
Review

The functional neuroanatomy of dystonia

Vladimir K. Neychev a, Robert E. Gross b, Stephane Lehéricy c, Ellen J. Hess d, H.A. Jinnah e,⁎

a Department of Surgery, Danbury Hospital, CT, USA
b Departments of Neurosurgery and Neurology, Emory University, Atlanta, USA
c Service de Neuroradiologie, Centre de Neuroimagerie de Recherche-CENIR, CR-ICM, Hopital Pitie-Salpetriere, Université Pierre et Marie Curie, Paris, France
d Departments of Pharmacology & Neurology, Emory University, Atlanta, USA
e Departments of Neurology, Human Genetics, & Pediatrics, Emory University, Atlanta, USA

a b s t r a c ta r t i c l e i n f o

Article history:

Received 8 October 2010

Revised 8 January 2011

Accepted 28 January 2011

Available online 12 February 2011

Keywords:

Cerebellum

Basal ganglia

Thalamus

Deep brain stimulation

Animal model

History

Dystonia is a neurological disorder characterized by involuntary twisting movements and postures. There are

many different clinical manifestations, and many different causes. The neuroanatomical substrates for dystonia

are only partly understood. Although the traditional view localizes dystonia to basal ganglia circuits, there is

increasing recognition that this view is inadequate for accommodating a substantial portion of available clinical

and experimental evidence. Amodel inwhich several brain regions play a role in a networkbetter accommodates

the evidence. This network model accommodates neuropathological and neuroimaging evidence that dystonia

may be associated with abnormalities in multiple different brain regions. It also accommodates animal studies

showing that dystonic movements arise with manipulations of different brain regions. It is consistent with

neurophysiological evidence suggesting defects in neural inhibitory processes, sensorimotor integration, and

maladaptiveplasticity. Finally, itmay explainneurosurgical experience showing that targeting thebasal ganglia is

effective only for certain subpopulations of dystonia. Most importantly, the network model provides many new

and testable hypotheseswith direct relevance for new treatment strategies that go beyond the basal ganglia. This

article is part of a Special Issue entitled “Advances in dystonia”.

© 2011 Elsevier Inc. All rights reserved.
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Introduction

Dystonia is defined as a syndrome of involuntary sustained or

intermittent muscle contractions leading to twisting or repetitive

movements or abnormal postures (Fahn, 1984; Fahn, 1988). The core

problem involves over-contraction of the primary muscles normally

used for a movement, along with over-flow contraction of nearby

muscles that sometimes antagonize the primary muscles. The

patterns and strengths of the muscles involved determine the

character of the resulting abnormal movement. Very mild dystonias

appear as slight exaggerations or distortions of otherwise normal

movements. More obvious manifestations include movements that

are overtly stiff, slow, twisting, or jerky. The most serious expressions

involve unnatural postures or fixed deformities associated with

significant disability.

Virtually any region of the body may be affected, and the region

affected provides a convenient means for subgrouping (Fahn, 1988;

Geyer and Bressman, 2006; Tarsy and Simon, 2006). Focal dystonias

involve an isolated body region. Commonly recognized focal dystonias

include the neck in cervical dystonia (torticollis), the upper face

(blepharospasm), the larynx (spasmodic dysphonia), or a limb

(writer's cramp). Segmental dystonias involve two or more contig-

uous body regions, such as the neck and one arm. Multifocal dystonias

involve two or more non-contiguous regions, while generalized

dystonias encompass a broad distribution.

The dystonias also can be grouped according to etiology, with both

inherited and acquired forms (Bressman, 2003; deCarvalho Aguiar

and Ozelius, 2002; Nemeth, 2002). Dystonia is associated with

mutations in more than 30 different genes, is a feature of several

neurodevelopmental or neurodegenerative disorders, and can arise

from a vast array of acquired insults to the nervous system.

Traditionally, etiological subgroups of dystonia have included primary

dystonia, dystonia-plus syndromes, developmental or degenerative

disorders, and acquired insults. Primary dystonias include disorders

where dystonia is a relatively isolated neurological problem and there

is no histopathological evidence for developmental or degenerative

anomalies. Many primary dystonias are idiopathic, but some are due

to known genetic defects. The dystonia-plus syndromes include

dystonia with other neurological problems, again without significant

histopathological correlates. In contrast, the developmental and

degenerative syndromes include specific histopathological hallmarks.

Acquired forms are defined by specific causes; some have histopath-

ological correlates (e.g. stroke or traumatic brain injury), while others

do not (e.g. drug-induced dystonias).

The current review addresses regions of the nervous system

underlying the dystonias. Delineating the functional neuroanatomical

substrates for dystonia is of fundamental importance for both clinical

and basic research. Knowing the responsible brain regions is a pre-

requisite for more precise studies of neuronal physiology and

biochemistry, and for designing both medical and surgical treatment

strategies. In keeping with currently used definitions of dystonia, this

review focuses on dystonia as a syndrome of abnormal movements,

not a specific disease entity. Although etiological heterogeneity raises

the possibility that different dystonias may have different neuroan-

atomical substrates, the working premise is that some dystonias share

common biological substrates (Defazio et al., 2007; Jinnah and Hess,

2008).

Historical perspective

Historically, delineating a new neurological disease as a distinct

nosological entity required linking specific clinical features with

consistent neuropathological changes. Hammond was among the first

to describe pathology of the basal ganglia in an individual with

athetosis (Hammond, 1890), a diagnosis that historically overlapped

with dystonia (Morris et al., 2002; Salam-Adams and Adams, 1997;

Twitchell, 1961). Hammond's report stimulated others to focus on the

basal ganglia, but results were inconsistent. Most notable was the

absence of consistent pathology in cases with pure dystonia, now

designated as primary dystonias. It was the failure to establish

consistent clinico-pathological correlations that led to the rejection of

pure dystonia as a neurological disorder at the 10th International

Neurological Meeting in 1929 (Wimmer, 1929).

The view that pure dystonia was a psychiatric disorder prevailed

for nearly five decades, but some investigators continued to find

evidence for an organic basis (Munts and Koehler, 2010). In one of the

earliest reviews on the neuropathology of dystonia that included 17

affected individuals, Herz cataloged abnormalities in the putamen,

caudate, pallidum, and thalamus (Herz, 1944). Herz emphasized the

organic nature of some dystonias, disregarding pure forms where

pathology was not apparent. In subsequent studies, Zeman distin-

guished two subclasses of dystonias (Zeman, 1970). Overt basal

ganglia pathologywas frequent among those with dystonia secondary

to another disorder such as Wilson's disease, kernicterus, perinatal

injuries or ischemic lesions. Pathology was not evident in pure

dystonias, which he viewed as disorders of biochemistry or function.

These early neuropathological studies have played a dominant and

enduring role in modern concepts regarding the neural substrates of

dystonia. Today, many investigators work under the premise that

dysfunction of the basal ganglia is responsible for all forms of dystonia.

This premise is evident in experimental studies that focus exclusively

on the basal ganglia, in studies that dismiss changes in other brain

regions as epiphenomenal, in reviews that exclusively summarize

evidence relating to the basal ganglia, and in descriptions of dystonia

that imply dysfunction of the basal ganglia is a defining characteristic.

In fact, some writers use the term “pseudodystonia” for dystonic

movements that do not have their origin in basal ganglia dysfunction.

However, modern definitions of dystonia are based on the nature of

abnormal movements without presuming any specific neuropatho-

logical substrate. This review encompasses evidence relating to any

brain region that may be relevant for dystonic movements.

The basal ganglia in dystonia

Evidence for involvement of the basal ganglia

The evidence supporting a role for the basal ganglia in dystonia is

strong; but it will be summarized here only briefly, since it has been

reviewed many times by others (Berardelli et al., 1998; Breakefield

et al., 2008; Hallett, 2006). As noted above, the role of the basal

ganglia originated with studies showing neuropathological defects in

the basal ganglia of individuals with various secondary forms of

dystonia (Hedreen et al., 1988; McGeer and McGeer, 1995). These

early studies later were supported by results from neuroimaging

including CT or MRI, where focal lesions often were found in the basal
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ganglia and especially the putamen. In an influential 1985 article,

Marsden reported that the most frequent lesions detected by CT

among 28 patients with symptomatic hemidystonia or isolated limb

dystonia were in the putamen, caudate nucleus, and posterior ventral

areas of the thalamus, occurring mostly in combination (Marsden et

al., 1985). These findings were supported by Pettigrew and Jankovic

who studied 22 patients (Pettigrew and Jankovic, 1985) and by Obeso

and Gimenez-Roldan who studied 39 patients (Obeso and Gimenez-

Roldan, 1988). Bhatia and Marsden later showed that dystonia

occurred in 36% of 240 cases with basal ganglia lesions described in

the literature (Bhatia and Marsden, 1994). These large case series

have been supported by numerous smaller series and case reports.

Even when overt lesions could not be identified by neuropatho-

logical or structural imaging methods, more sophisticated imaging

studies identified regions of abnormal brain activity. These studies are

summarized in several reviews (Asanuma et al., 2005a; Carbon and

Eidelberg, 2009; Meunier et al., 2003; Niethammer et al., in press;

Troiano and Stoessl, 2008) and in Tables 1–5. Abnormalities in the

basal ganglia have been documented for a wide variety of different

forms of dystonia by positron-emission tomography (PET) studies of

regional metabolic activity detected with [18F]-fluorodeoxyglucose

(FDG-PET) uptake or regional blood flow, voxel-based morphometry

(VBM), functional magnetic resonance imaging (fMRI), and diffusion

tensor imaging (DTI).

Clinical associations of dystonia with other movement disorders

have also pointed to the basal ganglia. For example, dystonia often co-

exists with parkinsonism in idiopathic Parkinson's disease and several

Parkinson-plus syndromes (Jankovic and Tintner, 2001; Rivest et al.,

1990; Schneider et al., 2009; Tolosa and Compta, 2006), where the

primary pathology involves dysfunction of dopaminergic and other

basal ganglia pathways (Perlmutter and Mink, 2004; Schneider et al.,

2009). Dysfunction of nigrostriatal pathways also is thought to be

responsible for both acute dystonic reactions and tardive dystonia

associated with antagonists of dopamine receptors. Dystonia similarly

co-exists with chorea, for example in Huntington's disease where

there is prominent degeneration of the striatum (Louis et al., 1999).

The basal ganglia further have been implicated by studies of

neurosurgical interventions showing that dystonia improves in

patients following thermolytic lesions of the internal segment of the

globus pallidus (Gross, 2008; Marks, 2007). Evidence from deep brain

stimulation (DBS) of the same region is particularly compelling, since

dystonia remits when stimulation is turned on, and returns when

stimulation is turned off (Grabli et al., 2009; Ostrem and Starr, 2008).

Benefits are not universal but occur in primary generalized and focal

dystonias, dystonia-plus syndromes, tardive dystonia, and some

developmental or degenerative disorders.

Finally, animal studies frequently have implicated the basal

ganglia in dystonia, as noted in several reviews (Guehl et al., 2009;

Jinnah et al., 2005; Richter and Loscher, 1998). For example, selective

lesions of the nigrostriatal dopamine pathway with the toxins 6-

hydroxydopamine or MPTP result in dystonic movements in both

rodents (Winkler et al., 2002) and primates (Perlmutter et al., 1997;

Tabbal et al., 2006). Lesions of the striatum with the toxin 3-

nitropropionic acid similarly cause dystonia in both rodents (Fernagut

et al., 2002) and primates (Cuny et al., 2008; Ghorayeb et al., 2002;

Palfi et al., 1996). In primates, focal destructive lesions of the posterior

putamen also result in dystonia (Burns et al., 1995). In aggregate,

these results provide strong converging support that the basal ganglia

play an important role in dystonia.

Several theoretical paradigms have been developed to explain the

mechanisms by which basal ganglia defects may cause dystonia. One

paradigm for predicting the consequences of basal ganglia dysfunc-

tion is based on the existence of parallel but separate excitatory and

inhibitory pathways formotor output (DeLong andWichmann, 2007).

In this paradigm, imbalances between the two pathways predict

hypokinetic and hyperkinetic motor disorders. Another paradigm

proposes the existence of a filtering or selection process that amplifies

intendedmovement while suppressing extraneous or competing ones

Table 1

Fluorodeoxyglucose PET studies of dystonia.

Type of dystonia Cases/controls Regions affected Source

BG CRB CTX Other

Blepharospasm 6/6 Verm (↑) Pons (↑) (Hutchinson et al., 2000)

Blepharospasm 11/11 Caud (↑) Hem (↓) Cing (↑) Thal (↓) (Kerrison et al., 2003)

Temp (↑)

Blepharospasm 25/38 Thal (↑) (Suzuki et al., 2007)

Pons (↑)

Blepharospasm 22/44 Thal (↑) (Emoto et al., 2010)

Mid (↓)

Cervical dystoniaa 13/11 (Stoessl et al., 1986)

Cervical dystonia 10/15 Put (↑) Hem (↑) PreM (↑) Thal (↑) (Galardi et al., 1996)

Cervical dystonia 10/10 Put (↑) (Magyar-Lehman et al., 1997)

DOPA-responsive dystonia 7/14 Put (↓) Verm (↑) SMA (↑) Mid (↑) (Asanuma et al., 2005b)

PreM (↓)

DYT1 dystonia 10/14 Put (↑) Hem (↑) SMA (↑) Thal (↑) (Eidelberg et al., 1998)

Mid (↑)

DYT1 dystoniab 7/14 Put (↑) Hem (↑) SMA (↑) (Eidelberg et al., 1998)

DYT1 dystonia 23/11 Put (↑) Hem (↑) (Carbon et al., 2004b)

DYT6 dystonia 13/11 Put (↓) Cing (↑) (Carbon et al., 2004b)

Temp (↑)

Mixed dystoniasc 8/8 (Otsuka et al., 1992)

Mixed dystoniasc 15/31 Caud (↓) Hem (↑) FC (↓) BS (↑) (Karbe et al., 1992)

Put (↓) PreF (↓)

Mixed dystoniasc 11/11 Put (↑) PreM (↑) Mid (↑) (Eidelberg et al., 1995)

SMA (↑) Pons (↑)

Fluorodeoxyglucose PET studies of dystonia are listed according to type of dystonia. Arrows indicate increased (↑) or decreased (↓) tracer uptake. Studies that compared multiple

types of dystonia with a single control group are listed according to type of dystonia rather than as a combined group. Studies reporting only abnormal relationships among regions

rather than absolute changes are not listed. Abbreviations: BS (brainstem), Caud (caudate) Cing (cingulate gyrus), FC (frontal cortex), Hem (cerebellar hemisphere), Mid (midbrain),

PreF (prefrontal cortex), PreM (premotor cortex), PM (primary motor cortex), PS (primary sensory cortex), Put (putamen), STL (superior temporal lobe), SMA (supplementary

motor area), Temp (temporal cortex), Verm (cerebellar vermis).
a No abnormalities were identified in any region, but there was an abnormal relationship between putamen and thalamus.
b Unaffected DYT1 mutation carriers were compared with controls.
c These studies included a mixture of generalized and focal idiopathic dystonias.
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(Mink, 2003). A third paradigm relates dystonia to an imbalance

between the striosomal and matrix compartments within the basal

ganglia (Goto et al., 2005). To date, conclusive experimental support

for any of these basal ganglia paradigms for dystonia is lacking.

Limitations of the basal ganglia paradigm

Despite the strengths of the associations between dystonia and the

basal ganglia, the correlations between dystonia and basal ganglia are

not absolute. For example, there are many patients with dystonia and

lesions that do not affect the basal ganglia or its connections (Marsden

et al., 1985; Obeso and Gimenez-Roldan, 1988; Pettigrew and

Jankovic, 1985). This observation implies that other regions may

also play a role. There also are many patients with basal ganglia

lesions but no dystonia, implying that basal ganglia lesions do not

consistently result in dystonia (Bhatia and Marsden, 1994). This

inconsistency may reflect the importance of a specific subregion such

as the sensorimotor territory of the basal ganglia. Even when overt

structural defects in the basal ganglia are linked with dystonia, the

emergence of the clinical manifestations is commonly delayed by

weeks or years following the lesion, implying that loss of function

from the lesion itself is not a direct cause for dystonia (Pettigrew and

Jankovic, 1985; Scott and Jankovic, 1996). These loose correlations

between basal ganglia lesions and dystonia provide clues that some

additional unrecognized influences are involved.

Another line of evidence challenging the concept that dystonia is

exclusively due to basal ganglia dysfunction comes from modern

imaging studies (Asanuma et al., 2005a; Carbon and Eidelberg, 2009;

Meunier et al., 2003; Niethammer et al., in press; Troiano and Stoessl,

2008). The most comprehensive surveys reveal that abnormalities are

not limited to this region; they occur also in the cerebral cortex,

cerebellum, thalamus, midbrain, and brainstem (reviewed below).

Functional links with the basal ganglia are sometimes invoked to

account for changes in some of these regions, such as those in the

midbrain or cortex. Changes in other regions such as the cerebellum

often are interpreted as compensatory. However, functional imaging

techniques provide a correlative result that does not permit

discrimination of cause from consequence.

Neurosurgical treatments frequently are cited as evidence for a

causal relationship between basal ganglia dysfunction and dystonia.

However, the benefits of surgery are limited to specific subpopula-

tions, suggesting etiological heterogeneity in the functional anatomy

of different subtypes of dystonia. Surgical benefits targeting the

pallidum in dystonia typically are delayed by several weeks or

months, implying that success depends on secondary neural

responses to the procedure. Finally, the success of surgery does not

provide conclusive evidence that the region targeted is the source of

the problem; it may be a single site in a broader network.

Perhaps the strongest evidence against the paradigm relating

dystonia strictly to basal ganglia dysfunction comes from studies of

animals. Some animal models point to dysfunction of the basal ganglia

in dystonia, but others point to different regions, most notably the

cerebellum or midbrain/brainstem (reviewed below). In summary,

there is strong evidence that the basal ganglia play a role in dystonia.

However, multiple clues argue against a paradigm focusing on

dysfunction of basal ganglia circuits alone.

A reappraisal of the evidence

In this section the evidence supporting a role of for the basal

ganglia in dystonia is critically reappraised and updated. The goal is

not to refute the evidence supporting the involvement of the basal

Table 2

PET blood flow studies of dystonia.

Type of dystonia Cases/Controls Task(s) Regions affected Source

CTX (↑) CTX (↓) Other

Blepharospasm 7/7 Vibrotactile stimulation SMC (Feiwell et al., 1999)

Cervical dystonia 7/7 Effect of sensory trick Par SMA, SMC (Naumann et al., 2000)

DYT1 dystoniaa 6/8 Rest, joystick DLPFC, Par, PreM,

PM, Temp

Caud (↑) (Detante et al., 2004)

CRB (↑)

GP (↑)

Thal (↑)

DYT1 dystoniab 6/6 Motor sequence learning Temp Cing, DLPF, PM CRB (↑) (Carbon et al., 2007)

DYT1 dystoniac 19/12 Reaching PreM, SMA, SMC CRB (↑) (Carbon et al., 2010)

Generalized (idiopathic)d 6/6 Rest, joystick Cing,e DLPFC, PreM, SMAe Cing,e Par, SMAe Put (↑) (Ceballos-Baumann et al., 1995b)

Generalized (idiopathic) 6/6 Rest, joystick Cing, DLPFC, Par,

PreM, SMA

PM, PS Put (↑) (Playford et al., 1998)

CRB (↑)

Hemidystonia 5/5 Joystick Cing, Ins, Par,

PreM, SMA, SMC

CRB (↑) (Ceballos-Baumann et al., 1995a)

Mixed focal dystonias 11/18 Vibrotactile stimulation SMC (Tempel and Perlmutter, 1990)

Spasmodic dysphonia 9/10 Rest, speak, whisper PreM, PM, SMC, Aud SMA, Temp BS (↓) (Ali et al., 2006)

Tardive dystonia 5/8 Joystick±DBS Cing, PreF, PreM CRB (↑) (Thobois et al., 2008)

Writer's cramp 6/6 Write Cing,e DLPFC, Ins, Par,e

PreM, PS, SMAe

Cing,e Par,e PM, PreF, SMA CRB (↑) (Ceballos-Baumann et al., 1997)

Thal (↓)

Writer's cramp 7/7 Write, finger tap Cing, PreM, SMA, SMC (Ibanez et al., 1999)

Writer's cramp 4/4 Write PreM, SMC CRB (↑) (Odergren et al., 1998)

Thal (↑)

Writer's cramp 10/10 Rest, write, finger tap PM, PreM, PS SMA (Lerner et al., 2004)

Positron emission tomography (PET) studies of cerebral blood flow are shown according to type of dystonia. Arrows indicate increased (↑) or decreased (↓) regional blood flows.

Results show differences between dystonia patients and controls, and do not show secondary analyses such as effects of deep brain stimulation or abnormal relationships among

brain regions. Abbreviations: Caud (caudate), Cing (cingulate cortex), CRB (cerebellum), DLPFC (dorsolateral prefrontal cortex), GP (globus pallidus), Par (parietal cortex), PreF

(prefrontal cortex), PreM (premotor cortex), PM (primary motor cortex), PS (primary sensory cortex), Put (putamen), SMA (supplementary motor area), Temp (temporal cortex),

Thal (thalamus).
a Most patients were DYT1 mutation positive, except for one.
b Patients were non-manifesting mutation carriers.
c Patients included 10 non-manifesting and 9 manifesting mutation carriers.
d Most patients had generalized or multifocal dystonia, although one had focal hand dystonia.
e This region showed increased or decreased perfusion depending on the subregion examined.
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ganglia in dystonia, but to accommodate evidence implicating other

brain regions. The evidence comes from a wide array of sources

including neuropathology, neuroimaging, links with other disorders,

neurophysiology, neurosurgery, and animal models. Because much of

the evidence is indirect and incapable of proving causation, the

limitations of each line of evidence also are outlined.

Evidence from neuropathology

Years before Herz (Herz, 1944) and Zeman (Zeman, 1970) linked

histopathological changes of the basal ganglia with dystonia,

neurosurgeons recognized that abnormal postures of the head and

neck were associated with mass lesions of the posterior fossa. In an

Table 3

Functional MRI studies of dystonia.

Type of dystonia Cases/controls Task(s) Regions affected Source

BG CRB CTX Other

Blepharospasm 6/4 Blink Put (↑) (Schmidt et al., 2003)

Blepharospasm 13/13 Whistle PS (↑) (Dresel et al., 2006)

SMA (↑)

Focal hand/arm dystonia 9/9 Vibratory stimulation SS (↓) (Butterworth et al., 2003)

Par (↓)

Focal hand dystonia 11/11 Finger tap Put (↓) Hem (↓) Par (↓) (Wu et al., 2010)

SMA (↓)

SMC (↓)

Musician's dystonia (embouchure) 10/10 Blow mouth-piece Caud (↑) PS (↑) Thal (↑) (Haslinger et al., 2010)

PM (↑)

Par (↑)

SMA (↑)

Temp (↑)

Musician's dystonia (hand) 5/3 Simulate guitar PreF (↓) (Pujol et al., 2000)

SMC (↑)

Musician's dystonia (hand) 7/10 Finger tap Hem (↓) PreM (↑) (Kadota et al., 2010)

Myoclonus-dystonia 13/11 Finger tap Hem (↑) DLPFC (↑) (Beukers et al., 2010)

PreM (↑)

PM (↑)

PS (↑)

Oromandibular dystonia 13/13 Whistle PS (↑) (Dresel et al., 2006)

PreM (↓)

SMA (↑)

SMC (↓)

Post-stroke dystonia 6/7 Imagined and real

hand movement

Caud (↑) Hem (↑) Cing (↑) (Lehericy et al., 2004)

Par (↑)

Put (↑) PreF (↑)

PreM (↑)

PM (↑)

Spasmodic dysphonia 12/12 Speak, whisper Hem (↓) Cing (↓) (Haslinger et al., 2005)

Par (↓)

SMA (↓)

SMC (↓)

Temp (↓)

Spasmodic dysphonia 22/11 Speak, whisper Hem (↑) PM (↑) Mid (↑) (Simonyan and Ludlow, 2010)

PS (↑)

Temp (↑)

Writer's cramp 12/10 Write Hem (↑) SMC (↑) Thal (↑) (Preibisch et al., 2001)

Writer's cramp 17/17 Finger tap SMC (↓) (Islam et al., 2009)

Writer's cramp 8/12 Wrist extension SMA (↓) (Oga et al., 2002)

SMC (↓)

Writer's crampa 5/5 Finger tap Caud (↑) (Blood et al., 2004)

GP (↑)

Put (↑)

Writer's cramp 14/14 Move finger, toe, lip Abn Map (Delmaire et al., 2005)

Writer's cramp 10/10 Write Put (↑) Hem (↑) Par (↑) Thal (↓) (Hu et al., 2006)

PM (↑)

PS (↑)

SMA (↑)

Writer's cramp 5/5 Tactile discrimination GP (↑) (Schneider et al., 2010)

Writer's cramp 17/17 Tactile discrimination Caud (↑) (Peller et al., 2006)

GP (↑)

Put (↑)

Thal (↑)

Writer's cramp 12/12 Vibrotactile stimulation Abn Map (Nelson et al., 2009)

PS (↓)

Functional MRI (fMRI) studies of dystonias are shown according to the type of dystonia. Arrows indicate increased (↑) or decreased (↓) regional changes. Whenmultiple comparisons

were made, only differences between dystonic patients and non-dystonic controls are shown. Abbreviations: Abn Map (abnormal mapping in somatosensory cortex), Caud

(caudate), Cing (cingulate gyrus), Dent (cerebellar dentate nucleus), DLPFC (dorsolateral prefrontal cortex), GP (globus pallidus), Hem (cerebellar hemisphere), Par (parietal

cortex), PreF (prefrontal cortex), PreM (premotor cortex), PM (primary motor cortex), PS (primary sensory cortex), Put (putamen), SMA (supplementary motor area), SMC

(sensorimotor cortex), Temp (temporal cortex), Thal (thalamus).
a Most patients had writer's cramp but one had focal musician's hand dystonia.
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early review, Grey noted that 23 of 58 patients with posterior fossa

tumors, mostly affecting the cerebellum, exhibited “an unusual

attitude of the head, tilted so that the ear approximated one

shoulder…” (Grey, 1916). Others similarly noted links between

pathology of the posterior fossa with postures “in which the head

was held rotated so that the occiput was turned to one side and the

Table 4

Diffusion tensor imaging studies of dystonia.

Type of dystonia Cases/Controls Primary measure Regions affected Source

BG CRB CTX Other

Blepharospasma 18/35 FA (Fabbrini et al., 2008)b

MD

Cervical dystonia 15/10 FA Put (↑) CC (↓) (Colosimo et al., 2005)b

MD Caud (↓)

GP (↓)

Put (↓)

Cervical dystoniac 7/7 FA PreF (↓) Thal (↓) (Bonilha et al., 2007)

MD Caud (↑)

GP (↑)

Put (↑)

Cervical dystonia 16/35 FA Put (↑) CC (↓) (Fabbrini et al., 2008)b

MD Caud (↓) PreF (↑)

Put (↓) SMA (↑)

DYT1 dystoniad 12/17 FA SMC (↓) (Carbon et al., 2004a)

DYT1 and DYT6 dystonias 7/8 FA SSP (↓) SMC (↓) (Carbon et al., 2008b)

DYT1 and DYT6 dystoniase 20/8 Tractography CRB-Thal (↓) Thal-CTX (↓) (Argyelan et al., 2009)

Spasmodic dysphonia 20/20 FA IC (↓) Thal (↑) (Simonyan et al., 2008)

MD Put (↑) MCP (↑) CBT (↑) Thal (↑)

CP (↑)

IC (↑)

Writer's cramp 26/26 FA IC (↑) (Delmaire et al., 2009)

Diffusion tensor imaging (DTI) studies of primary dystonias are shown according to type of dystonia. Studies comparing multiple types of dystonia with a single control group or

employing multiple methods are listed according to different types of dystonia and method rather than as combined groups. Arrows indicate increased (↑) or decreased (↓) changes

in the measurement variable of fractional anisotropy (FA) or mean diffusivity (MD). FA and MD normally are closely related but opposing measures, but differences in sensitivity

sometimes yield different results. All reported results are shown, although those for gray matter should be viewed with caution. Abbreviations: Caud (caudate), CP (cerebral

peduncle), GP (globus pallidus), IC (internal capsule), MCP (middle cerebellar peduncle), PreF (prefrontal cortex), Put (putamen), SMC (sensorimotor cortex), SCP (superior

cerebellar peduncle), SMA (supplementary motor area).
a No abnormalities were found.
b These studies involved overlapping cohorts of the same patients.
c All patients had cervical dystonia but 2 had generalized dystonia and 1 had spasmodic dysphonia.
d Comparison combined symptomatic and non-symptomatic patients versus normal controls.
e Reduced probability of connections calculated using probabilistic DTI fiber tracking between the cerebellum, thalamus and cerebral cortex.

Table 5

Voxel-based morphometry studies of dystonia.

Type of dystonia Cases/controls Regions affected Source

BG CRB CTX Other

Blepharospasm 16/16 Put (↑) IPL (↓) (Etgen et al., 2006)

Blepharospasm 11/14 Caud (↑) Hem (↑) Thal (↓) (Obermann et al., 2007)

Put (↓)

Cervical dystonia 10/10 GP (↑) Floc (↑) PM (↑) (Draganski et al., 2003)

SMA (↓)

DLPFC (↓)

OCC (↓)

Cervical dystonia 11/31 (Egger et al., 2007)

Cervical dystonia 9/14 Caud (↑) Hem (↑) STL (↑) Thal (↑) (Obermann et al., 2007)

Put (↓)

Cervical dystoniaa 29/28 Put (↑) (Draganski et al., 2009)

GP (↑)

Cervical dystonia 19/28 Caud (↓) PM (↓) (Pantano et al., 2010)

Put (↓) SMC (↓)

DYT1 dystoniab 11/11 Put (↓) (Draganski et al., 2009)

Focal hand dystoniasc 36/36 SMC (↑) (Garraux et al., 2004)

Focal hand dystoniasc 11/31 GP (↑) (Egger et al., 2007)

Generalized (idiopathic) 9/31 GP (↑) (Egger et al., 2007)

Writer's cramp 30/30 Hem (↓) SMC (↓) Thal (↓) (Delmaire et al., 2007)

Writer's crampd 14/14 PM (↑) (Granert et al., 2010)

Voxel-based morphometry (VBM) studies of primary dystonias are shown according to type of dystonia. Arrows indicate increased (↑) or decreased (↓) regional volumes. Studies

comparing multiple types of dystonia with a single control group are listed according to type of dystonia rather than as a combined group. Abbreviations: Caud (caudate), Cing

(cingulate gyrus), DLPFC (dorsolateral prefrontal cortex), Floc (cerebellar flocculus), GP (globus pallidus), Hem (cerebellar hemisphere), IPL (inferior parietal lobule), PreF

(prefrontal cortex), NA (nucleus accumbens), OFC (orbitofrontal cortex), OCC (occipital cortex); PM (primary motor cortex), Put (putamen), SMC (sensorimotor cortex), STL

(superior temporal lobe), SMA (supplementary motor area).
a Most patients had cervical dystonia but 5 had segmental dystonia and 1 had generalized dystonia.
b Comparison involved symptomatic vs non-symptomatic DYT1 mutation carriers as controls.
c Most patients had writer's cramp, but some also had musician's or other focal hand dystonias.
d Patients with writer's cramp were studied before and after immobilization therapy.
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chin to the other, and at the same time flexed to the side towards

which the occiput was directed” (Batten, 1903; Brain, 1926). It is

likely that these patients had cervical dystonia, although the term

“dystonia” was not typically applied to focal manifestations until

decades later (Marsden, 1976).

The associations between mass lesions in the posterior fossa and

cervical dystonia have been confirmed in more recent studies

combining neuropathology with neuroimaging (Boisen, 1979; Krauss

et al., 1997; Kumandas et al., 2006; Turgut et al., 1995). The mass

lesions are varied with benign and malignant brain tumors,

schwannomas, granulomas, and arachnoid cysts. Stroke and other

destructive lesions in the cerebellum are notably uncommon causes of

dystonia. The relationship between cervical dystonia and posterior

fossa lesions is particularly compelling in cases where dystonia remits

after themass is removed (Krauss et al., 1997; Turgut et al., 1995). The

proposed mechanisms for dystonia are not clear and have included

distortion of cerebellar function, distortion of proprioceptive signals

from the head and neck, and posturing due to pain from meningeal

irritation. Whatever the mechanism, it seems clear that at least some

forms of dystonia may be linked with lesions affecting the cerebellum

or its pathways through the brainstem.

Establishing clinico-pathological correlations is one of the most

common methods used in traditional clinical neurology and neuro-

science for linking neurological function or dysfunction with their

responsible brain regions. It is a time-honored method for which

many limitations are recognized. First, conclusions are limited by the

resolution of the histologic and microscopic methods applied; more

sophisticated methods may reveal more subtle defects. Second, it is

impossible to be certain that the histopathological lesion found is

responsible for the disorder; other unrecognized defects may play an

important role. Third, the secondary downstream responses of a

plastic nervous system may be more relevant than the original insult;

this issue is particularly relevant since dystonia rarely occurs

immediately following a nervous system insult, but rather after a

delay of weeks or years. Fourth, the method is biased towards overt

structural defects and is insensitive to functional defects; this

limitation is particularly important for primary dystonias, where

metabolic or physiological changes may be more relevant than

structural changes. Finally, establishing clinico-pathological correla-

tions does not prove causation. Demonstrations that some patients

with dystonia improve after surgical correction of a lesion, such as a

benign tumor, provide some of the most compelling evidence.

However, the number of such cases is small, so it is difficult to draw

definitive conclusions.

Evidence from human neuroimaging

Lesion studies

Although early neuroimaging studies consistently linked dystonia

with structural lesions of the basal ganglia, the initial studies were

dominated by patients with hemidystonia (Marsden et al., 1985;

Pettigrew and Jankovic, 1985). Studies of other forms of dystonia

pointed to other regions. For example, Obeso and Gimenez-Roldan

described 6 patients with craniofacial dystonia and 3 with cervical

dystonia (Obeso and Gimenez-Roldan, 1988). Brainstem lesions were

more common than basal ganglia lesions leading these authors to

suggest that the location of lesions may vary according to type of

dystonia. LeDoux focused specifically on 25 cases of secondary

cervical dystonia and found 11 lesions in the brainstem or cerebellum,

6 in the basal ganglia, and 6 in the spinal cord (LeDoux and Brady,

2002). These results confirm that the type of dystonia may be related

to the location of underlying lesions, a suggestion consistent with

reviews of neuropathological findings (Hedreen et al., 1988; McGeer

and McGeer, 1988).

Lesions of the brainstem clearly are associated with dystonia.

However, these lesions present many challenges for interpreting the

functional anatomy of dystonia because of the close proximity of

multiple regions and fibers of passage (LeDoux and Brady, 2002;

Loher and Krauss, 2008; Vidailhet et al., 1999). Vidailhet studied 7

patients with dystonia in association with midbrain/brainstem

lesions, noting that lesions spanned several areas including the red

nucleus, rubrothalamic tract, andmidbrain dopamine neurons or their

axonal pathways (Vidailhet et al., 1999). PET studies showing loss of

[18F]-flurodopa uptake in the basal ganglia indicated that the

nigrostriatal pathways were often impacted, raising the possibility

that midbrain/brainstem lesions may cause dystonia by destroying

inputs to the basal ganglia. Loher and Krauss evaluated 4 patients with

midbrain/brainstem lesions of the upper tegmentum and superior

cerebellar peduncles where they were unlikely to impact mesote-

lencephalic dopamine pathways (Loher and Krauss, 2008). They

further noted that dystonia may be associated with lesions of the

midbrain/brainstem region only rarely because small isolated lesions

are uncommon and larger ones cause more serious neurological

deficits that overshadow dystonia.

Several other studies have linked dystonia with isolated lesions of

the cerebellum or its pathways. For example, 11 of 25 patients with

secondary cervical dystonia studied by LeDoux had cerebellar lesions

(LeDoux and Brady, 2002). Cerebellar stroke has been associated with

hemidystonia (Rumbach et al., 1995), cervical dystonia (Zadro et al.,

2008), and paroxysmal dystonia (O'Rourke et al., 2006). A tubercu-

loma deep in the cerebellar midline has been associated with

hemidystonia, which resolved after therapy (Alarcon et al., 2001).

There are reports of tumors of the cerebellum among patients with

hemidystonia or craniofacial dystonia, where dystonia improved after

resection of the mass (Krauss et al., 1997; Persing et al., 1990). In one

case, a patient with segmental dystonia improved following removal

of a meningioma from the 4th ventricle, and blood flow studies with

PET imaging implicated cerebellar dysfunction (Rousseaux et al.,

1996).

Multiple structural imaging studies also link limb dystonias with

focal lesions of the thalamus (Cho and Samkoff, 2000; Ghika et al., 1994;

Kim, 2001; Krystkowiak et al., 1998; Lee andMarsden, 1995; Lehericy et

al., 2001, 1996;Miwa et al., 1996). The topography of lesions within the

thalamus varies, with some occurring in subnuclei receiving informa-

tion from the basal ganglia, and others receiving information from the

cerebellum. Interestingly, the clinical manifestations of dystonia may

vary according to location within the thalamus, with a twisting and

writhing quality dominating dystonias involving striatopallidal circuits,

and a tremulous or jerky quality dominating those affecting cerebellar

circuits (Kim, 2001; Krystkowiak et al., 1998; Lehericy et al., 1996).

However, lesions selectively affecting a single thalamic nucleus are rare,

as most lesions involve several subnuclei and nearby white matter.

There are multiple reports of patients with secondary dystonia

with isolated lesions of the parietal cortex. Included are reports of

hand dystonia with contralateral parietal stroke (Burguera et al.,

2001), meningioma (Khan and Sussman, 2004), or metastasis (Coria

et al., 2000). Parietal lesions also have been associated with cervical

dystonia (Kim and Lee, 2007) and Meige syndrome (Jacob and Chand,

1995). One patient with hemidystonia improved after surgical

resection of a parietal metastasis (Krauss et al., 1991). Ghika and

colleagues characterized the neurological problems in 32 patients

with pure parietal strokes and found dystonia in 84% (Ghika et al.,

1998). In most of these cases, dystonia has been attributed to faulty

processing of sensory information or distortion of perceptions of body

positions.

There also are multiple reports of cervical dystonia associated with

lesions of the spinal cord. These have been reviewed by Kumandas

and colleagues, who noted various combinations of torticollis,

laterocollis, retrocollis or anterocollis (Kumandas et al., 2006). The

postures have a tonic rather than spasmodic quality, and concomitant

tremor is rare. The underlying pathologies were almost invariably

located in the cervical spine and included benign and malignant

191V.K. Neychev et al. / Neurobiology of Disease 42 (2011) 185–201



tumors, granuloma, and syringomyelia. The mechanism is thought to

involve local disruption of sensory feedback from neck muscles to the

brain, or to distortion of motor signals from the brain to neck muscles.

In summary, a variety of different forms of secondary dystonia is

associated with structural lesions in several regions of the nervous

system. At first glance, it appears that hemidystonia is most often

associated with lesions of the basal ganglia, hand dystonia is most

often associated with lesions of the thalamus, and axial dystonias are

most often associated with lesions of the cerebellum/brainstem.

However, the correspondence between the type of dystonia and brain

region is not absolute, since different forms of dystonia can be

associated with isolated lesions of different regions. The reasons for

the preferential associations of certain types of dystonia with specific

regions are not known, but may be related to the proportion of each

brain region devoted to movement of different body parts. These

regions all are organized topographically with respect to the body,

and the relative distribution of body regions in the “homunculus”

varies among them.

[18F]-fluorodeoxyglucose-PET studies

Evidence for abnormal brain function also has been obtained from

FDG-PET, even among primary dystonias where overt structural

lesions are not apparent. The tracer in these studies resembles

glucose, which is taken up by different brain regions according to

metabolic needs. Since regional metabolism is determined largely by

synaptic activity, changes in tracer uptake are thought to correlate

with changes in regional neuronal activity.

The most frequently affected regions among the studies reviewed

included the cerebral cortex, cerebellum, basal ganglia, thalamus, and

midbrain/brainstem (Table 1). A pattern of regional metabolic activity

involving the basal ganglia, cerebellum, and supplementary motor

cortex was identified in patients with sporadic or DYT1 dystonia

(Eidelberg et al., 1998, 1995; Trost et al., 2002), but results are not

consistent across different studies. Some of the inconsistencies are

attributable to comparing different types of dystonia. For example,

Carbon and colleagues directly compared DYT1 and DYT6 dystonia

and found opposite patterns of tracer uptake in the putamen (Carbon

and Eidelberg, 2009). Studies of blepharospasm also seem to highlight

the thalamus and midbrain/brainstem rather than basal ganglia and

cortex (Table 1). Thus different types of dystonia may be associated

with different metabolic patterns.

PET studies of blood flow

Alterations in brain activity can be recorded using PET studies of

blood flow. Blood flow most often is monitored with [O15]H2O,

although other tracers may also be used. Multiple studies of various

forms of dystonia have revealed abnormal activation patterns during

performance of various tasks in the cerebral cortex, basal ganglia,

cerebellum, and thalamus (Table 2). Different regions of the cortex are

most often involved including the primary sensory or motor cortex,

motor planning regions of the frontal lobes, but also regions within

the posterior parietal and temporal lobes too. Activation changeswere

observed in patients performing either dystonic (Ceballos-Baumann

et al., 1995a; Playford et al., 1998) or non-dystonic movements

(Ibanez et al., 1999). During performance of motor tasks, overactivity

in the primary and secondary motor cortices was reported frequently,

and was interpreted as a correlate of cortical disinhibition (Table 2).

However, reduced activation in these regions also was observed

(Ibanez et al., 1999). Abnormal sensory processing was reported for

focal dystonia (Tempel and Perlmutter, 1990), blepharospasm

(Feiwell et al., 1999), and cervical dystonia (Naumann et al., 2000).

Compensatory mechanisms may take place before overt clinical

manifestations as abnormal activation patterns were observed in non-

manifesting DYT1 carriers performing a motor learning task (Carbon

et al., 2008a). Lastly, different types of dystonias were associated with

different patterns of activation change.

fMRI studies

Regional changes in the oxygenation level of the blood can be

detected with fMRI using blood oxygen level dependent (BOLD)

contrast. Results of fMRI are influenced by both blood flow and oxygen

use by metabolically active neurons. Its spatial and temporal

resolution is superior to PET studies of blood flow. Among the studies

reviewed, the most commonly affected regions included various

portions of the cerebral cortex, basal ganglia, and cerebellum

(Table 3). Most studies reported either normal or increased basal

ganglia activation during motor or sensory tasks. In the cortex,

activation level was variably altered, depending on the task, the type

of dystonia, and whether patients expressed dystonia during task

performance. The primary sensory cortex was activated frequently

(Dresel et al., 2006; Haslinger et al., 2010; Simonyan and Ludlow,

2010) but not always (Haslinger et al., 2010; Nelson et al., 2009; Oga

et al., 2002). Dystonic movements were commonly associated with

overactivation in the sensorimotor cortex (Haslinger et al., 2010; Hu

et al., 2006; Pujol et al., 2000; Simonyan and Ludlow, 2010), whereas

activation levels may be normal (Delmaire et al., 2005) or decreased

(Oga et al., 2002) during non-dystonic movements. However, reduced

sensorimotor activation also may occur during dystonic movements

(Dresel et al., 2006; Haslinger et al., 2005). The abnormal fMRI signals

for representation of digits in the primary sensory cortex (Nelson

et al., 2009) or other body parts in the basal ganglia (Delmaire et al.,

2005) have been interpreted as a loss of neuronal selectivity. Although

fMRI presumably monitors neuronal activation, results only partially

correlate with PET studies of blood flow (Table 2).

DTI and tractography

Diffusion-weighted imaging (DWI) is sensitive to the random

motion of water molecules, also called Brownian motion. Measures of

water diffusivity from DWI provide an estimate of the microstructural

integrity of the brain parenchyma. Diffusion tensor imaging (DTI) can

also detect the directionality of molecular diffusion. The directionality

dependence of diffusion is also called anisotropy and is measured

using indices such as fractional anisotropy (FA). This property is

mainly observed in brain white matter. The origin of anisotropy is not

completely known, but it results from the specific organization of fiber

bundles with axons running in parallel. Changes in FA often are

interpreted as “microstructural” changes such as changes in axonal

amounts, axonal integrity, myelination, or coherence. DTI tractogra-

phy has also been used to trace specific fiber tracts and to quantify

abnormalities along them. DTI tractography uses anisotropy proper-

ties, assuming that diffusion predominates along the direction of the

tracts. Among the studies reviewed (Table 4), the most commonly

affected regions included the cortex, basal ganglia, and cerebellum (or

nearby white matter). Additionally three DTI tractography studies

revealed abnormalities in the internal capsule or more specifically in

cerebello-thalamic or thalamocortical pathways (Argyelan et al.,

2009; Bonilha et al., 2009; Delmaire et al., 2009).

Quantitative structural imaging

An early study described increased putamen volumes in cervical

and focal hand dystonias using “region of interest” methods (Black

et al., 1998). Evidence for abnormal brain structure also has been

obtained from voxel-based morphometry (VBM), which measures

structural differences in local composition, voxel by voxel, according

to brain tissue type (white matter, gray matter, and cerebrospinal

fluid), while discounting large-scale or volumetric differences in

global anatomy. This method can be used for making quantitative

comparisons of individual region volumes throughout the brain

without a priori hypotheses regarding the “regions of interest” that

introduce bias in other analyses. The most frequently affected regions

among the reported VBM studies of dystonia are the basal ganglia,

cortex, thalamus, and cerebellum (Table 5). There is increasing
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recognition that different types of dystonia may yield different results

(Bradley et al., 2009; Draganski et al., 2009; Pantano et al., 2010).

Summary of human neuroimaging

The imaging studies are attractive because they point to potential

abnormal brain regions in affected patients. They also are valuable for

delineating potential abnormalities among the primary dystonias,

where overt structural defects are not evident. Overall, it is clear that

the imaging studies do not point to a single brain region in dystonia,

but rather to a group of brain regions. The many different imaging

modalities provide complementary sources of information on differ-

ent regions. It has been suggested that patterns of covariance among

different regions may provide a more relevant measure for dystonia

than isolated increases or decreases in a specific region (Carbon and

Eidelberg, 2009; Eidelberg et al., 1998; Trost et al., 2002). It also seems

increasingly clear that different types of dystonia may reveal different

patterns of involvement, which may vary further depending on

whether measures are taken at rest or during tasks that trigger

dystonia (Carbon et al., 2004b; Draganski et al., 2009; Trost et al.,

2002).

The limitations of inferring the anatomic basis of a neurological

disorder via clinico-radiographic correlations are similar to those

described previously for clinico-pathological correlations. These

include the resolution and precision of the methods applied,

uncertainties regarding whether abnormalities other than the visible

ones are responsible for the disorder, and a bias towards structural vs

functional defects. Another limitation is the lack of consistency among

different studies. Some of the inconsistencies are attributable to

differing technologies. For example, studies measuring metabolism or

blood flow are more sensitive to changes in gray matter, while DTI is

more sensitive to changes in white matter. However, a lack of

concordance sometimes is evident even for modalities that measure a

common biological phenomenon such as brain activity (Tables 1–3),

or even within a single type of imaging modality (Tables 1–5). The

reasons for the inconsistencies are unknown, but may reflect the

different and sometimes mixed populations of dystonia patients,

relatively small numbers of patients in some studies, use of different

reference groups as controls, different effects of baseline on the

measured variable, comparisons of resting state vs tasks that induce

dystonia, the resolution of the imaging modality, focus on of “regions

of interest” vs whole brain studies, measurements of intensity of

changes vs extent of changes, differences in regional brain nomen-

clature, and other methodological differences in data acquisition and

analyses.

The more substantial limitation of these studies is that it is difficult

to distinguish cause from effect. It seems likely that dysfunction of one

brain region responsible for triggering dystonia leads to downstream

secondary effects in other regions. The functional imaging methods

cannot distinguish the initial dysfunction from downstream con-

sequences, although studies of non-manifesting mutation carriers

provide indirect results to infer causation (Carbon et al., 2008a;

Draganski et al., 2009). Additionally, it is likely that dystonic

movement itself may result in sensory feedback to the brain, resulting

in additional changes. The functional imaging methods cannot

distinguish the cause of dystonia from its effects. These criticisms

apply to both functional and structural imaging studies. Repetitive or

highly trained movements are known to cause changes in brain

volumes even among normal subjects, raising the possibility that

dystonic movements cause changes in brain volumes (Draganski and

May, 2008; Granert et al., 2010). Thus changes in brain volumes may

be a consequence of dystonic movements rather than a cause, and

changes may vary according to the type of dystonia studied.

Because secondary dystonia historically has been associated with

defects in the basal ganglia, most imaging studies presume that

changes in basal ganglia circuitry reveal causal defects, while those in

other regions such as cerebellum are consequential. However, several

imaging studies have revealed patterns of abnormalities that

sometimes do not involve the basal ganglia, and some have argued

for a causal role of the cerebellum (Argyelan et al., 2009; Delmaire et

al., 2007; Hutchinson et al., 2000; Odergren et al., 1998; Thobois et al.,

2008). Whatever regions are revealed, the imaging studies do not

permit conclusive discrimination of cause from effect.

Evidence from human physiology

Multiple physiological studies of human dystonia have consistently

revealed three common themes: loss of inhibition, impaired sensori-

motor integration, and maladaptive neural plasticity.

Loss of inhibition

A loss of inhibitory processes is observed at multiple levels of the

nervous system (Hallett, 2006; Lin and Hallett, 2009). The co-

contraction of antagonistic muscles sometimes seen in dystonia is

consistent with loss of reciprocal inhibition, which is mediated by the

spinal cord. Transcranial magnetic stimulation (TMS) also has

revealed loss of cortical inhibition. These abnormalities have been

documented for multiple different types of dystonia, both focal and

generalized.

Because dystonia historically was linked with dysfunction of the

basal ganglia, the loss of inhibition often is interpreted in the context

of presumed basal ganglia dysfunction. However, the cerebellum also

modulates cortical excitability (Luft et al., 2005). Alterations in

cortical excitability following repetitive somatosensory stimulation

aremediated by the cerebellum (Daskalakis et al., 2004; Oulad Be Taib

et al., 2005), and significant changes of cortical excitability occur with

cerebellar degeneration or infarction (Liepert et al., 2004; Tamburin et

al., 2004). Finally, transcranial magnetic stimulation of the cerebellum

decreases cortical excitability in humans, an effect that is abnormal

among patients with dystonia (Borich et al., 2009; Brighina et al.,

2008). Currently there is no conclusive evidence linking the loss of

inhibition in dystonia with either the basal ganglia or cerebellum, so

the contribution of either region remains speculative.

Defects in sensorimotor integration

A second recurring theme in the physiology of human dystonia

involves defects in sensory or perceptual function, or “sensorimotor

integration”. Tinnazzi recently reviewed multiple psychophysical

studies demonstrating deficits in temporal and spatial discrimination

(Tinazzi et al., 2009). He also summarized several studies demon-

strating abnormalities in the perception of sensory information, such

as vibration-induced illusions of movement or central movement

representations. These sensory and perceptual abnormalities have

been documented for multiple forms of dystonia, including sporadic

focal dystonias and inherited generalized dystonias. A potentially

related abnormality, disorganized somatotopic representations in the

sensorimotor cortex, also has been revealed by both transcranial

magnetic stimulation and imaging studies (Bara-Jimenez et al., 1998;

Braun et al., 2003; Butterworth et al., 2003; Delmaire et al., 2005;

Elbert et al., 1998; Meunier et al., 2001; Nelson et al., 2009).

Again, traditional associations between dystonia and the basal

ganglia have led investigators to interpret sensory and perceptual

defects in the context of presumed basal ganglia dysfunction.

However, there is evidence that the cerebellum also regulates these

phenomena. Unlike the basal ganglia that receive sensory information

only indirectly, the cerebellum is the direct recipient of sensory input

from the spinal cord through the inferior cerebellar peduncles. It

processes proprioceptive information, alters somatosensory thresh-

olds in the cortex, and plays a key role in both temporal and spatial

discrimination (Pastor et al., 2004; Restuccia et al., 2001). Perlmutter

and Thach have pointed out that the cerebellum monitors afferent

information frommuscle spindles and independently influences drive

to spinal cord alpha and gamma motor neurons, providing a potential
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mechanism for faulty sensorimotor scaling (Perlmutter and Thach,

2007). At present, there is no direct experimental evidence linking

sensory abnormalities with either the basal ganglia or cerebellum, so

their contributions remain speculative.

Maladaptive neural plasticity

A third theme in the physiology of human dystonia involves

neuroplasticity, a phenomenon that refers to the neural processes

underlying the brain's ability to adapt to the environment as part of the

learning process (Quartarone et al., 2008, 2006; Rothwell and Huang,

2003). Although plasticity is a normal property of the nervous system,

maladaptive plasticity could occur as a result of intrinsic defects in

plasticity mechanisms, or from breakdown of these mechanisms by

“over-training”. Abnormal plasticity has been demonstrated for

several different types of dystonia, typically using protocols that

involve transcranial magnetic stimulation of the motor cortex.

Traditional views of the importance of the basal ganglia in dystonia

again have ledmany investigators to interpret maladaptive plasticity in

the context of presumed basal ganglia dysfunction (Quartarone et al.,

2008, 2006; Rothwell and Huang, 2003), perhaps related to striatal

dopamine systems (Peterson et al., 2010). However, the evidence is

indirect and it iswell known that the cerebellumalso plays a critical role

inmotor learning and plasticity (Doya, 2000; Thompson and Steinmetz,

2009). Recently, Teo and colleagues found the conditioned eyeblink

reflex to be abnormal in patients with focal dystonia (Teo et al., 2009).

This reflex is mediated exclusively by the cerebellum, indicating

abnormal cerebellar neuroplasticity in dystonia. Another study showed

that the ability of transcranialmagnetic stimulation of the cerebellum to

modulate plasticity in the motor cortex was abnormal in patients with

focal dystonia (Brighina et al., 2008), while another showed that

transcranial magnetic stimulation of the cerebellum reduced the

severity of hand dystonia (Borich et al., 2009). Finally, there is evidence

from studies of rats that the cerebellum controls corticostriatal long-

term depression, the physiological mechanism thought to underlie

neural plasticity (Rossi et al., 2008). These observations suggest that

ascribing abnormal plasticity to one neural system is over-simplistic.

The physiological abnormalities described above are enticing

because they address systems-level phenomena of direct relevance

to patients with dystonia, and because three themes have consistently

emerged after investigations of multiple different types of dystonia by

multiple groups. The main limitation of commonly applied physio-

logical methods for localization of functional anatomy of dystonia is

that they reflect an emergent property of interactions among many

brain regions in the intact human brain, making it challenging to

distinguish cause from effect. The abnormalities describedmay reflect

a core defect underlying a predisposition to develop dystonia, a

downstream consequence of the motor disorder, or even a phenom-

enon of little relevance (epiphenomenon).

Some authors have argued these physiological abnormalities are a

cause rather thananeffect because they canbedetected fromunaffected

body regions among patients with focal dystonia and from both sides of

thebrain evenwhendystonia is limited toone side. Unfortunately, these

arguments are underminedbymultiple studies showing that operations

of one side of the body have bilateral influences on the brain, and by

evidence that motor activity can alter sensory thresholds and other

physiological measures from the brain (Carroll et al., 2006; Page et al.,

2009; Waberski et al., 2007) that are used to probe the physiology of

dystonia.

Associations of dystonia with other clinical disorders

In addition to its frequent associations with Parkinsonism and

chorea, dystonia also is frequently associated with tremor and ataxia.

While Parkinsonism and chorea originate with dysfunction of the basal

ganglia, tremor and ataxia are linked with dysfunction of the

cerebellum.

Tremor is the most common associate of dystonia. Tremor has been

reported for 28–68% of patients with dystonia, depending on the

definition of tremor and the methods used to identify it (Chan et al.,

1991; Dubinsky et al., 1993; Jankovic et al., 1991; Pal et al., 2000; Rondot

et al., 1991; Valls-Sole et al., 1997). Tremor occurs frequently in many

formsof dystonia including primary dystonia, dystonia-plus syndromes,

and development or degenerative dystonias. In fact, tremor is so

common that it is allowed in definitions of otherwise “pure” or primary

dystonia. At least two different tremor-like movements occur in

dystonia: a large-amplitude irregular tremor that is often called

“dystonic” tremor, and a smaller amplitude sinusoidal tremor that

resembles the tremor of essential tremor.

Several investigators have argued the high-frequency sinusoidal

tremor is identical with that of essential tremor (Jankovic et al., 1991;

Pal et al., 2000; Valls-Sole et al., 1997). Evidence in support of this

view includes several phenomenological similarities between this

tremor and essential tremor including frequency, amplitude, regular

tempo, and sinusoidal morphology. Additional evidence includes

therapeutic responses to anti-tremor medications such as proprano-

lol, a high prevalence of essential tremor in family members of

dystonia probands, and clustering of dystonia and tremor in families

suggesting they may arise from the same genetic defect (Hedera et al.,

2010). Essential tremor is thought to originate from dysfunction of

cerebellar circuitry, implying that patients with tremor and dystonia

may have cerebellar dysfunction.

Dystonia also is frequently associatedwith otherdisorders classically

associated with cerebellar dysfunction including Friedreich ataxia,

ataxia telangiectasia, and many of the spinocerebellar ataxias

(Table 6). For nearly all of these cerebellar disorders, there also are

multiple reports of occasional patients where dystonia rather than

ataxia is a presenting or dominating clinical feature (Bodensteiner et al.,

1980; Goyal and Behari, 2002; Hagenah et al., 2004; Hess et al., 2010;

Munchau et al., 1999; Muzaimi et al., 2003; Sethi and Jankovic, 2002;

Wilder-Smith et al., 2003;Wuet al., 2004). There also are several reports

suggesting a distinct nosological entity of very slowly progressive adult-

onset focal or segmental dystonia with severe cerebellar atrophy

Table 6

Dystonia in cerebellar disorders.

Disorder Total cases Total with dystonia Percent with dystonia Source

Ataxia-telangiectasia 83 63 75.9 (Verhagen et al., 2009; Woods and Taylor, 1992)

Friedreich ataxia 71 15 21.1 (Garcia-Ruiz et al., 1992; Schols et al., 2000)

Ataxia with oculomotor apraxia 90 12 13.5 (Anheim et al., 2009)

SCA1 45 3 6.7 (Dragasevic et al., 2006; Schols et al., 2000)

SCA2 148 31 20.9 (Boesch et al., 2007; Cancel et al., 1997;

Dragasevic et al., 2006; Schols et al., 2000)

SCA3 149 25 16.8 (Garcia-Ruiz et al., 1992; Jardim et al., 2001;

Schols et al., 2000)

SCA6 84 16 19.0 (Garcia-Ruiz et al., 1992; Ikeuchi et al., 1997;

Schols et al., 2000)

This table was compiled from selected studies wherein the nature of the movement disorder was systematically profiled for relatively large numbers of patients. It does not include

case reports or small series of patients.
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(Fletcher et al., 1988; JinnahandHess, 2006;Kuoppamaki et al., 2003; Le

Ber et al., 2006). Thus dystonia is common in “cerebellar” disorders. The

frequency of dystonia in cerebellar disorders is likely to be under-

estimated, since there are few prospective studies addressing the co-

occurrence of dystonia and ataxia. Additionally, many dystonic move-

ments are given alternative designations in ataxia clinics such as

“dyskinesia”, “extrapyramidal disturbances”, “cramps”, “posturing”, or

“sway”. For example, the truncal distortion in Friedreich's ataxia is most

commonly labeled “scoliosis” even though it probably reflects truncal

dystonia (Hou and Jankovic, 2003).

There are obvious limitations of themethod of “guilt by association”

where specific brain regions are linked with dystonia by association

with other disorders. The main limitation is that dysfunction in

“cerebellar” disorders may not be limited to the cerebellum. For

example, degenerative changes in SCA3 and related disorders may

occur in several brain regions and is not limited to the cerebellum. The

evidence ismost compelling for disorderswhere pathology is thought to

be restricted to the cerebellum, such as SCA6, although microstructural

and functional defects outside the cerebellum cannot be ruled out.

Evidence from neurosurgery

Most of the recent neurosurgical literature has focused onDBS of the

internal pallidum in dystonia (Marks, 2007; Ostrem and Starr, 2008;

Perlmutter and Mink, 2006). It is clear that some forms of dystonia

consistently respond well, while other forms do not. These differences

may be due to etiological heterogeneity amongdifferent dystonias,with

differing functional anatomy. There is an extensive older neurosurgical

literature that focused on regions outside the basal ganglia, where again

a marked variation was observed in therapeutic responses. This

literature often is overlooked because the term “dystonia” was not

always used. More commonly used were terms such as “athetosis”,

“dyskinesia”, “hypertonia”, or “cerebral palsy”. However, there is good

evidence that many of the patients in these early reports had dystonia,

as the original clinical descriptions described patients with twisting,

writhing, and co-contraction.

The thalamus was an early target to be explored by neurosurgeons

(Krack andVercueil, 2001; Rosenowet al., 2002; Vercueil, 2003). Cooper

described the largest series, with thalamotomies in 226 dystonia

patients operated between 1955 and 1974 (Cooper, 1976). He targeted

several regions in the thalamus, sometimes in a staged approach. He

initially ablated pallidal relays in the ventrolateral thalamus, and if the

response was not satisfactory, he ablated the cerebellar relays too.

Benefits were sometimes dramatic, but inconsistent. The inconsisten-

cieswere not surprising, considering that precise neuroimagingwas not

available, and the importance of etiological heterogeneity was not yet

well appreciated. Historical assessments have revealed that the

potential benefits of Cooper's work were clouded by his tendency to

publish positive case reports rather than objective comparisons, his

frequent variation in technique, and his bold and sometimes theatrical

personality (Vercueil, 2003). However, thalamotomy and DBS of the

thalamus are advocated for specific populations even today. Effective

targets still include both the pallidal and cerebellar receiving fields.

Although formal studies comparing these targets have never been done,

anecdotal observations and small case series suggest the preferred

target may vary with different populations (Fukaya et al., 2007; Goto

et al., 2008; Morishita et al., 2010).

Noting that some patient populations did not respond well to

thalamotomies, several neurosurgeons focused on the cerebellum. The

interest in the cerebellumwasdrivenbyobservationsof Sherrington and

others that the cerebellum exerted powerful control overmuscle tone in

the decerebrate cat. Several surgeons have noted dystonic movements

among humans following stimulation of the dentate nucleus (Nashold

and Slaughter, 1969), or the cerebellar receiving area of the thalamus

(Lenz et al., 1990). Others reported that a variety of dyskinetic

movements may improve following ablation or DBS of the dentate

nucleus, or superficial stimulation of the cerebellar cortex (Davis, 2000;

Hitchcock, 1973). Benefits were dramatic in some but absent in others,

and often delayed by many weeks, similar to the effects of pallidal DBS.

The inconsistencies were likely due to technical variations and

etiological heterogeneity in mixed dystonia populations. The mecha-

nisms by which surgical interventions in the cerebellummight improve

dystonic movements remain unclear. Some investigators have postu-

lated a mechanism relating to reduced cortical excitability, while others

postulated changes in proprioceptive feedback. Cerebellar ablations or

stimulation rarely are advocated as treatments for dystonia today,

because prior results were inconsistent, and the scarcity of objective

measures led to questions regarding claimed improvements.

In addition to the targets noted above, there is literature supporting

the interstitial nucleus of Cajal (INC) as a viable target for cervical

dystonia. Multiple investigators have shown that stimulation or destruc-

tion of the INC results in characteristic abnormalities of head control in

cats and monkeys that resemble those of people with cervical dystonia,

and several neurosurgeons have reported beneficial effects of lesioning

the INC and nearby structures among patients with cervical dystonia

(Farshadmanesh et al., 2007; Goldhahn and Goldhahn, 1977; Klier et al.,

2002, 2007; Loher et al., 2004; Sano et al., 1972; Stejskal et al., 1981; Vasin

et al., 1985). The INC is proposed to serve as a center for control of head/

neck posture, so it is not a logical target for other dystonic disorders.

The neurosurgical literature provides clear evidence that dystonic

movements can be attenuated via interventions in multiple brain

regions including the basal ganglia, thalamus, cerebellum, and INC. The

main limitation to inferring the functional anatomyof dystonia from this

evidence is that it is difficult to determine if the region in question is the

source of the problem or part of downstream pathways that permit the

problem to occur. For example, the spinal cord is not considered the

source of all motor and sensory functions, even though spinal cord

lesions may interrupt both. The delayed therapeutic effects associated

with interventions involving the basal ganglia or cerebellum argue that

subsequent reorganization of neural function is important. This

plasticity often is assumed to be occurring within the basal ganglia,

but it may also occur in distant regions. In fact, the effect of pallidal DBS

on regional blood flow provides evidence for distant reorganization, as

obvious changes are detectable in the cerebral cortex, cerebellum, and

elsewhere (Detante et al., 2004; Thobois et al., 2008; Yianni et al., 2005).

Additional limitations of the neurosurgical literature include the

application of multiple terms that differ from conventional agreements

(e.g. hypertonia or dyskinesia)making it difficult to knowwhat is being

treated, the lack of objective measures and study designs to document

effects, the small numbers of patients in many reports, and technical

uncertainties regarding methods and regions targeted.

Evidence from animal models

The human studies are valuable because they provide evidence of

direct relevance to affected patients. However, they provide largely

correlative evidence regarding the functional neuroanatomy of dysto-

nia, because the types of studies required for proving causation cannot

be done in human subjects. In this setting, animal models can be

particularly valuable for testing hypotheses regarding potential neuro-

anatomical substrates (Hess and Jinnah, 2005; Jinnah et al., 2005).

A widely used approach for identifying potential neuroanatomical

substrates for dystonia has involved investigating animals for dystonic-

appearing movements after focal ablations of brain tissue or microin-

jection of pharmacological inhibitors or stimulants. Dystonic-appearing

movements have been elicited from a wide variety of species (rodents,

cats, primates) and a wide variety of regions (cortex, basal ganglia,

cerebellum, thalamus, midbrain, and INC) over many years. The earliest

literature described the phenomenology of movements without

labeling them as dystonic, and the interpretation often was that they

were exaggerations of normal movement. More recent studies describe

the resulting movements as dystonic, but the movements often are not
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sufficiently characterized toexcludepotentialmimics. These studieswill

not be reviewed here because of uncertainties regarding the nature of

the movements.

Another approach for identifying anatomical substrates has involved

examining the brains of animals with spontaneous dystonic-appearing

movements. Oneof thefirst to be studiedwas thedystonic (dt) rat,which

exhibits abnormal movements with both clinical and electromyographic

hallmarks of generalized dystonia (Lorden et al., 1984). It carries a defect

in the Atcay gene,which encodes caytaxin that is expressed at high levels

in the cerebellum (Xiao and Ledoux, 2005). Metabolic mapping and

electrophysiological studies have shown abnormal activity of the

cerebellum, leading to the hypothesis that the cerebellum is responsible

for dystonia (Beales et al., 1990; LeDoux et al., 1998; Lorden et al., 1992).

In fact, surgical removal of the entire cerebellum or focal lesions of the

deep cerebellar nuclei eliminate dystonic movements and replace them

with ataxia (LeDoux et al., 1993, 1995). These results suggest a cerebellar

origin for dystonia in this model.

Another model has been the tottering mutant mouse, which has

clinical and electromyographic features resembling human paroxys-

mal dystonia (Scholle et al., 2010; Shirley et al., 2008). This model

carries a mutation in the Cacna1a gene, which encodes a calcium

channel that is widely expressed in the brain (Fletcher et al., 1996).

Different mutations in this gene among humans are associated with a

variety of neurological disorders including hemiplegic migraine,

episodic ataxia type 2, spinocerebellar ataxia type 6, seizures, or

dystonia (Benarroch, 2010; Hess et al., 2010). Similar to the situation

in humans, different mutations in mice and rats also cause a variety of

disorders in different models including paroxysmal or generalized

dystonia, ataxia, and seizures (Fletcher et al., 2001; Miki et al., 2008;

Raike et al., 2005; Shirley et al., 2008; Tokuda et al., 2007; Xie et al.,

2007). The tottering mouse has provided a powerful tool for

delineating the functional anatomy of dystonia, because dystonia

occurs in discrete episodes on a normal baseline, making it possible to

compare changes in the brain at baseline and during a dystonic attack.

Cerebellar Purkinje neurons were implicated as a source of dystonia

in totteringmice by mapping the time course of brain activation during

anattack,which showedearly activation of cerebellar Purkinje anddeep

cerebellar neurons followed by activation of the red nucleus, thalamus,

and cortex (Campbell and Hess, 1998). Like the dt rat model, surgical

removal of the cerebellum eliminated their dystonic attacks, suggesting

the cerebellumwas the source of the problem (Neychev et al., 2008). In

fact, selective elimination of Purkinje neurons by cross-breeding

tottering mice with another mouse line in which these neurons

degenerate also eliminated their dystonia, suggesting involvement of

a single neuronal population (Campbell et al., 1999). The nature of the

defect in these neurons remains to bedetermined, althoughpreliminary

studies have suggested increased burst-firing patterns (Chen et al.,

2009). Thesefindings lead to theproposal thatdystonia originating from

the cerebellum in thismodelmay reflect an increase inneuronal activity

rather than a loss of activity.

This proposal has been confirmed in studies showing that

pharmacological excitation of the cerebellum by local microinjection

of the excitatory amino acid agonist kainic acid even in normal mice

acutely evokes movements that bear clinical and electrophysiological

hallmarks of human dystonia (Pizoli et al., 2002). However, other

stimulants do not have the same effects, suggesting that the manner

in which cerebellar output is altered is important for causing dystonia.

Although the mechanisms are not yet fully understood, these

observations demonstrate that dystonic movements may be elicited

by functional disturbances in an otherwise structurally normal brain.

The animal studies are valuable because specific hypotheses can be

verified experimentally in a rigorously controlled manner to establish

causation. There are two main weaknesses of the animal studies. The

first is that many animal studies describe “dystonia” with limited

description of the nature of the abnormal movements, no quantitative

measures, or no effort to exclude potential mimics. The relevance of

such studies therefore is uncertain. This limitation can be addressed

by careful description of the movements with videotape documen-

tation, together with appropriate physiological tests such as electro-

encephalography or electromyography to exclude other disorders

(Jinnah et al., 2005). Another limitation of the animal studies is that

results may be species-specific and not relevant to humans. This

seems unlikely, since the internal organization and extrinsic connec-

tions of the major motor pathways are similar in most mammals,

except for variations in the relative size and importance of different

pathways. This limitation can be addressed by attempting to replicate

findings in rodents with higher mammals such as primates.

A revised model for the functional anatomy of dystonia

The accumulating evidence reviewed above renders traditional

models that focus on basal ganglia circuits as the central cause for all

forms of dystonia obsolete. It is becoming increasingly clear that many

brain regions contribute to dystonia, including the cerebral cortex,

cerebellum, thalamus, and midbrain/brainstem. It also is becoming

increasingly clear that etiological heterogeneity among dystonias is

important, as the relative importance of different brain regions seems to

vary among them. Current challenges are to develop a model for

understanding physiological interactions for how the different brain

regions may contribute to different forms of dystonia, whether different

dystonias can be subdivided into subgroups depending on how these

regions are affected, andwhether there is a final common pathway for all

dystonias.

The network model

Previously we suggested that a “network model” may better

accommodate more of the available evidence than models that focus on

basal ganglia dysfunction as the sole cause (Jinnah and Hess, 2006). This

network model is not entirely new; prior studies had recognized

involvement of multiple brain regions (Carbon and Eidelberg, 2009;

Eidelberg et al., 1998, 1995). What is new is a shift away from traditional

belief that the basal ganglia always are the cause of dystonia. This revised

model accommodates the possibility that dystonia may result from

dysfunction of other nodes in the network, from combined dysfunction of

multiple nodes, or from aberrant communication among the nodes.

Which of these possibilities best applies to dystonia remains unclear, and

there is evidence that supports each. For example, dystonias that arise

from focal lesions involving individual nodes argue that dysfunction of a

single node can cause dystonia. However, the loose correlations between

focal lesions and dystonia, and the delays between the lesion and

emergence of dystonia raise the possibility that maladaptive reorganiza-

tion in distant nodes may be important too. There also is evidence that

dystonia arises from simultaneous abnormal function of multiple nodes.

An example is the two-hit rat model for blepharospasm, where

combining partial injury to nigral neurons with abnormal proprioceptive

feedback from weakened orbicularis oculi muscles results in blepharo-

spasm, when neither abnormality alone is sufficient (Schicatano et al.,

1997). Focal defects in the thalamus may provide an example of defects

involving communication among nodes, since this is a region where

pallidal and cerebellar afferents may communicate before relaying to the

cortex.

The available evidence suggests further that the nature of defects

in individual nodes may vary. For example, destructive lesions such as

stroke cause dystonia when they occur in the basal ganglia or

thalamus. However, destructive lesions in the cerebellum rarely cause

dystonia. Instead, destructive cerebellar lesions more often cause

ataxia. One possible explanation for this difference is that the types of

lesions affecting the cerebellum cause a distortion or increase in

Purkinje neuron activity rather than a loss of activity. Indeed, Batten

postulated a difference between “irritative” and “paralytic” cerebellar

lesions in relation to cervical dystonia more than 100 years ago
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(Batten, 1903). This proposal is supported by animal studies of

dystonia, implying increased cerebellar activity rather than loss of

activity (Chen et al., 2009; LeDoux et al., 1998; Pizoli et al., 2002). It

also is supported by observations that the preponderance of lesions

causing dystonia in the cerebellum involves space-occupying lesions

such as tumors, where they are more likely to distort output than

eliminate it. Dystonia associated with degenerative cerebellar

disorder may reflect abnormal activity of cerebellar neurons during

a lengthy agonal period before death.

Integrating function and dysfunction

The network model requires that the various nodes in the proposed

network communicate at some level. Despite decades of research, the

means bywhich normalmotor functions are handled by brain subregions

involved with motor control such as the basal ganglia and cerebellum

remain uncertain (Mano et al., 1993). Traditionally, the basal ganglia are

thought to play a role in the selection and inhibition ofmotor commands,

while the cerebellum plays a role in tuning ongoing movement. Though

the functions of these regions are often addressed separately for heuristic

reasons, normal motor behavior requires seamless integration.

The mechanisms responsible for communication have not been fully

elucidated, though several possibilities exist. The traditional view is that

the basal ganglia and cerebellum communicate via distinct thalamic

relays to the cortex, where final motor output is organized (Bostan and

Strick, 2010). However, subcortical pathways of communication linking

basal ganglia and cerebellumhave been identified by tract tracing studies

in both rodents and non-human primates. In rats, the lateral deep

cerebellar nucleus projects to the dorsolateral striatum via the central

lateral nucleus of the thalamus (Ichinohe et al., 2000). In primates, the

dentate and interpositus deep cerebellar nuclei project via disynaptic or

trisynaptic pathways involving thalamus to the putamen or external

segment of the globus pallidus (Hoshi et al., 2005; McFarland and Haber,

2000). Anatomical studies in rats and cats also suggest a pathway from

deep cerebellar nuclei to nigrostriatal dopamine neurons (Snider et al.,

1976). Finally, there is a return pathway frombasal ganglia to cerebellum

(Bostan et al., 2010). Thus there is ample evidence that the basal ganglia

and cerebellum are anatomically interconnected, providing pathways

whereby the function (or dysfunction) of one region may influence

another region without involving the cerebral cortex (Bostan and Strick,

2010).

The functional significance of anatomical pathways between the basal

ganglia and cerebellum is evident in changes in striatal dopamine release

caused by stimulation or lesions of themouse cerebellum (Neychev et al.,

2008). Unilateral electrical stimulation of the cat deep cerebellar nuclei

also increases dopamine turnover in the contralateral striatum(Nieoullon

et al., 1978). Conversely, unilateral electrolytic lesions of the deep

cerebellar nuclei in rats reduce contralateral striatal dopamine turnover

(Tellerman et al., 1979). These interactions between cerebellar and

nigrostriatal function arenot limited to animals. Tranchant andcolleagues

described a woman with torticollis in association with a hemagioma

within the cerebellum (Tranchant et al., 1991). FDG-PET revealedmarked

hypometabolism of the basal ganglia, suggesting that a focal lesion in the

cerebellum can have distant effects in the basal ganglia. These studies

provide functional evidence for communications between the cerebellum

and basal ganglia. The concept that the basal ganglia and cerebellum

cooperate in the expression of motor disorders is not new, as others have

proposed that the tremor in Parkinson's disease reflects cerebello-

thalamic dysfunction (Stein and Aziz, 1999).

We recently explored the networkmodel in animals (Neychev et al.,

2008). In normal mice treated with pharmacological excitation of the

cerebellumormutant totteringmice, abnormal cerebellar activity drives

dystonic movements. Surprisingly, superimposed subclinical basal

ganglia lesions exaggerate thedystonicmovements in these “cerebellar”

models, implying that the basal ganglia participate in the generation in

abnormal movements even when the primary defect originates in the

cerebellum. These findings could suggest that the basal ganglia may

normally filter out or suppress abnormal movements generated via the

cerebellum in these models, providing experimental support for the

filtering model of basal ganglia defects in dystonia.

It generally is assumed that the final common pathway for motor

processing in the basal ganglia and cerebellum proceeds through the

cerebral cortex (Fig. 1A). Other nodes in thenetworkmay cause dystonia

via their influenceon the cortex, or abnormalitiesmayarisedirectly from

the cortex. However, some types of movement, such as basic reflexes or

postural control, may not require cortical involvement, raising the

possibility that the cortex may not be required as the final common

pathway for all dystonias. The most obvious potential example is

Fig. 1. Schematic representation of anatomical substrates for dystonia. Panel A shows

the most commonly assumed model that involves defects in subcortical pathways of

the basal ganglia or cerebellum being transmitted through the cerebral cortex for final

expression of dystonia. Panel A also shows the recently appreciated subcortical

communications between the basal ganglia and cerebellum (modified from Bostan and

Strick, 2010). This schematic has been simplified and does not show all known

connections. Solid lines depict well-established direct pathways, and dashed lines

depict established pathways involving one or more connections to reach target. Panel B

shows an alternative schematic whereby cervical dystonia may be expressed directly

through subcortical pathways, such as the interstitial nucleus of Cajal (INC). In this

pathway, the cerebral cortex may contribute to the expression of cervical dystonia but

the INC is the final common pathway with direct connections to neck motor neurons

(modified from Fukushima, 1987). These two schematics provide two examples of how

pathways may differ according to type of dystonia, and how they may not require

involvement of the cerebral cortex.
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involvement of the INC in cervical dystonia (Fig. 1B). The INC has been

proposed to serve a central role in the control of head movements by

integrating afferents from the cortex, cerebellum, vestibular system, and

basal ganglia through zona incerta (Fukushima, 1987). It has direct

efferents to motorneurons of the cervical spinal cord, placing it in a

position where it could directly disrupt head control without involve-

ment of the cerebral cortex. Indeed, pharmacological and electrophys-

iological manipulations of this region provoke abnormalities of head

control resembling cervical dystonia (Farshadmanesh et al., 2007;

Goldhahn and Goldhahn, 1977; Klier et al., 2002, 2007; Loher et al.,

2004; Sano et al., 1972; Stejskal et al., 1981; Vasin et al., 1985). If

abnormalities in this region can directly provoke cervical dystonia, then

abnormalities of the cortex found in physiological or imaging studies

may be compensatory or epiphenomenal.

Conclusions

The localization of function anddysfunction in the nervous system is a

core part of neuroscience and clinical neurology. Although the traditional

view localizes dystonia to basal ganglia circuits, there is increasing

recognition that this view is inadequate for accommodating a substantial

portion of available clinical and experimental evidence. Unfortunately,

there has been a tendency to dismiss experimentalfindings that donotfit

the prevailing traditional view. Rather than dismiss experimental results,

it is increasingly recognized that it may be time to dismiss the traditional

view. A model in which several brain regions play a role in a network

better accommodates the available evidence. With the revised network

model, many awkward and apparently conflicting observations can be

reconciled. This model better accommodates neuropathological and

neuroimaging evidence that dystonia may be associated with abnormal-

ities in multiple different brain regions. It also better accommodates

animal studies showing that dystonic movements arise with manipula-

tions of different brain regions. It is consistent with neurophysiological

evidence suggesting defects in neural inhibitory processes, sensorimotor

integration, and maladaptive plasticity. Finally, it may explain neurosur-

gical evidence showing that targeting thebasal ganglia is effectiveonly for

certain subpopulations of dystonia.

The best experimental models are those that go beyond accommo-

dating existing evidence. They also should guide the development of

testable hypotheses that advance our understanding of the disorder

beingmodeled. The revised networkmodel is likely to stimulate further

investigations into potential causal roles of regions other than the basal

ganglia in dystonia, a more sophisticated understanding of cause and

effect in imaging and physiological studies, a more targeted and useful

application for animal models, further exploration of the “two-hit”

concept indystonia, andespecially novel intervention strategies. As new

data accumulate to confirm or refute the revised model and provide a

more sophisticated understanding of dystonia, the model will be

inevitably revised again, or perhaps replaced entirely.
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