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Abstract Treatment of motor symptoms of degenerative
cerebellar ataxia remains difficult. Yet there are recent
developments that are likely to lead to significant
improvements in the future. Most desirable would be a
causative treatment of the underlying cerebellar disease. This
is currently available only for a very small subset of cerebellar
ataxias with known metabolic dysfunction. However,
increasing knowledge of the pathophysiology of hereditary
ataxia should lead to an increasing number of medically
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sensible drug trials. In this paper, data from recent drug trials
in patients with recessive and dominant cerebellar ataxias will
be summarized. There is consensus that up to date, no
medication has been proven effective. Aminopyridines and
acetazolamide are the only exception, which are beneficial in
patients with episodic ataxia type 2. Aminopyridines are also
effective in a subset of patients presenting with downbeat
nystagmus. As such, all authors agreed that the mainstays of
treatment of degenerative cerebellar ataxia are currently
physiotherapy, occupational therapy, and speech therapy. For
many years, well-controlled rehabilitation studies in patients
with cerebellar ataxia were lacking. Data of recently published
studies show that coordinative training improves motor
function in both adult and juvenile patients with cerebellar
degeneration. Given the well-known contribution of the
cerebellum to motor learning, possible mechanisms
underlying improvement will be outlined. There is consensus
that evidence-based guidelines for the physiotherapy of
degenerative cerebellar ataxia need to be developed. Future
developments in physiotherapeutical interventions will be
discussed including application of non-invasive brain
stimulation.

Keywords Cerebellum - Cerebellar ataxia -
Motor rehabilitation - Physiotherapy - Drug therapy

Introduction

Treatment of cerebellar ataxia remains a major challenge. In
recent years, modest but important progress has been made in
the management of patients with cerebellar ataxias. The focus
of this consensus paper will be on treatment of patients with
slowly progressive cerebellar degeneration.

Results of recent drug trials will be discussed first.
Currently, researchers are attempting to identify medications
that can provide symptomatic treatment of ataxia, as well as
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treatment of the cause of the underlying disease. Usage of
aminopyridines as a symptomatic treatment will be described
in greatest detail. Currently, aminopyridines (and
acetazolamide) are the only medication leading to reliable
improvements in specific cerebellar symptoms (episodic
ataxia type 2, downbeat nystagmus [1, 2]). We also focus on
drug trials in Friedreich’s ataxia (FRDA). This is a common
form of autosomal recessive hereditary ataxia, with a major
component being sensory loss. A comparatively large number
of drug trials have been performed on FRDA, driven by
increasing knowledge about the underlying pathogenesis.
Despite promising options, however, as yet there has been
no major breakthrough in drug treatment of FRDA. Finally,
drug trials will be summarized which have been performed
mainly in autosomal dominant ataxias. Success is very limited
and findings need to be confirmed in future studies.

Because of the general lack of medication, the mainstays of
therapy remain physiotherapy, occupational therapy, and
speech therapy. As such, the focus of the second part of this
paper will be on physiotherapy and possible ways to enhance
motor performance and learning. Studies of patients with
cerebellar ataxias are at a very early stage of development when
compared to the more advanced work on people with
hemiparesis due to stroke ([3—5] for recent reviews). Studies
will be presented from both adult and juvenile patients with
cerebellar degeneration which for the first time convincingly
show that motor training is beneficial in degenerative cerebellar
ataxia, despite the known contributions of the cerebellum to
motor learning [6, 7]. We think that a better understanding of
the underlying pathomechanisms of disordered motor
performance and learning offers future opportunity to tailor
physiotherapy to the specific needs of patients with cerebellar
ataxia. Open questions will be addressed which need to be
answered to develop future guidelines for an evidence-based
physiotherapy of cerebellar ataxia.

Drug Therapy for Cerebellar Ataxia

Aminopyridines for the Treatment of Cerebellar
Disorders (J. Teufel, J. Claalen, K. Feil, R. Kalla,
M. Strupp)

Aminopyridines [3,4-diaminopyridine (3,4-DAP), 4-
aminopyridine (4-AP)] are an effective symptomatic treatment
for episodic ataxia type 2 (EA 2) and a subset of patients with
downbeat nystagmus (DBN). They may also benefit gait
ataxia. Findings are summarized in Table 1.

Episodic Ataxia Type 2

EA 2 is most often caused by mutations of the CACNA1A
gene encoding the alpha-subunit of P/Q-type calcium channel

[8]. The clinical manifestations of this channelopathy are
recurrent bouts of vertigo, ataxic symptoms, and ocular motor
disturbances such as DBN, often overlapping with migraine
[9]. The attacks are often provoked by stress, exertion, or
alcohol and usually persist for hours or days.

Approximately two thirds of these patients respond to
treatment with acetazolamide (250-1,000 mg/day) [9, 10],
and acetazolamide has been a first-line treatment of EA 2 for
many years. However, there are no placebo-controlled trials
about the efficacy of this drug. Furthermore, the side effects of
acetazolamide (e.g., kidney stones) often limit its therapeutic
use.

In 2004, it was shown in an observational study that the
potassium channel blocker 4-AP reduces the number of
attacks and was well tolerated [11]. In a randomized,
placebo-controlled, double-blind, crossover trial, a significant
effect of this agent on the number of attacks and the quality of
life was found [2]. These effects of 4-AP on the attacks have
been confirmed in several studies with an animal model of EA
2, the tottering mouse [12, 13], which also allows to evaluate
the underlying mode of action (see below). More recently, it
was also shown in an observational study that the sustained
release form of 4-AP [Ampyra'™ (Acorda, USA) or
Fampyra™ (Biogen Idec, Europe)] is also effective and well
tolerated [14]. The use of 4-AP in a dosage of 5 to 10 mg three
times a day is recommended for the treatment of EA 2. There
are two ongoing placebo-controlled trials with the sustained
release form of 4-AP (University of California,
NCTO01543750) and with the sustained form of 4-AP vs.
acetazolamide (University of Munich, EAT-2-TREAT).

Downbeat Nystagmus

DBN is the most frequent type of acquired nystagmus.
Affected patients predominantly suffer from postural
imbalance and cerebellar gait ataxia, as well as oscillopsia
with reduced visual acuity due to a corrective downward
saccade following a spontancous upward drift [15, 16]. In
the majority, it is caused by a bilaterally impaired function
of the cerebellar floccular lobe [17] due to neurodegenerative
disorders.

In a randomized controlled crossover trial, the non-
selective potassium channel blocker 3,4-DAP effectively
reduced DBN [1]. Furthermore, 4-AP also alleviates the
symptoms of DBN, particularly in patients with cerebellar
atrophy [18]. Although 3,4-DAP improved DBN in patients
with spinocerebellar ataxia type 6 (SCA6), there was no
improvement of postural control or other ataxic symptoms
after 1 week of 3,4-DAP (20 mg two times a day) [19]. The
comparison of equal doses of 3,4-DAP with 4-AP results in a
more distinct improvement of DBN following the
administration of 4-AP [20]. Since the latter is lipid-soluble
and crosses the blood—brain barrier more easily [20, 21], 4-AP
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is preferred. Recently, a randomized double-blind crossover
trial of 4-AP in DBN showed a reduction in slow phase velocity
of DBN by half and an improvement of visual acuity at a dosage
of 5 mg 4-AP four times a day [22]. Further on, 4-AP at a
dosage of 10 mg four times a day reduced postural sway and
improved motor performance assessed by the timed “get-up-
and-go test.” However, there was no subjective improvement,
which may be due to the short half-life of the drug. This
shortage may be overcome by the sustained-release form of 4-
AP. Therefore, further trials on the new formulation are needed.

Based on the current studies, the use of 4-AP in a dosage of
5 mg two to four times per day is recommended for the
treatment of DBN. The sustained-release form Fampyra™ is
also efficient. Chlorzoxazone, a non-selective activator of
small conductance calcium-activated potassium channels
(SK channels), could be a potentially new therapeutic agent
for the symptomatic treatment. In an observational proof-of-
concept pilot study [23], slow phase velocity of DBN, visual
acuity, and postural sway showed significant effects. Other
drugs have been shown to lack efficacy in DBN (e.g.,
baclofen) [24].

Cerebellar Gait Disorders

Beyond the use of aminopyridines in the treatment of fatigue
and gait disturbance, a beneficial effect on upper limb tremor
has been reported in multiple sclerosis [25]. In a retrospective
case series, patients with cerebellar ataxic gait due to different
etiologies (multisystem atrophy, sporadic adult-onset ataxia,
cerebellar stroke, CACNA1A mutations, DBN syndrome)
also benefitted from aminopyridines [26, 27]. In a short-term
trial with the sustained release form of 4-AP with 16 patients
(SCAL, 3, 6, SAOA, POLG mutation), there were modest
short-term improvements [28]. However, these observations
need to be confirmed in placebo-controlled trials and more
homogeneous patient populations. Currently, there are two
ongoing placebo-controlled trials of the sustained release form
of 4-AP for cerebellar gait disorders, which will hopefully
shed further light upon the impact of this drug for patients with
cerebellar disorders [University of Florida (NCT01811706),
University of Munich (FACEG)].

Mode of Action of Aminopyridines

Aminopyridines are blockers of so-called Kvl voltage-
activated potassium channels. Thereby, they increase the
excitability of neurons. The common mechanism behind the
therapeutic influence of aminopyridines lies within the
influence on cerebellar Purkinje cells (PCs). In vitro studies
show that 4-AP increases the excitability of PCs of the guinea
pig cerebellum [29] and the precision of pacemaking of
PCs in a mouse model (tottering mouse) of EA 2 [12].
In this model, 4-AP and 3,4-DAP both reduced the frequency

of attacks probably by raising the threshold for triggering of
attacks [13]. Furthermore, aminopyridines normalize the
firing rate and the motor behavior in ataxin-1 mutant mice
in vivo [30]. Strikingly, mice treated early demonstrated
better motor function, which may be mediated by a
neuroprotective effect due to an enhanced electrical activity
of PCs [30]. Therefore, long-term treatment starting early in
the course of neurodegenerative ataxias may help to improve
the outcome.

Drug Therapy of Autosomal Recessive Ataxias (L. Schols)

Although already rare as a group, autosomal recessive ataxias
fall into many subtypes of genetically distinct diseases with
different pathomechanisms. Some biomarkers can help to
decipher the underlying genotype. Alphafetoprotein is
increased in ataxia telangiectasia (AT) and in ataxia with
ocular apraxia type 2 [31]. In ataxia with ocular apraxia type
1 (AOA1), cholesterol is increased and albumin decreased
especially with more advanced disease. Vitamin E is a reliable
marker to identify ataxia with primary vitamin E deficiency
and abetalipoproteinemia. Coenzyme Q10 is lacking by
definition in ataxia with Q10 deficiency but is difficult to
screen since muscle specimen are required and analyses are
established in only few labs. Coenzyme Q10 may also be low
in AOA1 [32]. Lactate is increased in plasma and
cerebrospinal fluid in ataxias due to mtDNA mutations like
Kearns—Sayre syndrome but also in the ataxic variant of
leukoencephalopathy with brain stem and spinal cord
involvement and brain lactate elevation [33]. Decreased
ceruloplasmin and increased cholestanol, phytanic acid, and
very long chain fatty acid help to filter for ataxia due to
metabolic diseases like Wilson disease, cerebrotendinous
xanthomatosis, Refsum disease, and adrenoleukodystrophy/
adrenomyeloneuropathy, respectively. These causes of ataxia
should not be missed since treatment options are available but
are not covered by this review.

Friedreich’s Ataxia

FRDA is the most frequent autosomal recessive ataxia in the
Western world with a prevalence of about 1:50,000 [34]. It is
caused by lack of frataxin, a mitochondrial protein involved in
iron—sulfur cluster synthesis essential for respiratory chain
complexes and iron homeostasis. Abnormal respiratory chain
function and increased levels of mitochondrial iron are
thought to cause increased reactive oxygen species (ROS)
production and oxidative stress [35]. Therapeutic approaches
address these points by aiming to (a) increase frataxin levels
on the transcriptional level by HDAC inhibitors or the protein
level by recombinant human erythropoietin (rhuEPO); (b)
reduce ROS by antioxidants like coenzyme Q10, its homolog
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idebenone and vitamin E; (c) lower mitochondrial iron stores
with deferiprone; and (d) improve energy metabolism by L-
carnitine supplementation.

Idebenone Idebenone is the most frequently used drug in
FRDA (Table 2). It is generally well tolerated even at high
doses up to 45 mg/kg body weight [36]. Several open-label
studies suggested favorable effects on cardiac hypertrophy
associated with FRDA and neurological dysfunction. Early,
placebo-controlled pilot trials found a dose-dependent
response on neurological function assessed by the
International Cooperative Ataxia Rating Scale (ICARS) [37]
especially in young and still ambulatory patients [36] and a
minor decrease in cardiac mass after 1 year [38] but no effect
on primary endpoints like oxidative stress markers and
respiratory chain function [36, 39]. Unfortunately, two large
phase III trials failed to replicate these effects [40; press
release on the MICONOS trial by Santhera Pharmaceuticals].
However, the open-label extension study indicated a trend for
improvement in neurological function over an 18-month
period in pediatric patients [41]. More details of idebenone
trials in FRDA are presented in Table 2. Further controlled
studies in subgroups of Friedreich’s ataxia like patients with

Table 2 Idebenone trials in Friedreich’s ataxia

severe hypertrophic cardiomyopathy and early stages of the
disease are warranted to clarify potential beneficial effects.
For further critical evaluation of antioxidative therapy in
FRDA, see the recent Cochrane Review [42].

Coenzyme Q10+ Vitamin E A pilot trial of a combined
treatment with coenzyme Q10 (400 mg/day) and vitamin E
(2,100 TU/day) for 6 months showed positive effects on
energy metabolism assessed by 31P-MRS in cardiac and calf
muscle without consistent benefits in neurological and
echocardiographic evaluations. Follow-up after 47 months
indicated effects on fractional shortening in echocardiography
and ataxia in comparison to historical natural history data but
no clear dose dependence (Table 3) [43—45]. Placebo-
controlled trials are warranted to prove the beneficial effect
of the combined supplementation of coenzyme Q10 and
vitamin E in Friedreich’s ataxia.

EPI A0001 EPI A0001 is an «-tocopheryl quinone studied
recently for its ability to improve glucose metabolism in
Friedreich’s ataxia. Whereas this primary endpoint failed,
some improvement was observed in neurological function
[46]. Further studies have to be awaited.

Daily dose No.of Age Study period Trial design: Effect on Effecton Comment/ study
patients (years) (months) controlled/blinded LV mass ataxia

5 mg/kg 3 11-21 49 —/- + - Cardiac improvement but only patients
with cardiac hypertrophy; Rustin et al. [149]

360 mg 9 19-54 1.5 ++ - - No effect on energy metabolism in
3IP-MRS; Schéls et al. [39]

5 mg/kg 38 422 6 —/- + - Shortening fraction improved in 5 of 6 pats;
Hausse et al. [150], Rustin et al. [151]

5 mg/kg 9 11-19 12 —/— - + Oculomotor disorder improved; Artuch et al. [152]

5 mg/kg 29 20-31 12 +/+ + - Exclusion of patients with normal IVS;
Mariotti et al. [38]

5 mg/kg 8 827 12 —/- - Buyse et al. [153]

5 mg/kg 104 13-74 6-84 +- - No comparison to untreated group;
Ribai et al. [154]

4-50 mg/kg 48 9-17 6 +/+ (63 + Dose-dependent improvement in ICARS;
Di Prospero et al. [36]

5-20 mg/kg 24 846 3660 —/- - +) Stabilized neurological function in
pediatric patients; Pineda et al. [155]

450-900 mg 70 818 6 +/+ - - IONIA trial phase III; Lynch et al. [156],

1,350-2,250 mg Lagedrost et al. [40]

180-360 mg 232 870 12 +H+ - - MICONOS trial

450-900 mg Phase I11

1,350-2,250 mg Santhera communication

450-900 mg 68 8-18 12 —/— - ) IONIA extension study; Meier et al. [41]

1,350-2,250 mg

Effect on left ventricular mass and ataxia

— no effect, (+) temporary effect or effect in subgroup, + significant effect, MRS magnetic resonance spectroscopy, //'S interventricular septum, LV left

ventricular
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L-Carnitine Respiratory chain defects are supposed to cause
secondary carnitine deficiency. L-Carnitine supplementation
(3 g/day) resulted in some improvement in muscle energy
metabolism when assessed by phosphorus spectroscopy
(31P-MRS) [47]. Controlled trials are needed to substantiate
clinical relevance of this effect.

Deferiprone This iron chelator is supposed to promote
redistribution of iron overload in Friedreich’s ataxia.
Especially with higher doses (60 mg/kg), adverse events
including agranulocytosis, iron-deficient anemia, and
neurological deterioration occurred and forced termination
of the high-dose arm in yet unpublished placebo
controlled trial. In an open study, combined therapy with
idebenone (20 mg/kg) and deferiprone (20 mg/kg) led to
some improvement in kinetic functions but worsening of
gait and posture scores over 11 months. Heart hypertrophy
parameters and iron deposits in dentate nucleus improved.
Side effects included the risk of neutropenia and
progressive reduction of plasma iron parameters [48].
Future studies with well-tolerated dosages of deferiprone
should address the long-term effect especially on
cardiomyopathy in controlled trials.

Erythropoietin An open-label pilot trial with 12 Friedreich’s
ataxia patients found rhuEPO to increase frataxin levels in
lymphocytes after 8§ weeks treatment with 5,000 U rhuEPO
three times weekly and a reduction of oxidative stress
markers urinary 8-hydroxydeoxyguanosine and serum
peroxides [49]. In another open-label “proof-of-concept”
study, the same group investigated safety and efficacy
treatment with 2,000 IU rhuEPO thrice a week over
6 months and found significantly increased frataxin levels
and improvement in ataxia rating scales (FARS and SARA)
[50, 51] while oxidative stress markers decreased. Increases
in hematocrit requiring phlebotomies occurred in four of
eight patients [52]. A 6-month, randomized placebo-
controlled, double-blind, dose-response trial comparing
20,000 TU every 3 weeks, 40,000 IU every 3 weeks, and
40,000 IU every 2 weeks in 16 adult patient with
Friedreich’s ataxia did not result in any significant
hematological, clinical, or biochemical effects (Table 3)
[53]. Further trials are needed to clarify the effect of
rhuEPO and its derivates on frataxin levels in Friedreich’s
ataxia.

Ataxia with Isolated Vitamin E Deficiency

The pathomechanism of primary vitamin E deficiency
suggests a supplementary approach in ataxia with isolated
vitamin E deficiency (AVED). However, due to the rarity of
the disease, randomized placebo-controlled trials are missing.
In an open-label study of 24 AVED patients, supplementation
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with vitamin E (800 mg daily) during a 1-year period resulted
in a normalization of serum vitamin E levels and a moderate
improvement in an ataxia rating scale [54]. Mariotti et al. [55]
reported their experience with vitamin E supplementation in
16 patients treated with 1,000-2,400 mg daily over 2—11 years
and found a stabilization of the neurological conditions in
most of the patients. However, development of spasticity
and retinitis pigmentosa was noted in a few patients during
therapy (Table 3). Placebo-controlled long-term trials are
missing to prove efficacy of vitamin E substitution in AVED
but may be difficult due to the broad availability and good
tolerability of vitamin E supplementation and its suggestive
efficacy.

Abetalipoproteinemia

As cerebellar degeneration in abetalipoproteinemia is thought
to be secondary to vitamin E deficiency in parallel to AVED,
high-dose vitamin E supplementation is recommended [56].
However, disturbance in lipid metabolism requires a much
more complex diet including reduced long-chain fatty acids
and higher amounts of medium-chain triglycerides and
essential fatty acids of the n-6 and n-3 type [57]. Therapy
has not been proven in controlled trials, and composition as
well as dosages of supplementary therapy need further
evaluation.

Ataxia with Coenzyme Q10 Deficiency

Q10 deficiency is caused by mutations in several genes
involved in the biosynthesis of coenzyme Q10 [58]. Clinical
manifestation can be variable including a spectrum of
cerebellar ataxia, isolated myopathy, encephalomyopathy,
nephropathy, and severe multisystemic disease.
Supplementation of coenzyme Q10 (300-600 mg per day)
can stabilize the disease or even improve symptoms partially
(Table 3) [59, 60]. However, response to Q10 supplementation
may be only incomplete [61]. Larger series, longer follow-up
periods, and genetic differentiation of ataxia with Q10
deficiency are needed.

Ataxia Telangiectasia

Ataxia telangiectasia is caused by lack of ataxia
telangiectasia mutated kinase and consecutive deficient
DNA repair pathways and DNA damage. Betamethasone
possibly improves ataxia symptoms in AT. Treatment with
betamethasone (0.1 mg/kg per 24 h) let to substantial
improvement of ataxia after 2 weeks in a single case.
However, switching to methylprednisolone (2 mg/kg per
24 h) was not effective and had to be stopped after
4 weeks because of adverse effects like increased appetite
and body weight and moon face [62]. To prevent these
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side effects, a low-dose trial with two 20-day cycles of oral
betamethasone at 0.01 and 0.03 mg/kg/day was performed.
Ataxia scores (SARA) improved in all patients at the dosage
of 0.03 mg/kg/day [63]. In a double-blind, randomized,
placebo-controlled crossover trial, oral betamethasone
(0.1 mg/kg/day for 2x10 days with 10 days intermediate
tapering) improved ataxia assessed by ICARS by 17 points
(about 30 %) compared to placebo (improvement of 4.5
points) (Table 3) [64]. However, minimal dosage, long-term
effectiveness, and safety need to be established.

Drug Therapy of Autosomal Dominant Ataxias
(W. Nachbauer, S. Boesch)

SCAs, as referred for autosomal dominant ataxias in the
genetic nomenclature, are a rare cause of cerebellar ataxia
defined by the mode of inheritance and a progressive
cerebellar syndrome that is often associated with other
neurological signs such as pyramidal or extra-pyramidal signs,
ophthalmoplegia, or cognitive impairment leading to a
substantial range of SCA phenotypes [65]. The role of
symptomatic treatment for extra-cerebellar features in SCAs
will not be addressed in this review. The spinocerebellar
ataxias are clinically, genetically, and neuropathologically
heterogeneous. So far more than 30 different SCA mutations
have been described, harboring heterogeneous types of
mutations. Among one to three per 100,000 Europeans with
SCA mutations, polyglutamine (polyQ) expansion SCAs
account for about 45 %, conventional mutations account for
10 %, and up to 50 % of SCAs are currently of unknown
genetic background [65].

Many efforts to delineate natural history of SCA mutations
in large multi-national data bases, to validate rating
instruments for ataxias, and to develop inventories for
additional non-ataxia signs were undertaken in the last decade
[51, 66, 67]. Even more, the issue of the onset of disease and
thereby the accurate time point for a future therapeutic
intervention is addressed in an ongoing study [68]. A major
drawback, however, in these efforts is the lack of valid bio- or
surrogate markers for SCAs or even SCA subgroups (e.g.,
polyQ expansion SCAS).

Currently, drugs against cerebellar ataxia irrespective of the
underlying mutation aim (a) to exert regulatory effects on the
firing rate of cerebellar neurons, (b) to modulate cerebellar
function addressing neuronal nicotinic acetylcholine
receptors, (c) to alter neuronal firing rates via carbonic
anhydrase inhibition, or (d) to ameliorate glutamate mediated
neurotoxicity. Disease-modifying therapies that aim to
decrease the synthesis of abnormal proteins or to increase their
clearance acting on a DNA or RNA level are still not
available. Intensive ongoing clinical and neurogenetic
research together with applied molecular approaches,

however, yields scientific advances that are prone to be
translated into developing effective treatments for the
spinocerebellar ataxias in the near future. Currently, however,
no effective medication for SCAs is available.

Drugs with Proposed Effect on Cerebellar Symptoms

Randomized controlled studies on cerebellar symptoms in
SCAs are sparse. Clinical studies are often performed in
genetically heterogencous or genetically non-defined
degenerative cerebellar syndromes. Large cohort studies are
lacking. Open-label studies and case reports are available in
some SCA mutations. Outcome measures are mostly not
comparable since different assessments and/or ratings of
ataxia were applied in the respective studies. Studies are
summarized in Table 4.

Riluzole Riluzole opens small-conductance potassium
channels exerting an important regulatory effect on the firing
rate of neurons in deep cerebellar nuclei. Riluzole is suggested
to reduce neuronal hyperexcitability. In a randomized, double-
blind, placebo-controlled pilot trial, 40 patients presenting
with cerebellar ataxias of different etiologies were assigned
to riluzole (100 mg/day) or placebo in an 8-week trial. Primary
outcome measure was the proportion of patients with a
decrease of at least five points in the ICARS score after 4
and 8 weeks. The number of patients with a five-point ICARS
drop was significantly higher in the riluzole group than in the
placebo group after 4 and 8 weeks. The mean change in the
riluzole group ICARS after treatment revealed a decrease in
the total score and major sub-scores for static function, for
kinetic function, and for dysarthria [69]. Experience of many
ataxia clinics is less promising. Findings on a symptomatic
effect of riluzole in cerebellar dysfunction need to be
confirmed in further (second) placebo-controlled clinical
trials.

Varenicline Varenicline is a partial agonist at «432 neuronal
nicotinic acetylcholine receptors used for smoking cessation.
After several case reports, the efficacy of varenicline in SCA3
was assessed in a randomized controlled trial over 8 weeks
comparing 1 mg varenicline twice daily to placebo. Twenty
patients (mean age 51+11 years, mean disease duration 14+
10 years) entered into the study. Primary outcome values were
changes in the SARA after 8 weeks, a timed 25-ft walk test
and nine-hole peg test. Varenicline significantly improved
SARA subscores for gait, stance, and rapid alternating
movements as well as the timed walking test in phase I of
the study (4 weeks). However, because of a dropout rate of
overall 40 %, the pre-planned crossover design was not
performed [70]. Therefore, and because of considerable side
effects of varenicline [71], further studies will have to clarify
the usefulness of this drug in cerebellar ataxias [72].
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Acetyl-DL-leucine Acetyl-DL-leucine appears to modulate
the activity of central vestibular neurons by normalizing
the membrane potential of depolarized or hyperpolarized
neurons. Acetyl-pL-leucine (Tanganil™) has been
widely used in France for symptomatic treatment of
vertigo and dizziness. Recently, 13 patients with
cerebellar ataxia of different etiologies (SCA1/2, ADCA,
AOA, SAOA) were treated with acetyl-pDL-leucine (5 g/
day) for 1 week in an open label case series [73]. Mean
SARA score decreased by about four points. The
SCAFI (consisting of 8 m walking, nine-hole peg test,
PATA rate) and ratings of quality of life showed
improvement. No side effects were reported. Given the
good risk—benefit profile of acetyl-DL-leucine, larger
placebo-controlled trials using acetyl-DL-leucine are
warranted.

Acetazolamide Acetazolamide, a carbonic anhydrase inhibitor,
showed significant improvement of ataxia in six SCA6 patients
(mean age 57+9 years, mean disease duration 9+2 years)
administered for up to 88 weeks in an open label pilot study.
SCAG patients received either 250 mg or 500 mg acetazolamide
daily. Ataxia was measured using an ataxia rating scale [37] and
body stabilometry [74]. Significant improvement in ataxia was
observed until week 48 and became weaker thereafter. Until to
date, these findings have not been replicated in a controlled trial
design.

Amantadine Amantadine, a NMDA antagonist with anti-
parkinsonian properties and proposed amelioration of
glutamate mediated neurotoxicity in cerebellar granular cells,
has been used in genetically heterogeneous degenerative
ataxias. A group of 30 patients with olivopontocerebellar
atrophy were randomly assigned to placebo or amantadine
hydrochloride 200 mg daily for 3 to 4 months. Efficacy was
evaluated by simple visual and auditory reaction time and
movement time for both right and left hands. Patients with
olivopontocerebellar atrophy receiving amantadine showed
significant improvement on seven out of eight variables
studied by analysis of covariance [75]. Olivopontocerebellar
atrophy refers to several disease entities and does not apply to
current nomenclature in cerebellar ataxias. Future studies will
have to replicate aforementioned findings in well-defined and/
or genetically assigned cerebellar ataxias.

Zinc Sulfate Supplementation In a randomized, double-
blind, placebo-controlled trial during 6 months, 36
Cuban SCA2 patients with reduced zinc concentrations
in serum and cerebrospinal fluid were randomly
assigned to 50 mg ZnSO(4) daily or placebo, together
with neurorchabilitation therapy. A significant increase
of the Zn levels in the CSF; mild decrease in SARA
subscores for gait, posture, stance and alternating hand

movements; and a reduction of saccadic latency were
observed. The treatment was safe and well tolerated. Zn
supplementation was efficacious and safe in Cuban
SCA2 patients [76]. SCA2 patients should be checked
for lack of zinc concentration, and Zn supplementation
may be started.

Ongoing Interventional Clinical Trials in SCAs

Lithium Carbonate Lithium carbonate used as a mood
stabilizer in very low dose over a long time period
has been reported not to be harmful in one SCA2
patient with a benign course of disease [77]. Lithium
carbonate being proposed as a candidate substance in
SCAs [78] has been tested/is currently tested in several
trials: SCA1 (completed, not published), SCA3 (active,
non-recruiting), and SCA2 (active, non-recruiting). The
conduct of these trials is hampered by the aggravation
of ataxia symptoms and poor tolerability of lithium
(personal communication).

Intravenous Immunoglobulin Intravenous immunoglobulin
effects are currently tested in spinocerebellar ataxias (University
of South Florida; NCT 01350440).

Future Treatment Options in SCAs

Cell-based in vivo targeted approaches aiming to reduce the
expression of the mutant protein may have implications for
novel treatment approaches in polyQ expansion SCAs
[79-81]. Still, several issues such as the mode of vector
delivery or selective targeting of the mutant protein to reinstall
protein homeostasis in polyQ expansion SCAs in the human
brain remain to be refined before this therapeutic approach
will be applicable.

Stem Cell Therapy Clinical trials using umbilical stem cell
therapy in SCA1 (recruiting) and adipose-derived
mesenchymal stem cells for the treatment of cerebellar ataxia
(recruiting) are currently under way.

Motor Rehabilitation in Degenerative Cerebellar Disease

Physiotherapeutical Interventions in Adult Patients
with Spinocerebellar Degeneration (I. Miyai, W. Ilg)

In general, functional recovery of motor capabilities heavily
depends on the cause and site of the cerebellar lesion. Within
the spectrum, degenerative cerebellar diseases are especially
hard to treat due to their progressive nature and effects on
virtually all parts of the cerebellum. In contrast, ataxia
following stroke, neurosurgery, trauma, or multiple sclerosis
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affects generally only some regions of the cerebellum, but
leaves other regions intact which might be recruited to
compensate for the defective parts.

Rehabilitation of cerebellar-induced motor impairments
is additionally complicated by the functional role of the
cerebellum in motor learning [82]. Impairments of
cerebellar patients in (short-term) error-dependent motor
learning have been shown for various motor tasks
[83—87]. Therefore, poor recovery or low benefit of
physiotherapeutic training may be a consequence of
damaging structures critically involved in re-learning of
motor skills [88-90]. Until recently, relatively few clinical
studies have evaluated physiotherapeutic interventions for
patients with cerebellar ataxia. Using increasingly
demanding balance and gait tasks, improvements were
reached for increased postural stability in clinical measures
and less dependency on walking aids in everyday life [91,
92]. Locomotion training on treadmills with [93, 94] or
without [95] body-weight support has been proposed in
particular for patients with more severe ataxia, which are
not able to walk freely. Many of these studies were single
cases or based on a very small number of patients with
different types of cerebellar disease and severity of ataxia.
This heterogeneity in patient populations makes it very
difficult to compare and evaluate intervention methods in
existing studies.

Recently, two clinical studies on larger cohorts have shown
more systematically that motor rehabilitation can be beneficial
to individuals with degenerative cerebellar disease [6, 7].
Details of both studies can be found in Table 5. The benefits
of intensive whole-body coordinative training on balance and
mobility function in degenerative cerebellar disease have been
demonstrated in an intra-individual case—control design [6,
96]. Sixteen patients suffering from progressive ataxia due to
cerebellar degeneration (n=10) or degeneration of afferent
pathways (n=6) have been tested. Results indicated
significant reduction of ataxia symptoms measured by the
clinical ataxia scale SARA improvements in motor
performance after 4 weeks intervention. Quantitative
movement analysis revealed specific improvements in
dynamic balance in posture and gait as well as in intra-limb
coordination. Patients with cerebellar ataxia profit more
substantially from the intervention in comparison with
patients with sensory ataxia. This discrepancy is most likely
caused by a loss of afferent information in these patients,
which removes necessary sensory inputs for adequate
cerebellar processing. Retention of effects has been shown
to depend crucially on continuous training. Assessments after
12 months show that for patients executing continuous motor
training, benefits were meaningful for their everyday life and
persisted after 1 year, despite of a gradual decline of motor
performance and gradual increase of ataxia symptoms due to
progression of underlying neurodegeneration [96].
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Further evidence for the efficiency of motor rehabilitation
in degenerative cerebellar disease is given by another study
combining physiotherapy with occupational therapy [7]. In
42 patients with pure cerebellar degeneration, a 12-h
intervention per week for 4 weeks revealed improvements
of ataxia severity, gait speed, fall frequency, and activities
of daily living measured by a Functional Independence
Measure [97]. Improvements were more prominent in trunk
ataxia than in limb ataxia, and patients with mild ataxia
severity experienced a more sustained improvement in
ataxic symptoms and gait speed [7]. Although functional
status tended to decline to the baseline level within
24 weeks, gains were maintained in more than half of the
participants.

Open Questions and Future Research Directions

These findings raise many intriguing questions and
stimulate further studies in the rehabilitation of degenerative
cerebellar disorders [98]. Among these are long-term
learning studies as well as imaging analyses in order to
clarify whether the degenerating cerebellum is still able to
adapt motor coordination, or whether the learning deficit is
compensated by other brain structures (see next sections).
In the following, we will highlight several questions
directly important for the rehabilitation management in
degenerative cerebellar disease.

First, an important goal is to find effective strategies for
long-term interventions in order to minimize decline due to
progression of underlying neurodegeneration. The above-
described studies provided evidence that intensive motor
training can be efficient in degenerative cerebellar disease
with an intensity of at least 3 h per week for 4 weeks. It is
not clear whether greater dose of intervention results in further
improvement. For retention, 1-h of homework training per day
showed at least a partially persistence of effects [96], whereas
improvements declined to the baseline level at 6 months after
the intervention if no specific follow-up training was provided
[7]. Thus, for patients with degenerative diseases, continuous
training seems crucial for stabilizing improvements. Possible
interventions for long-term meaningful gains include re-boost
intensive rehabilitation, home rehabilitation, and combination
of both interventions. The effect of these interventions can be
tested by comparing outcome with natural history of the
diseases. The natural disease progression of degenerative
cerebellar ataxias is 0.35-2.5 points per year on the SARA
scale depending on genotypes [66].

New follow-up data (Miyai, unpublished) over 3 years in
four cases revealed that gains in SARA after repeated boost
rehabilitation were comparable with those obtained after the
initial intervention (Fig. 1). In terms of activity of daily living
(ADL), the effect of re-boost rehabilitation on Functional
Independence Measure [97] was also meaningful (Miyai,
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Table 5 Details of the first two clinical studies of motor rehabilitation in larger cohorts in degenerative cerebellar disease [6, 7]

Ilg et al. [6, 96]

Miyai et al. [7]

Number of patients

Type of disease

Age+SD (range)
Gender

Duration of disease
Baseline SARA
Control
Intervention
Post-training
Outcome measures
Assessment point
Main results

16

SCA6(2), SCA2(1), ADCA(1),
IDCA(6), FRDA(3), SANDO(2), SN(1)
61.4+11.2 (44-79)

8 males, 8 females

12.9+7.8 (3-25 years)

15.8+4.3 (11-24)

Intra-individual controls for short-term effect

1 hx3 per week x4 weeks

Home training protocols

SARA, gait speed, balance, BBS, GAS, movement analysis
4 weeks pre, baseline, post 0, 8 weeks

SARA and gait improved 8 weeks post-rehabilitation
only in patients with cerebellar ataxia not afferent ataxia

42
SCA6(20), ADCA(6), IDCA(16)

62.5+8.0 (40-82)

22 males, 20 females

9.8+6.2(7 months—0 years)

11.3+3.8 (5-21.5)

Crossover for short-term effect

2 hx5+1 hx2 per week x4 weeks

No

SARA, FIM, gait speed, cadence, FAC, falls
Baseline, post 0, 4, 12, 24 weeks

SARA and gait improved 12 weeks but not 24 weeks

SCA spinocerebellar ataxia, FRDA Friedreich’s ataxia, /DCA idiopathic cerebellar ataxia, ADCA autosomal dominant cerebellar ataxia, SANDO sensory

ataxic neuropathy with dysarthria and ophthalmoparesis caused by mutations

in the polymerase gamma gene, SN sensory neuropathy, SARA Scale for

the Assessment and Rating of Ataxia, BBS Berg Balance score [159], GAS Goal Attainment Scaling [160], FIM Functional Independence Measure [97],

FAC Functional Ambulation Categories

unpublished). However, low-intensity home therapy up to
80 min per week failed to maintain their gains in ataxia and
ADL.

Most of the existing studies including the above described
were focused on ambulatory patients, who are able to walk
with or without walking aid. Importantly, further studies are

SARA
25
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needed to examine whether patients with more severe
impairments would also benefit from physiotherapeutical
training (adjusted to their impairments, e.g., for arm
movements) or whether the capacity to improve motor
performance relies on a specific level of residual cerebellar
integrity. The aim is to find adequate predictors for the
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Fig.1 Effect ofre-boost rehabilitation on cerebellar ataxia as assessed by
SARA scores in patients with cerebellar degenerative diseases. All four
patients underwent 4-week intensive rehabilitation (CAR trial; Miyai,
unpublished). Cases 2 and 3 had re-boost intensive rehabilitation twice,
and cases 1 and 4 had re-boost rehabilitation once. First intervention
results in 2.5 point improvement of SARA on average, and after average
of 26 weeks, SARA worsened by 7.6 points and the re-boost therapy

resulted in 2.0 point improvement. This suggests that the effect of re-
boost rehabilitation on SARA was comparable with the first intensive
rehabilitation. However, low-intensity home therapy up to 80 min per
week failed to maintain the gains. Solid lines represent intervention
periods of intensive rehabilitation. Dotted lines represent follow-up
periods with home-based rehabilitation of 40 to 80 min per week
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potential benefits an individual patient can expect from a
specific motoric training and thus the possibility to provide
efficient training programs for different stages of cerebellar
impairment. Indeed, one of such predictors for the rehabilitation
outcome could be the capability for short-term motor
adaptation. In Hatakenaka et al. [99], it was shown that ataxic
patients with infratentorial stroke that impaired short-term
motor adaptation correlated with reduced rehabilitation gains.

Such individual training strategies also include the question
which training program is most beneficial for a specific level
of ataxia severity. In general, a combination of restorative and
compensatory techniques may be utilized; the relative
emphasis depends on the severity of cerebellar ataxia and its
pattern of progression [89, 100, 101]. Such compensatory
techniques can include (a) replacing rapid multi-joint
movements with slower movements with sequential single
joints movements [100], (b) the rehearsal of eye movements
for goal-directed stepping [102], and (c) the training of secure
fall strategies instead of training to avoid falls. In even more
severe cases, in which free standing and walking is not
possible anymore, treadmill training [93-95] with potential
weight support may be helpful to increase walking capabilities
(with the use of mobility aids) and to preserve general fitness
as far as possible. The use of mobility aids is dependent on
disease stage and individual preferences. Furthermore, in
severe cases of upper limb ataxia, when basic activities of
daily living like eating are impaired, the use of orthotics—in
order to stiffen mechanically several degrees of freedom—can
help to improve functional performance [101, 103].

In summary, further research will have to focus on the
development of individual rehabilitation strategies potentially
including the combination of motor training with other
rehabilitation techniques like non-invasive stimulation and
bio-feedback approaches (see next sections).

Motor Rehabilitation Training in Children
and Adolescents with Spinocerebellar Degeneration
(M. Synofzik, W. Ilg)

As described in the last section, studies on the effectiveness of
physiotherapy and coordinative training in degenerative ataxia
are rare already in adult populations. This paucity is even
more pronounced in children with degenerative cerebellar
ataxia. Only very few and only small case studies exist: In a
child with a vascular cerebellar lesion, some beneficial effects
were reported by using locomotor training with body-weight
support on a treadmill [93]. A single case study of a multi-
component rehabilitation intervention in a juvenile FA patient
revealed mixed results [104]. In a study with a child suffering
from AVED, results of a postural biofeedback therapy were
confounded by simultaneous starting of treatment with
vitamin E [105].
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Comparable to the motor rehabilitation of adults, the goal is
to come up with a rehabilitation program which enables the
children to train their motor performance concerning dynamic
balance and multi-joint coordination intensively and
continuously over a long period of time. The described
physiotherapy program for adults, however, has several
drawbacks for children, including their lack of motivation
for intensive and continuous physiotherapy. Thus, we used
recently developed whole-body controlled video game
technology for an intensive coordinative training [106]. Ten
children with progressive spinocerebellar ataxia trained
8 weeks with three Microsoft Xbox Kinect® video games,
first for 2 weeks under instruction and supervision by a
physiotherapist, then for 6 weeks at home. The strategy of
the videogame-based training aimed to train motor
capacities known to be dysfunctional in ataxia, namely
goal-directed limb movements, dynamic balance, and
whole-body coordination (Fig. 2). Moreover, children
had to train a cognitively demanding interaction in a
virtual environment, forcing them to rapidly react to
novel situations and to constantly recalibrate predictions
about upcoming events.

For evaluating intervention outcome, patients were
examined four times: 2 weeks before intervention (E1),
immediately before the first training session (E2), after the
2-week lab-training period (E3), and after the 6-week home-
training phase (E4). Rater-blinded assessment revealed a
reduction in ataxia symptoms by ~2 points on average in the
SARA ataxia score [51] after 8 weeks. The improvement in
ataxia (SARA scale) during home training was thereby
dependent on the intensity of home training: The more
intensive the training periods at home, the higher the reduction
in SARA gait and posture. Importantly, children were highly
motivated throughout the whole demanding training period,
and they experienced feelings of success about their own
movements. The clinical improvement was paralleled by
improvements in biomechanical measures of gait (lateral
sway, step length variability) and goal-directed leg placement
(see Fig. 2).

In summary, this study provides proof-of-principle
evidence that, despite progressive cerebellar degeneration,
children are able to improve motor performance by intensive
coordination training. Moreover, it suggests that directed
training of whole-body controlled video games might present
a highly motivational, cost-efficient, and home-based
rehabilitation strategy to train dynamic balance and interaction
with dynamic environments for these children. However, our
results provide still rather preliminary evidence. Larger cohort
studies, studies including also more severely affected children,
assessment of long-term benefits, finding of predictors for
training success, and studies comparing different training
interventions and different ataxia types have to be performed
in the future.
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Fig. 2 a Screenshots from the
game “Light Race” used in the
exercises. b Snapshot from the
“Light Race” game. Patient

C1 performs dynamic stepping
movements in order to control the
avatar to step onto the highlighted
areas on the floor (figures
reproduced with permission from
Microsoft Xbox Kinect® (a, b)).
¢, d Group comparisons of the
clinical ataxia scores (SARA)
and lateral sway in gait at
examinations E1-E4. Patients
were examined four times:
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How Neuroimaging Studies Can Help to Understand
and Improve Cerebellar Rehabilitation (R. G. Burciu,
D. Timmann)

The cortical organization in the human brain is not fixed, but
there are ongoing modifications based on experience [107].
With the advent of imaging tools, reorganization of the brain
and recovery from brain disease can be studied in a non-
invasive way. Imaging correlates of motor recovery in patients
with cerebral stroke are well documented [108, 109].
However, little is known about the potential for neural
plasticity of patients with cerebellar dysfunction and even less
about the ability to regain function through rehabilitative
exercises. To date, only a few studies described changes in
the organization of the human brain following cerebellar
dysfunction. A first study using positron emission
tomography (PET) found that patients with cerebellar
degeneration performing a self-paced sequential finger
opposition task with the right hand had more increase in
regional cerebral blood flow in the motor cortex,
supplementary motor area, caudal cingulate motor area, and
putamen than healthy controls [110]. Moreover, an additional
increase of movement-related cortical potential (NS1) was
also found in the same degenerative patients [111]. These
PET and EEG results suggest an increased motor and
attentional effort by which cerebellar patients attempted to
compensate for their disease-related deficit. This
compensation process appeared to rely heavily on the basal
ganglia motor loop rather than the cerebrocerebellar loop. In
patients with cerebellar infarction, Kinomoto and colleagues
[112] found a different pattern. Using functional magnetic

resonance imaging, self-paced grasping of the hand ipsilateral
to the lesioned side was associated with a broader activation of
the sensorimotor cortex ipsilateral to the hand movement but
also a greater recruitment of the cerebellar hemisphere
contralateral to the hand movement. Results suggested that
the contralesional cerebrocerebellar loop plays an important
role in recovery of motor function of patients with cerebellar
stroke, unlike the basal ganglia loop which prevailed in
degenerative patients. A functional near-infrared spectroscopy
(fNIRS) study revealed an increase of hemoglobin
oxygenation (oxyHb) in the sensorimotor cortex,
supplementary motor area, and prefrontal cortex in patients
with cerebellar stroke during treadmill walking [113]. The
pattern of increase during the acceleration phase of the gait
period did not differ between groups. However, while controls
had a reduction of oxyHb during the steady phase, patients
manifested the opposite, sustaining the activation of the
previously mentioned areas. A more recent fNIRS study of
Hatakenaka and colleagues [99] showed similar patterns of
the hemoglobin oxygenation during a pursuit rotor task in
patients with ataxia following cerebellar stroke. In cerebellar
patients, cortical mapping based on oxyHb signal changes
revealed sustained activation of the prefrontal regions
compared with controls, whereas in controls, a shift of
activation from the pre-SMA toward SMA was observed.
The former results are based on cross-sectional
assessments. For a better understanding of training-related
reorganization of the brain in cerebellar patients, information
derived from longitudinal studies is needed. An increasing
number of studies show that physical therapy can enhance
motor performance in patients with cerebellar degeneration [0,
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7, 96]. In an attempt to depict the brain changes that contribute
to improvement of motor function, Burciu et al. [114]
performed a voxel-based morphometry (VBM) study in
patients with cerebellar degeneration. A 2-week postural
training resulted in a significant improvement of balance in
degenerative patients. Comparing gray matter volumes before
and after training revealed an increase primarily within non-
affected neocortical regions of the cerebrocerebellar loop,
more specifically the premotor cortex. Gray matter changes
were observed within the cerebellum as well but were less
pronounced. Thus, training may at least to some extent
improve function of remaining cerebellar circuitry. Likewise,
an animal model of alcohol toxic cerebellar degeneration has
shown that training-related improvement of motor
performance is accompanied by synaptogenesis of remaining
Purkinje cells and increased size of astrocytes [115].
Cerebellar contributions are likely more pronounced in
patients with focal disorders leaving parts of the cerebellum
intact (e.g., following stroke). In particular, it likely plays a
role whether or not the deep cerebellar nuclei are lesioned
[116, 117].

Available imaging data show that patients with cerebellar
degeneration increasingly rely on extracerebellar areas during
motor performance and training. It may depend on the task
whether corticobasal ganglia loop is recruited, or parts of the
corticocerebellar loop unaffected by the disease. For example,
in the PET study by Wessel et al. [110], an internally paced
movement was used, and basal ganglia loop was engaged. In
contrast, in the VBM study by Burciu et al. [114], movements
were externally paced (using markers on a screen), and the
premotor cortex was of particular importance. On the other
hand, additional use of prefrontal areas may reflect increased
reliance on strategic learning. Finally, in training situations
where additional explicit motor knowledge becomes
available, cerebellar patients may make excessive use of brain
regions involved in explicit, rule-based learning (that is basal
ganglia, prefrontal cortex, and hippocampus) [118].

To conclude with, present findings stimulate further studies
including larger sample sizes, longer training periods,
precisely defined training concepts as well as newer imaging
analyses in order to clarify how patients with cerebellar
dysfunction are still able to learn motor tasks and to what
extent other brain structures compensate for the learning
deficit inherent to the disease. Pattern and extent of training-
related brain changes likely depend on the localization and
degree of the underlying cerebellar disease.

Non-invasive Cerebellar Stimulation: Could It Become
a Therapeutic Intervention? (P. Celnik)

Since early 1990, the use of non—invasive brain stimulation
has grown exponentially. Scientists have applied this
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technique to understand the physiology and alter how the
CNS works. Despite early studies showing that it was possible
to stimulate non-invasively the cerebellum, only recently the
number of reports using this approach to understand its role in
health and disease has increased.

Here, we will refer to the use of two non—invasive
cerebellar stimulation techniques, transcranial magnetic
stimulation (TMS), and transcranial direct current stimulation
(tDCS). In TMS, a rapid electrical current is delivered through
a coil generating a magnetic field. If the field is strong enough,
it can reach neural tissue inducing a rapidly changing
electrical field that can depolarize neurons (for review, see
[119]). In tDCS, a small steady current is passed between two
large electrodes applied over the scalp. This current, under the
right circumstances, has a neuromodulatory effect eliciting
increases or decreases of neuronal excitability underneath
the electrodes [120].

In recent years, different investigations have applied these
techniques to test the role of the cerebellum in cognitive,
motor, and sensory behaviors. Although a great number of
studies focused on testing the behavioral, imaging, and/or
physiological consequences of disrupting cerebellar activity
or assessing patients with cerebellar disorders, only few have
described how cerebellar physiology in healthy humans
changes in association to behavior. In two recent studies, we
have shown how the cerebellar motor cortex connectivity
changes in association to motor learning. Normally, the
cerebellum exerts an inhibitory tone over the primary motor
cortex (M1), a phenomenon known as cerebellar brain
inhibition (CBI). This can be detected using TMS paired pulse
paradigms. Here, a conditioning TMS pulse is applied over
the cerebellum and is followed by a test pulse delivered over
M1 few milliseconds after. When TMS pulses are combined
in this manner, it is possible to observe a reduction in motor
evoked potential amplitudes, relative to a single pulse over
M1. This effect has been interpreted as an activation of
Purkinje cells by the first pulse, which in turn inhibit the
dentate and ultimately M1 via a disynaptic excitatory
connection through the thalamus [121, 122]. Using this
previously described technique, we have found that when
healthy young adults learn a motor task, CBI is reduced during
the early phase of learning [123] in a proportionally manner to
the amount of learning [124]. These studies are interesting
because they are the first ones to start unveiling the cerebellar
physiological mechanisms, in this case connectivity to M1,
underlying motor learning in healthy individuals.

Understanding how cerebellar physiology changes during
behavior is important, but to be able to use this information to
develop interventions, we also need to learn whether we can
modulate cerebellar physiological processes. One study
applied cerebellar anodal and cathodal tDCS in young healthy
individuals and showed that CBI (cerebellar—-M1
connectivity) can be modulated in a polarity-specific manner,
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without affecting M1 and brainstem excitability [125]. Other
studies also showed that it is possible to modulate cerebellar
function by applying inhibitory or excitatory forms of
repetitive TMS over the cerebellum and assessing the
consequent changes in CBI [126] or other distant
interconnected brain regions (M1 excitability) [127-129].

Altogether, this information becomes crucial to design
interventions geared to change behavior. Indeed, recent studies
showed that cerebellar stimulation might have a role as a
therapeutic intervention. We have shown that cerebellar direct
current stimulation can affect motor learning processes in healthy
individuals. For instance, anodal tDCS (the excitatory form of
this stimulation) can speed up how healthy people learn reaching
and locomotor adaptation tasks [130, 131]. Importantly,
unpublished preliminary data [124] suggest that anodal tDCS
has similar beneficial effects when stroke patients train a
locomotor task geared to improve their walking symmetry.

Other investigations have shown that cerebellar stimulation
can be beneficial in other domains beyond motor function. For
instance, a recent study showed that applying the inhibitory
form of tDCS (cathodal) healthy subjects improved in a word
generation task that tests working memory. This beneficial
effect was more prominent when the task was more difficult
and interpreted as a dis—inhibition of prefrontal areas as a
consequence of cerebellar depression by cathodal tDCS
[132]. Another study showed that cerebellar tDCS could
enhance emotional expression recognition of facial sadness
and anger [133].

Finally, other series of studies have applied cerebellar
stimulation to decrease disease symptoms. For instance, a
sham-controlled study in 74 spinocerebellar degeneration
patients delivered multiple single pulses of TMS over the
entire cerebellum and described a significant reduction of
truncal ataxia [134]. Another investigation showed that
applying theta burst stimulation, a repetitive inhibitory form
of TMS, in Parkinson’s disease patients with L—Dopa—
induced dyskinesias, resulted in a significant reduction of
symptoms [135]. Similarly, a recent study in patients with
essential tremor showed that another inhibitory form of
TMS (1 Hz) applied bilaterally over the cerebellum five
consecutive days reduced tremors amplitude and severity, an
effect that lasted at least for 3 weeks [136]. This line of work,
supported by other investigations applying deep thalamic
stimulation in patients with essential tremor [137], suggests
that stimulating the cerebellum non-invasively may be a way
to access cerebellar thalamic cortical circuits to address
abnormalities involving these structures.

In sum, studies so far indicate a very interesting role for
cerebellar non—invasive stimulation. These techniques have
been useful to improve our understanding of cerebellar
physiology in humans. More importantly, recent
investigations show that cerebellar stimulation can affect
behavior and diminish different symptoms in patients with

neurological conditions. Although research so far has focused
for the most part on patients with neurological conditions that
affect non—cerebellar structures, future investigations will
determine the role of these techniques in patients who suffer
cerebellar damage. Thus, whether applied to enhance a
partially damaged cerebellum or to improve cerebellar
function to compensate lesions in other non-cerebellar
structures, non—invasive cerebellar stimulation has clear
potential to become a beneficial therapeutic intervention in
the field of neurological rehabilitation.

Consensus and Future Directions

Up to today, there is very little to offer to patients with
cerebellar ataxia in terms of medication. One exception for
some cerebellar symptoms is aminopyridines.
Aminopyridines are recommended as an alternative to
acetazolamide in patients with episodic ataxia type 2 and
should be tested in patients presenting with downbeat
nystagmus. They are beneficial in a subset of patients with
downbeat nystagmus [1, 2]. Whether aminopyridines benefit
gait ataxia remains to be seen. In all other situations, there is
no medication which is of reliable and reproducible help in
patients with cerebellar ataxia. Some drugs appear to be
promising, particularly acetyl-DL-leucine and chlorzoxazone,
but effects need to be verified in large controlled trials [23,
73]. There is consensus that, as yet, treatment is largely limited
to physiotherapy, speech therapy, and occupational therapy.
This may change in the future, given the increasing
knowledge about the pathomechanisms in heredoataxias and
advances in genetic therapies.

Training has been recommended for patients with
cerebellar disease for many years. Patients, medical doctors,
and therapists generally report that training improves function
and that they deteriorate when physiotherapy has to be
interrupted [138]. Only in very recent years, however,
controlled studies have been performed in larger patient
populations, both in adults and in children with degenerative
disease, indeed showing that motor performance gets better
with the help of continuous and intensive motor training [6, 7,
106]. There is agreement that this is an important step forward
given the known contributions of the cerebellum to motor
learning. However, many open questions remain.

As yet, physiotherapeutical interventions have been studied
with a focus on stance and gait ataxia in ambulatory patients
[6, 7]. Future studies need to show that training of upper
extremities improves function as well and to what extent
patients are able to improve who are wheelchair dependent.
Another open question is to decide the best moment to
introduce which kind of auxiliary device. Furthermore, there
is lack of larger well-controlled studies showing that speech
therapy and occupational therapy are indeed beneficial [139].
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Because disease is ongoing in cerebellar degeneration,
there is consensus that life-long treatment is likely required.
A limited number of sessions do not make a difference [140].
Studies in cerebral stroke show that massed training is
advantageous compared to physiotherapy once or twice a
week [141]. The same principle likely applies to cerebellar
ataxia, although this needs to be shown. Patients with
cerebellar degeneration may gain the most with massed
training once or twice per year for a couple of weeks, with
continuous self-training under physiotherapeutical
supervision in the intervals (see Fig. 1). Furthermore, recent
studies in animal models of cerebellar ataxia suggest that
intensive motor training slows down the process of
degeneration [142, 143]. Long-term rehabilitation studies in
humans are needed to determine whether these promising
results also hold for cerebellar patients.

At present, little is known which mechanisms of motor
learning underly the observed motor improvements and in
which learning conditions cerebellar patients perform best.
Taylor and coworkers [144] observed that explicit cognitive
strategies are helpful in patients with cerebellar degeneration
in implicit learning. Whereas in healthy subjects, explicit
strategies are helpful early during learning, but impede later
stages of intrinsic learning, this detrimental effect was not
observed in patients. Thus, instructions by a physical therapist
appear to be of particular importance in training of cerebellar
patients. Initial findings of Criscimagna-Hemminger et al.
[145] suggested that learning to small changes should be
emphasized in motor training. However, their observation that
patients with cerebellar degeneration have problems to adapt
to abrupt perturbations, but are able to adapt to gradually
induced perturbations, could not be replicated in two
subsequent studies [146, 147].

In summary, there is consensus that evidence-based
guidelines for the physiotherapy of degenerative cerebellar
ataxia need to be developed. Future studies are needed to
design more specific training programs based on the
increasing knowledge of the pathophysiology of disordered
motor learning in cerebellar patients. These studies should
include neuromodulatory approaches. Transcranial direct
current stimulation of the cerebellum or other motor areas
during training may be the first to test given the most recent
results that anodal stimulation of the cerebellum improves
motor learning.
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