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Clinical Implications of Dystonia 
as a Neural Network Disorder

Giovanni Battistella and Kristina Simonyan

Abstract Isolated dystonia is a neurological disorder of diverse etiology, multifac-
torial pathophysiology, and wide spectrum of clinical presentations. We review the 
recent neuroimaging advances that led to the conceptualization of dystonia as a 
neural network disorder and discuss how current knowledge is shaping the identi!-
cation of biomarkers of dystonia and the development of novel pharmacological 
therapies.

Keywords Network disorder · Functional connectivity · Structural networks · 
Connectome · Neurotransmission

 Introduction

Isolated dystonia is a hyperkinetic movement disorder manifesting as involuntary 
sustained or intermittent muscle contractions causing abnormal, often repetitive 
movements, postures, or both [2, 42]. It is the third most common movement disor-
der after Parkinson’s disease and essential tremor. While the incidence of isolated 
dystonia is underestimated due to the clinical challenges in timely diagnosing the 
disorder [1], it is known to affect up to 35.1 per 100,000 cases [56], with a higher 
prevalence among white females [27, 50, 102]. The clinical presentations of dysto-
nia are diverse. The topographic distribution of symptoms classi!es dystonia into 

G. Battistella 
Department of Otolaryngology – Head and Neck Surgery, Massachusetts Eye and Ear and 
Harvard Medical School, Boston, MA, USA 

K. Simonyan (*) 
Department of Otolaryngology – Head and Neck Surgery, Massachusetts Eye and Ear and 
Harvard Medical School, Boston, MA, USA 

Department of Neurology, Massachusetts General Hospital, and Harvard Medical School, 
Boston, MA, USA
e-mail: kristina_simonyan@meei.harvard.edu

© Springer Nature Switzerland AG 2023
A. Shaikh, A. Sadnicka (eds.), Basic and Translational Applications of the 
Network Theory for Dystonia, Advances in Neurobiology 31, 
https://doi.org/10.1007/978-3-031-26220-3_13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-26220-3_13&domain=pdf
mailto:kristina_simonyan@meei.harvard.edu
https://doi.org/10.1007/978-3-031-26220-3_13


224

!ve main categories: (i) focal dystonia, affecting a single region (e.g., hand dysto-
nia, cervical dystonia, blepharospasm, laryngeal dystonia, oromandibular dystonia); 
(ii) segmental dystonia, affecting two or more continuous regions; (iii) multifocal 
dystonia, affecting two or more nonadjacent regions; (iv) hemidystonia, dominantly 
affecting regions on one side of the body; and (v) generalized dystonia, affecting the 
trunk and at least two other sites [2, 105].

The pathophysiology of isolated dystonia is multifactorial. Diverging from the 
historical tenet that considered dystonia a basal ganglia disorder, the majority of 
current reports refer to dystonia as a neural network disorder. Various environmental 
stressors and underlying genetic factors interact with and in#uence abnormal reor-
ganization of neural networks, further shaping the diversity of its clinical character-
istics. However, despite the substantial progress in understanding the disorder 
pathophysiology, therapeutic approaches in dystonia are primarily geared toward 
symptom management. Botulinum toxin injections into the affected muscles are the 
“gold”-standard treatment for patients with focal dystonia. Pharmacological ther-
apy (primarily, anticholinergics, dopaminergic, and GABAergic drugs) and deep 
brain stimulation (DBS) are available in severe cases of generalized or segmental 
dystonias. Treatment responses are known to be highly variable across patients, and 
their effectiveness may be limited due to side effects or other factor of therapeutic 
inef!ciency [5, 86, 106]. Recent estimates suggest that nearly 40% of patients with 
focal dystonia do not receive any treatment [86]. To improve clinical management 
of patients with dystonia, a recent workshop organized by the National Institute of 
Neurological Disorders and Stroke (NINDS/NIH) on research priorities in dystonia 
stressed the urgent need to design effective therapeutic interventions based on the 
novel evidence of network-level dysfunction in dystonia [71].

In this chapter, we review the experimental evidence that led to the conceptual-
ization of dystonia as a neural network disorder and discuss the impact of this cur-
rent view of dystonia pathophysiology on the clinical management of patients 
affected by this disorder.

 From the Historical Tenet of a Basal Ganglia Disorder 
to the Modern Consensus of Dystonia as a Neural 
Network Disorder

The understanding of the neural underpinnings of dystonia has considerably evolved 
in the past decade (Fig. 1). One of the !rst mentions of dystonia as a condition aris-
ing from a basal ganglia pathology due to mineral accumulations dates back to the 
1949 case report of two patients [10]. Over the following decades, several other 
reports of patients with dystonia secondary to brain lesions provided further evi-
dence for the involvement of the basal ganglia in symptom development (e.g., [82, 
110]). These observations culminated in the landmark paper by Marsden and col-
leagues [77], which reviewed 28 patients with focal or hemidystonia secondary to 

G. Battistella and K. Simonyan



225

Fig. 1 Imaging signatures of dystonia and timeline of the basal ganglia vs. neural network disor-
der evolution. Schematic representation of the main regions of abnormal brain function, structure, 
and metabolism in dystonia and their associations with genes, endophenotypic traits, clinical fea-
tures, and extrinsic/environmental risk (Adapted from Simonyan et al. [101]). The bar graphs of 
the timeline show how the view of the pathophysiology of dystonia changed over the years from a 
basal ganglia to a neural network disorder. Based on the literature search in PubMed, bars graphs 
show the number of articles published across the years considering dystonia a basal ganglia disor-
der, or a network disorder. The terms used for the search included: “idiopathic dystonia OR pri-
mary dystonia OR isolated dystonia AND brain AND basal ganglia disorder” and “idiopathic 
dystonia OR primary dystonia OR isolated dystonia AND brain AND network disorder.” 
Abbreviations: MGF middle frontal gyrus, PreM premotor cortex, M1/S1 primary sensorimotor 
cortex, IPC inferior parietal cortex, SMA supplementary motor area, BG basal ganglia, Th thala-
mus, Cbl cerebellum 

brain lesions due to tumors, arteriovenous malformations, infarcts, or hemorrhages. 
The authors concluded that the “abnormal input from the thalamus to the premotor 
cortex, due to lesions either of the thalamus itself or the striatum projecting by way 
of the globus pallidus to the thalamus” may be causative in dystonia pathophysiol-
ogy [77]. Despite the outlined prominence of the thalamus, the primary focus shifted 
to the basal ganglia and their presumed pathophysiological role in both secondary 
and primary (isolated) dystonias. This study thus cemented the notion that dystonia 
is a basal ganglia disorder and paved the way for decades of research to understand 
the role of this structure in the disorder pathophysiology. According to the basal 
ganglia model of dystonia, the imbalance of the direct and indirect pathways under-
lies bottom-up abnormal decreases of thalamic and intracortical inhibition and sub-
sequently abnormal increases of motor cortical excitability, leading to the dystonic 
output of motor behaviors (e.g., [51, 53, 98]).

Clinical Implications of Dystonia as a Neural Network Disorder
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In the early 1990s, leveraging the breakthroughs in in-vivo investigations of 
human brain function, neuroimaging studies started unveiling more complex brain 
disorganization in patients with dystonia. Early studies, predominantly, in heredi-
tary forms of dystonia caused by DYT1, DYT6, and DYT11 gene mutations relied 
heavily on the use of positron emission tomography (PET) with [15O] H2O and 
[18F]-#uorodeoxyglucose (FDG) radiotracers to investigate cerebral blood #ow and 
glucose metabolism, respectively, as a proxy of neuronal activity [19, 38–40, 58, 59, 
66, 74]. These studies identi!ed abnormalities not only in the basal ganglia and 
thalamus but also in the cerebellum and sensorimotor cortex, suggesting a wider 
range of regional alterations and their interactions. Collectively, these !ndings led 
to the formulation of the metabolic network model of dystonia.

In parallel, cerebellar dysfunction and atrophy were reported in heterogeneous 
cohorts of patients and animal models of dystonia [23, 37, 60, 70]. This line of 
research prompted the theory that cerebellar alterations, similar to those in the basal 
ganglia, may also be causative in the disorder pathophysiology, conceptualizing the 
cerebellar model of dystonia.

In the past decade, the further advancements of neuroimaging techniques and 
analytical tools permitted in-depth investigations of different properties of brain 
structure and function. Rather than focusing on a single structure or network as a 
primary contributor to dystonia pathophysiology, a new line of research took an 
unbiased, data-driven approach to examining brain alterations in patients with dys-
tonia. Mapping large-scale brain organization in dystonia demonstrated the exis-
tence of shared and divergent patterns of alterations in multiple neural networks 
across various forms of dystonia (for review, [94]). While the basal ganglia, thala-
mus, and cerebellum were found to be at the core of neural network disorganization 
across all forms of dystonia, the distinct patterns of functional and structural altera-
tions were determined in cortical and subcortical sensorimotor regions responsible 
for multisensory processing, sensorimotor integration, and motor execution depen-
dent on a particular form of dystonia. Collectively, these !ndings provided an 
updated view on the pathophysiology of isolated dystonia, establishing the neural 
network model of the disorder.

A PubMed review of the literature1 shows that most articles published until 2006 
considered dystonia as a basal ganglia disorder (Fig. 1). Starting from 2007, the 
body of literature on the involvement of neural networks in dystonia pathophysiol-
ogy steadily grew, balancing the articles referring to dystonia as a basal ganglia 
disorder by 2020 and surpassing these in 2021. The currently prevailing view is that 
dystonia is a functional and structural neural network disorder, not limited to the 
basal ganglia and cerebellar circuitries. This updated concept is crucial for identify-
ing both shared and unique pathophysiological mechanisms in the various clinical 
manifestations of the disorder and informing the development of advanced diagnos-
tics and the design of targeted therapeutics.

1 The review conducted on 07/19/2021. The terms used for the search were: idiopathic dystonia OR 
primary dystonia OR isolated dystonia AND brain AND basal ganglia disorder & idiopathic dys-
tonia OR primary dystonia OR isolated dystonia AND brain AND network disorder.
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 Clinical Implications of Dystonia as a Functional Neural 
Network Disorder

Among the most used functional neuroimaging methods in clinical research are 
task-based and resting-state functional magnetic resonance imaging (fMRI) para-
digms. The former relies on changes in the blood oxygen level-dependent (BOLD) 
signal during the performance of a speci!c task or a behavior. The latter uses the 
measurement of low-frequency physiological #uctuations in the BOLD signal to 
examine regional correlations within intrinsic brain networks [16]. In the resting-
state fMRI session, participants do not perform any cognitive tasks but are instead 
instructed to lay in the scanner, relax, and let their minds wander. This technique 
identi!es multiple functional networks relevant to the salient states and behaviors in 
a single experimental session. In patients with dystonia, the use of resting-state 
fMRI circumvents the challenges associated with implementing a symptomatic 
(dystonic) task-based experimental design that needs to be customized according to 
muscles affected by the disorder, making direct comparisons between different 
forms of disorder not feasible. The independent component analysis (ICA) is one of 
the common techniques used to investigate the resting-state signal that de!nes func-
tional networks by determining a set of statistically independent spatial maps and 
associated time courses.

Functional neuroimaging studies in dystonia demonstrate abnormal (typically 
increased) sensorimotor activity during the performance of symptomatic tasks and 
altered regional connectivity within sensorimotor and frontoparietal networks [7, 
17, 18, 32, 33, 36, 55, 59, 64, 72, 76, 81, 95]. Task-speci!c dystonias, such as laryngeal, 
focal hand and musician’s dystonias, are further characterized by signi!cant altera-
tions in cortical areas compared to prevalently subcortical changes in non- task- 
speci!c dystonias, such as cervical dystonia and blepharospasm [14, 89, 108]. 
External risk factors appear to speci!cally in#uence the altered function of the basal 
ganglia, premotor and parietal cortices [26], while subclinical features of dystonia, 
such as abnormal temporal discrimination, are associated with abnormalities in pri-
mary somatosensory and middle frontal cortices [106]. Vulnerable functional con-
nectivity of premotor and parietal regions is linked to the polygenic risk of dystonia 
[88], whereas functional and structural abnormalities in prefrontal-parietal cortices, 
thalamus, and basal ganglia represent the intermediate endophenotype of dystonia 
penetrance, with additional alterations in the cerebellum contributing to the second-
ary endophenotype of dystonia manifestation [67]. Altered functional connectivity 
of the thalamus, basal ganglia, premotor, and parietal cortices correlates with clini-
cal measures associated with disease severity and age of onset (e.g., [54, 96]).

Another powerful technique for delineating the architecture of brain networks is 
graph-theoretical analysis, which examines global and local features of large-scale 
functional and structural networks (connectomes) [91, 103]. Important properties of 
these connectomes are the integration and segregation of nodes in neural communi-
ties and the con!guration of hubs necessary for the most ef!cient organization of 
the overall network. These essential nodes of information transfer may be 
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subdivided into provincial hubs that control within-community activity and connec-
tor hubs that control between-communities activity. Studies employing graph theo-
retical analysis provided the ultimate experimental evidence of dystonia as a neural 
network disorder. Speci!cally, an investigation of the large-scale architecture of the 
functional connectome in four different forms of focal dystonia (laryngeal dystonia, 
writer’s cramp, cervical dystonia, and blepharospasm) compared to healthy indi-
viduals revealed the disorganization of neural communities, including a breakdown 
of the basal ganglia-thalamo-cerebellar community and abnormal loss or gain of 
network hubs that impacted the network hierarchy necessary for information pro-
cessing [8]. The follow-up research showed that the functional network kernel and 
community structure associated with motor execution, sensorimotor processing, 
and motor planning are differentially affected in different forms of dystonia [45, 
93]. Further experimental evidence exists that large-scale neural network alterations 
are shaped by the clinical subtypes of dystonia (e.g., adductor vs. abductor laryn-
geal dystonia, simple vs. complex writer’s cramp), affected body part (e.g., hand vs. 
larynx), affected motor behavior (e.g., musician’s dystonia vs. nonmusician’s dys-
tonia), and putative genotypes (e.g., familial vs. sporadic dystonia) [14, 15, 44, 93].

The current understanding of functional networks in dystonia presents a window 
of opportunity for developing novel interventions that selectively target and modu-
late the pathophysiologically abnormal functional neural network. One of such 
pathophysiologically based oral treatments showing promising potential is sodium 
oxybate, which is FDA-approved for cataplexy, excessive daytime sleepiness in nar-
colepsy, and idiopathic hypersomnia. Sodium oxybate is a centrally acting derivate 
of gamma-hydroxybutyric acid, which mimics the effects of alcohol. Notably, up to 
55% of patients with dystonia report symptom improvement after alcohol intake 
[63, 68] (Fig. 2a). Alcohol modulates gamma-hydroxybutyric acid (GABA)-ergic 
function, which is decreased in dystonia contributing to the loss of inhibition within 
the dystonic network [52]. The recent open-label study in laryngeal dystonia 
(NCT01961297) showed that sodium oxybate modulates pathophysiological hyper-
activity of brain regions associated with dystonic speech production, including the 
primary and secondary sensorimotor cortices, inferior frontal and superior temporal 
gyri, supplementary motor area, thalamus, and cerebellum [99] (Fig. 2a). This cen-
tral effect translates into dystonic symptom improvement in 82.2% of alcohol- 
responsive patients [92]. The ongoing phase 2/3 double-blind, randomized, 
placebo-controlled, cross-over study of sodium oxybate in laryngeal dystonia 
(NCT03292458) is expected to provide concrete recommendations for its use in 
alcohol-responsive patients.

The existing knowledge of dystonia as a functional network disorder may also 
accelerate the development and implementation of new approaches for noninvasive 
therapeutic neuromodulation of brain networks in dystonia. As discussed above, 
ample evidence supports the role of premotor-parietal regions in dystonia, particu-
larly in task-speci!c dystonias. Departing from the traditional view that dystonic 
symptoms are generated from pure motor cortical and/or basal ganglia dysfunction, 
a recent study using dynamic causal modeling in laryngeal dystonia demonstrated 
that abnormal functional connectivity is driven by the increased top-down in#uence 
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Fig. 2 Clinical implications of dystonia as a functional neural network disorder. (a) Alcohol 
responsiveness in dystonia and the effects of sodium oxybate on brain activity. The left panel 
shows the alcohol responsiveness across different forms of dystonia (in % of patients in the exam-
ined cohort). The black arrow indicates how the understanding of alcohol responsiveness in dysto-
nia in#uenced the design of the open-label study in laryngeal dystonia using sodium oxybate, a 
gamma-hydroxybutyric acid that mimics the effects of alcohol. The right panel shows a series of 
sagittal and axial slices of regions of common (in purple) and distinct (in green) brain activity in 
drug responders vs. nonresponders during symptomatic speech production. (b) Modulation of 
sensorimotor-parietal connectivity in focal dystonia. The left panel shows series of coronal brain 
images with regional alterations in resting-state functional connectivity in patients with laryngeal 
dystonia compared to healthy subjects. The schematic representation of the results of dynamic 
causal modeling reveals the direction of abnormal information #ow between these altered regions 
in patients. Excitatory connections (red), inhibitory connections (blue), nonsigni!cant connections 
(gray), differences between laryngeal dystonia patients and healthy subjects (purple). The black 
arrow shows how imaging studies of functional and effective connectivity in dystonia informed the 
design of noninvasive neuromodulation in these patients. The right panel summarizes the transcra-
nial magnetic stimulation experiment in healthy subjects and patients with writer’s cramp. The 
panel shows changes in sensorimotor-inferior parietal electrophysiological interaction introduced 
by real or sham continuous theta-burst stimulation. Abbreviations: M1 motor cortex, dIPL dorsal 
inferior parietal lobule, aIPL anterior inferior parietal lobule. (Panel (a) adapted from Simonyan 
et al. [99]. Panel (b) adapted from Battistella G. and K. Simonyan [6] and Merchant et al. [80])

of the left inferior parietal cortex onto the putamen and increased interhemispheric 
right-to-left in#uence of the premotor cortex [6] (Fig. 2b). These !ndings indicated 
that the network disruption may be staged well before the primary motor cortex 
produces the dystonic behavior. In line with this, recent research in focal hand dys-
tonia employed noninvasive neuromodulation to probe premotor and inferior pari-
etal regions as candidate therapeutic targets. Improved dystonic symptoms were 
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observed following active vs. sham transcranial direct current stimulation (tDCS) of 
the parietal cortex coupled with behavioral retraining in patients with musician’s 
dystonia [90]. Transcranial magnetic stimulation (TMS) with continuous theta-
burst pulses over premotor and parietal regions was reported in another study to 
transiently decrease the parietal-premotor excitability and restore the motor cortical 
excitability in patients with writer’s cramp [80] (Fig. 2b). In contrast, many prior 
studies on noninvasive stimulation of the primary motor cortex reported a range of 
clinical bene!ts but offered limited mechanistic explanations of these effects [24]. 
Building on this knowledge, the currently ongoing phase 1 clinical trial 
(NCT04421365) is using brain–computer interface (BCI) that speci!cally targets 
parietal-premotor alterations for rehabilitation of dystonic symptoms in patients 
with laryngeal dystonia.

 Clinical Implications of Dystonia as a Structural Neural 
Network Disorder

It is well known that conventional brain MRI scans of patients with isolated dysto-
nia do not show any gross structural abnormalities. However, advances in in-vivo 
high-resolution MRI-based neuroimaging techniques using measures of gray matter 
volume, cortical thickness, and white matter microstructural properties allowed the 
identi!cation of !ne-grained patterns of structural alterations across the clinical 
spectrum of dystonias. These studies reported predominantly increased gray matter 
volume and cortical thickness and decreased white matter integrity across different 
forms of dystonia [reviewed in [94]] (Fig. 3a). In parallel with research on func-
tional abnormalities, studies focusing on the gray matter organization determined 
core alterations in the basal ganglia, thalamus, and cerebellum across different 
forms of dystonia [30, 34, 41, 83, 84, 96, 111]. The capability of neuroimaging 
techniques to investigate the whole brain in a data-driven fashion further allowed 
the identi!cation of abnormalities in primary sensorimotor, supplementary motor, 
and frontoparietal areas associated with altered motor execution, sensorimotor pro-
cessing, and integration [30, 48, 49, 57, 78, 84, 89, 96, 109, 111]. The speci!c loca-
tion of sensorimotor changes was shown to vary according to the clinical phenotype. 
Increased gray matter volume in the hand area in focal hand dystonia [14, 30, 48] 
but the larynx area in laryngeal dystonia [15, 69, 96,] are examples of this differen-
tial involvement. Dystonia gene mutations also impact the extent of these abnor-
malities within the sensorimotor dystonic network. For instance, non- manifesting 
DYT1 mutation carriers and patients without the DTY1 genetic mutation have 
increased gray matter volume in the putamen compared to manifesting DYT1 carri-
ers [35], and speci!c patterns of gray matter structural changes in the supplemen-
tary motor area and superior temporal gyrus are present in patients with a familial 
history of dystonia [15, 67].
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Fig. 3 Clinical implications of dystonia as a structural neural network disorder. (a) Structural 
abnormalities in dystonia: the top panel shows the major microstructural abnormalities across dif-
ferent forms of dystonia. The bottom panel shows the large-scale connectome in focal dystonias. 
(b) Automated diagnosis of dystonia using DystoniaNet. The automated algorithm identi!ed gray 
and white matter regions classifying patients with different forms of focal dystonia. The scatterplot 
shows the accuracy of the algorithm. (Panel (a) adapted from Hanekamp and Simonyan [54]. Panel 
(b) adapted from Valeriani and Simonyan [109])

Investigations of white matter integrity across different forms of dystonia 
revealed a consistent pattern of shared and phenotype-speci!c abnormalities along 
!ber tracts connecting regions of altered functional connectivity and gray matter 
volume/cortical thickness responsible for motor control and sensorimotor process-
ing [3, 15, 20, 21, 31, 75, 89, 100, 108]. More recently, the investigation of the 
large- scale structural connectome in focal dystonias using white matter tractogra-
phy demonstrated large-scale alterations, involving the abnormal organization of 
neural communities and hubs. This study also determined abnormal prefrontal-pari-
etal connectivity and altered hubs in the basal ganglia, prefrontal, parietal, and insu-
lar cortices in#uencing the whole-brain structural reorganization [54] (Fig. 3a). An 
earlier in-vivo diffusion MRI study combined with postmortem neuropathology in 
laryngeal dystonia revealed the potential cause of microstructural changes by show-
ing focal axonal degeneration and demyelination within the corticospinal/corti-
cobulbar tract and clusters of mineral precipitates in the parenchyma of putamen 
and cerebellum [100]. Mineral accumulations are known to lead to the generation of 
free radicals and lipid peroxidation, causing oxidative stress, cell membrane dam-
age, ferroptosis, and a subsequent damage to neuronal function [9, 22, 43, 104]. 
Future studies are warranted to characterize abnormal processes leading to mineral 
accumulations, the results of which may be crucial for determining the biological 
signatures underlying structural and functional alterations in dystonia.

The !ndings of abnormal structural networks in dystonia have recently paved the 
way for identifying reliable neural network biomarkers of diagnostic potential. 
Despite being the third most common movement disorder, the diagnosis of isolated 
dystonia remains clinically challenging, with up to half of the cases misdiagnosed 
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at the !rst encounter and the !nal diagnosis extended up to 10 years [25, 26, 61, 62, 
73, 87, 107]. The current diagnostic criteria are based purely on clinical syndrome 
characteristics, while the vast phenotypical variability of the disorder, the presence 
of conditions mimicking dystonia, and the experience and expertise of the clinician 
contribute to the misdiagnosis or delays in !nal diagnosis. Overall, this diagnostic 
approach is not reliable, as its speci!city and sensitivity are not established, and the 
validity of the clinical diagnosis without a biomarker cannot be assessed [5, 28, 29, 
56, 71, 86].

Based on the current knowledge of structural network abnormalities and moti-
vated by the clinical need for an accurate and timely diagnosis of isolated dystonia, 
a deep learning algorithm, DystoniaNet, has been recently developed to objectively 
diagnose focal dystonia [109] (Fig. 3b). Using an automated, data-driven approach 
in a large cohort of 392 patients and 1770 healthy individuals, the DystoniaNet 
algorithm correctly identi!ed gray and white matter regions frequently reported as 
microstructurally abnormal across the entire clinical spectrum of dystonia. Using 
this microstructural network biomarker, DystoniaNet achieved 98.8% accuracy in 
classifying patients with laryngeal dystonia, cervical dystonia, and blepharospasm 
while referring 3.5% of cases with an uncertain diagnosis for additional evaluations. 
Importantly, this algorithmic diagnostic decision was achieved in less than one sec-
ond, signi!cantly shortening the time from symptom evaluation to its diagnosis. 
Compared to the current diagnostic procedures, which often require various evalu-
ations during multiple visits to multiple specialists, DystoniaNet-assisted diagnosis 
that is based on automatically determined pathophysiological neuroimaging signa-
tures of the disorder may be critical in increasing the clinical accuracy and shorten-
ing the time to diagnosis.

 Clinical Implications of Dystonia as a Neurotransmission 
Network Disorder

The last aspect of neuroimaging alterations in dystonia that may have widespread 
clinical implications relates to abnormal neurotransmission. The in vivo investiga-
tion of neurotransmission relies on PET neuroreceptor mapping with the use of 
speci!c radioligands to quantify dopamine, GABA, and other receptor bindings. 
Ample evidence demonstrates decreased striatal dopamine D2/D3 receptor binding 
during rest in focal and generalized forms of dystonia [4, 11, 12, 19, 85, 97]. 
Literature on focal dystonias also reports abnormally decreased phasic nigrostriatal 
dopamine release during symptomatic tasks and increased dopamine release during 
asymptomatic motor tasks [12, 98] (Fig.  4a). An earlier PET study including a 
patient cohort with different forms of focal dystonia reported no changes in striatal 
dopamine D1 receptor binding [65]. However, a subsequent study that carefully 
strati!ed patients based on their clinical presentations identi!ed increased striatal 
dopamine D1 receptor [98]. Findings of D1 receptor binding increases and D2 
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receptor decreases are somatotopically distributed according to the affected body 
region in the sensorimotor and associative striatal subdivisions, pointing to highly 
specialized alterations of dopaminergic neurotransmission in the pathophysiology 
of dystonia. Reduced availability of striatal dopamine D2/D3 receptors decreases the 
inhibitory activity within the indirect basal ganglia pathway, while increased avail-
ability of striatal dopamine D1 receptors increases the excitatory activity within the 
direct basal ganglia pathway. This imbalance between the direct and indirect basal 
ganglia pathways likely contributes to hyperexcitability of the thalamus and, subse-
quently, the bottom-up thalamo-cortical projections to sensorimotor and parietal 
areas [98].

Fig. 4 Clinical implications of dystonia as a neurotransmission network disorder. (a) Topological 
distribution of phasic striatal dopamine in healthy subjects and patients with writer’s cramp and 
laryngeal dystonia during !nger tapping (for hand dystonia) and sentence production (for laryn-
geal dystonia). Different colors represent receptor-binding regions (D1, D2), dopamine release 
(DA), and their signi!cant interactions. (b) Distribution of increased GABAA receptor binding in 
cervical dystonia compared to healthy subjects using [11C] #umazenil radiotracer. (c) Parametric 
map of decreased vesicular acetylcholine transporter in patients with DYT1 dystonia compared to 
healthy subjects using 18F-FEOBV-binding ratio and average binding in controls and patients strat-
i!ed by age. (Panel (a) adapted from Simonyan et al. [98]. Panel (b) adapted from Berman et al. 
[13]. Panel (c) adapted from Mazere et al. [79])
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In line with this, studies of GABAergic neurotransmission in different forms of 
dystonia showed decreased receptor binding within the dystonic network, including 
reduced GABAA receptor availability in premotor, primary sensorimotor, somato-
sensory, inferior parietal, insular cortices, caudate nucleus, and cerebellum [13, 46, 
47, 98] (Fig. 4b). These abnormalities, albeit with minor variations across different 
clinical presentations of the disorder, are consistent across focal and generalized 
dystonias, including patients with the DYT1 gene mutation. Furthermore, reduced 
GABAA receptor binding correlates with increased gray matter volume and brain 
activity in the inferior parietal cortex [46, 98], reiterating the crucial role of this 
region in the pathophysiology of dystonia.

Adding to the landscape of abnormal neurotransmission in dystonia, a recent 
study in patients with DYT1 reported decreased vesicular acetylcholine transporter 
(VAChT) in the striatum and cerebellum, impacting the organization of functional 
connectivity within the motor network [79] (Fig. 4c). Interestingly, striatal VAChT 
expression was abnormal in young but not older patients, pointing to potential age- 
related compensatory changes. Collectively, these studies updated the basal ganglia 
model by including  subtle alterations of the balance of major neurotransmitters 
within the basal ganglia-thalamo-cortical network.

The knowledge of abnormal neurotransmission in dystonia represents a powerful 
feature for designing novel pharmacological therapies. One such therapy includes 
the repurposing of sodium oxybate in laryngeal dystonia, which improves dystonic 
symptoms by normalizing the neural network activity via the modulation of 
GABAergic neurotransmission, as described above. Other well-designed random-
ized, blinded clinical trials of novel oral drugs in patients with different forms of 
dystonia should represent one of the primary research efforts in the !eld. These may 
include novel formulations and the repurposing of existing drugs that leverage the 
current knowledge of pathophysiologically altered neurotransmission.

 Summary

The advancement of in vivo data acquisition protocols, neuroimaging techniques, 
and analytical tools permitted the investigation of different properties of brain 
microstructure and function that, collectively, transformed the understanding of 
dystonia pathophysiology over the past decade. These investigations were instru-
mental in identifying large-scale neural signatures of dystonia and de!ning the dis-
order as a network disorder, including alterations in brain function, structure, and 
neurotransmission. Both commonly shared and phenotype/genotype-speci!c 
changes are identi!ed in different forms of dystonia. The basal ganglia with the 
thalamus and cerebellum are at the core of large-scale network disorganization in all 
forms of dystonia. In contrast, cortical abnormalities are characteristic of task- 
speci!c forms of dystonia in contrast to predominantly subcortical involvement in 
non-task-speci!c forms of dystonia. Cortical sensorimotor and parietal changes are 
linked to genetic predisposition and environmental triggers of dystonic symptoms. 
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Understanding the pathophysiology of dystonia through the lens of impaired neural 
networks paved the way for the development of novel strategies to diagnostics and 
therapy of these patients, including the targeting of dystonia-speci!c neuroimaging 
changes in brain function and neurotransmission with new oral drugs and non- 
invasive neuromodulation and using microstructural changes as an objective bio-
marker for dystonia diagnosis.
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