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Dystonia is a complex neurological disorder characterized by sustained or intermittent abnormal movements and/or postures. However, dystonia’s non-motor symptoms, particularly the sleep disturbances, are critical yet underexplored concerns that affect all ages. Here, we synthesize current knowledge on the motor and non-motor domains of dystonia, emphasizing the functional interconnections and plasticity within cerebellar motor, cognitive, and sleep-associated circuits to motivate more comprehensive and effective treatments that improve overall quality of life.
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INTRODUCTION
Dystonia is “a movement disorder characterized by sustained or intermittent abnormal movements, postures, or both [1].” However, this narrow diagnostic perspective does not account for the significance of non-motor symptoms that many individuals with dystonia experience [2, 3]. Sleep disturbances such as insomnia, fragmented sleep, and restless nights are common yet underexplored, despite their profound impact on quality of life [3, 4]. These unknowns highlight areas of opportunity to better understand the critical links between sleep, cognition, and motor function, underscoring the complex and interconnected nature of dystonia that extends its pathophysiological basis beyond being a purely motor condition.
Compounding dystonia’s complexity is the role of the cerebellum, which has been traditionally regarded as a motor structure having an important role in motor coordination and motor learning. However, emerging research has revealed cerebellar contributions to a broad range of non-motor functions, including sleep regulation, cognition, and sensory, emotional, and social processing [3, 5–9]. Conditions involving cerebellar dysfunction, including dystonia, Parkinson’s disease, autism spectrum disorder, and Cerebellar Cognitive Affective Syndrome (CCAS), among many others, exemplify the intricate interplay between cerebellar dysfunction and both motor and non-motor symptoms [9–13]. The overlapping challenges in these conditions suggest a broader, systems-level interaction between motor deficits and non-motor symptoms, with the cerebellum as a central hub. This mini review explores this complexity in the context of dystonia, highlighting a pressing need to better understand sleep, cognitive dysfunctions, and aberrant plasticity for the purpose of creating more comprehensive therapeutic strategies that will improve the overall outcomes for those affected.
MOTOR SYMPTOMS IN DYSTONIA
Dystonic motor symptoms can occur in various forms. Focal dystonia affects isolated body parts, like the neck in cervical dystonia or the hand with writer’s cramp, to segmental dystonia affecting contiguous muscles, to generalized dystonia involving larger muscle groups distributed across the body [14, 15]. The severity of these symptoms often fluctuates, influenced by factors such as stress, fatigue, and voluntary movement [16]. The pathophysiology of these motor symptoms is complex and multifactorial, involving a broad “dystonia network” dysfunction rippling across the basal ganglia, thalamus, cortex, and cerebellum [17–20]. Although much of the literature has historically focused on task-specific focal dystonia, substantial evidence now demonstrates that network-level abnormalities also characterize non–task-specific focal dystonia and generalized dystonia, including widespread cortical dysfunction, impaired inhibition, and abnormal connectivity across basal ganglia-thalamo-cortical and cerebello-thalamo-cortical loops [17, 21, 22]. Reduced functional connectivity within the sensorimotor and inferior parietal cortices contributes to the polygenic risk of dystonia [23]. Functional and structural abnormalities across prefrontal–parietal, caudate, and thalamic regions likely reflect the underlying vulnerability to dystonia penetrance, whereas additional abnormalities in the premotor-parietal-temporal and cerebellar regions are linked to dystonia manifestation with adaptive, compensatory and secondary changes [24]. Interestingly, both task-specific and non-task focal dystonia involve disruptions in the basal ganglia and cerebellum, yet their underlying mechanisms also diverge [25]. Compared to non-task dystonia, which involves more isolated dysfunction in the somatosensory cortex, task-specific focal dystonia engages cortical network dysfunction, with broader interactions among functional cortical domains whose involvement depends on the task [25]. For example, laryngeal dystonia is associated with the parietal cortex, inferior frontal gyrus, and anterior insula, while musician’s dystonia involves the primary and secondary sensorimotor cortex and middle frontal gyrus, reflecting the task specificity of different focal dystonias [26]. Importantly, dystonia is not restricted to primary motor circuits, and multimodal cortical regions that integrate motor, sensory, cognitive, and affective information are also implicated across dystonia subtypes, underscoring that dystonia reflects disturbances within a distributed network rather than isolated motor circuits.
NON-MOTOR SYMPTOMS IN DYSTONIA
Although the cerebellum has been traditionally appreciated for controlling smooth movement, its role has expanded profoundly in recent years to encompass supporting various non-motor behaviors, including cognition, memory, language, mood, and sleep [5]. Consequently, its dysfunction can be catastrophic across motor and non-motor domains in hereditary and acquired conditions. Non-motor symptoms are highly prevalent in dystonia [27–30]. Pain affects 55%–89% of individuals with cervical dystonia, and approximately 30%–40% across other focal forms [31]. Neuropsychiatric symptoms such as depression and anxiety are markedly elevated across idiopathic dystonia compared to controls, with cervical dystonia showing the highest burden, where up to 90% of individuals may meet criteria for a psychiatric diagnosis [32]. Accordingly, several links between dystonia and psychiatric disturbances have emerged. Psychiatric symptoms, particularly anxiety and depression, sometimes precede the onset of motor signs [33, 34] or appear in unaffected relatives [35], suggesting shared neurobiological substrates rather than secondary effects. Stress, self-consciousness, and physical factors like walking, carrying objects, or fatigue can exacerbate torticollis [16], blurring the boundary between motor and affective manifestations. The available evidence suggests that dystonia reflects network-level dysfunction rather than pathology confined to a single brain region, with abnormalities across the cortico-striato-thalamo-cortical and cortico-cerebello-thalamo-cortical circuits contributing to both motor and non-motor symptoms (see review [17]). However, our understanding of the pathophysiology of non-motor symptoms remains limited by the small sample sizes, heterogeneous methodologies, and overall paucity of dedicated studies. Future genetic, imaging, and longitudinal work will be essential to link motor and non-motor features and to identify the shared neural pathways that give rise to the full clinical phenotype (see key knowledge gaps: [30, 36]).
Sleep disturbances, including insomnia, restless sleep, and difficulty maintaining sleep [37–40], occur in roughly 40%–70% of individuals with adult-onset dystonia, particularly in cervical dystonia [37, 41]; and despite evidence that poor sleep can impair motor learning, cognitive function, and overall wellbeing [28, 42–45], they remain underappreciated (see reviews [3, 37, 41]). Research in individuals recovering from ischemic stroke suggests that sleep enhances implicit motor learning and motor memory consolidation, particularly when it occurs between practice and testing [46]. Thus, to improve motor outcomes in dystonia, it is important to consider how poor sleep affects cognition and how restoring sleep can support motor recovery. Understanding the interplay between motor and non-motor symptoms and how deficits in one functional domain can perpetuate dysfunction or be leveraged for recovery in others will be crucial for developing comprehensive therapies that address both the motor and non-motor symptoms in dystonia.
CEREBELLAR CONTRIBUTIONS TO DYSTONIA
While the basal ganglia have traditionally been implicated in dystonia, growing evidence points to the cerebellum as a critical player, offering new insights into dystonia’s pathophysiology as a modulator of motor output and as a potential driver of the disease [9, 20, 47]. The cerebellum’s central role in motor control is well-established, with its dysfunction leading to ataxia, tremor, and dystonia, as we argue here as well [47–51]. Furthermore, mounting evidence supports the cerebellum’s influence over a wide range of cognitive, emotional, and sensory abnormalities [5]. Although motor and non-motor symptoms are often discussed separately, many cerebellar circuits that are a part of the dystonia network support both domains. Importantly, disruptions to cerebellar circuits can produce distinct symptom profiles depending on the timing, location, and nature of the dysfunction, such as developmental versus adult-onset, or genetic, acquired, or circuit-specific perturbations [5, 17, 52]. Nevertheless, irregular cerebellar spiking activity emerges as a consistent feature across different pharmacological, genetic, optogenetic, and circuit-based animal models of dystonia [47, 48, 51, 53–59]. This may involve aberrant spiking from Purkinje cells and/or the cerebellar nuclei, disrupted climbing fiber inputs, and altered cerebellar-thalamic communication [47, 53, 54, 59, 60]. Notably, cerebellar abnormalities in these models are not secondary to basal ganglia dysfunction but rather appear to play a causative role in symptom generation. For instance, in the DYT1 mouse model, irregular cerebellar output precedes dystonic movements and can be suppressed by pharmacological silencing of the cerebellar nuclei [58]. Indeed, cerebellar deep brain stimulation (DBS) can not only restore movement in mouse models of movement disorders such as dystonia, tremor, and ataxia [47, 49, 61], but it can also restore sleep deficits in dystonic mice [62]. This is particularly exciting since sleep disruptions across various mouse models of movement disorders have been shown to be dependent on cerebellar dysfunction but not motor symptoms [9, 12], and addressing only motor symptoms fails to rescue poor sleep in both mice [62] and humans [63]. In human patients with dystonia, dystonic movements resolve during sleep while sleep itself is disrupted [39]. This dissociation suggests that cerebellar dysfunction may independently drive sleep abnormalities in dystonia. Understanding how cerebellar networks regulate sleep while simultaneously suppressing dystonic motor activity may reveal new therapeutic opportunities. Together, these findings support the targeting of the cerebellum as a compelling dual-function therapeutic node for dystonia.
Recent work has also highlighted the cerebellum’s unique role in sleep-dependent memory consolidation and sensorimotor recalibration. During sleep, cerebellar-thalamocortical coherence changes dynamically across different sleep stages [64], but spike timing between the motor cortex (M1) and cerebellum remains temporally correlated across both active and offline states [65]. These findings suggest that neural patterns engaged during waking behavior may be replayed during sleep, potentially supporting offline learning and refinement of motor output. This idea is further supported by observations in neonatal rodents, where cerebellar output is required for the development of precise sensorimotor predictions during rapid eye movement (REM) sleep. Specifically, thalamic responses to spontaneous twitches, which are critical for sensorimotor development, become increasingly precise during postnatal development, and this process is disrupted by inactivation of the interposed nucleus [66]. While key motor and social neurodevelopmental milestones are affected by olivocerebellar silencing in an early-onset generalized dystonia mouse model [67], it remains unknown whether dystonic cerebellar circuits during development [68] fail to properly consolidate memories or whether sensorimotor predictions are negatively impacted. Directly examining sleep-dependent consolidation in early-onset dystonia model would help clarify whether restoring healthy sleep architecture, alongside guiding adaptive early motor patterns, could support more typical sensorimotor development.
SYSTEMS-LEVEL NEURAL NETWORK DYSREGULATION IN DYSTONIA
At the neural systems level, a range of converging physiological abnormalities have been identified in dystonia, pointing to a widespread network dysfunction. These include abnormal basal ganglia firing patterns [69–72] and greater low-frequency oscillatory activity [73, 74], excessive low-frequency motor drive [75–78], disrupted sensorimotor processing [75, 79–83], reduced central inhibition [84], and increased synaptic plasticity [85, 86]. Together, these findings point to a failure in the coordinated activity within and between sensorimotor networks, leading to the emergence of involuntary, repetitive movements and abnormal postures. Importantly, the specific phenotype of a given dystonia likely reflects the site and nature of the underlying network disruption. For example, focal hand dystonia is often linked to abnormal cortical plasticity abnormalities and somatotopic disorganization, while generalized dystonia may involve deeper disturbances across basal ganglia-thalamo-cortical and cerebello-thalamo-cortical loops. Furthermore, the same clinical phenotypes can precipitate from diverse lesion sites, which tend to be functionally connected to common remote networks [87]. Across heterogeneous lesion sites, cervical dystonia consistently maps onto a cerebellar-somatosensory network that is also disrupted in idiopathic dystonia and preferentially connected to the most effective DBS targets [18]. Similarly, person-specific deviations in gray matter volume can be spread across distinct brain areas, yet they frequently converge on shared neural circuits or networks involved in specific brain functions [88]. Collectively, these findings help account for both the variability in clinical presentations and the common functional impairments observed, and they highlight how localized cerebellar disruptions may reverberate through distributed brain networks and influence widespread cellular functions and associated behaviors.
In this context, neuroanatomical data revealing extensive connections between the cerebellum and cerebral cortical association areas, such as the prefrontal cortex and limbic system, offer a compelling framework for understanding not only the motor but also the non-motor symptoms observed with cerebellar dysfunction [89–91]. It is likely that based on the complexity of cerebellar coordination, additional anatomical subdivisions, higher levels of multimodal input-output integration, and specialized encoding and plasticity mechanisms will be required. For instance, chemogenetic inhibition of Purkinje cells in lobule VI impairs coordinated activity across thalamic subregions, while inhibition in crus I disrupts coordination between sensorimotor and associative subnetworks during flexible, multiday behavior [92]. Furthermore, a single granule cell can receive mossy fiber inputs from multiple modalities, enabling integration across modalities [93–96]. Multimodal cortical influence may be further supported by cerebellar hubs within molecularly defined cerebellar modules of crus I, paraflocculus, and vermal regions IV/V and VI where mossy fiber terminals originating from the primary motor, sensory, and association cortical regions spatially overlap [97]. Although these multimodal hub regions are compelling candidates for multimodal integration relevant to dystonia, direct evidence of dysfunction within these specific cerebellar modules in dystonia models is not yet available. These findings highlight the importance of studying dystonia from a systems neuroscience perspective, one that leverages multi-site in vivo electrophysiological recordings, circuit-specific perturbations, and the mapping of aberrant network dynamics during behavior.
ABERRANT SYNAPTIC PLASTICITY: A DOUBLE-EDGED SWORD
Abnormal excessive synaptic plasticity may further contribute to dystonia pathology by failing to regulate plastic changes, and increasing maladaptive plasticity could worsen dystonic symptoms. Neurophysiological studies using techniques such as transcranial magnetic stimulation (TMS) have shown enhanced long-term potentiation-like responses, reduced intracortical inhibition, and impaired sensorimotor integration in patients with dystonia [85, 86, 98]. These abnormalities suggest a failure of homeostatic mechanisms that normally constrain plasticity to adaptive ranges. Further evidence comes from studies using paired associative stimulation (PAS), which reveal exaggerated and prolonged responses in dystonia patients compared to controls [99]. This heightened plasticity may underlie the persistence of maladaptive motor patterns and task-specificity seen in disorders like musician’s dystonia. In contrast, abnormal plasticity may not be essential for all forms of dystonia as patients with acquired hemidystonia show normal responses to PAS [100] and high-frequency repetitive sensory stimulation [101]. While aberrant plasticity might contribute to dystonia pathogenesis and progression, it could also provide an interesting opportunity for circuit recalibration. For example, pallidal DBS can normalize patterns of cortical excitability and restore more typical sensorimotor integration over time [102–104]. Emerging studies also point to the cerebellum as a key modulator of cortical excitability and plasticity. Cerebellar inhibition protocols, such as cerebellar TMS using continuous theta burst stimulation (cTBS) or inhibitory 1-Hz repetitive TMS over the cerebellum, have been shown to dampen overactive cortical plasticity and improve motor performance in patients with dystonia, though results have been mixed across subtypes ([105–109], see review [110]). A study targeting the cerebellum in writer’s cramp failed to produce a behavioral benefit, whereas similar protocols showed motor improvement in cervical dystonia [106, 111]. These discrepancies suggest that different dystonia subtypes may engage distinct cerebellar-cortical circuits and thus may respond differently to the same TMS protocols. Nevertheless, these approaches aim to recalibrate abnormal cerebello-thalamo-cortical communication and may offer a promising avenue to normalize impaired sensorimotor integration. While a broad range of stimulation parameters can be used, their effectiveness may depend also on the brain’s state, whether applied at rest or during task performance. Patients with dystonia show network abnormalities during both rest and active dystonic movement [25, 112–114], yet how these different brain states modulate the effectiveness of neuromodulatory interventions remains unclear. Recent findings from cerebellar DBS studies in post-stroke humans and a mouse model with dystonia, tremor, and ataxia suggest a synergy in motor recovery and unlocking of long-term benefits only when stimulation is paired with rehabilitative exercises [61, 115]. These findings reinforce the cerebellum’s potential to harness synaptic plasticity and maintain motor control fidelity in diseased states. Future research aimed at dissecting the temporal dynamics of circuit maturation, reorganization, and maladaptation will be critical for refining therapeutic strategies and for identifying windows of opportunity in which interventions may be most effective.
THERAPEUTIC RECALIBRATION–LEVERAGING NEUROPLASTICITY FOR THE TREATMENT OF DYSTONIA
Despite having worse motor symptoms, pallidal DBS tends to be more effective in pediatric patients with dystonia than in adults. This raises important questions about how developmental plasticity and circuit maturation can shape symptom expression and treatment responsiveness. The disparity in outcomes may reflect a sensitive period during childhood in which heightened plasticity coincides with ongoing activity-dependent refinement of sensorimotor circuits. In addition, sleep disturbances can be less of a problem in some forms of early-onset dystonia [116], presenting a valuable model in which the integrity of sleep-dependent mechanisms that control motor learning and memory consolidation are potentially preserved. These insights underscore the importance of early diagnosis and intervention of early-life dystonic symptoms. Moreover, they argue for timing the therapeutic interventions to capitalize on different windows of plasticity to optimize outcomes.
In genetic forms of dystonia, abnormal signaling may begin as early as embryogenesis, subtly altering the formation and function of key sensorimotor circuits. By contrast, acquired dystonia, particularly following perinatal insults, may interfere with circuits that were initially developing normally, only to be perturbed during a critical phase of refinement. Studies in neonatal mice have shown greater corticostriatal and corticothalamic coherences than thalamostriatal coherence during later postnatal ages, suggesting that cortical activity plays a dominant role in shaping early striatal function [117]. The cerebellum also plays a crucial role in shaping these developmental trajectories [118–121]. Cerebellar dysfunction, whether due to genetic mutation, developmental insult, or injury, can alter excitatory-inhibitory balance across the basal ganglia-thalamocortical network, seeding a cascade of maladaptive plasticity. This destabilization can reinforce abnormal movement patterns over time through aberrant synaptic strengthening and pruning [98]. In conditions like cerebral palsy and acquired hemidystonia, symptoms often emerge only after a delay from the initial cerebellar injury, suggesting a time-dependent unfolding of network-wide reorganization and maladaptive processes [122, 123]. In a mouse model of dystonia created by lesioning the cerebellar output pathways, DBS yielded robust immediate therapeutic effects when applied to the centrolateral thalamus, a first-order downstream target of cerebellar projections. However, targeting the dorsal striatum, a second-order node in the same circuit, failed to produce similar benefits [124]. Phenotype-specific differences in optimal DBS stimulation networks have been demonstrated in human patients with dystonia, where modulation of the striatopallidofugal axis appears most effective for cervical dystonia, whereas modulation of pallidothalamic bundles better predicts improvement in generalized dystonia, with both subtypes converging on a shared multisynaptic network involving the cerebellum and somatomotor cortex [125]. These results underscore the importance of precise circuit-level targeting in optimizing DBS outcomes. Identifying pathways through which cerebellar disturbances propagate, and understanding when these circuits are amenable to modulation, will be critical for designing targeted neuromodulation strategies aimed at restoring balance in the circuit before pathological plasticity becomes entrenched (Figure 1). Importantly, harnessing neuroplasticity remains a promising therapeutic strategy even in adulthood, as the cerebellum plays a critical role in motor learning and adaptation to changing environments and retains a high capacity for plasticity even following injury [115, 126–128].
[image: Three-panel illustration compares disease progression and intervention effects in dystonia. Left panel shows no intervention leading to severe dystonia. Middle panel shows single function intervention improving outcomes. Right panel shows multimodal intervention leading to optimal recovery toward healthy control status, with color gradient representing healthy plasticity levels.]FIGURE 1 | Therapeutic potential of different interventions for dystonia. Left: In the absence of intervention, dystonia progresses over time, leading to severe motor symptoms and abnormally heightened plasticity. Middle: A single-modality intervention, particularly if applied during a more amenable period, may delay, reduce, or even prevent the emergence of dystonic symptoms and associated pathophysiology. Right: Multimodal interventions may be more effective than single interventions, potentially harnessing excessive plasticity more effectively. This could result in a near-asymptomatic functional state or even restoration of functional networks approaching states seen in healthy individuals.Taken together, these findings position the cerebellum not only as a key driver of dystonia-related pathology but also as a promising target for therapeutic recalibration. Future neuromodulation strategies might benefit from leveraging sleep-dependent plasticity, developmentally informed intervention timing, and circuit-specific stimulation paradigms to optimize outcomes. By harnessing both spontaneous and induced forms of neuroplasticity, we may begin to think of ways to reshape abnormal motor networks (structure and function) and offer a fresh perspective for effective, personalized treatment across the lifespan.
DISCUSSION
Therapeutic implications and future research directions
Dystonia is a multifaceted disorder that extends beyond its motor symptoms to include significant non-motor challenges. The cerebellum emerges as a critical player in both domains, influencing sensorimotor integration, sleep regulation, and cognitive processing. Moreover, linking cerebellar dysfunction to therapeutic strategies offers an opportunity to develop innovative treatments not only for dystonia but also for a broader range of neurological and psychiatric conditions [129]. Advancements in our understanding of biomarkers and electrophysiological signatures [19, 130] are paving the way for early diagnosis and more targeted treatments of dystonia. Nevertheless, the establishment of a definitive biomarker for dystonia still remains an active area of investigation. Theta oscillations in the globus pallidus have been shown to be strongly associated with dystonic symptoms [73, 75, 77, 82], and the elevated theta interactions with weakened oscillations in the alpha, low beta, and gamma bands dynamically contribute to high contraction dystonic symptoms [131]. Restoring the abnormal balance between these oscillations could alleviate dystonic symptoms by rebalancing the flow of motor information in the basal ganglia network [132–135]. Interestingly, low beta/high beta power ratio positively correlated with both high and low muscle contractions during dystonic episodes, suggestive of it being a good biomarker for dystonia [131], but this remains to be experimentally tested. In addition, prominent alpha oscillations in the dentate nucleus in three patients with acquired dystonia have been reported, but the significance of these observations requires further investigation [136]. Together, these oscillatory signatures raise the possibility that specific frequency-band abnormalities could serve as biomarkers for symptom severity or real-time control signals for adaptive DBS, although their predictive value for prognosis, treatment response, or target selection has not yet been determined. At present, these biomarkers are best viewed as promising candidates for guiding closed-loop neuromodulation rather than established tools for diagnosis or therapeutic stratification. Nevertheless, these electrophysiological irregularities highlight the complex and heterogeneous nature of dystonia pathophysiology, reinforcing the need for a more personalized approach to DBS therapy, one that accounts for differences in pathological functional networks [125, 137] as well as variations in pallidal firing rates and patterns across dystonia etiologies and phenotypes [72]. Moreover, sleep quality, often overlooked, holds immense potential as an early indicator of circuit dysfunction and a synergist of recovery. Future research should also focus on elucidating the precise mechanisms linking cerebellar dysfunction to the motor and non-motor aspects of dystonia over time. By addressing both motor and non-motor symptoms, we can move closer to improving the overall quality of life for individuals with dystonia.
AUTHOR CONTRIBUTIONS
All authors contributed to the conception, drafting, and revision of the manuscript. LK designed and created the figure, while CB and RS provided critical feedback. All authors contributed to the article and approved the submitted version.
FUNDING
The author(s) declared that financial support was received for this work and/or its publication. LK received support from the Mahlon DeLong Young Investigator Award, funded by the Dystonia Medical Research Foundation (DMRF-PRF-2023-2). CB is supported by Simons Foundation 2025 Fellows-to-Faculty Award (SFI-AN-AR-Fellow-00012389). RS is supported by Baylor College of Medicine (BCM), Texas Children’s Hospital, the Jan and Dan Duncan Neurological Research Institute, and the Ting Tsung and Wei Fong Chao Foundation. RS also received support from the Eunice Kennedy Shriver National Institute of Child Health and Human Development of the National Institutes of Health (P50HD103555) for use of the Cell and Tissue Pathogenesis Core (the BCM IDDRC), and the National Institutes of Neurological Disorders and Stroke (NINDS) R01NS119301 and R01NS127435. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH. RS is supported by the Duncan Neurological Research Institute of Texas Children’s Hospital and by the Ting Tsung and Wei Fong Chao Foundation.
CONFLICT OF INTEREST
The author(s) declared that this work was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declared that generative AI was not used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Albanese, A, Bhatia, KP, Fung, VSC, Hallett, M, Jankovic, J, Klein, C, et al. Definition and classification of dystonia. Mov Disord (2025) 40:1248–59. doi:10.1002/mds.30220

	Bailey, GA, Martin, E, and Peall, KJ. Cognitive and neuropsychiatric impairment in dystonia. Curr Neurol Neurosci Rep (2022) 22:699–708. doi:10.1007/s11910-022-01233-3

	Salazar Leon, LE, and Sillitoe, RV. Potential interactions between cerebellar dysfunction and sleep disturbances in dystonia. Dystonia (2022) 1:10691. doi:10.3389/dyst.2022.10691

	Junker, J, Berman, BD, Hall, J, Wahba, DW, Brandt, V, Perlmutter, JS, et al. Quality of life in isolated dystonia: non-motor manifestations matter. J Neurol Neurosurg Psychiatr (2021) 92:622–628. doi:10.1136/jnnp-2020-325193

	Kim, LH, Heck, DH, and Sillitoe, RV. Cerebellar functions beyond movement and learning. Annu Rev Neurosci (2024) 47:145–66. doi:10.1146/annurev-neuro-100423-104943

	Van Overwalle, F, Manto, M, Cattaneo, Z, Clausi, S, Ferrari, C, Gabrieli, JDE, et al. Consensus paper: cerebellum and social cognition. Cerebellum (2020) 19:833–68. doi:10.1007/s12311-020-01155-1

	Manto, M, Adamaszek, M, Apps, R, Carlson, E, Guarque-Chabrera, J, Heleven, E, et al. Consensus paper: cerebellum and reward. Cerebellum (2024) 23:2169–92. doi:10.1007/s12311-024-01702-0

	Adamaszek, M, D’Agata, F, Ferrucci, R, Habas, C, Keulen, S, Kirkby, KC, et al. Consensus paper: cerebellum and emotion. Cerebellum (2017) 16:552–76. doi:10.1007/s12311-016-0815-8

	Salazar Leon, LE, and Sillitoe, RV. Disrupted sleep in dystonia depends on cerebellar function but not motor symptoms in mice. Dyst (2023) 2:11487. doi:10.3389/dyst.2023.11487

	Schmahmann, JD. Disorders of the cerebellum: Ataxia, dysmetria of thought, and the cerebellar cognitive affective syndrome. J Neuropsychiatry Clin Neurosci (2004) 16:367–78. doi:10.1176/jnp.16.3.367

	Schmahmann, JD. Ferdinando rossi lecture: the cerebellar cognitive affective syndrome-implications and future directions. Cerebellum (2023) 22:947–53. doi:10.1007/s12311-022-01456-7

	Salazar Leon, LE, Brown, AM, Kaku, H, and Sillitoe, RV. Purkinje cell dysfunction causes disrupted sleep in ataxic mice. Dis Model Mech (2024) 17:dmm050379. doi:10.1242/dmm.050379

	van der Heijden, ME, Gill, JS, and Sillitoe, RV. Abnormal cerebellar development in autism spectrum disorders. Dev Neurosci (2021) 43:181–90. doi:10.1159/000515189

	Balint, B, Mencacci, NE, Valente, EM, Pisani, A, Rothwell, J, Jankovic, J, et al. Dystonia. Nat Rev Dis Primers (2018) 4:25. doi:10.1038/s41572-018-0023-6

	Albanese, A, Bhatia, K, Bressman, SB, Delong, MR, Fahn, S, Fung, VSC, et al. Phenomenology and classification of dystonia: a consensus update. Mov Disord (2013) 28:863–73. doi:10.1002/mds.25475

	Jahanshahi, M. Factors that ameliorate or aggravate spasmodic torticollis. J Neurol Neurosurg Psychiatr (2000) 68:227–9. doi:10.1136/jnnp.68.2.227

	Gill, JS, Nguyen, MX, Hull, M, van der Heijden, ME, Nguyen, K, Thomas, SP, et al. Function and dysfunction of the dystonia network: an exploration of neural circuits that underlie the acquired and isolated dystonias. Dystonia (2023) 2:11805. doi:10.3389/dyst.2023.11805

	Corp, DT, Joutsa, J, Darby, RR, Delnooz, CCS, van de Warrenburg, BPC, Cooke, D, et al. Network localization of cervical dystonia based on causal brain lesions. Brain (2019) 142:1660–74. doi:10.1093/brain/awz112

	Latorre, A, Rocchi, L, and Bhatia, KP. Delineating the electrophysiological signature of dystonia. Exp Brain Res (2020) 238:1685–92. doi:10.1007/s00221-020-05863-2

	Jinnah, HA, Neychev, V, and Hess, EJ. The anatomical basis for dystonia: the motor network model. Tremor Other Hyperkinet Mov (N Y) (2017) 7:506. doi:10.7916/D8V69X3S

	Battistella, G, and Simonyan, K. Clinical implications of dystonia as a neural network disorder. Adv Neurobiol (2023) 31:223–40. doi:10.1007/978-3-031-26220-3_13

	Vo, A, Nguyen, N, Fujita, K, Schindlbeck, KA, Rommal, A, Bressman, SB, et al. Disordered network structure and function in dystonia: pathological connectivity vs. adaptive responses. Cereb Cortex (2023) 33:6943–58. doi:10.1093/cercor/bhad012

	Putzel, GG, Battistella, G, Rumbach, AF, Ozelius, LJ, Sabuncu, MR, and Simonyan, K. Polygenic risk of Spasmodic dysphonia is associated with vulnerable sensorimotor connectivity. Cereb Cortex (2018) 28:158–66. doi:10.1093/cercor/bhw363

	Khosravani, S, Chen, G, Ozelius, LJ, and Simonyan, K. Neural endophenotypes and predictors of laryngeal dystonia penetrance and manifestation. Neurobiol Dis (2021) 148:105223. doi:10.1016/j.nbd.2020.105223

	Battistella, G, Termsarasab, P, Ramdhani, RA, Fuertinger, S, and Simonyan, K. Isolated focal dystonia as a disorder of large-scale functional networks. Cereb Cortex (2017) 27:1203–15. doi:10.1093/cercor/bhv313

	Bianchi, S, Fuertinger, S, Huddleston, H, Frucht, SJ, and Simonyan, K. Functional and structural neural bases of task specificity in isolated focal dystonia. Mov Disord (2019) 34:555–63. doi:10.1002/mds.27649

	Yang, J, Shao, N, Song, W, Wei, Q, Ou, R, Wu, Y, et al. Nonmotor symptoms in primary adult-onset cervical dystonia and blepharospasm. Brain Behav (2017) 7:e00592. doi:10.1002/brb3.592

	Bradnam, LV, Meiring, RM, Boyce, M, and McCambridge, A. Neurorehabilitation in dystonia: a holistic perspective. J Neural Transm (2021) 128:549–58. doi:10.1007/s00702-020-02265-0

	Kuyper, DJ, Parra, V, Aerts, S, Okun, MS, and Kluger, BM. Nonmotor manifestations of dystonia: a systematic review. Mov Disord (2011) 26:1206–17. doi:10.1002/mds.23709

	Peall, KJ, Berman, BD, Bruggemann, N, Defazio, G, Gimeno, H, Jinnah, HA, et al. Non-motor symptoms in dystonia: from diagnosis to treatment. Dyst (2023) 2:11860. doi:10.3389/dyst.2023.11860

	Avenali, M, De Icco, R, Tinazzi, M, Defazio, G, Tronconi, L, Sandrini, G, et al. Pain in focal dystonias - a focused review to address an important component of the disease. Parkinsonism Relat Disord (2018) 54:17–24. doi:10.1016/j.parkreldis.2018.04.030

	Gündel, H, Wolf, A, Xidara, V, Busch, R, and Ceballos-Baumann, AO. Social phobia in spasmodic torticollis. J Neurol Neurosurg Psychiatr (2001) 71:499–504. doi:10.1136/jnnp.71.4.499

	Bailey, GA, Rawlings, A, Torabi, F, Pickrell, WO, and Peall, KJ. Longitudinal analysis of the relationship between motor and psychiatric symptoms in idiopathic dystonia. Eur J Neurol (2022) 29:3513–27. doi:10.1111/ene.15530

	Berardelli, I, Ferrazzano, G, Pasquini, M, Biondi, M, Berardelli, A, and Fabbrini, G. Clinical course of psychiatric disorders in patients with cervical dystonia. Psychiatry Res (2015) 229:583–5. doi:10.1016/j.psychres.2015.07.076

	Martino, D, Brander, G, Svenningsson, P, Larsson, H, and de la Cruz, LF. Association and familial coaggregation of idiopathic dystonia with psychiatric outcomes. Mov Disord (2020) 35:2270–8. doi:10.1002/mds.28257

	Rampes, S, and Batla, A. More than a movement disorder: non-motor features and future directions in dystonia research. Brain Sci (2025) 15:1293. doi:10.3390/brainsci15121293

	Eichenseer, SR, Stebbins, GT, and Comella, CL. Beyond a motor disorder: a prospective evaluation of sleep quality in cervical dystonia. Parkinsonism Relat Disord (2014) 20:405–8. doi:10.1016/j.parkreldis.2014.01.004

	Smit, M, Kamphuis, ASJ, Bartels, AL, Han, V, Stewart, RE, Zijdewind, I, et al. Fatigue, sleep disturbances, and their influence on quality of life in cervical dystonia patients. Mov Disord Clin Pract (Hoboken) (2017) 4:517–23. doi:10.1002/mdc3.12459

	Hertenstein, E, Tang, NKY, Bernstein, CJ, Nissen, C, Underwood, MR, and Sandhu, HK. Sleep in patients with primary dystonia: a systematic review on the state of research and perspectives. Sleep Med Rev (2016) 26:95–107. doi:10.1016/j.smrv.2015.04.004

	Caverzasio, S, Amato, N, Chiaro, G, Staedler, C, Kaelin-Lang, A, and Galati, S. Impairment of sleep homeostasis in cervical dystonia patients. Sci Rep (2022) 12:6866. doi:10.1038/s41598-022-10802-y

	Bailey, GA, Hubbard, EK, Fasano, A, Tijssen, MA, Lynch, T, Anderson, KN, et al. Sleep disturbance in movement disorders: insights, treatments and challenges. J Neurol Neurosurg Psychiatr (2021) 92:723–36. doi:10.1136/jnnp-2020-325546

	Leong, RLF, and Chee, MWL. Understanding the need for sleep to improve cognition. Annu Rev Psychol (2023) 74:27–57. doi:10.1146/annurev-psych-032620-034127

	Robertson, EM, Pascual-Leone, A, and Press, DZ. Awareness modifies the skill-learning benefits of sleep. Curr Biol (2004) 14:208–12. doi:10.1016/j.cub.2004.01.027

	Al-Sharman, A, and Siengsukon, CF. Sleep enhances learning of a functional motor task in young adults. Phys Ther (2013) 93:1625–35. doi:10.2522/ptj.20120502

	Walker, MP, Brakefield, T, Seidman, J, Morgan, A, Hobson, JA, and Stickgold, R. Sleep and the time course of motor skill learning. Learn Mem (2003) 10:275–84. doi:10.1101/lm.58503

	Siengsukon, CF, and Boyd, LA. Sleep enhances implicit motor skill learning in individuals poststroke. Top Stroke Rehabil (2008) 15:1–12. doi:10.1310/tsr1501-1

	White, JJ, and Sillitoe, RV. Genetic silencing of olivocerebellar synapses causes dystonia-like behaviour in mice. Nat Commun (2017) 8:14912. doi:10.1038/ncomms14912

	van der Heijden, ME, Brown, AM, Kizek, DJ, and Sillitoe, RV. Cerebellar nuclei cells produce distinct pathogenic spike signatures in mouse models of ataxia, dystonia, and tremor. ELife (2024) 12:RP91483. doi:10.7554/eLife.91483

	Brown, AM, White, JJ, van der Heijden, ME, Zhou, J, Lin, T, and Sillitoe, RV. Purkinje cell misfiring generates high-amplitude action tremors that are corrected by cerebellar deep brain stimulation. ELife (2020) 9:e51928. doi:10.7554/eLife.51928

	White, JJ, Arancillo, M, King, A, Lin, T, Miterko, LN, Gebre, SA, et al. Pathogenesis of severe ataxia and tremor without the typical signs of neurodegeneration. Neurobiol Dis (2016) 86:86–98. doi:10.1016/j.nbd.2015.11.008

	van der Heijden, ME, and Sillitoe, RV. Cerebellar dysfunction in rodent models with dystonia, tremor, and ataxia. Dystonia (2023) 2:11515. doi:10.3389/dyst.2023.11515

	Gill, JS, and Sillitoe, RV. Functional outcomes of cerebellar malformations. Front Cell Neurosci (2019) 13:441. doi:10.3389/fncel.2019.00441

	Pizoli, CE, Jinnah, HA, Billingsley, ML, and Hess, EJ. Abnormal cerebellar signaling induces dystonia in mice. J Neurosci (2002) 22:7825–33. doi:10.1523/JNEUROSCI.22-17-07825.2002

	Fremont, R, Calderon, DP, Maleki, S, and Khodakhah, K. Abnormal high-frequency burst firing of cerebellar neurons in rapid-onset dystonia-parkinsonism. J Neurosci (2014) 34:11723–32. doi:10.1523/JNEUROSCI.1409-14.2014

	Fremont, R, Tewari, A, and Khodakhah, K. Aberrant purkinje cell activity is the cause of dystonia in a shRNA-based mouse model of rapid onset dystonia-parkinsonism. Neurobiol Dis (2015) 82:200–12. doi:10.1016/j.nbd.2015.06.004

	Washburn, S, Fremont, R, Moreno-Escobar, MC, Angueyra, C, and Khodakhah, K. Acute cerebellar knockdown of sgce reproduces salient features of myoclonus-dystonia (DYT11) in mice. ELife (2019) 8:e52101. doi:10.7554/eLife.52101

	Fremont, R, Tewari, A, Angueyra, C, and Khodakhah, K. A role for cerebellum in the hereditary dystonia DYT1. ELife (2017) 6:e22775. doi:10.7554/eLife.22775

	Calderon, DP, Fremont, R, Kraenzlin, F, and Khodakhah, K. The neural substrates of rapid-onset dystonia-parkinsonism. Nat Neurosci (2011) 14:357–65. doi:10.1038/nn.2753

	Rey Hipolito, AG, van der Heijden, ME, and Sillitoe, RV. Physiology of dystonia: animal studies. Int Rev Neurobiol (2023) 169:163–215. doi:10.1016/bs.irn.2023.05.004

	LeDoux, MS, and Lorden, JF. Abnormal spontaneous and harmaline-stimulated Purkinje cell activity in the awake genetically dystonic rat. Exp Brain Res (2002) 145:457–67. doi:10.1007/s00221-002-1127-4

	Miterko, LN, Lin, T, Zhou, J, van der Heijden, ME, Beckinghausen, J, White, JJ, et al. Neuromodulation of the cerebellum rescues movement in a mouse model of ataxia. Nat Commun (2021) 12:1295. doi:10.1038/s41467-021-21417-8

	Salazar Leon, LE, Kim, LH, and Sillitoe, RV. Cerebellar deep brain stimulation as a dual-function therapeutic for restoring movement and sleep in dystonic mice. Neurotherapeutics (2024) 21:e00467. doi:10.1016/j.neurot.2024.e00467

	Paus, S, Gross, J, Moll-Müller, M, Hentschel, F, Spottke, A, Wabbels, B, et al. Impaired sleep quality and restless legs syndrome in idiopathic focal dystonia: a controlled study. J Neurol (2011) 258:1835–40. doi:10.1007/s00415-011-6029-6

	Xu, W, De Carvalho, F, Clarke, AK, and Jackson, A. Communication from the cerebellum to the neocortex during sleep spindles. Prog Neurobiol (2021) 199:101940. doi:10.1016/j.pneurobio.2020.101940

	Xu, W, De Carvalho, F, and Jackson, A. Conserved population dynamics in the cerebro-cerebellar system between waking and sleep. J Neurosci (2022) 42:9415–25. doi:10.1523/JNEUROSCI.0807-22.2022

	Dooley, JC, Sokoloff, G, and Blumberg, MS. Movements during sleep reveal the developmental emergence of a cerebellar-dependent internal model in motor thalamus. Curr Biol (2021) 31:5501–11.e5. doi:10.1016/j.cub.2021.10.014

	Van Der Heijden, ME, Gill, JS, Rey Hipolito, AG, Salazar Leon, LE, and Sillitoe, RV. Quantification of behavioral deficits in developing mice with dystonic behaviors. Dystonia (2022) 1:10494. doi:10.3389/dyst.2022.10494

	Brandenburg, C, Gill, JS, and Sillitoe, RV. Olivocerebellar circuit development as a substrate for dystonia pathogenesis. In: Current Topics in Developmental Biology . Elsevier (2025). doi:10.1016/bs.ctdb.2025.11.003

	Vitek, JL, Chockkan, V, Zhang, JY, Kaneoke, Y, Evatt, M, DeLong, MR, et al. Neuronal activity in the basal ganglia in patients with generalized dystonia and hemiballismus. Ann Neurol (1999) 46:22–35. doi:10.1002/1531-8249(199907)46:1<22::aid-ana6>3.0.co;2-z

	Starr, PA, Rau, GM, Davis, V, Marks, WJ, Ostrem, JL, Simmons, D, et al. Spontaneous pallidal neuronal activity in human dystonia: comparison with Parkinson’s disease and normal macaque. J Neurophysiol (2005) 93:3165–76. doi:10.1152/jn.00971.2004

	Vitek, JL, Delong, MR, Starr, PA, Hariz, MI, and Metman, LV. Intraoperative neurophysiology in DBS for dystonia. Mov Disord (2011) 26(Suppl. 1):S31–6. doi:10.1002/mds.23619

	McClelland, VM, Valentin, A, Rey, HG, Lumsden, DE, Elze, MC, Selway, R, et al. Differences in globus pallidus neuronal firing rates and patterns relate to different disease biology in children with dystonia. J Neurol Neurosurg Psychiatr (2016) 87:958–67. doi:10.1136/jnnp-2015-311803

	Barow, E, Neumann, W-J, Brücke, C, Huebl, J, Horn, A, Brown, P, et al. Deep brain stimulation suppresses pallidal low frequency activity in patients with phasic dystonic movements. Brain (2014) 137:3012–24. doi:10.1093/brain/awu258

	Neumann, W-J, Jha, A, Bock, A, Huebl, J, Horn, A, Schneider, G-H, et al. Cortico-pallidal oscillatory connectivity in patients with dystonia. Brain (2015) 138:1894–906. doi:10.1093/brain/awv109

	McClelland, VM, Cvetkovic, Z, Lin, J-P, Mills, KR, and Brown, P. Abnormal patterns of corticomuscular and intermuscular coherence in childhood dystonia. Clin Neurophysiol (2020) 131:967–77. doi:10.1016/j.clinph.2020.01.012

	Doldersum, E, van Zijl, JC, Beudel, M, Eggink, H, Brandsma, R, Piña-Fuentes, D, et al. Intermuscular coherence as biomarker for pallidal deep brain stimulation efficacy in dystonia. Clin Neurophysiol (2019) 130:1351–7. doi:10.1016/j.clinph.2019.04.717

	Sharott, A, Grosse, P, Kühn, AA, Salih, F, Engel, AK, Kupsch, A, et al. Is the synchronization between pallidal and muscle activity in primary dystonia due to peripheral afferance or a motor drive?Brain (2008) 131:473–84. doi:10.1093/brain/awm324

	Grosse, P, Edwards, M, Tijssen, MAJ, Schrag, A, Lees, AJ, Bhatia, KP, et al. Patterns of EMG-EMG coherence in limb dystonia. Mov Disord (2004) 19:758–69. doi:10.1002/mds.20075

	Tinazzi, M, Priori, A, Bertolasi, L, Frasson, E, Mauguière, F, and Fiaschi, A. Abnormal central integration of a dual somatosensory input in dystonia. Evidence for sensory overflow. Brain (2000) 123(Pt 1):42–50. doi:10.1093/brain/123.1.42

	Konczak, J, and Abbruzzese, G. Focal dystonia in musicians: linking motor symptoms to somatosensory dysfunction. Front Hum Neurosci (2013) 7:297. doi:10.3389/fnhum.2013.00297

	Avanzino, L, Tinazzi, M, Ionta, S, and Fiorio, M. Sensory-motor integration in focal dystonia. Neuropsychologia (2015) 79:288–300. doi:10.1016/j.neuropsychologia.2015.07.008

	Sakellariou, DF, Dall’Orso, S, Burdet, E, Lin, J-P, Richardson, MP, and McClelland, VM. Abnormal microscale neuronal connectivity triggered by a proprioceptive stimulus in dystonia. Sci Rep (2020) 10:20758. doi:10.1038/s41598-020-77533-w

	McClelland, VM, Fischer, P, Foddai, E, Dall’Orso, S, Burdet, E, Brown, P, et al. EEG measures of sensorimotor processing and their development are abnormal in children with isolated dystonia and dystonic cerebral palsy. Neuroimage Clin (2021) 30:102569. doi:10.1016/j.nicl.2021.102569

	Hallett, M. Neurophysiology of dystonia: the role of inhibition. Neurobiol Dis (2011) 42:177–84. doi:10.1016/j.nbd.2010.08.025

	Quartarone, A, Morgante, F, Sant’angelo, A, Rizzo, V, Bagnato, S, Terranova, C, et al. Abnormal plasticity of sensorimotor circuits extends beyond the affected body part in focal dystonia. J Neurol Neurosurg Psychiatr (2008) 79:985–90. doi:10.1136/jnnp.2007.121632

	Quartarone, A, and Pisani, A. Abnormal plasticity in dystonia: disruption of synaptic homeostasis. Neurobiol Dis (2011) 42:162–70. doi:10.1016/j.nbd.2010.12.011

	Fox, MD. Mapping symptoms to brain networks with the human connectome. N Engl J Med (2018) 379:2237–45. doi:10.1056/NEJMra1706158

	Segal, A, Parkes, L, Aquino, K, Kia, SM, Wolfers, T, Franke, B, et al. Regional, circuit and network heterogeneity of brain abnormalities in psychiatric disorders. Nat Neurosci (2023) 26:1613–29. doi:10.1038/s41593-023-01404-6

	Bodranghien, F, Bastian, A, Casali, C, Hallett, M, Louis, ED, Manto, M, et al. Consensus paper: revisiting the symptoms and signs of cerebellar syndrome. Cerebellum (2016) 15:369–91. doi:10.1007/s12311-015-0687-3

	Ciapponi, C, Li, Y, Osorio Becerra, DA, Rodarie, D, Casellato, C, Mapelli, L, et al. Variations on the theme: focus on cerebellum and emotional processing. Front Syst Neurosci (2023) 17:1185752. doi:10.3389/fnsys.2023.1185752

	Koziol, LF, Budding, D, Andreasen, N, D’Arrigo, S, Bulgheroni, S, Imamizu, H, et al. Consensus paper: the cerebellum’s role in movement and cognition. Cerebellum (2014) 13:151–77. doi:10.1007/s12311-013-0511-x

	Verpeut, JL, Bergeler, S, Kislin, M, William Townes, F, Klibaite, U, Dhanerawala, ZM, et al. Cerebellar contributions to a brainwide network for flexible behavior in mice. Commun Biol (2023) 6:605. doi:10.1038/s42003-023-04920-0

	Chabrol, FP, Arenz, A, Wiechert, MT, Margrie, TW, and DiGregorio, DA. Synaptic diversity enables temporal coding of coincident multisensory inputs in single neurons. Nat Neurosci (2015) 18:718–27. doi:10.1038/nn.3974

	Huang, C-C, Sugino, K, Shima, Y, Guo, C, Bai, S, Mensh, BD, et al. Convergence of pontine and proprioceptive streams onto multimodal cerebellar granule cells. ELife (2013) 2:e00400. doi:10.7554/eLife.00400

	Ishikawa, T, Shimuta, M, and Häusser, M. Multimodal sensory integration in single cerebellar granule cells in vivo. ELife (2015) 4:e12916. doi:10.7554/eLife.12916

	Shimuta, M, Sugihara, I, and Ishikawa, T. Multiple signals evoked by unisensory stimulation converge onto cerebellar granule and Purkinje cells in mice. Commun Biol (2020) 3:381. doi:10.1038/s42003-020-1110-2

	Henschke, JU, and Pakan, JM. Disynaptic cerebrocerebellar pathways originating from multiple functionally distinct cortical areas. ELife (2020) 9:e59148. doi:10.7554/eLife.59148

	Quartarone, A, and Hallett, M. Emerging concepts in the physiological basis of dystonia. Mov Disord (2013) 28:958–67. doi:10.1002/mds.25532

	Weise, D, Schramm, A, Stefan, K, Wolters, A, Reiners, K, Naumann, M, et al. The two sides of associative plasticity in writer’s cramp. Brain (2006) 129:2709–21. doi:10.1093/brain/awl221

	Kojovic, M, Pareés, I, Kassavetis, P, Palomar, FJ, Mir, P, Teo, JT, et al. Secondary and primary dystonia: pathophysiological differences. Brain (2013) 136:2038–49. doi:10.1093/brain/awt150

	Latorre, A, Cocco, A, Bhatia, KP, Erro, R, Antelmi, E, Conte, A, et al. Defective somatosensory inhibition and plasticity are not required to develop dystonia. Mov Disord (2021) 36:1015–21. doi:10.1002/mds.28427

	Ni, Z, Kim, SJ, Phielipp, N, Ghosh, S, Udupa, K, Gunraj, CA, et al. Pallidal deep brain stimulation modulates cortical excitability and plasticity. Ann Neurol (2018) 83:352–62. doi:10.1002/ana.25156

	Tisch, S, Rothwell, JC, Bhatia, KP, Quinn, N, Zrinzo, L, Jahanshahi, M, et al. Pallidal stimulation modifies after-effects of paired associative stimulation on motor cortex excitability in primary generalised dystonia. Exp Neurol (2007) 206:80–5. doi:10.1016/j.expneurol.2007.03.027

	Heerdegen, M, Zwar, M, Franz, D, Hörnschemeyer, MF, Neubert, V, Plocksties, F, et al. Mechanisms of pallidal deep brain stimulation: alteration of cortico-striatal synaptic communication in a dystonia animal model. Neurobiol Dis (2021) 154:105341. doi:10.1016/j.nbd.2021.105341

	Koch, G, Porcacchia, P, Ponzo, V, Carrillo, F, Cáceres-Redondo, MT, Brusa, L, et al. Effects of two weeks of cerebellar theta burst stimulation in cervical dystonia patients. Brain Stimulat (2014) 7:564–72. doi:10.1016/j.brs.2014.05.002

	Bradnam, LV, McDonnell, MN, and Ridding, MC. Cerebellar intermittent theta-burst stimulation and motor control training in individuals with cervical dystonia. Brain Sci (2016) 6(4):56. doi:10.3390/brainsci6040056

	Casula, EP, Pellicciari, MC, Ponzo, V, Stampanoni Bassi, M, Veniero, D, Caltagirone, C, et al. Cerebellar theta burst stimulation modulates the neural activity of interconnected parietal and motor areas. Sci Rep (2016) 6:36191. doi:10.1038/srep36191

	Rastogi, A, Cash, R, Dunlop, K, Vesia, M, Kucyi, A, Ghahremani, A, et al. Modulation of cognitive cerebello-cerebral functional connectivity by lateral cerebellar continuous theta burst stimulation. Neuroimage (2017) 158:48–57. doi:10.1016/j.neuroimage.2017.06.048

	Kimberley, TJ, Borich, MR, Arora, S, and Siebner, HR. Multiple sessions of low-frequency repetitive transcranial magnetic stimulation in focal hand dystonia: clinical and physiological effects. Restor Neurol Neurosci (2013) 31:533–42. doi:10.3233/RNN-120259

	Udupa, K, Bhattacharya, A, and Chen, R. Exploring the connections between basal ganglia and cortex revealed by transcranial magnetic stimulation, evoked potential and deep brain stimulation in dystonia. Eur J Paediatr Neurol (2022) 36:69–77. doi:10.1016/j.ejpn.2021.12.004

	Sadnicka, A, Hamada, M, Bhatia, KP, Rothwell, JC, and Edwards, MJ. Cerebellar stimulation fails to modulate motor cortex plasticity in writing dystonia. Mov Disord (2014) 29:1304–7. doi:10.1002/mds.25881

	Norris, SA, Morris, AE, Campbell, MC, Karimi, M, Adeyemo, B, Paniello, RC, et al. Regional, not global, functional connectivity contributes to isolated focal dystonia. Neurology (2020) 95:e2246–58. doi:10.1212/WNL.0000000000010791

	Mantel, T, Meindl, T, Li, Y, Jochim, A, Gora-Stahlberg, G, Kräenbring, J, et al. Network-specific resting-state connectivity changes in the premotor-parietal axis in writer’s cramp. Neuroimage Clin (2018) 17:137–44. doi:10.1016/j.nicl.2017.10.001

	Gallea, C, Horovitz, SG, Najee-Ullah, M’, and Hallett, M. Impairment of a parieto-premotor network specialized for handwriting in writer’s cramp. Hum Brain Mapp (2016) 37:4363–75. doi:10.1002/hbm.23315

	Baker, KB, Plow, EB, Nagel, S, Rosenfeldt, AB, Gopalakrishnan, R, Clark, C, et al. Cerebellar deep brain stimulation for chronic post-stroke motor rehabilitation: a phase I trial. Nat Med (2023) 29:2366–74. doi:10.1038/s41591-023-02507-0

	Zhou, Y, Wang, L, Li, H, and Wu, Y. Non-motor symptoms in patients with isolated dystonia: comparison between the age of onset. Dystonia (2024) 3:11468. doi:10.3389/dyst.2024.11468

	Klavinskis-Whiting, S, Bitzenhofer, S, Hanganu-Opatz, I, and Ellender, T. Generation and propagation of bursts of activity in the developing basal ganglia. Cereb Cortex (2023) 33:10595–613. doi:10.1093/cercor/bhad307

	Tereshchenko, AV, Schultz, JL, Bruss, JE, Magnotta, VA, Epping, EA, and Nopoulos, PC. Abnormal development of cerebellar-striatal circuitry in huntington disease. Neurology (2020) 94:e1908–15. doi:10.1212/WNL.0000000000009364

	Wang, SS-H, Kloth, AD, and Badura, A. The cerebellum, sensitive periods, and autism. Neuron (2014) 83:518–32. doi:10.1016/j.neuron.2014.07.016

	Badura, A, Verpeut, JL, Metzger, JW, Pereira, TD, Pisano, TJ, Deverett, B, et al. Normal cognitive and social development require posterior cerebellar activity. ELife (2018) 7:e36401. doi:10.7554/eLife.36401

	Lee, AS, Arefin, TM, Gubanova, A, Stephen, DN, Liu, Y, Lao, Z, et al. Cerebellar output neurons can impair non-motor behaviors by altering development of extracerebellar connectivity. Nat Commun (2025) 16:1858. doi:10.1038/s41467-025-57080-6

	Trompetto, C, Avanzino, L, Marinelli, L, Mori, L, Pelosin, E, Roccatagliata, L, et al. Corticospinal excitability in patients with secondary dystonia due to focal lesions of the basal ganglia and thalamus. Clin Neurophysiol (2012) 123:808–14. doi:10.1016/j.clinph.2011.06.033

	McClelland, VM, and Lin, J-P. Sensorimotor integration in childhood dystonia and dystonic cerebral Palsy-A developmental perspective. Front Neurol (2021) 12:668081. doi:10.3389/fneur.2021.668081

	Nguyen, MX, Brown, AM, Lin, T, Sillitoe, RV, and Gill, JS. Thalamic deep brain stimulation improves movement in a cerebellar model of lesion-based status dystonicus. Neurotherapeutics (2025) 22:e00543. doi:10.1016/j.neurot.2025.e00543

	Horn, A, Reich, MM, Ewert, S, Li, N, Al-Fatly, B, Lange, F, et al. Optimal deep brain stimulation sites and networks for cervical vs. generalized dystonia. Proc Natl Acad Sci USA (2022) 119:e2114985119. doi:10.1073/pnas.2114985119

	Smith, MA, and Shadmehr, R. Intact ability to learn internal models of arm dynamics in Huntington’s disease but not cerebellar degeneration. J Neurophysiol (2005) 93:2809–21. doi:10.1152/jn.00943.2004

	Lin, S, Zhang, C, Li, H, Wang, Y, Wu, Y, Wang, T, et al. High frequency deep brain stimulation of superior cerebellar peduncles in a patient with cerebral palsy. Tremor Other Hyperkinet Mov (N Y) (2020) 10:38. doi:10.5334/tohm.551

	San Luciano, M, Oehrn, CR, Wang, SS, Tolmie, JS, Wiltshire, A, Graff, RE, et al. Protocol for combined N-of-1 trials to assess cerebellar neurostimulation for movement disorders in children and young adults with dyskinetic cerebral palsy. BMC Neurol (2024) 24:145. doi:10.1186/s12883-024-03633-z

	Miterko, LN, Baker, KB, Beckinghausen, J, Bradnam, LV, Cheng, MY, Cooperrider, J, et al. Consensus paper: experimental neurostimulation of the cerebellum. Cerebellum (2019) 18:1064–97. doi:10.1007/s12311-019-01041-5

	Ledingham, D, Baker, M, and Pavese, N.Local field potentials: Therapeutic implications for DBS in dystonia including adaptive DBS for dystonia. Deep Brain Stimulation (2024) 5:4–19. doi:10.1016/j.jdbs.2024.03.003

	Zhang, R, Nie, Y, Dai, W, Wang, S, and Geng, X. Balance between pallidal neural oscillations correlated with dystonic activity and severity. Neurobiol Dis (2023) 183:106178. doi:10.1016/j.nbd.2023.106178

	Nie, Y, Luo, H, Li, X, Geng, X, Green, AL, Aziz, TZ, et al. Subthalamic dynamic neural states correlate with motor symptoms in Parkinson’s disease. Clin Neurophysiol (2021) 132:2789–97. doi:10.1016/j.clinph.2021.07.022

	Muthuraman, M, Bange, M, Koirala, N, Ciolac, D, Pintea, B, Glaser, M, et al. Cross-frequency coupling between gamma oscillations and deep brain stimulation frequency in Parkinson’s disease. Brain (2020) 143:3393–407. doi:10.1093/brain/awaa297

	Khawaldeh, S, Tinkhauser, G, Shah, SA, Peterman, K, Debove, I, Nguyen, TAK, et al. Subthalamic nucleus activity dynamics and limb movement prediction in Parkinson’s disease. Brain (2020) 143:582–96. doi:10.1093/brain/awz417

	Khawaldeh, S, Tinkhauser, G, Torrecillos, F, He, S, Foltynie, T, Limousin, P, et al. Balance between competing spectral states in subthalamic nucleus is linked to motor impairment in Parkinson’s disease. Brain (2022) 145:237–50. doi:10.1093/brain/awab264

	Cajigas, I, Morrison, MA, Luciano, MS, and Starr, PA. Cerebellar deep brain stimulation for the treatment of movement disorders in cerebral palsy. J Neurosurg (2023) 139:605–14. doi:10.3171/2023.1.JNS222289

	Sondergaard, RE, Rockel, CP, Cortese, F, Pike, GB, Kiss, ZHT, and Martino, D. Asymmetry of the dentato-rubro-thalamic tracts in cervical dystonia. Mov Disord (2023) 38:1970–2. doi:10.1002/mds.29594


Copyright © 2026 Kim, Brandenburg and Sillitoe. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Cerebellar motor and non-motor contributions to dystonia pathophysiology and treatment		INTRODUCTION

		MOTOR SYMPTOMS IN DYSTONIA

		NON-MOTOR SYMPTOMS IN DYSTONIA

		CEREBELLAR CONTRIBUTIONS TO DYSTONIA

		SYSTEMS-LEVEL NEURAL NETWORK DYSREGULATION IN DYSTONIA

		ABERRANT SYNAPTIC PLASTICITY: A DOUBLE-EDGED SWORD

		THERAPEUTIC RECALIBRATION–LEVERAGING NEUROPLASTICITY FOR THE TREATMENT OF DYSTONIA

		DISCUSSION		Therapeutic implications and future research directions





		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
@DYSTONIA
=

=

Cerebellar motor and non-
motor contributions to
dystonia pathophysiology
and treatment





OPS/images/dyst-05-15082-g001.jpg
ion

)

)

//// \v\\___a
)

%

Multimodal intervent

Single function intervention

No intervention










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
@ DYSTONIA

—
—





