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ABSTRACT

When reaching towards objects, the human central nervous system (CNS) can
actively compensate for two different perturbations simultaneously (dual adaptation),
though this does not simply occur upon presentation. Dual adaptation is made more
difficult when the desired trajectories and targets are identical and hence do not cue the
impending perturbation. In cases like this, the CNS requires contextual cues in order to
predict the dynamics of the environment. Not all cues are effective at facilitating dual
adaptation. In two experiments we investigated the efficacy of two contextual cues that
are intrinsic to the CNS, namely hand, as well as body posture in concurrently adapting
to two opposing visuomotor rotations. For the hand posture experiment, we also look at
the role of extended training. Participants reached manually to visual targets with their
unseen hand represented by a cursor that was rotated either 30° clockwise or counter-
clockwise, determined randomly on each reach. Each rotation was associated with a
distinct hand posture (a precision or power grip respectively) in one experiment and a
distinct body rotation (10° leftward or rightward turn of the seat, respectively, while fixating
straight) in the second experiment. Critically, the targets (and thus, the required cursor
trajectories) were identical in both rotations. We found that how people held the tool or
oriented their body while reaching is sufficient for concurrently adapting separate
visuomotor mappings such that over time, reach errors significantly decrease. Extended
practice did not lead to further benefits though. These findings suggest that when the
required cursor movements are identical for different visuomotor mappings, dual

adaptation is still possible given sufficient intrinsic contextual cues.
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INTRODUCTION

The ability to switch between tasks accurately and efficiently is an impressive
human feat afforded by a flexible and adaptive motor system. We can manipulate a tool,
correct for our movement errors as we use it, and anticipate the consequences of
switching to a completely different tool or environment. Although we make errors when
first reaching towards a desired target, our motor system allows us to adapt to the novel
condition so that eventually we are able to produce smooth, accurate movements
despite perturbations to the direction or visual feedback of movement.

When visuomotor adaptation occurs, the brain forms distinct “internal models” in
order to reliably predict the outcome of specific motor commands in that context and the
sensory consequences of executing those commands (Wolpert & Ghahramani, 2000).
We can probe the ability of the Central Nervous System (CNS) to maintain and recall
multiple internal models simultaneously by introducing variants of the same environment
serially (i.e. ABA paradigm) or concurrently. While ABA designs typically investigate
whether the learning of one internal model will be affected by the subsequent learning of
another, concurrent designs allow us to see simultaneous learning, acquisition, and
switching between two or more internal models (also known as “dual adaptation”). A
typical example of a concurrent paradigm is a task in which participants make out-and-
back reaches in alternating trials of clockwise-perturbed and counter clockwise-
perturbed hand-cursors, within the same experimental block. Often, adaptation to both
visuomotor variants does not proceed when there is a lack of predictability regarding the

impending perturbation from trial to trial. Indeed, this has been found in several studies



that examine the successive adaptation to two or more perturbations in which the
adaptation to one perturbation fully interferes with the acquisition of another (Brashers-
Krug, Shadmehr, & Bizzi, 1996; Caithness et al., 2004; Donchin, Francis, & Shadmehr,
2003; Karniel & Mussa-lvaldi, 2002; Krakauer, Ghilardi, & Ghez, 1999).

One theoretical model, the Modular Selection and Identification for Control
(MOSAIC) theory, suggests that a contextual switching mechanism must exist in order
to change between internal models of specific motor commands and sensory states.
Thus, in order for dual adaptation to proceed, a specific contextual cue must be
associated to each of the visuomotor variants experienced. This predictive cue provides
information about the impending sensorimotor mapping via responsibility predictors that
add greater weighting on the probability of encountering one of the perturbed
environments over the others (Haruno, Wolpert, & Kawato, 2001; Kawato, 1999).
Interestingly, not every cue is a sufficient facilitator of dual adaptation. For instance,
there has been mixed findings regarding the efficacy of colour and shape cues (Baldeo
& Henriques, 2013; Hinder, Woolley, Tresilian, Riek, & Carson, 2008; Osu, Hirali,
Yoshioka, & Kawato, 2004; Woolley, Tresilian, Carson, & Riek, 2007). When contextual
cues are insufficient or unavailable, the CNS is unable to predict the sensorimotor
consequences of the impending visuomotor perturbation. While these models provide
us with a mechanism for understanding how humans are able to dually adapt, they do
not inform us on what qualifies as an effective contextual cue or the actual cues
themselves. Here, we examine whether contextual cues that tend to be motor-based

(e.g. hand and body posture) are sufficient for facilitating dual adaptation despite



identical desired cursor trajectories (i.e. using identical target sets), as well as the role of
extended training.

What qualifies a contextual cue to be an effective facilitator of dual adaptation?
One possible property might be the visual features of the target or hand cursor. Extrinsic
contextual cues refer to cues that are not motor-based, such as target or background
colour. Dual adaptation as facilitated by extrinsic cues has been found to occur
(Krouchev & Kalaska, 2003; Osu et al., 2004), or not occur (Baldeo & Henriques, 2013;
Gupta & Ashe, 2007; Hegele & Heuer, 2010; Hinder, Woolley, et al., 2008; Hirashima &
Nozaki, 2012; Woolley et al., 2007). One study by Gupta and Ashe (2007) had
participants concurrently adapt to two opposing, velocity-dependent force fields with
each perturbation associated with a colour cue, an external, non-motor based property
of a context, with the same set of visual targets and found no evidence for dual
adaptation. Likewise, Woolley and colleagues used background colour as a predictive
cue but found no evidence for dual adaptation while training with opposing visuomotor
rotations when there is an overlap in the visual workspace (Hinder, Tresilian, Riek, &
Carson, 2008; Woolley et al., 2007). Baldeo & Henriques (2013) integrated target and
cursor colour as predictive visual cues and found that it still does not facilitate dual
adaptation. Using a more explicit approach with colour cues Osu and colleagues
provided a coloured windmill-like diagram that showed the magnitude and direction of
the impending force field prior to every trial. They found that participants were able to
dual adapt to opposing force-field perturbations after distributed training over two
consecutive days although these results may have been influenced by enhanced

consolidation (Osu et al., 2004). Thus, while dual adaptation is difficult to achieve with



extrinsic cues on shorter timescales, Osu and colleagues suggest that perhaps
extended practice may allow for significant learning.

In contrast to extrinsic cues, intrinsic or motor-based cues involving distinct
muscle recruitment patterns, change in the end-effector, or previous behavioural context
have shown to be more promising in facilitating dual adaptation (Baldeo & Henriques,
2013; Galea & Miall, 2006; Gandolfo, Mussa-Ivaldi, & Bizzi, 1996; L. Wang & Musseler,
2014; Woolley, de Rugy, Carson, & Riek, 2011). This may be due to the idea that the
generalization of motor learning depends on context, which is determined based on the
history of the prior movement of that end-effector (Baraduc & Wolpert, 2002; Krakauer,
Mazzoni, Ghazizadeh, Ravindran, & Shadmehr, 2006). Indeed, Krakauer et al (2000)
initially demonstrated that when adapting to visuomotor rotations, the extent by which
this adaptation generalizes depends on the proximity of the novel target direction
compared to the trained direction. Baraduc and Wolpert (2002) further showed that
even when the target or hand path direction is identical, reach aftereffects (and thus,
generalization) become smaller when reaches are made with increasingly different arm
postures than the one used during training with a visuomotor rotation (i.e. as the upper
arm becomes more adducted relative to the arm posture used during training). Likewise,
Krakauer and colleagues (2006) suggested that using different effectors can function as
intrinsic contextual cues for retrieving specific internal models. In this ABA study (serial
adaptation blocks to opposing perturbations), participants made pointing movements
with a rotated cursor using either their arm (shoulder and elbow) or wrists. When both
body parts were serially exposed to opposite cursor-rotations, there was no interference

between the effectors, but when exposed to the same rotation, the wrist benefitted from



the previous adaptation of the arm, although not vice-versa. Thus, distinct association
with the context, in this case different arm segments, reduces the likelihood of
interference and allows the CNS to dissociate between different adaptive states.
Likewise, Gandolfo and colleagues (1996) used a block-wise concurrent design (switch
hand posture every 48 movements) that showed that associating a specific hand grasp
posture with each of two opposing force-field perturbations allowed for dual adaptation
to identical target sets across perturbations. Participants were able to compensate for
these opposing perturbations and produced aftereffects consistent with the type of grip
and the associated perturbation (Gandolfo et al., 1996). However, when participants
instead change their thumb position (i.e. vertical or horizontal) as a cue, no adaptation
or aftereffects were found. In sum, they were only able to elicit dual adaptation to
opposing force fields by changing the joint angles and joint torques associated with
each perturbation. This study indicates that grasp posture that ultimately leads to
differences in joint angles and torques facilitate dual adaptation, which is supported by a
study showing that even an illusory grasp that indicated whether the robot was gripped
by the end-effector (or not) can also facilitate dual adaptation (Cothros, Wong, &
Gribble, 2009). To test the hypothesis of whether eliciting distinct muscle recruitment
patterns are able to cue the retrieval of learned internal models, we used a concurrent
paradigm in which we associated distinct hand and body postures as predictive cues for
opposing visuomotor rotations.

Not surprisingly, when hand trajectories overlap, dual adaptation may proceed at
a slower rate and require more training than adaptation to a single perturbation. This is

evidenced by a less steep learning curve for adaptation to reaches that required



completely overlapping hand paths compared to when the required hand path
overlapped partially or not at all (Baldeo & Henriques, 2013; Wang & Musseler, 2014,
Woolley et al., 2011). While reaching with distinct hand trajectories requires distinct
motor programming, planning movement with identical or overlapping trajectories is
more ambiguous to the CNS and requires context to dissociate between associated
internal models. Indeed, Hirashima and Nozaki (2012) showed that multiple
environments (e.g. opposing force fields) can be learned simultaneously for physically
identical movements if each is associated with a distinct motor plan. As with the studies
on posture cues, this work using different and overlapping trajectories also suggests
that dual adaptation benefits from having different motor plans associated with each of
multiple perturbations, and this might be facilitated by enhancing the association
between the cues and internal models.

In sum, not all motor-based cues are adequate sources of contextual information
for facilitating concurrent motor learning. When desired cursor trajectories overlap in
cases where reach targets are similar or identical, contextual cues and extended
training need to be employed in order for multiple adaptations to proceed. Here, we
expand on previous findings to show that the way in which the hand and body are
configured can elicit concurrently learned adaptive states and facilitate switching
between internal models despite overlapping desired cursor motion. Our first objective
is to determine whether participants can dually adapt to opposing visuomotor rotations
with the same desired cursor trajectory when only cued by intrinsic cues including minor
changes in hand or body and limb posture. Our second objective is to explore the effect

of extended training on adapting to two opposing visuomotor rotations. In the



experiment using hand posture as a cue, we gave participants double the amount of

training to increase practice with learned associations between context and visuomotor

mapping.



LITERATURE REVIEW

Motor adaptation to a single visuomotor distortion (single adaptation)

The remarkable ability of the nervous system to adapt to visuomotor distortions
has been demonstrated in many studies examining motor adaptation of reaching
movements in response to altered visual feedback of the hand by manipulating the
hand-cursor relationship in a virtual reality environment (Baldeo & Henriques, 2013;
Dumontheil, Panagiotaki, & Berthoz, 2006; Krakauer et al., 1999), force-field
perturbations (Gandolfo et al., 1996; Osu et al., 2004), prism translation (Martin,
Keating, Goodkin, Bastian, & Thach, 1996; Miall, Jenkinson, & Kulkarni, 2004), and
prism-like visuomotor translations (Ghahramani & Wolpert, 1997). Whenever a visual
perturbation is introduced, initial reaching errors are large, indicating a prediction error
made by the central nervous system (CNS). As trials of training proceeds, the CNS
learns to adapt to the perturbation as evidenced by a systematic decrease in reaching
errors to the target. In particular, visuomotor (or hand-cursor) rotations have been used
as a model for motor learning as it has been widely established that the CNS plans
reaching movements as a vector in extrinsic space which has a hand-centered
reference axis relative to an egocentric reference frame (Gordon, Ghilardi, & Ghez,
1994; Vindras & Viviani, 1998). In order to adapt to a visuomotor rotation, we must have
adaptive control over a scaling factor that relates the target distance in extrinsic space
relative to the peak velocity and a reference axis centered about the hand relative to the

self (Graziano, Yap, & Gross, 1994).



Krakauer and colleagues (2000) have shown that the decrease in reaching errors
towards single targets saturate at about 20 trials following a 30° single visuomotor
rotation. That is, as training proceeds, the cursor trajectory towards the target show a
significant reduction in directional angular errors as the CNS learns to adapt to the
perturbation. Additionally, this demonstrates the rapid ability of the motor system to
compensate for a discrepancy between the visual feedback of the hand and actual
reaching movements (Krakauer, Pine, Ghilardi, & Ghez, 2000). In order to produce
corrective movements, this adaptation process requires a re-mapping of the hand-
cursor relationship which can be referred to as a new internal model (Wolpert &
Ghahramani, 2000). In summary, single adaptation studies have demonstrated that
humans are able to produce controlled movements that tend to remain stable over time
as a result of motor learning following a single visual perturbation of the hand. This is
evidenced by an initially large directional reaching error following exposure to a visual
perturbation and a subsequent decrease to asymptotic baseline performance (i.e.
performance prior to the visual perturbation).

Adapting reach movements in response to visuomotor rotations is believed to be
implicit because it often proceeds automatically and without awareness (Krakauer,
2009). It is generally accepted that implicit adaptation is accompanied by feed-forward
control in which movements are planned prior to onset (Mazzoni & Krakauer, 2006).
Thus, in the execution of a motor command, the discrepancy between the desired and
executed trajectory are reduced over time, allowing for more accurate movements
(Mazzoni & Krakauer, 2006). This can explain why initial motor errors are large at the

onset of a visual perturbation; as adaptation proceeds, the discrepancy between the
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desired and resultant trajectory becomes smaller. These large motor errors at the initial
phase of movement are ideal measures of performance because they reflect the initial
prediction errors prior to on-line correction with visual feedback (Hinder, Tresilian, et al.,
2008; Krakauer, Ghez, & Ghilardi, 2005). For example, at the onset of a visuomotor
rotation, the feed-forward model assumes that the estimated hand trajectory is
congruent with the visual feedback. Because a rotation has been introduced, the
prediction error will be large and the trajectory towards a target will be indirect. The
incongruous relationship between expected hand trajectory and actual hand trajectory is
reduced through adaptation, making the initial error an ideal measure of implicit
adaptation.

We can further probe the implicit adaptation process by employing open loop
trials. These refer to “catch” trials wherein visual feedback of the hand is withheld (or in
the case of force-field perturbations, the force-field is withheld). Typically, participants
will continue to compensate for the learned rotation, implying that the adaptation that
occurred is an implicit process (Krakauer, 2009). The presence of these direction-
dependent errors implies that a feed-forward process occurs wherein movements are
planned prior to its onset without integrating visual feedback for correction (Reza
Shadmehr, Smith, & Krakauer, 2010). These residual motor effects following a
perturbation are called “after-effects” (Harris, 1963), and they signify the ability of the
CNS to learn and maintain an adapted state even after the removal of visual feedback.
Furthermore, the presence of after-effects further supports the notion that adaptation is
an implicit process. When large rotation-dependent errors are present in the absence of

visual feedback, we are assured that participants are not simply using a cognitive
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strategy to counter the effect of a visual perturbation to the motor system (Mazzoni &
Krakauer, 2006). Thus, the manifestation of after-effects demonstrates the ability of the

motor system to adapt to changes in the visual feedback.

Generalization and Interference

After adapting movements under a single visual perturbation, we may need to
expand this adaptive state towards a different context, perhaps outside the workspace it
was learned, under the same perturbation. For example, adapting to a single
perturbation reaching task might be followed by training in another reaching task with
different targets. When adapting in a new context, generalization from what was learned
from the previous adaptive state can be beneficial if is transferred under the same
perturbation (e.g. (Krakauer et al., 2000; Woolley, Carson, Tresilian, & Riek, 2008)).
Krakauer and colleagues showed that the generalization of learning in a single direction
is localized such that novel targets that are closer to the trained target are reached more
accurately and those further away from the trained target show reduced adaptation
(Krakauer et al., 2000). Additionally, Wang and Sainburg demonstrated that
generalization of a learned rotation was greatest when participants made movements
towards targets in the same direction, even in unpractised workspaces where they
reached in the trained direction but from a novel start location after having trained under
the same visuomotor rotation (Wang & Sainburg, 2005). Thus, participants were able to
transfer their adapted state to a visuomotor rotation from one context to another,

provided that it was under the same perturbation.
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If a different perturbation that is not associated with a predictive contextual cue is
introduced, then the motor learning that has occurred in the previous task will likely
interfere with the acquisition of a new adaptive state. For example, abruptly introducing
a counter-rotation after the initial adaptation to a rotation will likely produce large errors
because the CNS does not have the correct visuomotor mapping for that new
environment (Wolpert & Flanagan, 2001). Secondly, there is no way to predict the
conditions of the secondary adaptive state which can lead to interference in the
concurrent learning of both states. When contextual cues are insufficient or unavailable,
mutual interference between the concurrent adaptive states is likely to occur. Indeed,
this has been found in several studies looking at the successive adaptation to two or
more perturbations in which the adaptation to one perturbation fully interferes with the
acquisition of a new adaptive state (Gupta & Ashe, 2007).

Interference is the process by which any one task affects learning of another or
vice-versa. The basic paradigm used to study the effect of interference across varying
time intervals is the ABA format in which an initial rotation is learned (task A) followed
by a counter-rotation (task B) and a final re-exposure to task A. Using this format, we
can examine how largely the adaptation to one rotation interferes with the transition to a
different rotation. Interference can take the form of anterograde interference in which
the adaptation to an initial rotation interferes with the adaptation of a second rotation or
the re-adaptation to the initial rotation is interfered by the learning of the second rotation
(Miall et al., 2004; Shadmehr & Brashers-Krug, 1997). Conversely, retrograde
interference arises when the adaptation to the second rotation interferes with the recall

of task A. Consistent with this definition are research findings suggesting no significant
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difference in the rate of adaptation between the initial exposure and the re-exposure to
rotation A (i.e. task A) following counter-rotation B (i.e. task B). Some authors argue that
this return to a naive state for task A is actually the result of the sum of the task A
rotation and the task B counter-rotation and thus, represent savings (Miall et al., 2004).
This notion was challenged by Krakauer and colleagues (2005) and found that the after-
effect from Task A is carried over to Task B is carried over up until the 24 hour interval.
Additionally, interference in Task A is just as robust even after one week (Krakauer et
al., 2005). Although the rate of adaptation should increase, Krakauer (2005)
hypothesized that this does not occur because the original rotation learning is no longer
associated with the task after having completed several trials with a counter-rotation.
Now, recall for both adaptive states (rotation A and B) compete in that current context
and manifest itself in a robust interference. Using a concurrent adaptation paradigm,
interference might be more prevalent if there are no differentiating cues between
adaptive states. To this end, adaptive states can be associated with predictive contexts
that serve as cues to facilitate their recall. If this is true, we should be able to see

concurrent adaptation to two or more perturbations.

Concurrent adaptation to two or more visual distortions: Dual adaptation

An interesting ability of the CNS that has been studied over the past decade is
the concurrent adaptation to two visuomotor rotations also known as the phenomenon
of “dual adaptation.” Proposed in 1993 by Welch and his colleagues, dual adaptation
refers to the ability to concurrently adapt to two or more visuomotor perturbations,

suggesting the possibility of switching between adaptive states. Interestingly, dual
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adaptation does not simply occur with the introduction of randomly alternating visual
perturbations. Indeed, Donchin and colleagues first demonstrated that without distinct,
predictive contextual cues between adaptive states, dual adaptation cannot occur
(Donchin et al., 2003). Although Welch et al. showed that dual adaptation can occur
between two different prism displacements, their paradigm was structured in a block-
wise fashion that did not allow for concurrent learning (Welch, Bridgeman, Anand, &
Browman, 1993). Thus, a more ideal method of studying dual adaptation is to introduce
two distinct perturbations presented on a concurrent, trial-by-trial basis (i.e. alternating
perturbations). Later studies have shown that dual adaptation can occur in a concurrent
experimental design but only if the adaptive state can be associated with a specific
contextual cue such as different limb effectors (Galea & Miall, 2006), and distinct
muscle synergies within the same effector limb (Baldeo & Henriques, 2013; Gandolfo et
al., 1996; Woolley et al., 2007). How would it then be possible for the motor system to
differentiate states and effectively use these cues to facilitate learning of two or more
adaptive states? One notable theoretical framework was proposed by Haruno, Wolpert
and Kawato (2001) describing the role of predictive forward models and corrective

inverse models in motor learning and adaptation.

Internal Models

The Modular Selection and Identification for Control (MOSAIC) Model

The MOSAIC model is a proposed modular architecture for how the brains uses

motor predictions prior to movement and sensory input to appropriately select a module
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for any given situation. Previous models were unable to explain the acquisition of
inverse models (Narendra & Mukhopadhyay, 1997), and how multiple inverse models
can be used efficiently (Gomi & Kawato, 1993). In sum, the main goals for the MOSAIC
model was to show generalization, primary learning of modules, and the ability to switch
between the learned models based on prediction errors and sensory cues (Haruno et
al., 2001). In the MOSAIC model, a module is any combination of a forward (predictor)
and inverse (controller) model. Over training, forward models learn to predict the
consequences of a motor command in any given context based on past experienced
contexts. In dual adaptation, when a rotation associated with a sensory cue is
introduced, initial movements will have large errors based on the predictions made by
forward models but as feedback is integrated by the inverse models, the appropriate
dynamics will be learned. When this is followed by a counter-rotation which is
associated with a different sensory cue, the same learning process occurs. Over
concurrent training of the two rotations, motor errors are reduced if the appropriate
internal models are recalled based on sensory cues. Furthermore, if internal models can
be robustly associated with predictive contexts in order to produce appropriate
movements within a specific environment, perhaps this association can be strengthened
through extended practice. One major criticism of the MOSAIC model is that it fails to
account for the timescale for learning and forgetting, the increase of large errors in the
beginning of blocks in serial dual adaptation experiments, and spontaneous recovery of
initial adaptation following reverse adaptation (Lee & Schweighofer, 2009; Smith,

Ghazizadeh, & Shadmehr, 2006).
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Serial vs. Parallel Architecture of Motor Adaptation

Smith and colleagues proposed a model that accounts for the multi-timescale
aspect of adaptation including savings, anterograde interference, and spontaneous
recovery (Lee & Schweighofer, 2009; Smith et al., 2006). In this linear, two-state model,
there is thought to be a fast process which accounts for the initial phase of learning that
tends to forget quickly, and a slow process that is retained in the long-term but learns
slowly. However, it is unknown how these fast and slow neural processes are
organized. For instance, if these processes are organized in parallel to one another,
both the fast and slow processes might update their states based on movement errors
but if they are organized serially, the fast learning process might provide the slow
processes with online information (with each process updating their states in a serial
manner). Critically, this model also cannot account for dual adaptation because
adaptation to one visuomotor variant would then have to override the learning of the
other variant. Lee and Schweighofer (2009) ameliorated this architecture by proposing a
revised model that accounts for the organization of the fast and slow states. In this
simulation, it was found that human dual adaptation data most corresponded with a
parallel architecture with one fast and n slow states with multiple inner states (Lee &
Schweighofer, 2009). While these computational models show how certain cues aid in
the retrieval of internal models and the timescale in which these processes occur, it
does not inform on what specific cues are sufficient facilitators of dual adaptation.
Despite its downfalls, it nevertheless provides researchers with a theoretical platform for

prediction and hypotheses construction regarding adaptation. To this end, the present
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experiments explore the possible intrinsic cues that can facilitate dual adaptation and its

extent following prolonged training.

Intrinsic vs. Extrinsic Cues

In an attempt to find predictive cues that effectively facilitate dual adaptation,
Gupta and Ashe (2007) subjected participants to an opposing velocity-dependent force-
field concurrent adaptation task with each perturbation associated with a colour cue, an
external property of a context, with the same set of visual targets and found no evidence
for dual adaptation. Likewise, Woolley and colleagues used background colour as a
predictive cue but found no evidence for dual adaptation while training with opposing
visuomotor rotations when there is an overlap in the visual workspace (Woolley et al.
2007). Likewise, Dumontheil and colleagues (2006) used a virtual reality navigation task
and associated different visual gains with background colour and found only a subset of
participants were able to adapt their whole body orientation. The remaining participants
were not able to dually adapt their movements to both gains and this was attributed to
differing perceptive styles (Dumontheil et al., 2006). Because background colour might
not be a sufficient cue, Baldeo & Henriques (2013) integrated target colour as the
predictive visual cue and found that it does not facilitate dual adaptation. These findings
suggest that colour, an extrinsic contextual cue, is not likely to be a sufficient cue in
retrieving internal models of previously learned adaptive states (Haruno et al. 2001).
Interestingly, using a more explicit approach with colour cues to facilitate dual
adaptation, Osu and colleagues found that participants were able to dually adapt to

opposing visuomotor perturbation over a period of 48 hours which may have been
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influenced by enhanced consolidation and duration of training (Osu et al. 2004).
Cothros, Wong and Gribble were also able to show successful dual adaptation to a
velocity-dependent force-field perturbation and a null force-field by using a visual cue
which represented the relationship of the hand to the end-effector (Cothros et al. 2009).
In this study, participants grasped the manipulandum throughout the experiment but
received a visual cue of grasping when the force-field was in effect. Evidently, research
focusing on the ability of the CNS in using extrinsic cues has been highly variable.

In contrast, intrinsic cues, such as muscle recruitment patterns that are likely to
be proprioceptively mediated, have shown to be more promising in facilitating dual
adaptation (Gandolfo et al. 1996; Galea and Miall 2006; Woolley et al. 2011; Baldeo and
Henriques 2013). A classic example of dual adaptation is achieved by associating
opposing rotations with different limbs. Using a block-wise (ABA) paradigm, Bock and
colleagues (2005) were able to demonstrate that two internal adaptive states can be
created and function without mutual interference. In this study, participants were able to
accurately adapt their reaching to their respective perturbations because the way in
which sensory information was transformed into motor output was distinct between the
two limbs (Bock, Worringham, & Thomas, 2005). Because block-wise designs do not
necessarily show concurrent adaptation to two or more perturbations, it was still
necessary to investigate the effect of using different limbs as a contextual cue with a
concurrent design. Using a concurrent paradigm, Galea & Miall (2006) were able to
show that participants are able to adapt to two different visual transformations at a
similar rate when each limb was associated with opposing displacements. A related

finding by Krakauer and colleagues (2006) suggested that using different end-effectors
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can function as intrinsic contextual cues in retrieving specific internal models. In their
study, participants were asked to make pointing movements with a rotated cursor using
either their arm (shoulder and elbow) or wrists. After initially adapting wrist movements
to a cursor-rotation, training the arm immediately afterwards to an opposing rotation did
not interfere with the recall of the previous adaptation of the wrist a day later (Krakauer
et al. 2006). When both body parts were exposed to the same rotation, the wrist
benefitted from the previous adaptation of the arm, although not vice-versa (Krakauer et
al. 2006). Thus, distinct intrinsic mapping of motor coordinates in internal models is
necessary for a stronger association with the context and to reduce the likelihood of
interference.

Not surprisingly, differing movement trajectories will produce distinct muscle
recruitment patterns that can be used as intrinsic, contextual cues. Because
generalization of learning of a single trained target is localized such that it does not
transfer to targets further away, target location in the workspace can be associated with
distinct visual perturbations. Indeed, Wang and Sainburg (2005) found that
generalization is greatest in novel targets when the trained targets were along the same
vector trajectory. More recent work by Baldeo and Henriques (2013) disentangled the
issue of whether the integration of colour and target separation into the task context can
facilitate concurrent adaptation in a reaching task. In this study, colour was integrated
into the task to increase saliency but was insufficient in facilitating dual adaptation
(Baldeo and Henriques 2013). When target colour and target separation were jointly
used as contextual cues, participants were able to dually adapt. Lastly, target

separation alone effectively functioned as an intrinsic cue to facilitate dual adaptation
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suggesting that colour provided no additional benefit to the context distinction (Baldeo
and Henriques 2013). Another possible contextual cue is target reach amplitude.
Woolley et al. (2008) tested whether target reach amplitude was a sufficient contextual
cue for dual adaptation given than shorter distances will produce different muscle
synergies than that of longer distances. They found conflicting evidence such that
complete interference occurs between the varying amplitudes. This was likely due to the
generalization from one adaptive state to another (i.e. between the short and long
amplitudes) (Woolley et al. 2008). Additionally, whole-body rotations which affects
vestibular information, an intrinsic cue, was found to be sufficient in facilitating dual
adaptation in a virtual reality navigation task in a group of participants who tended to
place more weight on non-visual than visual information (Dumontheil et al., 2006;
Lambrey & Berthoz, 2003). In this study, participants were asked to navigate around a
virtual reality corridor where they alternated between altered visual gains of 0.5 and 1.5,
such that the way they turn their bodies must correspond with the present visual
feedback. Thus, dual adaptation is possible in a locomotion paradigm given a vestibular
cue such as a whole-body rotation.

A final potential intrinsic cue that can be used to facilitate dual adaptation is the
hand posture in which the end-effector is held. Gandolfo and colleagues (1996) were
the first to show that associating a null and counter-rotation force-field with two distinct
types of grip on a manipulandum aids in predicting the impending forces. The after-
effects found were consistent with the type of grip and force-field. Additionally, when
after-effects of the counter force-field were completely washed out, if t