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ABSTRACT: It is well known that the cerebellum
is important for movement control and plays a critical
role in balance and locomotion. As such, one of the most
characteristic and sensitive signs of cerebellar damage is
gait ataxia. However, characterizing ataxic gait is no easy
task, because gait patterns are highly variable. This vari-
ability seems to result from the interaction of different
factors, namely, (1) the primary motor deficits in balance
control and multi-joint coordination and oculomotor dys-
function, (2) the safety strategies used, and (3) inaccurate
adjustments in patients with loss of balance. In this
report, we review different approaches to analyzing ataxic
gait and studies to identify and quantify the different fac-
tors contributing to this movement disorder. We also dis-
cuss the influence of the cerebellum in adaptive
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locomotor control, the interaction between cognitive load
and gait in dual-task paradigms, and the recent advances
in rehabilitation of gait and posture for patients with cere-
bellar degeneration. In the second part, we discuss open
questions concerning cerebellar mechanisms in multi-
joint coordination during different walking conditions. Fur-
thermore, we point out potential future directions in motor
rehabilitation, with the objective of identifying predictors
of rehabilitation outcome and the development of individ-
ualized training programs that potentially involve rehabili-
tation technology. © 2013 International Parkinson and
Movement Disorder Society
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The functional role of the cerebellum in motor con-
trol is not the generation but more in the shaping and
fine-tuning of movements. Therefore, cerebellar dam-
age does not cause loss of movement but, instead,
leads to abnormalities in movement characterized by
increased variability and poor accuracy.' Typical
ataxia symptoms (Greek ataxia: without order, incoor-
dination) are dysmetria (hypermetria and hypometria),
cerebellar tremor, and dyssynergia—the loss of simul-
taneous joint movements.>>

Because the cerebellum is involved in the control of
various kinds of motor behavior in speech, oculomotor
control, limb movements, and balance, the described
abnormalities—like dysmetria and dyssynergia—occur
in various movement modalities. Consistently, ataxic
gait appears to be influenced by deficits like dyssynergia
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(eg disordered coordination between head, trunk, and
legs) and dysmetria (eg impaired predictive postural
adjustmends®) in balance control and multi-joint leg
coordination, acting on a whole-body control problem
with complex dynamics.’

Symptomatically, ataxic gait is typically characterized
by an increased step width, variable foot placement,
irregular foot trajectories, and a resulting instable,
stumbling walking path with very high movement vari-
ability®™® and a high risk of falling.” Causes for ataxic
gait can be various, including focal cerebellar disease
like stroke, cerebellar tumors, multiple sclerosis, and
degenerative diseases, affecting the cerebellum or its
afferent pathways (for a more detailed description, see
Ilg and Timmann'®). In this review, we focus on ataxic
gait caused by cerebellar dysfunction and, in particular,
by cerebellar degeneration.

Typical Signs of Ataxic Gait

Various studies have compared the gait from cere-
bellar patients and healthy controls. These studies
reported partially conflicting results, which can be
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TABLE 1. Overview of studies examining cerebellar ataxic gait in different conditions
Reference No. of Patients: Description Condition Main result
Palliyath et al." 10: OPCA, CCA Gait Reduced step length, impairments in multi-joint coordination, increased
variability of several gait measures
Morton and 20: IDCA, SCA3, SCA6, PVS Gait Balance deficits are more closely related to cerebellar gait ataxia than
Bastian'® leg-placement deficits
Stolze et al.'? 12: CD with various causes Gait Reduced cadence, increased balance related variables; tandem gait
paradigm accentuates gait ataxia
llg et al.t 13: IDCA, SCA6 Gait Temporal variability in intra-limb coordination is specific for cerebellar
dysfunction
Serreo et al."” 16: SCA1, SCA2, FA Gait Irregular alternating joint behavior, increased variability of global and
segmental gait parameters
Mitoma et al.™ 14: OPCA, LCCA Gait EMG reveals high muscle activity during periods when these muscles were
not active in normal walking
Wuehr et al.'® 11: IDCA, SCA1, SCA2, SCA6 Gait Alterations in the speed dependency of stride time and stride length
variability, whereas base width variability remained unaffected
Bastian et al.”* 5: PVS Gait Transection of the posterior inferior cerebellar vermis affects tandem
fundamentally more than regular gait
Crowdy et al.>* 8: IDCA, ADCA, SCA1, SCA7 Visually guided Similarities between oculomotor deficits during visual fixation task and
walking during walking
Crowdy et al.*® 2: ADCA Visually guided Foot placement accuracy could be improved by prior practice in making
walking saccadic eye movements toward the targets
Timmanr;sand 8: ADCA, IDCA, EA-type 2 Gait initiation Modification of postural adjustments
Horak
Conte et al.”® 10: IDCA, SCA1, SCA2 Gait termination Compensatory strategies during gait termination, eg increasing their step
width and number of steps
Mari et al.” 10: SCA1, SCA2, SAOA Turning Compensatory strategies: enlarge the base of support, shorten step length,
increase number of steps, and use the “multi-step” rather than the
“spin-turn” strategy
Earhart and 8: PVS, SCA7, OPCA, CAI Stepping on Abnormal relative movement of hip, knee, and ankle joints; decomposition
Bastian®? inclined surfaces of joint movement

Morton et al.%
Earhart et al.*®

Morton and
Bastian*’
llg et al.*®

llg et al.%®

Miyai
et al
llg et al.”®

|'61

8: IDCA, SCAB, SCA8

8: IDCA, ADCA, SCA6

9: IDCA, ADCA, SCA6, SCA8

12: Focal lesions after
cerebellar tumor resection

16: IDCA, FA ADCA, SCA2,
SCA6, SANDO

42: IDCA, SCA31, SCA6

10: FA, ADCA, arCA, AOA2

Obstacle avoidance
Gait adaptation
Gait adaptation
Gait adaptation

Gait rehab
Gait rehab

Gait rehab

Dynamic abnormalities associated with leg hypermetria is context-specific,
voluntary compensatory strategies

Cerebellum is important for regulation of the amplitude of podokinetic
adaptation

Specific impairments at making predictive changes in temporal aspects of
intra-limb coordination

Specific abnormalities in temporal aspects of intra-limb coordination for
leg placement and adaptive locomotion

Intensive coordination training improves gait in terms of velocity, lateral
sway, and variability of intra-limb coordination pattern

Physiotherapy in combination with occupational therapy improves gait
speed and fall frequency

Video-gamed-based coordination training in children improves velocity,
step-length variability, and dynamic balance

OPCA, olivopontocerebellar atrophy; CCA, cerebellar cortical atrophy; IDCA, idiopathic cerebellar ataxia; SCA3, SCAB, spinocerebellar ataxia types 3 and 6,
respectively; PVS posterior vermal split; CD, cerebellar disease; FA, Fredreich ataxia; LCCA, late cerebellar cortical atrophy; EMG, electromyelography; SCA1,
SCA2, spinocerebellar ataxia types 1 and 2, respectively; ADCA, autosomal dominant cerebellar ataxia; SCA7, spinocerebellar ataxia type 7; EA-type 2, epi-
sodic ataxia type 2; SAOA, sporadic adult-onset ataxia of unknown etiology; CAl, cerebellar artery infarct; SCA8, spinocerebellar ataxia type 8; rehab, rehabili-
tation; SANDO, sensory ataxic neuropathy with dysarthria and ophthalmoparesis caused by mutations in the polymerase gamma gene (POLG); arCA,
autosomal-recessive ataxia; AOA2, ataxia with oculomotor ataxia type 2.

explained by the heterogeneity of examined patient
populations in terms of underlying diseases and partic-
ularly in terms of the severity of ataxia symptoms.
Palliyath et al.'! reported significant changes for the
averages in velocity and stride length, whereas Stolze
et al.'> observed almost no differences for the same
gait parameters. Similarly, several studies demon-
strated significant differences for the step width,'*
whereas others did not.'»*7' Mitoma et al.,'* who
divided their patient population into 2 groups with
moderate ataxia and severe ataxia, observed

significant changes in step width, step length, speed,
and the durations of the double and single support
periods only for the group with severe ataxia. Differ-
ences between patients and controls also have been
reported for other gait parameters (see Table 1), eg
angle ranges, cadence, stance time, the time of maxi-
mum flexion during the swing phase,'"'? as well as
increased body sway in different directions.®!®
Analyzing these features reveals that many of the
parameters that measure average values of velocity,
step length, or step width may reflect predominantly
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FIG. 1. Localization of cerebellar function in gait control is illustrated. The medial region plays a central role in locomotion by sustaining upright
stance and dynamic balance control. It is suggested that the intermediate cerebellar regions are important for performing precise limb movements
and that lateral cerebellar regions play a significant role in adjusting locomotor patterns to novel contexts or when strong visual guidance is required

(adapted from Morton and Bastian,'® Cooper et al.,?> Grodd et al.,”? and Marple-Horvat and Criado

cerebellar-unspecific safety strategies rather than spe-
cific deficits in control.®!'"17 In contrast, the most
striking and distinctive features of ataxic gait seem to
be the high variability in several spatial and temporal
gait features (eg variability in step length, step width,
and gait cycle time).®'"''® This characteristic high
variability of walking patterns most likely is because
of the complex interaction between cerebellar-induced
deficits in balance control and multi-joint coordina-
tion, the safety strategies used, and inaccurate adjust-
ments to apparent losses of balance. This results in a
continuous, step-by-step adjustment of the gait strat-
egy, making it difficult to quantitatively describe the
actual walking behavior of patients with ataxia.'”

Factors Contributing to Ataxic Gait

Localization of Cerebellar Function
in Gait Control

The cerebellum can be divided into distinct func-
tional zones based on its afferent and efferent connec-
tions (Fig. 1).'” Results, predominantly from animal
studies, suggest that all these regions of the cerebellum
play an important role in control and adjustment of
balance and gait, each in different ways (see review by
Morton and Bastian°).

In brief, the medial region (vermis), beyond its
important involvement in eye movement control, plays

73) i

a central role in locomotion by regulating extensor
tone, sustaining upright stance and dynamic balance
control, and modulating rhythmic flexor and extensor
muscle activity (eg see Chambers and Sprague*' and
Sprague and Chambers®?). The intermediate cerebellar
regions seem to play an important role when perform-
ing precise limb movements, which involve directed
limb placement and regulating agonist-antagonist mus-
cle pairs to control the relative timing and movement
amplitude (eg see Udo et al.,”> Yu and Eidelberg,®*
and Cooper et al.>’). The lateral cerebellum seems to
be less important for the control of uninterrupted level
walking. In contrast, it is suggested that lateral cere-
bellar regions play a significant role in adjusting loco-
motor patterns to novel contexts or when strong
visual guidance is required®®?” (for reviews, see Mor-
ton and Bastian®® and Cerminara et al.?®).

However, transferring these results to humans, it is
important to keep in mind that human locomotion is
bipedal and, thus, inherently less stable than quadru-
pedal locomotion. Human gait, therefore, likely
requires additional supraspinal input for dynamic bal-
ance control,” potentially involving to a greater extent
the intermediate and lateral cerebellar regions.

Balance Impairments in Posture and Gait

Some of the most reliable and most thoroughly
documented deficits in cerebellar ataxia are postural
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FIG. 2. (A) The experimental setup for the study by Morton and Bastian® is illustrated. During the balance task, the participant stood on the force
plate with arms across the chest and feet shoulder-width apart. During the leg-placement task, the participant held onto parallel bars. During the
walking task, participants walked across an uninterrupted, level platform. (B) Weight-shifting distances, normalized to foot spread, during the bal-
ance task are illustrated for all groups (see text). Participants with cerebellar disease in the balance deficit subgroup (balance) and in the both-
deficits subgroup (both) had reduced lateral weight-shifting distances compared with the other groups. (C) Foot endpoint errors during the visually
guided leg-placement task are illustrated. Patients with cerebellar disease in the leg-placement deficit and both-deficits subgroups had greater
errors than all other groups. (D-F) Group means of walking variables are illustrated for the control group (n = 20), for patients with cerebellar disease
in the leg-placement deficit subgroup, and for patients with cerebellar disease in the balance deficit subgroup, including (D) average stride lengths
normalized to height (P = 0.0005); (E) stride-length variability (the coefficient of variability; P =0.0245), and (F) decomposition at the knee-hip joint
pair (P = 0.0420) (reproduced with permission from the American Physiological Society).

deficits in quiet stance, in response to balance distur-
bances,?” and before voluntary limb movements, such
as gait initiation.* Dysfunctions in postural control
mechanisms have been identified, including increased
gain and prolonged duration of long latency reflexes®’;
a disruption of sensorimotor processing for balance
control®'; disordered adaptation of postural responses;
disordered coordination between head, trunk, and legs
(asynergia); a loss of spatial orientation versus gravity;
and impaired predictive postural adjustments.**’
Accordingly, balance-related abnormalities are cru-
cial and are often most obvious in ataxic gait, reflect-
ing safety strategies like increasing step width or
symptoms of impaired balance control, such as
increased body sway. Consequently, a study by Mor-
ton and Bastian'® suggested that cerebellar ataxic gait
on level ground may be influenced predominantly by
balance impairments, whereas leg coordination
impairments may have only a minor influence. In that
study, the authors tried to separate the influences of
balance deficits and voluntary leg coordination deficits
on cerebellar ataxic gait (Fig. 2). Based on patients’
performance on a balance task and a leg-placement
task, patients were assigned to 2 groups with

dominantly balance-related and coordination-related
impairments. Patients who had dominant balance-
related deficits had significant deviations from normal
controls for several gait parameters, including stride
length and its variability and the peak angles of hip,
knee, and ankle joints. Patients who had coordination-
related impairments did not have significant deviations
from normal controls for all tested gait parameters
except for a movement decomposition index.'?***

Influences of Impairments on Intra-limb
Coordination

However, Ilg et al.® have provided evidence that
abnormalities in gait, like dynamic balance and irregu-
lar foot trajectories in ataxic gait, also are influenced
by deficits in the control of intra-limb coordination,
rather than solely being by-products of balance
impairments. Walking patterns were quantitatively
analyzed by combining standard gait measures and
novel measures for the characterization of the spatial
and the temporal variability of intra-joint coordination
patterns (see Fig. 3). The temporal variability of gait
patterns was significantly correlated with a subscale of
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FIG. 3. Angle-angle plots illustrate the joint coordination patterns for the right and left leg in (A) a healthy control individual and (B) a patient (CP-11)
with pancerebellar atrophy. (C) This is an illustration of spatial and temporal variability for real data and computation of the average movement for
the gait trajectories of a patient with cerebellar disease. Joint angle trajectories (100 time samples) are indicated for the right knee flexion angle for
3 subsequent gait cycles. Thin lines between the trajectories connect points that are in spatio-temporal correspondence. (D) An analysis of the spa-
tial and temporal inter-subject variability of 2-dimensional joint angle trajectories is illustrated. Trajectories are illustrated as angle-angle plots. In the
3 trajectories from individual gait cycles in the same patient (left), a spatio-temporal average trajectory is computed (right). (E) Temporal variability
measures var; are plotted against International Cooperative Ataxia Rating Scale (ICARS) kinetic subscores for 13 cerebellar patients and 9 controls.
The variability measures (var) were determined for 1 exemplary set of joints, including flexion angles of the left hip and the left knee (L-HK)® (repro-

duced with permission from Oxford University Press).

the International Cooperative Ataxia Rating Scale
(ICARS) clinical ataxia scale,®® which rates deficits of
the control of limb dynamics and intra-limb coordina-
tion for goal-directed movements. Conversely, gait
parameters like step width and lateral sway were cor-
related predominantly with clinical measures of
balance-related abnormalities. These results suggested
that ataxic gait is influenced by both balance-related
impairments and deficits related to limb control and
intra-limb coordination. Applying the same analysis to
patients with peripheral vestibular failure and Parkin-
son’s disease indicates that increased temporal vari-
ability of intra-limb coordination is a specific
characteristic of cerebellar dysfunction.

Influences of Oculomotor Dysfunction
on Goal-directed Walking

The existence of links between these locomotor and
oculomotor deficits has been provided by a study of
Crowdy et al.** Eight patients suffering from primary
cerebellar degenerative diseases undertook a walkway
task, which demanded precise foot placement at each
step, and a visual fixation task, which required only eye
movements. Step cycle and horizontal eye movements
were recorded throughout the tasks and were compared

with those of healthy adults. Similarities between oculo-
motor deficits displayed by patients during the visual fix-
ation task and during walking indicated that the latter
were not merely a consequence of ataxic gait. In a subse-
quent study with a goal-directed foot placement task,>’
the same investigators observed that saccadic and foot
placement accuracy could be improved by prior practice
in making saccadic eye movements toward the targets.

Interactions of Cognitive and Motor
Tasks—Dual-task Walking

In general, gait disorders in neurological patients
often are accentuated when they perform concurrent
cognitive tasks during walking (for review, see Woolla-
cot and Shumway-Cook>®). This has been extensively
examined, for instance, in Parkinson’s disease.’”*® To
date, there is still a lack of dual-task studies for cerebel-
lar patients. However, the interaction of cognitive tasks
and motor tasks may be especially relevant in cerebellar
dysfunctions; because, along with the importance of the
cerebellum on motor control walking, there is evidence
for the involvement of the lateral cerebellum in cogni-
tive processes like working memory.>***

In a recent study, we examined the influence of focal
cerebellar lesions on working memory (N-back task)
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and on the interaction between working memory and
gait tasks with different complexities in a dual task
paradigm.*! Seventeen young patients with who had
chronic focal lesions after undergoing resection of cer-
ebellar tumors and 17 age-matched controls were ana-
lyzed. Patients had mild to moderate ataxia. N-back
tasks were executed with different levels of difficulty
during sitting (baseline), treadmill walking, and tread-
mill tandem walking. For patients, gait analysis
revealed that patients increased gait variability in the
walking and tandem walking tasks. This gait variabili-
ty scaled with N-back task difficulty only for tandem
gait. These results indicate that, in patients with pre-
dominantly mild ataxia, additional cognitive load
causes increased gait impairments only for more com-
plex gait tasks like tandem walking. Lesion-symptom
mapping analyses of regions associated with impair-
ments in both the N-back task (baseline) and the
walking tasks revealed no overlaps for walking but
did find overlapping regions in the lateral hemisphere
and the dentate for tandem gait, reflecting the visually
guided, precise foot placement. These findings suggest
that the interaction effects that have been specifically
identified for difficult dual-task conditions may be
caused, along with the prioritization of gait for safety
reason, by a common involvement of lateral cerebellar
regions in working memory as well as in complex
motor tasks. This hypothesis implies that the clinical
relevance of gait disturbances and falls may be accen-
tuated in demanding cognitive tasks.

Adaptation of Walking Pattern

The cerebellum is also known to play a functional
role in motor learning and motor adaptation (see
reviews by Bastian'*?). Impairments of cerebellar
patients in (short-term) practice-dependent motor
learning have been demonstrated in various motor
tasks on arm movements>™* and walking move-
ments.**™** Such short-term adaptations occur in
many situations that are relevant for everyday life, like
the adjustment of leg control to changes in leg dynam-
ics caused by wearing heavy winter shoes. This means
that patients are impaired in finding optimal calibra-
tions for movement control, which makes movements
inaccurate and unsafe.

Such impairments in the adaptation of movement
patterns to changed leg dynamics and its relation to
goal-directed leg movements has been demonstrated.*
Cerebellar patients performed 3 tasks: goal-directed
leg placement, walking, and walking with additional
weights on the shanks. Based on the performance on
the first 2 tasks, patients were categorized as impaired
or unimpaired for leg placement and for dynamic bal-
ance control in gait. The subgroup with impaired leg
placement demonstrated abnormalities in the adapta-
tion of locomotion to additional loads, whereas the

L

subgroup with impaired balance did not. A detailed
analysis revealed specific abnormalities in the temporal
aspects of intra-limb coordination for leg placement
and adaptive locomotion. Lesion-based magnetic reso-
nance imaging subtraction analysis revealed that the
interposed and adjacent dentate nuclei were more fre-
quently affected in patients with impaired versus
unimpaired leg placement. Thus, these results indi-
cated, for the first time in humans, an influence of the
intermediate zone for multi-joint limb control both
in goal-directed leg movements and in adaptive
locomotion.

The importance of the cerebellum in the adaptation
of temporal aspects of walking pattern has been sys-
tematically examined by split-belt treadmill walking.*”
Participants walked on a split-belt treadmill in which
one belt was suddenly driven at twice the speed of the
other. Along with rapid reactive changes to account
for this speed difference, healthy controls also made
gradual, adaptive changes in the phasing of motion
between the legs to optimize the inter-limb relation.
The new phase relation was stored as a predictive cali-
bration, as evidenced by slowly decaying after effects
that appeared when the treadmill belts were returned
to the same speed. Cerebellar patients exhibited nor-
mal reactive changes but impairments in making the
predictive changes in temporal aspects of interlimb
coordination.

Rehabilitation of Ataxic Gait

Functional recovery of cerebellar impairments heav-
ily depends on the cause and site of the lesion. Ataxia
after stroke, neurosurgery, or trauma affects only cir-
cumscribed regions of the cerebellum while leaving
other regions intact. These unaffected regions may
compensate for the defective parts. In addition, in the
case of focal lesions, effects of neural plasticity are
likely more effective, because there is no competition
with ongoing progressive neurodegeneration. Whereas
patients with focal lesions clearly improve in motor
functions over time, patients with degeneration slowly
deteriorate.*” In focal cerebellar lesions, caused either
by tumor surgery or stroke, lesion site appears to be
more important than extent, and lesions affecting the
deep cerebellar nuclei are not fully compensated at
any age in humans.>® Furthermore, additional extra-
cerebellar stroke lesions involving the cerebral hemi-
spheres or brainstem also negatively affect recovery of
walking and other functional capacities after stroke.”

Within the spectrum of cerebellar diseases, degener-
ative diseases are especially difficult to treat because
of their progressive nature and their effect on virtually
all parts of the cerebellum. Possibilities for medical
interventions are rare and are limited to specific dis-
eases and symptoms (reviewed by Ilg and Tim-
mann'®). Furthermore, motor rehabilitation is also
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FIG. 4. (A) This snapshot of a demanding exercise illustrates training of dynamic balance and multi-joint coordination. (B) Group data from the clini-
cal ataxia scores on the Scale for the Assessment and Rating of Ataxia (SARA) are illustrated before the training intervention (BT), after the 4-week
training intervention (AT), and for follow-up assessment after 1 year. (C,D) Group comparisons of measures from quantitative gait analysis are pro-
vided. Groups of 3 bars indicate the examinations BT, AT, and FU; asterisks indicate significant differences between examinations (P <0.05); and
error bars denote standard errors. (E) This is an illustration of an experiment testing dynamic balance capacities. Patients have to compensate for
the perturbation of the accelerating treadmill (accelerating phase, 1 second) by anterior-directed steps. The red and blue characters show one and
the same participant before (red) and after (blue) the intervention period. After the intervention, participants were able to compensate for the pertur-
bation more efficiently and robustly. (F) Quantitative measurement for the body sway in the perturbation experiment is illustrated for the 3 assess-

ment points® (reproduced with permission).

challenging for this patient population because of the
aforementioned functional role of the cerebellum in
motor learning and motor adaptation. Therefore, poor
recovery or low benefit of physiotherapeutic training
may be a consequence of damaging structures crit-
ically involved in relearning of motor skills.'*

Relatively few clinical studies have evaluated physio-
therapeutic interventions for patients with cerebellar
ataxia, most of them consisting of single cases or very
small patient populations with different types of cere-
bellar disease and severity of ataxia (for reviews, see
Ilg and Timmann'® and Marsden and Harris®?). Using
increasingly demanding balance and gait tasks,
improvements were reached in postural stability and
in terms of less dependency on walking aids in every-
day life.”**> Locomotion training on treadmills
with*®%” or without®® body-weight support have been
proposed, in particular for patients with more severe
ataxia, who are not able to walk freely.

Recently, the benefits of intensive coordinative train-
ing on posture and gait in degenerative cerebellar dis-
ease were examined systematically in an intra-
individual case-control design.’”®® Sixteen patients
suffering from progressive ataxia due to cerebellar
degeneration (n = 10) or degeneration of afferent path-
ways (n=6) were tested. The results indicated that,
despite a gradual decline in motor performance and a
gradual increase in ataxia symptoms because of the
progression of underlying neurodegeneration, patient

benefits could be meaningful for everyday life and per-
sisted after 1 year. The strategy of the physiotherapeu-
tic intervention was to activate and demand control
mechanisms for balance control and multi-joint coor-
dination. Furthermore, the intervention trained the
patients’ ability to select and use visual, somatosen-
sory, and vestibular inputs to preserve and retrain
patients’ capability for reacting to unforeseen situa-
tions and for avoiding falls as much as possible. The
physiotherapeutic program consisted of a 4-week
course of intensive training with 3 sessions of 1 hour
per week. Exercises included the following categories:
1) static balance, eg standing on 1 leg; 2) dynamic bal-
ance, eg sidesteps, climbing stairs; 3) complex, whole-
body movements to train trunk-limb coordination;
and 4) steps to prevent falling and falling strategies
(for more details, see Ilg et al.)>” An important princi-
ple of the motor training was to train increasingly
demanding movements (from static to dynamic bal-
ance; from slow to fast movements; and from single
joint movements to complex, multi-joint coordina-
tion). The specificity of motor improvements was dem-
onstrated by distinct measures reflecting multi-joint
coordination, like the temporal variability in intra-
limb coordination in gait (see Fig. 4C,D), as well as
by the quantification of dynamic balance capacities for
the compensation of a perturbation in stance.

A related study®' that combined physiotherapy with
occupational therapy in 42 patients with degenerative

1572 Movement Disorders, Vol. 28, No. 11, 2013



( GAIT ATAXIA REVIEW

cerebellar ataxia revealed improvements of ataxia
severity, gait speed, fall frequency, and activities of
daily living. The improvement was more prominent in
trunk ataxia than in limb ataxia, and patients with
mild ataxia severity experienced a more sustained
improvement.

Open Questions and Future
Directions

Mechanisms of Multi-joint Coordination in Gait

Although the influence of cerebellar dysfunctions on
intra-limb coordination during walking has been sug-
gested by several clinical studies on a behavioral
level, 174 our knowledge about the specific involve-
ment of the cerebellum in control mechanisms for dif-
ferent walking conditions is still limited. Animal
studies suggest an involvement in the control of limb
dynamics as well as the modulation of rhythmic move-
ments,”®® because lesions in the intermediate region
of the cerebellum cause significant hypermetria in ipsi-
lateral joints*"** and impairments of timing of the
touch-down and lift-off events.>* For a more detailed
review of animal studies, see Morton and Bastian.?°

Open questions include whether mechanisms like
the predictive compensation of interaction torques in
multi-joint movements—which is assumed to be a sub-
stantial cerebellar function in goal-directed arm move-
ments>—involve the cerebellum for straight walking
or only in special conditions when compensating for
gait perturbations®® and obstacles,* in which visual
guidance play a stronger role. It has been suggested
that the nervous system utilizes intersegmental dynam-
ics during the reactive control of locomotion.®® How-
ever, it remains largely unclear the extent to which
and under which conditions forward models in the
cerebellum contribute to this by prediction of passive
limb dynamics. Future studies in this direction would
strengthen our knowledge about the functional role of
the cerebellum in walking and would help to design
more efficient motor rehabilitation programs.

Gait Rehabilitation

Gait rehabilitation will remain a challenge for
patients, physicians, and therapists, especially for
degenerative cerebellar disease. However, the afore-
mentioned recent advances will provoke further stud-
ies and hopefully lead to broader knowledge in this
challenging field of motor rehabilitation.

Future studies should include imaging analyses to
clarify whether the degenerating cerebellum is still
able to adapt motor coordination or whether the
learning deficit is compensated by other brain struc-
tures, which is suggested by a first study examining
brain changes associated with postural training in
patients with cerebellar degeneration.®® In addition,

L

studies on animal models of cerebellar ataxia have
shown that intensive motor training could even slow
down the process of degeneration.®®®” Long-term
rehabilitation studies in humans are needed to deter-
mine whether these promising results also hold for cer-
ebellar patients.

Furthermore, studies are needed to examine whether
patients with more severe impairments would also
benefit from physiotherapeutic training 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 potential benefits
an individual patient can expect from a specific motor
training and, thus, the possibility of providing efficient
training programs for different stages of cerebellar
impairment. One such predictor could be the capabil-
ity of short-term motor adaptation. Hatakenaka
et al.®® have demonstrated that, for ataxic patients
with infratentorial stroke, the degree of impaired
motor learning is correlated with reduced long-term
rehabilitation gains.

Conclusions

Although a general description of ataxic gait has
existed for centuries,” we do not fully understand the
underlying mechanisms. Functionally, ataxic move-
ment patterns emerge from the interactions between
primary cerebellar control deficits, such as balance
control and multi-joint coordination, influence of ocu-
lomotor impairments, safety strategies, and dysmetric
compensatory behaviors. Therefore, the most charac-
teristic and specific aspect of ataxic gait seems to be
high variability in both temporal and spatial gait
parameters.

A further understanding of the different influences
in ataxic gait also will enable the development of indi-
vidualized training concepts, which—along with pure
motor training—should involve multiple training
modalities (dual-task training, oculomotor) and also
potentially rehabilitation technology, such as biofeed-
back®””° and noninvasive stimulation,”! to further
support rehabilitation.

References

1. Bastian AJ. Learning to predict the future: the cerebellum adapts
feedforward movement control. Curr Opin Neurobiol 2006;16:
645-649.

2. Bastian AJ, Martin TA, Keating JG, Thach WT. Cerebellar ataxia:
abnormal control of interaction torques across multiple joints. ]
Neurophysiol 1996;76:492-509.

3. Vilis T, Hore J. Central neural mechanisms contributing to cerebel-
lar tremor produced by limb perturbations. J Neurophysiol 1980;
43:279-291.

4. Timmann D, Horak FB. Prediction and set-dependent scaling of
early postural responses in cerebellar patients. Brain 1997;120(pt
2):327-337.

5. Holmes G. The cerebellum of man. Brain 1939;62:1-30.

Movement Disorders, Vol. 28, No. 11, 2013 1573



ILG AND TIMMANN w

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

J

Diener HC, Dichgans J. Cerebellar and spinocerebellar gait disor-
ders. In: Bronstein AM, Brandt T, Woollacott, eds. Clinical Disor-
ders of Posture and Gait. London, United Kingdom: Arnold; 1996:
147-155.

Morton SM, Bastian AJ. Cerebellar control of balance and locomo-
tion. Neuroscientist 2004;10:247-259.

Illg W, Golla H, Thier P, Giese MA. Specific influences of cerebellar
dysfunctions on gait. Brain 2007;130:786-798.

Fonteyn EM, Schmitz-Hubsch T, Verstappen CC, et al. Prospective
analysis of falls in dominant Ataxias. Eur Neurol 2012;69:53-57.

Ilg W, Timmann D. General management of cerebellar disorders:
an overview. In: Manto M, Schmahmann J, Rossi F, Gruol D, Koi-
buchi N, eds. Handbook of the Cerebellum and Cerebellar Disor-
ders. Amsterdam, the Netherlands: Springer; 2013:2349-2368.

Palliyath S, Hallett M, Thomas SL, Lebiedowska MK. Gait in
patients with cerebellar ataxia. Mov Disord 1998;13:958-964.

Stolze H, Klebe S, Petersen G, et al. Typical features of cerebellar
ataxic gait. ] Neurol Neurosurg Psychiatry 2002;73:310-312.

Morton SM, Bastian AJ. Relative contributions of balance and vol-
untary leg-coordination deficits to cerebellar gait ataxia. ] Neuro-
physiol 2003;89:1844-1856.

Mitoma H, Hayashi R, Yanagisawa N, Tsukagoshi H. Characteris-
tics of parkinsonian and ataxic gaits: a study using surface electro-
myograms, angular displacements and floor reaction forces. J
Neurol Sci 2000;174:22-39.

Ebersbach G, Sojer M, Valldeoriola F, et al. Comparative analysis
of gait in Parkinson’s disease, cerebellar ataxia and subcortical
arteriosclerotic encephalopathy. Brain 1999;122(pt 7):1349-1355.

Van de Warrenburg BP, Bakker M, Kremer BP, Bloem BR, Allum
JH. Trunk sway in patients with spinocerebellar ataxia. Mov Dis-
ord 2005;20:1006-1013.

Serrao M, Pierelli F, Ranavolo A, et al. Gait pattern in inherited
cerebellar ataxias. Cerebellum 2012;11:194-211.

Wuehr M, Schniepp R, Ilmberger J, Brandt T, Jahn K. Speed-
dependent temporospatial gait variability and long-range correla-
tions in cerebellar ataxia. Gait Posture 2013;37:214-218.

Jansen ], Brodal A. Experimental studies on the intrinsic fibers of
the cerebellum: II. The corticonuclear projection. J] Comp Neurol
1940;73:267-321.

Morton SM, Bastian AJ. Mechanisms of cerebellar gait ataxia.
Cerebellum 2007;6:79-86.

Chambers WW, Sprague JM. Functional localization in the cere-
bellum. I. Organization in longitudinal cortico-nuclear zones and
their contribution to the control of posture, both extrapyramidal
and pyramidal. ] Comp Neurol 1955;103:105-129.

Sprague JM, Chambers WW. Regulation of posture in intact and
decerebrate cat. 1. Cerebellum, reticular formation, vestibular
nuclei. ] Neurophysiol 1953;16:451-463.

Udo M, Matsukawa K, Kamei H, Oda Y. Cerebellar control of
locomotion: effects of cooling cerebellar intermediate cortex in
high decerebrate and awake walking cats. ] Neurophysiol 1980;44:
119-134.

Yu J, Eidelberg E. Recovery of locomotor function in cats after
localized cerebellar lesions. Brain Res 1983;273:121-131.

Cooper SE, Martin JH, Ghez C. Effects of inactivation of the ante-
rior interpositus nucleus on the kinematic and dynamic control of
multijoint movement. ] Neurophysiol 2000;84:1988-2000.

Schwartz AB, Ebner TJ, Bloedel JR. Responses of interposed and
dentate neurons to perturbations of the locomotor cycle. Exp Brain
Res 1987;67:323-338.

Armstrong DM, Apps R, Marple-Horvat DE. Aspects of cerebellar
function in relation to locomotor movements. Prog Brain Res
1997;114:401-421.

Cerminara NL, Edge AL, Marple-Horvat DE, Apps R. The lateral
cerebellum and visuomotor control. Prog Brain Res 2005;148:213-
226.

Horak FB, Diener HC. Cerebellar control of postural scaling and
central set in stance. ] Neurophysiol 1994;72:479-493.

Mauritz KH, Dichgans J, Hufschmidt A. Quantitative analysis of
stance in late cortical cerebellar atrophy of the anterior lobe and
other forms of cerebellar ataxia. Brain 1979;102:461-482.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

Bunn LM, Marsden JF, Giunti P, Day BL. Stance instability in
spinocerebellar ataxia type 6. Mov Disord 2013;28:510-516.

Earhart GM, Bastian A]J. Selection and coordination of human
locomotor forms following cerebellar damage. ] Neurophysiol
2001;85:759-769.

Trouillas P, Takayanagi T, Hallett M, et al. International Coopera-
tive Ataxia Rating Scale for pharmacological assessment of the cere-
bellar syndrome. The Ataxia Neuropharmacology Committee of the
World Federation of Neurology. ] Neurol Sci 1997;145:205-211.

Crowdy KA, Hollands MA, Ferguson IT, Marple-Horvat DE. Evi-
dence for interactive locomotor and oculomotor deficits in cerebel-
lar patients during visually guided stepping. Exp Brain Res 2000;
135:437-454.

Crowdy KA, Kaur-Mann D, Cooper HL, Mansfield AG, Offord
JL, Marple-Horvat DE. Rehearsal by eye movement improves
visuomotor performance in cerebellar patients. Exp Brain Res
2002;146:244-247.

Woollacott M, Shumway-Cook A. Attention and the control of

posture and gait: a review of an emerging area of research. Gait
Posture 2002;16:1-14.

Yogev-Seligmann G, Hausdorff JM, Giladi N. The role of execu-
tive function and attention in gait. Mov Disord 2008;23:329-342;
quiz 472.

Bloem BR, Valkenburg VV, Slabbekoorn M, van Dijk JG. The
multiple tasks test. Strategies in Parkinson’s disease. Exp Brain Res
2001;137(3—4):478-486.

Stoodley CJ, Schmahmann JD. Evidence for topographic organiza-
tion in the cerebellum of motor control versus cognitive and affec-
tive processing. Cortex 2010;46:831-844.

Timmann D, Daum I. How consistent are cognitive impairments in
patients with cerebellar disorders? Behav Neurol 2010;23(1-2):81-100.

Ilg W, Christensen A, Mueller OM, Goericke SL, Giese MA,
Timmann D. The influence of focal cerebellar lesions on a working
memory task with and without walking. Annual meeting of the
Society for Neuroscience, Washington, DC, 2011.

Bastian AJ. Moving, sensing and learning with cerebellar damage.
Curr Opin Neurobiol 2011;21:596-601.

Martin TA, Keating JG, Goodkin HP, Bastian AJ, Thach WT.
Throwing while looking through prisms. I. Focal olivocerebellar
lesions impair adaptation. Brain 1996;119(pt 4):1183-1198.

Maschke M, Gomez CM, Ebner TJ, Konczak J. Hereditary cere-
bellar ataxia progressively impairs force adaptation during goal-
directed arm movements. ] Neurophysiol 2004;91:230-238.

Smith MA, Shadmehr R. Intact ability to learn internal models of
arm dynamics in Huntington’s disease but not cerebellar degenera-
tion. J Neurophysiol 2005;93:2809-2821.

Illg W, Giese MA, Gizewski ER, Schoch B, Timmann D. The influ-
ence of focal cerebellar lesions on the control and adaptation of
gait. Brain 2008;131(pt 11):2913-2927.

Morton SM, Bastian A]J. Cerebellar contributions to locomotor
adaptations during splitbelt treadmill walking. ] Neurosci 2006;26:
9107-9116.

Earhart GM, Fletcher WA, Horak FB, et al. Does the cerebellum
play a role in podokinetic adaptation? Exp Brain Res 2002;146:
538-542.

Schoch B, Regel JP, Frings M, Gerwig M, Maschke M, Neuhauser
M, Timmann D. Reliability and validity of ICARS in focal cerebel-
lar lesions. Mov Disord 2007;22:2162-2169.

Konczak ], Schoch B, Dimitrova A, Gizewski E, Timmann D.
Functional recovery of children and adolescents after cerebellar
tumour resection. Brain 2005;128(pt 6):1428-1441.

Gialanella B, Bertolinelli M, Monguzzi V, Santoro R. Walking and
disability after rehabilitation in patients with cerebellar stroke.
Minerva Medica 2005;96:373-378.

Thach WT, Bastian AJ. Role of the cerebellum in the control and
adaptation of gait in health and disease. Prog Brain Res 2004;143:
353-366.

Marsden J, Harris C. Cerebellar ataxia: pathophysiology and reha-
bilitation. Clin Rehabil 2011;25:195-216.

Gill-Body KM, Popat RA, Parker SW, Krebs DE. Rehabilitation of
balance in two patients with cerebellar dysfunction. Phys Ther
1997;77:534-552.

1574

Movement Disorders, Vol. 28, No. 11, 2013



( GAIT ATAXIA REVIEW

55.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Balliet R, Harbst KB, Kim D, Stewart RV. Retraining of functional
gait through the reduction of upper extremity weight-bearing in
chronic cerebellar ataxia. Int Rehabil Med 1987;8:148-153.

Cernak K, Stevens V, Price R, Shumway-Cook A. Locomotor
training using body-weight support on a treadmill in conjunction
with ongoing physical therapy in a child with severe cerebellar
ataxia. Phys Ther 2008;88:88-97.

Freund JE, Stetts DM. Use of trunk stabilization and locomotor
training in an adult with cerebellar ataxia: a single system design.
Physiother Theory Practice 2010;26:447-458.

Vaz DV, Schettino RdC, Rolla de Castro TR, Teixeira VR, Caval-
canti Furtado SR, de Mello Figueiredo E. Treadmill training for
ataxic patients: a single-subject experimental design. Clin Rehabil
2008;22:234-241.

Ilg W, Synofzik M, Brotz D, Burkard S, Giese MA, Schols L.
Intensive coordinative training improves motor performance in
degenerative cerebellar disease. Neurology 2009;73:1823-1830.

llg W, Brotz D, Burkard S, Giese MA, Schols L, Synofzik M.
Long-term effects of coordinative training in degenerative cerebel-
lar disease. Mov Disord 2010;25:2239-2246.

Miyai I, Ito M, Hattori N, et al. Cerebellar ataxia rehabilitation
trial in degenerative cerebellar diseases. Neurorehabil Neural
Repair 2012;26:515-522.

Pardoe J, Edgley SA, Drew T, Apps R. Changes in excitability of
ascending and descending inputs to cerebellar climbing fibers dur-
ing locomotion. ]| Neurosci 2004;24:2656-2666.

Eng JJ, Winter DA, Patla AE. Intralimb dynamics simplify reactive
control strategies during locomotion. ] Biomech 1997;30:581-588.

Morton SM, Dordevic GS, Bastian AJ. Cerebellar damage pro-
duces context-dependent deficits in control of leg dynamics during
obstacle avoidance. Exp Brain Res 2004;156:149-163.

Burciu RG, Fritsche N, Granert O, et al. Brain changes associated
with postural training in patients with cerebellar degeneration: a
voxel-based morphometry study. J Neurosci 2013;33:4594-4604.

Fryer JD, Yu P, Kang H, et al. Exercise and genetic rescue of
SCA1 via the transcriptional repressor Capicua. Science 2011;334:
690-693.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

L

Safdar A, Bourgeois JM, Ogborn DI, et al. Endurance exercise res-
cues progeroid aging and induces systemic mitochondrial rejuvena-
tion in mtDNA mutator mice. Proc Natl Acad Sci U S A 2011;
108:4135-4140.

Hatakenaka M, Miyai I, Mihara M, Yagura H, Hattori N.
Impaired motor learning by a pursuit rotor test reduces functional
outcomes during rehabilitation of poststroke ataxia. Neurorehabil
Neural Repair 2012;26:293-300.

Horak FB, Dozza M, Peterka R, Chiari L, Wall C 3rd. Vibrotactile
biofeedback improves tandem gait in patients with unilateral ves-
tibular loss. Ann N'Y Acad Sci 2009;1164:279-281.

Cakrt O, Vyhnalek M, Slaby K, et al. Balance rehabilitation ther-
apy by tongue electrotactile biofeedback in patients with degenera-
tive cerebellar disease. Neurorehabilitation 2012;31:429-434.

Galea JM, Jayaram G, Ajagbe L, Celnik P. Modulation of cerebel-
lar excitability by polarity-specific noninvasive direct current stim-
ulation. J Neurosci 2009;29:9115-9122.

Grodd W, Hulsmann E, Ackermann H. Functional MRI localizing
in the cerebellum. Neurosurg Clin North Am 2005;16:77-99.

Marple-Horvat DE, Criado JM. Rhythmic neuronal activity in the
lateral cerebellum of the cat during visually guided stepping. ]
Physiol 1999;518(pt 2):595-603.

Bastian AJ, Mink JW, Kaufman BA, Thach WT. Posterior vermal
split syndrome. Ann Neurol 1998;44:601-610.

Timmann D, Horak FB. Perturbed step initiation in cerebellar sub-
jects. 1. Modifications of postural responses. Exp Brain Res 1998;
119:73-84.

Conte C, Serrao M, Casali C, et al. Planned gait termination in
cerebellar ataxias. Cerebellum 2012;11:896-904.

Mari S, Serrao M, Casali C, et al. Turning strategies in patients
with cerebellar ataxia. Exp Brain Res 2012;222(1-2):65-75.

Ilg W, Schatton C, Schicks J, Giese MA, Schoels L, Synofzik M.
Video game-based coordinative training improves ataxia in chil-
dren with degenerative ataxia. Neurology 2012;79:2056-2060.

Movement Disorders, Vol. 28, No. 11, 2013 1575



