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Recent research indicates that physiotherapy can improve motor performance of patients with cerebellar degeneration. Given the known
contributions of the cerebellum to motor learning, it remains unclear whether such observable changes in performance are mediated by
the cerebellum or cerebral brain areas involved in motor control and learning. The current study addressed this question by assessing the
increase in gray matter volume due to sensorimotor training in cerebellar patients using voxel-based morphometry. Nineteen human
subjects with pure cerebellar degeneration and matched healthy controls were trained for 2 weeks on a balance task. Postural and clinical
assessments along with structural magnetic resonance imaging were performed pretraining and post-training. The main findings were as
follows. First, training enhanced balance performance in cerebellar patients. Second, in contrast to controls patients revealed signifi-
cantly more post-training gray matter volume in the dorsal premotor cortex. Third, training-related increase in gray matter volume was
observed within the cerebellum and was more pronounced in controls than in patients. However, statistically cerebellar changes were at
the trend level and thus require additional, independent confirmation. We conclude that sensorimotor training of patients with cerebellar
neurodegeneration induces gray matter changes primarily within nonaffected neocortical regions of the cerebellar-cortical loop. Resid-
ual function of the cerebellum appears to be exploited suggesting either a recovery from degeneration or intact processes of cerebellar
plasticity in the remaining healthy tissue.

Introduction
Sporadic and hereditary cerebellar ataxias are associated with
progressive loss of motor coordination severely affecting all as-
pects of daily life (Klockgether and Paulson, 2011). In recent
years, knowledge about genetics of many dominantly and reces-
sive inherited disorders has improved considerably (Durr, 2010;
Anheim et al., 2012). So far, with very few exceptions, such as
administration of acetazolamide and aminopyridines in episodic
ataxias and downbeat nystagmus (Strupp et al., 2011), there is no
proven pharmacological treatment that provides significant
symptomatic relief or slows disease progression.

Currently, treatment primarily consists of physiotherapeutic
interventions (Ilg and Timmann, 2013). Although physical ther-
apy has been recommended for many years, there is a remarkable

lack of studies examining its potential benefit for cerebellar pa-
tients. Since the cerebellum has long been known as a structure
that contributes to motor coordination and motor learning (Ito,
1984; Thach et al., 1992), one may not have been overly optimis-
tic regarding improvement of motor function with training. Yet,
only recently, three well controlled group studies have demon-
strated significant motor benefit following coordinative training.
Ilg et al. (2009, 2010) reported that after a 4 week intensive coor-
dinative training cerebellar patients improved motor perfor-
mance, reduced their ataxic symptoms, and sustained these
benefits for up to one year. Similar gains persisting for 6 months
following a 1 month rehabilitation program were also shown by
Miyai et al. (2012). However, at this point the neuronal under-
pinnings of the beneficial effect of coordinative training in cere-
bellar degeneration remain elusive.

Neuroimaging tools—in particular voxel-based morphome-
try (VBM)—were proven useful for understanding training-
related brain changes in healthy participants (Draganski et al.,
2004; Driemeyer et al., 2008; Taubert et al., 2010), but as yet, have
only rarely been applied in patient populations. In patients with
cerebellar degeneration, VBM may show that motor improve-
ment can rely either on the cerebrum or cerebellum. A limited
number of studies appear to support both possibilities. First, an
animal model of alcohol toxicity-driven cerebellar degeneration
showed that training-induced motor improvement is accompa-
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nied by synaptogenesis of remaining Purkinje cells and an in-
crease in the size of astrocytes (Klintsova et al., 2002). Thus,
training may improve function of remaining cerebellar circuitry.
Second, there is proof that in Parkinson’s disease, corticocerebel-
lar motor loops are increasingly recruited as a form of compen-
sation for the affected basal ganglia circuit (van Eimeren and
Siebner, 2006; Palmer et al., 2009). Therefore, it may be reason-
able to expect the opposite in cerebellar patients (Wessel et al.,
1995). Specifically, motor deficits in degenerative cerebellar pa-
tients may be compensated by gray matter increase within struc-
tures of the corticobasal ganglia motor loop.

The primary goals of the present study were to provide addi-
tional evidence that sensorimotor training enhances motor per-
formance in adults with cerebellar degeneration and identify
possible training-related changes in gray matter volume in cere-
bellar and/or cortical areas by means of VBM.

Materials and Methods
Participants. A total of 19 patients with cerebellar degeneration (13 males,
mean age 56.3 � 12 years, age range 26 –73 years, mean disease duration
7.3 � 5 years) and an equal number of age-matched healthy participants
(11 males, mean age 53.5 � 12.9 years, age range 25–71 years) took part
in the study. All patients had disorders known to primarily affect the
cerebellar cortex (Timmann et al., 2009): spinocerebellar ataxia (SCA)
type 6, SCA 14 (one patient), sporadic adult onset ataxia, and autosomal
dominant cerebellar ataxia type III (for more details, see Table 1). Thus,
although the underlying cause of these disorders differs, the cerebellar
structures involved are the same. As for controls, there was no evidence of
any neurological or orthopedic disease based on medical history and
neurological examination. The study was approved by the local Ethics
Committee and complied with the principles outlined in the Declaration
of Helsinki. Informed consent was obtained from all participants before
testing.

Study design. The aim of the present study was to assess the effects of a
2 week postural training program on motor performance as well as ac-
companying gray matter changes in patients with cerebellar degenera-
tion. For this purpose, participants underwent 2 weeks of training.
Postural assessment, clinical examination, and structural magnetic reso-
nance imaging (MRI) were performed on three different occasions: be-

fore training (BT), after training (AT), and 3 months later (A3) (Fig. 1A).
To exclude unspecific, nontraining-related effects on behavioral mea-
sures, half of the participants (chosen at random) received additional
postural and clinical assessments 2 weeks before the beginning of the
training.

Postural training. The 2 week postural training was conducted by a
qualified physical therapist (N.F.). Due to local organizational require-
ments, it always started on a Tuesday and included two weekends. The
program was delivered in the form of a 10 d assisted training on a Neu-
roCom SMART EquiTest system along with a 4 d home training session
corresponding to the two weekends.

The testing protocol required participants to stand on a force plate
while facing a visual surround. Both could either tilt or remain fixed
depending on the testing condition. Throughout the experiment, pa-
tients and controls were protected from falling by a safety harness. A

Table 1. Characteristics of cerebellar patients

Patient Age (years) Duration (years) Gender Disease

ICARS �100� SARA �40�

Cerebellar vol. (%TICV) Cerebellar GM vol. (%TICV)BT AT A3 BT AT A3

P01 72 5 M SCA 6 26.5 28.5 34.5 16 16 18 6.5 5.6
P02 58 5 M SAOA 24.5 21 14.5 15 10 12 7.4 6.3
P03 58 10 F SCA 6 44 40 47.5 26 21 22 7.6 6.3
P04 71 3 F SCA 6 25 25 27 18 17 18 7.4 6.1
P05 42 6 M ADCA III 33 28.5 30.5 13 14 16 6.7 5.4
P06 63 2 M SAOA 26 24.5 23.5 11 14 15 8.8 6.9
P07 42 3 M SAOA 16 18 16 11 11 10 8.5 6.8
P08 51 5 M ADCA III 20.5 23.5 27 11 14 19 6.2 5.2
P09 51 16 M SAOA 48.5 40.5 45.5 26 20 22 6.5 5.6
P10 46 5 F ADCA III 13 14 14.5 10 9 10 5.8 4.6
P11 70 15 M SCA 6 33 28 37.8 18 16 20 6.3 5.3
P12 50 11 F SCA 14 23 19 20.5 14 14 13 7.8 6.3
P13 26 3 M SAOA 30.5 32 29.5 19 22 20 6.6 5.3
P14 62 4 F SCA 6 33 32 30 19 17 17 7.1 5.8
P15 60 5 M SAOA 21 26 22 13 13 14 9.1 6.9
P16 54 3 M SCA 6 10.5 7 7.5 5 4 4.5 0.8 0.7
P17 71 4 M SAOA 18 15.5 18 10 7 9 7.7 6.1
P18 50 11 F SAOA 27 30.5 26.5 14 17 16 6.7 5.4
P19 73 20 M SAOA 17 16.5 13.5 11 9 8 8.0 6.4

Listed are age at examination, disease duration, and gender (M � male, F � female). In the disease column, SCA 6, 14 indicate spinocerebellar ataxia type 6, type 14; SAOA, sporadic adult-onset ataxia, and ADCA III, autosomal dominant
cerebellar ataxia type III (pure cerebellar type). Severity of ataxia was rated on three occasions: BT, before training; AT, after training, and A3, 3 month follow-up; using the International Cooperative Ataxia Rating Scale (ICARS) and the Scale
for the Assessment and Rating of Ataxia (SARA). Total scores are given, with maximum scores indicated in brackets. The last two columns document volumes of the cerebellum and cerebellar gray matter (GM) in patients expressed as
percentage of the total intracranial volume (%TICV). For comparison purposes, we provide the mean values (SD) for patients and controls: cerebellar volume patients, 6.9 (1.7); cerebellar volume controls, 9.4 (1.1); cerebellar gray matter
volume patients, 5.4 (1.4); cerebellar gray matter volume controls, 7.7 (0.9).

Figure 1. A, Schematic representation of the experimental design. B, LOS target layout.
Participants were asked to displace their COG as smoothly and as far as possible to reach each
cued location (gray color). On-line feedback of their COG trace was offered via a human-shaped
cursor.
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central starting position and target locations were presented as squares
on a computer screen situated in front of them, at the level of their eyes.
On command (that is, a change in target color, followed by a beep), they
had to displace their center of gravity (COG) to reach for the cued loca-
tion. The instructions were to move “as quickly and as accurately as
possible” and maintain their COG within the target area for 10 s before
moving to a different location. Visual feedback of their COG displace-
ment was provided via a cursor on the screen. Training consisted of 1 h
daily sessions, divided into three 20 min blocks. There were three exer-
cises per block (3 � 5 min). At the end of each block, participants’
postural control was assessed using the limits of stability (LOS) test (see
Postural assessments). The first exercise contained clusters of four tar-
gets, located on the screen directly forward, backward, to the right, and to
the left of the starting position. Patients and controls were required to
displace their COG so they could reach each target within a cluster.
Moving to a different cluster was possible only after having passed
through all four targets. The second exercise involved a central starting
point and 20 target locations that were highlighted in a random manner.
Both exercises were performed with a fixed base of support. The last
exercise was a repetition of the first one, while standing on a moving
platform. The base of support would now move in the anterior–posterior
direction according to the participant’s sway (sway-referenced). The dif-
ficulty level of the exercises could increase depending on whether a “pla-
teau effect” was detected during 3 consecutive days. Overall, changes
were made for half of the participants (3 patients, 16 controls), mostly
during the second week of training. The new adjustment comprised the
reference of the platform to the participant’s anterior–posterior body
sway during the first two exercises and random motion during the third
one. In addition to the performance during the previously mentioned
exercises, we also monitored the number of falls. A fall was scored when-
ever the participant would come to rest against the visual surround or
make side steps.

Participants continued their training over the two weekends by per-
forming similar exercises at home. They were provided with an instruc-
tion book, eight stickers to tape in a circle on a mirror and one on their
sternum (acting like targets and starting position), and a foam pad to
simulate the moving platform. Home training lasted half an hour a day
and had to be done in a single session.

Clinical outcome measures. Experienced neurologists (D.T./M.G.)
rated ataxia using the International Cooperative Ataxia Rating Scale
(ICARS; Trouillas et al., 1997) and the Scale for the Assessment and
Rating of Ataxia (SARA; Schmitz-Hübsch et al., 2006).

Additionally, the physiotherapist (N.F.) evaluated balance capacities
using a battery of motor tests. Participants’ ability to maintain balance
while performing a series of 14 tasks required in everyday living was rated
using the Berg Balance Scale (BBS; Berg et al., 1992). A low score on this
scale is associated with a high risk of falling. Mobility was assessed using
the Timed Up and Go Test ( Podsiadlo and Richardson, 1991), while the
speed of gait was evaluated with the Timed Walking Test: 8 m walk (a
subunit of the Spinocerebellar Ataxia Functional Index; Schmitz-Hübsch
et al., 2008). Finally, the Falls Efficacy Scale International ( Yardley et al.,
2005), a specific screening instrument measuring self-reported fear of
falling, was used to determine how confidently participants felt when
undertaking certain activities.

Postural assessments. A comprehensive assessment was performed us-
ing two testing protocols available on the NeuroCom SMART EquiTest
system that cover both static and dynamic components of postural
stability.

First, a test that addresses the concept of theoretical LOS was used. The
LOS is pictured as a cone with its apex projecting from the center of the
base of support. The area within the cone corresponds to the maximum
range in which the COG can be safely displaced without changing the
base of support (NeuroCom International, 2004). The LOS are repre-
sented by an ellipse of eight predefined targets arrayed around a central
position on a computer screen situated at the level of the eyes (Fig. 1B).
Once a peripheral target was highlighted, the participant had to use the
ankle strategy to move a cursor on the screen reflecting their COG posi-
tion to the cued location, and hold it in position for 10 s until the central
position was again indicated. The LOS targets were specified in a clock-

wise manner. For each of the eight directions, the system calculated on-
line the following parameters: reaction time (RT; time from the moment
a participant was acoustically cued to move and the actual initiation of
movement), movement velocity (MVL; average speed of COG displace-
ment measured in degrees per second), endpoint excursion (EPE; dis-
tance left until reaching the target after the first attempt of moving
toward it had been made), maximum excursion (MXE; distance left until
reaching the target once the last movement had been made), and direc-
tional control (DCL; comparison of the amount of movement in the cued
direction and the amount of extraneous movement). The last three pa-
rameters were expressed as percentage of the maximum LOS distance.

Second, participants were tested on the Sensory Organization Test
(SOT), a task evaluating one’s ability to use visual, vestibular, and so-
matosensory information for balance control (NeuroCom International,
2004). Similar to the LOS testing procedure, participants had to stand on
the computer-controlled platform, facing the visual surround, with their
feet centered on the force plate and arms alongside the body. The test
consisted of six conditions (three trials each). With the platform stable
the participant’s eyes were either open (condition 1) or closed (condition
2), or the visual surround was sway-referenced (condition 3). With the
platform being sway-referenced the participant’s eyes were either open
(condition 4) or closed (condition 5) or both the visual surround and the
platform were sway-referenced (condition 6). Throughout the six con-
ditions, participants were required to remain as stable as possible. Col-
lected data were entered into custom-built software based on MATLAB
R2007b (MathWorks) to compute several measures of postural sway.

Statistical analysis. Paired-samples t tests (separate for patients and
controls) were performed to compare performance 2 weeks and directly
before training in the subgroup with the 2 week waiting period, to ex-
clude unspecific improvements unrelated to training ( p values � 0.05).
Next, we used an ANOVA with repeated measures on assessment, on all
postural parameters, to examine differences between testing sessions as
well as groups. Where the ANOVA’s sphericity assumption was not met,
degrees of freedom were corrected using the Greenhouse–Geisser esti-
mates of sphericity. Significant effects were further examined using a
priori pairwise comparisons. By applying a Bonferroni correction to the
planned contrasts, the significance level was reduced to p � 0.017 corre-
sponding to a division of the standard �-level to the number of compar-
isons (BT vs AT, AT vs A3, BT vs A3). On all clinical scores,
nonparametric statistics were applied (Friedman’s test followed by Wil-
coxon signed-rank test to determine significance between assessments
and Mann–Whitney U test to assess group differences). Furthermore, a
Pearson product-moment correlation coefficient was computed for each
LOS parameter evaluated before training in patients to assess its relation
to the degree of ataxia, as indexed by ICARS and SARA scores.

MRI data acquisition. All participants received whole-brain T1-
weighted structural MRI scans before training, after training, and at 3 month
follow-up (Fig. 1A). MRI was performed on a 1.5 T MRI system (Magnetom
Espree; Siemens Medical Solutions) with a 12-channel headcoil. Magnetiza-
tion prepared rapid acquisition gradient echo (MPRAGE) images were ac-
quired using a 3D gradient echo technique (TR 2400 ms, TE 3.63 ms, flip
angle 8°, FOV 280 mm, acquisition matrix 256 � 256, voxel size 1.0 � 1.0 �
1.0 mm, 1-mm-thick slices). Moreover, the MRI protocol included a one-
time acquisition of T2-weighted (TR 5270 ms, TE 107 ms, FOV 250 mm,
voxel size 1.0 � 0.5 � 3.0, 3-mm-thick slices), susceptibility weighted imag-
ing (TR 45 ms, TE 40 ms, FOV 280 mm, voxel size 1.0 � 0.9 � 1.6, 1.6-mm-
thick slices), and fluid-attenuated inversion recovery (TR 6000 ms, TE 357
ms, FOV 256 mm, voxel size 1.0 � 1.0 � 1.0, 1-mm-thick slices) sequences,
to exclude extracerebellar brain pathology (as assessed by a neuroradiologist,
N.T.).

VBM protocol and data analysis. Two separate VBM analyses were
conducted with the aim of detecting changes in gray matter volume
associated with the 2 week postural training in cerebellar patients and
healthy controls. Conventional whole-brain VBM analysis along with a
cerebellum-optimized approach was used with the purpose of exploring
changes within the cerebrum and cerebellum, respectively. The choice of
a whole-brain approach over a region-of-interest (ROI) analysis was
motivated by the lack of studies exploring which brain areas a cerebellar
patient might use to compensate for the underlying disease. Specifically,
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the brain areas recruited throughout training
by these patients may be different from those of
healthy individuals. For both analyses, signifi-
cance was assessed using a corrected height
threshold of p � 0.05 (familywise error (FWE)
correction for multiple comparisons). Regions
surpassing an uncorrected p value of 0.001
were reported as trends. Predetermined cluster
sizes were used as partial correction (Bennett et
al., 2009). Statistical inferences were per-
formed on the cluster sizes using random field
theory (Friston et al., 1994; Worsley et al.,
1996). A different color code shows corrected
(green) and uncorrected (red) height threshold
data in the respective figures throughout this
manuscript.

Standard whole-brain VBM. All T1-weighted
MRI scans were preprocessed using VBM8
toolbox (http://dbm.neuro.uni-jena.de/vbm.
html) incorporated in the SPM8 software
package (Welcome Department of Cognitive
Neurology, London, UK). The default longitu-
dinal preprocessing approach implemented in
the toolbox was used. Briefly, the after training
and 3 month follow-up scans were registered to
the baseline (before training) scan for each par-
ticipant separately. A mean of the realigned im-
ages was generated and used as a reference in
a subsequent realignment. The resulting re-

aligned images were bias corrected for field inhomogeneities with respect
to the reference mean image. The latter was tissue classified into gray
matter, white matter, and CSF, and registered using linear (12 parameter
affine) and nonlinear transformations (warping to match a standard
template; i. e. DARTEL) within a unified model (Ashburner and Friston,
2005). The spatial normalization parameters estimated during this step
were applied to the segmentations of the three gray matter maps (BT, AT,
A3) to align the coordinate frames of the individual scans. To compen-
sate for individual local volume deformations, resulting gray matter den-
sity maps were modulated by the Jacobian determinants as derived from
the spatial normalization’s deformation parameters. A modulation for
nonlinear components only was used. Finally, the modulated normalized
gray matter segments were realigned one more time and smoothed with
a Gaussian kernel of 8 mm full width at half-maximum (FWHM).

The processed images (three per participant) were analyzed within the
framework of the general linear model implemented in SPM8, by setting
up a flexible factorial design. Three factors were specified: subject, group
(patients vs controls), and time point (BT, AT, A3). Main effects were
investigated using paired-samples t tests. The interaction effect of time
and group was calculated. Other usual subject-specific covariates, such as
age and total intracranial volume (TICV) were not entered into the de-
sign, since the subject factor already accounts for these variances. First,
we tested for brain regions showing an increase in gray matter volume
from before training to after training in patients and controls, indepen-
dently. In a second analysis, we looked at brain regions where one group
had more gray matter volume increase than the other group (time
point � group interaction). Next, a comparison of baseline gray matter
volume between patients and controls was performed via a two-sample t
test while controlling for age and TICV. Finally, multiple regression anal-
yses using baseline gray matter volumes and clinical ataxia scores were
run in cerebellar patients. Age and TICV were included in the design
matrix as covariates of no interest. For result localization, the AAL atlas
(Tzourio-Mazoyer et al., 2002) was used.

Cerebellum-optimized VBM. The Spatially Unbiased Infratentorial (SUIT)
toolbox was used for an optimized spatial normalization of the cerebellum
(http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm; Diedrich-
sen, 2006). The initial realigned and bias-corrected longitudinal data
from the standard whole-brain VBM analysis were used in a processing
step that isolated the cerebellum and brainstem from the MRI scans, and
generated segmentation maps. Next, the isolated maps were hand corrected

Figure 2. Performance of cerebellar patients and healthy controls on three LOS parameters: EPE (A), MXE (B), and DLC (C);
expressed as mean scores. Error bars indicate SE. The three groups of bars indicate the main examinations: BT, AT, and A3. Below,
scatter plots show a positive correlation of ICARS score with the EPE and MXE, and an inverse correlation with DCL.

Figure 3. Plots of the mean DCL score (A) and number of falls (B) of cerebellar patients and
healthy controls during the 10 day assisted training. Error bars indicate SE.

Figure 4. Mean sway length is shown across time, for each of the six SOT conditions. Error
bars indicate SE.
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in MRIcron (http://www.cabiatl.com/mricro/mricron/index.html), to
avoid contamination problems from the adjacent visual cortex. A spa-
tial normalization of the before training cropped cerebellum to the SUIT
template was performed. The resulting normalization parameters were used
to reslice the three gray matter segments of each participant into SUIT atlas
space. Moreover, a modulation of the gray matter segments was incorpo-
rated to compensate for volume changes during spatial normalization by
multiplying the intensity value in each voxel with the Jacobian determinants.
To preserve precision in the definition of cerebellar structures, a 4 mm de-
fault FWHM Gaussian kernel was used for smoothing. As for the statistical
analysis, we specified the same contrasts as in the standard whole-brain VBM
analysis. Anatomical localization of the cerebellar lobules was determined
with the probabilistic MRI atlas of the human cerebellum (Diedrichsen et al.,
2009).

Results
Postural data
LOS: pre-, post, and 3 month follow-up assessments
Figure 2 (upper row) illustrates training-related improvement on
three of the LOS outcome measures in cerebellar patients and con-

trols. A 3 (time of assessment) � 2 (group) repeated-measures
ANOVA yielded a significant effect of time of assessment on RT
(F(1.3,50.1) � 19.82, p � 0.001), MVL (F(1.5,57) � 17.45, p � 0.001),
EPE (F(2,72) � 79.98, p � 0.001), MXE (F(2,72) � 19.35, p � 0.001),
and DCL (F(1.2,45.7) � 64.22, p � 0.001). Planned pairwise com-
parisons revealed a post-training improvement in performance on
all five LOS parameters (p values � 0.017; Bonferroni corrected),
with no significant decline at 3 month follow-up (p values � 0.017).
As expected, significant group effects (RT: F(1,36) � 7.18, p � 0.011;
MVL: F(1,36) � 18.12, p � 0.001; EPE: F(1,36) � 81.23, p � 0.001;
MXE: F(1,36) � 29.75, p � 0.001; DCL: F(1,36) � 11.32, p � 0.002),
with a better performance of controls compared with that of degen-
erative patients, were detected. There was, however, no time of
assessment � group interaction, indicating that the pattern of
training-related improvement did not differ between groups (p
values � 0.05).

Bivariate Pearson’s correlation analyses in patients showed
that performance before training on three LOS parameters was

Figure 5. Standard whole-brain VBM analysis results showing increase in gray matter volume from before training to after training in cerebellar patients (left) and healthy controls (right).
Training-related gray matter volume increase in patients was detected in the right PMd (A) at p � 0.05 (FWE corrected; shown in green). B, At a trend level ( p � 0.001, uncorrected; predetermined
cluster size of 48.29 as partial correction; shown in red), gray matter volume increase was seen in the left middle temporal gyrus, insula bilaterally, and left anterior cingulate cortex. C, Conversely,
increase in gray matter volume in controls was seen in the calcarine sulcus bilaterally, right superior temporal gyrus, right middle occipital gyrus, left putamen, left hippocampus, and right lobule
VIIIb of the cerebellum (D) ( p � 0.001, uncorrected; predetermined cluster size of 48.29 as partial correction; shown in red). Gray matter changes are overlaid on a mean image of the modulated
normalized gray matter segments. Color scales indicate t values, whereas x, y, z stand for the MNI coordinates in millimeters. GM, gray matter; PMd, dorsal premotor cortex; MTG, middle temporal
gyrus; INS, insula; ACC, anterior cingulate cortex; CaS, calcarine sulcus; STG, superior temporal gyrus; MOG, middle occipital gyrus; PUT, putamen; HC, hippocampus; VIIIb, cerebellar lobule VIIIb.

Table 2. Evaluation of clinical scores

Clinical score

Mean (� SD) patients Mean (� SD) controls

2w � BT BT AT A3 2w � BT BT AT A3

ICARS �max. 100� 25.7 (9.7) 24.7 (8.6) 25.5 (10.7) 0.6 (0.8) 0.3 (0.6) 0.2 (0.4)
�26.1 (9.9)� �29.2 (9.5)� �27.5 (7.5)� �27.7 (9.5)� �0.8 (0.8)� �0.3 (0.6)� �0.3 (0.4)� �0.2 (0.4)�

SARA �max. 40� 14.7 (5.3) 13.9 (4.7) 14.9 (4.9) 0.5 (1.0) 0.4 (0.7) 0.1 (0.3)
�14.6 (5.1)� �17.4 (4.7)� �16.2 (4.0)� �17.2 (3.6)� �0.3 (0.5)� �0.5 (1.3)� �0.3 (0.7)� �0.2 (0.4)�

BBS �max. 56� 41 (8.5) 42.8 (8.1) 42.4 (9.1) 55.2 (1.1) 55.2 (1.5) 55.2 (1.3)
�40.6 (9.8)� �39.7 (10.1)� �41.2 (11.1)� �41.5 (10.4)� �55.3 (1.1)� �55.4 (1.1)� �55.4 (1.0)� �55.6 (0.7)�

TUG �seconds� 13 (7.5) 12.3 (6.2) 12.5 (6.2) 6.7 (1.0) 6.7 (0.8) 6.7 (1.0)
�12.9 (7.3)� �12.5 (5.4)� �11.8 (5.1)� �11.9 (4.2)� �6.9 (1.0)� �6.6 (0.9)� �6.8 (0.7)� �6.9 (1.1)�

8MWT �seconds� 8.0 (4.4) 7.7 (3.8) 8.3 (4.9) 4.7 (0.7) 4.9 (0.7) 4.9 (0.7)
�8.1 (4.4)� �7.6 (2.7)� �7.2 (2.3)� �7.5 (2.3)� �4.7 (0.8)� �4.9 (0.6)� �5.0 (0.6)� �4.9 (0.7)�

FES-I �max. 64� 51.1 (7.6) 50.9 (9.5) 52.3 (8.5) 16.5 (0.7) 16.6 (0.7) 16.4 (0.7)
�51.8 (7.8)� �51.4 (8.7)� �52.7 (9.0)� �51.7 (9.5)� �16.5 (0.8)� �16.4 (0.5)� �16.4 (0.5)� �16.2 (0.4)�

Listed are the mean and SD for each clinical outcome measure. ICARS, International Cooperative Ataxia Rating Scale; SARA, Scale for the Assessment and Rating of Ataxia; BBS, Berg Balance Scale; TUG, Timed Up and Go Test; 8MWT, Timed
Walking Test: 8m walk; FES-I, Falls Efficacy Scale International; 2w � BT, the performance of those participants who received an additional evaluation 2 weeks prior to the beginning of training. Their performance is given in square brackets
throughout the table.
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associated with the degree of ataxia (Fig. 2, lower row). A first
parameter that positively correlated with ICARS (r � 0.51, p �
0.023) and SARA (r � 0.54, p � 0.015) was the EPE. A similar
correlation was demonstrated for the MXE (ICARS: r � 0.56, p �
0.012; SARA: r � 0.58, p � 0.008). DLC before training negatively
correlated with ICARS score (r � �0.45, p � 0.049). Thus, the
distance left toward the target increased and accuracy of move-
ment decreased with the severity of ataxia.

LOS during postural training
The 2 week postural training resulted in significant improvement
of motor performance, visible across the 10 training days. An
example of an LOS parameter that changed throughout training
is shown in Figure 3A. Notably, DCL improved in both groups
during the course of training. However, as expected, controls
generally performed better than patients. A repeated-measures
ANOVA confirmed an improvement across the 10 training days
not only for DLC (F(2.9,105.4) � 36.62, p � 0.001), but also for
MVL (F(4.1,148.6) � 12.36, p � 0.001), EPE (F(5.5,200.2) � 43.89,
p � 0.001), and MXE (F(5,183.1) � 7.87, p � 0.001). Training day
had no effect on RT (p � 0.05). Between-group differences in RT
(F(1,36) � 7.71, p � 0.004), MVL (F(1,36) � 12.52, p � 0.001), EPE
(F(1,36) � 41.77, p � 0.001), MXE (F(1,36) � 13.05, p � 0.001), and
DLC (F(1,36) � 24.99, p � 0.001) revealed an overall better per-
formance of controls compared with patients. A training day �
group interaction was found for MVL (F(4.1,148.6) � 2.63,
p � 0.035) and MXE (F(5,183.1) � 5.78, p � 0.001) but not for RT,
EPE, and DLC (p values � 0.05).

Falls during postural training
As depicted in Figure 3B, the number of falls in cerebellar patients
was larger than in controls. Training resulted in a decrease in falls
in patients only. A repeated-measures ANOVA revealed a signif-
icant group effect (F(1,36) � 14.09, p � 0.001), with patients fall-
ing more often than controls. No significant training day effect

was detected (p � 0.05). A trend toward a training day � group
interaction was observed (F(3.4,124.6) � 2.19, p � 0.082).

SOT
Figure 4 shows the mean sway length during the six SOT condi-
tions BT, AT, and A3. A group difference is evident, with patients
performing overall worse than controls but with both groups
getting better across time. Sway length increased with the diffi-
culty of the condition regardless of the group and so did the
number of falls (data not shown). A repeated-measures ANOVA
with time of assessment (BT, AT, A3) and group as within/be-
tween factors, revealed a shortening in time of sway length (mean
over the six conditions) (F(1.2,45.5) � 8.15, p � 0.004). Planned
pairwise comparisons indicated that sway length was reduced
after training compared with before training (p � 0.001) and that
the improvement was maintained over the following 3 month
period (p � 0.054). Between-group differences were also signif-
icant (F(1,36) � 14.41, p � 0.001). No time of assessment � group
interaction was found (p � 0.197).

Clinical outcome measures
Controls scored better than patients on all clinical measures
including the BBS. Respective Mann–Whitney U tests showed
significant group effects ( p values � 0.001). Using Friedman’s
test, possible changes in balance ability between assessments as
measured by the BBS yielded a significant effect for time of
assessment (� 2

(2) � 7.83, p � 0.020). Post hoc analysis with
Wilcoxon signed-rank test revealed a significant post-training
reduction of the risk of falling in cerebellar patients (Z �
�2.31, p � 0.021), but no significant change 3 months later
( p � 0.755). Based on the BBS, controls showed no significant
improvements over time and BBS changes within the cerebel-
lar group were small. In addition, repeated testing (familiar-
ity) may have influenced their scores. There was no time of

Table 3. Summary of brain regions detected with standard whole-brain VBM analysis

Brain region BA Side

MNI peak coordinate (mm)

kE t value Z-scorex y z

Training-related gray matter volume
increase

Patients
Dorsal premotor cortex 6 R 22 0 55 160 5.23 4.80
Middle temporal gyrus 22 L �48 �19 �6 128 4.30 4.04
Insula 13 R 33 �27 19 87 4.21 3.97
Insula 13 L �34 �15 3 145 3.90 3.70
Anterior cingulate cortex 24 L �3 33 9 50 3.68 3.51

Controls
Calcarine sulcus 17 L �15 �99 �6 1140 4.59 4.28
Superior temporal gyrus 22 R 48 �24 4 109 4.54 4.25
Middle occipital gyrus 19 R 30 �88 13 315 4.49 4.20
Putamen — L �24 9 1 117 3.91 3.71
Calcarine sulcus 17 R 15 �97 �2 504 3.91 3.71
Hippocampus — L �18 �37 6 69 3.82 3.63
Cerebellum, VIIIb — R 22 �52 �51 130 3.56 3.41

Between-group gray matter differences
Patients � Controls

Insula 13 L �44 �33 21 49 4.19 3.95
Dorsal premotor cortex 6 R 22 0 55 50 4.06 3.84

Controls � Patients
— — — — — — — — —

Morphological changes are tabulated in terms of brain region, corresponding Brodmann area (BA) and side (L, left; R, right). Brain regions surviving a height threshold of p � 0.05 (FWE corrected; underlined) and p � 0.001 (uncorrected;
predetermined cluster size of 48.29 as partial correction) are shown. Stereotactic coordinates (MNI, Montreal Neurological Institute), as well as cluster extent (kE) and t/Z-scores are given for the voxel showing the strongest effect size within
a cluster.
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assessment effect for the other clinical scores ( p values �
0.05). Results on clinical scores are listed in Table 2.

VBM data
Standard whole-brain VBM
Training-related gray matter volume increase. VBM analysis re-
vealed a significant post-training gray matter volume increase in
the cerebellar group in the right dorsal premotor cortex (x � 22,
y � 0, z � 55; p � 0.05, FWE corrected; Fig. 5, green; Table 3). At
p � 0.001 (uncorrected; predetermined cluster size of 48.29 as
partial correction), further gray matter volume increase was
found in the left middle temporal gyrus (left: x � �48, y �
�19, z � �6; p � 0.001), insula bilaterally (left: x � �34, y �
�15, z � 3, right: x � 33, y � �27, z � 19), and left anterior
cingulate cortex (x � �3, y � 33, z � 9) (Fig. 5, left, indicated
in red; Table 3).

In contrast, healthy controls had less pronounced gray matter
changes following training. No training-related gray matter vol-
ume increases were observed at a height threshold of p � 0.05
corrected for multiple comparisons. The corresponding analysis
using an uncorrected height threshold (p � 0.001; predeter-
mined cluster size of 48.29) revealed increases in gray matter
volume in the calcarine sulcus bilaterally (left: x � �15, y � �99,
z � �6, right: x � 15, y � �97, z � �2), right superior temporal
gyrus (x � 48, y � �24, z � 4), right middle occipital gyrus (x �
30, y � �88, z � 13), left putamen (x � �24, y � 9, z � 1), and
left hippocampus (x � �18, y � �37, z � 6). An additional

cluster was seen in the right lobule VIIIb of the cerebellum (x � 22,
y � �52, z � �51). For more details, see Figure 5, right and Table 3.

Between-group gray matter differences. Next, group differences
in the context of training-related gray matter changes were as-
sessed. At p � 0.001 (uncorrected; predetermined cluster size of
48.29) patients showed more post-training gray matter volume
increase compared with healthy controls in right dorsal premotor
cortex (x � 22, y � 0, z � 55) and the left insula (x � �44, y �
�33, z � 21) (Fig. 6, top; Table 3). There were no regions where
controls had larger post-training gray matter volumes than patients.
For illustration purposes, we plotted the parameter estimates along
with the 90% confidence interval at the peak location of each brain
region against time (Fig. 6, bottom).

Cerebellum-optimized VBM
Training-related gray matter volume increase. A VBM analysis us-
ing a height threshold of p � 0.05 corrected for multiple compar-
isons revealed no training-related cerebellar gray matter volume
increase in either group. At p � 0.001 (uncorrected; predeter-
mined cluster size of 30.78), patients showed a post-training gray
matter expansion in right Crus I (x � 20, y � �71, z � �33) (Fig. 7,
top; Table 4), while in healthy controls, gray matter volume increase
was found in right lobule VI (x � 34, y � �54, z � �31), extend-
ing into the adjacent region of Crus I, right lobule VIIIa ex-
tending into VIIIb (x � 30, y � �47, z � �47), and left Crus
II (x � �10, y � �78, z � �33) (Fig. 7, bottom; Table 4). No
significant between-group gray matter differences were found
within the cerebellum.

Differences in baseline gray matter volume; correlation in pa-
tients with ataxia scores. Patients revealed no cerebral regions with
a reduced baseline gray matter volume when compared with con-
trols neither at an FWE corrected p level of 0.05, nor at a trend
level (p � 0.001, uncorrected). However, patients were found to
have a reduced cerebellar gray matter volume at baseline com-
pared with the control group (Fig. 8A). The medial and interme-
diate structures of the cerebellum were significantly different
between the two groups (p � 0.05, FWE corrected).

There was a trend ( p � 0.001, uncorrected; predetermined
cluster size of 54.89) for the degree of ataxia in patients (SARA
scores) to negatively correlate with the baseline gray matter
volume of motor structures of the anterior cerebellum: lobules
V (left: x � �14, y � �46, z � �24), and VI bilaterally (left:
x � �28, y � �42, z � �23, right: x � 21, y � �55, z � �18)
(Fig. 8B). At the same p � 0.001 (uncorrected; predetermined
cluster size of 34.13), a positive correlation of ataxia scores
(SARA) in patients with cerebral baseline gray matter volume re-
vealed the following motor and non-motor structures: dorsal pre-
motor cortex bilaterally (left: x ��21, y ��1, z � 52, right: x � 27,
y � 6, z � 55), supplementary motor area bilaterally (left: x � �5,
y � 8, z � 66, right: x � 8, y � �12, z � 63), left precentral gyrus
(x � �23, y � �19, z � 73), left caudate nucleus (x � �15, y � 8,
z � 22), left superior frontal gyrus (x � �27, y � 38, z � 37), and
right middle frontal gyrus (x � 41, y � 21, z � 40) (Fig. 8C).

Discussion
The objective of the present study was to evaluate whether a 2
week postural training improves balance performance in patients
with cerebellar degeneration and identify macroscopic changes of
those brain structures that facilitate this process. Results show
that the patients’ post-training improvements in balance perfor-
mance were mainly associated with an increase in gray matter
volume in the premotor cortex. This finding is based on a brain
imaging analysis that corrected for multiple comparisons. How-

Figure 6. Group analysis showing brain regions where patients had more gray matter vol-
ume increase from before training to after training than healthy controls: PMd (A) and insula
(B). Bottom plot displays changes over time based on � parameter estimates (with 90% con-
fidence interval) of the peak voxel within the respective clusters (B). Note that these plots are
meant for illustration purposes only. The statistical parametric maps are overlaid on the mean
image of the modulated normalized gray matter segments and thresholded at p � 0.001
(uncorrected; predetermined cluster size of 48.29 as partial correction). Color scale indicates t
values, whereas the z coordinates represent the MNI coordinates. GM, gray matter.
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ever, for the sake of completeness we also reported those brain
areas that showed significant training-related changes based on
the uncorrected imaging data albeit at a more conservative
�-level and using predetermined cluster size as partial correction.
For an analysis that does not correct for multiple comparisons,
there is an increased risk of type I errors, that is, false positives
(Bennett et al., 2009). Thus, one needs to be cognizant that those
data may merely indicate “trends” in the statistical sense. They
are nevertheless informative as they outline more completely the
possible network involved in the training-induced brain changes.
They can serve as a guide for future follow-up studies examining
a larger patient population using an ROI-driven approach to
confirm the relationship between those brain areas that corre-
spond to functionally relevant behavioral changes as the result of
training.

Training-related postural changes
The current findings provide further evidence in support of the
effectiveness of motor training in patients with cerebellar degen-
eration. Although cerebellar patients exhibited poorer perfor-
mance than controls, they were able to improve postural stability
to the same extent as healthy participants. The acquired balance
improvements persisted over the 3 month period following train-
ing. Our results are in line with two previous studies reporting
improvement and retention of motor function for up to one year

following a 1 month intervention (Ilg et al., 2009, 2010; Miyai et
al., 2012). However, while these studies used a conventional
physiotherapeutic approach with a focus on measures of motor
coordination, we here tested balance performance in a single, well
defined postural task allowing us to associate gray matter changes
to observable motor training effects.

Even though a constrained postural ability was trained, its
positive effect on balance control transferred to another postural
task. Learning to shift the COG on a dynamic platform to reach
several target positions presented on a computer screen also led
to a decrease of the sway length in a task where upright stance had
been tested under different sensory conditions. Although several
postural parameters correlated with the severity of the disease, no
significant changes in ataxia scores over time were observed. Both
Ilg et al. (2009) and Miyai et al. (2012) identified earlier a signif-
icant improvement in clinical ataxia scores, most likely because
their coordinative training included tasks that more closely re-
semble items assessed in the ataxia scales ICARS and SARA
(Trouillas et al., 1997; Schmitz-Hübsch et al., 2006).

Training-related structural brain changes
While gray matter volume increase was larger in cerebral areas in
patients compared with controls, the opposite was found in the
cerebellum, with a more pronounced increase in gray matter vol-
ume in controls compared with patients. This implies that motor
improvements in patients with cerebellar degeneration appear to
be driven by cerebral structures unaffected by the disease. In both
cerebellar patients and controls, gray matter changes were found
in supratentorial areas known to contribute to various aspects
and stages of motor learning. In cerebellar patients, most changes
were observed in the frontal cortex, whereas gray matter changes
in occipitotemporal areas and basal ganglia prevailed in healthy
controls.

We found no evidence to substantiate the claim that cerebellar
patients increasingly recruit the basal ganglia circuits to compen-
sate for their motor deficit (Wessel et al., 1995). In the patient
group, the most compelling change in gray matter volume was
seen in the dorsal premotor cortex (PMd). PMd projects to the
primary motor cortex (M1) and cerebellum, and is involved in
movement planning and early stages of motor learning (Picard
and Strick, 2001; Müller et al., 2002; Vahdat et al., 2011). With

Figure 7. The cerebellum-optimized VBM analysis demonstrated training-related gray matter volume increase in patients in the right Crus I (top). In controls, gray matter volume increase in the
right lobules VI/Crus I, VIIIa/b is shown (bottom). Results are overlaid on the SUIT template and thresholded at p�0.001 (uncorrected; predetermined cluster size of 30.78 as partial correction). Color
bar indicates t values. Y values indicate the coordinate in millimeters, in SUIT space. GM, gray matter.

Table 4. Summary of brain regions detected with cerebellum-optimized VBM
analysis

Cerebellar region Side

Peak coordinate (mm)

kE t value Z-scorex y z

Training-related gray matter
volume increase

Patients
Crus I R 20 �71 �33 131 4.03 3.82

Controls
VI R 34 �54 �31 414 4.49 4.20
VIIIa R 30 �47 �47 111 4.20 3.96
Crus II L �10 �78 �33 194 4.04 3.82

Changes in gray matter volume are thresholded at p � 0.001 (uncorrected; predetermined cluster size of 30.78 as
partial correction). Anatomical locations of peak voxels are given in SUIT space. Cluster extent (kE), peak t scores and
Z-values are listed. L, left; R, right.

Burciu et al. • Training and Brain Changes in Cerebellar Ataxia J. Neurosci., March 6, 2013 • 33(10):4594 – 4604 • 4601



respect to the cerebellum it is known that
cerebellar motor areas (i.e., lobules VI and
Crus I and VIII) are connected to primary
motor and premotor cortices (Kelly and
Strick, 2003; Hashimoto et al., 2010).
Thus, training-related plastic changes in
the cerebellar patients took part within
components of the cerebellar-cortical
loop not affected by the disease. Miyai et
al. (2002) reported analogous findings in
patients with hemiplegia due to stroke
with the premotor cortex becoming in-
volved in the restoration of gait.

When considering the results of the
uncorrected brain imaging data, patients
showed gray matter changes in addition to
the premotor cortex, namely within the
anterior cingulate gyrus and the insula.
The anterior cingulate has known connec-
tions with the prefrontal cortex, and is in-
volved in affect regulation and cognition.
Since motor performance is impaired and
movements become less automatized
(Lang and Bastian, 2002), gray matter vol-
ume increase in the anterior cingulate
gyrus may represent increased attention
to the task performance and/ or increased
use of cognitive strategies (Rossi et al.,
2009; Zhu et al., 2012). The insula plays a
major role in the vestibular cortical net-
work, and gray matter expansion may be
related to improved spatial orientation
and self-motion perception (Ward et al.,
2003, Lopez and Blanke, 2011).

Both patients and controls presented
an increase in gray matter volume in tem-
poral association areas. Participants had
to displace their COG to reach various tar-
gets in space, and gray matter volume in-
crease in temporal association areas may
be related to processing of visuospatial inputs necessary for
movement (Beauchamp et al., 2002, 2003; Saygin, 2007). In
healthy controls, additional visual areas in the occipital lobe were
associated with an improvement in balance control. Involvement
of visual association areas are in line with findings of Draganski et
al. (2004) in a visuomotor learning task. In controls, changes
were also found within the hippocampus and the basal ganglia
system. These structural changes may have been driven by the
sequential requirements of the trained task (Ungerleider et al.,
2002; Gheyen et al., 2010). Likewise, a recent study in healthy
participants demonstrated the particular involvement of a com-
ponent of the basal ganglia circuit (supplementary motor area) in
learning to maintain postural stability during a complex whole-
body dynamic balancing (Taubert et al., 2010). Moreover, the
supplementary motor area was also found to be involved in bal-
ance control in stroke patients (Mihara et al., 2012).

With respect to gray matter changes in the cerebellum, these
were more pronounced and extended in healthy controls than in
patients. A cluster spanning lobule VI and Crus I was found to
have an increase in gray matter volume in the control group. As
outlined above, these areas have known connections with premo-
tor and primary motor cortex. Gray matter volume increase in
healthy participants most likely reflects improved adaptation of

postural movements to the task requirements given the known
contributions of the cerebellum to adaptive motor learning
(Houk et al., 1996; Rabe et al., 2009). In addition, controls
showed volumetric increase in lobule Crus II. Crus II has known
connections to the prefrontal and parietal cortices (Dum and
Strick, 2003; Prevosto et al., 2010; Buckner et al., 2011). Present
gray matter changes in Crus II are probably related to the visu-
ospatial aspects of the task. In patients increases were found in
Crus I. This may indicate recruitment of cerebellar areas less
affected by the disease, given that cerebellar degeneration was
most marked in midline structures and least in the lateral hemi-
spheres (Fig. 8A; Brandauer et al., 2008). On the other hand, these
changes may also suggest repair of the affected cerebellar tissue.
The two possibilities are not mutually exclusive given animal data
showing that training can lead to neural repair in cerebellar de-
generation. As outlined in the introduction, motor improvement
has been shown to be accompanied by neuronal synaptogenesis
and an increase in glial cell size in animal models of cerebellar
degeneration (Klintsova et al., 2002). However, although both
cellular mechanisms are thought to contribute to training-related
gray matter increase in VBM (Zatorre et al., 2012), the functional
relevance of observed VBM-related changes following training is
not clear to date.

Figure 8. Areas of reduced baseline gray matter volume in cerebellar patients compared with controls (A). Cerebellar structures
that negatively correlated at baseline with the patients’ degree of ataxia (SARA scores) (B). Cerebral structures that showed a
positive correlation at baseline with the patients’ SARA scores (C, red). For direct comparison, training-related gray matter volume
increase is shown in green (C, green). Results are overlaid on the SUIT template/mean image of the modulated normalized gray
matter segments. The statistical threshold was set at p � 0.001 (uncorrected; predetermined cluster size of 54.89 for cerebellar
structures and 34.13 for cerebral structures as partial correction). Color bars represent t values. The number at the bottom of each
image indicates the coordinate in millimeters, in SUIT/ MNI space.
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Although the cerebellar vermis is concerned with whole-body
posture and locomotion (Ouchi et al., 1999; Ioffe et al., 2007), no
changes were detected in either controls or cerebellar patients.
This was also the case for the primary motor cortex. Likewise,
other VBM studies of motor training tasks report no changes in
primary motor areas for reasons currently unknown (Draganski
et al., 2004; Taubert et al., 2010).

In summary, structural changes related to sensorimotor
training occurred in patients primarily within premotor cor-
tex, a nonaffected neocortical region of the cerebellar-cortical
loop. However, there was also weaker evidence that the 2 week
training is associated with changes within the cerebellum itself.
Whether these changes are simply the expression of residual cer-
ebellar function reflecting the activity of structures that have al-
ways have been involved in sensorimotor learning, or whether
sensorimotor training also induces reorganization and repair
mechanisms within the cerebellum is still a matter of debate. In
either case, findings reported herein represent promising news
for patients with cerebellar degeneration.
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Mariotti C, Rakowicz M, Szymanski S, Infante J, van de Warrenburg BP,
Timmann D, Fancellu R, Rola R, Depondt C, Schöls L, Zdzienicka E, Kang
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