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Darainy M, Vahdat S, Ostry DJ. Perceptual learning in sensori-
motor adaptation. J Neurophysiol 110: 2152-2162, 2013. First pub-
lished August 21, 2013; doi:10.1152/jn.00439.2013.—Motor learning
often involves situations in which the somatosensory targets of move-
ment are, at least initially, poorly defined, as for example, in learning
to speak or learning the feel of a proper tennis serve. Under these
conditions, motor skill acquisition presumably requires perceptual as
well as motor learning. That is, it engages both the progressive
shaping of sensory targets and associated changes in motor perfor-
mance. In the present study, we test the idea that perceptual learning
alters somatosensory function and in so doing produces changes to
human motor performance and sensorimotor adaptation. Subjects in
these experiments undergo perceptual training in which a robotic
device passively moves the subject’s arm on one of a set of fan-shaped
trajectories. Subjects are required to indicate whether the robot moved
the limb to the right or the left and feedback is provided. Over the
course of training both the perceptual boundary and acuity are altered.
The perceptual learning is observed to improve both the rate and
extent of learning in a subsequent sensorimotor adaptation task and
the benefits persist for at least 24 h. The improvement in the present
studies varies systematically with changes in perceptual acuity and is
obtained regardless of whether the perceptual boundary shift serves to
systematically increase or decrease error on subsequent movements.
The beneficial effects of perceptual training are found to be substan-
tially dependent on reinforced decision-making in the sensory domain.
Passive-movement training on its own is less able to alter subsequent
learning in the motor system. Overall, this study suggests perceptual
learning plays an integral role in motor learning.

motor learning; perceptual learning; reaching movement; sensorimo-
tor adaptation

MOTOR LEARNING is typically studied in the laboratory using
sensorimotor adaptation tasks in which well-defined sensory
targets are perturbed experimentally to study the characteristics
of the subsequent adaptation. Procedures of this sort are used
widely for studies of visuomotor adaptation (Krakauer et al.
1999), for force field learning (Shadmehr and Mussa-Ivaldi
1994), and for prism adaptation (Held and Hein 1958). How-
ever, much of initial skill learning involves situations in which
the somatosensory targets of movement are poorly defined.
Under these circumstances it is likely that perceptual experi-
ence and feedback, rather than the well-studied situations
involving error-based learning, play a primary role in early
learning by providing specificity to sensory targets and en-
abling subsequent sensorimotor adaptation.

There has been recent interest in the idea that factors other
than sensory error contribute to human motor learning.
Diedrichsen et al. (2010) showed that movement repetition, in
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the absence of load and the absence of error, alters the extent
of subsequent force field adaptation. Huang et al. (2011)
showed that there is a benefit to movement repetition, which is
separate from that related to sensory error, in the context of
visuomotor adaptation. Izawa and Shadmehr (2011) showed
that reward and reinforcement on their own are capable of
producing sensorimotor adaptation. Together these studies
document the involvement in motor learning of mechanisms
other than those typically associated with error-based adapta-
tion. However, it is unclear whether the effects observed in
these procedures that entail reinforcement and repetition result
from benefits to sensory or motor function or the two in
combination. In the present study, we have separated experi-
mental manipulations of perceptual and motor function in time
to assess the contribution to motor learning of somatosensory
perceptual training. We find that perceptual learning even in
the absence of active movement produces systematic changes
to error-based learning.

There have been previous studies that have examined the
effects of sensory training on subsequent somatosensory
(Carey et al. 2002; Pleger et al. 2003) and motor performance
(Carel et al. 2000; Lewis and Byblow 2004; Lotze et al. 2003).
However, the possibility that perceptual learning contributes
directly to motor learning has been little explored. In a study by
Rosenkranz and Rothwell (2012) it was found that somatosen-
sory discrimination training increased the excitability of pri-
mary motor cortex and improved measures of human motor
learning. Wong et al. (2012) reported that passive movement of
the arm along a desired trajectory increased the extent of motor
learning. Vahdat et al. (2012) showed that perceptual learning
results in changes to motor areas of the brain, suggesting that
changes that occur in motor systems during motor skill acqui-
sition may be partially attributable to perceptual learning.

In the present article, we ask if sensory training can result in
perceptual change that is reflected in subsequent sensorimotor
adaptation. We hypothesize that perceptual training helps to
shape the sensory targets that guide motor learning. We will use
the term sensory target or goal as a label to indicate a trajectory or
vector of desired sensory values, a sensory plan that serves to
regulate the generation of movements. We show that somatosen-
sory feedback can shift the sensed position of the limb and
improve perceptual acuity. We find that the sensory changes
that result from this procedure can affect both the rate and the
extent of motor learning, regardless of whether the perceptual
training serves to increase or decrease movement related error.
Our findings suggest that perceptual learning plays an integral
role in motor learning and sensorimotor adaptation.

MATERIALS AND METHODS

Subjects and experimental conditions. Seventy-two healthy right-
handed subjects (29 men, 43 women, ages 18—45 yr) participated in
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our experiments. Subjects were excluded before testing if they had
participated previously in studies of force field learning. All subjects
were briefed on the experiment and signed a written consent form.
The Institutional Review Board of McGill University approved all the
experimental procedures.

The experiments involved a behavioral task in which subjects were
seated in front of a two-degree of freedom robotic arm (InMotion2,
Interactive Motion Technologies) and held the handle of the robot
with their right hand. Seat height was adjusted for each subject to have
70° of shoulder abduction. An air sled supported the subject’s arm,
and seat straps were used to restrain the subject’s trunk. A semi-
silvered mirror placed just below eye level was used to project the
target and hand position. The mirror blocked vision of the arm and the
robot handle. Two 16-bit optical encoders at the robot’s joints pro-
vided the position of the hand (Gurley Precision Instruments). Applied
forces were measured using a force-torque sensor (ATI Industrial
Automation) that was mounted below the robot handle.

Subjects in the main experiment were randomly assigned to one of
four different conditions (Fig. 1). For the first three groups of subjects
(n = 14 subjects in each group), the experiment was completed in a
single session. The experiment begins with null field trials to establish
a movement baseline. In these trials, the robot applies no forces to the
subject’s hand. These are followed by a sensory training procedure.
Afterward, subjects repeat a second set of null field movements and
then two sets of force field learning trials.

In all trials involving reaching movements (both null and force field
conditions), subjects moved from a start position to an end position.
The start position was ~25 cm from the subject’s chest along the body
midline. Two circles, 1.5 cm in diameter, represented movement start
and end points. The target position was 15 cm from the start in the
sagittal plane. A smaller yellow circle (0.5 cm in diameter) provided
feedback of hand position. Subjects were asked to move as straight as
possible. Subjects were instructed to finish each movement in 700 ms
following a visual cue. This duration was chosen because it is similar
in magnitude to that of normal reaching movements of comparable
amplitude. After completion of each trial, visual feedback of move-
ment speed was provided. However, no trials were removed for
movements faster or slower than the required duration. Visual feed-
back of the target and hand position was removed as soon as the
subject left the start position. The target and cursor position reap-
peared at the end of movement. Subjects were instructed not to correct
any end-point error when visual feedback was reintroduced. At the
end of the trial, the robot moved the subject’s hand straight back to the
start position, without visual feedback.

The experiment started with 100 null field trials. Null field move-
ments were followed by sensory training trials that were conducted in
the absence of visual feedback. Subjects completed 5 blocks of 100
trials each, in which the robot moved the arm outward on one of a set
of fan-shaped trajectories that deviated from the body midline by up
to 8° to the right or left (Fig. 2A4). Subjects in a somatosensory
discrimination group were required to judge on each trial whether the
robot had moved the arm to the right or left. In the last three blocks
of perceptual training (300 trials), feedback on accuracy was given
orally to provide reinforcement. A second group of subjects was tested
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Fig. 1. Schematic illustration showing the testing sequence in each of the
experimental conditions. FF, and FFj, force field A and force field B.
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in a passive movement condition in which the robot moved the arm
through the same set of trajectories as those experienced by subjects
in the discrimination group; however, no judgment was required and
no feedback was given. A third set of subjects had no perceptual
training at all and simply remained seated in the experimental setup
for a period equivalent to that involved in perceptual training. These
subjects served as a control group. In the first two blocks of trials in
the somatosensory discrimination condition, feedback on judgment
accuracy was withheld to provide a baseline measure of perceptual
function before supervised training.

In the perceptual training blocks, the robot was programmed to
passively move the subjects’ arm through 10 fan-shaped trajectories
that were distributed equally to the right or left of the midline (Fig.
2A). All of the passive movements had the same velocity profile and
were 15 cm in length. Visual feedback of target and handle position
was eliminated as soon as the robot started the passive movement. We
used lateral deviations of 8°, 5°, 4°, 3°, and 1.5° in both directions
relative to the midline for sensory training. Each block of perceptual
training involved 100 trials with the above angles tested 4, 10, 10, 14
and 12 times each, respectively.

Subjects were instructed not to resist the action of the robot to
minimize active involvement of the motor system in the sensory
training procedure. To assess this, we examined the forces that
subjects applied to the robot handle during this procedure to estimate
active motor force production during perceptual training. For subjects
in the passive movement condition, to ensure that they were attending
to the passive movements, on 10% of trials we briefly displayed the
cursor position halfway through the passive movement and required
subjects to report all such instances.

After sensory training, all subjects completed a second set of null
field movements (50 trials). This was followed by 150 movements in
a counterclockwise force field that pushed the subject’s hand to the
left in proportion to hand velocity. A final block of the experiment
involved another 50 reaching movements in a clockwise field that
pushed the hand to the right. The final block enabled us to assess the
effect of perceptual training on anterograde interference, that is, on
how the first force field learning task affected the learning of an
opposite field.

The force field was applied according to Eq. 1:

£ 0 150[v,
AR

where x and y are lateral and sagittal directions, f, and f, are the
commanded force to the robot and v, and v, are hand velocities in
Cartesian coordinates, and D defines the direction of force field. For
the clockwise force field, D = 1, whereas in the counterclockwise
condition, D = —1.

On five predefined trials (15, 85, 135, 139, and 143) during
movements with a counterclockwise load, the robot was programmed
to restrict subjects’ movements to a straight-line connecting start and
target points (“channel trials”). On these trials, the lateral deviation of
the subject’s hand was resisted by the robot (Scheidt et al. 2000). The
stiffness and viscosity of the channel walls were set to 5,000 N/m and
50 N-s-m ', respectively. These trials were used to record the lateral
forces that subjects applied to the channel walls. These were com-
pared with the ideal force that would be necessary to fully compensate
for the robot-applied load, given the velocity of the hand (Eq. 1) and
thus served as a measure of motor learning.

We also tested a fourth group of subjects (n = 10), for whom the
experiment was divided into two sessions, which took place on 2
consecutive days (24-h group; see Fig. 1). The protocol for this 24-h
group was similar to that of the somatosensory discrimination group
except that we added a 24-h delay between the end of the perceptual
training procedure and the subsequent null and force field trials. The
24-h group was not tested on the final clockwise force field at the end
of the experiment. Subjects in this group did perceptual training with
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lateral deviations of 8°, 5°, 4°, 3°, and 1.5°. These were the same as
those used in the other conditions.

In a control experiment, 20 new subjects were randomly assigned
to one of two groups. The experimental procedures, with one excep-
tion, were identical to those of subjects in somatosensory discrimina-
tion and control groups of the main experiment (see Fig. 1). The
difference was the direction of the force field. During force field
learning trials, a clockwise rather than a counterclockwise field was
used. During the trials, which followed, the direction of the force field
was reversed. All other aspects of the experimental procedures were
the same as those in the corresponding conditions in the main
experimental sequence. The purpose of this control was to evaluate
whether the effects of perceptual training were sensitive to the
magnitude of kinematic error associated with direction of the force
field.

Data analysis. Hand position and the force applied by the subject
to the robot handle were both sampled at 400 Hz. The recorded signals
were low-pass filtered at 40 Hz using a zero-phase lag second-order
Butterworth filter. Position signals were numerically differentiated to
produce velocities. The start and end of each trial were defined at 5%
of peak tangential velocity. For analysis purposes, we calculated the
perpendicular deviation of the hand at maximum velocity (PD) from
a straight line connecting start and end positions. In this way, we
obtained quantitative estimates of movement straightness that were
used to assess learning.

For each experimental condition, we calculated the average PD on
each trial in each force field condition. We assessed the change in PD
over trials by fitting a single exponential function as a simple approx-
imation to the data. In the counterclockwise condition, the equation
takes the form P = a(1 — e¢~"") + c. In this equation, P is the PD on
trial n. This continuous domain equation can be well approximated in
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the discrete domain by P(n) = a[l — 1(1 — b)"] + ¢, where b is the
rate of learning. To obtain a robust estimate of the parameters, before
fitting we smoothed the PD data using a nine-trial moving average
window. To estimate the rate of learning in the clockwise force field
condition, we used the following discrete domain equation: P(n) =
a(l — b)" + c.

For each experimental condition, we also calculated the average of
PD in the first null field condition, the second null field condition (the
final 50 trials in each case), and over the last 10 trials in the
counterclockwise force field condition when performance had reached
asymptotic levels. Two subjects (1 in somatosensory discrimination
group and 1 in passive movement group) were removed from further
analyses because their PD values in the null field or force field
conditions fell outside of =3 SD from the intersubject mean. We
tested for differences in PD using repeated-measures ANOVA fol-
lowed by Bonferroni-Holm-corrected comparisons.

We also quantified motor learning by measuring the lateral force in
channel trials, normalized by the ideal force needed to fully compen-
sate for the force field. We defined a force index (FI) as follows:

()fo(t)dl
[T 1sv,(ryar

where f.(?) is the force applied by the subject in the lateral direction
and v(?) is the velocity in the direction of movement. The value 15 is
the coefficient relating the applied force to hand velocity.

We further assessed learning by estimating the accuracy of the
predictive control during force channel trials. To do so, we measured
the time lag between normalized measures of the lateral force on the
channel wall and the ideal force calculated from hand velocity that is
needed to fully compensate the force field. The normalization scaled

FI = 2
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both measured and ideal force profiles by the peak ideal force in each
channel trial to disentangle the effects of timing from force amplitude.
Smaller time lags indicate better prediction of the expected force. The
time lag between the two force profiles was estimated at the point at
which the subject reached half of the maximum applied force on that
trial. This point was used for this calculation rather than the peak
force, because the force profile was found in some cases to be noisy
around the peak. As an additional measure, we also calculated the
time to reach 5% of the lateral applied force peak following move-
ment start. This served as an estimate of the onset of the preparatory
response.

Perceptual training. The subject’s perception of the boundary
between left and right was estimated using the method of constant
stimuli. Each block of perceptual training had 100 trials. We obtained
an estimate of the perceptual boundary between right and left for each
subject separately by fitting a logistic function to that subject’s entire
set of lateral deviations and associated binary (right/left) responses.
The 50% point of the psychometric function was taken as the percep-
tual boundary. The distance between the 25th and 75th percentile was
used as a measure of perceptual acuity. A smaller distance indicates a
higher sensitivity in the discrimination task.

RESULTS

We studied the effects of perceptual learning on motor
function by using a perceptual training task in which a robotic
device passively moves the arm, which is hidden from view,
outward along one of a set of fan-shaped paths (Fig. 24). We
tested separate groups of subjects using different versions of
the somatosensory training protocol. Subjects in a somatosen-
sory discrimination group were required to judge whether the
robot displaced the hand to the right or the left of the midline,
and feedback on response accuracy was provided. Subjects in
a passive movement condition experienced passive limb dis-
placements identical to those of the first group, but no decision
was required and no feedback was given. These two tests let us
determine the extent to which any improvements to motor
learning following somatosensory training are due to the per-
ceptual decision-making aspects of the somatosensory task as
opposed to somatosensory exposure alone. A control group
that did not participate in the somatosensory training protocol
was also included.

We obtained quantitative measures of perceptual change for
subjects in the somatosensory discrimination condition. Figure
2B shows psychometric functions before and after somatosen-
sory discrimination training for a representative subject. As can
be seen, before learning the perceptual boundary is located to
the left of the midline. With training, the bias is removed.
Figure 2, C and D, shows data for bias and acuity for subjects
in the somatosensory discrimination group. For these subjects,
we observed that with training, the perceptual boundary ap-
proached the actual boundary between left and right [#(13) =
3.37, P < 0.01, between the first and last blocks], and percep-
tual acuity increased [#(13) = 4.03, P < 0.001, between first
and last]. To rule out the possibility of active motor outflow
during perceptual training, we examined the forces that sub-
jects applied to robot handle during this procedure. Measured
forces were low throughout, averaging 0.52 N (#+0.20) orthog-
onal to the displacement and 0.68 N (*£0.23) in line with the
displacement. The measured forces did not vary in any sys-
tematic fashion over the course of training or with the training
direction.
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The perceptual training trials were preceded and followed by
movements in the absence of load (Fig. 3A). Movements in
velocity-dependent force fields were also tested, after the
second set of null field movements (after perceptual training).
In all cases, the subject was required to move straight from the
start to the end positions. In particular, we carried out two
kinds of force field tests. A first set, designed to assess the rate
of motor learning, used a force field that deflected the arm to
the left in proportion to hand movement velocity. A second set,
which followed immediately afterward, was designed to assess
the resistance of the preceding motor learning to interference.
In these tests the robot pushed the arm to the right, again in
proportion to hand movement velocity. To rule out the possi-
bility that factors other than perceptual learning might produce
changes in movements and motor learning, subjects in a
control group repeated similar tests of movement in null and
force field conditions but in the absence of any kind of
intervening somatosensory input.

We assessed the effects of perceptual training on movement
and motor learning by measuring the curvature of the hand path
(lateral deviation of the hand from a straight-line path at the
point of maximum velocity) on a trial-by-trial basis. In all
experimental conditions, movement curvature was low in the
absence of load. The force field initially resulted in a substan-
tial lateral deviation that was progressively reduced over the
course of training. Figure 3A shows the effects of somatosen-
sory training on movement. It can be seen that before training,
deflections were similar for the training and control condition
subjects (Nulll). After training, there was less off-center de-
viation for discrimination group subjects (Null2). In force field
learning, both the rate of learning and asymptotic performance
were superior for subjects in somatosensory discrimination
condition (blue). When the direction of the force field was
switched from leftward to rightward, subjects in the somato-
sensory discrimination condition showed slower rates of un-
learning of the previous force field.

We computed rates of decay of kinematic error, which serve
as a measure of motor learning (see MATERIALS AND METHODS).
The estimated rate constant (mean + 95% CI) in the counter-
clockwise force field was reliably greater for the discrimination
condition (0.175 = 0.019) and the passive training group
(0.159 = 0.004) than for the control condition subjects
(0.136 = 0.015). In the clockwise force field that followed, the
rate constant was reliably less for the discrimination condition
(0.097 £ 0.014) than for the control condition (0.128 = 0.013).
In interpreting these results, it should be noted that there were
no differences between conditions at the start of force field
training. In particular, we found no reliable differences be-
tween experimental conditions in lateral deviation of first
movements in the force field [F(2,37) = 0.56, P > 0.5].

Motor learning was also assessed using measures of move-
ment curvature (PD). Figure 3B shows tests conducted using
changes in lateral deviation relative to baseline movements as
a measure of performance. Figure 3B, left, shows that there
were reliable changes in null field movements following so-
matosensory perceptual training [F(2,37) = 3.40, P < 0.05].
Figure 3B, middle, shows that there were also changes in
asymptotic performance following motor learning, relative to
initial baseline movements [F(2,37) = 5.54, P < 0.01]. Figure
3B, right, indicates differences in asymptotic performance
following force field learning in relation to null field move-
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ments after perceptual training [F(2,37) = 3.46, P < 0.05]. In
all cases, positive scores indicate improvements in perfor-
mance, that is, reductions in curvature, relative to baseline. It
can be seen in Fig. 3B, left, that somatosensory discrimination
training resulted in reliable reductions in movement curvature
under null field conditions compared with the control condition
(P < 0.05, corrected for multiple comparisons). Figure 3B,
middle, shows that there was less deviated asymptotic perfor-
mance following motor learning for the somatosensory dis-
crimination group than for either the control condition (P <
0.01) or the passive condition subjects (P = 0.05). Figure 3B,
right, shows that relative to the second null field, subjects in the
discrimination training group performed better than those in
either the control condition or the passive movement group
(P < 0.05 in both cases). Moreover (also in Fig. 3B, right), it
is shown that when the effects of the baseline shift are removed
by subtracting out movement deviation in the second null field
movements, subjects in the passive condition performed no
better than control group subjects (P > 0.05).

We tested the persistence of changes to motor learning that
result from somatosensory training by repeating both the null
field and force field trials in a new group of subjects 24 h after
somatosensory discrimination training. Figure 3B shows the
results for these subjects (light blue). Tests conducted at a 24-h
delay show that the effects of somatosensory training persist

for at least 24 h following perceptual training. After somato-
sensory training, movements under null conditions were
straighter and in subsequent force field learning reached less
deviated asymptotic levels compared with control subjects
(P < 0.05 in both cases).

Figure 4, A and B, shows measures of learning based on
lateral force applied to the channel walls. The measured force
profiles are normalized such that a maximum value of 1
indicates complete compensation for the applied load. Figure
4A shows that early in learning there were few differences in
the level of force compensation between subjects in the so-
matosensory discrimination group and those in the passive
movement and control groups. Late in learning (Fig. 4B)
somatosensory discrimination group subjects applied forces
closer to those needed to fully compensate the effect of the
force field. Overall, one sees a gradient in the magnitude of
force compensation and hence motor learning in which learn-
ing was greatest for subjects who underwent somatosensory
discrimination training, least for control condition subjects, and
intermediate for subjects exposed to passive movement alone.
Figure 4C shows group-averaged data, based on a force index, the
total applied force divided by total ideal force (see MATERIALS AND
METHODS). It can be seen that early in learning there were no
differences in the force measure for the different experimental
conditions [F(2,37) = 2.10, P > 0.1]. Late in learning there
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was a reliable difference between conditions [F(2,37) = 9.07,
P < 0.001] in which the discrimination group performed
significantly better than either control or passive condition
subjects (P < 0.05, corrected for multiple comparison). Sub-
jects tested following a 24-h delay showed retention of learning
and applied forces that were reliably greater than those of
subjects in the control group (P < 0.05). Thus, overall, it is
shown that perceptual training has similar effects on both
forces and kinematic measures of motor learning.

We assessed the acquisition of predictive control during
learning by examining the time lag between the normalized
lateral force exerted by subjects in channel trials and the
normalized ideal force calculated from the hand velocity dur-
ing movement (Fig. 5). For each subject, the mean prediction
lag during the last three channel trials at the end of force field
training was obtained. Figure 5A shows the mean normalized
applied force in yellow and the mean normalized ideal force in
blue for subjects in the perceptual discrimination condition.
The distance between the vertical lines indicates the time lag at
the point when subjects reached half of their maximum applied
force. Figure 5, B and C, show similar curves for subjects in the
passive movement and control conditions, respectively. Figure
5D shows that there were reliable differences in predictive control
following somatosensory perceptual training [F(2,37) = 7.29,
P < 0.005]. Subjects in the perceptual discrimination group were
found to have significantly less prediction lag (mean lag = 27 ms)
than subjects in the passive movement condition (mean lag = 46
ms; P < 0.05, corrected for multiple comparisons) and subjects in

the control condition (mean lag = 67 ms; P < 0.01, corrected).
Likewise, the onset of the preparatory response (the time to reach
5% of the maximum applied force) was earlier following somato-
sensory perceptual training [F(2,37) = 4. 96, P < 0.01]. The
preparatory force response in the perceptual discrimination
group started significantly earlier in time (mean onset = 6 ms
following movement start) than in the passive movement condi-
tion (mean onset = 33 ms; P < 0.01, corrected for multiple
comparisons) and in the control condition (mean onset = 26 ms;
P < 0.05, corrected).

A control experiment was run to determine whether the
changes to motor learning observed for subjects in the somato-
sensory discrimination condition resulted from changes to the
magnitude of movement error, due to the perceptual manipu-
lation. As it stands, the observed changes to motor learning
may be present because the perceptual training manipulation
moved the perceptual boundary to the right and thus increased
the magnitude of error in the left-directed force field training
trials. We reasoned that if the observed changes to measures of
motor learning were due to the effect of the perceptual manip-
ulation on movement error, then if we instead paired the same
perceptual training procedure with a rightward force field, a
decrease in the extent and rate of learning should be observed,
because the target shift under these conditions serves to reduce
the error due the force field. Alternatively, our effects might
depend on factors other than movement error, for example,
changes in perceptual acuity or other effects on motor function
that derive from perceptual learning such as improvements in
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Fig. 5. Reinforced perceptual learning facilitates the ac-
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tation. The mean lateral force exerted by the subject in the
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C: control. D: the time lag between actual and ideal force
is least for the reinforcement group and greatest for the
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the capacity for precise force production. If this were the case,
perceptual training might lead to improvements in performance
regardless of the direction of the force field.

We found that following perceptual training there were
changes to sensed limb position (perceptual boundary between
left and right) [#(9) = 3.43, P < 0.01] and to measures of
perceptual acuity [#9) = 2.64, P < 0.05] that were the same as
those in the main experimental manipulation. Estimates of the
left/right boundary shifted to the body midline and perceptual
acuity improved. Figure 2, C and D, shows the overall pattern,
averaged over the present control experiment and the main ex-
perimental manipulation. Similar statistically reliable changes
were observed in each individual case.

Figure 6A shows measures of movement curvature (PD)
over the course of training for subjects tested in a rightward
force field. The blue dots show movements for subjects in the
perceptual discrimination condition; the red dots shows data
for control subjects that were tested in a rightward force field,
but without perceptual training. The effects are also similar to
those observed in the main experimental manipulation. Specif-
ically, we obtained a reliable statistical interaction indicating
that changes in baseline movements and asymptotic values fol-
lowing force field learning differed for subjects in the perceptual
discrimination and control condition trials [F(2,36) = 4.10, P <
0.05]. Whereas control condition subjects showed no changes
in baseline curvature in the two tests of null field movement
(P > 0.9), following perceptual training there was a reliable
improvement in movement curvature under null field condi-

tions (P < 0.02). Additionally, in the perceptual discrimination
group, asymptotic measures of movement curvature following
force field training were no different from those obtained in the
second set of null field trials (P > 0.9). In contrast, estimates
of asymptotic movement curvature in the control condition
were reliably different from null field values (P < 0.01). This
indicates incomplete compensation in control condition sub-
jects.

As in the main experimental manipulation, subjects that
received perceptual training showed greater amounts of learn-
ing and faster rates of adaptation than control subjects. The
estimated rate constants (mean = 95% CI) for the perceptual
training and control conditions are 0.060 = 0.011 and 0.014 =
0.008, respectively. When the force field was reversed, the rate
constant for the perceptual training condition was 0.125 =*
0.045 and that for the control was 0.166 = 0.040. The latter
rate constants were not reliably different (P > 0.10).

Figure 6B provides a comparison of data from channel trials
for the subjects tested in this control experiment. It can be seen
that force on the channel walls was initially similar for per-
ceptual training and control subjects [#(18) = 0.44, P > 0.1],
but at the end of force field learning perceptual training
subjects showed reliably higher values, indicating more learn-
ing [#(17) = 2.603, P < 0.05]. Data for one subject that was
more than 3 SD from the mean was removed from the second
analysis.

We assessed the relationship between measures of percep-
tual and motor learning for the two force field directions. We
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observed no reliable relationship between either kinematic or
force channel measures of learning and changes in perceptual
bias (P > 0.1 for all tests). This was expected since measures
of motor learning increase regardless of whether perceptual
learning served to increase or decrease movement error due to
the force field. In contrast, measures of perceptual acuity were
correlated with measures of motor learning (r = 0.46, P <
0.02). In particular, the acuity change between baseline values
and those obtained at the end of perceptual training were
systematically related to changes in movement curvature (PD)
between baseline and asymptotic performance in the force
field.

We conducted a comparison of the effects of perceptual
training on adaptation trials in a leftward vs. rightward force
field. In addition to the effects reported above, there were also
observed directional differences. However, they were unrelated
to whether perceptual training serves to increase or decrease
error in subsequent force field trials. Thus, although mean force
applied to the channel walls at peak velocity (=SE) was greater
for rightward than leftward loads (4.87 = 0.26 vs. 4.08 = 0.25
N, respectively), these same differences, in the same propor-
tion, were present in the data from control subjects that did not
undergo the perceptual manipulation (4.12 = 0.30 vs. 3.075 =
0.20 N, respectively). Thus there appear to be directional

asymmetries in this task associated with left- vs. right-acting
force fields. However, because they are observed in subjects in
control conditions, they are unrelated to whether perceptual
training serves to increase or decrease kinematic error.

DISCUSSION

The present findings show that perceptual training helps to
define the somatosensory goals of movement and accordingly
facilitates motor learning. Perceptual training is found to im-
prove sensitivity to small deviations (reduced uncertainty in the
somatosensory domain) and to aid in the development of a
sensory plan, a desired sensory trajectory that guides subse-
quent movements. Changes following perceptual training are
observed in the kinematic (hand’s lateral deviation) and kinetic
(force production level) characteristics of reaching movements
during motor learning, and in the temporal profile of the
compensatory response (force production lag).

The effects seen in this study do not appear to be due to
changes in the magnitude of kinematic error that is produced
by the perceptual training. The beneficial effects of perceptual
training are observed regardless of whether the force field
testing procedure serves to globally increase or decrease the
magnitude of movement error. These benefits presumably stem
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from changes in somatosensory precision or acuity that result
from perceptual training or possibly, as suggested by the
increase in force measures with perceptual training, from a
direct influence of perceptual learning on the motor system.
The effects of perceptual training on the motor system are
found to be substantially dependent on perceptual judgment
and reinforcement. Sensory exposure on its own is less able to
produce changes in motor learning. It is also seen that the
effects of perceptual training are durable. The benefits for
motor learning are evident in subjects who were tested for
sensorimotor adaptation 24 h after completion of the perceptual
training task.

Force field learning and visuomotor adaptation paradigms
have been used extensively to study sensorimotor adaptation.
There is ample evidence that these paradigms result in persis-
tent change to both motor and somatosensory systems, but they
provide a model of motor learning in the context of well-
defined sensory targets and hence error-based learning. In
situations outside of the laboratory, somatosensory goals early
in learning are often poorly defined, and thus perceptual and
motor learning must presumably occur in parallel.

In the present study we have designed a series of experi-
ments in which it is possible to see the separate contributions
of perceptual and motor components to sensorimotor adapta-
tion. We have conducted perceptual training in the absence of
active movement to dissociate perceptual from motor contri-
butions to learning. That is, although the initial stages of motor
learning presumably include both perceptual and motor refine-
ments, here the perceptual refinements occur first in the context
of passive movement perceptual training. Nevertheless, we find
that perceptual training on its own is sufficient to modify
movements and the learning that follows. Whether active
movement under these conditions would enhance or suppress
learning needs to be determined. However, in a study by Wong
et al. (2012), subject-assisted proprioceptive training did not
seem to have a beneficial effect on subsequent motor learning.

The current studies complement the findings of recent work
on the effects on motor learning on sensory systems (Cressman
and Henriques 2009; Haith et al. 2008; Mattar et al. 2013;
Nasir and Ostry 2009; Ostry et al. 2010; Vahdat et al. 2011). In
particular, it has been shown that sensorimotor adaptation
results in changes to somatosensory perceptual function and to
somatosensory areas of the brain that are correlated in magni-
tude with the extent of motor learning (Vahdat et al. 2011).
These studies thus suggest that perceptual change is an integral
part of motor learning.

The findings also complement those of a similarly designed
neuroimaging study (Vahdat et al. 2012). In that experiment
subjects underwent functional MRI scans of the resting brain
before and after the same perceptual training protocol as used
in the present study. Changes in functional connectivity were
assessed after parceling out those effects that could be pre-
dicted on the basis of activity in sensory areas of the brain, and
in particular, primary and second somatosensory cortex and
ventral premotor cortex. It was found that even with these
effects removed, there were still independent changes in func-
tional connectivity in frontal motor areas and cerebellar cortex
that were correlated with perceptual training measures. Thus
changes to motor areas of the brain that occur in association
with motor skill acquisition could be partially the result of
perceptual learning.

MOTOR CORRELATES OF PERCEPTUAL LEARNING

Perceptual training in the present study is seen to affect
motor learning and, afterward, the degree of anterograde inter-
ference, the ability of a previously learned motor task to reduce
the amount of subsequent learning on an opposite motor task
(Sing and Smith 2010). If perceptual training precedes a
leftward force field, the interference on the subsequent right-
ward field is increased compared with the same control con-
dition without perceptual learning (Fig. 3). However, the in-
terference following perceptual training is reduced compared
with the control condition if the order of force fields is reversed
(Fig. 6). One possible explanation for these seemingly opposite
effects of perceptual training on the subsequent anterograde
interference is that the degree of interference depends on the
amount of error experienced during the initial force field
learning. Because of the direction of change in perceptual
boundary, subjects in the perceptual training group sensed
greater kinematic error during the initial leftward force field
compared with the control condition, and hence they exhibited
greater interference on the following rightward force field task.
On the other hand, subjects in the perceptual training group
who first experienced the rightward force field sensed less
kinematic error compared with the corresponding control con-
dition and therefore showed less interference on the following
leftward force field task. This may suggest that two different
mechanisms are responsible for initial acquisition vs. antero-
grade interference of a motor task; the former mainly depends
on the precision of the sensory input, whereas the latter
depends on the magnitude of the detected error.

It is observed in the present study that before perceptual
training, the sensed boundary between the left and the right of
the workspace lies to the left of the subject’s body midline. The
bias appears to be related to the hand used in the perceptual
testing. Wilson et al. (2010) report the results of a systematic
set of somatosensory perceptual tests using the left and the
right hand. Their tests were similar to those used here, with the
exception that in their tests, the judgments occurred in static
rather than during passive movement of the limb. They ob-
served that when the right hand is used for perceptual testing,
it is perceived to the right of its actual position, as is the case
in the present study. When perceptual testing involves the left
hand, the opposite occurs: the hand is judged to be to the left
of its actual position. This same directional bias is observed
when subjects make active movement, without vision, to a
target located in the body midline (Dizio and Lackner 1995).
When subjects use their right hand, they end up to the left of
the actual target. When they use their left, they end up to the
right. These results are observed when subjects make unre-
strained arm movements, and hence the effect is not related to
the dynamics of an external manipulandum. The source of this
proprioceptive bias is unknown, although factors related mus-
cle spindle function and limb geometry have been suggested
(Bergenheim et al. 2000; Herrmann and Flanders 1998; Jones
et al. 2001).

The goal of the current study was to provide a training
protocol that potentially maximizes the involvement of the
perceptual network during training. Hence, we did not attempt
to distinguish the effects of perceptual judgment and reinforce-
ment learning during the perceptual training protocol. The first
two blocks of perceptual training involved perceptual judg-
ments without feedback, whereas blocks three to five involved
both perceptual judgment and reinforced feedback, so any
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improvement that we observed can be attributed to either
procedure or the two in combination.

Several investigators have examined the plasticity induced
in cortical motor areas as a result of active movement training.
The general finding has been that acquiring a new motor skill
facilitates the induction of plasticity in motor cortex. For
example, in a series of electrophysiological experiments on
primates (Nudo et al. 1996; Plautz et al. 2000), Nudo and
colleagues trained monkeys on a repetitive motor task that
required the retrieval of food pellets from either a small- or
large-diameter well. They found persistent changes in the
movement representation in primary motor cortex with small-
well training, in which a new motor skill emerged. This is in
line with a recent study on spinal cord injured rats who trained
on a combination of treadmill-based training and a robotic
postural interface that promoted active involvement of their
paralyzed hindlimbs (van den Brand et al. 2012). It was found
that active engagement was necessary to induce cortical plas-
ticity, which led to successful locomotor recovery. Automated
step training failed to restore voluntary locomotion despite
long periods of repeated training postinjury. These results
support the idea that skill acquisition is important for the
occurrence of cortical plasticity in the motor domain.

Similar results have been reported for plasticity in somato-
sensory cortex following sensory training. Recanzone et al.
(1992) reported reorganization of the hand representation in
primary somatosensory area 3b following a tactile frequency-
discrimination task. In contrast, when monkeys received iden-
tical tactile stimulation of the hand but were attending to
auditory stimuli, no significant reorganization was observed in
somatosensory areas. In a recent study that is perhaps closest to
the present report, Rosenkranz and Rothwell (2012) showed
that sensory attention during a somatosensory frequency dis-
crimination task results in changes to intracortical inhibition in
primary motor cortex and augmented motor learning. The
present results are consistent with these findings and show that
skill acquisition in the somatosensory domain facilitates motor
learning.

It is worth considering other recent work on the effects of
sensory experience and repetition on motor learning. We show
here that reinforced perceptual training can influence subse-
quent motor performance and learning. This is consistent with
work by Huang et al. (2011), which shows that repeated
movement in the context of visuomotor adaptation can enhance
subsequent motor learning. However, one presently unresolved
aspect of work on repetition and reward in motor learning is a
discrepancy between the work of Diedrichsen et al. (2010) in
which a directional movement bias was documented for re-
peated movements in a redundant dimension of the task,
whereas in a similar study in which there was no redundancy
in the task, repetition alone resulted in no bias in the movement
direction (Huang et al. 2011). In the present study there was
similarly no dimensional redundancy in the task, yet passive
movement repetition biased subsequent force field learning.
This is consistent with Diedrichsen et al.’s observation that
sensory experience may have the capacity to influence the
following movements. The source of these differences remains
unclear, but the resolution of this issue will contribute to an
understanding of the characteristics of sensory experience and
perceptual learning that influence voluntary movement.
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