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Because sensation is delayed, real-time movement control requires not just sensing, but also predicting limb position, a function
hypothesized for the cerebellum. Such cerebellar predictions could contribute to perception of limb position (i.e., proprioception),
particularly when a person actively moves the limb. Here we show that human cerebellar patients have proprioceptive deficits compared
with controls during active movement, but not when the arm is moved passively. Furthermore, when healthy subjects move in a force field
with unpredictable dynamics, they have active proprioceptive deficits similar to cerebellar patients. Therefore, muscle activity alone is
likely insufficient to enhance proprioception and predictability (i.e., an internal model of the body and environment) is important for
active movement to benefit proprioception. We conclude that cerebellar patients have an active proprioceptive deficit consistent with
disrupted movement prediction rather than an inability to generally enhance peripheral proprioceptive signals during action and suggest
that active proprioceptive deficits should be considered a fundamental cerebellar impairment of clinical importance.

Introduction
A popular idea is that the cerebellum contributes to movement
control by predicting body state (i.e., position, velocity) from a
copy of motor commands (i.e., efference copy) and stored knowl-
edge of the dynamic properties of the body (Wolpert et al., 1998;
Miall et al., 2007). Such a cerebellar prediction would be essential
for movement because it would reduce dependence on time-
delayed feedback from peripheral sensors (Todorov and Jordan,
2002; Miall et al., 2007; Xu-Wilson et al., 2009). Disrupting cer-
ebellar activity during reaching leads to loss of body state predic-
tion that disrupts movement accuracy (Miall et al., 2007). This
cerebellar function could also contribute to proprioception,
which is our sense of limb position and movement independent
of vision (Proske and Gandevia, 2009). Although proprioception
is signaled by sensors in the periphery (e.g., muscle spindles,
skin-stretch receptors), it is also influenced by centrally generated
motor commands (Wolpert et al., 1995; Proske and Gandevia,
2009) and therefore could be influenced by cerebellar mecha-
nisms. However, it is widely accepted that proprioception is not
impaired after cerebellar damage, perhaps because propriocep-

tion has only been tested passively (i.e., after externally driven
movements; Maschke et al., 2003; Bhanpuri et al., 2012). There is
evidence that cerebellar damage disrupts the perception of reach-
ing direction during a visuomotor motor adaptation task (Syn-
ofzik et al., 2008) and force perception during movement
(Bhanpuri et al., 2012). These findings could be parsimoniously
explained by an underlying deficit in active proprioception,
but this form of perception has not been studied in depth in
this patient population.

Normally, proprioception after active movements is more
precise (i.e., less variable) than after similar passive move-
ments (Paillard and Brouchon, 1974; Adamovich et al., 1998;
Fuentes and Bastian, 2010). Efference-copy-based predictions
of body position could augment peripheral proprioceptive
signals after self-generated movements (Adamovich et al.,
1998). This contribution would be distinct from �-gamma
motor neuron modulation of muscle spindles (Paillard and
Brouchon, 1974; Jones et al., 2001). If enhanced precision
associated with active movement were due to cerebellar pre-
dictions, the improvement should be reduced when external
forces make a movement unpredictable.

Here we show that intact cerebellar function enhances propri-
oception during active movements by predicting movement out-
comes based on dynamic models of the arm rather than through
a general heightened sensitivity of proprioceptive sensors in the
active arm. We compared patients with cerebellar disease with
matched controls in three psychophysical tasks designed to assess
passive proprioception, active proprioception with simple dy-
namics, and active proprioception with complex, unpredictable
dynamics. All tasks relied on proprioceptive sense without vision.
We found that: (1) cerebellar patients had no deficits in passive
proprioception; (2) unlike controls, cerebellar patients did not
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show an improvement between passive and active propriocep-
tion with simple dynamics; and (3) controls performed similarly
to patients in an active proprioceptive task that had unpredict-
able, complex dynamics.

Materials and Methods
Subjects. We tested 11 healthy human controls and 11 human patients
with cerebellar damage (Table 1). Subjects were matched for sex (5
males and 6 females in each group), age (patients: 56.5 � 9.6 years;
controls: 55.1 � 12.5 years), and handedness (9 right hand dominant,
2 left hand dominant in each group). All subjects gave informed
consent to the experimental protocols approved by the Johns Hop-
kins institutional review board. Seven patients were diagnosed with a
genetically defined spinocerebellar ataxia (type 6, n � 6; type 8, n �
1). Three patients presented with symptoms of sporadic cerebellar
ataxia (sporadic), a disorder with pure cerebellar signs but no famil-
ial history. One patient presented with symptoms of autosomal-
dominant cerebellar ataxia type III, an inherited disorder with pure
cerebellar signs but no definite genetic testing. There was no evidence
of atrophy to the brainstem, white matter damage, or spontaneous
nystagmus among these patients. The severity of movement impair-
ment was quantified with the International Cooperative Ataxia Rat-
ing Scale (ICARS; Trouillas et al., 1997). Patients with greater
impairments receive higher scores. The ICARS is divided into four
categories: walking and balance, limb control (kinetic), speech, and
eye movement. Eight of the patients exhibited saccadic dysmetria; the
three least impaired subjects (based on total ICARS scores) did not.
None of the patients included in this study had sensory loss assessed
by clinical measures of proprioception and tactile sensation (Camp-
bell, 2005). These clinical measures were performed while subjects
were instructed to remain passive. Previous work has shown that
individuals with these cerebellar diseases and no other clinical neu-
rological impairments can have normal passive proprioception even
when assessed quantitatively (Maschke et al., 2003; Bhanpuri et al.,
2012). We corroborated the same passive proprioceptive findings in
the present study. It should be noted that a total of 15 cerebellar
patients and 12 control subjects were initially recruited for this study,
but four patients and one control subject were eventually excluded
from the final analysis for two reasons. First, three of the more im-
paired patients (ICARS � 40) and one control subject were unable to
properly modulate their movement velocity in the active propriocep-
tion task (see Materials and Methods for details). Second, one subject
with an unidentified cerebellar syndrome presented with reduced
tactile sensation and impaired proprioception and thus was excluded
from the study. It is likely that this subject had extracerebellar lesions
in addition to cerebellar damage.

Apparatus. Subjects’ perceptual thresholds on the dominant arm were
measured using the KINARM exoskeleton robot system (BKIN Technolo-
gies; Scott, 1999). Their arms rested in trays chosen to minimize skin com-
pression and avoid activating cutaneous mechanoreceptors (Maschke et al.,
2003; Bhanpuri et al., 2012). The shoulder was fixed at 30° flexion and the
elbow was free to move. Elbow angle was defined as the angle between the
upper arm and forearm (Fig. 1A). Subjects could not see their arms and wore
headphones playing white noise.

EMG recordings. EMG recordings were collected from the brachio-
radialis, biceps brachii, and triceps brachii of the tested arm using
surface electrodes (Bagnoli EMG system; Delsys). The signals were
amplified by 10,000 and sampled at 1 kHz. For the passive task (Task
1), trials with muscle activity above baseline were discarded (typically
�5% of trials).

Procedure. Subjects performed three randomly ordered tasks that
assessed passive proprioception (Task 1), active proprioception with
simple dynamics (Task 2), and active proprioception with complex dy-
namics (Task 3). All three tasks followed a two-alternative forced-choice
protocol (Gescheider, 1997). In Task 1 (passive discrimination), subjects
were instructed to relax their arm and be passive. Each trial consisted of
two subtrials during which the robot rotated the elbow to a different
extent. More specifically, at the start of each subtrial, the visual display
background turned red and the subject’s forearm was rotated to the start
position (75°) where a blue dot appeared. After a random delay (1–2 s),
the display background changed to green, one or two bars appeared in
the corner to indicate the first or second subtrial, respectively, and the
forearm was rotated in the direction of flexion. The velocity was ramped
up over 250 ms to a steady value of 5°/s (SD 0.05°/s) until the desired end
position was reached (Fig. 1 D, E, first column). We implemented a
proportional-integral-derivative control algorithm to ensure smooth
and accurate movements (Ellis, 2004). The arm was held at the end target
for a random delay (1–3 s). After the first subtrial, the display changed to
red and the arm was reset to the start position. After the second subtrial, a
diamond appeared to indicate the end of the trial. Subjects then verbally
stated “one” or “two” depending on which subtrial they perceived that the
forearm moved a larger distance. The experimenter recorded the response
and the robot reset the arm to the start position for the next trial.

The angular distance of each forearm movement was determined
based on a modified staircase method (Arezzo et al., 1985; Gescheider,
1997). Two staircase sets were performed; the first to measure the upper
threshold (UT) and the second to measure the lower threshold (LT).
During the UT set, the standard was always a 10.00° movement and the
comparison ranged from 14.00° to 10.10° (specifically: 14.00°, 13.50°,
13.00°, 12.50°, 12.00°, 11.75°, 11.50°, 11.25°, 11.00°, 10.75°, 10.50°,
10.30°, or 10.10°) and started at 13.00°. The order of the standard and
comparison was randomized on every trial. If the subject responded
correctly at the end of a trial, for the next trial, the comparison magnitude
was shifted incrementally toward the standard; otherwise, the compari-
son was shifted away from the standard. This process continued until the
subject made a total of five errors. For the LT set, the standard was 10.00°
and the comparison ranged from 6.00° to 9.90° (specifically: 6.00°, 6.50°,
7.00°, 7.50°, 8.00°, 8.25°, 8.50°, 8.75°, 9.00°, 9.25°, 9.50°, 9.70°, or 9.90°)
and started at 7.00°. For all three tasks, before the UT and LT sets, a
practice set was administered with comparison magnitudes of either
6.00° or 14.00° and five consecutive correct responses were required
before proceeding.

Task 2 (active-simple discrimination) was similar to Task 1 with a
few notable differences (Fig. 1C). First, subjects produced movement
themselves. These self-driven movements were stopped at a predeter-
mined distance unknown to the subject using robot-applied torques
to create a “virtual wall” and “valley” that retained the subjects’ arm at
a specific location once it was reached (Fig. 1 D, E, second column).
Second, to limit impact when contacting the virtual wall during Task
2 (and Task 3 described below) and to promote similar movement
patterns across subjects and tasks, a yellow bar (located below the
subtrial indicator) was displayed for movements when the velocity at
any point during the movement exceeded 15°/s and subjects were
instructed to reduce movement speed. (In pilot studies, we found this
to be a salient cue for guiding subjects to move with a mean velocity

Table 1. Characteristics of subjects

Subject Age (y) Sex DH Diagnosis
Saccadic
dysmetria

ICARS

Total (/100)
Kinetic
(/52)

CRB01 39 M L SCA 8 Y 43 16
CRB02 42 F R SCA 6 Y 50 25
CRB03* 52 F R SCA 6 Y 23 11
CRB04 55 M R Sporadic Y 61 26
CRB05 57 M R SCA 6 Y 63 25
CRB06 58 F R SCA 6 Y 40 16
CRB07 59 M L SCA 6 N 12 5
CRB08 60 M R ADCA III N 13 4
CRB09* 61 F R SCA 6 Y 31 12
CRB10* 69 F R Sporadic N 18 10
CRB11 70 F R Sporadic Y 62 22
CRB group 56.5 � 9.6 M � 5 L � 2 37.8 � 19.7 15.6 � 8.0
CNT group 55.1 � 12.5 M � 5 L � 2

Group data are means � SD. CRB, cerebellar subject; CNT, control subject; DH, dominant hand; SCA, spinocerebellar
ataxia; Sporadic, sporadic cerebellar ataxia.

*Passive WF � active WF � 0.015 (see Results for details).
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near 5°/s). Three patients and one control were unable to correctly
modulate their movement velocity (instantaneous velocity � 15°/s in
�10% of trials) and were excluded from analysis.

Task 3 (active-complex discrimination) was the same as Task 2 except
that, during movement, the robot produced a “complex pattern” of re-
sistive (extension) torque (Fig. 1 D, E, third column). The resistive
torque, �, produced for a trial of total angular distance �T, was a function
of the angular position, �:

��� � � � 0.2 � sin�4��

��
�� (1)

This resulted in position-based virtual “bumps” that subjects traversed
before encountering the virtual wall and valley (Fig. 1F ). The pattern of
external torque depended on �T and thus was difficult to predict. All

three tasks used the same distances for the standard and comparison
movements (listed above).

Measurements and analysis. UT and LT were computed using estab-
lished methods for processing information collected from staircase
procedures (Arezzo et al., 1985; Gescheider, 1997). Each staircase set
concluded after the subject made five errors (i.e., incorrectly identi-
fied the longer subtrial). The comparison distances for the five error
trials and the five correctly identified trials closest to the standard
distance were combined into a single array. The longest and shortest
distances were removed to avoid potential outliers. The remaining eight
values were averaged to compute each threshold. The point of subjec-
tive equality (PSE) was the average of the UT and LT. These values
were used to compute the Weber fraction (WF):

Figure 1. Task description and example trials. A, Overhead view of arm schematic denoting conventions used to report elbow angle (�e) and applied torque about the elbow (�e). The
shoulder angle (�s) was fixed with a mechanical clamp at 30°. B, Task 1: Passive discrimination. Subjects were instructed to remain passive throughout the task. At the start of each trial,
the robot moved the arm to the start position (�e � 75°). Next, the arm was moved a specified distance and briefly held at the end location. The arm was returned to the start position
and then moved a different distance. Subjects were asked to report whether Movement 1 or Movement 2 (indicated by bars in top left corner) went farther. White arrows indicate passive,
robot-driven movement. C, Tasks 2 and 3: Active discrimination. Similar to Task 1 with the exception that, during the movement phase, subjects actively moved until the robot halted the
arm at a specified location with a virtual wall (brown line, which is illustrative only and was not shown to subjects). Black arrows indicate active, subject-driven movement. The yellow
horizontal bar was shown only if angular velocity exceeded 15°/s. The dotted lines representing the arm are for illustrative purposes only, as subjects could not see their arms in either
of the tasks. D–E, Example 10° movement trials for control (D) and cerebellar (E) subjects. The elbow angle (top) and commanded robot torque (bottom) are shown for the passive task
(first column), active-simple task (second column), and active-complex task (third column). Horizontal scale bar represents 5 s. F, Position-based torque command pattern for a 12.25°
trial for the active-complex task. All active-complex trials imposed two consecutive rectified sine waves of resistive torque as a function of distance from the start position.
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WF � (UT � LT)/(2 	 PSE) (2)

The WF reflects perceptual sensitivity, where lower WFs indicates
better discrimination between two stimuli (Gescheider, 1997).
Repeated-measures ANOVA (3 tasks � 2 subject groups) was performed
on the WFs and PSEs. Post hoc within-group comparisons of WFs
were conducted using a t test for dependent samples and differences
across groups were assessed with a t test for independent samples. In
addition, Wilcoxon signed-rank tests (nonparametric tests for
matched pairs) were performed on individual subject UT and LT data
to determine whether differences between tasks reached statistical
significance.

We also investigated several aspects of how subjects moved during
the tasks. We were particularly concerned that subjects moved simi-
larly for the active task, because differences in movement would be a
potential confound. For a given subject and task, we computed the
average values across all trials for maximum robot torque (Nm),
mean velocity (°/s), and smoothness index (°). Smoothness index was
defined as the SD of the high-pass-filtered (second-order, 2 Hz cutoff,
Butterworth) position data (low values indicate smooth movement).
The individual subject means were averaged across groups for com-
parison. Data analysis was performed using MATLAB (MathWorks).

Results
The responses from the modified staircase method were used to
compute the UT and LT, which in turn were used to compute the
PSE and WF for a given subject and task. For example, in the
passive task, the UT for one control subject was computed as
11.13° (SE � 0.13; raw values: 10.50°, 10.75°, 11.00°, 11.25°,
11.25°, 11.25°, 11.50°, 11.50]) and the LT was computed as 9.46°
(SE � 0.05; raw values: 9.25°, 9.25°, 9.50°, 9.50°, 9.50°, 9.50°,
9.50°, 9.70]), resulting in a PSE of 10.30° and a WF of 0.081. The
group average of WFs ranged between �0.05 and 0.09 (Fig. 2B),
which means that, on average, the difference between the UT and
LT ranged from �1° to �1.8° depending on the task (Equation
2). The average SE of UT and LT measurements across the differ-
ent tasks was 0.09° for both the control group and the patient
group. This is 5–10% of the threshold differences, indicating that

measurement resolution was sufficient for the tasks described in
this study.

A repeated-measures ANOVA for WFs (3 tasks � 2 subject
groups) found a significant task-subject group interaction
(F � 3.81, p 	 0.031) but no significant effect of task (F �
2.20, p � 0.12) or group (F � 0.54, p � 0.47). Post hoc t tests
explored in greater detail the differences in performance un-
derlying the interaction. As seen in previous studies (Maschke
et al., 2003; Bhanpuri et al., 2012), passive proprioception
(Task 1, no EMG activity) was similar between groups, as
indicated by no difference in WFs (Fig. 2, t � �0.25, p � 0.80).
Controls demonstrated better precision of proprioception in
the active-simple task (Task 2) compared with the passive task
(Fig. 2, t � 3.67, p 	 0.005), as expected (Adamovich et al.,
1998; Fuentes and Bastian, 2010). However, their performance
was not improved in the active-complex task (Task 3)—it was
no different from the passive task (Fig. 2, t � �0.38, p � 0.38)
and significantly worse than the active-simple task (Fig. 2, t �
�2.73, p 	 0.022). In contrast, the patient group showed no
significant differences in WFs between tasks (Fig. 2; all p �
0.28) and were significantly worse than controls at the active-
simple task (Fig. 2, t � �2.53, p 	 0.030, control average:
0.053; patient average 0.085; a 60% difference). In summary,
unlike controls, the patient group did not show an improve-
ment in proprioceptive sensitivity during active movements
with simple and predictable dynamics; however, they were similar to
controls in passive proprioception and active proprioception when
the movement dynamics were complex and unpredictable.

On an individual basis, seven of 11 controls demonstrated an
improvement of at least 0.015 in WF between the passive and
active-simple task (i.e., WFpassive � WFactive-simple � 0.015). Fur-
thermore, all seven showed a statistically significant improve-
ment in either the UT or LT according to a Wilcoxon signed-rank
test (all p 	 0.02). Only three of 11 patients showed an improve-
ment of at least 0.015 from passive to active-simple (only two
showed significant improvement in either UT or LT according to
the Wilcoxon signed-rank test; all p 	 0.04). In sum, 64% of
controls and only 18% of patients showed either a significant
improvement in UT or LT between the passive and active-simple
tasks that resulted in a WF change of at least 0.015.

The only obvious characteristic distinguishing the three pa-
tients who showed improvement in WF (mentioned above) from
the rest of the group is that their ICARS scores were lower (i.e.,
they were less motorically impaired) than all but two other
patient’s scores. However, across the entire patient group, we
found no significant correlations between WF for the different
tasks and ICARS scores (for both total ICARS and kinetic sub-
scores, all were p � 0.4).

We ruled out any differences in movement patterns be-
tween the two groups in the various conditions using three
metrics: maximum torque, mean velocity, and smoothness
index. The groups were similar for these parameters across all
three tasks (Fig. 3; all p � 0.18). In addition, none of these metrics
was significantly correlated with the WFs for either group (all p �
0.13). Although the patients had movement abnormalities dur-
ing the neurological examination, they performed the tasks similarly
to controls, probably because movements were at a single joint (Bas-
tian et al., 2000) and slow (Topka et al., 1998). We also performed
repeated-measures ANOVA on PSEs to determine whether there
was a significant effect of group or task on the average of the UT
and LT. We did not expect to see an effect here because we hy-
pothesized that group and task would affect the UT and LT sim-
ilarly. As anticipated, there were no significant effects of task (F �

Figure 2. Comparison of WFs. Error bars indicate SEM. The only significant difference across
groups for the three tasks was for the active-simple task ( p 	 0.031). Controls (n � 11) were
significantly different at the active-simple task compared with the passive task ( p	0.005) and
the active-complex task ( p 	 0.022), but they did not show a difference between the passive
and active-complex tasks ( p � 0.38). Among the patients (n � 11), there were no significant
differences between tasks (all p � 0.28). *p 	 0.05, **p 	 0.005.
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0.88, p � 0.35), group (F � 1.98, p � 0.15), or task-group inter-
action (F � 0.16, p � 0.85).

Discussion
Our results show that a cerebellum-dependent mechanism is
used to improve active versus passive proprioception during a dis-
crimination task. Cerebellar patients have the same precision as con-
trols in passive proprioception, but whereas controls improve with
active movement (Adamovich et al., 1998; Zia et al., 2000; Laufer et
al., 2001; Fuentes and Bastian, 2010), patients do not. Importantly,
we show that not all self-generated movement improves propriocep-
tion; when control subjects encounter unpredictable forces during
movement, their active proprioceptive precision worsens to passive
levels. Therefore, controls look very much like cerebellar patients
when the movement outcome from their motor commands be-
comes unpredictable. We interpret these results to mean that the
cerebellum is contributing to a prediction about the state of the limb
given the motor commands being executed and that this can be used
in combination with proprioceptive input to improve perception.

The current work extends beyond previous research on
cerebellar contributions to perception (Angel, 1980; Synofzik
et al., 2008; Bhanpuri et al., 2012) in a few critical ways. First,
we identified a perceptual deficit that is limited to propriocep-
tion, whereas the other studies involved force perception (An-
gel, 1980; Bhanpuri et al., 2012) or vision (Synofzik et al.,
2008) in addition to proprioception. Therefore, it is possible
that the previously described deficits are due to fundamental
problems in active proprioception and not due to combining
proprioceptive information with different sensory modalities
(i.e., force, vision). Second, an important difference between

this study and the study conducted by Synofzik et al. (2008) is
that the patients in this study exhibited perceptual deficits
during familiar movements, whereas patients in the other the
study only displayed perceptual abnormalities for a task in-
volving a sensorimotor manipulation. Based on our results, we
would have predicted that the patients studied by Synofzik et
al. (2008) would have been worse (i.e., higher just noticeable
differences) with regard to detecting manipulated visual feed-
back during preadaptation compared with controls, but per-
haps the method used was not sensitive enough to uncover this
distinction. Further testing should be done to resolve this dif-
ference. Third, we show that control subject perceptions can
be perturbed and resemble patients by restricting movements
to a novel dynamic environment. This provides evidence that
one’s ability to predict movement outcomes is necessary for
normal perception during action. Furthermore, we suggest
that studying healthy individuals in the active-complex con-
dition can be a useful model for studying internal model def-
icits when access to cerebellar patients is limited.

There is evidence to suggest the cerebellum continuously
computes state predictions based on efferent copies of the
outgoing motor command to guide movement (Wolpert et al.,
1998; Miall et al., 2007; Xu-Wilson et al., 2009). It is also well
established that people can optimally integrate two sensory
estimates to form a single, more precise estimate of their body
state (e.g., hand position; van Beers et al., 1999; van Beers et
al., 2002). Here, subjects’ internal prediction of elbow move-
ment could be combined with sensory information from the
periphery to refine their final estimate of the forearm position
after voluntary movement. These predictions are unavailable
during passive movements and imprecise when movement
dynamics are difficult to predict. In addition, when the cere-
bellum is damaged, we propose that the predictive internal
models are much more variable and, therefore, according to optimal
integration of two information streams (van Beers et al., 1999; Ernst
and Banks, 2002; van Beers et al., 2002), the final percept would be
based primarily on peripheral information.

We have uncovered a perceptual deficit among a patient
population that has not been reported in the literature. Stan-
dard clinical tests for proprioceptive function are passive in
nature: the examiner moves the limb or digit of a subject and
then the subject reports the change in position either verbally
or by matching with the contralateral body part (Campbell,
2005). Cerebellar damage does not impair this type of percep-
tion (Holmes, 1917; Maschke et al., 2003; Bhanpuri et al.,
2012). With regard to the individuals with SCA6 specifically,
signs of sensory neuropathy have varied in the literature. Two
studies did not detect sensory neuropathy in these individuals
using clinical sensory tests, nerve conduction studies, or so-
matosensory evoked potentials (Nagai et al., 1998; Lee et al.,
2003), whereas another study observed mild impairments
(Schöls et al., 1998). Based on the results of our clinical exam-
inations and the passive proprioception experiment (which is
more precise than typical clinical tests), we believe that the
deficits we observed in active proprioception were not due to
peripheral sensory dysfunction.

Perhaps most importantly, we have shown here that cere-
bellar patients are impaired at discriminating between limb
positions after different active, self-driven movements. Dur-
ing natural behavior, our body state is modified primarily by
active movements rather than passive movements, so it fol-
lows that the cerebellum is crucial to normal proprioception
in most practical circumstances. Clinicians and therapists

Figure 3. Behavioral comparison of controls and cerebellar patients. Possible differences in
movement during tasks could account for differences in perception. Group average of average
maximum robot torque (top row), average mean velocity (middle row), and average smooth-
ness index (bottom row) for all tasks. Smoothness index was computed as the SD of the high-
pass-filtered (second-order, 2 Hz cutoff) position data (low values indicate smooth movement).
Error bars indicate SE. Controls and patients demonstrated similar behavior (all p � 0.18).
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should take note that, in addition to obvious movement ab-
normalities, cerebellar patients have an impaired perception
of movement outcomes, so interventions may need to con-
sider proprioceptive deficits along with the classic symptoms
of ataxia.
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