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Cerebellum: An explanation for dystonia?
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Abstract

Dystonia is a movement disorder that is characterized by involuntary muscle contractions, abnormal movements
and postures, as well as by non-motor symptoms, and is due to abnormalities in different brain areas. In this article,
we focus on the growing number of experimental studies aimed at explaining the pathophysiological role of the
cerebellum in dystonia. Lastly, we highlight gaps in current knowledge and issues that future research studies should
focus on as well as some of the potential applications of this research avenue. Clarifying the pathophysiological role of
cerebellum in dystonia is an important concern given the increasing availability of invasive and non-invasive
stimulation techniques and their potential therapeutic role in this condition.
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Background
The number of investigations on the pathophysiology of
dystonia has grown considerably over the past 40 years.
Research in the field of dystonia pathophysiology, how-
ever, is faced with a number of problems. One major
problem is that dystonia is etiologically and phenomeno-
logically heterogeneous [1–4]. The majority of dystonia
cases are idiopathic and a small proportion of patients
have a positive family history of dystonia, or also have
other movement disorders. In idiopathic dystonia, no
obvious neuronal degeneration is detected and it is diffi-
cult to identify a primary defect. In secondary cases, the
location of structural lesions may provide some insight
into the neural structures involved in the pathophysi-
ology of dystonia. However, observations in secondary
dystonia cases may not always be easily generalizable to
idiopathic forms. Yet another problem is the variable
body distribution of the motor symptoms of dystonia,
which may range from isolated involvement of one body
segment in blepharospasm (BPS), oromandibular
dystonia (OMD), cervical dystonia (CD), focal-hand
dystonia (FHD) and task-specific dystonia (writer’s
cramp or embouchure dystonia) to more generalized
involvement of several body regions [1–4]. Thus, puta-
tive pathophysiological mechanisms in one condition
may not be directly applicable to other dystonia forms.

Lastly, important information has been yielded by ani-
mal models, in which evidence is usually strong and
highly reliable [5–7]. Species differences, however, raise
the question whether the results of animal studies are
useful for the understanding of dystonia pathophysiology
in patients [8]. Also, differently from studies on animals,
experimental studies on dystonia patients are, with the
exception of the analysis of basal ganglia field potentials
recorded from implanted deep brain stimulation (DBS)
electrodes in the globus pallidus internus [9], based on
non-invasive techniques, including neurophysiology and
neuroimaging, which only allow indirect inferences to be
made on the underlying pathophysiological mechanism.
For all the aforementioned reasons, the major and still
unsolved issue in human patients concerns the distinc-
tion between different types of causality, i.e. the attribu-
tion of mechanisms that are specifically linked to the
development of dystonia, to compensation or to an
epiphenomenal association [10, 11].
Several lines of evidence suggest that the basal ganglia

may play a causative role in dystonia [12]. Experimental
studies on animals indicate that several basal ganglia
abnormalities and neuronal activity throughout specific
cortico-subcortical loops are involved in the expression
of dystonia [13]. Clinical observations demonstrate that
dystonia is the movement disorder most frequently
associated with structural lesions of the basal ganglia
[14, 15]. DBS recordings show that dystonia occurs as a
result of disrupted activity of the basal ganglia thalamic
circuit, including altered firing patterns, synchronized
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oscillations and wider receptive fields [9, 16, 17]. Lastly,
neurophysiological studies on dystonia patients have
provided evidence of major abnormalities, such as
reduced inhibition, maladaptive plasticity and altered
sensory processing, that indirectly reflect the influence
of altered basal ganglia on cortical areas and the brainstem
[1, 18–21]. It is noteworthy that these abnormalities are
often independent of dystonic symptoms, i.e. they are
detected in unaffected body parts, or in unaffected
relatives of patients, which may point to an endo-
phenotypic predisposition, i.e. the substrate on which the
dystonia develops, and a close causative relationship with
the disease [1, 20, 21].
More recent studies have also indicated that dys-

tonia is a network disorder due to abnormalities not
only in basal ganglia but also in other interconnected
structures, including the cerebellum and the cortical
areas [8, 10, 11, 13, 22–25]. However, the pathophysio-
logical role of cerebellum in dystonia has yet to be fully
understood. In this article, we present an updated review,
based on data from animals, clinical and pathological
observations as well as neurophysiological and neuroim-
aging evidence in human patients, of the increasing body
of literature suggesting a pathophysiological role of
cerebellum in this condition. We will also highlight gaps
in current knowledge and issues that future research
studies should focus on.

Review
Animal studies
Experimental studies on animals have consistently shown
that abnormal cerebellar signalling may produce dystonia-
like movements. Pharmacological excitation of the
cerebellar cortex using local microinjections of kainic acid
in normal mice elicits reliable and reproducible dystonic
postures of the trunk and limbs [26, 27]. The severity of
dystonia usually increases linearly with the kainate dose.
Conversely, kainate-induced dystonia is reversed or
reduced by the glutamatergic antagonist [26]. Further-
more, in transgenic mice lacking Purkinje cells, kainic acid
injections induce a significantly lower degree of dystonia,
thus pointing to a role of the major output cells of the
cerebellum in generating dystonic movements [26].
When dystonic movements are triggered by pharma-

cological stimulation of the cerebellum, microdialysis
reveals significant reductions in striatal dopamine release
[27]. Chronic application of kainic acid into the cerebel-
lar vermis of rats results in a prolonged and generalized
dystonia motor phenotype and increased c-fos expres-
sion, a marker of neuronal activation, not only in the
cerebellum but also in other structures, including the
ventral-anterior thalamus [28].
Another animal model of dystonia is that of tottering

mice, which exhibit paroxysmal dystonia due to an

inherited defect affecting calcium channels. Surgical re-
moval of the cerebellum abolishes the dystonic attacks
in the tottering mice model while subclinical striatal
lesions exaggerate their generalized dystonia [27].
By using conditional genetic manipulations to region-

ally limit cerebellar dysfunction, Raike et al. [29]
observed that the abnormalities restricted to Purkinje
cells cause dystonia and that the extent of cerebellar
dysfunction determines the severity of abnormal move-
ments. Dysfunction of the entire cerebellum causes ab-
normal postures in many body parts that resemble
generalized dystonia. More limited regions of cerebellar
dysfunction produce abnormal movements in an isolated
body part that resemble focal dystonia. Vanni et al. [30]
also found that a loss of function of torsinA, a ubiqui-
tous protein with peculiar developmental expression in
striatum and cerebellum [31], leads to widespread
alterations of cerebellar synaptogenesis that might con-
tribute to the age-dependent susceptibility to dystonia in
mutation carriers. More recently, torsinA was knocked
down in the cerebellum and in the basal ganglia of adult
mice. TorsinA knockdown in the cerebellum is able to
induce an irregular cerebellar output, i.e. changes in the
intrinsic activity of both Purkinje cells and neurons of
the deep cerebellar nuclei and to induce dystonia. These
data point to the cerebellum as the main site of dysfunc-
tion in DYT1 [32].
In summary, data from studies on animals suggest an

important role of the cerebellum as well as altered
functional relationships between cerebellar and basal
ganglia circuits in generating dystonic symptoms,
thereby supporting the assumption that a disturbed
neuronal network is involved in the pathophysiology of
this disorder. Abnormal motor symptoms are associated
with irregular cerebellar output caused by changes in the
intrinsic activity of both Purkinje cells and neurons of
the deep cerebellar nuclei. Interestingly, recent data
support the hypothesis that a dysfunction of the whole
cerebellum causes abnormal movements and postures in
many body parts, thus resembling generalized dystonia,
whereas a more limited cerebellar dysfunction causes
dystonia in an isolated body part.

Human studies
Clinical and pathological observations
Several case series and case reports indicate a relation-
ship between anatomical lesions of the cerebellum and
dystonia [33–53], (Table 1). These studies indicate that
majority of secondary cases of CD are associated struc-
tural lesions of the brainstem and cerebellum, with
lesions in the cervical spinal cord and basal ganglia
being observed less frequently [33–43]. Despite being in-
consistent, head rotation tended to be contralateral to
the side of the lesion. The relative lack of damage in the
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basal ganglia combined with the concentration of lesions
in the brainstem and cerebellum and in patients with
secondary CD suggests that cerebellar afferent pathway
dysfunction may also play an important role in the
pathophysiology of primary CD [34].
Batla et al. [43] retrospectively reviewed a large series

of patients with cervical/segmental dystonia; a significant
proportion of the patients displayed signs of cerebellar
atrophy or other abnormalities on neuroimaging, includ-
ing low-grade tumor, cerebellar infarct cyst, white matter
hyperintensity and ectopia. However, owing to the
retrospective nature of the study, it is difficult to
ascertain a possible relationship between the location of
the cerebellar abnormalities and the clinical distribution
of dystonia. LeBer et al. [44] described 12 patients from
eight families with an unusual dystonia-plus phenotype
characterized by focal or multifocal dystonia associated
with scarce clinical cerebellar signs but marked
cerebellar atrophy on neuroimaging in most patients.
Interestingly, dystonia became generalized in a signifi-
cant proportion of the patients.

The relationship between cerebellar lesions and
clinical manifestations of dystonia is supported by
further observations in secondary BPS and OMD and
in patients with upper-limb dystonia often ipsilateral
to a focal cerebellar lesion [45–53]. Also, it has been
recently observed patchy loss of cerebellar Purkinje
cells in the cerebellum in a small sample patients
with CD. The latter observations, however, require
confirmation in a large sample of clinically well
characterized patients with dystonia [54].

Neurophysiological studies

Transcranial magnetic stimulation (TMS) TMS is one
of the most widely adopted neurophysiological tech-
niques in human studies [55–61]. TMS techniques can
be used to stimulate the cerebellum system and to inves-
tigate various physiological mechanisms, including
connectivity measures and plasticity of the cerebello-
thalamo-cortical pathways, in both physiological and
pathological conditions, including dystonia [62, 63].

Table 1 Major studies on the association between the anatomical lesions of the cerebellum and dystonia

[ref n°] Study Type of study Major findings: type of dystonia/lesion

[33] Boisen,1979 Case series CD/infra-tentorial tumors

[49] Rumbach et al.,1995 Case report Hemidystonia/extracranial vertebral artery dissection
and cerebellar infarction

[35] Caress e al.,1996 Case report CD/cerebellar gangliocytoma

[50] Ghika-Schmid et al.,1997 Case series Focal and segmental dystonia involving the upper
limbs/cerebellar strokes

[36]Krauss et al., 1997 Case series CD/posterior fossa tumors

[51] Alarcon et al., 2001 Case report upper limb dystonia/tuberculoma in the ipsilateral
cerebellar hemisphere

[34] LeDoux and Brady 2003 Case series CD/lesions of the cerebellum and of its primary
afferent pathways

[37] Kumandaş et al., 2006 Case series CD/spinal or posterior fossa tumors

[44] LeBer et al., 2006 Case series Focal, multifocal and generalized dystonia/cerebellar
atrophy

[38] O’Rourke et al., 2006 Case report Paroxysmal CD and BPS/bilateral cerebellar infarction

[39] Zadro et al., 2008 Case report CD/cerebellar stroke

[46] Alcalay et al., 2009 Case report OMD/cholestanol deposition in the in the dentate nuclei
(cerebrotendinous xanthomatosis)

[47] Waln and LeDoux 2010 Case report OMD/hemorrhage of the vermal and paravermal regions
of the cerebellum

[40] Usmani et al. 2011 Case report CD/haemorrhage of the cerebellar vermis

[52] Baik et al., 2012 Case report upper limb dystonia/isolated cerebellar hemiatrophy

[41] Kojovic et al., 2012 Case report CD/cystic lesion in the right cerebellar hemisphere

[45] Khooshnoodi et al. 2013 Case series BPS/ischemic stroke in the cerebellar hemisphere and in
the inferior cerebellar peduncle, cystic lesion in the dentate nucleus

[42] Fąfara-Leś et al., 2014 Case series CD/posterior fossa tumours

[43] Batla et al., 2015 Case series CCD/cerebellar atrophy or lesions

[48] Bana et al., 2015 Case report OMD/haemorrhage of the vermian and left paramedian regions of the cerebellum

The various studies are listed in chronological order. Cervical dystonia (CD); cranio-cervical dystonia (CCD); blepharospasm (BPS); oromandibular dystonia (OMD)
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Paired-TMS techniques, which deliver stimuli over the
cerebellum followed, at various interstimulus intervals,
by stimuli over the contralateral primary motor cortex
(M1), can be used to investigate connectivity between
the cerebellum and M1 [64]. A number of studies have
shown that repetitive TMS (rTMS) stimuli, i.e. 1 Hz
rTMS and theta burst stimulation (TBS), induce bidirec-
tional (i.e. increase or decrease) changes in MEP ampli-
tude, as assessed by single-pulse TMS over the
contralateral M1 [65–69]. These changes in MEP ampli-
tude are believed to be an implicit measure of an under-
lying plasticity mechanism, i.e. long-term potentiation
and long-term depression-like effects within the
cerebello-thalamo-cortical pathways. Studies have shown
that 1 Hz rTMS applied over the cerebellum has a
modulatory effect on interconnected motor areas and
increases MEP amplitude, thereby suggesting that
Purkinje output to the dentate nucleus is reduced, which
would, in turn, be accompanied by dentate-cortical drive
disinhibition [64–66]. The effects of cerebellar iTBS or
cTBS are, unlike those of 1 Hz rTMS, likely to be
exerted on the superficial layer of the cerebellar cortex
(which inhibits Purkinje cell activity). As a consequence,
cerebellar iTBS or cTBS inhibits or facilitates Purkinje
cells (inhibitory output) and the dentate-thalamo-
cortical pathway [67, 69].
Studies based on different TMS techniques have

assessed the influence of cerebellar single-pulse TMS or
cTBS on M1 excitability in FHD patients. Overall, these
studies indicate that a conditioning cerebellar stimulus
[70] or cerebellar cTBS [71, 72] does not induce any in-
hibitory effect on the contralateral M1 in patients with
FHD. The lack of any inhibitory cerebellar effect on the
contralateral M1 in FHD patients may contribute to the
loss of M1 inhibition, to the maladaptive sensorimotor
plasticity of M1 and to the emergence of incorrect
motor programs and adaptive behaviours [71, 72]. Alter-
natively, reduced cerebellar inhibitory modulation of M1
in FHD might reflect compensatory changes in this
disorder [71, 72].
TMS has also rarely been used to assess the influence of

cerebellar single-pulse TMS or cTBS on M1 excitability in
other dystonia subtypes. We recently compared the effect
of cerebellar cTBS on M1 excitability in FHD and CD
patients. We found that cerebellar cTBS inhibits M1 excit-
ability in CD patients though not in FHD patients [72].
In summary, the results of TMS studies on patients with

dystonia indicate that the cerebellum may affect M1 in
different forms of focal dystonia in various ways. The
involvement of the cerebello-thalamo-cortical pathways
may be a feature of FHD but not of other dystonia types.

Movement studies, adaptive motor learning and
motor time processing The cerebellum contributes to

sensorimotor integration and regulates the coordination
of voluntary movements through neural connections with
M1 [73, 74]. Thus, cerebellar dysfunction leads to a range
of voluntary movement abnormalities, including slowness,
impaired timing, overshooting/undershooting and in-
creased curvature of movement trajectories [74, 75].
A number of studies indicate movement slowness in

patients with primary focal dystonia [76–78]. There is
also evidence showing that reaching movements are
impaired in patients with idiopathic dystonia involving
the upper limb and other body segments [79] as well as
in patients with CD [80, 81]. Nowak et al., [82] also
investigated the kinematic features of reaching-to-grasp-
movements in patients with BPS and CD and found
prolonged movement times and lower peak velocities of
hand transport in patients than in healthy subjects.
However, peak grasp aperture and the timing of peak
grasp aperture in relation to the time of hand transport
did not differ between patients and healthy subjects,
reflecting the accurate sensorimotor integration [82].
More recently Katschnig-Winter et al. [83] found that
upper limb motor performance in patients with CD is
similar to that in healthy controls, with the exception of
significantly higher peak velocities in patients. Similarly,
we also found that reaching movements are normal in
both FHD and CD patients, not only in terms of
duration, velocity and acceleration but also in terms of
the quality of the movement, curvature of movement
trajectory, smoothness of velocity curves and target
overshooting [72].
Motor sequence learning and motor adaptation, i.e.

the process of adjusting movement to new environmen-
tal demands, rely on partially overlapping circuits in
major brain regions, i.e. M1, the basal ganglia and
cerebellum [84, 85]. Abnormalities in motor sequence
learning have been observed in non-manifesting carriers
of the DYT1 dystonia mutation [86, 87]. In focal
dystonia, however, Katschnig-Winter et al. [83] observed
that CD patients and healthy controls had similar levels
of motor sequence learning and motor adaptation. Sad-
nicka et al. [88] used a visuomotor task to test the
hypothesis that cerebellar abnormalities in CD patients
translate into motor adaptation deficits. However, not
only were adaptation rates (learning) in CD patients
found to be similar to those of healthy subjects, but the
adaptive ability was not related to the clinical features of
CD, thus going against the hypothesis that adaptive
learning abnormalities reflect cerebellar dysfunction in
CD. It has also recently been reported that patients with
BPS and writer’s cramp are significantly impaired on
various adaptation walking parameters whereas walking
parameter adaptation in CD patients, including speed,
step width, step length symmetry and swing/stance ratio,
does not differ from that in healthy controls [89].
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Motor time processing is another important function
for several cognitive tasks and motor activities, mediated
by a neural network including cerebellum basal ganglia
and cortical areas [90–92]. Patients with writer’s cramp
or CD less accurately predict the temporal outcome of a
visually perceived movement. These data suggest that
patients with dystonia manifest subtle deficits in
extrapolating temporal properties during the perception
of hand/arm movements [91, 92]. Patients with CD also
exhibit impaired performance on a motor time estima-
tion tasks, which requires proper temporal prediction
and duration estimation; these findings thus provide
further evidence on altered cerebellar function and
altered interactions between the cerebellum and the
basal ganglia in dystonia [93, 94].
Taken together, the results suggest that integration of

proprioceptive input, which is involved in the internal
models of limb dynamics, may be altered in FHD,
whereas data in CD are more contrasting. A plausible
explanation is that the cerebellar representation of the
hand muscles prevails over that of the axial muscles,
including the neck muscles [95]. Finally, the results point
to variable adaptive learning abnormalities and to a deficit
in motor time processing in different dystonia types.

Eyeblink classical conditioning (EBCC) EBCC is a
cerebellum-dependent paradigm of associative motor
learning, and abnormal EBCC is a neurophysiological
indicator of cerebellar dysfunction [96]. Studies based on
the EBCC paradigm have shown that cerebellar associa-
tive learning is impaired in patients with adult onset
primary focal dystonia, i.e. FHD and CD [97, 98]. The
response to cerebellar conditioning, as assessed by the
EBCC, has also been shown to be abnormal in
myoclonus-dystonia patients [99]. It is, however, unclear
whether the impaired EBCC observed in patients with
primary dystonia is due to actual cerebellar pathology or
reflects functional cerebellar disruption. Hoffland et al.
[100] observed that cerebellar cTBS paradoxically nor-
malized EBCC in patients with CD. These findings point
to a functional and reversible disruption of the cerebellum
in dystonia, a phenomenon that is likely to be secondary
to either cerebellar compensation or to cerebellar recruit-
ment in the abnormal sensorimotor network.
However, the response to the EBCC paradigm in

patients with secondary dystonia does not differ from
that in healthy controls [98]. More recent EBCC-based
investigations in patients with DYT1 and DYT6 dystonia
have also shown that these patients’ ability to acquire
conditioned responses is normal [101].
Patients with dystonic tremor display a decreased

number of conditioned responses in the EBCC
paradigm than either dystonic patients without
tremor or HS. Data show that cerebellar impairment

segregates with the presence of tremor in patients
with dystonia, thus suggesting that the cerebellum
might play a specific role in the occurrence of
dystonic tremor [102].
To sum up, studies based on EBCC suggest that

cerebellar abnormalities may play distinct roles in
different subsets of dystonia and be related to specific
symptoms, including tremor, as opposed to playing a
primary role in generating dystonic symptoms.

Neuroimaging
Numerous structural, functional and molecular imaging
technique have been applied in dystonia patients and
several abnormalities have been reported in the sensori-
motor cortex, basal ganglia and cerebellum [103]. In
some cases, structural neuroimaging studies have
reported prominent grey matter (GM) changes involving
the infratentorial areas in patients with primary dystonia
compared with healthy controls [104], however, a clear
pattern of GM alteration has not been established in
dystonia [105]. Studies based on fractional anisotropy
(FA), a measure of axonal integrity, have also shown that
patients with CD have lower FA values in the genu and
in the body of the corpus callosum and lower MD values
in the left pallidum, the left putamen and the caudate
bilaterally, without displaying any evidence of cerebellar
involvement [106]. Carbon et al. [107] that FA was
significantly reduced in primary dystonia patients in the
pontine brainstem in the vicinity of the left superior
cerebellar peduncle and bilaterally in the white matter of
the sensorimotor region.
Recent evidence has shown significantly lower resting-

state functional connectivity, involving the cerebellum,
thalamus, basal ganglia and frontal areas, in patients
than in healthy subjects [108]. Abnormal resting-state
functional connectivity of sensorimotor representations
of affected and unaffected body parts points to a patho-
physiological predisposition for abnormal sensorimotor
and audio-motor integration in embouchure dystonia
[109]. When Prudente et al. [110] explored the neural
substrates for head movements in subjects with CD, they
found that isometric head rotation in the direction of
dystonia was associated with greater activation in the
ipsilateral anterior cerebellum, which suggests that cere-
bellum involvement in specific areas contributes to the
abnormal head rotation in CD. Event-related functional
magnetic resonance imaging, combined with tactile
stimulation of dystonic (upper lip) and non-dystonic
(forehead and dorsal hand) body regions, has shown that
musicians with embouchure dystonia display increased
stimulation-induced activity in contralateral primary and
bilateral secondary somatosensory representations of
dystonic and non-dystonic body regions as well as in the
cerebellum ipsilateral to the left dystonic upper lip [111].
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Studies on resting regional metabolism have revealed
consistent abnormalities in primary dystonia involving
multiple interconnected elements of these circuits. In
gene carriers, changes in specific subsets of these regions
have been found to relate to genotype, phenotype, or
both [112].
In summary, a range of neuroimaging techniques has

been used in patients with dystonia over the last decade.
Structural, functional and molecular imaging techniques
have revealed abnormalities, above all in the sensori-
motor cortex, basal ganglia and cerebellum. The results
of in vivo neuroimaging studies, most of which have
been structural, show that subtle morphological abnor-
malities occur in idiopathic dystonia. These data
challenge the concept that no brain structure abnormal-
ities are present in patients with idiopathic dystonia and
that this movement disorder is solely due to abnormal
cerebral function. Although no clear pattern of brain
structural abnormality has yet emerged in dystonia,
functional MRI techniques have revealed a closer
relationship between areas of cerebellar involvement and
the corresponding body areas affected by dystonia.

Future research issues
The cerebellum is now widely considered to play an im-
portant role in cognition and other non-motor functions
[74]. In addition, a growing body of evidence suggests
that an important non-motor component is involved in
primary dystonia, including neuropsychiatric, cognitive,
sleep and sensory function abnormalities [113, 114]. Al-
though the relationship between cerebellar abnormalities
and non-motor symptoms in dystonia has not yet been
assessed, altered cerebellar activity in dystonia is likely
to play a role in generating non-motor symptoms in dys-
tonia patients and deserves further investigation to shed
light on the pathophysiology of dystonia.
Botulinum toxin type A (BoNT-A) weakens muscle

contraction by inhibiting peripheral acetylcholine release
from the presynaptic neuromuscular terminals. In
addition, BoNT-A alters sensory input to the central
nervous system, thus indirectly inducing secondary cen-
tral changes. Some of the long-term clinical benefits of
BoNT-A treatment may also reflect changes in spinal,
brainstem and cortical circuits, including cortical excit-
ability and plasticity/organisation, by altering spindle
afferent inflow directed to spinal motoneurons or to the
various cortical areas in dystonia [115–117]. Future
research should focus on clarifying the relationship
between cerebellar changes in dystonia and the reso-
lution of these disease-related functional abnormalities
following treatment.
Recent studies on animals point the cerebellum as s

major site of dysfunction in DYT1 dystonia [48]. Neverthe-
less, evidence in human (manifesting or non-manifesting)

carriers of the DYT1 mutation is still limited. Moreover,
neurophysiological studies on altered motor sequence
learning [86, 87] but normal EBCC [101] or neuroimaging
investigations [112] in DYT1 mutation carriers have
provided heterogeneous results. Future studies should
better delineate to what extent evidence of cerebellar
abnormalities in DYT1 mutation carriers relates to the
phenotypic variability of dystonia [118, 119]. The results of
these studies might have relevant clinical implication, with
regard to disease severity and age of onset prediction.

Conclusions
Several lines of evidence indicate that dystonia may re-
sult from basal ganglia abnormalities. The suggestion
that the cerebellum plays a pathophysiological role in
dystonia is based on a growing number of animal studies
as well as on clinico-pathological observations and
experimental investigations in patients using various
neurophysiological and neuroimaging techniques. Either
the dysfunction of basal ganglia and cerebellum or an
abnormal interaction between these two systems may
vary with different etiologies of dystonia supporting the
hypothesis of differing pathophysiology in different
forms, i.e. primary or secondary dystonia or generalized
and focal dystonia. Unlike the M1 plasticity mechanism
or sensory processing abnormalities, which are likely to
result from basal ganglia dysfunction and are present
throughout the cortical sensorimotor system, and even
in unaffected relatives of dystonia patients, abnormal
cerebellar effects are mainly found in cortical areas that
control the affected body parts. Thus, existing experi-
mental evidence suggests that cerebellar dysfunction is
likely to be related to body areas affected by dystonia as
opposed to being a widespread (i.e. endo-phenotypic
predisposition) pathophysiological abnormality of the
disease, which means the cerebellar involvement in
dystonia may affect the topographic expression of
dystonic symptoms. Future studies on dystonia should
focus on the pathophysiological role of the cerebellum
and on its abnormal interaction with the basal ganglia.
Clarifying this issue is relevant because of the increasing
availability of invasive and non-invasive stimulation
techniques and their potential therapeutic role in
dystonia.

Abbreviations
BPS: Blepharospasm; CD: Cervical dystonia; DBS: Deep brain stimulation;
EBCC: Eyeblink classical conditioning; FHD: Focal-hand dystonia; GM: Grey matter;
M1: Primary motor cortex; MEP: Motor evoked potentials; OMD: Oromandibular
dystonia; TBS: Theta burst stimulation; TMS: Transcranial magnetic stimulation

Acknowledgements
Not applicable.

Funding
Not applicable.

Bologna and Berardelli Cerebellum & Ataxias  (2017) 4:6 Page 6 of 9



Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or
analysed during the current study.

Authors’ contributions
MB conception of the study and drafting of the manuscript. AB conception of
the study and drafting of the manuscript. Both authors read and approved the
final manuscript.

Authors’ information
None.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 7 March 2017 Accepted: 28 April 2017

References
1. Defazio G, Berardelli A, Hallett M. Do primary adult-onset focal dystonias

share aetiological factors? Brain. 2007;130:1183–93.
2. Defazio G, Hallett M, Jinnah HA, Conte A, Berardelli A. Blepharospasm 40

years later. Mov Disord. 2017; doi:10.1002/mds.26934. [Epub ahead of print]
3. Albanese A, Bhatia K, Bressman SB, Delong MR, Fahn S, Fung VS, Hallett M,

Jankovic J, Jinnah HA, Klein C, Lang AE, Mink JW, Teller JK. Phenomenology
and classification of dystonia: a consensus update. Mov Disord. 2013;28:863–73.

4. Jinnah HA. Berardelli a, Comella C, Defazio G, Delong MR, Factor S, Galpern
WR, Hallett M, Ludlow CL, Perlmutter JS, Rosen AR; Dystonia coalition
investigators. The focal dystonias: current views and challenges for future
research. Mov Disord. 2013;28:926–43.

5. Jinnah HA, Hess EJ, Ledoux MS, Sharma N, Baxter MG, Delong MR. Rodent
models for dystonia research: characteristics, evaluation, and utility. Mov
Disord. 2005;20:283–92.

6. Tassone A, Sciamanna G, Bonsi P, Martella G, Pisani A. Experimental models
of dystonia. Int Rev Neurobiol. 2011;98:551–72.

7. Richter F, Richter A. Genetic animal models of dystonia: common features
and diversities. Prog Neurobiol. 2014;121:91–113.

8. Shakkottai VG, Batla A, Bhatia K, Dauer WT, Dresel C, Niethammer M,
Eidelberg D, Raike RS, Smith Y, Jinnah HA, Hess EJ, Meunier S, Hallett M,
Fremont R, Khodakhah K, LeDoux MS, Popa T, Gallea C, Lehericy S, Bostan
AC, Strick PL. Current Opinions and Areas of Consensus on the Role of the
Cerebellum in Dystonia. Cerebellum. 2016. doi:10.1007/s12311-016-0825-6.
[Epub ahead of print].

9. DeLong MR, Wichmann T. Circuits and circuit disorders of the basal ganglia.
Arch Neurol. 2007;64:20–4.

10. Avanzino L, Abbruzzese G. How does the cerebellum contribute to the
pathophysiology of dystonia? Basal Ganglia. 2012;2:231–5.

11. Sadnicka A, Hoffland BS, Bhatia KP, van de Warrenburg BP, Edwards MJ. The
cerebellum in dystonia - help or hindrance? Clin Neurophysiol. 2012;123:65–70.

12. Berardelli A, Rothwell JC, Hallett M, Thompson PD, Manfredi M, Marsden CD.
The pathophysiology of primary dystonia. Brain. 1998;121:1195–212.

13. Neychev VK, Gross RE, Lehericy S, Hess EJ, Jinnah HA. The functional
neuroanatomy of dystonia. Neurobiol Dis. 2011;42:185–201.

14. Marsden CD, Obeso JA, Zarranz JJ, Lang AE. The anatomical basis of
symptomatic hemidystonia. Brain. 1985;108:463–8.

15. Bhatia KP, Marsden CD. The behavioural and motor consequences of focal
lesions of the basal ganglia in man. Brain. 1994;117:859–76.

16. Gatev P, Darbin O, Wichmann T. Oscillations in the basal ganglia under
normal conditions and in movement disorders. Mov Disord. 2006;21(10):
1566–77.

17. Hendrix CM, Vitek JL. Toward a network model of dystonia. Ann N Y Acad
Sci. 2012;1265:46–55.

18. Colosimo C, Suppa A, Fabbrini G, Bologna M, Berardelli A. Craniocervical
dystonia: clinical and pathophysiological features. Eur J Neurol. 2010;
17(Suppl 1):15–21.

19. Hallett M. Neurophysiology of dystonia: the role of inhibition. Neurobiol Dis.
2011;42:177–84.

20. Quartarone A, Hallett M. Emerging concepts in the physiological basis of
dystonia. Mov Disord. 2013;28:958–67.

21. Defazio G, Conte A, Gigante AF, Fabbrini G, Berardelli A. Is tremor in
dystonia a phenotypic feature of dystonia? Neurology. 2015;84:1053–9.

22. Filip P, Lungu OV, Bares M. Dystonia and the cerebellum: a new field of
interest in movement disorders? Clin Neurophysiol. 2013;124:1269–76.

23. Malone A, Manto M, Hass C. Dissecting the links between cerebellum and
dystonia. Cerebellum. 2014;13:666–8.

24. Prudente CN, Hess EJ, Jinnah HA. Dystonia as a network disorder: what is
the role of the cerebellum? Neuroscience. 2014;260:23–35.

25. Shakkottai VG. Physiologic changes associated with cerebellar dystonia.
Cerebellum. 2014;13:637–44.

26. Pizoli CE, Jinnah HA, Billingsley ML, Hess EJ. Abnormal cerebellar signaling
induces dystonia in mice. J Neurosci. 2002;22:7825–33.

27. Neychev VK, Fan X, Mitev VI, Hess EJ, Jinnah HA. The basal ganglia and
cerebellum interact in the expression of dystonic movement. Brain.
2008;131:2499–509.

28. Alvarez-Fischer D, Grundmann M, Lu L, Samans B, Fritsch B, Möller JC,
Schaefer MK, Hartmann A, Oertel WH, Bandmann O. Prolonged generalized
dystonia after chronic cerebellar application of kainic acid. Brain Res.
2012;1464:82–8.

29. Raike RS, Pizoli CE, Weisz C, van den Maagdenberg AM, Jinnah HA, Hess EJ.
Limited regional cerebellar dysfunction induces focal dystonia in mice.
Neurobiol Dis. 2013;49:200–10.

30. Vanni V, Puglisi F, Bonsi P, Ponterio G, Maltese M, Pisani A, Mandolesi G.
Cerebellar synaptogenesis is compromised in mouse models of DYT1
dystonia. Exp Neurol. 2015;271:457–67.

31. Puglisi F, Vanni V, Ponterio G, Tassone A, Sciamanna G, Bonsi P, Pisani A,
Mandolesi G. Torsin a localization in the mouse Cerebellar synaptic circuitry.
PLoS One. 2013;8(6):e68063.

32. Fremont R, Tewari A, Angueyra C, Khodakhah K. A role for cerebellum in the
hereditary dystonia DYT1. elife. 2017;6:e22775.

33. Boisen E. Torticollis caused by an infratentorial tumour: three cases. Br J
Psychiatry. 1979;134:306–7.

34. LeDoux MS, BradyKA. Secondary cervical dystonia associated with structural
lesions of the central nervous system. Mov Disord. 2003;18:60–9.

35. Caress JB, Nohria V, Fuchs H, Boustany RM. Torticollis acquired in late
infancy due to a cerebellar gangliocytoma. Int J Pediatr Otorhinolaryngol.
1996;36:39–44.

36. Krauss JK, Seeger W, Jankovic J. Cervical dystonia associated with tumors of
the posterior fossa. Mov Disord. 1997;12:443–7.

37. Kumandaş S, Per H, Gümüş H, Tucer B, Yikilmaz A, Kontaş O, Coşkun A, Kurtsoy
A. Torticollis secondary to posterior fossa and cervical spinal cord tumors:
report of five cases and literature review. Neurosurg Rev. 2006;29:333–8.

38. O’Rourke K, O’Riordan S, Gallagher J, Hutchinson M. Paroxysmal torticollis
and blepharospasm following bilateral cerebellar infarction. J Neurol.
2006;253:1644–5.

39. Zadro I, Brinar VV, Barun B, Ozretić D. HabekM. Cervical dystonia due to
cerebellar stroke. Mov Disord. 2008;23:919–20.

40. Usmani N, Bedi GS, Sengun C, Pandey A, Singer C. Late onset of cervical
dystonia in a 39-year-old patient following cerebellar hemorrhage. J Neurol.
2011;258:149–51.

41. Kojovic M, Edwards MJ, Parees I, Rothwell JC, Bhatia KP. Secondary cervical
dystonia caused by cerebellar cystic lesion—a case study with transcranial
magnetic stimulation. Clin Neurophysiol. 2012;123:418–9.

42. Fąfara-Leś A, Kwiatkowski S, Maryńczak L, Kawecki Z, Adamek D, Herman-
Sucharska I, Kobylarz K. Torticollis as a first sign of posterior fossa and
cervical spinal cord tumors in children. Childs Nerv Syst. 2014;30:425–30.

43. Batla A, Sánchez MC, Erro R, Ganos C, Stamelou M, Balint B, Brugger F,
Antelmi E, Bhatia KP. The role of cerebellum in patients with late onset
cervical/segmental dystonia?–evidence from the clinic. Parkinsonism Relat
Disord. 2015;21:1317–22.

44. LeBer I, Clot F, Vercueil L, Camuzat A, Viémont M, Benamar N, De Liège P,
Ouvrard-Hernandez AM, Pollak P, Stevanin G, Brice A, Dürr A. Predominant

Bologna and Berardelli Cerebellum & Ataxias  (2017) 4:6 Page 7 of 9

http://dx.doi.org/10.1002/mds.26934
http://dx.doi.org/10.1007/s12311-016-0825-6


dystonia with marked cerebellar atrophy: a rare phenotype in familial
dystonia. Neurology. 2006;67:1769–73.

45. Khooshnoodi MA, Factor SA, Jinnah HA. Secondary blepharospasm
associated with structural lesions of the brain. J Neurol Sci. 2013;331:98–101.

46. Alcalay RN, Wu S, Shailendra Patel BM, Frucht S. Oromandibular dystonia as
a complication of cerebrotendinous xanthomatosis. Mov Disord. 2009;24(9):
1393–406.

47. Waln O, LeDoux MS. Delayed-onset oromandibular dystonia after a
cerebellar hemorrhagic stroke. Parkinsonism Relat Disord. 2010;16:623–5.

48. Bana C, Nascimbene C, Vanotti A, Zardoni M, Mariani C, Osio M. A case of
Masticatory Dystonia following Cerebellar Haemorrhage. Cerebellum.
2015;14:723–7.

49. Rumbach L, Barth P, Costaz A, Mas J. Hemidystonia consequent upon
ipsilateral vertebral artery occlusion and cerebellar infarction. Mov Disord.
1995;10:522–5.

50. Ghika-Schmid F, Ghika J, Regli F, Bogousslavsky J. Hyperkinetic movement
disorders during and after acute stroke: the Lausanne stroke registry. J
Neurol Sci. 1997;146:109–16.

51. Alarcon F, Tolosa E, Munoz E. Focal limb dystonia in a patient with a
cerebellar mass. Arch Neurol. 2001;58:1125–7.

52. Baik JS. Isolated cerebellar hemiatrophy related with focal dystonia. J Neurol
Neurosurg Psychiatry. 2012;83(9):948.

53. Liuzzi D, Gigante AF, Leo A, Defazio G. The anatomical basis of upper limb
dystonia: lesson from secondary cases. Neurol Sci. 2016;37:1393–8.

54. Zoons E, Tijssen MA. Pathologic changes in the brain in cervical dystonia
pre- and post-mortem - a commentary with a special focus on the
cerebellum. Exp Neurol. 2013;247:130–3.

55. Currà A, Modugno N, Inghilleri M, Manfredi M, Hallett M, Berardelli A.
Transcranial magnetic stimulation techniques in clinical investigation.
Neurology. 2002;59:1851–9.

56. Hallett M. Transcranial magnetic stimulation: a primer. Neuron. 2007;55:187–99.
57. Berardelli A, Abbruzzese G, Chen R, Orth M, Ridding MC, Stinear C, Suppa A,

Trompetto C, Thompson PD. Consensus paper on short-interval intracortical
inhibition and other transcranial magnetic stimulation intracortical
paradigms in movement disorders. Brain Stimul. 2008;1:183–91.

58. Ziemann U, Paulus W, Nitsche MA, Pascual-Leone A, Byblow WD, Berardelli
A, Siebner HR, Classen J, Cohen LG, Rothwell JC. Consensus: motor cortex
plasticity protocols. Brain Stimul. 2008;1:164–82.

59. Rossi S, Hallett M, Rossini PM, Pascual-Leone A, Safety of TMS Consensus
Group. Safety, ethical considerations, and application guidelines for the use
of transcranial magnetic stimulation in clinical practice and research. Clin
Neurophysiol. 2009;120:2008–39.

60. Rossini PM, Burke D, Chen R, Cohen LG, Daskalakis Z, Di Iorio R, Di Lazzaro
V, Ferreri F, Fitzgerald PB, George MS, Hallett M, Lefaucheur JP, Langguth B,
Matsumoto H, Miniussi C, Nitsche MA, Pascual-Leone A, Paulus W, Rossi S,
Rothwell JC, Siebner HR, Ugawa Y, Walsh V, Ziemann U. Non-invasive
electrical and magnetic stimulation of the brain, spinal cord, roots and
peripheral nerves: basic principles and procedures for routine clinical and
research application. An updated report from an I.F.C.N. Committee. Clin
Neurophysiol. 2015;126:1071–107.

61. Suppa A, Huang YZ, Funke K, Ridding MC, Cheeran B, Di Lazzaro V,
Ziemann U, Rothwell JC. Ten years of theta burst stimulation in
humans: established knowledge, Unknowns and Prospects. Brain Stimul.
2016;9:323–35.

62. Grimaldi G, Argyropoulos GP, Boehringer A, Celnik P, Edwards MJ, Ferrucci R,
Galea JM, Groiss SJ, Hiraoka K, Kassavetis P, Lesage E, Manto M, Miall RC,
Priori A, Sadnicka A, Ugawa Y, Ziemann U. Non-invasive cerebellar
stimulation–a consensus paper. Cerebellum. 2014;13:121–38.

63. van Dun K, Bodranghien F, Manto M, Mariën P. Targeting the cerebellum by
noninvasive Neurostimulation: a review. Cerebellum. 2016; doi:10.1007/
s12311-016-0840-7. [Epub ahead of print]

64. Tremblay S, Austin D, Hannah R, Rothwell JC. Non-invasive brain stimulation
as a tool to study cerebellar-M1 interactions in humans. Cerebellum Ataxias.
2016;3:19. doi:10.1186/s40673-016-0057-z.

65. Oliveri M, Koch G, Torriero S, Caltagirone C. Increased facilitation of the
primary motor cortex following 1 Hz repetitive transcranial magnetic
stimulation of the contralateral cerebellum in normal humans. Neurosci
Lett. 2005;376:188–93.

66. Fierro B, Giglia G, Palermo A, Pecoraro C, Scalia S, Brighina F. Modulatory
effects of 1 Hz rTMS over the cerebellum on motor cortex excitability. Exp
Brain Res. 2007;176:440–7.

67. Koch G, Mori F, Marconi B, Codecà C, Pecchioli C, Salerno S, Torriero S, Lo
Gerfo E, Mir P, Oliveri M, Caltagirone C. Changes in intracortical circuits of
the human motor cortex following theta burst stimulation of the lateral
cerebellum. Clin Neurophysiol. 2008;119:2559–69.

68. Popa T, Russo M, Meunier S. Long-lasting inhibition of cerebellar output.
Brain Stimul. 2010;3:161–9.

69. Harrington A, Hammond-Tooke GD. Theta burst stimulation of the
cerebellum modifies the TMS-evoked N100 potential, a marker of GABA
inhibition. PLoS One. 2015;10:e0141284. doi:10.1371/journal.pone.0141284.

70. Brighina F, Romano M, Giglia G, Saia V, Puma A, Giglia F, et al. Effects of
cerebellar TMS on motor cortex of patients with focal dystonia: a
preliminary report. Exp Brain Res. 2009;192:651–6.

71. Hubsch C, Roze E, Popa T, Russo M, Balachandran A, Pradeep S, Mueller F,
Brochard V, Quartarone A, Degos B, Vidailhet M, Kishore A, Meunier S.
Defective cerebellar control of cortical plasticity in writer's cramp. Brain.
2013;136:2050–62.

72. Bologna M, Paparella G, Fabbrini A, Leodori G, Rocchi L, Hallett M, Berardelli A.
Effects of cerebellar theta-burst stimulation on arm and neck movement
kinematics in patients with focal dystonia. Clin Neurophysiol. 2016;127:3472–9.

73. Koziol LF, Budding D, Andreasen N, D'Arrigo S, Bulgheroni S, Imamizu H, Ito
M, Manto M, Marvel C, Parker K, Pezzulo G, Ramnani N, Riva D,
Schmahmann J, Vandervert L, Yamazaki T. Consensus paper: the
cerebellum's role in movement and cognition. Cerebellum. 2014;13:151–77.

74. Manto M, Bower JM, Conforto AB, Delgado-García JM, da Guarda SN,
Gerwig M, Habas C, Hagura N, Ivry RB, Mariën P, Molinari M, Naito E, Nowak
DA, Oulad Ben Taib N, Pelisson D, Tesche CD, Tilikete C, Timmann D.
Consensus paper: roles of the cerebellum in motor control–the diversity of
ideas on cerebellar involvement in movement. Cerebellum. 2012;11:457–87.

75. Bodranghien F, Bastian A, Casali C, Hallett M, Louis ED, Manto M, Mariën P,
Nowak DA, Schmahmann JD, Serrao M, Steiner KM, Strupp M, Tilikete C,
Timmann D, van Dun K. Consensus paper: revisiting the symptoms and
signs of Cerebellar syndrome. Cerebellum. 2016;15:369–91.

76. Agostino R, Berardelli A, Formica A, Accornero N, Manfredi M. Sequential
arm movements in patients with Parkinson’s disease, Huntington’s disease
and dystonia. Brain. 1992;115:1481–95.

77. Currá A, Berardelli A, Agostino R, Giovannelli M, Koch G, Manfredi M.
Movement cueing and motor execution in patients with dystonia: a
kinematic study. Mov Disord. 2000;15(1):103–12.

78. Prodoehl J, Corcos DM, Leurgans S, Comella CL, Weis-McNulty A,
MacKinnon CD. Changes in the relationship between movement velocity
and movement distance in primary focal hand dystonia. J Mot Behav.
2008;40:301–13.

79. Inzelberg R, Flash T, Schechtman E, Korczyn AD. Kinematic properties of
upper limb trajectories in idiopathic torsion dystonia. J Neurol Neurosurg
Psychiatry. 1995;58:312–9.

80. Pelosin E, Bove M, Marinelli L, Abbruzzese G, Ghilardi MF. Cervical dystonia
affects aimed movements of nondystonic segments. Mov Disord.
2009;24(13):1955–61.

81. Marinelli L, Pelosin E, Trompetto C, Avanzino L, Ghilardi MF, Abbruzzese G,
Bove M. In idiopathic cervical dystonia movement direction is inaccurate
when reaching in unusual workspaces. Parkinsonism Relat Disord.
2011;17:470–2.

82. Nowak DA, Dafotakis M, Fink GR. Kinematic analysis of grasping in focal
dystonia of the face and neck. Neuroscience. 2013;237:216–22.

83. Katschnig-Winter P, Schwingenschuh P, Davare M, Sadnicka A, Schmidt R,
Rothwell JC, Bhatia KP, Edwards MJ. Motor sequence learning and motor
adaptation in primary cervical dystonia. J Clin Neurosci. 2014;21:934–8.

84. Bastian AJ. Understanding sensorimotor adaptation and learning for
rehabilitation. Curr Opin Neurol. 2008;21:628–33.

85. Penhune VB, Steele CJ. Parallel contributions of cerebellar, striatal and
M1 mechanisms to motor sequence learning. Behav Brain Res.
2012;226:579–91.

86. Ghilardi MF, Carbon M, Silvestri G, Dhawan V, Tagliati M, Bressman S, Ghez
C, Eidelberg D. Impaired sequence learning in carriers of the DYT1 dystonia
mutation. Ann Neurol. 2003;54:102–9.

87. Carbon M, Argyelan M, Ghilardi MF, Mattis P, Dhawan V, Bressman S,
Eidelberg D. Impaired sequence learning in dystonia mutation carriers: a
genotypic effect. Brain. 2011;134:1416–27.

88. Sadnicka A, Patani B, Saifee TA, Kassavetis P, Pareés I, Korlipara P, et al.
Normal motor adaptation in cervical dystonia: a fundamental cerebellar
computation is intact. Cerebellum. 2014;13:558–67.

Bologna and Berardelli Cerebellum & Ataxias  (2017) 4:6 Page 8 of 9

http://dx.doi.org/10.1007/s12311-016-0840-7
http://dx.doi.org/10.1007/s12311-016-0840-7
http://dx.doi.org/10.1186/s40673-016-0057-z
http://dx.doi.org/10.1371/journal.pone.0141284


89. Hoffland BS, Veugen LC, Janssen MM, Pasman JW, Weerdesteyn V, van de
Warrenburg BP. A gait paradigm reveals different patterns of abnormal cerebellar
motor learning in primary focal dystonias. Cerebellum. 2014;13:760–6.

90. Avanzino L, Pelosin E, Vicario CM, Lagravinese G, Abbruzzese G, Martino D.
Time processing and motor control in movement disorders. Front Hum
Neurosci. 2016;10:631. doi:10.3389/fnhum.2016.00631. eCollection 2016

91. Avanzino L, Martino D, Martino I, Pelosin E, Vicario CM, Bove M, Defazio G,
Abbruzzese G. Temporal expectation in focal hand dystonia. Brain.
2013;136:444–54.

92. Martino D, Lagravinese G, Pelosin E, Chaudhuri RK, Vicario CM, Abbruzzese
G, Avanzino L. Temporal processing of perceived body movement in
cervical dystonia. Mov Disord. 2015;30:1005–7.

93. Filip P, Lungu OV, Shaw DJ, Kasparek T, Bareš M. The mechanisms of
movement control and time estimation in cervical dystonia patients. Neural
Plasticity. 2013;2013:908741.

94. Filip P, Gallea C, Lehéricy S, Bertasi E, Popa T, Mareček R, Lungu OV,
Kašpárek T, Vaníček J, Bareš M. Disruption in cerebellar and basal ganglia
networks during a visuospatial task in cervical dystonia. Mov Disord.
2017; doi:10.1002/mds.26930. [Epub ahead of print]

95. Mottolese C, Richard N, Harquel S, Szathmari A, Sirigu A, Desmurget M. Mapping
motor representations in the human cerebellum. Brain. 2013;136:330–42.

96. Gerwig M, Kolb FP, Timmann D. The involvement of the human cerebellum
in eyeblink conditioning. Cerebellum. 2007;6:38–57.

97. Teo JT, van de Warrenburg BP, Schneider SA, Rothwell JC, Bhatia KP.
Neurophysiological evidence for cerebellar dysfunction in primary focal
dystonia. J Neurol Neurosurg Psychiatry. 2009;80:80–3.

98. Kojovic M, Pareés I, Kassavetis P, Palomar FJ, Mir P, Teo JT, Cordivari C,
Rothwell JC, Bhatia KP, Edwards MJ. Secondary and primary dystonia:
pathophysiological differences. Brain. 2013;136:2038–49.

99. Popa T, Milani P, Richard A, Hubsch C, Brochard V, Tranchant C, Sadnicka A,
Rothwell J, Vidailhet M, Meunier S, Roze E. The neurophysiological features
of myoclonus-dystonia and differentiation from other dystonias. JAMA
Neurol. 2014;71:612–9.

100. Hoffland BS, Kassavetis P, Bologna M, Teo JT, Bhatia KP, Rothwell JC,
Edwards MJ, van de Warrenburg BP. Cerebellum-dependent associative
learning deficits in primary dystonia are normalized by rTMS and practice.
Eur J Neurosci. 2013;38:2166–71.

101. Sadnicka A, Teo JT, Kojovic M, Pareés I, Saifee TA, Kassavetis P,
Schwingenschuh P, Katschnig-Winter P, Stamelou M, Mencacci NE, Rothwell
JC, Edwards MJ, Bhatia KP. All in the blink of an eye: new insight into
cerebellar and brainstem function in DYT1 and DYT6 dystonia. Eur J Neurol.
2015;22:762–7.

102. Antelmi E, Di Stasio F, Rocchi L, Erro R, Liguori R, Ganos C, Brugger F, Teo J,
Berardelli A, Rothwell J, Bhatia KP. Impaired eye blink classical conditioning
distinguishes dystonic patients with and without tremor. Parkinsonism Relat
Disord. 2016;31:23–7.

103. Zoons E, Booij J, Nederveen AJ, Dijk JM, Tijssen MA. Structural, functional
and molecular imaging of the brain in primary focal dystonia–a review.
NeuroImage. 2011;56:1011–20. doi:10.1016/j.neuroimage.2011.02.045.

104. Egger K, Mueller J, Schocke M, Brenneis C, Rinnerthaler M, Seppi K, Trieb T,
Wenning GK, Hallett M, Poewe W. Voxel based morphometry reveals specific
gray matter changes in primary dystonia. Mov Disord. 2007;22:1538–42.

105. Piccinin CC, Santos MC, Piovesana LG, Campos LS, Guimarães RP, Campos
BM, Torres FR, França MC, Amato-Filho AC, Lopes-Cendes I, Cendes F,
D'Abreu A. Infratentorial gray matter atrophy and excess in primary
craniocervical dystonia. Parkinsonism Relat Disord. 2014;20:198–203.

106. Colosimo C, Pantano P, Calistri V, Totaro P, Fabbrini G, Berardelli A. Diffusion
tensor imaging in primary cervical dystonia. J Neurol Neurosurg Psychiatry.
2005;76:1591–3.

107. Carbon M, Kingsley PB, Tang C, Bressman S, Eidelberg D. Microstructural white
matter changes in primary torsion dystonia. Mov Disord. 2008;23:234–9.

108. Bharath RD, Biswal BB, Bhaskar MV, Bhaskar MV, Gohel S, Jhunjhunwala K,
et al. Repetitive transcranial magnetic stimulation induced modulations of
resting state motor connectivity in writer's cramp. Eur J Neurol. 2015;22:
796–805.

109. Haslinger B, Noé J, Altenmüller E, Riedl V, Zimmer C, Mantel T, Dresel C.
Changes in resting-state connectivity in musicians with embouchure
dystonia. Mov Disord. 2016; doi:10.1002/mds.26893. [Epub ahead of print]

110. Prudente CN, Stilla R, Singh S, Buetefisch C, Evatt M, Factor SA, Freeman A,
Hu XP, Hess EJ, Sathian K, Jinnah HA. A functional magnetic resonance

imaging study of head movements in cervical Dystonia. Front Neurol. 2016;
7:201. doi:10.3389/fneur.2016.00201.

111. Mantel T, Dresel C, Altenmüller E, Zimmer C, Noe J, Haslinger B. Activity and
topographic changes in the somatosensory system in embouchure
dystonia. Mov Disord. 2016;31:1640–8.

112. Carbon M, Eidelberg D. Abnormal structure-function relationships in
hereditary dystonia. Neuroscience. 2009;164:220–9.

113. Stamelou M, Edwards MJ, Hallett M, Bhatia KP. The non-motor syndrome of
primary dystonia: clinical and pathophysiological implications. Brain.
2012;135:1668–81.

114. Conte A, Berardelli I, Ferrazzano G, Pasquini M, Berardelli A, Fabbrini G. Non-
motor symptoms in patients with adult-onset focal dystonia: sensory and
psychiatric disturbances. Parkinsonism Relat Disord. 2016;22(Suppl 1):S111–4.

115. Abbruzzese G, Berardelli A. Neurophysiological effects of botulinum toxin
type a. Neurotox Res. 2006;9:109–14.

116. Currà A, Berardelli A. Do the unintended actions of botulinum toxin at
distant sites have clinical implications? Neurology. 2009;72:1095–9.

117. Palomar FJ, Mir P. Neurophysiological changes after intramuscular injection
of botulinum toxin. Clin Neurophysiol. 2012;123:54–60.

118. Opal P, Tintner R, Jankovic J, Leung J, Breakefield XO, Friedman J, Ozelius L.
Intrafamilial phenotypic variability of the DYT1 dystonia: from asymptomatic
TOR1A gene carrier status to dystonic storm. Mov Disord. 2002;17:339–45.

119. Grundmann K, Laubis-Herrmann U, Bauer I, Dressler D, Vollmer-Haase J,
Bauer P, Stuhrmann M, Schulte T, Schöls L, Topka H, Riess O. Frequency and
phenotypic variability of the GAG deletion of the DYT1 gene in an
unselected group of patients with dystonia. Arch Neurol. 2003;60:1266–70.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Bologna and Berardelli Cerebellum & Ataxias  (2017) 4:6 Page 9 of 9

http://dx.doi.org/10.3389/fnhum.2016.00631
http://dx.doi.org/10.1002/mds.26930
http://dx.doi.org/10.1016/j.neuroimage.2011.02.045
http://dx.doi.org/10.1002/mds.26893
http://dx.doi.org/10.3389/fneur.2016.00201

	Abstract
	Background
	Review
	Animal studies
	Human studies
	Clinical and pathological observations
	Neurophysiological studies
	Neuroimaging

	Future research issues
	Conclusions
	Abbreviations

	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

