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Abstract During human locomotion, vestibular feedback

control is fundamental for maintaining dynamic stability

and adapting the gait pattern to external circumstances.

Within the supraspinal locomotor network, the cerebellum

represents the key site for the integration of vestibular

feedback information. The cerebellum is further important

for the fine-tuning and coordination of limb movements

during walking. The aim of this review article is to high-

light the shared structural and functional sensorimotor

principles in vestibular and cerebellar locomotion control.

Vestibular feedback for the maintenance of dynamic sta-

bility is integrated into the locomotor pattern via midline,

caudal cerebellar structures (vermis, flocculonodular lobe).

Hemispheric regions of the cerebellum facilitate feed-for-

ward control of multi-joint coordination and higher loco-

motor functions. Characteristic features of the gait disorder

in patients with vestibular deficits or cerebellar ataxia are

increased levels of spatiotemporal gait variability in the

fore-aft and the medio-lateral gait dimension. In the fore-

aft dimension, pathologic increases of gait fluctuations

critically depend on the locomotion speed and predomi-

nantly manifest during slow walking velocities. This fea-

ture is associated with an increased risk of falls in both

patients with vestibular hypofunction as well as patients

with cerebellar ataxia. Pharmacological approaches for the

treatment of vestibular or cerebellar gait ataxia are cur-

rently not available. However, new promising options are

currently tested in randomized, controlled trials (fam-

pridine/FACEG; acetyl-DL-leucine/ALCAT).

Keywords Vestibular system � Vestibulopathy � Cerebellar
ataxia � Gait � Falls � Fall-related injury � Gait speed

Introduction

Maintaining dynamic balance during locomotion, i.e., the

ability to return to the default movement pattern after small

perturbations, relies on a complex interaction between

spinal and supraspinal locomotor networks and sensory

feedback cues from the vestibular, visual, and proprio-

ceptive systems. Vestibular feedback is required to adjust

the intended movement pattern to internal and external

disturbances. Integration of vestibular information into the

locomotion pattern takes place via a modulation of

vestibulospinal reflexes but also at the supraspinal level, in

particular within the cerebellum. Vestibular projections

that originate from the vestibular nuclei reach several

midline and caudal cerebellar structures, i.e., the nodulus,

vermis, flocculus, and paraflocculus. These regions are

commonly summarized as the ‘‘vestibulocerebellum’’.

Projections from the vestibulocerebellum go back to the

vestibular nuclei, but also reach spinal locomotor centers

(via the nuclei ruber, reticularis, and inferior olivary), the

basal ganglia and frontal loops as well as oculomotor

centers in the brainstem (for overview [25]). The functional

significance of the vestibulocerebellum for the control of

static postural functions such as head and trunk tilt [4] as

well as the regulation of eye movements [11] is well
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established. The role of the vestibulocerebellum in

dynamic postural contexts is less understood. Besides the

integration of vestibular information, structures in the

hemispheric cerebellum play a major role for the fine-

tuning and coordination of motor commands. These coor-

dinative motor functions essentially contribute to the sta-

bility during the execution of repetitive locomotion

movement patterns.

The aim of this review article is to provide a topodi-

agnostic overview on the different pathomechanisms

underlying the emergence of gait ataxia in patients with

vestibular or cerebellar dysfunctions. Special emphasis will

be placed on the control of dynamic stability and the risk of

falls in these patients.

Features of the ataxic gait disorders in patients

with cerebellar ataxia and bilateral vestibular

failure

The gait pattern of patients with severe bilateral vestibu-

lopathy (BVP) is characterized by an increased trunk sway,

reduced step length, broadened base of support, prolonged

double support phases, and increased spatiotemporal gait

variability [1, 16]. Similar to this pattern, patients with

cerebellar ataxia (CA) typically walk with a reduced step

length, broadened base of support, and a high spatiotem-

poral variability of movements (for overview [10]).

Whereas some changes of both gait patterns (e.g., base of

support, stride length) most likely reflect unspecific, com-

pensatory strategies for balance restabilization, high spa-

tiotemporal gait variability is considered to be an essential

pathologic feature of ataxic gait [10]. Typically, gait

variability levels are higher in cerebellar ataxia compared

to vestibular gait ataxia. Increased stride-to-stride fluctua-

tions during walking indicate the occurrence of instabilities

during the execution of repetitive locomotor commands.

Two distinct factors mainly drive a more variable timing

and spatial irregularity of the foot placement during

walking: (1) a dyscoordination in multi-joint limb move-

ments and (2) a disturbed regulation of a stable upright

position during walking that is linked to irregular move-

ment trajectories in recordings of different body segments

and of the center of mass.

Disturbances of sensory feedback control during walk-

ing (regardless of the sensory modality) are tightly linked

to increased spatiotemporal gait variability. Thus, several

studies found increased stride-to-stride fluctuations to be a

typical feature of the walking pattern in patients with either

impaired visual feedback, proprioceptive deficits due to

sensory neuropathy or in BVP [21, 27, 28]. Earlier studies

suggested that the impact of sensory feedback on loco-

motion control depends on the actual gait velocity and

decreases with increasing locomotion speeds [3]. In line

with this, it was found that the increase of gait variability in

patients with visual, proprioceptive, and vestibular deficits

is generally strongest during slow walking modes and gait

fluctuations normalize during fast walking (Fig. 1).

In patients with CA, both a disturbed integration of sen-

sory feedback cues as well as a dyscoordination of limb

movements account for the occurrence of increased gait

variability levels. This twofold pathomechanism manifests

in a highly irregular gait pattern during both slow and fast

walking speeds. On the one hand, increased spatiotemporal

gait variability in patientswith CAduring slowwalkingmost

likely reflects an impaired cerebellar integration of sensory

feedback cues [21, 26]. On the other hand, cerebellar pace-

maker function and feed-forward coordination of multi-joint

movements become most prominent during fast walking

modes. A dysfunction within these domains presumably

accounts for the high spatiotemporal gait variability in

patients with CA at fast walking [21]. This idea is further

supported by the finding that in patients with CA high limb

ataxia scores in the Scale for the Assessment and Rating of

Ataxia (SARA) are particularly correlated with increased

levels of gait variability during fast walking conditions [16].

In contrast, cerebellar patients with a predominant dys-

function within the vestibulocerebellum, i.e., downbeat

nystagmus syndrome (DBN) [19] as well as cerebellar

patients with severe proprioceptive impairments, i.e.,

Friedreich ataxia (unpublished data), have near-to-normal

gait fluctuations at fast walking modes.

Topodiagnostic aspects in cerebellar gait ataxia

The above discussed twofold impact of cerebellar dysfunc-

tion on locomotion control is reflected in the functional

structure of cerebellar locomotor centers. Ilg et al. have

established the concept of three different functional zones:

(I) the midline structures with the vermis and the floccu-

lonodular lobes; (II) the intermediate zones; and (III) the

lateral zones of the cerebellar hemispheres. Animal and

human lesion studies provide evidence that the structures

within the vermis are significantly involved in dynamic

balance regulation. Dysfunctions within this region are

associated with a disturbance of the gain or duration of long

latency reflexes, disturbed rhythmic flexor/extensor muscle

activity, and impaired sensorimotor processing that results in

maladaptive postural adjustments (for overview [10]). The

flocculonodular lobe integrates vestibular afferent informa-

tion required for motion detection and graviceptive feed-

back. Several studies have investigated floccular function

within the context of oculomotor control. However, its

involvement in locomotor control has yet to be determined.

A recent study in patients with hypofunction of the flocculus

(DBN) provides first evidence that the flocculus essentially

mediates vestibular control of dynamic stability during
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walking [19]. Accordingly, patients with pure floccular

hypofunction exhibit a walking pattern comparable to that of

patients with BVP with increased walking irregularities

predominantly during slow locomotion.A further increase of

gait fluctuations during fast walking—as typical in patients

with CA—was only observed in a small subgroup of patients

with DBN with an additional dysfunction of cerebellar

hemispheric regions (Fig. 2).

The intermediate zones of the cerebellar hemispheres

are directly involved in the adjustment of intra- and inter-

limb coordination patterns required for a stable locomotion

execution. Ilg et al. demonstrated that subscores of the

clinical ataxia scale which reflect deficits in the control of

limb dynamics and the intra-limb coordination for goal-

directed movements are highly correlated with the vari-

ability of stepping in patients with CA [9]. In a similar

study, clinical rating scores of limb ataxia were most

strongly associated with increased gait variability during

fast walking [15]. Finally, the lateral parts of the cerebellar

hemispheres are thought to be important for the regulation

of complex walking tasks such as walking with target-

guided stepping or visually guided locomotion [10].

Clinical aspects of falls risk estimation in patients

with cerebellar ataxia and vestibular disorders

Patients with peripheral vestibular disorders are at a mod-

erate risk of falls (OR: 5.7 compared to healthy subjects).

One-third of patients with BVP experience frequent falls

with more than two falls within the preceding 12 months.

The risk of fall-related injuries is not increased in patients

with peripheral vestibular dysfunction [14]. The presence

of increased gait fluctuations during slow walking indicates

Fig. 1 Scheme of the speed-dependent impairment of dynamic

walking stability: The pattern of sensory ataxia shows increased

variability predominantly during slow walking and a tendency to

decrease to near-to-normal values at self-selected and fast walking

modes. In contrast, the pattern in cerebellar ataxia is characterized by

increased gait variability during both slow and fast walking modes.

The pattern in patients with predominant vestibulocerebellar disorders

(downbeat nystagmus syndrome) or patients with severe propriocep-

tive disorders (Friedreich’s ataxia) resembles the pattern of sensory

ataxia with normal gait fluctuations at fast walking

Fig. 2 Topodiagnostic scheme for the different locomotor control

functions within the cerebellum. Midline structures (vermis, nodulus,

and flocculus) are important for the regulation of upright position

during walking. The flocculus appears to be also important site for the

integration of vestibular information into the locomotor network.

Intermediate zones of the cerebellar hemispheres mediate the feed-

forward control of multi-joint movements and are important for intra-

and inter-limb coordination during walking. Higher locomotor

functions, such as target-guided locomotion and visual-controlled

stepping, appear to be particularly controlled by the lateral zones of

the cerebellar hemispheres
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a particular risk of falling in patients with BVP [16].

Moreover, the presence of a concomitant peripheral neu-

ropathy further critically impairs postural stability in these

patients (OR: 3.6).

The fall risk of patients with CA is markedly increased

and commonly higher compared to patients with sensory

deficits [14]. In a cross-sectional study of patients with

balance disorders, patients with CA had the highest rates of

fall events (OR: 15.7 for frequent falls compared to healthy

subjects). More than 30% of falls in patients with CA result

in injuries that require medical attention [14]. Valid pre-

dictive markers to identify patients with CA at a particular

risk of falling as well as effective fall prevention proce-

dures for these patients are, therefore, highly desirable to

improve their quality of life. Within recent years, several

studies attempted to identify fall-risk-related factors in

patients with CA with in part contradictory results.

Accordingly, within the framework of the EUROSCA

project, a large retrospective analysis of patients with

spinocerebellar ataxias revealed a significant association

between the SARA score and the risk of falling of these

patients [6]. In contrast, a subsequent prospective study of

the same cohort of patients found non-ataxic symptoms to

be most associated with the fall status of these patients [7].

This finding promotes the necessity of examining non-

ataxia features in patients with ataxia to improve fall-risk

estimation. Neither the total SARA score, nor its subscores

for gait and posture showed any significant correlation with

the fall frequency of patients in this study. This indicates

that the SARA rating inadequately represents dynamic

balance capacities of patients, since the gait assessment

within this rating is focused on the patient’s gait perfor-

mance during preferred walking speeds—a condition that

has been shown to be least affected by cerebellar ataxia

[21]. This weakness might contribute to the discrepant

outcomes of the EuroSCA studies.

Another study investigating the relationship between

quantitative gait parameters and the fall risk in patients

with CA found that high levels of gait variability, partic-

ularly during slow walking, are significantly correlated

with an increased risk of falling [22]. Furthermore, the

SARA score was found to highly correlate to increased gait

fluctuations at fast walking modes [15]. These findings

were manifest in both sporadic and hereditary forms of

ataxia.

In summary, these findings stress the importance for a

clinical assessment of concomitant (sensory) dysfunctions

in patients with BVP and CA to improve fall-risk estima-

tion. Moreover, the evaluation of gait variability during

slow and fast walking might further improve the quality of

the estimation. Therefore, instructions to walk detectably

slower than self-selected speed (\0.6 m/s) without

interuptions and to walk as fast as possibly, without

allowing the transition to running ([1.5 m/s), could be

recommended.

Pharmacotherapy of cerebellar ataxia: new

developments

So far, there is no effective pharmacotherapeutic approach

for the treatment of cerebellar gait ataxia. Exceptions to

this statement are specific treatment options in a few

recessive ataxia forms, such as Ataxia with vitamin E

deficiency (with a-tocopherol), Cerebrotendinous Xan-

thomatosis (with HMG-CoA reductase inhibitor), Nie-

mann- Pick type C (with Miglustat),

Abetalipoproteinaemia (with a-tocopherol), Refsum dis-

ease (lifelong dietary restriction of phytanic acid combined

with a high-calorie diet), and ataxia with coenzyme Q

deficiency (ADCK3/SCAR9) (with CoQ10). Moreover,

there is some evidence for Varenicline in patients with

spinocerebellar ataxia (SCA) and Amantadine in degener-

ative forms of ataxia (for overview [24]). Further studies

found a positive effect of Riluzole in hereditary and spo-

radic forms of ataxia. A recent randomized, placebo-con-

trolled study in patients with spinocerebellar ataxia and

Friedreich ataxia showed that Riluzole (50 mg orally, twice

daily) increased the rate of patients with improved SARA

score from 11 to 50% compared to placebo in an intention-

to-treat analysis [13].

4-Aminopyrdine (4-AP), a voltage-gated potassium

channel blocker, was recently tested in cerebellar gait

ataxia with first promising results. Accordingly, 4-AP

improved the precision of stepping (temporal gait vari-

ability) in two case series of patients with different entities

of CA, in particular during fast walking modes. The ben-

eficial effect of 4-AP on gait performance in patients was

independent of their severity of ataxia (assessed by the

SARA rating), but associated with a high magnitude of

temporal gait variability prior to treatment [18, 20]. The

putative mode of action of 4-AP is considered to be an

improvement in the precision of the intrinsic pacemaker

function of Purkinje cells [2], which might lead to the more

regular timing of the walking pattern in patients. A case

series of 16 patients with hereditary and sporadic forms of

ataxia did not show significant changes of the SARA score,

but found a moderate improvement in walking speed and

speech under treatment with 2 9 10 mg of the sustained

release form of 4-AP (fampridine) for 2 weeks [8]. Two

randomized, controlled trials with fampridine are currently

ongoing (FACEG in patients with different forms of ataxia,

NCT01811706 in patients with SCA 1, 2, 3, 6) (Table 1).

Another recent case series in patients with different forms

of CA found that the modified amino acid acetyl-DL-leucine

significantly improved ataxic symptoms, such as improve-

ments in subscores for gait, speech, finger chase, nose–finger
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test, rapid-alternating movements, and heel-to-shin of the

SARA [23]. However, a consecutive fall series on patients

with sporadic forms of ataxia and spinocerebellar ataxias was

not able to confirm these positive effects [12]. Acetyl-DL-

leucine has been shown to facilitate central sensory compen-

sation in brainstem vestibular centers, thalami, basal ganglia,

and insular regions (for overview [5]). In the context of

cerebellar gait ataxia, acetyl-DL-leucine treatment in patients

with CA led to a decrease of temporal gait variability, in

particular during slow walking [17]. A multi-center, multi-

national placebo-controlled trial on the effect of acetyl-DL-

leucine on different ataxia symptoms (including gait ataxia) is

currently ongoing (ALCAT, recruitment finished).

In summary, Riluzole appears to be a treatment option

for patients with spinocerebellar ataxia and Friedreich

ataxia. Both response rate and clinical improvement were

low to moderate. For patients with a fast deterioration of

ataxia, Riluzole could be recommended to decrease the

disease progression.

Alternative symptomatic treatment options such as 4-AP

and acetyl-DL-leucine might offer new and promising

approaches to improve dynamic instability in patients with

cerebellar gait ataxia, although the literature shows con-

flicting results. Both drugs are currently evaluated in ran-

domized controlled trials. The putative modes of action

differ between these two drugs: 4-Aminopyrdine primarily

acts via an increase of Purkinje cell pacemaker precision

and particularly improves the rhythmicity of stepping

during fast walking. In contrast, acetyl-DL-leucine pre-

sumably improves vestibulocerebellar functions and

thereby improves dynamic stability control during slow

walking. This indicates the possibility for a complementary

treatment approach to improve both aspects of cerebellar

gait ataxia.
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Table 1 Current studies on the effects of fampridine and acetyl-DL-leucine on cerebellar gait ataxia

Diseases Study Design No. of

patients

Dosage Duration Outcome

4-Aminopyridine

CACNA1A mutation Schniepp et al.

[18]

Case series 2 5 mg

TID

– Reduction of gait variability, improvement of

subjective ambulatory scores

DBN, SAOA,

CACNA1A

mutation, cerebellar

stroke

Schniepp et al.

[20]

Case series 31 5 mg

TID

– Increase of gait velocity and mean cadence at

preferred walking speed, decrease of stride time

CV during fast walking

4-aminopyridine sustained release

SCA 1, 3, 6, SAOA,

POLG mutation

Giordano et al.

[8]

Observational 16 10 mg

BID

16 weeks Modest short-term improvement mainly on gait

and speech, improvement within range of

placebo effects

SCA 1, 2, 3, 6 NCT01811706 RCT,

crossover

– 10 mg

BID

4 weeks Recruitment completed, pending analysis/

publication

Cerebellar disorders

of different etiology

FACEG RCT,

crossover

– 10 mg

BID

12 weeks Recruitment completed, pending analysis/

publication

Acetyl-DL-leucine

SCA 1, 2, ADCA,

AOA, SAOA

Strupp et al.

[23]

Case series 13 5 g/daily 7 days Reduction SARA, improved SCAFI, significant

improvements in subscores for gait, increased

quality of life

SAOA, MSA-C,

ADA, CACNA1A

mutation, SCA 1, 2

Schniepp et al.

[17]

Case series 18 5 g/daily 4-

6 weeks

Reduction of stride time CV during slow walking,

improvement of subjective ambulatory scores

and SARA

Cerebellar disorders

of different etiology

ALCAT RCT,

crossover

– 5 g/daily 6 weeks Recruitment completed

ADA autosomal dominant hereditary ataxia, ALCAT acetyl-DL-leucine for the treatment of cerebellar ataxia, AOA ataxia with ocular apraxia Type

1, CV coefficient of variation, CACNA1A calcium voltage-gated channel subunit alpha1 A, DBN downbeatnystagmus syndrome, FACEG

fampridine for the treatment of cerebellar gait disorders, MSA-c multisystemic atrophy-cerebellar type, RCT randomized, controlled trial, SARA

scale for the assessment and rating of ataxia, SCA spinocerebellar ataxia, SCAFI spinocerebellar ataxia functional index
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