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Abstract
Rehabilitation is an important treatment for spinocerebellar ataxia (SCA). The
lack of improvement in ataxia, deficit of motor learning, and unstable balance
causes disability for activities of daily living and restricts participation in social
activities, further resulting in a disturbance of the restoration of quality of life.
This narrative review describes physical rehabilitation, including measurement
of movement disorder, associated with ataxia and possible interventions. Several
lines of evidence suggest that high-intensity individualized physical rehabilitation programs, especially for gait and balance training, improve motor function.
Continuous exercise at home contributes to the maintenance of the gait and balance
function. Moreover, videography and mechanical technology contribute to the
evaluation of ataxia and motor learning ability, and assistive robotic systems may
improve gait stability. Neuromodulation montages, such as repetitive transcranial
magnetic stimulation and transcranial electrical stimulation, can enhance the effect
of physical rehabilitation. Further research aimed at developing a more-effective
physical rehabilitation for these patients is expected.
Keywords: spinocerebellar ataxia, rehabilitation, physical therapy, ataxia,
assessment, gait training, balance training, motor learning, assistive technology,
neuromodulation, noninvasive brain stimulation

1. Introduction
Spinocerebellar ataxia (SCA), which is included in spinocerebellar degeneration
(SCD), is a genetically heterogeneous group of autosomal dominantly inherited
progressive disorders [1]. Cerebellar atrophy is the most prominent clinical feature
of this condition and is accompanied by spinal cord and sequential brain stem and
basal ganglion damage. Therefore, coordinated movement of the eyes, head, trunk,
and extremities is impaired. Therefore, the activities of daily living (ADL) and
participation in social activities are limited, and the quality of life (QOL) is undisputedly impaired in these patients [2].
The effects of medication and surgery in this clinical setting depend on the cause
of ataxia and the extent of neuronal damage [3, 4]; however, there is no rational
effective treatment for SCA and it is difficult to slow the progression of the disease.
Rehabilitation [5, 6], including physical therapy [7, 8], aimed at improving/maintaining
motor function, ADL, and QOL [5] is an important intervention for patients with SCA.
Here we provide a narrative review of physical rehabilitation for SCA.
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2. General features
For the clinical diagnosis of cerebellar ataxia, specific blood studies and magnetic
resonance imaging (MRI) have been performed [9]. Furthermore, genetic techniques
improve the diagnosis of degenerative cerebellar ataxia [10]. Although the details of
the findings of these genetic and blood studies are beyond the scope of this review of
rehabilitation, cerebellar atrophy and cerebellar motor deficits are traditionally common observations in patients with degenerative cerebellar ataxia [9]. Furthermore,
recently, the absence of motor cerebellar symptoms has also been recognized as being
important for rehabilitation [11].
The cerebellum is the motor-control system in humans [12]. Clinically, the
oculomotor deficit, speech deficits, ataxia in the trunk and extremities, balance
disorder, and gait disturbance are the targets of rehabilitation in SCA [9, 13]. The
possible underlying pathogenetic mechanisms include distorted timing, abnormal
sensory acquisition, impaired sensory motor synchronization, impaired triggering
of corticomotor excitability, and abnormal visuokinesthetic cerebro-cerebellar
interactions [13].
Oculomotor deficits cause deoptimized vision. The vestibulo-ocular reflex and
smooth pursuit [14] partially depend on motor prediction in static and dynamic
movement and contribute to dynamic gazing [15]; moreover, the cerebellum
contributes to the trainability of eye-head coordinated movements [16].
Abnormal excitability and modulation in the motor cortex and corticospinal
tract causes a voluntary contraction deficit in [17, 18]. Cerebellar stimulation
modulates the motor-evoked potential induced by transcranial magnetic stimulation (TMS) of the primary motor cortex [19–21]; however, this modulation is
absent in patients with SCA [22, 23]. Furthermore, the cortical silent period, which
reflects the excitability of the inhibitory GABAergic neural circuit in the primary
motor cortex, is abnormal in these patients [24–29], and this cerebellar effect on
the cortical silent period is characteristic of the healthy population [30]. Before
muscle contraction for movement, the corticospinal excitability increases in healthy
individuals; in contrast, this facilitation is insufficient in SCA [31]. In addition, in
patients with SCA, muscle tones are decreased [11] and the spinal reflex excitability
is facilitated by cerebellar stimulation [32–34]. The long latency spinal reflex,
which is correlated with the cortical circuit, is disturbed in SCA [35]. Although
this functional cerebellum-spine connection may contribute to the preparation for
muscle contraction, there is insufficient evidence that these connections contribute
to motor control in healthy and cerebellar ataxia populations.
In simple movements, such as extension of the elbow, coordinated activity
of the biceps and triceps is needed. For ballistic elbow-extension movement
practice, the triphasic muscle agonist and antagonist contraction patterns
contribute to the smooth movement, but under/overshooting appears during the
uncoordinated contraction pattern of patients with SCA [36, 37]. Furthermore,
this contraction pattern may be obtained by temporal electrical stimulation in
these individuals [37].
The cerebellar internal model contributes to predictable/online/offline motor
control and motor learning/adaptation [38]. The symptoms associated with motor
learning do not appear at the onset of the cerebral atrophy [39], because several
brain areas, i.e., the prefrontal cortex, primary motor cortex, and basal ganglia,
compensate for cerebellar function in early-stage SCA [5, 6, 39]. Recently, the motor
learning deficit at the early stage of the disorder was reportedly detected using an
adaptation task [40]. Therefore, the assessment of the capacity for motor learning
may be important to strategize the interventions that are concretely described in the
following sections.
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Representative nonataxia symptoms include hyperreflexia, areflexia, extensor
plantar, spasticity, paresis, muscle atrophy, fasciculations, myoclonus, rigidity,
chorea/dyskinesia, dystonia, resting tremor, sensory symptoms, urinary dysfunction, cognitive impairment, and brain stem oculomotor signs [41]. The Inventory of
NonAtaxia Symptoms (INAS) [41] is used to estimate these nonataxia symptoms.
The appearance of these symptoms depends on the type of SCA [41].

3. Assessment format
We should conduct assessment to detect the degree of motor dysfunction
and consider more effective intervention of physical rehabilitation. The first, the
imaging technology such as MRI provides us with structural information about the
atrophic areas of the brain associated with the disease. We described about neuroimaging technique in Section 3.1. The next, we can use some outcome measurement
to estimate the motor dysfunction and verification in the physical rehabilitation.
Then, we introduce the representable outcome measures for physical rehabilitation
in SCA in Section 3.2. However, we had not established method to estimate the
remaining of motor learning ability, which is one of the most important factors
to predict the effect of physical rehabilitation. Therefore, we propose the possible
assessment of motor learning ability in Section 3.3.
3.1 Neuroimaging
Neuroimaging is a technique that is used to visualize the structural and functional
activities of the brain. MRI measurements, such as diffusion tensor imaging and
surface-based morphometry, visualize the brain structures. Functional activity imaging is achieved using fMRI and NIRS, which are indicators of cerebral blood flow,
and electroencephalogram (EEG) and magnetoencephalography, which are indicators of electrical activity. Positron emission tomography and single-photon emission
computed tomography with nuclear tracers are also used in this setting. The application of neuroimaging in the rehabilitation of cerebellar disorders includes voxelbased lesion symptom mapping in patients with stroke, to investigate the recovery of
upper arm reach [42] and walking ability [43] depending on the lesion site.
Although conventional MRI [44] is widely used for the neuroimaging of spinocerebellar degeneration, to obtain diagnostic findings, few studies have used neuroimaging as a guideline or outcome of rehabilitation. The lack of reports in this context
hampers the quantification of cerebellar degeneration in SCA and its correlation with
motor dysfunctions. In terms of measurement techniques, the cerebellum exhibits
a much tighter folding compared with the cerebral cortex, with individual cortical
sheets with a thickness of 1–2 mm and a sheet area of 1500–2000 cm2, compared
with a sheet area of 2200 cm2 with a thickness of 1.5–4 mm in the cerebral cortex.
Therefore, the typical 2–4 mm3 spatial resolution of neuroimaging techniques is
insufficient to capture local cerebellar changes. Patient factors include the difficulty
in limiting the brain regions involved in movement disorders to the cerebellum,
because the degenerative regions in SCD extend beyond this structure to multiple
brain regions [45].
Among the neuroimaging modalities, the role of voxel-based morphometry
(VBM) is notable in SCA rehabilitation. VBM is a statistical analysis of the entire
brain in voxel units (1 mm3) that is used to identify the behavioral patterns and
related brain morphological characteristics of patients [46]. Burciu et al. assessed
the degree of cerebellar atrophy concerning motor and learning functions using
VBM to evaluate brain structure changes after 2 weeks of balance training in patients
3

Spinocerebellar Ataxia

with SCD; these authors reported the association between an increased volume of
the dorsal premotor cortex and increased balance ability [47]. Matsgi et al. reported
an association between VBM and neurophysiological markers in cerebellar brain
inhibition (CBI), with atrophy of the dentate nucleus at VBM observed in cases of
pure cerebellar ataxia that did not show CBI [48]. Bando et al. reported a correlation
between adaptive learning ability and gray matter volume of the cerebellar IV-VII
lobules and the supramarginal gyrus in a prismatic adaptation task in SCA [49].
Thus, VBM may be a biomarker to explain motor dysfunction in patients with SCA.
Conversely, VBM is not an ideal tool to show a causal relationship between brain
structural changes and behavioral differences. As a solution to this problem, we can
propose a combination of VBM and neurostimulation [50], as neurostimulation of
the brain regions associated with the behavioral patterns obtained by VBM and the
observation of behavioral changes before and after stimulation allow us to examine
brain degeneration sites and behavior.
3.2 Outcome measurement
Gait disturbance is a major symptom of the cerebellar pathology in SCA [51].
The functional ambulation categories (FAC) is useful for the comprehensive
assessment of walking ability; the FAC assesses gait for about 15 m and climbing
stairs and classifies gait levels into 6 levels [52]. The FAC is also used in the exercise
program created by Research Committee for Ataxia Disease (Research team under
the jurisdiction of the Ministry of Health, Labour and Welfare in Japan, http://
ataxia.umin.ne.jp/rehabilitation/).
The quantitative assessment of cerebellar ataxia is very important in clinical
practice. The International Cooperative Ataxia Rating Scale (ICARS) has been used
as a quantitative assessment of ataxia symptoms. However, it has been noted that
the test reliability of the eye movement items is low [53]. The Scale for Assessment
and Rating of Ataxia (SARA) is an 8-item performance-based scale that yields a
total score of 0–40 (most severe ataxia). The minimal detectable change (MDC) for
individual score difference from the baseline to the 1-year follow-up in SARA was
<3.5 (n = 171; SCA1, n = 43; SCA2, n = 61; SCA3, n = 37; and SCA6, n = 30; mean
age, 50.9 ± 13.5 years; mean disease duration, 11.8 ± 5.6 years) [54]. SARA does
not include an eye movement section. Schmahmann et al. noted the importance of
assessing oculomotor abnormalities and developed the Brief Ataxia Rating Scale, a
modification of ICARS [55]. Each SCA genotype exhibits specific symptoms [56].
Therefore, these assessments should be used differently for different symptoms.
However, one feature that is consistent among these assessments is that the scoring range is large and does not allow the assessment of minute symptom changes.
Honda et al. developed a system to measure the evaluation of SARA using a depth
sensor [57]. Using this system, the degree of ataxia can be measured numerically. In
addition, because the system is inexpensive, it can be installed at the patient’s home,
making it a useful tool for telemedicine.
The balance dysfunction in SCA has a significant impact on QOL [58]. The
Berg Balance Scale and the Timed Up and Go test are widely used to assess balance
dysfunction in SCA [59]. However, despite their widespread use, these assessments have not been examined for reliability and validity in SCA. Kondo et al.
examined the test reliability of the Balance Evaluation Systems Test (BESTest)
[60]. The BESTest is a multitask balance assessment tool that was developed
to identify specific postural control problems (i.e., biomechanical constraints,
stability limits, anticipatory postural adjustments, postural responses, sensory
orientation, dynamic balance during gait, and cognitive effects) [61]. The MDC
for an individual score difference from the baseline to the 4-week follow-up in
4
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BESTest was <8.7 (n = 20; SCA3, n = 4; SCA6, n = 9; SCA31, n = 7; mean age,
63.7 ± 10.1 years; age at onset, 53.9 ± 10.5 years; baseline SARA, 9.9 ± 3.5) [61].
Many types of balance function measures have been reported. However, BESTest
is the only scale that is considered to have absolute reliability in SCA.
Gait speed is often used as an outcome of intervention studies in SCA [62, 63].
However, some changes in the gait pattern (e.g., base of support and gait speed)
most likely reflect cerebellar-unspecific, compensatory strategies, and a high
spatiotemporal gait variability appears to be a distinctive feature of ataxic gait
[58, 64]. The Gait Variability Index (GVI) is a measure of gait variability that has
been examined regarding reliability and validity [65]. The MDC for an individual
score difference from day 1 to day 2 in GVI was <8.6 (Friedreich’s ataxia, n = 81;
baseline ICARS, 70.4 ± 7.9) [65]. It has been suggested that gait instability in SCA
are characterized by a stronger effect of balance-related impairments of cerebellar
control during slow walking and a stronger effect of impaired intra-limb coordination during fast walking [58]. Therefore, in clinical practice, it is necessary to
evaluate not only the optimal gait speed, but also slow walking and fast walking,
to extract the characteristics of gait instability.
3.3 Assessment of motor learning ability
The cerebellum has the ability to compensate for tissue damage and loss of
function. This is called the cerebellar reserve [6]. Mitoma et al. suggested that this
is important for motor rehabilitation at a time when the cerebellar reserve is functioning [6]. Motor rehabilitation in the early stages may maintain and improve the
cerebellar reserve [66, 67]. Therefore, it is important to assess this parameter.
Cerebellar ataxia is the main symptom of SCA. Ataxia symptoms may represent
a compensation for predictive control using feedback control [6]. Predictive control
requires a mechanism called internal model [38]. The internal model is constantly
updated by motor learning [68]. In turn, motor learning is one of the most important functions of the cerebellum. Thus, a measure of motor learning ability may be
useful as an assessment of the cerebellar reserve.
Prism adaptation (PA) is widely used as an assessment of motor learning ability in patients with SCA [40, 69]. The basic procedure of PA is shown in Figure 1.
First, at the “baseline,” the task is performed without a prism lens. Subsequently,
the prism lens is introduced and the task is performed. In the initial phase, the lens
is set off to either the left or right side of the target, but the error is corrected as the
number of repetitions increases. This period is called the “initial error correction
phase.” Thereafter, a spatial realignment phase is performed under the prism lens.
The purpose of this phase is to gather visuospatial information including the errors.
Next, the prism is removed and an “after-effect phase” is performed. If the spatial
information is being re-learned, errors are generated in the opposite direction to the
initial error correction phase. Recently, Hashimoto et al. developed the Adaptability
Index (AI), which is a composite index computed from several parameters measured
PA (Figure 2). The clinical efficacy of the AI in discriminating patients with SCA
from healthy individuals has been demonstrated [70]. Furthermore, Bando et al.
found that a reduced AI was correlated with gray matter atrophy in the cerebellum
in the SCA group [49]. In particular, the right lobule VI and the left Crus I showed
the most robust correlation. These cerebellar regions are consistent with the correlates of PA detected in previous human and nonhuman primate studies [71, 72].
AI is considered as a motor learning index that reflects the cerebellar reserve (in this
case, the degree of cerebellar atrophy).
PA can be implemented using a simple system. In addition, it takes only 20 min
to complete a PA. Reaching tasks can be performed even in the period during which
5
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Figure 1.
Overview of prism adaptation. The ordinate shows the finger-touch error represented from the target to the
touch point. Three phases are generally used: (1) absence of a prism lens (prism off), (2) presence of a prism
lens (prism on), and (3) absence of a prism lens (prism off).

Figure 2.
Calculation of the adaptability index (AI). The AI is calculated as follows: AI = a × b × c, where “a” is the
adaptation index defined as the probability of correct touches in the last 10 trials of the spatial realignment
phase 1, “b” is the retention index defined as the probability of incorrect touches in the initial 5 trials of the
after-effect phase, and “c” is the extinction index designated as the probability of correct touches in the last 10
trials of the spatial realignment phase 2.

the patient is unable to walk, and the fact that the PA can be assessed continuously
over a long period is an advantage. However, only cross-sectional studies have been
conducted in previous reports [40, 49, 69, 70, 73, 74]. Future studies need to be
designed to examine long-term changes and intervention effects.

4. Rehabilitation
The targets of rehabilitation in cerebellar ataxia are mainly disability in ADL,
gait, and motor dysfunction. Therefore, GAS, FIM, 10-m walking test, TCA, SARA,
ICARS, and BESTest are used as important outcomes in rehabilitation. The most
important strategies of rehabilitation for cerebellar ataxia including SCA consists
in balance training (see Section 4.3), gait training (see Section 4.2), and muscle
strengthening training using a high-intensity program (see Section 4.1). Further,
optional possible interventions are using assistive technology (see Section 4.4) and
neuromodulation technique (see Section 4.5).
4.1 Intensive and continuous training
Rehabilitation methods for cerebellar ataxia have been reported [75]. The most
important strategy is the increase in the intensity of physical training, such as
balancing, gait, and strength [76]. Several systematic reviews [77–79] and narrative
6
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reviews [3, 75, 80, 81] introduced and recommended intensive physical therapy
for cerebellar ataxia in patients with SCA. Miyai et al. [62] reported that physical
and occupational therapies of 2 h × 5 days +1 h × 2 days per week for 4 weeks were
applied to inpatients and improved the SARA score and gait speed; however, the
effect was carried over only up to 12 weeks after the training, and had disappeared
at 24 weeks [62]. Conversely, Ilg et al. reported that intensive coordinative physiotherapy delivered over 4 weeks improved motor performance in degenerative
cerebellar ataxia in a study with an intraindividual control design [63].
An outpatient rehabilitation program for 6 weeks applied to 19 participants
with Friedreich’s ataxia improved the motor domain item in the FIM score and
Friedreich’s Ataxia Impact Scale, but the posthome program could not maintain the
effect [82]. Therefore, this finding indicates that continuous outpatient rehabilitation programs are important for maintaining the ADL in patients with Friedreich’s
ataxia. Additional large-scale studies are needed to investigate the long-term effect
of outpatient rehabilitation programs and identify the characteristics of patients
who respond to treatment. Therefore, the development of optimal individual
programs is important to obtain the effect of training, regardless of the inpatient,
outpatient, or home-self-training setting [83]. The semi-order program of the
Research Committee for Ataxia Disease (Research team under the jurisdiction of
the Ministry of Health, Labour and Welfare in Japan, http://ataxia.umin.ne.jp/
rehabilitation/) can be used for this purpose.
Subsequently, the continuity of the intensive training is an important factor,
because degradation in physical function was reported. Therefore, approaches
aimed at upkeeping these programs in a way that suits the patients are needed. For
example, exergames contribute to the practice of exercise at home. In the future,
tele-rehabilitation systems [84] should be tested for the improvement (or maintenance) of the function and continuity of exercise.
4.2 Gait training
Gait training has been reported to improve spatiotemporal gait parameters
(cadence, step length/width, gait speed, etc.) [85–87], complex gait (Timed Up and
Go test, Dynamic Gait Index) [85], independence (FAC) [86], ataxia (SARA) [88],
and adaptive locomotor adjustments (ALA) [88]. Patients with SCA exhibit problems other than the gait disturbance itself, i.e., stiffening of the body in an attempt
to avoid the occurrence of gait disturbances. Therefore, it is important to focus on
gait disturbances and increasing the number of walking patterns when considering
gait training in a person with SCA.
Disturbances of gait are the core features of SCA [89–92], thus leading to a risk
of falling down [93]. Patients with cerebellar ataxia walk with a reduced walking
speed and cadence, as well as reduced step length, stride length, and swing phase;
increased walking base width, stride time, step time, stance phase, and double
limb support phase; and increased variability of step length, stride length, and
stride time [94]. These items are affected by both balance-related impairments and
deficits related to limb control and intra-limb coordination [95]. We believe that
balance training and coordination training are key to the improvement of gait disturbances. Regarding the details of balance training, please refer to the Section 4.3.
In addition, stiffening of the body leads to a decrease in the number of walking
patterns; as a result, ALA deteriorates [96, 97]. ALA implies that obstacle avoidance
is achieved by modifying basic walking patterns in response to obstacle properties,
e.g., a sloping road, stepping over an obstacle, or dynamically changing the spaces
created by pedestrians in a hallway. In persons with SCA, feelings of anxiety as a
result of the frequent experience of falls, as well as deficits related to limb control
7
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by ataxia, could negatively affect their ALA because of increased muscular cocontractions and reduced joint movements [98]. We will describe the approaches to
improve ALA in the next paragraph.
The proposals for gait training are as follows: gait training without or with a
treadmill. First, in gait training without a treadmill, we refer the reader to Section
VI of the BESTest as gait adaptability training [61]. Section VI of the BESTest
consists of a 7-item scale: (1) Gait Natural, (2) Change Speed, (3) Head Turns,
(4) Pivot Turn, (5) Obstacles, (6) “Get Up & Go” Test, and (7) Cognitive Task
“Get Up & Go” Test, aimed at evaluating the stability of the gait. These elements
are important to improve ALA. As an example of gait training, persons with SCA
are asked to walk while making an effort to change their walking speed according
to therapist’s instructions to engage is “fast (or slow)” walking as fast (or slow) as
possible. If patients need assistance when walking, you might want to change the
walking speed with the support of a therapist.
Second, gait training using a treadmill has advantages in that patients can practice a relatively large amount of gait training over a short period and the therapists
can control the speed and incline easily. Gait training using a treadmill has been
reported as a potentially promising tool for improving ALA in a person with SCA
[88], as well as gait disturbances in a person with Parkinson’s disease [99, 100].
It has been reported that variability was increased during slow and fast walking,
but was normal during the preferred walking speed in a person with cerebellar
ataxia [101]. Another study reported that, in ataxia, walking at the preferred speed
minimizes the gait abnormalities, and the analysis of gait at a wide range of speeds
is recommended [94]. For this reason, when using a treadmill in gait training,
we suggest that walking be practiced at the speed at which the gait disturbance
increases (i.e., slow or fast walking speed) for specific patients. When the fear of
falling increases, the use of a harness is recommended, to provide a safe environment for gait without the fear of falling.
It is important to improve the balance ability and ALA during gait training in a
person with SCA. Gait training is a relatively easy method; however, it is left to the
therapist’s discretion and experience. By changing the task itself or adjusting the
difficulty level of the task, gait training may be able to overcome the limited walking patterns of these patients.
4.3 Balance training
All patients with SCA will develop balance difficulties during the course of the
disease. Balance is essential for mobility, and is very important for QOL. Although
there is no effective pharmacological treatment for decreasing the ataxia or slowing disease progression, physical therapy plays an important role in controlling
ataxia and improving or maintaining function through training [76]. In general, the
physical therapy programs for degenerative cerebellar ataxia are based on intensive
static and dynamic balance and coordination training. There is some evidence that
such therapeutic training programs alleviate the ataxic symptoms and improve
functional activities in a person with cerebellar ataxia [63, 78, 102, 103]. In these
patients, the disease progressively damages the cerebellar structure that plays a
crucial role in motor learning [104]; however, these studies have indicated that it is
necessary for highly repetitive balance training for balance impairment in SCA. For
this reason, highly repetitive balance training in patients with SCA should be the
focus of future studies.
More concretely, balance training exercises in early stages of the disease, i.e.,
ambulation, include the following categories: (1) static balance training, (2) dynamic
balance training, and (3) coordination training (Figure 3). In addition, combining a
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Figure 3.
National Center of Neurology and Psychiatry (NCNP) balance training program. This balance training
program was devised through consultations with patients with SCA, medical doctors, and therapists at the
NCNP in Japan. In the advanced stage of SCA, it is recommended to perform the programs indicated by an
asterisk.

dual task with balance training improves balance and reduces the number of falls in
individuals with cerebellar ataxia [105].
Moreover, it is important to provide support for these approaches and make
them a habit of exercising. For instance, if the patients with SCA have no habit of
exercising, they should start with a small number of exercises (i.e., the minimum
necessary) to get used to exercising, followed by the gradual increase in the number
of exercises. If the patients with SCA have a habit of exercising, the therapist
should teach them to adjust the exercise load (e.g., exercise more slowly and/or
provide a small base of support). It is also important to adopt balance training that
can be enjoyed, e.g., video games [106] and Tai Chi [107], as a means of continuing
balance training.
In advanced stages of the disease (i.e., no ambulation), it is necessary to perform
balance training under safe conditions (e.g., prone, supine, crawl, and sitting
positions), to prevent the decrease in physical activity. Even in advanced stages, it
has been reported that a person with degenerative ataxia may benefit from balance
training [108]. In addition, it is necessary to focus on ADL and living infrastructure
at this stage. If a patient with SCA requires assistance during transfer, engaging
in repetitive transfer training with assistance and/or modification of the living
infrastructure (e.g., installation of handrails) are necessary.
Focusing on highly repetitive balance training in patients with SCA might preserve
the balance function. There is no scientific basis for the number of balance training
exercises that are necessary to achieve this goal; however, we would like to recommend engaging in 30 repetitions at least per balance training session. Furthermore,
the balance training must be designed to provide a significant challenge to the person’s
balance. If a person with SCA wants to preserve the balance function, they have to
continue engaging in repetitive balance training, “use it or lose it.” However, few
studies have reported the effect of gait and balance training in persons with SCA.
9
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Therefore, further studies are needed to clarify the clinical effectiveness of gait
and/or balance training.
4.4 Assistive technology
In recent years, various technologies have been used in the assessment of and
treatment based on rehabilitation, as well as to support daily life in patients with
SCD. Curara, a wearable robotic system, assists both hip and knee movements
and supports the wearer’s rhythmic gait using a synchronization control based
on a central pattern generator [109]. Gait support using the curara system has
been reported to improve gait smoothness in patients with SCD [110]. In addition to these findings, a recent study addressed the effects of robotic gait training
combined with noninvasive brain stimulation. This report showed that robot gait
training using Lokomat-Pro in combination with cerebellar tDCS improved the
functional scores on SARA, especially the scores on the subitems of gait, stance,
sitting, and heel-shin slide compared with robot gait training alone [111]. Thus,
hybrid training using robots and noninvasive brain stimulation will be applied to
the rehabilitation treatment of patients with SCD in the future.
Accordingly, the use of walking aids is a complementary method for balance and
gait impairment. In general, walking aids such as canes and walkers improve postural stability, but their improper use increases the risk of falling [112]. Because the
manipulation of a cane requires coordinated upper limb movements [113], patients
with SCD who have upper limb ataxia are likely to experience difficulty in using a
cane. Conversely, because a walker does not require much coordinated movement of
the upper limbs, technology-based walkers are being developed. Recently, a smart
walker for mobility assistance and monitoring system aid, ASBGo, was developed
and reported to improve gait parameters and postural stability in patients with
SCA [114, 115]. In addition to technology, some studies on walking assistance using
dogs and handkerchiefs have also been reported. Walking with a rehabilitation
dog that has been specifically trained for goal-directed interventions or with an
assistance dog that helps people with physical disability and mobility impairments
has been reported to improve balance while walking in patients with SCD [116].
Furthermore, the handkerchief-guided gait, in which the patient with SCD walks
along with the caregiver while maintaining light tension on a handkerchief by pulling lightly, has been shown to decrease body swaying and increase stride length and
gait velocity during walking [117].
Moreover, technology is also being used as a tool to assess ataxia in patients with
SCD living at home. Most of them represent attempts to evaluate SARA, which
is a typical measure of ataxia, at home. In recent years, a technology aimed at
objectively evaluating the speech, upper and lower limb, balance, and gait functions using wearable inertial sensors and a Kinect camera was developed, which
makes it possible to discriminate between normal and abnormal functions and to
detect ataxia at an early stage [118]. In addition, SaraHome has been developed
to allow the remote evaluation of SARA items using Kinect and Leap Motion
Controller [119]. Moreover, a spoon equipped with an inertial sensor, called Ataxia
Instrumented Measurement-Spoon, has been developed, which allows the evaluation of upper limb function in ataxia while eating with a spoon [120–122]. Because
SCD is an intractable neurological disease, it is difficult for many patients to leave
their houses. Therefore, the contribution of technology to home-based rehabilitation is expected to increase in the future if a low-cost and easy method of assessing
ataxia at home is established using the technologies and products of daily living
described above.
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Regarding the support of ADL, BMI studies have been reported. Patients with
severe SCA often have difficulty in communicating because of language impairment. The application of BMI using event-related potentials and frequency bands
of EEG is being investigated as a solution to this problem. The operational accuracy
of BMI using P300 for event-related potentials was 82.9% in patients with SCA,
which was similar to the accuracy observed in healthy subjects (83.2%) [123]. There
are also reports of BMI manipulation in patients with SCD using the EEG frequency
band associated with motor imagery [124]. BMI has a wide range of applications
in diseases of the central nervous system, such as communication tools, transportation, and life support, and is expected to contribute to the QOL of patients
with SCD.
4.5 Neuromodulation
Neuromodulation via noninvasive brain stimulation (NIBS) is a potential
method for the treatment of cerebellar ataxia [19, 125]. A previous systematic
review [126] reported the effectiveness of cerebellar neuromodulation using the
TMS technique of transcranial direct current stimulation (tDCS). The SARA and
ICARS scores in patients with SCA3, multiple system atrophy, and postlesion ataxia,
as assessed using real cerebellar rTMS (1 Hz), were significantly lower than those
detected in the sham stimulation group [126]. Furthermore, no harmful side effects
were noted [126]. Cerebellar rTMS can modulate the plasticity of the vestibular
reflex [16, 127]; therefore, cerebellar rTMS has potential for application in balance
training to enhance vestibular contributions.
A single session of anodal cerebellar tDCS (2 mA, 20 min) significantly
improved SARA, ICARS, 9-hole-peg test, and 8-m walking test scores [128].
Furthermore, combined anodal cerebellar tDCS and cathodal spinal DCS
(5 days/week, 2 weeks) improved SARA score, ICARS score, 9-peg test, and
8-m walking time in patients with degenerative cerebellar ataxia [129]. There
is insufficient evidence regarding whether simultaneous stimulation is more
effective than single stimulation [130]; however, it is possible that this intervention method will produce improvements. Based on these findings, which were
gleaned from small-sample studies, we suggest that a neuromodulation montage
will improve the ataxia, balance, and gait ability. Therefore, we should perform
further studies using a larger population.

5. Conclusion
Individualized physical rehabilitation programs for patients with SCA may
improve/maintain their motor function, balance, gait ability, and ADL. In particular,
the intensity and continuity of gait and balance training need to be considered to
achieve effectiveness. Furthermore, several technologies, such as depth sensors,
robotics, and NIBS, have contributed to the development of methods for the assessment and treatment of motor dysfunction in individuals with SCA. We should
continue to study populations suffering from dysfunction caused by SCA.
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