and slowly developing realignment to bring coordinate system origins into correspondence. Overcompensation arises from the double correction
of recalibration and transparent realignment.
The calibration-alignment processing distinction may
correspond to localization of function in cerebrum and
cerebellum, respectively (Jeannerod and Rossetti, 1993).
The ability to adapt to prismatic displacement remains with
intact cerebellum but damaged posterior parietal cortex
(Pisella et al., 2004), while prism adaptation is lost with
damaged cerebellum, but intact posterior parietal cortex
(Weiner et al., 1983; Pisella et al., submitted; Baizer et al.,
1999; Martin et al., 1996b)7.
It is particularly noteworthy that Weiner et al. (Weiner
et al., 1983) found significant adaptive performance during
6
To ensure that realignment occurred the movement path between visible
starting position and target was occluded (cf. Redding and Wallace, 1996,
1997b).
7
Clower et al. (1996) detected activity in the posterior parietal cortex, but
not in the cerebellum under prism exposure conditions where realignment
would not be expected to occur: namely, alternated direction of optical
displacement every four target-pointing trials. Spatial realignment is a slow
process, requiring consistent, long-term misalignment to be activated
(Redding and Wallace, 1997a, 2002). The ‘aftereffects’ found by Clower et
al. (Clower et al., 1996) therefore likely reflect strategic recalibrations
contingent upon exposure conditions (Redding and Wallace, 2003a) and
localized in posterior parietal cortex: a more precise localization is difficult
to extract from their paper because there was a discrepancy between the
main text and their figure’s Talairach coordinates (see also the works of
Andersen et al., 1997; Pisella et al., 2004; Berberovic and Mattingley,
2002).
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prism exposure (direct effects) for cerebellar patients, but no
aftereffects of prism exposure. Thus, strategic recalibration
localized in the intact parietal cortex could be deployed to
compensate for erroneous calibration arising from the
prismatic displacement, but realignment localized in the
damaged cerebellum could not occur. Conversely, Pisella
et al. (2004) found aftereffects of prism exposure for parietal
patients, but slowed adaptive performance during exposure.
Thus, exposure performance may have reflected slowly
developing realignment without the benefit of strategic
recalibration8.
3.4. Generalization of recalibration and realignment
Recalibration and realignment produced by prism
exposure both generalize beyond the exposure conditions,
but in different ways. In general, recalibration follows the
associative generalization gradient (Welch, 1978, 1986),
while realignment shows complete dimensional generalization for all coordinates in a reference frame and for all tasks
that implicate the realigned sensory-motor reference frames
(Redding and Wallace, 1997a; Bedford, 1993a; Guigon and
Baraduc, 2002; Redding and Wallace, 2004b).
Recalibration shows transfer of training effects, depending upon the similarity between training (exposure)
conditions and test (post-exposure) conditions (Redding
and Wallace, 2003a). For example, if the same targetpointing task is used for both training and test (exposure and
post-exposure) and recalibration is deployed to reduce
performance error during exposure (direct effects), transfer
to post-exposure (aftereffect) will occur in the form of
performance opposite the direction of prismatic displacement employed during exposure. Further, transfer will be
maximal for test targets that have the same position as
training targets and will decline for test target positions that
are incrementally different from training target positions
(Bedford, 1993a, 1989, 1993b). The primary interest in
transfer of training is the relationship between transfer and
similarity of training and test conditions.
Realignment is localized in the transformation that links a
sensory-motor system to all other sensory-motor systems and
will generalize to any task that implicates the realigned
components of the coordinative structure exercised during
prism exposure, separately or in combination with other
sensory-motor systems. For example, adaptation to a targetpointing exposure task with prismatic displacement usually
involves change in origin alignment of the coordinate
reference frames for both eye–head visual sensory-motor
system and the head–hand proprioceptive sensory-motor
system. During prism exposure, such realignment contributes to reduction in direct effects of prismatic displacement.
8

For additional evidence for posterior parietal localization of strategic
calibration see investigations of optic ataxia (Milner et al., 2001; Perenin
and Vighetto, 1983; Pisella et al., 2000).
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After prism exposure, realignment will produce change in
target pointing opposite the direction of the prismatic
displacement: the same direction as for transfer of training
(recalibration). However, in contrast to recalibration, with
realignment pointing straight ahead without vision will also
change opposite the direction of displacement and nonmanual (e.g. verbal) production of visual straight ahead will
change in the direction of displacement. Moreover, these
aftereffects will extend equally to all coordinates in the
realigned visual or proprioceptive reference frames.
Therefore, recalibration generalization depends upon
similarity of conditions, while realignment generalization
depends upon the involved reference frames (Redding and
Wallace, 2003a, 2004b). If the coordinative structures
exercised during exposure and post-exposure are the same
or highly similar (e.g. target pointing that requires
coordination of eyes and hand), recalibration and realignment both predict the same directional aftereffect. However,
if post-exposure tasks involve the separate component
systems (e.g. head–hand and eye–head setting of straight
ahead), then only realignment predicts aftereffects. Aftereffects may show associative generalization along task
dimensions, but at the same time show dimensional
generalization for implicated reference frames (Redding
and Wallace, 2003a, 2004b).

4. Critique of selected applications
In this section, we illustrate with selected, representative
applications of prism adaptation the need for more adequate
control procedures. We first consider applications where the
primary interest was in illuminating the nature of ordinary
perceptual-motor control. Then, we examine applications
where the interest was in neuropathology, especially
unilateral neglect.
Kitazawa et al. (1997) employed the prism adaptation
procedure to study the relationship between the kinematics
and dynamics of visual-motor control. Ten subjects performed target-touching movements during pre-exposure,
prism exposure, and post-exposure, with view of the limb
only after target touching but in all three phases. Different
conditions examined transfer of prism exposure training with
slow (or rapid) pointing to post-exposure slow-to-rapid
pointing movements (i.e. average movement times of 5.0,
2.0, 0.8, and less than 0.3 s, respectively). Subjects were
trained to produce the required movement speed on demand
and were necessarily alerted before each block of trials about
the selected movement speed. Proper aftereffects were
measured by taking only the first post-exposure response:
that is, before subsequent visual feedback could influence the
aftereffects. Aftereffects were largest when movement
velocity (82, 206, 515, 1374 mm/s) matched for exposure
and post-exposure and incrementally declined as the velocity
difference increased. Because velocity contingent aftereffects
imply force modulation, Kitazawa et al. concluded that
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contingent adaptation involves the dynamics, as well as
kinematics of movement control9.
In the present context, two aspects of Kitazawa et al.’s
methodology are important. First, the fact that exposure and
post-exposure tasks were identical except for the manipulated
similarity in movement velocity makes this study a paradigmatic example of transfer of training. Moreover, the 15 s intertrial interval was conducive of strategic recalibration and
differential transfer was aided by the necessary alert when the
required movement speed changed. Also, the extreme
terminal feedback (only after target touching) was optimal
for producing strategic recalibration: ‘a mediated off-line
visual guidance strategy (side pointing)’ (Redding and
Wallace, 2000, p. 95). Second, objective displacement of
the visual stimulus array by an amount equal to and opposite
the prismatic displacement reduced the possibility that eyemuscle potentiation confounded the study. However, the
consequential asymmetric limb exercise may have produced
confounding arm-muscle potentiation.
In agreement with Kitazawa et al.’s conclusions, we find
little reason to believe that realignment (visual or proprioceptive shift) occurred in their study. The aftereffects observed
werealmostcertainlyduetotransferofrecalibrationanditisnot
surprising that such associative learning was contingent upon
movement speed. And strategic recalibration (side-pointing)
likely precluded detection of misalignment and consequential
realignment. Some confounding of muscle potentiation aftereffectsinthelimbmayhaveoccurred,butsucheffectsarelikely
to have been small relative to the large effect of strategic
recalibration.Musclepotentiationwouldhavealsoreducedthe
likelihood of realignment. Still, Kitazawa et al.’s unqualified
useoftheterm‘aftereffect’isconfusing.Onlyacarefulreading
reveals the authors’ acknowledgment that aftereffects can
appear for different reasons.
Martin et al. (1996a) employed the prism adaptation
procedure to study the specificity of calibration in visualmotor control for different tasks. Their subjects performed
ball-throwing movements toward an objectively straightahead target during pre-exposure, prism exposure, and postexposure, with visual feedback for throwing accuracy in all
phases. Ten subjects used the right hand during exposure and
the left hand followed by the right hand in post-exposure.
Another ten subjects made overhand throwing during
exposure and underhand throwing following by overhand
throwing in post-exposure. Aftereffects10 appeared for
the trained hand, but not for the untrained hand. Half of the
9

Interestingly, most studies of prism adaptation do not involve surface
contact and may have different dynamics (Redding and Wallace, 1990).
Surface contact may evoke force modulation and different results might
appear without surface contact.
10
For statistical analysis (Martin et al., 1996a) apparently used the first
three post-exposure throws, whereas measurement of aftereffects should
have been restricted to first throw before visual feedback or knowledge of
results could reduce their magnitude. Nevertheless, the data Martin et al.
display show proper aftereffects for the first post-exposure throw.

subjects showed aftereffects for the trained overhand throwing, but not for the untrained underhand throwing. Results for
the other five subjects were mixed: three showed smaller
aftereffects for untrained than trained throwing and two
showed equal aftereffects for both untrained and trained
throwing. From these results Martin et al. concluded that
recalibration is largely specific to the conditions of training11.
Two aspects of Martin et al.’s method are important in
the present context. First, the fact that exposure and postexposure tasks were identical except for the manipulated
similarities in throwing limb and type of throwing makes
this study another example of transfer of training. Moreover,
the interval between throws allowed for strategic recalibration (side throwing) and differential transfer was aided by
the obvious change in conditions when the prism goggles
were removed and change made in throwing limb or type of
throwing. Second, the type of throwing condition used
where the limb is briefly visible at the end of the throwing
movement has been shown to produce largely realignment
in the hand–head proprioceptive system (Redding and
Wallace, 1998), which is known to produce little or no
transfer between limbs (e.g. Redding and Wallace, 1988a).
Martin et al.’s identification of automatic ‘motor adaptation’ as the locus of task-specific adaptation matches the
requirements for strategic calibration. Strategic recalibration
is specific to exposure conditions, but realignment is not. To
the extent that recalibration occurred, realignment was
limited and the exposure conditions used likely limited any
realignment to the hand–head proprioceptive system: muscle
potentiation produced by asymmetric exercise of the visual
system would also have limited visual realignment. Proprioceptive realignment does not transfer between limbs12 and
the mixed results for type of throwing likely arose from
individual differences in recognizing the transfer of training
task demand: subjects who accepted the task as transfer of
training overrode proprioceptive realignment, but the other
subjects demonstrated realignment aftereffects. Of course,
without explicit tests for realignment we cannot be confident
of this interpretation. It is likely that if tests for visual and
proprioceptive realignment had been included, only proprioceptive realignment would have appeared and only for those
subjects showing non-specificity for type of throwing.
These examples of application of the prism adaptation
procedure to the study of ordinary motor control
illustrate the need to methodologically distinguish among
the possible sources of aftereffects: muscle potentiation,
11

Martin et al. (1996a) also showed long-term specificity of prism vs.
non-prism conditions for two additional subjects. Such dual adaptation has
been discussed elsewhere (Redding and Wallace, 2003a) and we do not
repeat that discussion here.
12
There is a long history of interest in intermanual transfer of prism
adaptation (for a review, see the work of Welch (1978)). The consensus
seems to be that realignment is limb-specific, but that any transfer can be
attributed only in part to realignment in other sites like eye–head and head–
trunk relationships (Redding and Wallace, 1988a).

G.M. Redding et al. / Neuroscience and Biobehavioral Reviews 29 (2005) 431–444

strategic recalibration, and spatial realignment. Both studies
can be taken as investigations of strategic calibration, but
the conclusions would have been more strongly supported if
adequate controls for muscle potentiation and spatial
realignment had been included. Similar examples of the
application of prism adaptation as a transfer of training
procedure to study strategic recalibration include Fernández-Ruiz et al. (2000), Kitazawa et al. (1995), Martin et al.
(2002) and Roller et al. (2001).
We now turn to a consideration of the application of
prism adaptation in treatment for unilateral neglect.
Unilateral neglect is a deficit in patients with unilateral
(usually right hemisphere) brain lesions to explore and
respond to stimuli occurring in the contralesional side of
space (for reviews, see the works of Bisiach and Vallar
(1988), Heilman et al. (1993) and Vallar (1998)). The
majority of patients show lesions in the posterior parietal
area, especially at the parietal-temporal interface. The
deficit is largely restricted to the contralesional side, is
dissociated from primary sensory and motor deficits, may be
localized by sensory modality, may appear as an ipsilesional
bias in egocentric reference frames, may appear for personal
as well as extra-personal space, and conscious awareness
may be more or less completely lost for the contralesional
side of space. Clinical and everyday symptoms of left
unilateral neglect are ameliorated for prolonged periods
following a short time of adaptation to rightward prismatic
displacement (for reviews, see the works of Rode et al.
(2003) and Rossetti and Rode (2002)).
Rossetti et al. (1998) discovered that a short period of
pointing toward targets centered around objective straight
ahead but viewed through prisms that displaced the visual
field 108 in the rightward direction (50 pointing movements
for an exposure period of 2–5 min) ameliorated left
unilateral neglect symptoms in 6 patients for as long as
two hours. Aftereffects were measured by pre-post exposure
pointing toward the body midline ahead without vision.
Amelioration of neglect by prism adaptation was found to
be contingent upon the presence of aftereffects, although
amelioration persisted longer than did the aftereffects.
For present purposes the following aspects of Rossetti et
al.’s method are important. The dissimilarity between
exposure and post-exposure tasks makes it unlikely that
the aftereffects were simply measures of strategic recalibration: the aftereffects provided measures of hand-trunk
proprioceptive realignment. The concurrent exposure used
likely produced predominantly proprioceptive realignment
that represented an average contribution of more than 60
percent of the prismatic displacement. Asymmetric exercise
of the visual system during exposure might have produced
muscle potentiation aftereffects, but change in the visual
system was not measured.
It seems clear that spatial realignment is likely to be the
necessary pre-condition for neglect amelioration, but the
relationship between kinds of realignment and neglect
amelioration is not known. Pre-post measures of aftereffects
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in both the visual and proprioceptive systems and prior
knowledge of the locus of neglect are needed. Manipulation
of the locus of asymmetric exercise is also needed to control
for the contribution of muscle potentiation aftereffects.
Frassinetti et al. (2002) assessed target pointing without
visual feedback and performance on a battery of tests for
neglect that included clinical and behavioral measures,
including tests for far space, near space, and personal space.
Six patients experienced prism exposure (pointing toward
targets while wearing 108 rightward displacing prisms with
only the finger tip visible at the terminus of the movement)
twice daily over a period of two weeks (10 times per week):
target pointing without visual feedback was measured
before and after each prism exposure. The test battery was
administered before, two days, one week and five weeks
after the two-week treatment period. Patients evidenced a
leftward aftereffect in target pointing immediately after
prism exposure that decreased, but persisted for six to 12 h.
Clinical and behavioral measures revealed apparent
improvement for the treatment period13.
In the present context, the following are important
aspects of Frassinetti et al.’s methodology. The use of the
same task (target pointing) during exposure and postexposure raises the possibility that patients accepted a
transfer of training interpretation and that the aftereffects
arose from transfer of strategic recalibration. On the other
hand, the terminal exposure condition is known to produce
realignment largely or entirely in the visual eye–head
sensory-motor system (Redding and Wallace, 1993, 1990,
1992, 1994, 2004a) and, therefore, the aftereffects may
reflect visual system realignment. Asymmetric exercise of
the visual system during exposure could also have produced
muscle potentiation contributions to aftereffects.
Frassinetti et al.’s methodology does not permit identification of the source of the observed aftereffects. It seems
likely that aftereffects arose, at least partially, from spatial
realignment, but as with Rossetti et al. (1998), pre-post
measures of aftereffects in both the visual and proprioceptive systems and prior knowledge of the locus of neglect are
needed to identify the relationship between kinds of
realignment and neglect. Measurement of visual and
proprioceptive aftereffects would also enable assessment
of the contribution of strategic recalibration to the obtained
aftereffects. Manipulation of the locus of asymmetric
exercise is also needed to control for the contribution of
muscle potentiation aftereffects. In general, patient studies
should include a control group that receives all treatments
except the prismatic displacement (i.e. placebo).
These examples illustrate the need for further investigation in the application of prism adaptation to neuropathology. The methodology employed does not yet permit
13

However, it should be noted that Frassinetti et al., (2002) no-treatment
control group did not control for possible benefit from repeated experience
at pointing.
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unequivocal identification of the source of aftereffects upon
which neglect amelioration seems contingent. Pre-post
measures of aftereffects in both the visual and proprioceptive systems, prior knowledge of the locus of neglect,
manipulation of realignment locus by varying delay of
visual feedback during exposure (the point in the movement
path where feedback becomes available), and manipulation
of the locus of asymmetrical exercise would go far toward
resolving the ambiguity regarding the nature of both neglect
and the ameliorating effects of prism adaptation. Similar
applications of prism adaptation to unilateral neglect that
have replicated and extended the basic findings include
Berberovic et al. (2004), Farnè et al. (2002), Ferber et al.
(2003), Maravita et al. (2003), Pisella et al. (2002), Rode et
al. (1998/1999) and Tilikete et al. (2001).

5. Conclusions and recommendations
Prism adaptation is not a simple process. Exposure to
prismatic displacement evokes all of the processes of
adaptive perceptual-motor performance, including postural
adjustments (esp. muscle-potentiation), strategic control
(esp. recalibration), and differential spatial realignment of
various sensory-motor reference frames. Prism adaptation
can be used for many different applications, but minimal
methodological standards should be met before the
procedure is developed for a specific application. Indeed,
the versatility of the paradigm makes it all the more
important that standards be established for distinguishing
among the several kinds of adaptation, all of which are
evoked in some amount by prism exposure.
Applications of prism adaptation should recognize the
different nature of direct effects and aftereffects of prism
exposure. Direct effects of prismatic displacement during
prism exposure are sensitive to all three kinds of adaptive
processes: postural adjustment, strategic control (esp.
recalibration), and spatial realignment. Error reduction
during prism exposure is a composite of contributions and
such adaptation is ambiguous with respect to its source.
Proper aftereffect measures (described below) can identify
realignment contributions and the difference between direct
effects and aftereffects can be used to estimate the
contribution of other adaptive processes during exposure
(Redding and wallace, 1993). Measurement of perceived
posture during prism exposure can further isolate postural
adjustment contributions (Redding and Wallace, 2003b,
2004a).
Traditionally, aftereffects without feedback have been
assumed to measure ‘true’ adaptation, but research has
shown that aftereffects also can reflect contributions from
postural adjustment, strategic recalibration, and spatial
alignment (Redding and Wallace, 1993, 2003a,b, 2004a,
1978, 2001, 1987, 1988b, 2004b). Identifying the kind(s) of
adaptation measured by aftereffects requires more complex
methodology.

Muscle potentiation is the most likely source of postural
adjustment aftereffects and can be assessed by manipulating
asymmetric exercise during exposure. However, because
asymmetric exercise in some systems is unavoidable,
assessment of muscle potentiation requires comparison of
aftereffects following symmetric and asymmetric exercise
of each component motor system implicated in prism
exposure. The locus of asymmetric exercise can be
manipulated by varying the average position of targets for
pointing during prism exposure (Redding and Wallace,
1978, 1988a; Craske and Crawshaw, 1975, 1978; Crawshaw
and Craske, 1974; see also the works of Redding and
Wallace (1987) and (1988b)). When targets are centered
around the objective straight ahead the visual system is
asymmetrically exercised, but exercise of the proprioceptive
system is largely symmetrical and any aftereffects due to
postural adjustment should appear in the visual system. On
the other hand, if targets are objectively centered on a
position opposite the direction and equal to the amount of
prismatic displacement, the converse is true in locus of
exercise symmetry and postural adjustment aftereffects.
Manipulating the similarity of the exposure and postexposure task can assess strategic recalibration aftereffects
because they are associative in nature (Redding and
Wallace, 2003a, 2004b). However, this procedure only
provides a relative measure of recalibration aftereffect. The
difference between aftereffects for post-exposure tests
similar and dissimilar to exposure measures associative
recalibration, but the remainder of the aftereffect may arise
from other sources. (Accounting for the complete aftereffect
requires further measurement of muscle potentiation and
spatial realignment). Of course, like all proper aftereffect
measures, post-exposure tests should not provide feedback
to prevent contamination by retraining. Further, there
should be minimal discontinuity between exposure and
post-exposure to maximize measurement of associative
transfer.
Assessment of spatial realignment aftereffects requires
different exposure and post-exposure tasks. Because
realignment is localized, assessment requires separate
aftereffect measurement of each of the sensory-motor
systems implicated in exposure. An aftereffect from the
exposure task repeated in post-exposure can be assumed to
measure total realignment only if it equals the sum of
component tests (i.e. the additivity test (e.g. Redding and
Wallace, 1978; Wallace and Redding, 1979; Welch et al.,
1974)). Manipulation of visual feedback delay from early to
late in movement can be used to produce predominate
realignment in a particular sensory-motor system (i.e.
concurrent to terminal exposure; (Uhlarik and Canon,
1971; Redding and Wallace, 1990, 1992, 1994, 1988a,
2000). Varying the locus of realignment in this manner can
help to identify the locus of realignment relevant to the
particular application. Aftereffects should be obtained
without feedback and exposure should be clearly
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discontinuous with post-exposure to minimize contributions
of strategic control.
More specifically with regard to realignment aftereffect
assessment, pre-post exposure tests of straight ahead should
be obtained for the visual (eye–head), proprioceptive (hand–
head), and visual-proprioceptive (eye–hand) sensory-motor
systems (or corresponding measures when, for example, the
auditory ear–head sensory-motor system is involved).
Examples of the three kinds of tests can be found in Redding
and Wallace (1993), (2001) and (2000). Note carefully that
all tests of this kind have both sensory and motor components.
Traditional appellations and abbreviations are misleading.
The visual shift (VS) test involves coordination of both
retinal and oculomotor components. The proprioceptive shift
(PS) test involves coordination of both proprioception and
limb muscle commands. The visual-proprioceptive test is
sometimes called the negative aftereffect (NA) or total shift
(TS) test and involves sensory-motor coordination of visualmotor and proprioceptive-motor systems.
The visual test requires non-manual (e.g. verbal)
adjustment of a target to look straight ahead. The
proprioceptive test requires manual pointing to felt straight
ahead without vision. The visual-proprioceptive test
requires manual pointing toward a straight-ahead visual
target without sight of the limb. Realignment for rightward
prismatic displacement produces a rightward shift (pre-post
difference) in visual straight-ahead and leftward shift in
proprioceptive straight-ahead and visual-proprioceptive
straight ahead. The logical basis for these empirically
confirmed aftereffect directions is as follows.
During exposure, a straight-ahead limb position is
required to achieve the straight-ahead target, but the target
is visually coded positioned to the right by the amount of the
displacement (or some portion of the displacement if visual
capture occurs; (Redding and Wallace, 2003b, 2004a)). This
spatial discordance can be resolved by a shift in proprioceptive limb position such that the straight-ahead limb is felt
positioned to the right. Now, in the aftereffect test, for the
limb to feel straight ahead it must be positioned to the left,
opposite the direction of the exposure displacement.
Alternatively, spatial discordance can be resolved by
changing the visually coded position of the target to agree
with the proprioceptively coded position of the limb. In this
case, a rightward visual position comes to signify straight
ahead. And in the aftereffect test, a visual stimulus must be
positioned to the right, in the direction of displacement, to
appear straight ahead (Redding and Wallace, 1998).
Leftward visual-proprioceptive shift measures the sum of
(total) realignment in both the visual system (where an
objective straight-ahead target looks to the left) and the
proprioceptive system (where the objectively straight-ahead
limb now feels to the right): the limb is positioned to the left
of the apparently leftward target.
A final caution is urged in the use of virtual reality
simulations of prism adaptation (e.g. Baraduc and Wolpert,
2002; Bock, 1992; Ingram et al., 2000; Norris et al., 2001;
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Wolpert et al., 1994, 1995). Clower and Boussaoud (2000)
have shown that aftereffects appeared when the prism
exposure period provided actual visual feedback about limb
position, but not when feedback was computer generated,
even though performance during prism exposure was
identical for the two conditions. Discordance detection
depends upon the object unity assumption (Welch and
Warren, 1980; Welch, 1994): the assumption that coordinates in different intrinsic spatial representations come from
the same object in extrinsic space. Several justifications of
this assumption have been proposed (Bedford, 1993b, 1994,
2001; Radeau, 1994; Redding, 2001) and Redding and
Wallace (1997a) discuss this correspondence problem at
some length.
The caution here is that virtual reality simulations may
not produce spatial realignment because conditions for the
object unity assumption are not present (or at least not
without extensive training in the virtual environment).
Moreover, when aftereffects do occur in such simulations
(Baraduc and Wolpert, 2002; Bock, 1992; Norris et al.,
2001) they may reflect transfer of training in strategic
recalibration rather than realignment. Also, simulations may
deploy different coordination strategies that affect discordance detection and spatial realignment (cf. Ingram et al.
(2000) and Redding et al, (1992)). The above methodology
may be adapted to simulations of prism adaptation to
identify the source of aftereffects.
This analysis and critique does not depreciate the
importance of applications of prism adaptation. Prism
adaptation is uniquely suited for investigation of spatial
alignment, including the behavior of misaligned systems in
early stages of exposure and later developing realignment,
but the procedure also evokes other kinds of adaptive
processes, processes that must be controlled if the full
benefit of application is to be achieved. With proper
controls, the prism exposure procedure can also be
employed to study strategic control (sensory-motor coordination) and postural adjustment. Our understanding of prism
adaptation can be improved by brain imaging experiments
in conjunction with behavioral controls that target a
particular type of response to prism exposure. The
application of prism adaptation to neuropathology promises
to reveal the interface between sensory-motor coordination
and high level cognition, opening new perspectives for the
rehabilitation of cognitive disorders (Rossetti et al., 2004).
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Alessandro Farnè and Gilles Rode for helpful comments on
the manuscript.

442

G.M. Redding et al. / Neuroscience and Biobehavioral Reviews 29 (2005) 431–444

References
Andersen, R.A., Snyder, L.H., Bradley, D.C., Xing, J., 1997. Multimodal
representation of space in the posterior parietal cortex and its use in
planning movements. Annual Review of Neuroscience 20, 303–330.
Baizer, J.S., Kralj-Hans, I., Glickstein, M., 1999. Cerebellar lesions and
prism adaptation in macaque monkeys. Journal of Neurophysiology 81
(4), 1960–1965.
Baraduc, P., Wolpert, D.M., 2002. Adaptation to a visuomotor shift
depends on the starting posture. Journal of Neurophysiology 88, 973–
981.
Bard, C., Fleury, M., Teasdale, N., Paillard, J., Nougier, V., 1995.
Contribution of proprioception for calibrating and updating the motor
space. Canadian Journal of Physiology and Pharmacology 73, 246–254.
Bedford, F.L., 1989. Constraints on learning new mappings between
perceptual dimensions. Journal of Experimental Psychology: Human
Perception and Performance 15, 232–248.
Bedford, F., 1993a. in: Medin, D. (Ed.), Perceptual learning Psychology of
Learning and Motivation: Advances in research and theory, vol. 30.
Academic Press, New York, pp. 1–60.
Bedford, F., 1993b. Perceptual and cognitive spatial learning. Journal of
Experimental Psychology: Human Perception and Performance 19,
517–530.
Bedford, F.L., 1994. A pair of paradoxes and the perceptual pairing process.
Cahiers de Psychologie Cognitive/Current Psychology of Cognition 13,
60–68.
Bedford, F.L., 2001. Towards a general law of numerical/object identity.
Cahiers de Psychologie Cognitive/Current Psychology of Cognition 20
(3), 113–176.
Berberovic, N., Mattingley, J.B., 2002. Effects of prismatic adaptation on
judgments of spatial extent in peripersonal and extrapersonal space.
Neuropsychologia 40, 14.
Berberovic, N., Pisella, L., Morris, A.P., Mattingley, J.B., 2004. Prismatic
adaptation reduces biased temporal order judgements in spatial neglect.
NeuroReport 15, 1199–1204.
Bingham, G.P., Romack, J.L., 1999. The rate of adaptation to displacement
prisms remains constant despite acquisition of rapid calibration. Journal
of Experimental Psychology: Human Perception and Performance 25
(5), 1331–1346.
Bisiach, E., Vallar, G., 1988. in: Boller, F., Grafman, J. (Eds.), Hemispatial
neglect in humans Handbook of Neuropsychology, vol. 1. Elsevier,
Amsterdam, pp. 195–222.
Bock, O., 1992. Adaptation of aimed arm movement to sensorimotor
discordance: evidence for direction-independent gain control. Behavioral and Brain Research 51, 41–50.
Bowditch, H.P., Southard, W.F., 1880. A comparison of sight and touch.
Journal of Physiology 3, 232–245.
Clower, D.M., Boussaoud, D., 2000. Selective use of perceptual
recalibration versus visuomotor skill acquisition. Journal of Neurophysiology 84 (5), 2703–2708.
Clower, D.M., Hoffman, J.M., Votaw, J.R., Faber, T.L., Woods, J.R.,
Alexander, G.E., 1996. Role of posterior parietal cortex in the
recalibration of visually guided reaching. Nature 383 (17), 618–621.
Colby, C.L., Goldberg, M.E., 1999. Space and attention in parietal cortex.
Annual Review of Neuroscience 22, 319–349.
Craske, B., Crawshaw, M., 1975. Oculomotor adaptation to prisms is not
simply a muscle potentiation effect. Perception and Psychophysics 18
(2), 105–106.
Craske, B., Crawshaw, M., 1978. Spatial discordance is a sufficient
condition for oculomotor adaptation to prisms: eye muscle potentiation
need not be a factor. Perception and Psychophysics 23, 75–79.
Crawshaw, M., Craske, B., 1974. No retinal component in prism adaptation.
Acta Psychologica 38, 421–423.
de Graaf, J.B., Pélisson, D., Prablanc, C., Goffart, L., 1995. Modifications in
end positions of arm movements following short term saccadic
adaptation. NeuroReport 6, 1733–1736.

Dewar, R., 1971. Adaptation to displaced vision: variations on the
‘prismatic shaping’ technique. Perception and Psychophysics 9, 155–
157.
Ebenholtz, S.M., 1974. The possible role of eye-muscle potentiation in
several forms of prism adaptation. Perception 3, 477–485.
Ebenholtz, S.M., 1976. Additivity of aftereffects of maintained head and
eye rotations: an alternative to recalibration. Perception and Psychophysics 19, 113–116.
Ebenholtz, S.M., Fisher, S.K., 1982. Distance adaptation depends upon
plasticity in the oculomotor control system. Perception and Psychophysics 31, 551–560.
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neglect with prism adaptation: visuo-manual and visuo-verbal
measures. Neuropsychologia 40 (7), 718–729.
Ferber, S., Danckert, J., Joanisse, M., Goltz, H., Goodale, M., 2003. Eye
movements tell only half the story: analysing scan paths to chimeric
faces in a patient with neglect pre and post prism adaptation. Neurology
60, 1826–1829.
Fernández-Ruiz, J., Hall-Haro, C., Dı́az, R., Mischner, J., Vergara, P.,
Lopez-Garcia, J.C., 2000. Learning motor synergies makes use of
information on muscular load. Learning and Memory 7 (4), 193–198.
Frassinetti, F., Angeli, V., Meneghello, F., Avanzi, S., Làdavas, E., 2002.
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Perenin, M.-T., 1998. Prism adaptation to a rightward optical deviation
rehabilitates left hemispatial neglect. Nature 395, 166–169.
Rossetti, Y., Jacquin-Courtois, S., Rode, G., Ota, H., Michel, C.,
Boisson, D., 2004. Does action make the link between number and
space representation? Visuo-manual adaptation improves number
bisection in unilateral neglect. Psychological Science 15 (6), 426–430.
Sekiyama, K., Miyauchi, S., Imaruoka, T., Egusa, H., Tashiro, T., 2000.
Body image as a visuomotor transformation device revealed in
adaptation to reversed vision. Nature 407, 374–377.
Stein, J.F., 1992. The representation of egocentric space in the posterior
parietal cortex. Behavioral and Brain Sciences 15, 691–700.
Stratton, G.M., 1897a. Upright vision and the retinal image. Psychological
Review 4, 182–187.
Stratton, G.M., 1897b. Vision without inversion of the retinal image.
Psychological Review 1897;, 341–360 see also pp. 463–481.
Tastevin, J., 1937. En partant de l’experience d’Aristote. L’Encephale 1,
57–84 see also pp. 140–158.
Taylor, J.G., 1962. The behavioral basis of perception. Yale University
Press, New Haven, CN.
Templeton, W.B., Howard, I.P., Wilkinson, D.A., 1974. Additivity of
components of prismatic adaptation. Perception and Psychophysics 15,
249–257.

Tilikete, C., Rode, G., Rossetti, Y., Pichon, J., Li, L., Boisson, D., 2001.
Prism adaptation to rightward optical deviation improves postural
imbalance in left-hemiparetic patients. Current Biology 11, 524–528.
Uhlarik, J.J., 1973. Role of cognitive factors on adaptation to prismatic
displacement. Journal of Experimental Psychology 98, 223–232.
Uhlarik, J.J., Canon, L.K., 1971. Influence of concurrent and terminal
exposure conditions on the nature of perceptual adaptation. Journal of
Experimental Psychology 9, 233–239.
Vallar, G., 1998. Spatial hemineglect in humans. Trends in Cognitive
Sciences 2, 87–97.
Ventre, J., Flandrin, J.M., Jeannerod, M., 1984. In search for the egocentric
reference: a neurophysiological hypothesis. Neuropsychologia 22, 797–
806.
Wallace, B., Garrett, J.B., 1975. Perceptual adaptation with selective
reductions of felt sensation. Perception 4, 437–445.
Wallace, B., Redding, G.M., 1979. Additivity in prism adaptation as
manifested in intermanual and interocular transfer. Perception and
Psychophysics 25, 133–136.
Wallace, B., Melamed, L.E., Cohen, R.R., 1973. An analysis of aftereffects
in the measurement of the correction effect. Perception and Psychophysics 14, 21–23.
Weiner, M.J., Hallett, M., Funkenstein, H.H., 1983. Adaptation to lateral
displacement of vision in patients with lesions of the central nervous
system. Neurology 33, 766–772.
Welch, R.B., 1978. Perceptual Modification: Adapting to Altered Sensory
Environments. Academic Press, New York.
Welch, R.B., 1986. Adaptation of space perception, in: Boff, K.R.,
Kaufman, L., Thomas, J.R. (Eds.), Handbook of Perception and Human
Performance Sensory Processes and Perception, vol. 1. Wiley, New
York, pp. 24.1–24.45.
Welch, R.B., 1994. The dissection of intersensory bias: weighting for
radeau. Cahiers de Psychologie/Current Psychology of Cognition 13,
117–123.
Welch, R.B., Sampanes, A.C., 2004. Perceptual recalibration versus visualmotor skill acquisition: the effects of error-corrective prism exposure.
Presented at the 45th Annual Meeting of the Psychonomic Society,
Minneapolis, MN, 18–21 November, 2004.
Welch, R.B., Warren, D.H., 1980. Immediate perceptual response to
intersensory discrepancy. Psychological Bulletin 88, 638–667.
Welch, R.B., Warren, D.H., 1986. Intersensory interactions, in: Boff, K.R.,
Kaufman, L., Thomas, J.R. (Eds.), Handbook of Perception and Human
Performance Sensory Processes and Perception, vol. 1. Wiley, New
York.
Welch, R.B., Choe, C.S., Heinrich, D.R., 1974. Evidence for a threecomponent model of prism adaptation. Journal of Experimental
Psychology 103, 700–705.
Welch, R.B., Widawski, M.H., Harrington, J., Warren, D.H., 1979. An
examination of the relationship between visual capture and prism
adaptation. Perception and Psychophysics 25, 126–132.
Welch, R.B., Bridgeman, B., Anand, S., Browman, K.E., 1993. Alternating
prism exposure causes dual adaptation and generalization to a novel
displacement. Perception and Psychophysics 54, 195–204.
Wilkinson, D.A., 1971. Visual-motor control loop: a linear system?.
Journal of Experimental Psychology 89, 250–257.
Wolpert, D.M., Ghahramani, Z., Jordan, M.I., 1994. Perceptual distortion
contribute to the curvature of human reaching movements. Experimental Brain Research 98, 153–156.
Wolpert, D.M., Ghahramani, Z., Jordan, M.I., 1995. Are arm trajectories
planned in kinematic or dynamic coordinates? An adaptation study.
Experimental Brain Research 103, 460–470.

