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Abstract We have recently shown that visuomotor adap-
tation following reaches with a misaligned cursor not only
induces changes in an individual’s motor output, but their
proprioceptive sense of hand position as well. Long-term
changes are seen in motor adaptation; however, very little is
known about the retention of changes in felt hand position.
We sought to evaluate whether this recalibration in proprio-
ception, following visuomotor adaptation, is sufficiently
robust to be retained the following day (~24 h later), and
if so, to determine its extent. Visuomotor adaptation was
induced by having subjects perform reaches to visual tar-
gets using a cursor representing their unseen hand, which
had been gradually rotated 45° counterclockwise. Motor
adaptation and proprioceptive recalibration were deter-
mined by assessing subjects’ reach aftereffects and changes
in hand bias, respectively. We found that subjects adapted
their reaches and recalibrated their sense of hand position
following training with a misaligned cursor, as shown in
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Cressman and Henriques (J Neurophysiol 102:3505-3518,
2009). More importantly, subjects who showed propriocep-
tive recalibration in the direction of motor adaptation on
Day 1 did retain changes in felt hand position and motor
adaptation on Day 2. These findings suggest that in addi-
tion to motor changes, individuals are capable of retaining
sensory changes in proprioception up to 24 h later.
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Introduction

The ease with which one can accurately reach to a doorbell
can lead one to misconceive the action as simple, whereas
in reality it involves an array of complex underlying neu-
ral transformations. In order to place the limb at a desired
spatial location, goal-directed movements require the cen-
tral nervous system to interpret sensory information (e.g.
vision, proprioception) regarding the target and hand’s
position, thereafter transforming this information into the
appropriate motor commands (Jeannerod 1988). In most
cases, this sensory information is congruent, such that the
position one sees and feels their hand overlap. However,
under circumstances where this is not the case (e.g. when
reaching towards an object under the water surface), the
brain will respond by learning a new visuomotor mapping,
thus modifying the hand’s subsequent motor commands
accordingly. Specifically, when presented with altered vis-
ual feedback of their hand, such as while wearing prism
goggles or in virtual reality environments, subjects com-
pensate by adjusting their sensorimotor transformations in
order to maintain movement accuracy, thereby gradually
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reducing the error signal experienced when visual and
desired movement outcomes are distinct. When visual
feedback is removed while performing visual open-loop
reaches, individuals will continue to make adapted move-
ments, and these reach errors, termed aftereffects, provide a
measure of motor learning. For instance, following training
with a rotated cursor, subjects’ open-loop movement trajec-
tories will remain deviated in the direction of adaptation.

Various studies have demonstrated that induced motor
changes accompanying visuomotor adaptation remain long
after training has ended, and can last from several days up
to a year following training. Specifically, after adapting to
a perturbation, subjects continue to show reach aftereffects
(Yamamoto et al. 2006) or faster relearning when exposed
to the same perturbation on a later day (i.e. presence of sav-
ings) (Krakauer et al. 1999; Bock et al. 2001; Tong et al.
2002; Caithness et al. 2004; Klassen et al. 2005; Krakauer
et al. 2005). For instance, when Klassen et al. (2005)
retested subjects 1 day after they had modified their cur-
sor reaches to an abrupt 30° rotation, the initial errors pro-
duced at the start of the second day were similar to those at
the end of training on the first day, suggesting almost com-
plete retention of motor adaptation. Likewise, Caithness
et al. (2004) found that when subjects were retested on a
30° visuomotor rotation 48 h after initial adaptation, initial
deviations in reaching were reduced by approximately half
when compared to those produced in the very first block
2 days before, once again suggesting substantial reten-
tion of the visuomotor adaptation. Bock et al. (2001) also
demonstrated retention of motor adaptation in an experi-
ment where a sensorimotor discordance was introduced by
reversing cursor movement either left-right or up—down. In
this study, subjects tracked a moving visual target by shift-
ing the perturbed cursor with a joystick. They were tested
again in a second session on the perturbed tracking task at
one of various time points (8, 25 min, 1, 2 h, or 1 month
later). Their overall performance (the root mean square
error of the distance between the cursor and target) was
greatly improved; specifically, when retested up to 1 month
later, subjects showed almost complete retention of the
adaptation, such that tracking errors were observed to be
close to end-of-training levels (baseline). Yamamoto et al.
(2006) found that in addition to the commonly observed
short-term changes accompanying the process of motor
learning, motor memory can be retained for extended peri-
ods of time. In this study, subjects learned to use a joystick
to move a cursor, which was gradually rotated 40°, onto a
target. Following training, when reaching in the absence of
a cursor, subjects showed compensation in their movement
aftereffects for 63-91 % of the rotation. More importantly,
59-91 % of the compensation was still present 1 year later,
relative to the initial post-test (41-77 % of the visuomotor
distortion).
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Long-lasting effects on motor performance have also
been found following adaptation to other perturbations,
such as a velocity-dependent force field (Brashers-Krug
et al. 1996; Shadmehr and Brashers-Krug 1997). For exam-
ple, Shadmehr and Brashers-Krug (1997) found that after
subjects had adapted their reaches with a velocity-depend-
ent force field, the level of performance achieved on that
first day persisted up to 24 h later while reaching in the
same force field. Interestingly, this improvement remained
constant when retested 5 months later, suggesting the for-
mation of long-term motor memories following this type
of learning. Moreover, subjects who participated in prism
studies have also shown similar long-lasting aftereffects
following training (Hay et al. 1966; Martin et al. 1996;
Hatada et al. 2006). For instance, individuals who spent
6 weeks adapting their throwing movements while wearing
displacing prisms showed almost perfect retention when
retested 9, 18, and 27 months following initial training,
such that they accurately threw balls near the centre of the
target, on their first throw, right after donning prism gog-
gles (Martin et al. 1996).

In addition to motor changes, visuomotor adaptation has
been shown to result in short-term sensory changes. Previ-
ous studies examining reaching with altered feedback of
the hand have suggested that visuomotor adaptation is par-
tially due to the recalibration of proprioception (felt joint
or limb position in space) to match its visual representa-
tion (Hay et al. 1965; Redding and Wallace 2004; Bernier
et al. 2005; Redding et al. 2005; Simani et al. 2007). In
these previous studies, subjects used their adapted hand to
perform proprioceptive estimation tasks, thus making it dif-
ficult to discern whether recalibration to such targets arose
due to proprioceptive recalibration or motor adaptation.
However, changes in felt hand position have been observed
using paradigms which do not require subjects to make
goal-directed movements, hence eliminating the possibil-
ity of a motor confound (Cressman and Henriques 2009,
2010b; Ostry et al. 2010). Specifically, Cressman and Hen-
riques (2009) had participants move a robot manipulan-
dum along a constrained pathway to a designated location.
Once it reached its final position, a visual or body midline
(a non-visual reference point) reference marker appeared
and subjects made a forced-choice judgment of the position
of their hand relative to the marker (left or right). When
tested following visuomotor adaptation, subjects displayed
a significant change in felt hand position in the expected
direction of motor adaptation. Results from our labora-
tory have shown that this recalibration of hand position
occurs under a multitude of contexts, including when the
hand is moved passively or guided by the robot during felt
hand position estimation tasks (Cressman and Henriques
2009) and both in healthy young and older adults (Cress-
man et al. 2010). Proprioceptive recalibration also arises
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following adaptation to both rotated and translated cursor
distortions (Cressman and Henriques 2009), in both the left
and right hands of right-handed individuals (Salomonczyk
et al. 2012; Mostafa et al. 2014), and even after exposure
to a sensory discrepancy in which no goal-directed move-
ments were made during training (Cressman and Henriques
2010b; Salomonczyk et al. 2013).

Still unknown is whether these changes in hand pro-
prioception persist beyond training, following visuomo-
tor adaptation, the way reach adaptation or motor memory
does. Retention of the change in sense of felt hand position
was investigated following training with a velocity-depend-
ent force field perturbation and has been shown to per-
sist at least 24 h after adaptation (Ostry et al. 2010). This
change in felt limb position was measured by having sub-
jects report the direction their hand had been deflected (left
or right) during their reaches; this was measured at vari-
ous intervals throughout the experiment, including before,
after, and 24 h following training. The authors observed
a perceptual shift of approximately 11 % (compared with
peak deviations in aftereffects) of the estimated magnitude
of learning following training, and interestingly, these sen-
sory changes were also observed to a similar extent 24 h
later. The latter finding suggests that persistent changes in
the sensory system are present following adaptation to a
velocity-dependent force field. How these somatosensory
changes compare with motor changes, such as aftereffects
or savings, is not known, since changes in movement were
not re-measured the following day. Moreover, it is unclear
whether the persistence of proprioceptive changes in indi-
viduals would occur following training with a visuomotor
rotation, since normal vision of the hand in the intervening
24 h would presumably lead to a return of the usual visual—
proprioceptive alignment.

As previously mentioned, a multitude of studies delve
into the long-term changes in motor systems; however, lit-
erature exploring the persistence of proprioceptive changes
following visuomotor adaptation is left unexplored. Our
study aims to investigate whether proprioceptive recalibra-
tion and motor adaptation are retained after a 24-h period
following training, and if found, the magnitude of this
effect. These results will provide insight into the contribu-
tions of sensory memory to visuomotor adaptation and the
relationship between the processes underlying motor and
sensory adaptation.

Methods
Subjects

Sixty right-handed subjects were recruited from York Univer-
sity (mean age = 23.5 year, SD = 5.5 year, 43 women), 39

of which were enrolled in a first-year university psychology
course and participated for course credit. All subjects were
free from neurological impairments as well as pre-screened
for self-reported right-handedness and corrected to normal
vision. Data from 12 of our 60 subjects were excluded from
analyses due to inconsistent performance in the Proprioceptive
Estimates (mentioned below) following aligned reach train-
ing (baseline performance). Specifically, the two-alternative
forced-choice (2AFC) responses were too erratic to properly
fit a logistic function, and therefore, we were unable to get a
reliable estimate of proprioceptive bias for these 12 subjects
in their baseline task. Without such a baseline estimate of bias,
we could not address the question of whether proprioceptive
biases change following visuomotor adaptation, and so these
subjects were excluded from the dataset. An additional subject
was also removed since the changes in their proprioceptive
bias, although in the expected direction of motor adaptation,
fell outside 3 SD of the norm (a shift in proprioceptive bias
of nearly 30° rightwards). Thus, results from 47 subjects are
presented below. Informed consent was given, and the experi-
ment was performed in accordance with the ethical guidelines
set by the York Human Participants Review Sub-Committee,
York University’s Ethics Review Board and the standards of
the Canadian Tri-Council Research Ethics guidelines.

General experimental set-up

Subjects were seated in a chair adjustable in both height
and distance, ensuring that they could comfortably see
and reach to all target positions presented on an opaque
and reflective surface; a view of the set-up is presented
in Fig. la. Once the chair was adjusted, the position was
fixed and remained consistent for all experimental sessions.
Subjects were instructed to grasp the vertical handle of a
two-joint robot manipulandum (Interactive Motion Tech-
nologies) with their right hand. Visual stimuli were pro-
jected from a monitor (SyncMaster model 510N; refresh
rate: 72 Hz; Samsung, Brisbane, CA) installed 17 cm above
the robot and viewed by subjects as a reflected image.
The position of the manipulandum’s gripped-handle was
recorded throughout all reaching trials at a sampling rate
of 50 Hz and a spatial accuracy of .1 mm. The room lights
were dimmed and the reflective surface was positioned so
that images displayed on the monitor appeared to lie in the
same horizontal plane as that of the robot handle. Subjects’
view of their right hand was obstructed by the reflective
surface and a black cloth draped between the experimental
set-up and their shoulders.

General procedure

The experiment consisted of two separate testing sessions,
each conducted on two consecutive days, 24 h apart. The

@ Springer



1022

Exp Brain Res (2015) 233:1019-1029

Left or Right?

Fig. 1 Experimental set-up and design. a Side view of the experi-
mental set-up. b, ¢ Top view of experimental surface visible to sub-
jects. b Visuomotor distortion introduced in the misaligned Reach
Training task. The 1-cm green cursor representing the hand was grad-
ually rotated 45° CCW relative to the subject’s actual hand location
(black ring). Reach targets (yellow ring) 1 cm in size were located
10 cm from the home position (black circle) at 30° CW, 0°, or 30°
CCW relative to the home position. ¢ In the Proprioceptive Estimates,
subjects actively pushed their hand out 10 cm along a constrained
linear path (depicted in red) from the home position and judged the
position of their hand with respect to a reference marker (yellow
rings). Reference markers were either visual (30° CW, 0°, or 30°
CCW relative to the home position), or proprioceptive, prompted by
an auditory cue, wherein subjects judged the position of their hand
relative to their perceived midline (color figure online)

first session consisted of two blocks (Fig. 2, first 2 rows),
which included three types of tasks per block. In Block 1,
subjects completed reach training trials with an aligned cur-
sor (Fig. 2, top row, box 1), during which the visual cursor
was accurately aligned with the subject’s hand, followed
by open-loop reaches made without visual feedback (No-
Cursor task; Fig. 2, top row, boxes 2 and 4) and estimates
of felt hand position (Proprioceptive Estimates; Fig. 2, top
row, box 3). The latter was followed immediately by Block
2, which was similar to Block 1, except reach training tri-
als involved a cursor that was rotated 45° counterclockwise
(CCW) relative to the hand (Fig. 2, middle row, box 1). The
rotation was introduced gradually during the reach train-
ing trials, increasing by .75° per trial, such that by trial 60
the 45° distortion was achieved. On the next day, subjects
were retested on the No-Cursor reaches, to measure persist-
ing aftereffects (Fig. 2, bottom row, box 1), as well as on
the Proprioceptive Estimates (Fig. 2, bottom row, box 2),
to measure whether changes in felt hand position from the
previous day had been retained.
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Reach training

During this task, subjects made reaching movements to a
yellow target circle (1 cm in diameter) displayed on the
reflective surface. The three visual targets were at 30° CW,
0°, or 30° CCW relative to the home position and located
10 cm radially from the home position. The order of the
targets was pseudo-randomized, such that subjects reached
once to each of the three targets before any target was
repeated. The position of the subject’s unseen hand was
represented by a green circular cursor, also 1 cm in diam-
eter, which was either aligned (Block 1) or rotated (Block
2) (Fig. 1b) relative to the hand’s actual location. During
Block 1, subjects made 60 reaches (Fig. 2, top row, box
1) to the visual target, while in Block 2, they made 150
reaches before Proprioceptive Estimates and 30 reaches
afterwards (Fig. 2, middle row, boxes 1 and 5).

Trials began with the subject’s hand at the home position
40 cm from their body midline, and after 300 ms, a yellow
target appeared. Subjects were then asked to reach towards
the target while moving the robot handle as quickly and
accurately as possible, so as to align both circles. For each
trial, the cursor became visible only after the handle was
moved 4 cm away from the home position so that subjects
had likely reached peak velocity prior to the onset of visual
feedback.

The reach was completed once the cursor’s centre was
positioned within .5 cm of the target’s centre. At that point,
both circles disappeared and subjects moved their hand
back to the home position via a robot-generated grooved
pathway. If any attempt to move outside the established
path was made, a resistance force (proportional to the depth
of penetration with a stiffness of 2 N/mm and a viscous
damping of 5 N/(mm/s)) was generated perpendicular to
the grooved wall (Henriques and Soechting 2003).

No-Cursor reaches

The No-Cursor task was similar to the Reach Training task,
except subjects were instructed to reach towards the target
upon presentation without cursor feedback of their unseen
hand. The task consisted of 15 trials and was administered
before and after the Proprioceptive Estimates, in each
block, on the first day (Fig. 2, first and middle row, boxes
2 and 4 in each row). In addition, No-Cursor reaches were
measured once more before the proprioceptive task on Day
2 as a final measure of reach adaptation (Fig. 2, bottom
row, box 1). Thus, throughout the experiment, aftereffects
were measured on five separate occasions. After subjects’
endpoint position was maintained for 500 ms, the visual
target disappeared, subjects moved their hand back to the
home position via a grooved pathway, and the trial was
considered complete.
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Fig. 2 Schematic showing

the order in which tasks were
completed and the number of
trials completed per task. Tasks
completed during Block 1 pro-
vided baseline measures of per-
formance, wherein the subject’s
unseen hand was aligned with
the cursor during reach train-
ing (top row, box I). In Block
2, the cursor was gradually
rotated 45° CCW relative to the
subject’s actual hand location
during reach training (middle
row, boxes I and 5). On Day

2, subjects were only tested on
open-loop No-Cursor reaches
and Proprioceptive Estimates
without any reach training

Day 1

Block 1- Aligned Cursor

Reach Training

Proprioceptive Estimate

Reach Training
(aligned cursor)
60 Trials

(3 targets) 1

No-Cursor Proprioceptive No-Cursor
Reaches (1) Estimates Reaches (2)
15 Trials 200 Trials 15 Trials

(3 targets) 2 (4 markers) 3 (3 targets)

Block 2- Rotated Cursor

Reach Training

vis

Proprioceptive Estimate + Reach Task

Reach Training
(rotated cursor)
150 Trials
(3 targets)

No-Cursor Proprioceptive No-Cursor Reach Training
Reaches (3) Estimates Reaches (4) (rotated cursor)
15 Trials 200 Trials 15 Trials 30 Trials
(3 targets) (4 markers) 3 (3 targets) (3 targets)

5|

Day 2 (~24 hrs)

Proprioceptive Estimate

No-Cursor
Reaches (5)
15 Trials

(3 targets)

Proprioceptive
Estimates
200 Trials
(4 markers)

Proprioceptive Estimates

The Proprioceptive Estimates was used to measure subjects’
felt hand location. A trial began with the illumination of the
home position indicated by a green 1-cm circle for 500 ms.
Subjects were instructed to wait until the green circle dis-
appeared to push their hand outwards along a constrained,
robot-generated linear pathway described earlier (Fig. Ic).
Once their hand arrived at the end of the path, one of three
visual markers, represented by a yellow circle (1 cm in size)
located at 30° CW, 0°, or 30° CCW relative to the home posi-
tion, appeared. Alternatively, on one-quarter of the trials, we
used a proprioceptive marker, such that rather than a visual
marker an auditory cue was heard at the end of the pathway,
which indicated to subjects that they were to estimate their
hand position with respect to their perceived body midline.
Without time constraints, subjects then made a two-alterna-
tive forced-choice (2AFC) judgment about the position of
their hand (left or right) relative to the reference marker using
a keyboard with their free left hand. To begin the next trial,
they then moved the robot directly back to the home position
along the robot-generated linear route. Subjects completed
200 trials per task, administered once in each block on Day 1
(Fig. 2, top and middle row, box 3) and once on Day 2 (Fig. 2,
bottom row, box 2). The position of the hand with respect to
each reference marker was adjusted over trials using an adap-
tive staircase algorithm (Kesten 1958; Treutwein 1995), as
described by Cressman and Henriques (2009).

vin

Data analyses
No-Cursor reaches

We investigated whether subjects adapted their reaches
after training with a rotated cursor and if this adaptation
was maintained 24 h later by looking at No-Cursor reaches
(i.e. aftereffects). Reach endpoint errors were defined as the
angular deviation between a movement vector (from the
home position to the reach endpoint) and a reference vec-
tor (from the home position to the target). Similarly, reach
errors at peak velocity were defined as the angular differ-
ence between a movement vector at peak velocity and a ref-
erence vector. We conducted a two-way repeated measure
analysis of variance (RM-ANOVA) based on the No-Cursor
reaches (Average Aligned, Rotated Time 1, Rotated Time
2, and Retention) and three targets (0°, 30° CW, and 30°
CCW). This was followed by our pre-planned comparisons
between the average of the two sets of No-Cursor reaches,
following aligned reach training, that served as baseline
(Fig. 2, top row, boxes 2 and 4) with the set of reaches pro-
duced immediately after training with the rotated cursor
(Rotated Time 1; Fig. 2, middle row, box 2) and then again
with the set that followed approximately 25-30 min later,
after performing the Proprioceptive Estimates (Rotated
time 2; Fig. 2, middle row, box 4). These comparisons
measured whether reach adaptation had occurred, as well
as the extent of this adaptation. To test for retention, we
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compared subjects’ performance at Rotated Time 2 with the
No-Cursor reaches measured 24 h later (Retention; Fig. 2,
bottom row, box 1).

Proprioceptive Estimates

The position at which subjects perceived their hand to be
aligned with the reference marker was measured by fitting
their responses to a logistic function for each of the four
reference marker locations. Biases, which are the meas-
ure of accuracy of a subject’s proprioceptive sense of hand
position, were then calculated. It is also understood as the
probability of reporting left or right equally often (50 %).
A subject’s bias for a particular marker was excluded if
they surpassed 43 SD (12 out of 552 marker values were
replaced with their respective mean).

Proprioceptive bias was analysed comparing those
measured after aligned and misaligned training on Day 1
and again on Day 2 (Day-1 Aligned, Day-1 Rotated, Day-2
Retention) and marker location (30° CW, 0°, 30° CCW,
or proprioceptive midline) using a RM-ANOVA. A gen-
eralized estimating equation (GEE) was also performed
to determine whether replacing missing data with group
means influenced our results. We found that the results of
the GEE analysis were similar to those obtained using mean
substitution, such that it did not produce any changes in the
means nor in the significance of our results, cross-validat-
ing the results we had obtained using the RM-ANOVA.
Therefore, only the results from the RM-ANOVA, based on
mean substitution, are reported here.

A Bonferroni correction was applied to all post hoc pair-
wise comparisons, and all ANOVA results are reported with
Greenhouse—Geisser corrected p values to compensate for
violations of sphericity.

Results
Reach adaptation and retention

Mean reach endpoint errors per trial, from the No-Cursor
tasks, are displayed in Fig. 3a. In order to measure the reten-
tion of visuomotor adaptation, we primarily determined
whether reach adaptation had occurred. This was done by
comparing mean reach endpoint errors, from the No-Cursor
tasks, following training with an aligned cursor (Fig. 3a,
average of panels 1 and 2), with those produced immediately
after training with a rotated cursor (panel 3) and those pro-
duced after the Proprioceptive Estimates (panel 4), all on Day
1. We found that mean reach endpoint errors did significantly
change by an average of 11.8° in the expected direction of
adaptation (~26 % of the distortion), when measured imme-
diately following training with a rotated cursor (Fig. 3b, dark
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Fig.3 a Mean endpoint error, per trial, for each No-Cursor task.
Panels 1 and 2 reflect the No-Cursor reaches performed after reach
training with an aligned cursor, while panels 3 and 4 reflect those
after training with a rotated cursor, all on Day 1. Panels 2 and 4 were
conducted after the Proprioceptive Estimates, however, each follow-
ing the different reach training sessions. Panel 5 shows No-Cursor
reaches measured 24 h following reach training. b Mean reach after-
effects, seen as changes in endpoint error, immediately after (Day 1)
and 24 h after (Day 2) training with misaligned feedback of the hand,
relative to baseline No-Cursor reaches, averaged across panels 1 and
2. The dark grey bar shows reach aftereffects immediately after reach
training with a misaligned cursor (a, panel 3 relative to baseline),
while the light grey bar shows aftereffects following subsequent com-
pletion of the Proprioceptive Estimates (a, panel 4 relative to base-
line). The white bar shows reach aftereffects when tested 24 h later
(a, panel 5 relative to baseline). Corresponding errors at peak velocity
are shown as diamonds. Error bars reflect SEM

grey bar). When we measured mean reach endpoint error
on the same day as training, but after 150 trials of the Pro-
prioceptive Estimates, the reach aftereffects were reduced
to approximately 4.7° (~10 % of the distortion) (Fig. 3b,
light grey bar). Although smaller than the changes produced
immediately after rotated reach training, these reach afteref-
fects were still significantly deviated in the direction of adap-
tation, compared with baseline measures (p < .001). Interest-
ingly, rather than observing an abrupt decay in reach error
from panel 3 to panel 4 (Fig. 3a), there was a gradual decline
in the magnitude of endpoint error across trials that flanked
the Proprioceptive Estimates on Day 1.

Following the confirmation of initial reach adaptation
on Day 1, we then determined whether these aftereffects
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persisted 24 h later. To do so, we compared the subjects’
last set of No-Cursor reaches on Day 1 (Fig. 3a, panel 4)
with those measured immediately upon their return to the
laboratory 24 h later (i.e. Day 2). These retained reach
aftereffects were not different from those in the last set of
No-Cursor reaches on Day 1 (Fig. 3b, light grey vs. white
bar) (p > .99). Aftereffects from Day 2 relative to the base-
line results were also significantly different (p < .001).

In sum, these results confirm that motor adaptation on
Day 1 was retained the following day, such that changes
in open-loop reaches following rotated reach training
on Day 1 and those measured 24 h later, on Day 2, were
significantly deviated compared with baseline reaches
(p < .001). Reach aftereffects at peak velocity displayed
similar results to that of endpoint reach errors (Fig. 3b,
diamonds).
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Fig. 4 a Mean two-dimensional (2-D) proprioceptive biases after all
subjects were exposed to aligned (diamonds) and rotated (triangle)
reach training (n = 47), for each reference marker location. Mean
change in sense of felt hand position measured the following day is
represented by squares, and the circles represent actual reference
marker positions; for clarity, biases for the proprioceptive marker are
shown as hollow shapes displaced slightly above the biases for the
visual reference markers. b 2-D proprioceptive biases for our sub-
group (n = 32). ¢ Mean change in bias following training with a mis-

Proprioceptive recalibration and retention

Estimates of hand position following visuomotor adapta-
tion were analysed to investigate proprioceptive recalibra-
tion both immediately following training and 24 h later.
Figure 4a depicts the positions at which subjects perceived
their hand to be aligned with each reference marker follow-
ing aligned reach training (diamonds), rotated reach train-
ing (triangles), and 24 h later (squares). Baseline measures
of sense of felt hand position revealed a slight leftward
bias, which has been seen in our previous studies and
has been suggested to arise due to a systematic hand bias
(Jones et al. 2010; Salomonczyk et al. 2012, 2013). Mean
bias estimates differed significantly when comparing those
measured after aligned and misaligned training on Day 1
and again on Day 2 (F(2,92) = 5.2, p = .007). Post hoc
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aligned cursor (white bars) as well as 24 h later (grey bars). The first
pair of bars is the measures for all our subjects, whereas the second
pair is for the subgroup. Error bars reflect SEM. d The mean change
in Proprioceptive Estimates, for each subject, on Day 2 is plotted as
a function of the change on Day 1. Approximately 32 % of the 47
subjects did not show any change in sense of felt hand position in the
direction of adaptation (grey circles) possibly due to lack of inter-
leaved reach training. Those who showed a change of at least .001° in
the positive direction were represented as hollow circles
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analysis revealed that on average, subjects showed a sig-
nificant 2.6° shift rightwards in sense of felt hand position
following rotated reach training, as compared to follow-
ing aligned reach training (p = .033) (Fig. 4c, first white
bar). When these subjects were retested on the Propriocep-
tive Estimates the following day, we observed a signifi-
cant 2.6° shift once again in hand bias relative to baseline
measures (p = .0013) (Fig. 4c, first grey bar), suggesting
that the change in bias found immediately after rotated
reach training was perfectly retained 24 h later. However,
this 2.6° shift observed immediately following reach train-
ing is lower than usually observed in previous experiments,
using similar methods, where subjects trained with a mis-
aligned cursor (30° distortion) (Cressman and Henriques
2009; Salomonczyk et al. 2012). Upon further inspection,
we noticed a number of subjects (n = 15, ~32 %) whose
change in hand bias was not in the expected direction fol-
lowing training with a rotated cursor (Fig. 4d, grey circles).
Since testing for retention requires an initial change that
can be retained, we performed a re-analysis on a subgroup
of subjects (n = 32), that did show a positive change in bias
of at least .001° rightwards, the expected direction of adap-
tation, when compared to baseline performance (Fig. 4d,
hollow circles). Figure 4b depicts the positions at which
subjects in the subgroup perceived their hand to be aligned
with each reference marker following aligned reach train-
ing (diamonds), rotated reach training (triangles), and 24 h
later (squares). This subgroup’s mean bias estimates also
differed significantly when comparing bias measured after
aligned and misaligned training on Day 1 and again on Day
2 (F(2,62) = 13.4, p < .001). These changes in Propriocep-
tive Estimates of hand position were comparable across all
visual and proprioceptive (body midline) reference marker
locations for this subgroup (F(1.2,39.1) = 2.1, p = .15).
Post hoc analysis revealed that on average, these subjects
showed a significant 4.5° shift rightwards in their sense of
felt hand position following rotated reach training, as com-
pared to following aligned reach training (Fig. 4c, second
white bar), (p < .001). Moreover, proprioceptive recalibra-
tion for Day 2 was approximately 3.2°, a change in bias that
was significantly different than baseline measures (p = .01),
and represents a 72 % retention of the 4.5° change in bias
seen immediately following misaligned reach training.
While this change in proprioceptive bias 1 day after train-
ing appears smaller than those produced immediately after
reach training, this reduction did not reach significance
(p = .51). Interestingly, for 11 out of these 32 subjects,
their changes in bias on Day 2 were greater than changes
in felt hand position measured immediately after reaching
with a rotated cursor relative to baseline performance. These
results suggest that changes in sense of felt hand position
following visuomotor adaptation can be partially retained
up to 24 h later, similar to motor adaptation.
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A one-way ANOVA revealed that our subgroup did not
differ from the subjects that did not show a positive bias
(grey circles in Fig. 4d) with respect to their slope (i.e.
uncertainty range) fitted to the Proprioceptive Estimates
(F(1,140) = 476, p = .49). Notably, when re-analysed, this
subgroup also showed similar reach aftereffects as all of the
subjects (mentioned above).

We also applied a regression procedure and observed
that retained mean change in aftereffects for all subjects
(B = .195, p = .189) as well as the subgroup (8 = —.0922,
p = 922) were not a significant predictor of retained mean
change in proprioceptive bias.

Discussion

The goal of this study was to examine whether induced
changes in subjects’ sense of felt hand position following
visuomotor adaptation were robust enough to be main-
tained into the following day, and if so, to determine their
magnitude. We assessed motor adaptation (seen as reach
aftereffects) and proprioceptive recalibration of hand bias
(seen as a change in felt hand position) immediately after
training with a rotated cursor and 24 h later. We found that,
immediately following reach training with distorted visual
feedback, subjects adapted their mean open-loop reaching
movements by 11.8°, or 26 % of the distortion, compared
with baseline reaches. Following the Proprioceptive Esti-
mates, subjects continued to show reach aftereffects, such
that they had deviated mean reaching trajectories of 4.7°,
or 10.4 % of the distortion, compared with baseline. When
retested 24 h later, subjects showed retention of these
adapted hand movements from Day 1 by 5.4°, approxi-
mately 46 % of mean aftereffects produced in the first set of
No-Cursor reaches following reach training, and complete
retention of aftereffects produced during the last set of No-
Cursor reaches. For subjects that displayed proprioceptive
recalibration in the expected direction, sense of felt hand
position shifted by 4.5° compared with baseline results and
did indeed retain 72 % of this change the following day. In
addition, their changes in reach aftereffects were similar to
those reported for the entire group. These results suggest
that following visuomotor adaptation, changes affecting
the sensory system, specifically proprioception, can persist
beyond initial training, up to at least 24 h.

Proprioceptive and motor changes following visuomotor
adaptation

Although both proprioceptive and motor changes occur fol-
lowing visuomotor adaptation (Cressman and Henriques
2009), the nature of their relationship still remains unclear.
In our laboratories’ previous work, changes in subjects’
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sense of felt hand position were not significantly related to
changes in their aftereffects after free-reach training with a
misaligned cursor (Cressman and Henriques 2009, 2010b;
Salomonczyk et al. 2011, 2012). However, the aforemen-
tioned relationship had not yet been investigated following
an extended lapse of time. We found that proprioceptive
recalibration of hand bias following visuomotor adapta-
tion is still not significantly related to changes in afteref-
fects when measured approximately 24 h after training
with a misaligned cursor, suggesting that the two processes
may occur concurrently through distinctive processes. This
idea is strongly supported in studies where specific gener-
alization patterns occur. For instance, Mostafa et al. (2014)
found that after training with a misaligned cursor, motor
adaptation had transferred from subjects’ right (dominant)
hand to their left (non-dominant) hand; however, proprio-
ceptive changes did not transfer at all between hands and
were only found in the arm exposed to the distortion. Gen-
eralization patterns have also been explored by Cressman
and Henriques (2010a) wherein subjects’ hand movements
and proprioceptive recalibration to novel targets were stud-
ied following visuomotor adaptation. They found that sub-
jects’ reaches confirmed previous studies’ observations of
localized and narrow generalization patterns in motor adap-
tation (Krakauer et al. 2000; Wang and Sainburg 2005).
Interestingly, proprioceptive recalibration generalized quite
broadly in comparison, such that the magnitude of recali-
bration observed for the trained target direction was found
at similar levels up to 90° CCW from the trained direction.
They also found that after training with small cursor gains,
subjects’ reaches had been adapted, whereas their sense of
felt hand position was not recalibrated. They suggest that
these generalization patterns in sensory and motor plastic-
ity may be the result of two respective error signals pro-
cessed in different areas of the brain: one that arises from a
discrepancy between desired and actual movement, mainly
responsible for motor changes, and one from a discrepancy
between visual and Proprioceptive Estimates of hand posi-
tion, mainly responsible for sensory changes.

Retention of motor adaptation

Consistent with previous studies, subjects’ reaches follow-
ing visuomotor adaptation remained deviated in the direc-
tion of adaptation up to 1 day later. Although most studies
measure retention through facilitation, in the form of sav-
ings or increased re-adaptation rates, we wished to compare
changes in sensory estimates with those changes observed
in motor endpoint error. Mean reach aftereffects observed
only 24 h later compared with the mean of those immedi-
ately following rotated reach training were smaller, with
only 46 % retained, in comparison with those observed up
to an entire year later as found by Yamamoto et al. (2006),

which showed up to 91 % retention relative to the initial
post-test. One explanation for the latter’s high to near-
perfect retention of aftereffects after an extended period
of time may have been due to the joystick paradigm itself,
whereas similar results may be less likely for reaches which
are less restrained to a particular tool. Specifically, certain
perturbations (i.e. those associated with an uncommon eve-
ryday tool) may provide a sufficiently distinct context, such
that everyday movements would not interfere with learning
and retention following adaptation (Brashers-Krug et al.
1996; Wolpert et al. 1998; Krakauer et al. 1999).

Visual open-loop reaches were performed to measure
aftereffects following training with a gradually introduced
rotated cursor, both before (Fig. 3a, panel 3) and immedi-
ately after (Fig. 3a, panel 4) the Proprioceptive Estimates,
which took approximately 25-30 min to complete. The
smooth continuous decrease in reach aftereffects across
trials suggests that this estimation task between the these
two No-Cursor tasks did not cause nor accelerate this decay
and that the smaller aftereffects seen in the last set of No-
Cursor reaches are likely due to a gradual washout. In some
of our other studies on this topic, we try to maintain the
same level of reach adaptation by interleaving rotated cur-
sor training with Proprioceptive Estimate trials, a tech-
nique that others have also used for similar purposes (Kes-
ten 1958; Simani et al. 2007; Synofzik et al. 2006; Ostry
et al. 2010). Nonetheless, this continuous decrease in reach
aftereffects appears to saturate at approximately 5° on Day
1 (Fig. 3a, panel 4) and seems to be maintained into the
following day at a similar level (Fig. 3a, panel 5). Spe-
cifically, when measured 24 h later, aftereffects from the
last set of open-loop reaches on Day 1 were almost com-
pletely preserved on Day 2. Smith et al. (2006) described
two adaptive processes that result from learning: a fast-
learning process and a slow-learning process. Since the
fast-learning process is thought to decay much earlier than
its counterpart, its gradual waning would reveal the slow-
learning process that is thought to be responsible for sav-
ings and anterograde interference (Shadmehr et al. 2010).
It is possible that the aftereffects observed immediately
after training (Fig. 3a, panel 3) may account for a combi-
nation of the two processes including this fast-learning
process of adaptation highly involved in initial learning,
whereas those observed after the gradual decay are the
resulting aftereffects from the slow-learning process. Fur-
thermore, it is these robust aftereffects resulting from the
slow-learning process, accounting for 42 % of the first set
of aftereffects, which are retained the next day. In a study
by Joiner and Smith (2008), a force field adaptation task
was used to study the relationship between initial learn-
ing and long-term retention; retention measured 24 h later
was observed to have a very similar shape as the model-
predicted slow-learning process (r = .99), suggesting that
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the slow process contributes strongly to retention of motor
memories, whereas the fast-process does not.

Retention of proprioceptive recalibration

Our main interest for this study was the degree of retention
with regard to changes in proprioceptive hand position fol-
lowing visuomotor adaptation, which had not been investi-
gated to date. When we analysed our entire group of sub-
jects, we found that, on average, individuals significantly
recalibrated their sense of hand position to be 2.6° more to
the right (the direction of motor adaptation) compared with
baseline measures. When tested the following day, subjects
showed perfect retention (99.6 % retained) of this shift in
sense of felt hand position. However, given the smaller
magnitude following adaptation compared with our previ-
ous papers (~6° change with a 30° distortion) (Cressman
and Henriques 2009, 2010b; Cressman et al. 2010; Salo-
monczyk et al. 2011), we investigated further and noticed a
group of subjects who did not show a shift in the expected
direction following training with a visuomotor discrepancy
(Fig. 4d, grey circles), despite having equivalent slopes (or
uncertainty ranges) as the others, confirming correct per-
formance of the task. These subjects may not have shown
expected recalibration due to a lack of interleaved reach
training, which would have helped maintain propriocep-
tive recalibration throughout the experiment. For instance,
in our previous studies that had weaved reach training tri-
als throughout Proprioceptive Estimates, approximately
83-100 % of subjects showed the expected shift in sense
of hand position (Cressman and Henriques 2009, 2010b;
Cressman et al. 2010; Salomonczyk et al. 2011, 2012;
Clayton et al. 2013), whereas in those that had not (Salo-
monczyk et al. 2013; Mostafa et al. 2014), only 72-91 % of
subjects showed this recalibration. However, interleaving
rotated reach training with the Proprioceptive Estimates in
this study would have proven to be problematic, since any
type of re-training on Day 2 had to be avoided in order to
ensure we were testing for retention of motor and proprio-
ceptive changes.

So that we may draw clear conclusions on the persis-
tence of proprioceptive recalibration, we then only looked
at subjects who showed at least a .001° proprioceptive
shift in bias in the direction of the distortion (32 in total, or
the remaining 68 %). This allowed us to see whether sub-
jects who showed at least some changes in felt hand posi-
tion continued to do so the following day. On average, the
shift in the sense of felt hand position for these 32 subjects
increased to approximately 4.5° and their estimates of
hand position were significantly shifted by 3.2°, compared
with baseline, 24 h later. These results are similar to those
found by Ostry et al. (2010) where subjects retained a shift
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of 2 mm in perceived in limb position following 24 h after
adaptation to a force field. While the size of the retention
of proprioceptive recalibration in this study appears rather
small, it is similar, if not larger, than the changes in felt
hand motion found by Ostry et al., such that the soma-
tosensory changes they observed were about 10 % of the
size of initial reach aftereffects on Day 1 (~20 mm) com-
pared with 22 % for all our subjects and 27 % for our sub-
group. Interestingly, 7 out of the 15 subjects who did not
show a change in hand position in the expected direction
of adaptation immediately following visuomotor adap-
tation did so 24 h later by an average of 4.9° rightwards
(Fig. 4d, top left quadrant). It may be possible that for a
small number of people, this change in proprioception
benefits by offline gains, an improvement in performance
following a time period deprived of training.

Our results, both the initial change in hand propriocep-
tion following reach training and its retention a day later,
are also consistent with Berniker and Kording’s (2008)
source-estimation model, which is based on how a person’s
nervous system attributes observed movement errors, such
as when adapting to a perturbation. Specifically, the model
asks whether one principally assigns the source of errors to
changes in world-based or body-based properties. Berniker
and Kording (2011) have applied their model to success-
fully simulate the change in proprioceptive bias observed
in our original study (Cressman and Henriques 2009), and
those of others (Synofzik et al. 2006; Ostry et al. 2010),
attributing these perceptual changes to a body-based source
of error. Likewise, in this later paper, the authors describe
the subsequent savings or retention by parcelling out the
contribution of world-based and body-based estimates.
Their model suggests that we, like Ostry et al. (2010),
should find a change in this proprioceptive (body-based)
estimate of hand position that persists across time, even
after a washout, which is seen in the current study.

In summary, subjects expectedly showed motor adapta-
tion and proprioceptive recalibration following visuomo-
tor adaptation. As shown in previous studies, their adapted
reach movements were retained up to the next day fol-
lowing training with a rotated cursor. More importantly,
subjects’ induced sensory changes, specifically proprio-
ceptive recalibration, persisted up to 24 h later as well.
These results suggest that sensory memory may play a
significant role alongside motor memory with regard to the
long-term changes, an individual may experience follow-
ing visuomotor adaptation, and further investigation may
provide insight into the relationship between both of these
processes.
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