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Abstract Previous studies have demonstrated that after
reaching with misaligned visual feedback of the hand, one
adapts his or her reaches and partially recalibrates proprio-
ception, such that sense of felt hand position is shifted to
match the seen hand position. However, to date, this has
only been demonstrated in the right (dominant) hand fol-
lowing reach training with a visuomotor distortion in which
the rotated cursor distortion was introduced gradually. As
reach adaptation has been shown to diVer depending on
how the distortion is introduced (gradual vs. abrupt), we
sought to examine proprioceptive recalibration following
reach training with a cursor that was abruptly rotated 30°
clockwise relative to hand motion. Furthermore, because
the left and right arms have demonstrated selective advan-
tages when matching visual and proprioceptive targets,
respectively, we assessed proprioceptive recalibration in
right-handed subjects following training with either the
right or the left hand. On average, we observed shifts in felt
hand position of approximately 7.6° following training with
misaligned visual feedback of the hand, which is consistent

with our previous Wndings in which the distortion was
introduced gradually. Moreover, no diVerence was
observed in proprioceptive recalibration across the left and
right hands. These Wndings suggest that proprioceptive
recalibration is a robust process that arises symmetrically in
the two hands following visuomotor adaptation regardless
of the initial magnitude of the error signal.
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Introduction

The central nervous system (CNS) integrates visual and
proprioceptive information when planning a movement. If
these sensory cues conXict and one is reaching to a visual
target, one tends to rely more on the visual estimate of the
hand than on the actual or felt position to guide motor out-
put. For example, subjects reaching to a visual target with
misaligned visual feedback of the hand (e.g. reaching in a
virtual-reality environment or while wearing prism gog-
gles) adjust their movements in order for the visual repre-
sentation of the hand to achieve the desired endpoint.
Furthermore, subjects reach with these adapted movement
patterns following removal of the distortion (i.e. exhibit
aftereVects; Martin et al. 1996; Krakauer et al. 1999; Krakauer
et al. 2000; Baraduc and Wolpert 2002; Buch et al. 2003).
This form of motor learning is referred to as visuomotor
adaptation.

In addition to visuomotor adaptation, reaching with mis-
aligned visual feedback of the hand has been shown to
result in changes in sense of felt hand position (i.e. proprio-
ceptive recalibration). SpeciWcally, proprioceptive recali-
bration has been suggested to arise following reaches made
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while wearing prism goggles, where the visual distortion is
introduced immediately and in full (Harris 1963; Hay and
Pick 1966), and following reaches made in a virtual-reality
environment (Cressman and Henriques 2009; Cameron
et al. 2010; Ostry et al. 2010; Simani et al. 2007). Until
recently, this sensory recalibration was demonstrated fol-
lowing visuomotor adaptation by asking subjects to reach
with the adapted hand to proprioceptive targets (Redding
and Wallace 1996; van Beers et al. 2002; Simani et al.
2007). While results from these tasks indicated that reaches
to proprioceptive targets were adapted, it is unclear whether
these changes in reaches reXected proprioceptive recalibra-
tion per se. Given that subjects used their adapted arm,
these resulting reaching movements to localize propriocep-
tive targets could have been inXuenced by motor adapta-
tion. Thus, in attempt to assess proprioceptive recalibration
independent of motor changes, Henriques and colleagues
(Cressman and Henriques 2009, 2010; Cressman et al.
2010; Salomonczyk et al. 2011) and Ostry et al. (2010)
designed sensory estimation tasks that do not require any
goal-directed movement. SpeciWcally, in Cressman and
Henriques’ (2009) estimation task, subjects indicated the
position of their hand relative to a visual or proprioceptive
reference marker. In general, results revealed that subjects
shifted the position at which they felt their hand was
aligned with a reference marker »6° (or about 20% of the
visuomotor distortion), in the direction that they adapted
their movement following reaches with a gradually intro-
duced visuomotor distortion (Cressman and Henriques
2009, 2010; Cressman et al. 2010; Salomonczyk et al.
2011). This shift in felt hand position has been shown to be
remarkably consistent across several parameters, including
the type of distortion (rotation vs. lateral displacement), the
magnitude of the distortion (up to 70°), the extent of reach
training (up to 300 trials), the type of reference marker
(visual vs. proprioceptive), method of hand positioning
(active vs. passive placement of the hand), and even across
diVerent age groups (young adults vs. adults 60 years and
older).

Previous work from our laboratory examining sensory
changes following motor adaptation has introduced the vis-
uomotor perturbation (e.g. a visuomotor rotation around the
hand) gradually during adaptation trials. In the current
study, we sought to determine whether the size of the initial
error signal inXuences sensory recalibration. To address
this question, we introduced the visuomotor distortion
abruptly, such that subjects initially experienced large
reaching errors. To date, research comparing adaptation to
large and small error signals has focused on examining
resulting changes in movements, without a similar investi-
gation into sensory changes. With respect to visuomotor
adaptation, results indicate that motor learning (aftereVects)
is greater in subjects who train to reach with misaligned

sensory feedback of the hand when the distortion is intro-
duced gradually and subjects experience small reaching
errors compared to when the distortion is introduced
abruptly and subjects initially experience large reaching
errors after subjects reach while wearing prism goggles
(Michel et al. 2007), with a visuomotor rotation (Kagerer
et al. 1997; Abeele and Bock 2001) or with a force pertur-
bation (Criscimagna-Hemminger et al. 2010). Furthermore,
retention of motor learning is reportedly greater in subjects
that adapt to an incrementally introduced distortion com-
pared with an abruptly introduced one (Klassen et al. 2005).
By establishing whether proprioceptive recalibration arises
following adaptation to an abrupt visuomotor distortion, we
will be able to determine whether the size of initial error
signals experienced also aVects sensory plasticity.

Additionally, we sought to determine whether proprio-
ceptive recalibration is comparable between the left and
right hands of right-handed individuals. Previous studies
examining proprioceptive recalibration have focused on
assessing shifts in felt right-hand position following motor
learning of the right arm in right-handed individuals. Given
that Goble and colleagues (Goble and Brown 2008; Goble
and Anguera 2010) have recently shown that the left arm
performs better for matching proprioceptive targets and the
right arm for visual targets, reaching with misaligned visual
feedback may have diVerent eVects on proprioceptive recal-
ibration in the two arms. For example, the left arm, which
has demonstrated an advantage for position-related proprio-
ceptive sense in comparison with the right arm, may be
more susceptible to sensory recalibration. If we do Wnd an
arm eVect of proprioceptive recalibration, it would suggest
hemispheric asymmetry for encoding visual and proprio-
ceptive information.

Methods

Subjects

Forty-six right-handed young adults (mean age = 21.0
years, SD = 3.58, 29 women) were recruited from York
University and volunteered to participate in the tasks
described below. Data from three subjects were eliminated
from analyses and hence not included in the results pro-
vided, as they were unable to consistently report the posi-
tion of their hand in space (i.e. their uncertainty ranges
(deWned below) were greater than 3 times the average
uncertainty range). Subjects were pre-screened verbally for
self-reported handedness and any history of visual, neuro-
logical, and/or motor dysfunction. Following pre-screening,
subjects were randomly assigned to either the right-hand
training (n = 20) or left-hand training (n = 26; analysis with
n = 23) groups. All subjects provided informed consent in
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accordance with the ethical guidelines set by the York
Human Participants Review Subcommittee.

General experimental set-up

A side view of the set-up is provided in Fig. 1a and is simi-
lar to the set-up used in Cressman and Henriques (2010)
and Cressman et al. (2010). Subjects were seated in a

height-adjustable chair so that they could comfortably see
and reach to all target and marker locations presented on an
opaque, reXective surface. Subjects grasped the vertical
handle of a two-joint robot manipulandum mounted in the
horizontal plane (Interactive Motion Technologies). Visual
stimuli were projected from a monitor (Samsung 510N,
refresh rate 72 Hz) installed 17 cm above the robot onto a
reXective surface aligned in the same horizontal plane as
the robot. The room lights were dimmed, and subjects’
view of their hand was blocked by the reXective surface and
a black cloth draped between the experimental set-up and
subjects’ shoulders.

General procedure

Similar to our previous study (Cressman and Henriques
2009), the experiment consisted of two separate testing ses-
sions completed on two separate days. Each testing session
involved two tasks. On the Wrst testing day, subjects com-
pleted the reaching trials outlined below while seeing a
green cursor disc 1 cm in size that was aligned with their
unseen hand. On the second testing day, subjects completed
the reaching trials while viewing a cursor that was misa-
ligned from the actual location of their unseen hand
(Fig. 1b). The misaligned cursor was rotated 30° clockwise
(CW) relative to actual hand position, with the origin of the
rotation at the starting hand position. The cursor was repre-
sented by a green disc 1 cm in diameter (Fig. 1b). The
descriptions and order of tasks are outlined below and in
Fig. 2.

Training and adaptation

While grasping the robot manipulandum with either the
right or left hand, subjects were instructed to reach to a yel-
low visual target disc, 1 cm in size, as quickly and accu-
rately as possible while viewing either an aligned (Wrst

Fig. 1 Experimental set-up and design. a Side view of the experimen-
tal set-up. b–c Top view of the experimental surface visible to subjects.
b Visuomotor distortion introduced in the rotated Reach Training
Task. The cursor representing the hand was rotated 30° clockwise with
respect to the actual hand location (circle). Reach targets (circles) were
located at 0° in line with body midline and 30° left and right of body
midline. c Reference markers (circles) were located at 30° left and
right of midline. The grooved path along which the subjects’ unseen
hand travelled is represented by the rectangle

A

B C

cursor
target

hand
marker

Fig. 2 Breakdown of the testing sessions within the experiment. In the
Wrst testing session, subjects reached with an aligned cursor that accu-
rately represented the position of their hand in the reach training trials.
In the second testing session, subjects reached with a misaligned cursor
that was rotated 30° clockwise with respect to the actual hand location
during the reach training trials. Using their right or left hand, subjects
began a testing session by reaching to visual targets with a green cursor
that provided visual feedback of hand position (Box 1). After complet-
ing either 60 (aligned cursor) or 150 (misaligned cursor) reach training

trials, subjects next reached to each of the three targets 5 times without
a cursor in order to assess visuomotor adaptation (reach aftereVects tri-
als, Box 2). Subjects then completed 6 reaches to the reach targets with
the cursor present (Box 3). This was followed by 10 sets of 10 propri-
oceptive estimate trials (Box 4) and 6 visually guided reaches (Box 5)
for a total of 100 proprioceptive estimate and 60 reach training trials.
Following this, subjects again reached to each of the three targets 5
times without a cursor in order to assess maintenance of visuomotor
adaptation (Box 6)

Reach Task Proprioceptive Estimate + ReachTask

10 Times

Reach Training
60 Trials
(Aligned)
150 Trials

(Misaligned)

Reach Training
6 Trials

Proprioceptive
Estimates
10 Trials

(5/marker)

Reach Training
6 Trials

Reach
Aftereffects
(no cursor)
15 Trials
(5/target)

Reach
Aftereffects
(no cursor)
15 Trials
(5/target)1 2 3 4 5 6
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testing session) or misaligned (second testing session) cur-
sor that moved with their hand. The reach targets were
located radially 10 cm from the home position at 0° (cen-
tre), 30° left (CCW) and 30° right (CW) of centre (circles in
Fig. 1b). The home position was located approximately
40 cm in front of the subjects along their body midline
(indicated by the black circle in Fig. 1b). This position was
not illuminated, and visual feedback was provided only
when the hand had travelled 4 cm outwards from the home
position. The reach was considered complete once the cen-
tre of the cursor had moved to within 0.5 cm of the target’s
centre. At this point, both the cursor and target discs disap-
peared and subjects moved their hands back to the home
position in the absence of visual feedback along a linear
route. If subjects attempted to move outside of the estab-
lished path, a resistance force [proportional to the depth of
penetration with a stiVness of 2 N/mm and a viscous damp-
ing of 5 N/(mm/s)] was generated perpendicular to the path
wall (Henriques and Soechting 2003; Cressman and Henri-
ques 2009; Jones et al. 2010).

Each session began with subjects completing either 60
reaches with an aligned cursor (1st session) or 150 reaches
with the misaligned cursor (2nd session) (box 1 in Fig. 2).
Afterwards, subjects reached to the same targets 5 times
each without cursor feedback for a total of 15 trials (box 2
in Fig. 2) to assess visuomotor adaptation (i.e. aftereVects
in the second testing session). Subjects then reached again
with the aligned or misaligned cursor for an additional 6 tri-
als (box 3 in Fig. 2). Following these reaching trials, we
began to assess subjects’ estimates of hand position (box 4
in Fig. 2) as described below.

Proprioceptive estimate trials + reach trials

A proprioceptive estimate trial began with the subject
grasping the robot manipulandum at the home position,
which was indicated by a 1-cm green disc. After 500 ms,
this disc disappeared and the subject was instructed to push
his or her hand outward along a constrained robot-gener-
ated linear path (as described previously and shown by the
rectangle in Fig. 1c). On all trials, once the hand reached
the end of the path, a reference marker located 30° left
(CCW) or 30° right (CW) of centre represented by a circle
1 cm in diameter appeared (circles, Fig. 1c) and subjects
made a two-alternative forced-choice judgment about the
position of their hand (left or right) relative to the reference
marker. There was no time constraint for giving a response.
After responding, the reference marker disappeared and the
subject moved the robot directly back to the home position
along a linear route to begin the next trial.

The position of the hand with respect to each reference
marker was adjusted over trials using an adaptive staircase
algorithm (Kesten 1958; Treutwein 1995) as described by

Cressman and Henriques (2009). Subjects alternated
between 10 proprioceptive estimate trials and 6 reach trials
with cursor feedback for a total of 100 proprioceptive esti-
mate trials and 60 reaching trials (boxes 3–5 in Fig. 2).
Subjects then reached 15 more times without the cursor
(box 6 in Fig. 2) as a Wnal measure of reach adaptation.

Data analysis

Visuomotor adaptation

Directional deviations of the hand made during reaching
trials without visual feedback were analysed to assess
motor adaptation. Reach endpoint errors were deWned as
the angular diVerence between a movement vector (from
the home position to reach endpoint) and a reference vector
(from the home position to the target). Reach errors at peak
velocity were deWned as the angular diVerence between a
movement vector joining the home position and the posi-
tion of the hand at peak velocity and the reference vector.
Both errors at reach endpoint and at peak velocity were
analysed to determine whether subjects adapted their
reaches to the targets after aiming with a rotated cursor, and
whether there was any change in reach adaptation follow-
ing the proprioceptive estimate trials. Analyses were
conducted using separate 2 Group (right-hand group vs.
left-hand group) £ 2 Feedback condition (aligned vs. misa-
ligned cursor) £ 2 Epoch (preceding proprioceptive esti-
mate trials vs. following proprioceptive estimate trials) £ 3
Target (30° CW vs. 0° vs. 30° CCW) mixed repeated mea-
sures analysis of variance (RM-ANOVA). Group was
treated as a between-subjects factor, while all others were
treated as within-group factors. A Bonferroni correction
was applied to post hoc pairwise comparisons.

Proprioceptive estimates of hand position

A logistic function was Wtted to each subject’s responses
for each reference marker in each testing session in order to
determine the location at which subjects perceived their
hand to be aligned with a reference marker. From this logis-
tic function, we calculated the bias (the point at which the
probability of responding left was 50%) and uncertainty
(the diVerence between the values at which the probability
of responding left was 25 and 75%). The bias value is a
measure of subjects’ accuracy of proprioceptive sense of
hand position, while the magnitude of the uncertainty range
deWnes its precision (Cressman and Henriques 2009, 2010).
A 2 Group (right-hand group vs. left-hand group) £ 2
Feedback condition (aligned vs. misaligned cursor) £ 2
Marker location (30° CW vs. 30° CCW) mixed RM-ANOVA
was used to compare bias and uncertainty values following
reach training with the right and left hands. Group was
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treated as a between-subjects factor, while all others were
treated as within-group factors. Proprioceptive recalibration
was examined by comparing the bias values after training
with a misaligned cursor with those following an aligned
cursor (baseline). A Bonferroni correction was applied to
all post hoc pairwise comparisons.

Results

Visuomotor adaptation

Directional endpoint reach errors made following reach
training (i.e. before the proprioceptive estimation trials) are
presented in Fig. 3a. After training with an aligned cursor,
subjects in the left-hand group (open squares) had reach
errors that were on average 2° leftwards of the targets and
subjects in the right-hand group (open triangles) made
reach errors that were on average 1° to the right of the tar-
gets. This is consistent with estimates of hand position (see
Fig. 4a for bias results) and previous work suggesting that
an inherent systematic bias exists in the two hands when
reaching to targets (Jones et al. 2010; Wilson et al. 2010).
After training with a rotated cursor (Wlled symbols), sub-
jects in both groups had reach errors that deviated more
leftwards than after training with an aligned cursor (Wlled
symbols). Figure 3b depicts the mean changes in endpoint
errors for the left- and right-hand groups preceding proprio-
ceptive estimates trials (empty bars) and following the pro-
prioceptive estimate trials (Wlled bars) relative to baseline
performance (i.e. errors achieved on the Wrst day of testing
after training with an aligned cursor were subtracted from

errors achieved after reaching with a rotated cursor), along
with endpoint errors from Cressman and Henriques (2009).
A signiWcant change in average reach aftereVects from
aligned to misaligned training was observed (F(1,
41) = 244.5, P < .001). AftereVects observed in the left-
hand group did not diVer from those observed in the right-
hand group (F(1, 41) = 1.63, P = .21). In addition, these
aftereVects are consistent with previous results following a
gradually introduced misaligned reach cursor (Cressman
and Henriques 2009). Analysis of the epoch factor revealed
greater reach aftereVects following the proprioceptive esti-
mate trials (14° and 17° for the left- and right-hand groups,
respectively) compared to those preceding the propriocep-
tive estimate trials (12° and 13° for the left- and right-hand
groups, respectively; F(1, 41) = 12.76, P = .001). This pat-
tern was consistent for both groups (F(1, 41) < 1, P = .35).
While larger aftereVects were also observed in Cressman
and Henriques (2009) following proprioceptive estimate
trials compared to those preceding proprioceptive estimates
trials, this diVerence did not achieve statistical signiWcance.
Lastly, there was a signiWcant eVect of target (F(2, 82) =
19.32, P < .001) such that reaching errors around the lateral
targets were slightly compressed towards the central work-
space (i.e. reaching errors tended to be to the left of the CW
target and right of the CCW target), although this eVect did
not diVer between aligned and rotated conditions (F(2,
82) = 2.63, P = .07).

Reach aftereVects at peak velocity were analysed and
revealed a similar pattern of results (Fig. 3b, circles).
After training with a rotated cursor, subjects reached sig-
niWcantly more leftwards of the target than after training
with an aligned cursor (F(1, 41) = 154.71, P < .001).

Fig. 3 Reaching errors for the left- and right-hand groups. a Mean
2-D representation of movement endpoint errors for the left-(squares)
and right-(triangles) hand groups after training with aligned (empty
symbols) and misaligned (Wlled symbols) visual feedback of the hand.
The target locations are represented as Wlled grey circles. b Mean
change in directional reach endpoint errors (bars) and errors at peak
velocity (circles) after reaching with misaligned visual feedback of the

hand for the left- and right-hand groups and data from Cressman and
Henriques (2009). Values reXect baseline-subtracted aftereVect errors
preceding proprioceptive estimate trials (empty bars and black outlined
circles) and following proprioceptive estimate trials (Wlled bars and
white outlined circles). AftereVects of 30° would reXect 100% adapta-
tion. Error bars reXect standard error of the mean
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These aftereVects were comparable across groups (F(1,
41) = 3.07, P = .08). As with endpoint aftereVects, after-
eVects at peak velocity following proprioceptive esti-
mates (11.8° and 16.8° for the left- and right-hand groups,
respectively) were greater than those preceding proprio-
ceptive estimates trials (9.1° and 11.0° for the left- and
right-hand groups, respectively; F(1, 41) = 6.89, P = .01).
This pattern was again consistent for both groups (F(1,
41) < 1, P = .35), although the compression of reaching
errors around the targets towards the centre was only
observed for reaches made following aligned training
(F(2, 28) = 18.94, P < .001). The similarity between
directional reach errors at peak velocity and reach end-
point suggests that subjects did not make online correc-
tions to their reach trajectories in the absence of visual
feedback of hand position.

Proprioceptive estimates of hand position

Bias

Figure 4a depicts the positions at which subjects in the
left- and right-hand groups perceived their hands to be
aligned with the reference markers after training with an
aligned (empty symbols) and misaligned cursor (Wlled
symbols). Estimates of hand position following training
with aligned cursor feedback signiWcantly diVered
between left- and right-hand groups (F(1, 41) = 70.12,
P < .001). SpeciWcally, subjects in the left-hand group
judged their hand to be in line with the reference marker
when it was 9° to the right of it, while subjects in the right-
hand group estimated their hand to be in line with the ref-
erence marker when it was 3° to the left of it. These results

are in agreement with previous hand biases observed when
subjects were asked to judge the position of their hand
prior to any reach training: subjects estimated their right
hand was more rightwards than it actually was and their
left hand was more leftwards than it actually was (Jones
et al. 2010). Figure 4b depicts the mean change in bias for
the left (Wlled bar) and right (empty bar) hand groups. On
average, the position at which subjects’ felt their hand
coincided with the reference marker was shifted leftwards
by 7.6° after training with a misaligned cursor compared
to after reaching with an aligned cursor (F(1, 37) = 69.56,
P < .001). This shift is consistent with changes observed
by Cressman and Henriques (2009; Fig. 4b, patterned
bar), in which subjects estimated the position of their right
hand following reach training trials in which the visuomo-
tor distortion was gradually introduced. In the present
study, post hoc tests revealed that subjects in both groups
recalibrated their proprioceptive estimates of hand posi-
tion around the 30° CW and 30° CCW reference markers
(P < .005 for all contrasts). No diVerences in estimates
between the left and right reference marker locations were
observed between conditions for the right-hand group,
suggesting that recalibration was comparable across the
locations; however, estimates following rotated training
were diVerent between the two reference marker locations
for the left-hand group, suggesting that subjects experi-
enced greater recalibration around the CCW marker (11°)
than the CW marker (4°; P = .01). This eVect does not
appear to be dependent on initial proprioceptive estimates
as there was no diVerence in biases following reaches with
the aligned cursor between the two reference markers for
the left-hand group (CCW marker = 8.9°, CW marker =
9.0°; P = .95).

Fig. 4 Proprioceptive estimates for the left- and right-hand groups.
a Mean angular biases in the proprioceptive estimate trials for the left
(squares) and right (triangles) hand groups following training with
aligned (empty symbols) and misaligned (Wlled symbols) visual feed-
back of the hand. The actual reference marker positions are represented
as Wlled grey circles and a line connects each proprioceptive estimate

of hand position after training with an aligned and rotated cursor for
either the left or right hand with its corresponding reference marker.
b Mean changes in bias for the left- and right-hand groups, as well as
from subjects from Cressman and Henriques (2009), averaged across
reference marker positions and subjects. Error bars reXect standard
error of the mean
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Uncertainty

Figure 5 depicts the magnitude of the uncertainty ranges for
the left- and right-hand groups following reaches made
with aligned (empty bars) and misaligned (Wlled bars) cur-
sor feedback. Subjects’ levels of precision in estimating the
location of their unseen hands were comparable after reach
training with an aligned and misaligned cursor (F(1,
41) = <1, P = .40), at all reference markers (F(1, 41) = <1,
P = .93). Precision of estimates did not diVer between the
two groups (F(1, 41) < 1, P = .24). These results are in
accordance with previous results following adaptation to a
gradually introduced distortion (Cressman and Henriques
2009).

Visuomotor adaptation vs. proprioceptive recalibration

Figure 6 shows a summary of the changes in proprioceptive
recalibration (bias) and reach adaptation (aftereVects) fol-
lowing training with a misaligned cursor as a percentage of
the visuomotor distortion introduced and with respect to the
overall magnitude of the distortion introduced (i.e. 30°).
SpeciWcally, Fig. 6 depicts the mean changes in propriocep-
tive biases (bars) and reach endpoint aftereVects (dia-
monds) following training with a misaligned cursor
compared to training with an aligned cursor for each group.
From this Wgure, we see that on average, subjects recali-
brated proprioception by approximately 25% of the distor-
tion introduced. In addition, after training with the
misaligned cursor, subjects showed aftereVects equal to
approximately 50% of the distortion introduced. We subse-
quently examined the relationship between the motor

changes (aftereVects) and sensory changes (proprioceptive
recalibration) expressed as a percentage of the visuomotor
distortion introduced using a bivariate correlation (Fig. 7).
Consistent with previous works (Cressman and Henriques
2009; Salomonczyk et al. 2011), results revealed that all
subjects adapted their movements and recalibrated proprio-
ception, though a signiWcant relationship between these
changes was not observed (r = .052, P = .74).

Fig. 5 Magnitude of the uncertainty ranges in the proprioceptive esti-
mate trials for the left- and right-hand groups and data from Cressman
and Henriques (2009) averaged across reference marker positions and
subjects after reaching with an aligned cursor (empty bars) or misa-
ligned cursor (Wlled bars). Error bars reXect standard error of the mean
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Discussion

The present study examined whether proprioceptive recali-
bration occurs following visuomotor adaptation to an
abrupt distortion and whether this recalibration is compara-
ble across the left and right hands of right-handed individu-
als. On average, subjects adapted their reaches by 14° and
recalibrated the position at which they felt their hand was
aligned with a reference marker by 7.6° after training with a
rotated cursor compared to reach training with an aligned
cursor. This change in felt hand position was in the same
direction that subjects’ adapted their reaches during reach
training and was approximately 25% of the magnitude of
the visuomotor distortion introduced. These results address
our Wrst question of interest and suggest that proprioceptive
recalibration does occur following visuomotor adaptation
to an abrupt distortion. Given that subjects in both groups
adapted their reaches and recalibrated, proprioception
around all targets and reference markers indicates that pro-
prioceptive recalibration occurs comparably in the left and
right hands, which addresses our second question of inter-
est. Furthermore, our Wndings for our right-hand group rep-
licate those of Cressman and colleagues (Cressman and
Henriques 2009, 2010) wherein proprioceptive recalibra-
tion was observed following adaptation to a visuomotor
distortion that was introduced gradually. In fact, recalibra-
tion was comparable in magnitude across these studies
(approximately 7° leftwards), regardless of both the hand
used and whether the perturbation was introduced gradually
or abruptly.

EVect of initial error on recalibration

We found similar changes in hand proprioceptive estimates
and no-cursor (open-loop) reaches as we did in our previ-
ous studies where the cursor was gradually rotated during
training. These Wndings are consistent with previous results
that suggest adaptation is comparable between abrupt and
gradual perturbations (Klassen et al. 2005). For example,
Klassen and colleagues introduced a 30° visuomotor rota-
tion either abruptly or gradually (in 0.125° increments) and
found no diVerence in motor learning retention when sub-
jects were tested 24 h later. However, Kagerer et al. (1997)
introduced a 90° visuomotor rotation either at once or in
10° increments and observed increased retention (after-
eVects) in subjects who reached with a gradually introduced
90° visuomotor perturbation compared to those in which
the perturbation was abruptly introduced (43.1° and 28.22°,
respectively). In contrast to these Wndings, Buch et al.
(2003) reported decreased aftereVects following gradual
exposure to a 90° visuomotor rotation compared with
abrupt exposure; however, this trend was only described for
older adults. The diVerences in motor adaptation following

reaches with an abruptly versus gradually introduced dis-
tortion appear to depend on the initial error signals experi-
enced, such that diVerences in aftereVects following
gradual or abrupt learning seem to occur only for visuomo-
tor rotations greater than the 30° rotation used in our cur-
rent study. According to Abeele and Bock (2001), diVerent
mechanisms are engaged when learning large (over 90°)
versus small rotations, and these separate mechanisms,
which may further be diVerentially engaged when learning
abrupt versus gradual rotations, lead to the inconsistency
between Wndings of increased or decreased adaptation
depending on the magnitude of the initial error signal. It
could also be that adapting to a very large and thus diYcult
or less relevant perturbation may be easier to do when the
error signals and overall diYculty increase gradually; for
instance, correct credit assignment for reaching error in the
case when the cursor is suddenly deviated from the hand
movement by a rotation of 90° or more may be quite diVer-
ent than that for smaller or gradual deviations (Wei and
Kording 2009).

In instances when the distortion is introduced abruptly
and large reach errors are initially experienced, it has been
suggested that explicit, strategic control processes are
engaged early in the learning process in order to produce
rapid corrections in motor performance (Redding and Wal-
lace 1996). In contrast, when the distortion is introduced
gradually and small reach errors are experienced, reach
adaptation is proposed to arise through implicit processes
that reduce the discrepancies between vision and proprio-
ception. The fact that we found similar changes in move-
ments and sensory recalibration following abrupt-cursor
adaptation compared to gradual-cursor adaptation suggests
that these changes are not cognitively or strategically
driven as proposed by previous research using prism adap-
tation paradigms (Redding and Wallace 1996). In fact,
given the results of Mazzoni and Krakauer (2006), the sen-
sory and motor changes observed in the present study most
likely arise implicitly rather than explicitly.

Arm symmetry

It has been suggested that the two arms may be better at
using diVerent types of sensory information for localizing a
target. For instance, Goble and Brown (2008) have sug-
gested that the left limb is better at matching proprioceptive
targets and the right limb for matching visual targets. In the
current study, biases measured following reach training
with an aligned cursor did produce a small asymmetry
across the two hands, where larger rightward biases were
present in the left-hand group and smaller leftward biases
were present in the right-hand group. These results are con-
sistent with Goble and Brown’s (2008) proposal, in that
subjects were able to more accurately localize their right
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hand relative to a visual reference marker compared to the
left hand. Yet in our previous study, we found the same
magnitude of proprioceptive biases when subjects judged
the position of the right hand with respect to body midline
(i.e. proprioceptive reference) and a visual reference. Like-
wise, we found no diVerences in the magnitude of reaching
errors to a visual target made without any cursor feedback
following either right or left-hand training with an aligned
or rotated cursor; absolute reach endpoint errors were 1.5°
on average following aligned-cursor training and were not
diVerent between the two groups. DiVerences in Wndings
between our work and Goble’s may arise due to the nature
of the task. Goble and Brown’s Wndings were observed dur-
ing a task that involved moving the arm around the elbow
joint in order to match the angle of the opposite arm in a
bimanual task or to match a visual reference. In contrast,
our task was a unimanual task and we did not Wnd similar
asymmetries between the two arms in either our sensory or
motor tasks. In the current study, and in our previous work
(Jones et al. 2010), the extent of the misestimates of propri-
oceptive biases of the unseen hand position of the two arms
was similar. Moreover, we have shown that proprioceptive
biases and uncertainty ranges, measured without a preced-
ing reach-training task, do not diVer at all in magnitude
(just in direction) across the two hands (Jones et al. 2010;
Rincon-Gonzalez et al. 2011; Wilson et al. 2010). Thus,
perhaps arm asymmetry is only observable when the two
arms are working together to complete the same task.

While sense of felt hand position was shifted at all refer-
ence markers and movements adapted at all targets exam-
ined, proprioceptive recalibration was signiWcantly less at
the rightwards (CCW) marker than at the leftwards (CW)
marker for the left-hand group; this asymmetry was not
observed in the right-hand group. Previous results suggest
that motor adaptation asymmetries may arise following
reaches with prism goggles due to asymmetries in underly-
ing attentional biases (Goedert et al. 2010). However, given
that we found that movement aftereVects were comparable
in magnitude across all targets suggests that the asymmetric
proprioceptive recalibration we observed may not have
arisen due to attentional biases. Moreover, no diVerences in
bias between the two reference markers following aligned
reach training were observed in the left-hand group, further
weakening the argument for an attentional bias underlying
asymmetrical recalibration. An alternative explanation may
involve asymmetries in encoding limb position and interac-
tions with workspace locations. As discussed previously,
Goble and Brown (2010) suggest that the left hand is more
accurate at matching proprioceptive targets than the right
hand. Moreover, Goble (2010) recently demonstrated that
joint matching is better when the tested joint is in the far-
left workspace. That proprioceptive estimates of hand posi-
tion were shifted following rotated training more so for a

reference marker in the left workspace than the right may
be a result of an inherent workspace bias for the left limb,
which only becomes evident when information from pro-
prioceptive and visual modalities are incongruent. More
research is required in order to address this question speciW-
cally.

Proprioceptive recalibration

While the precise relationship between sensory and motor
changes arising from reaching with altered visual feedback
of the hand remains to be determined, results from the
current study (i.e. Fig. 7) and previous studies from the
Henriques’ laboratory (Cressman and Henriques 2009;
Salomonczyk et al. 2011) and recent work by de Grave
et al. (2011) suggest that these processes may occur simul-
taneously, yet independently of each other. SpeciWcally, we
Wnd that proprioceptive recalibration is uncorrelated with
motor changes (aftereVects) following visuomotor adapta-
tion paradigms (Cressman and Henriques 2009; Salo-
monczyk et al. 2011). Moreover, de Grave et al. (2011)
recently demonstrated that visuomotor adaptation in
response to a cursor perturbation that was shifted in depth
relative to the body was not related to changes in the per-
ceived “reachability” of a target (i.e. changes in subjects
reaches were not correlated with their perceptions regard-
ing their ability to successfully reach a target). In accor-
dance with these Wndings, recent work from Block and
Bastian (2011) suggests that sensory realignment (i.e. pro-
prioceptive recalibration) also arises independently of sen-
sory weighting.

Recalibration of proprioception may arise because the
central nervous system performs motor tasks optimally
when a uniWed estimate of hand position is available. When
sensory estimates of hand position are incongruent, the
brain may seek to resolve this sensory discrepancy by recal-
ibrating a less salient sense (proprioception) to match the
more reliable visual input. In the current study, we only
asked subjects to estimate the position of their hand with
respect to visual reference markers. Thus, it could be
argued that our results demonstrate sensory (visual-proprio-
ceptive) realignment without providing evidence that pro-
prioception was recalibrated, such that subjects experienced
an overall shift of sense of felt hand position that was inde-
pendent of having to align one’s hand with a visual cue.
Based on our previous results, in which we demonstrate
similar shifts in proprioceptive biases regardless of whether
subjects are required to judge the position of their hand rel-
ative to a visual or proprioceptive reference marker at the
same location (Cressman and Henriques 2009), we are con-
Wdent that the changes in felt hand position we observe at
visual reference markers reXect a more global shift in felt
hand position, as opposed to intersensory realignment. In
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addition, we have recently not only repeated these results
using proprioceptive and visual reference markers, but also
have shown similar shifts in proprioceptive biases when
subjects were required to indicate the position of their right
(adapted) hand with their left hand [i.e. a proprioceptive–
proprioceptive alignment task (Clayton et al. 2011)]. Simi-
lar to the results we have reported previously, we again Wnd
a shift in proprioceptive biases that are reXective of propri-
oceptive recalibration.
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