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J Neurophysiol 116: 1239-1249, 2016. First published June 22, 2016;
doi:10.1152/jn.00410.2016.—Insights into the neural representation
of motor learning can be obtained by investigating how learning
transfers to novel task conditions. We recently demonstrated that
visuomotor rotation learning transferred strongly between left and
right limbs when the task was performed in a sagittal workspace,
which afforded a consistent remapping for the two limbs in both
extrinsic and joint-based coordinates. In contrast, transfer was absent
when performed in horizontal workspace, where the extrinsically
defined perturbation required conflicting joint-based remapping for
the left and right limbs. Because visuomotor learning is thought to be
supported by both implicit and explicit forms of learning, however, it
is unclear to what extent these distinct forms of learning contribute to
interlimb transfer. In this study, we assessed the degree to which
interlimb transfer, following visuomotor rotation training, reflects
explicit vs. implicit learning by obtaining verbal reports of partici-
pants’ aiming direction before each movement. We also determined
the extent to which these distinct components of learning are
constrained by the compatibility of coordinate systems by compar-
ing transfer between groups of participants who reached to targets
arranged in the horizontal and sagittal planes. Both sagittal and
horizontal conditions displayed complete transfer of explicit learn-
ing to the untrained limb. In contrast, transfer of implicit learning
was incomplete, but the sagittal condition showed greater transfer
than the horizontal condition. These findings suggest that explicit
strategies developed with one limb can be fully implemented in the
opposite limb, whereas implicit transfer depends on the degree to
which new sensorimotor maps are spatially compatible for the two
limbs.

interlimb transfer; visuomotor learning; explicit learning; implicit
learning

NEW & NOTEWORTHY

Visuomotor learning in one limb often confers benefits in
performance with the other limb, a phenomenon known as
interlimb transfer. In this study, we demonstrate for the
first time that transfer of learning across limbs can be
dissociated into explicit and implicit components and that
the extent to which these distinct components of learning
transfer to the opposite limb is constrained by the align-
ment of the learned compensation in joint-based and ex-
trinsic coordinates.
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INTERLIMB TRANSFER is the process whereby practice on a novel
motor task with one limb confers a benefit in performance to
the other limb. How the motor system achieves this is of great
interest, not only because transfer might have practical impor-
tance for developing rehabilitation techniques, but also because
it may provide theoretical insights into the neural representa-
tions of motor learning (Shadmehr 2004). This issue has been
frequently studied through adaptation tasks that involve a
distortion of visual feedback during reaching movements;
however, there remains controversy regarding the characteris-
tics of transfer between limbs. In visuomotor adaptation stud-
ies, the extent of transfer varies widely from 0 to 90% depend-
ing on various methodological factors, including the number of
reaching targets and which limb is trained first (Carroll et al.
2014; Taylor et al. 2011; Wang et al. 2015; Wang and Sainburg
2003, 2004). Even the apparently asymmetrical nature of
interlimb transfer is inconsistent, with conflicting reports that
transfer is greater from the nondominant to the dominant limb
(Sainburg and Wang 2002; Wang and Sainburg 2004) or vice
versa (Balitsky Thompson and Henriques 2010).

One key issue in this controversy is that transfer has previ-
ously been inferred from the magnitude of errors when the
untrained limb was exposed to the perturbation, rather than by
measuring reaching directions with the untrained limb in the
absence of feedback. Errors made by the untrained limb under
perturbed conditions might reflect a visuomotor remapping
transferred from the opposite limb and/or a change in learning
rate due to previous exposure to perturbation with the opposite
limb (i.e., an interlimb form of “savings”). Thus these contrasts
do not distinguish among the multiple components of learning
that might contribute to transfer in motor adaptation paradigms
(Diedrichsen et al. 2010; Huang et al. 2011; Izawa and Shad-
mehr 2011; Mazzoni and Krakauer 2006). For instance, when
a visuomotor rotation is introduced abruptly, participants can
gain awareness of the perturbation and “re-aim” their move-
ments to facilitate performance (Taylor et al. 2011, 2014). This
strategy might be applied during performance with the un-
trained limb, giving a false impression that the learned remap-
ping had transferred. Although previous studies have shown
that manipulations of awareness have little effect on interlimb
transfer (Taylor et al. 2011; Wang et al. 2011), suggesting that
explicit strategies play little role in transfer, the evidence is
only indirect. In particular, it is important to note that gaining
awareness of the visuomotor rotation does not always ensure
that participants will form explicit strategies, especially when
the rotation is small (Bond and Taylor 2015; Morehead et al.
2015). Thus it is conceivable that at least some transfer could
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be driven by explicit strategies; however, this has never been
directly measured.

Recently, the effects of explicit strategies on learned com-
pensations to visuomotor rotation have been experimentally
isolated by having participants state their aiming direction with
reference to a numbered landmark. This aiming strategy con-
stitutes an explicit process that the brain implements in parallel
with implicit learning to compensate for the target error. When
the direction of aim is known, the difference between actual
and intended reach direction should reflect the extent of im-
plicit learning (Bond and Taylor 2015; Taylor et al. 2014). The
explicit and implicit components of learning uncovered using
this paradigm followed distinct time courses; explicit strategies
were highly variable early in training before stabilizing to a
direction biased toward the solution, whereas implicit learning
progressed monotonically. In the present study, we employed
this approach to directly assay, for the first time, the degree to
which transfer between limbs is the result of explicit strategies
or implicit learning.

The coordinate system of learning may present additional
factors that influence the degree of transfer. Robust transfer of
implicit learning would require the motor memory developed
in the trained limb to be both accessible and compatible for use
with the other limb. In a typical horizontal reaching task,
however, because movements of the two limbs are mirror
symmetrical, extrinsically defined perturbations require con-
flicting joint-based remapping for the left and right limbs (Fig.
1A). If the internal representation of motor memory comprises
multiple coordinate systems (Berniker et al. 2014; Brayanov et
al. 2012), the incompatibility of these coordinate systems
might restrict the extent to which the learned mapping is
expressed bilaterally, even if the learning is fully accessible to
the opposite limb.

We have previously addressed this issue by examining the
transfer of learning in an isometric wrist force aiming task
(Carroll et al. 2014). Because the task was isometric, it enabled

AND EXPLICIT LEARNING

effective manipulation of the learned visuomotor map accord-
ing to specific coordinate systems while maintaining others
constant (de Rugy et al. 2012; Kakei et al. 1999). Consistent
with the idea that the extent of transfer hinges on the degree to
which the joint-based and extrinsic coordinates were aligned
for the two limbs, we found that learning transferred strongly
in both directions in a sagittal workspace, where the joint-
based and extrinsic representations were aligned. In contrast,
transfer was absent when performed in a horizontal workspace,
where the joint-based and extrinsic representations were in
conflict. Although the coordinate system of explicit learning is
currently unknown, it is possible that implicit and explicit
forms of learning are represented in different coordinate sys-
tems. As a consequence, the amount of transfer may vary as a
function of the degree to which learning is implicit or explicit
because of coordinate system conflicts.

In this study, we sought to quantify the degree to which
transfer relies on explicit vs. implicit forms of learning and the
extent to which transfer attributable to each of these distinct
learning components is constrained by the compatibility of the
coordinate systems in a reaching task. We found that whereas
explicit transfer was near complete irrespective of coordinate
system alignment, the extent of implicit transfer depended on
the spatial compatibility of the new sensorimotor mapping for
the two limbs. Consistent with our previous findings, implicit
transfer was substantially greater when extrinsic and joint-
based representations of the required remapping were aligned
than when representations were in conflict.

METHODS

Participants. Forty-eight participants (22 men; 26 women, age
range 18-30 yr) were recruited either from the research participation
pool of the Department of Psychology at Princeton University or from
the university community at The University of Queensland. All
participants were right-handed according to the Edinburgh handed-
ness inventory (Oldfield 1971) and provided written informed consent

A Horizontal Reaching B  Sagittal Reaching
Left Limb ccw ccw Right Limb © Reach origin Both Arms
Shoulder rotation rotation §|hou|der O Veridical target Shoulder
El)gens'on 'S 'S EIE);‘VC\)/n ) Rotated target l Extension
ow P . .
T Flexion & Flexion —— Veridical AI|mb endpt?lnt } Elbow
—— Rotated limb endpoint Extension

Fig. 1. Schematic illustrations of subjects’
posture and position of visual display. A and
B: joint angle changes required for each limb
to compensate for an extrinsically defined
visuomotor rotation. The joint angle changes
required for both limbs are similar for reach-
ing in the sagittal but not the horizontal
plane. C: horizontal reaching condition in
which the joint-based and extrinsic represen-
tations of the required remapping are in con- C
flict. D: sagittal reaching condition in which
both the joint-based and extrinsic representa-
tions of the required remapping are aligned.
CCW, counterclockwise.

Forward
rotation
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prior to participation. The protocol was approved by Princeton Uni-
versity’s Institutional Review Board and the local ethics committee at
The University of Queensland, and conformed to the Declaration of
Helsinki.

Each participant was randomly allocated to one of four different
conditions (n = 12 per group) according to a 2 X 2 factorial design,
with two levels for movement plane (horizontal vs. sagittal) and two
levels for limb used during rotation training (right vs. left). Partici-
pants learned to counter a 45° visuomotor rotation (direction coun-
terbalanced within each condition) while reaching in either the hori-
zontal or sagittal plane. Transfer was examined in the opposite limb in
the corresponding plane of movement and with the same direction of
visuomotor rotation defined extrinsically.

Task. Participants made planar reaching movements by sliding their
left or right limb across a digitizing tablet while holding onto a pen
(Intuos Pro; Wacom, Vancouver, WA). Wrist braces were used on
both limbs to restrain accessory movement of the radial-carpal joint
and limit motion predominantly to the elbow and shoulder joint. The
tablets were aligned vertically or horizontally on an adjustable table to
allow operation in sagittal or horizontal workspaces, respectively (see
Fig. 1, C and D). All visual stimuli were presented on a 17-in., 1,280 X
1,024-pixel resolution display with 60-Hz refresh rate (Dell, Dallas, TX).
The movement of the cursor on the screen was calibrated to the dimen-
sions of the tablet to ensure veridical distance mapping.

In the horizontal condition, a single tablet was positioned 25 cm
beneath the visual display (Fig. 1C). Throughout the experiment,
participants shared one pen for both limbs, and a visual cue indicating
“left” or “right” was presented at the top edge of the monitor to inform
the participant which limb to use. Participants had to transfer the pen
from one limb to the other when a different limb was required. In the
sagittal condition, the two tablets were vertically oriented with their
backs against each other and positioned along the midline of the
participant. Visual feedback was displayed on a single monitor posi-
tioned 65 cm to the left of the participant (see Fig. 1D). In this

A

Report Aim No Feedback

Target Right>

Cursor
[ )

Aim Direction

B

experiment, participants held a separate pen in each hand. When the
visual cue indicating “left” or the “right” was presented, the partici-
pant then positioned the corresponding limb on the tablet to start the
trial while the other limb rested freely on the participant’s lap. To
occlude vision of the hand, a black cloth was draped over the
workspace. As illustrated in Fig. 1, A and B, the joint rotations
required to compensate for an extrinsically defined rotation are com-
parable for both limbs during sagittal reaching but differ for horizontal
reaching. The experiment was implemented with custom software
written in MATLAB (The MathWorks, Natick, MA) using the Psy-
chophysics Toolbox extensions (Brainard 1997).

Each trial began when the participant positioned the corresponding
limb within a central start location (white empty circle; 3.5-mm
diameter). Participants were guided to the start position by a white
ring whose radius indicated the radial distance of the limb from the
start location. The ring served as a guide to return participants to
the start location without providing information of the rotation on
the return phase of the movement. When the limb was within 0.5 cm
of the start location, the ring turned into the feedback cursor (white
filled circle; 2.5-mm diameter). The limb had to remain in the start
location for 500 ms before a green target appeared in one of four
locations along the cardinal directions (0°, 90°, 180°, and 270°) at a
radial distance of 7.5 cm. A red guide line, which started at a random
angle on each trial, was also presented when the target appeared. Prior
to testing, the participants were provided with the following instruc-
tions on the screen “The goal of the task is to get your cursor on the
green target. I would like you to tell me, before moving, the direction
that you should aim in order to get your cursor on the target. Please
align the dial with the direction of your aim.” Participants then had 7 s
to verbally instruct the experimenter to rotate the guide line to their
intended reach direction to make the cursor hit the target location (Fig.
2A). Participants halted the line by saying “stop,” and the guide line
was extinguished. Subsequently, the participant initiated a rapid
shooting movement along the intended path to move the cursor

Fig. 2. Experimental task and protocol. A, left: partici-
pants are exposed to a 45° visuomotor rotation while
reaching to 4 different target locations located on the
cardinal directions. A visual cue indicating which limb
to use was presented at the top edge of the monitor
(“Right>"). Before each movement, participants were
asked to verbally instruct the experimenter to rotate the
red guide line (Aim Direction) to their intended reach
direction to make the cursor hit the target location.
Subsequently, the participant initiated a rapid shooting
movement to move the cursor through the target, after
the guide line was extinguished. When the movement
amplitude exceeded 7.5 cm, the feedback cursor froze
on the screen for 1 s. Right, for trials with no feedback
(probe trials), the visual cursor was replaced by an
expanding white ring whose radius corresponded to the
radial distance of the limb from the start location. The

Familiarization Report BaselineR | Baseline-R white ring provided only information about the extent,
No rotation 8 trals No feedback Trials 1-32 not the direction, of the movement. B: the baseline
Biitls el phase consisted of 8 Familiarization trials with no
e —— N— rotation, followed by 8 trials with the reporting proto-
i;g':z{;fo':n Report Noafizg‘:;ck Baseline-L col. Feedback was then removed to assess baseline
8 trials 8 trials 32 trials Trials 33-64 performance in each hand. In the rotation phase, feed-
back was rotated by 45° and participants reported their
FeiEtEn Borstan FEiEE Rotation aiming location such that the visual error was rpini-
Report aim  NoFeedback-L NoFeedback-R Trials 65-112 mized. In the Rotation-No Feedback trials, the visual
40 trials 4 trials 4 trials rais o6o- cursor was removed and reported their aiming direction
9x before each movement. L and R, left and right limbs.
Rotation Rotation Rotation Rotation
Report aim  NoFeedback-R NoFeedback-L .
20 trials 4 trials 4 trials Trials 113-396
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through the target. Once the movement amplitude exceeded 7.5 cm,
the feedback cursor froze on the screen for 1 s. The discrepancy
between the position of the white cursor and the green target provided
feedback of the angular error. A pleasant “ding” signaled target
acquisition if the center of the cursor was within the target; otherwise,
an unpleasant “buzz” sounded. Participants received an auditory
warning that the movement was “too slow” when movement from
10% to 100% of target extent exceeded 500 ms. After each trial, the
targets were extinguished and subjects were instructed to move the
limb back to the start location immediately once the targets were
cleared from the screen.

Experimental procedures. Testing began with a baseline phase in
which participants completed 12 blocks of trials, with each block
consisting of 4 movements (one to each target in a pseudorandomized
order) in the absence of any perturbation with each limb (Fig. 2B).
The first two blocks for each limb in this phase were performed with
continuous visual feedback to familiarize with the reaching task (Fig.
2B, Familiarization-L, Familiarization-R). Subsequently, in the next
two blocks, participants provided their aiming direction via the re-
porting protocol described above to indicate the direction that they
intended to reach toward to make the cursor hit the target (Report-L,
Report-R). Finally, in the remaining eight blocks of the baseline
phase, visual feedback was removed while participants continued to
report their aiming direction so that we could measure any systematic
biases in their reaches and to get participants accustomed to reaching
without visual feedback with either limb (Baseline-L, Baseline-R).

The next rotation phase consisted of 55 blocks of trials in which a
45° visuomotor rotation was introduced. According to group assign-
ment, the first 10 blocks during the rotation phase were performed
with the limb first used during the baseline phase. Introduction of the
rotation prompted participants to alter their aiming direction to com-
pensate for the visual cursor error, despite not being explicitly in-
formed of the visuomotor rotation. This was followed by two blocks
of probe trials, in which visual feedback of the cursor was removed
and replaced with an expanding ring that provided only radial distance
information. Participants were still instructed to report their aiming
direction prior to movement. They experienced eight probe trials in a
row, one trial for each target per limb in a pseudorandomized order.
Since the untrained limb was never exposed to the visuomotor
rotation, this allowed us to obtain a measure of interlimb transfer that
is independent of any learning that might have occurred in the
untrained limb (Rotation NoFeedback-R, Rotation NoFeedback-L).
This procedure was repeated after every fifth block in the remaining
45 blocks of trials. It is important to note that participants were not
informed about the onset of probe trials. Thus the probe trials should
have proceeded just like the rest of the trials in the experiment, but
without visual cursor feedback. This allowed us to continuously track
the progress of interlimb transfer of explicit and implicit learning
throughout the rotation phase. In total, participants experienced 40
probe trials for each limb to probe the extent of learning and transfer.

Data analysis. Data analysis was performed offline in MATLAB.
For each trial, movement trajectory, irrespective of target location,
was rotated to a common reference axis with the target location set at
0°. The angular differences between the direction of target and the
direction of the vector from participants’ starting location to the point
when movements passed a radial distance of 7.5 cm were computed as
the terminal reach direction. The terminal reach directions were
binned into four trial blocks and averaged across participants in each
group to visualize performance during learning and transfer for each
limb. Reach directions that were more than 2 standard deviations (SD)
away from the mean reach direction errors during each phase of the
experiment were discarded as outliers (total proportion of trials
discarded = 1.4%). Movement durations were specified as the time
taken to travel from 10% to 100% of target extent. It is important to
note that because we are examining interlimb transfer, we had to first
assess whether participants successfully learned to counter the visuo-
motor rotation. We performed one sample -tests for each participant

to determine whether the level of implicit learning attained in the last
four blocks of the rotation phase was significantly different from zero.
Four participants from the sagittal condition and one participant from
the horizontal condition were excluded from further analysis because
they did not successfully learn to counter the visuomotor rotation.
Results from 23 participants in the horizontal condition and 20
participants in the sagittal condition remained for statistical analysis.

To assess baseline performances in the different reaching condi-
tions for each limb, the average reaching direction from the last four
blocks of Baseline-L and Baseline-R were submitted to a mixed
factorial ANOVA with movement plane (horizontal vs. sagittal) as a
between-subjects factor and limb as a within-subjects factor (left vs.
right). The average reach direction during the last four blocks of the
baseline phase was then subtracted from the reach direction during the
rotation phase to remove any baseline directional biases.

To determine whether behavior differed between the different
movement and limb conditions during the rotation phase, we com-
pared the average reach direction in the first and final four blocks of
this phase. We chose to probe learning at these two intervals because
performance in the first four blocks of the rotation phase captures the
behavior at the point where learning transpired most quickly in
previous studies (Huang et al. 2011; Huberdeau et al. 2015; Kitago et
al. 2013), and the last four blocks represents the stage of learning
where participants would have reached asymptote if they had fully
compensated for the visuomotor rotation. We submitted these mea-
sures to a repeated -measures ANOVA with two between-subjects
factors [factor I: limb (left vs. right); factor 2: movement plane
(horizontal vs. sagittal)] and one within-subject factor [factor 3:
time (first 4 blocks vs. final 4 blocks)].

To examine the contributions of implicit and explicit learning, we
compared the average explicit and implicit learning obtained in the
first and final four blocks of the rotation phase. Explicit learning was
calculated by subtracting participants’ reported aiming direction for
each trial from the target direction, whereas implicit learning was
computed by subtracting the reported aiming direction from the
terminal reach direction on each trial. We then performed separate
repeated-measures ANOV A with two between-subjects factors [factor
1: limb (left vs. right); factor 2: movement plane (horizontal vs.
sagittal)] and one within-subject factor [factor 3: time (first 4 blocks
vs. final 4 blocks)] for the explicit and implicit measures.

To quantify the degree of explicit and implicit learning for inter-
limb transfer, we focused our analyses on the first and last two blocks
of probe trials performed by each limb (Rotation NoFeedback-R,
Rotation NoFeedback-L). We chose to probe the extent of interlimb
transfer at these intervals because the point at which the first and last
two blocks of probe trials took place corresponded to the time during
initial learning, when there is rapid error correction, and the latter
stage of learning, when participants would have reached asymptote if
they had fully compensated for the visuomotor rotation. Note that
since probe blocks were infrequent, these blocks corresponded to the
time periods of interest in our above analyses. The average reach
direction, implicit and explicit learning in the first and final two blocks
for the untrained limb, was expressed as a percentage of that for the
trained limb for each participant. Specifically, the amounts of implicit
and explicit transfer were

Implicit transfer
average implicit learning in the untrained limb

— - R X 100% (1)
average implicit learning in the trained limb

Explicit transfer
average explicit learning in the untrained limb

— - - - X 100% (2)
average explicit learning in the trained limb

Similarly, tests for significance across conditions were performed
using a repeated-measures ANOVA with two between-subjects fac-
tors [factor I: limb (left vs. right); factor 2: movement plane (hori-
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zontal vs. sagittal)] and one within-subject factor [factor 3: time (first
2 blocks vs. final 2 blocks)]. All statistical comparisons were per-
formed using Statistica (StatSoft, Tulsa, OK), and dependent mea-
sures are presented as means = SE in both text and figures.

RESULTS

In this study we examined interlimb transfer of implicit and
explicit learning during a visuomotor rotation task. We also
sought to determine whether the extent of interlimb transfer is
influenced by manipulating the spatial congruence between the
coordinate frames of the two limbs. Specifically, we predicted
greater interlimb transfer for sagittal movements, because the
required visuomotor remapping to compensate for the rotation
is identical according to both joint-based and extrinsic coordi-
nates for the two limbs.

Rotation training. In the baseline phase, participants reached
to the targets with no visual feedback while verbally reporting
the direction they were aiming through the guide line provided
on the display. Baseline reach directions were significantly
more accurate for horizontal than sagittal plane movements
[average horizontal reach direction —0.4 £ 0.6°; average
sagittal reach direction 1.9 = 0.9% F(, g5, = 8.5, P = 0.004].
The trial-to-trial variability of reach direction during baseline
was also significantly greater for sagittal than horizontal groups
[SD of horizontal reach direction 1.5 = 0.1; SD of sagittal
reach direction 2.8 * 0.33; Fy g,y = 28.9, P < 0.0001]. The
differences in baseline performances could be due to the
different biomechanical requirements of the task, whereby
participants were required to support the weight of the limb in
sagittal plane reaching but could partially rest their limb on the
tablet in the horizontal plane.

Next, we focused on trials in which feedback was available
during the rotation phase. When a 45° visuomotor rotation was
abruptly introduced, participants rapidly changed their limb

@Baseline L

>

Horizontal R-L B

Angle (deg)
Angle (deg)

®Baseline R ®Hand Angle L ®Hand Angle R @ Implicit

o o 00
3 :--:u..:.h-..o-:g,,.d:!:n

angles to compensate for the rotation (Fig. 3). By the last four
blocks of the rotation phase, reach direction for the horizontal
and sagittal condition were 46.3 = 0.6° and 45.5 * 0.8°,
respectively. This was significantly different from the average
reach direction in the first four blocks [horizontal 30.5 * 3.1°;
sagittal 23.0 * 4.0% F(;39) = 59.8, P < 0.0001], but there
were no main effects of the limb used [F; 39y = 2.5, P = 0.13]
or the movement planes [F(; 35, = 2.5, P = 0.13] and no
interaction effects [movement planes X limb: F(; 55 = 0.2,
P = 0.64; phase X movement planes X limb: F 39, = 0.07,
P = 0.78]. This indicates that both left and right limbs were
equally effective in correcting for visual errors whether partic-
ipants were reaching in the horizontal or sagittal plane.
During the rotation phase, participants consistently aimed to
locations other than the target to make the cursor hit the target.
In line with previous studies (Bond and Taylor 2015; Mc-
Dougle et al. 2015; Morehead et al. 2015; Taylor et al. 2011),
the aiming locations rose sharply in the initial stages of
learning before appearing to decrease with extended practice
(Fig. 3, green trace). The aiming behavior in the initial and
later stages of learning was assessed by repeated-measures
ANOVA for the first and final four rotation blocks. There was
no significant difference between early and late explicit learn-
ing [F; 39y = 1.5, P = 0.22], and there were no main effects of
movement plane [F(j 39y = 1.4, P = 0.25] or limb [F(; 39, =
2.9, P = 0.09] and no interactions [movement plane X limb:
F39) = 0.01, P = 0.9; time X movement plane X limb:
F(139) = 0.26, P = 0.6]. This suggests that explicit learning
was similar for the first and final four blocks during the rotation
phase, regardless of limb used and movement condition (aver-
age in final 4 blocks: horizontal explicit 22.6 * 2.3° vs. sagittal
explicit 22.2 = 1.8°). We also analyzed the stability of the
learning by computing the variability of movements in the final
four blocks of the rotation phase. The movement variability

® Explicit

Horizontal L-R

Fig. 3. Learning time course in the horizontal and
sagittal conditions during rotation phase. A and B: av-
erage reach direction for the right (A; red) and left (B;
blue) limb in the horizontal condition during baseline
(blocks 1-8) and rotation phase (blocks 9—63). The
green trace represents the average amount of explicit
learning measured from the verbally reported aiming

0 20 40 60 0 20 40 60 fiirec'ti.on. Thf: purple trace chmacte{i{es the average

. . implicit learning computed from the difference between

Sagittal R-L Sagittal L-R the actual reach direction and reported aiming location.

C D C and D: average reach direction for the right (C; red)
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and left (D; blue) limb in the sagittal condition during
baseline (blocks 1-8) and rotation phase (blocks 9—63).
Green and purple traces represent the average amount of
explicit and implicit learning, respectively. Each block
represents the average of 4 trials (Blks/4 trials), and
shading represents SE of the mean.
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Blks/4 trials

40 60
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was significantly different between horizontal and sagittal
reaching [F; 59, = 4.5, P = 0.04], but there was no main effect
of the limb used [F(; 35y = 0.01, P = 0.9] and no interaction
effects [F; 39, = 0.77, P = 0.4]. This suggests that learning in
the horizontal condition was more stable than in the sagittal
condition (SD horizontal 2.9 = 0.3°; SD sagittal 4.3 = 0.6°).

To quantify implicit learning, the reported aiming direction
was subtracted from the reach direction on every trial. As
illustrated in Fig. 3 (purple trace), implicit learning emerged
gradually over the course of the rotation phase. To assess the
pattern of implicit learning, we performed a repeated-measures
ANOVA for the initial and final four blocks of trials during the
rotation phase. The extent of implicit learning evident by the
final four blocks was significantly greater than in the initial
four blocks of trials [F(; 39, = 148.4, P < 0.0001], but there
was no main effect of movement plane [F(; 39, = 0.01, P =
0.9] or limb [F(; 39, = 0.23, P = 0.63] and no interaction
effects [movement plane X limb: F(; 35y = 0.01, P = 0.89;
time X movement plane X limb: F; 39y = 1.12, P = 0.29].
These results indicate that implicit learning significantly in-
creased after the first four blocks of rotation phase, and the
final amount of implicit learning was similar, irrespective of
the limb or movement conditions (average in final four blocks:
horizontal implicit 23.6 = 2.4° vs. sagittal implicit 22.9 =*
1.8°).

Transfer to the opposite limb. To assess the extent of
interlimb transfer, we focused on the reach directions during
probe trials with no feedback for both limbs (Adapt NoFeed-
back-R, Adapt NoFeedback-L). We first compared the absolute
extent of transfer using the reach directions during probe trials,
which is analogous to the extent of transfer inferred on the
basis of the initial errors in response to the perturbation
calculated in previous studies. Reach directions for the un-
trained limb averaged 35.1 = 2.1° and 38.47 = 1.9° over the
last two blocks for the horizontal and sagittal conditions,
respectively. The relative extent of transfer averaged over the
last two blocks, when expressed as a percentage of the reach
direction in the trained limb, was 74.9 = 3.7% and 88.1 =+
3.5% for the horizontal and sagittal conditions, respectively.
Despite an apparent benefit of transfer in the sagittal condition,
a repeated-measures ANOVA yielded no main effect of time
[F130) = 0.99, P = 0.32], movement plane [F(; 39, = 1.62,
P = 0.2], or limb used [F; 39y = 0.05, P = 0.81] and no
interaction effects [limb X movement plane: F(; 35, = 0.19,
P = 0.66; time X limb X movement plane: F(; 39, = 0.12, P =
0.74]. These results demonstrate that the extent of transfer
calculated in terms of the average reach direction was similar
across movement planes and limbs.

Next, we compared the explicit learning during probe trials
for both the trained and untrained limbs. Explicit strategies
developed with the trained limb were effectively applied to the
untrained limb during interlimb transfer (Fig. 4, dashed lines).
This contributed substantially to the transfer measured in the
untrained limb during probe trials (average in final 2 blocks:
horizontal aim direction 22.79 * 2.2°, sagittal aim direction
24.3 = 1.7°). The relative extent of explicit transfer averaged
over the last two blocks, when expressed as a percentage of the
explicit learning in the trained limb, was 105.01 = 2.9% and
110.9 = 9.1% in the horizontal and sagittal conditions, respec-
tively. A repeated-measures ANOVA comparing the percent-
age of explicit transfer for the first and final two blocks of

probe trials showed no effect of time [F(; 55, = 0.51, P =
0.47], movement plane [F(; 39, = 1.19, P = 0.28], or limb
[F139) = 1.16, P = 0.29], and there were no interaction effects
[movement plane X limb: F(, 55, = 1.4, P = 0.24; time X
movement plane X limb: F ;5 = 0.9, P = 0.36]. These
results suggest that modulating the movement plane and limb
used did not affect interlimb transfer of explicit learning.
Moreover, the lack of difference between the first and final two
blocks of probe trials indicated that aiming direction was fairly
consistent throughout rotation training.

In contrast, implicit learning developed by the trained limb
transferred only partially to the untrained limb (Fig. 4, solid
lines). Implicit learning for the untrained limb averaged 11.5 =
1.2° and 14.4 =+ 1.8° over the last two blocks for the horizontal
and sagittal conditions, respectively. When expressed as a
percentage of the amount of implicit learning developed in the
trained limb, the extent of transfer averaged 48.34 = 5.7% and
70.6 = 8.2% in the horizontal and sagittal condition, respec-
tively (Fig. 4E). A repeated-measures ANOVA comparing the
percentage of implicit transfer for the first and final two blocks
of probe trials showed a main effect of movement plane [F; 39, =
4.4, P = 0.041] but no effect of limb used [F; 39y = 0.02, P =
0.88] or time [F(; 39y = 0.16, P = 0.68], and there were no
interaction effects [movement plane X limb: F; 39y = 0.3, P =
0.56; time X movement plane X limb: F(; 55, = 0.19, P =
0.66]. Despite no main effect of limb, there was a limb X time
interaction [F; 39, = 6.1, P = 0.01], suggesting that the time
course of implicit transfer to the left and right limbs differed
between early and late phases of learning. The main effect of
movement plane indicated that implicit transfer in the sagittal
condition was significantly greater than in the horizontal con-
dition (average in last 2 blocks: horizontal R-L 57.2 * 8.3%,
horizontal L-R 38.7 = 7.9%, sagittal R-L, 75 = 12.1%, sagittal
L-R, 65.6 £ 10.1%). The lack of difference in transfer based
on the limb used also suggests that the motor memories
acquired via implicit learning for the trained limb were acces-
sible for opposite limb use, regardless of whether the dominant
or nondominant limb was used during training. This finding is
in contrast with the pattern of asymmetrical transfer observed
in previous visuomotor rotation studies, in which learning
transferred only from nondominant to the dominantly limb
(Sainburg and Wang 2002) or only from the dominant to
nondominant limb (Balitsky Thompson and Henriques 2010).

We also tested whether the extent of implicit learning
achieved by the trained limb was related to the absolute amount
of implicit transfer. Figure 5, A and B, illustrates that the trend
for greater implicit transfer is consistent for most subjects in
the sagittal condition. We performed a linear regression to
predict implicit transfer in the untrained limb based on the level
of implicit learning for the trained limb in the last two blocks
of probe trials (Fig. 5, C and D). Significant regressions were
found for both horizontal [F, ,;, = 5.4, P = 0.03; R* = 0.2]
and sagittal reaching [F; 15, = 13.7, P = 0.002; R* = 0.4], but
the slope for horizontal groups (0.37) was lower than for
sagittal groups (0.71). This estimate of transfer predicts that for
each degree of implicit remapping expressed by the trained
limb, reach direction with the untrained limb should change by
0.71° for sagittal plane conditions and 0.37° for horizontal
plane reaching.
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DISCUSSION

Using a visuomotor rotation task, we examined the extent to
which both explicit and implicit components of learning can
transfer to the opposite limb, and we quantified the influence of
the spatial compatibility of the coordinate system representa-
tion on the transfer of learning. To assess how the explicit
component contributes to interlimb transfer, verbal reports of
participants’ intended aiming direction were recorded before
each movement. We observed that participants developed a
strategy to re-aim their movements in a direction opposite to
the rotation during the rotation phase. This strategy was also
applied during movements with the untrained limb, regardless
of whether the required joint-based and extrinsic remappings
were aligned or in conflict for the two limbs. On the basis of
the difference between explicit aim and actual reach direction,
we also directly assayed the contributions of the implicit
component of learning. Implicit transfer was incomplete be-
tween limbs (<50%), regardless of the direction of transfer

when the joint-based and extrinsic representation of the re-
quired remapping were in conflict, but this transfer was en-
hanced (~70%) when the required joint-based and extrinsic
remappings were aligned. These findings suggest that whereas
explicit strategies developed in one limb can be fully imple-
mented in the other limb, implicit transfer depends on spatial
compatibility of new sensorimotor maps for both limbs.
Separating explicit strategies from implicit learning during
interlimb transfer. The extent to which explicit strategies and
implicit learning contribute to interlimb transfer has been
studied by comparing the behavior of the untrained limb
following exposure to gradual/abrupt perturbations or provi-
sion of an explicit strategy during training with the opposite
limb (Taylor et al. 2011; Wang et al. 2011). In the study by
Taylor et al. (2011), participants were presented with a land-
mark representing the correct solution for compensating for the
rotation and given explicit instructions to reach toward it. This
approach canceled out initial performance errors (i.e., target
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error) but subsequently resulted in overcompensation for the
rotation. This overcompensation, referred to as “drift,” is
thought to reflect continued implicit learning via sensory pre-
diction error, despite negligible target error (Mazzoni and
Krakauer 2006; Taylor and Ivry 2011). When transfer was
probed with suppressed visual feedback in the opposite limb,
the drift emerged in the untrained limb, as well, but the extent
was less than 50% of that measured in the trained limb. This
suggests that provision of an explicit strategy does not preclude
the transfer of implicit learning to the opposite limb. Further-
more, both Wang et al. (2011) and Taylor et al. (2011) also
showed that the amount of transfer, inferred from the perfor-
mance of the opposite limb when the rotation was present, was
similar regardless of whether the rotation was introduced
gradually or abruptly or when participants were informed of
the presence of a rotation during training. Although these
results were interpreted to indicate that interlimb transfer was
not influenced by awareness of the rotation, manipulating
participants’ awareness of a rotation through instructions or the
gradual/abrupt dichotomy prevented direct quantification of
about how and when explicit strategies were used during
learning.

Our approach differs from previous studies that attempted to
isolate transfer of implicit learning components, in that we
probed explicit strategies directly using verbal reports for each
limb. This enabled us to directly assay the contributions of
implicit and explicit components of learning in a visuomotor
adaptation task and subsequent interlimb transfer. Unlike the
previous studies, we found that performance of the untrained
limb relied on the relative contributions of both explicit and
implicit components of learning. Notably, performance was
dominated by an explicit component and was complemented
by a smaller but significant implicit component. The apparent

Trained Limb Implicit (deg)

discrepancy between the contributions of the explicit compo-
nent to interlimb transfer may be attributed to differences in
rotation size. We note that in the studies by Wang et al. (2011)
and Taylor et al. (2011), the sizes of the rotations employed
were 32° and 22.5°, respectively. Given that implicit learning
typically accounts for ~15-25° of the overall learning in the
time frame of training employed by these studies (Bond and
Taylor 2015; Taylor et al. 2014), the use of explicit strategies
might not have been necessary by the time transfer was probed
in the opposite limb, since implicit learning alone would have
been expected to account for ~90% of the rotation. If the
explicit strategy had been maintained, it would have led to a
systematic increase in target error (Mazzoni and Krakauer
2006). Furthermore, Morehead et al. (2015) also showed that
savings, which appear at least partially attributable to the
explicit component of learning (Haith et al. 2015), were not
observed with 30° rotations. Taken together, these results
indicate that when the rotation is small, explicit strategies may
have a negligible role in interlimb transfer, especially when
probed at the end of training.

We interpreted aiming directions as manifestations of ex-
plicit learning during a visuomotor rotation task, with the
difference in the extent of aiming between nondominant and
dominant limb reflecting transfer of explicit learning. An
alternative explanation is that the aiming strategies developed
by the untrained limb do not constitute “transfer” of explicit
learning per se, but rather a recall of previously learned
strategy in the training context. As such, the extent to which
explicit strategies are expressed in the other limb depends on
the similarity of the task demands for the trained and untrained
limb. By this view, asking participants to report on each trial
might reinforce their explicit strategy and warrants its appli-
cation with the untrained limb, thus contributing to the com-
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plete transfer of explicit learning across limbs. It is possible
that without the added reporting component of the task, which
would presumably reduce the similarity in the task demands
between movements with both limbs, it would simply be the
prerogative of the participant to choose whether to apply the
strategy or not. This would lead to inconsistent application of
the strategy during transfer. Currently, this will remain an open
question, since an alternative method of probing the direction
of aim during training without verbal reports has yet to be
developed. Nevertheless, our results highlight the need to
consider the role of explicit processes in future interlimb
transfer studies.

This also raises the question whether the nature of learning
in our task setting might be qualitatively different from that
obtained in more traditional adaptation paradigms. It has been
shown that provision of a strategy during a visuomotor rotation
task reduced the size of aftereffects, despite having similar
overall task performance during training compared with a
naive group (Benson et al. 2011). This suggests a fundamental
difference in the learning processes underlying performance
improvements when one is provided with an explicit strategy to
compensate for the rotation. Thus it is clearly possible that the
progression of implicit learning can be modulated by perform-
ing verbal reports, which promotes the use of an explicit
strategy. However, inconsistent with such a theory, we have
reported that the use of verbal reports of explicit strategies did
not substantially alter the canonical time course for learning in
terms of reach direction measured. Importantly, the extent of
implicit learning, as measured by the size of aftereffects, was
only minimally affected by the reporting task (McDougle et al.
2015; Taylor et al. 2014). Thus we believe that learning in
adaptation paradigms can be effectively dissociated into ex-
plicit and implicit subcomponents. Furthermore, this approach
should have had little impact on the “true transfer” of implicit
learning developed in the trained limb.

Symmetry of transfer. Our findings demonstrate that “true
transfer” of implicit learning is equally strong regardless of
whether it is from nondominant to dominant limb or vice versa,
although it evolves differently from early to late phases of
learning, whereby transfer to the nondominant limb was sig-
nificantly greater than transfer to the dominant limb during the
latter phase of learning. This finding contradicts previous
studies, which claimed that interlimb transfer is asymmetrical
and that the extent to which performance of the untrained limb
is facilitated depends on the features of movement measured
(Sainburg and Wang 2002; Wang and Sainburg 2006a). Spe-
cifically, Sainburg and Wang (2002) reported that initial direc-
tion accuracy transferred from nondominant to dominant limb,
whereas endpoint position accuracy transferred from the dom-
inant to the nondominantly only. These observations led the
authors to hypothesize that the two limb controllers might
specialize in controlling for different aspects of movement, and
the nature and extent of information transfer across limbs
would depend on the properties of the controller used during
learning. Interestingly, contrary to the pattern of interlimb
transfer predicted by this hypothesis, Balitsky Thompson and
Henriques (2010) found that when subjects countered a visuo-
motor rotation while provided with a cursor or an outline of
their hand, initial direction accuracy transferred from dominant
to nondominant limb, but not vice versa. These conflicting
results, together with our current data, seem unlikely to be

accounted for by a mechanism based on specialized visuomo-
tor control for each hemisphere, because such a mechanism
would predict interlimb transfer in one direction only.

It has been noted previously that the pattern of interlimb
transfer depends on the spatial locations of the visual and
motor workspaces for both limbs (Wang 2008; Wang and
Sainburg 2006b). Whereas interlimb transfer was asymmetrical
when examined in a shared midline workspace where the
visual and motor workspace overlapped (Sainburg and Wang
2002), transfer occurred in both directions equally when the
visual and motor workspaces were separated for both limbs
(Wang and Sainburg 2006b). This result suggests that the
symmetry of transfer depends on the concordance of the visual
and motor workspaces for each limb. However, this cannot
explain our data, since we found no asymmetries in the pattern
of implicit transfer, regardless of whether the visual and motor
workspaces were overlapping or minimally separated in our
horizontal and sagittal conditions, respectively. It is important
to note that implicit and explicit components of learning were
not dissociated in the previous studies, and thus it is unclear
how much of the transfer to the opposite limb was due to “true”
implicit recalibration of the sensorimotor map rather than an
application of an explicit strategy. Taking these findings to-
gether, we believe that the symmetry of transfer we observed in
both sagittal and horizontal conditions cannot be explained by
differences in the spatial locations of the visual and motor
workspaces.

An alternative explanation regarding the asymmetries in the
pattern of interlimb transfer reported in previous studies may
have to do with differences in task demands. An important
consideration is the type of feedback provided during training,
which can affect the extent to which different learning pro-
cesses are recruited and consequently alter the pattern of
transfer to novel conditions (Taylor et al. 2013). The work by
Balitsky Thompson and Henriques (2010) and Sainburg and
Wang (2002) provided online feedback throughout movement
and required feedback corrections for the cursor to acquire the
target. As a consequence, learning involved not only feedfor-
ward modifications of the sensorimotor maps but also feedback
modifications to correct for the observed error. In contrast, we
instructed participants not to make feedback modifications to
correct the target errors, which placed all the emphasis on feed-
forward processes during learning. Thus one could argue that the
difference in the pattern of interlimb transfer could be attributed to
how feedforward and feedback processes are differentially re-
cruited depending on the instructions of the task. However, feed-
back corrections were mandatory in the study by Balitsky
Thompson and Henriques (2010), yet they saw the opposite
pattern for transfer between limbs compared with Sainburg and
Wang (2002); therefore, this hypothesis is unlikely to fully
explain the contradicting results.

Another point for consideration is that the discrepancies in
the symmetry of transfer observed in previous studies may be
due to differences in the magnitude of visuomotor rotation. In
fact, Balitsky Thompson and Henriques (2010) showed that
when relatively large rotation sizes were used (45° and 75°),
learning transferred from the dominant to the nondominant
limb only. In contrast, when a smaller rotation size was
employed (30°), Sainburg and Wang (2002) found the opposite
pattern of transfer, whereby learning transferred from non-
dominant to dominantly limb only. This could suggest that the
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discrepancies in the symmetry of transfer may be due to the use
of different rotation sizes. However, it is difficult to pinpoint
rotation magnitude as the only underlying factor because there
are other differences between the studies, such as the number
of training targets (8 vs. 1) and type of feedback (endpoint vs.
continuous online feedback). Testing this hypothesis would
require comparison of the pattern of transfer in a similar task
design across different rotation magnitudes.

A key issue in the experimental design of Sainburg and
Wang (2002), as well as that of other studies on interlimb
transfer, is that transfer to the untrained limb was measured
over several trials of exposure with the rotation present. This
approach effectively tested the combined effects of interlimb
transfer of learning as well as the rate of learning with the
untrained limb. In fact, when interlimb transfer was measured
on the very first transfer trial, neither initial direction nor
endpoint position accuracy showed any improvement rela-
tive to naive performance measured on the same limb in a
separate session (Wang and Sainburg 2004). It is also
important to note that because the untrained limb was also
exposed to the perturbation for a number of trials, it is con-
ceivable that at least some of the transfer observed was driven
by learning occurring in the untrained limb (Huberdeau et al.
2015), independently of any “transfer” of learning driven by
the trained limb. Taken together, this combination of factors
could mask subtle interlimb transfer. Our experiment was
designed such that the untrained limb was never exposed to the
visuomotor rotation and transfer performance was probed con-
tinuously throughout learning. This approach effectively dis-
tinguished the effects of direct interlimb transfer of the learned
compensation to the rotation from any mechanisms related to
the actions performed by the untrained limb.

Effect of coordinate frames alignment on implicit transfer.
The greater implicit transfer to the opposite limb after sagittal
versus horizontal plane training suggests that transfer of learn-
ing is attenuated when the coordinate system representation of
the learned compensation is in conflict for the two limbs. This
result is consistent with our previous studies, which showed
greater transfer of force field (Carroll et al. 2016) and isometric
visuomotor rotation learning (Carroll et al. 2014) when the
joint-based and extrinsic representation of the required remap-
ping were aligned for both limbs. These studies demonstrate
that both joint-based and extrinsic coordinate systems contrib-
ute to the internal representation of motor learning (Berniker et
al. 2014; Brayanov et al. 2012). In this framework, the degree
of transfer across limbs in a given context will hinge on the
spatial compatibility of the learned compensation according to
multiple coordinate systems for the trained and untrained limb.

However, given that the arrangement of the projections from
the visual to motor workspace in the sagittal condition was
orthogonal to the horizontal condition, different processing
stages of the visuomotor transformation may have been af-
fected by our training procedure. As such, the greater extent of
implicit transfer in the sagittal than horizontal condition may
be related to differences in the fundamental visuomotor trans-
formation required in the two tasks (Buneo and Andersen
2006; Sabes 2011), instead of the congruity of joint-based and
extrinsic coordinates. Despite this, we showed previously that
a reversal in orientation of the visual display resulted in less
transfer of isometric visuomotor rotation learning when the
coordinate representation conflicted for the right and left limbs,

but near complete transfer when the coordinate representations
were aligned (see control experiment 2 of Carroll et al. 2014).
This result showed that coordinate system alignment between
limbs, rather than the degree to which the visual and motor
workspaces aligned for each limb, was the key determinant of
transfer for visuomotor rotation. Consistent with this view, we
also found a transfer benefit of aligned coordinates (for sagittal
workspaces) over conflicting coordinates (for horizontal work-
spaces) for force field learning when the feedback was spatially
veridical (i.e., via 3-dimensional projections) in both cases
(Carroll et al. 2016).

It is important to note that comparisons between arms within
each condition showed that reaching performance in the sag-
ittal plane was less accurate and more variable than horizontal
plane reaching movements during the baseline phase. Although
the amount of learning, as measured during the last 10 blocks
in the rotation phase, was comparable between horizontal and
sagittal conditions, it was also significantly more variable for
sagittal reaching movements. It is possible that the variability
in sagittal movements during baseline and during the rotation
phase might have contributed to the improved implicit transfer
we observed. For example, Wu et al. (2014) showed that higher
levels of baseline motor variability resulted in faster learning.
As such, participants might have reached asymptotic perfor-
mance quicker, resulting in a longer period of training at
plateau. It has been shown that period of time spent at plateau
can lead to greater transfer of learning across limbs (Block and
Celnik 2013). Additionally, it has also been shown that vari-
ability of movements during learning can predict the amount of
transfer, with greater variability leading to greater transfer
(Lefumat et al. 2015). Although we favor the conclusion that
the improvement in transfer was due to the alignment of the
joint-based and extrinsic coordinate frames, we are cognizant
of the possibility that differences in motor variability in the
horizontal and sagittal conditions might have contributed to the
improved transfer.

Conclusions. In summary, our present findings demonstrate
that the explicit and implicit components of learning are
differentially transferred across limbs during reaching move-
ments. Specifically, explicit learning developed by one limb
can be entirely transferred to the opposite limb, whereas
implicit learning is only partially available to the opposite
limb. Furthermore, we found that implicit transfer can be
enhanced when reaching movements are performed in the
sagittal plane such that the required remapping is aligned for
the two limbs in both joint-based and extrinsic coordinates.
These findings reinforce the view that multiple coordinates
systems contribute to the internal representation of motor
learning, and “true” transfer of the learned remapping depends
on the on spatial compatibility of new sensorimotor maps for
both limbs.
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