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Dystonia and Tremor


Tremor is a common co-occurring feature in individuals diagnosed with dystonia, particularly in those with focal cervical dystonia—the most prevalent form of the disorder. Unlike parkinsonism or myoclonus, tremor is now increasingly understood as an intrinsic component of dystonia itself. While our understanding of the mechanisms linking tremor and dystonia continues to evolve, this relationship has spurred significant research interest worldwide.This eBook brings together eight contributions from the Special Issue Dystonia and Tremor, highlighting recent progress in the clinical characterization, electrophysiological features, and therapeutic management of tremor in dystonia. The collection includes original research on tremor subtypes and treatment outcomes, reviews of pathophysiological mechanisms, and perspectives on future clinical and research directions. Together, these articles offer a timely overview of this complex clinical entity and aim to support continued advances in evidence-based care and mechanistic understanding.
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Editorial on the Special Issue 
Dystonia and tremor


The definition of “Dystonia and tremor” is heterogeneous and has been recently revisited in 2024 by an expert panel of the MDS Dystonia Study Group and the Dystonia Coalition. It has now been explicitly redefined to refer only to rhythmic oscillatory movements in dystonia. In contrast, the arrhythmic jerky movements seen in dystonia, which were also previously classified as dystonia and tremor, should now be renamed as jerky repetitive dystonia and not be included in the dystonia and tremor category [1–3]. This may help to create more standardized terminology in research and clinical practice. The studies in this special issue of Dystonia and Tremor provide updated insights into dystonia and tremor, particularly in isolated focal dystonia, with detailed characterization of the clinical features and physiological aspects of isolated cervical dystonia (CD) and task-specific dystonia (TSD) presenting with tremor. This issue also advances the understanding of gait and balance impairments in CD patients with tremor, and nonmotor symptoms in children and adults with dystonia underscoring the importance of multidisciplinary care for this patient population.
Beylergil et al. determined the prevalence of tremor in CD patients enrolled in the Dystonia Coalition cohort. The study found that approximately 45% of patients, particularly women, experienced head tremor, with nearly 75% exhibiting irregular head tremor (better classified as jerky dystonia) and 25% presenting with regular head tremor. Predictors of head tremors included increased disease severity, increased disease duration, and increased age, in this order, whereas the presence of regular head tremor was associated with decreased disease severity and older age. This underpins that jerky dystonia and regular head tremor seen in CD should be regarded as distinct entities.
Jabarkheel and Wagle Shukla prospectively compared the electrophysiologic characteristics of head and arm tremor in patients with focal CD vs segmental dystonia. While the mean frequency of the head tremor was observed to be low (4.3 ± 0.9; range 3.5–6 Hz), the arm tremor had a slightly higher frequency (5.5 ± 0.6; range 3.5–7 Hz). The frequency of head tremor was higher in younger participants than in older participants, as previously described in patients with essential tremor (ET). When comparing focal vs. segmental dystonia, the head tremor in CD had a lower peak frequency and amplitude with a longer EMG burst duration. Arm tremor in patients grouped as focal dystonia (CD plus arm tremor without dystonic features) had a lower amplitude compared to segmental dystonia (CD plus arm tremor with dystonic features). Head and arm tremor tended to be less severe in patients who reported alcohol responsiveness. The study concluded that the physiological characteristics of tremor in focal and segmental dystonia differ to some extent, indicating that the progression of dystonia symptoms across body regions may influence the underlying physiology of co-occurring tremor.
The effects of botulinum toxin (BoNT) injection on the regularity of head oscillation in CD were investigated in a small sample size (N = 8 with documented head movements by the magnetic search coil) Agharazi et al. The regularity of head tremor was quantified by calculating the dispersion of head movements in time series values. BoNT injection could change the regularity of head tremor to a certain “set-point” in the oscillatory network possibly by modulating proprioceptive feedback to the head neural integrator [4]. In addition, the randomness of head movements was not changed by BoNT injection, supporting that the head movements in this study were consistent with jerky dystonia rather than tremor based on the current viewpoint. Overall, the amplitude and frequency of head movements decreased with BoNT injection, with a pronounced reduction in head orientation in patients with high-intensity head oscillation prior to the injection.
Whether task-specific tremor (TST) should be classified as a form of task-specific dystonia (TSD) or a variant of ET remains unclear. The electrophysiology of TST is poorly characterized. Kuo and Chen reviewed the current evidence on the underlying physiology of TST. The majority of the studies were conducted in patients diagnosed with primary writing tremor and TST presenting in musicians. Electromyographic results showed co-activation between the antagonist pairs and overflow muscle activities to the adjacent muscles, similar to dystonia. However, the loss of inhibition at the spinal, brainstem, and cortical levels was not identical to dystonia. Reciprocal inhibition, the physiological technique to assess spinal inhibition, was normal in TST. GABAergic cortical inhibition was slightly impaired, while the cortical silent period was within the normal range. Functional imaging revealed reduced functional connectivity between the cerebellum and other parts of the brain, but less widespread compared to dystonia. Taken together, TST may be a subtype of dystonia and tremor rather than ET. Nevertheless, it may be a separate entity since it is not entirely congruent with the physiology of dystonia and tremor.
Zhou et al. compared the prevalence of non-motor features such as depression, anxiety, fatigue, and sleep disturbances in pediatric-onset versus adult-onset dystonia. As expected, pediatric-onset dystonia was more commonly associated with the generalized form, whereas adult-onset dystonia tended to present as focal dystonia. Interestingly, aside from a lower rate of sleep disturbances in children, the prevalence of fatigue, anxiety, and depression was comparable between pediatric and adult patients with dystonia.
Finally, gait and balance problems have been identified in patients with CD. However, these aspects have never been addressed in CD with head tremor. Wagle Shukla et al. investigated the clinical and spatiotemporal parameters of gait in this specific group. They demonstrated that nearly half of the patients with CD and tremor experienced clinical gait and balance difficulties, including slower walking speed and impaired performance on the Berg Balance Scale. In their assessments, more than 20% of patients had a shorter step length, wider stride width, and increased double support time when walking on a gait mat compared to healthy individuals, suggesting that an abnormal cerebellar network contributes to these findings. However, when compared with ET and patients with orthostatic tremor, the dystonia and tremor group exhibited less pronounced abnormalities in objective gait and balance variables, suggesting that a relatively lower degree of dysfunction within the cerebellar network was present. The study also highlighted that gait and balance dysfunction in CD with head tremor may also stem from factors beyond cerebellar dysfunction, including impairments in vestibular and proprioceptive pathways due to abnormal head positioning and constant head shaking. Reduced control of voluntary neck movements may further hinder navigation in complex environments. These findings emphasize the importance of incorporating rehabilitation strategies into outpatient management plans for dystonia and tremor.
In summary, this Special Issue of Dystonia and Tremor emphasizes the clinical characteristics, physiological aspects, and pathophysiological understanding of dystonia and tremor. The repetitive jerky movements of a specific body part in dystonia should no longer be classified as a tremor. Physiological findings can offer clinicians valuable insights to improve diagnosis and patient management while also guiding researchers in designing more robust studies. The implementation of more precise definitions for dystonia and tremor represents an essential advance in generating more homogenous evidence in this field.
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Case Report: Bilateral globus pallidum internus DBS for treating tremor and dystonia in spinocerebellar ataxia 17: a thirteen-year follow-up
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Background: Spinocerebellar ataxia 17 (SCA17) is a rare autosomal dominant trinucleotide disorder. There are no effective therapies for addressing the clinical symptoms of SCA17.
Case report: We describe a 46-year-old male who presented with symptoms of generalized dystonia and focal arm tremors manifesting during adolescence. He underwent bilateral globus pallidus (GPi) DBS surgery that led to notable improvements in dystonia and tremor symptoms, impacting his quality of life. At the time of surgery, he did not show cerebellar ataxia features; however, these began to manifest 2 years after DBS surgery. He subsequently underwent genetic testing that confirmed the SCA17 diagnosis. Currently, at 13 years of follow-up, although the ataxia has continued to worsen, DBS therapy has led to persistent improvements in dystonia, tremor, and many aspects of quality of life.
Discussion: The current case indicates that DBS is a promising symptomatic therapy for dystonia and tremor in SCA17.
Keywords: dystonia, tremor, deep brain stimulation, SCA17, globus pallidus
INTRODUCTION
Spinocerebellar ataxia (SCA) 17 is a rare form of autosomal dominant cerebellar ataxia resulting from an abnormal CAG expansion of the TATA-binding protein gene. In addition to the core symptoms of progressive cerebellar ataxia, the clinical phenotype can include dementia, epilepsy, psychosis, Parkinsonism, dystonia, and chorea [1]. Currently, there are no effective treatments for clinical symptoms of SCA17. We report a case of SCA17 presenting with generalized dystonia and bilateral arm tremors who demonstrated long-term improvements with deep brain stimulation (DBS) targeted to bilateral globus pallidus (GPi).
CASE REPORT
A 46-year-old right-handed white male presented to our center with adolescent-onset symptoms of painful posturing of the neck, arms, trunk, and toes. He had tremors affecting his arms that interfered with writing, eating, drinking, and dressing activities. With progression, he began to experience symptoms of chronic anxiety, depression, and panic attacks. He reported an awkward “lazy gait” but denied falls. Physical examination revealed that the neck was deviating to the left almost 30° and tilting to the right 20°, with some overall forward pulling. The wrist exhibited mild posturing, the trunk had right latero-flexion, the feet had plantar-flexion and inversion, and the toes (left > right) involuntarily flexed when walking. He had mild-moderate symmetric arm tremors, mainly kinetic, with minimal resting and no intentional components. There was no dysmetria/dysdiadochokinesis present on rapid repetitive movements. The spiral drawing task revealed a moderate amplitude jerky tremor with no axis. The remaining parts of the examination were unremarkable, including cognition, eye movement assessment, and motor system testing. His workup, such as MRI brain testing for Wilson’s disease and dystonia gene panel, was unremarkable. He received trials of trihexyphenidyl, levodopa-carbidopa, clonazepam, baclofen, and multiple rounds of botulinum toxin injections to the neck muscles with no improvements, deeming symptoms to be medication-refractory. Therefore, he underwent bilateral GPi DBS surgery to address the symptoms of dystonia and dystonic tremor. DBS leads were confirmed to be well placed postoperatively. The arm tremors responded soon after surgery; however, symptoms of dystonia required trials of wide monopolar and bipolar configurations at higher pulse widths of 450 µs and a range of frequencies (60 Hz–180 Hz). After 6 months of continued programming, he finally improved on the monopolar settings of 2 V amplitude, 120 µs pulse width, and 130 Hz frequency. The neck dystonia became less problematic, and he could ambulate more effectively in public spaces. Physical examination conducted at one and 6 months after DBS with the help of Burke Fahn Marsden rating scale, demonstrated improvements. The quality of life tracked with the SF-36 quality of life scale also revealed improvement in many domains (Figure 1). At the 1-year visit, he had some persistent difficulties with gait (Supplementary Video S1 reveals video collected with DBS turned off and on), despite reporting improvements in dystonia severity. About 2–3 years after surgery, he noticed significant impairments in speech and gait regardless of whether DBS was turned on or off (Supplementary Video S1 segment). Physical examination at this point revealed clear dysmetria in both arms and significant gait ataxia. These new features prompted a further workup, including serum levels for alpha-fetoprotein, albumin, amino acid, cholesterol, very long chain fatty acid, ammonia, transferrin factor, paraneoplastic antibodies, heavy metals, vitamin E, and ceruloplasmin. The urine was checked for elevated levels of organic acid, phytanic acid, frataxin, and lactic acid. Genetic testing was pursued to investigate a possible genetic form of ataxia, although the family history was negative. SCA panel revealed an unstable CAG trinucleotide expansion mutation coding for polyglutamine tracts in the TBP. There was one allele with 22 repeats and the other allele with 43 repeats. The findings of the testing were consistent with a diagnosis of SCA17. At 13 years of follow-up, even though ataxia symptoms progressed, the patient endorsed enduring improvements in dystonia and tremor with DBS turned on (Left GPi, C+ 1-, 3 V, 180 PW, 60 Hz; Right GPi, C+ 1-, 3 V; 180 PW; 60 Hz). Some DBS programming studies have found clinical benefits for dystonia when using low frequencies [2]. At this follow-up visit, we conducted an accelerometer-based electrophysiological testing of the tremor that revealed a 3 Hz low-frequency band with a slightly broad half-peak bandwidth. Importantly the tremor peak was observed to go away when the DBS was turned on (Figure 2). He reported that his activities of daily living were easier with DBS turned on due to effective tremor control. He found that the quality of life compared to before surgery was better in domains pertaining to social functions, and physical and mental health.
[image: Figure 1]FIGURE 1 | (A) illustrates line graphs of individual domain scores for SF-36 quality-of-life assessment that was recorded longitudinally after DBS surgery. Physical Function; Role physical and Social Function domains showed initial improvement which seemed to diminish over time however remained higher than scores before surgery. (B) illustrates the Burke-Fahn-Marsden dystonia rating scale assessed at multiple time intervals after DBS surgery.
[image: Figure 2]FIGURE 2 | (A,B) represent accelerometer-based tremor recordings with DBS OFF, and DBS ON DBS (Left GPi, C+ 1-, 3V, 180 PW, 60 Hz; Right GPi, C+ 1-, 3V; 180 PW; 60 Hz), wash-out and wash-in intervals were 30 min respectively. These recordings were performed at the last follow-up visit. The figure illustrates the power spectrum analysis of the tremor signal. The raw signal was digitized, filtered (0–50 Hz) and was subjected to a fast fourier transform (FFT) analysis to generate the frequency peak. We first divided the selected data series (10 s) into overlapping sections of a specified window length, and window overlap and the squared FFT magnitude of each section was averaged and zero-padded to identify the dominant frequency peak. The tremor amplitude was calculated as a square root of the summated power of the frequency peaks recorded along the x, y, and z-axes. The width of the spectral peak at one-half the peak amplitude in the power spectrum was calculated to determine the cycle-to-cycle variability in the frequency (half peak bandwidth > 2 Hz indicates a more irregular tremor).
DISCUSSION
We report long-term outcomes of bilateral GPi DBS therapy in a patient with SCA17. Unlike previous SCA17 reports of focal dystonia (writer’s cramp and cervical dystonia) [3], the current case presented with dystonia generalized in distribution. The cerebellar ataxia symptoms manifested two decades after the initial symptoms, highlighting the wide variability in the phenotypic spectrum and disease course reported in the literature. While the CAG repeats cut-off for symptomatic manifestation is 43, many recent publications have reported clinical symptoms even with lower repeat expansion numbers [4]. Literature has only a few cases that reported DBS outcomes for genetic ataxia, such as SCA1, SCA 2, and SCA3. In recent series of SCA3 patients, the dentate nucleus of the cerebellum was targeted with DBS to improve ataxia symptoms. DBS was observed to be safe and well tolerated but did not improve ataxia symptoms [5]. With regards to dystonia, one report of SCA1 demonstrated partial benefit [6] In another report of patients with SCA2 and SCA3, there was some improvement in dystonia with bilateral GPi stimulation [7]. DBS outcome for the current case was earlier reported at a 1-year follow-up [8]. Although the patient continued to improve for another year, he later began to report clinical worsening mainly related to the emergence of ataxia over 20 years into his disease. DBS improved arm tremors, maintained at 13 years of follow-up with electrophysiological assessment revealing the tremor peak to suppress in response to DBS turning on. While the diagnosis for SCA17 was indeed delayed, our current case demonstrated that DBS could lead to long-term symptom-specific benefits, accompanied by improvement in the activities of daily living and quality of life. Whether cerebellar ataxia was unmasked with improvement in tremor and dystonia or DBS therapy acted as a trigger for delayed presentation of ataxia symptoms a few years later is unclear.
Our case had some additional unique features. Unlike previous cases that selected the thalamus to control tremors [9], our patient with a tremor in the setting of dystonia revealed benefits with GPi stimulation. None of the previous cases reports or case series reported electrophysiological characterization of tremor in SCA17 or has provided data on long-term follow-up. We recognize that the symptomatic improvement seen in our case of SCA17 cannot be generalized to all other forms of inherited ataxias. Our case presentation does not include video recordings for all time points. More cases with blinded assessments will be needed. We recognize that DBS cannot address all features of an ataxia syndrome. Nevertheless, DBS in SCA17 has shown a promising potential to address specific extrapyramidal features such as tremors and dystonia.
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Background: Previous studies have found gait and balance abnormalities in patients with cervical dystonia. However, the characteristics of gait and balance in cervical dystonia with head tremors have not been ascertained. A midline constant head tremor when walking would likely render gait and balance more difficult. The pathophysiology of dystonia has also been increasingly linked with cerebellar function abnormality, commonly implicated in gait and balance disorders.
Methods: We examined the gait and balance characteristics of cervical dystonia presenting with head tremors. We used the timed up-and-go (TUG) walk test, 10 m walk test, Berg Balance Scale (BBS), and Gait and Freezing questionnaire. We then assessed the gait on an instrumented walkway system to capture spatiotemporal measures such as speed, cadence, step time, step length, stride width, swing%, stance%, single support%, double support%, and gait variability index (GVI). We also assessed whether the gait in dystonic tremor (DT) differed from essential tremor (ET) and orthostatic tremor (OT), as these tremor disorders share the cerebello-thalamo-cortical pathway as the common pathological pathway.
Results: 50 participants comprising DT (20 patients), ET (15 patients), and OT (15 patients) were enrolled. While the gait abnormalities were subclinical, 11/20 DT patients (55%) walked at a slower speed on the TUG, 11/20 (55%) had reduced scores on the BBS, 9/20 (45%) had increased step time, 4/20 (20%) had reduced step length, 4/20 (20%) had wider stride width, 9/20 (45%) spent greater time during double support and 8/20 (40%) patients had an abnormal GVI. Comparisons of DT with healthy control data revealed a slower gait velocity (p = 0.001) and a reduced step length (p = 0.001). Compared to DT, the ET group revealed a reduced cadence (p = 0.04) and the OT group revealed an increased TUG time (p = 0.03), reduced BBS scores (p = 0.02), reduced step length (p = 0.02), reduced cadence (p = 0.03), reduced GVI (p = 0.01), and increased double support phase (p = 0.045).
Conclusion: DT is accompanied by multiple abnormalities affecting gait and balance, albeit subclinical and less pronounced than ET and OT, possibly related to more effective compensatory mechanisms. Nevertheless, these abnormalities indicate that rehabilitative measures warrant consideration when managing in clinical settings.
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INTRODUCTION
Gait and balance difficulties can be seen in many tremor disorders, such as essential tremor (ET), Parkinson’s disease tremor, and orthostatic tremor (OT) [1–4]. The pathophysiology of these tremor disorders is linked with abnormalities of cerebellar functions, which are critical for gait and balance [5, 6], There is mounting evidence that the cerebellum is a key pathophysiological substrate in dystonia [7–9], thus implying that gait and balance could potentially be compromised in this patient population. As such, previous studies have found subclinical and clinical gait abnormalities in some forms of dystonia such as cervical dystonia [10]. It has been reported that these patients walk at slower speeds than healthy controls [11], and that they report a lower level of fall self-efficacy and balance confidence [11, 12]. However, to our knowledge, there are no studies that have ascertained and characterized the gait abnormalities in cervical dystonia when there is a co-occurring tremor affecting the head, referred to as the dystonic tremor (DT). A midline body tremor, especially a constant head tremor when walking, would plausibly render gait, balance and equilibrium more difficult.
Thus, in this study, we sought to characterize the gait in cervical dystonia patients presenting with dystonic head tremor. We used standardized clinical assessment questionnaires and scales for assessment of gait and balance and an instrumented walkway system for capturing individual spatiotemporal gait measures and compared these measures with data collected from age matched healthy controls. We ascertained whether the clinical features in patients with DT, such as the age, gender, disease duration, cognition, botulinum doses or head tremor severity, were related to the gait measures. We also assessed whether the gait characteristics in DT differed from those seen in patients with ET and OT as the cerebello-thalamo-cortical pathway was common and implicated in the pathophysiology for these tremor disorders.
METHODS
We prospectively enrolled DT, ET and OT patients in an IRB approved study who consecutively presented to our Movement Disorders Center at the University of Florida between 2019 and 2020. Diagnosis of DT, ET and OT was confirmed with clinical criteria following recommendations of the Movement Disorders Society [13]. We only enrolled those patients who were able to perform gait tasks comfortably and could walk on an instrumented walkway system while off medications and at least 3 months past their last botulinum toxin injections. We excluded patients with substantial arthritis, spinal disease and deformities, substance abuse, neuropathy symptoms and visual difficulties.
Study protocol
Upon obtaining an informed consent, participants underwent a detailed clinical history assessment, and a complete tremor pertaining physical examination by a movement disorders specialist at the Fixel Movement Disorders Center. For the gait and balance component, participants were assessed with the following scales, tests and questionnaires: (1) Berg Balance scale (BBS); a 14-item objective measure for assessment of static balance and risk of falls in adults. BBS is used to objectively determine the subject’s ability (or inability) to safely balance during a series of predetermined tasks. Each item on the 14-item list consists of a five-point ordinal scale ranging from 0 to 4, with 0 indicating the lowest level of function and 4 indicating the highest level of function. The scale does not include the assessment of gait. High scores (50 and above) indicate normal balance (2) Time Up and Go (TUG) test; a test that captures transfers, gait, and turning movements used for the assessment of mobility, balance, walking ability, and fall risk. The test involves standing and sitting from a chair as well as walking a 3-meter distance. These components of the test allow examination of gait, turns, sit to stand, and turn to sit transitions. Most healthy controls need 10 s or less to complete the TUG test (3) 10 m walk test; a performance measure employed to assess walking speed measured in meters per second over a short distance. A gait speed < 1.1 m per second (m/s) is accepted to fall in the normal range. It can be used as a measure of functional mobility and gait. (4) Gait and Freezing Questionnaire (GFQ); a 6-item survey used to assess gait and freezing. The scale has two items specifically for assessment of gait. Response to each item is a 5-point interval scale ranging from 0 for the absence of symptoms to 5 for the highest severity of symptoms. Higher scores indicate an increased severity of impairment (5) Montreal Cognitive Assessment (MoCA); a screening technique designed to detect mild cognitive dysfunction. An impaired cognition can be seen in tremor disorders [14] and that can impact gait and balance.
Participants were then instructed to walk on a Zeno™ Walkway mat (ProtoKinetics, Havertown, PA) [20-foot-long x 4-foot-wide pressure sensor]. They were asked to sit with both feet placed on the ground on a chair that was 42 cm high was placed at the end of the gait mat. In response to an auditory cue, participants stood up and walked twice on the mat. Participants walked on the gait mat back and forth without breaks unless symptoms of unsteadiness precluded completion of the task. Four passes were recorded, and for each walking trial, data was collected at a sampling rate of 120 Hz (4 bits) for assessment of spatiotemporal parameters. Data was captured using the electronic, pressure-sensing walkway and analyzed using the ProtoKinetics Movement Analysis Software (PKMAS). The following gait outcome measures were collected and analyzed: speed (cm/s), distance traveled over time; cadence (steps/min), total number of steps per time period taken during a given time; step duration (s), time between the first contact of one foot; step length (m or cm), distance between two consequent footprints (heel) and stride width, distance between the feet while walking is the perpendicular distance between the line connecting the two ipsilateral foot heel contacts (stride) with the contralateral heel contact between those events (cm). Normal gait consists of two phases: the swing phase (40% of the gait cycle; when the foot first touches the ground and ends when the same foot leaves the ground) and the stance phase (60% of the gait cycle; when the foot first leaves the ground and ends when the same foot touches the ground again). These phases are divided into sub-phases; single limb support % involving mid and terminal stance subphase and double limb support % involving initial contact, loading, and pre-swing subphase. Finally, the gait variability index (GVI), a measure to quantify the variability in spatiotemporal variables, was collected (a score ≥100 indicates values similar to healthy controls, whereas a lower score denotes increased gait variability).
Statistical analysis was performed using IBM SPSS Statistics 27 (Armonk, NY). Demographics, baseline clinical measures, and gait assessments were compared between DT vs. healthy controls, DT vs. ET and DT vs. OT using Mann-Whitney U tests or χ2 tests as appropriate. In the DT group, continuous clinical measures were correlated with gait measures using the Spearman correlation test and the categorical predictors were analyzed with the help of Mann Whitney U test. The threshold for significance was set at p-value <0.05 and the Holm-Bonferroni method was used to correct for type I error rates for multiple comparisons.
RESULTS
50 participants comprising of DT (20 patients), ET (15 patients), and OT (15 patients) were enrolled.
Demographics and clinical features of the DT cohort
15 females and 5 males participated. Mean age for the participants was 66.8 ± 10.8 (standard deviation or SD) years. Mean disease duration was 17.1 ± 13.2 years. Clinical characteristics of the DT cohort are presented in Table 1. All participants had a diagnosis of cervical dystonia with head tremor and except four participants, none endorsed clinical gait difficulties. Video segments of gait recorded for 2 DT patients is presented in Supplementary Information. Three DT patients had dystonia symptoms affecting the arm, two patients had laryngeal involvement, two had jaw and one patient had dystonia involving the eyes along with the neck. The mean severity of head tremor (based on the item 4 of Fahn Tolosa Marin tremor rating scale used routinely in our clinic) was noted to be 1.8 ± 0.6. Six participants had arm tremor, two had voice tremor and one had jaw tremor in addition to their head tremor. All participants except three were receiving botulinum toxin injections with mean dosage 231.5 ± 124.2 units. Gait assessment was performed when the participants were at least 3 months past their botulinum toxin injections and oral medications had been held off for at least 12 h. Thirteen patients were receiving benzodiazepines and two patients were receiving anticholinergics for dystonia. Nine patients were receiving betablockers and four patients were receiving primidone for treatment of tremor.
TABLE 1 | Clinical characteristics of the DT cohort.
[image: Table 1]In the GFQ questionnaire, 4/20 patients (20%) were found to have abnormally elevated scores indicating that these patients reported some difficulties with walking. In the assessment of TUG time, a cut-off value of 12 s that has been found to differentiate fallers from non-fallers among the community-dwelling elders was used [15, 16]. We found with this cut-off, 8/20 participants (40%) needed more than 12 s and 3/20 (15%) patients needed more than 13.5 s to complete the task. 11/20 patients obtained slightly lower scores on the BBS test and in the 10 m walk test, 8/20 (40%) patients were observed to walk slow when a cut off score of 1.1 m/sec was used [17].
DT gait on the instrumented walkway system
Table 2 presents data for individual DT participants. The Supplementary Table presents data for age- and sex-matched healthy controls (n = 46). The minimum and maximum values for data collected from healthy controls within a specific age range is plotted in the Supplementary Table. When comparing against these values for healthy control data, 11/20 DT participants (55%) were identified to walk at a slower speed, 9/20 (45%) walked with increased step time; 4/20 (20%) walked with shorter step length; 4/20 (20%) had wider stride width, 6/20 (30%) participants had shorter time spent during the swing phase; 7/20 (35%) had reduced time spent during single support, 9/20 (45%) spent greater time during double support and 8/20 (40%) patients had an abnormal gait variability index. Cadence was affected only in 3/20 (15%) patients and the time spent during stance phase was observed to be within normal limits for all participants. However, in the statistical analysis comparing the mean values for the two groups using the Mann Whitney U test (adjusted for multiple comparisons), only the gait velocity (mean 99.1 ± 26.3 vs. 124.1 ± 20.3; p = 0.001) and reduced step length (mean 57.2 ± 10.6 vs. 70.2 ± 10.3; p = 0.001) were significantly different in the DT group compared to healthy controls (Figure 1).
TABLE 2 | Gait data for DT recorded with instrumented walkway system.
[image: Table 2][image: Figure 1]FIGURE 1 | Bars represent mean values for gait data collected on instrumented walkway system. Absolute values of step time were multiplied by 100 to plot on the y axis (marked by asterisk). Blue bars represent gait data for healthy controls, orange represent gait data for DT cohort, grey represent gait data for ET cohort and yellow represent gait data for OT cohort. Error bars represent standard errors of mean. Stars placed between the bars in the data for gait velocity and step length illustrate significant differences between healthy control data and DT group.
Clinical features of DT participants and relationship with gait findings
Age of the DT participants was found to correlate significantly with their TUG time (r = .49; p = 0.01), 10 m gait speed (r = −.473; p = 0.015), score on the BBS (r = −.537; p = 0.015) and the gait velocity (r = - 0.479; p = 0.018) measured on the walkway system. However, gender, disease duration, head tremor severity, presence of axial tremors such as jaw tremor and voice tremor, MoCA score and botulinum doses did not impact the gait findings measured with clinical scales (GFQ, BBS, 10 m walk and TUG time) as well as the instrumented walkway system (velocity, cadence, step time, step length, stride width, percentage of time spent during swing and support phase, single support phase and double support phase and the gait variability index (p > 0.05).
Comparisons of DT vs. ET and DT vs. OT
Demographics and gait findings of ET and OT groups are presented in Table 3. The ET group consisting of patients with bilateral arm tremors also had five patients with additional head tremors. In the OT group, 4 participants complained of bilateral arm tremors, and none had a head tremor. There were more females in the DT group compared to ET (17 vs. 6; p = 0.01) and the OT group (17 vs. 10; p = 0.04). There were no significant differences in age and MoCA scores. Disease duration was significantly longer for the OT group than the DT group (29.6 ± 8.3 vs. 17.6 ± 9.1; p = 0.04). In the gait and balance testing, time needed to complete the TUG testing was longer (13.6 ± 3.5 vs. 10.7 ± 2.3; p = 0.03) and scores recorded on the BBS were reduced (45 ± 4.7 vs. 50.1 ± 4.5; p = 0.02) in the OT group compared to the DT group. In the instrumented gait analysis, the cadence was reduced in ET (95.1 ± 11.2; p = 0.04) and OT (89.3 ± 9.8; p = 0.03) compared to DT (103.4 ± 10.3). The step length (51.4 ± 6.7 vs. 56.7 ± 7.8; p = 0.02) and GVI (89.1 ± 7.1 vs. 118.4 ± 8.7; p = 0.01) were reduced, and the time spent during the double support phase (35.9 ± 15.1 vs. 32.1 ± 15.2; p = 0.045) was increased in OT compared to DT (Figure 1).
TABLE 3 | Comparisons of gait data in DT with ET and OT cohorts.
[image: Table 3]DISCUSSION
Our study demonstrates that cervical dystonia patients with co-occurring head tremors display a number of spatiotemporal abnormalities related to gait. Although it has been previously suggested that gait impairments can be seen in cervical dystonia, the inclusion of head tremors as a clinical presentation has not been taken into account [18, 19]. The DT group in our study walked slower with shorter steps and with a broader base, and spent relatively greater amounts of time during the double limb support phase of the gait cycle. Many DT patients revealed that the gait variability was increased. Although the BBS scores for balance assessment were mainly within normal limits, nearly 40% of patients needed more time to complete the TUG test. Our study also found that among the tremor disorders, the most impressive number of abnormalities were present in the OT group compared to DT and ET. Patients with OT needed the highest amount of time on TUG, had relatively worsened BBS scores, walked slower with shorter steps, spent much more time during the double support phase, and had a higher gait variability. These findings support the shared link to the cerebellum as the source of tremor pathogenesis and gait dysfunction and emphasize the need for involving rehabilitation care when managing patients with tremor disorders in clinical settings.
Three-fourths of our DT cohort were females, which is not surprising as cervical dystonia affects females more frequently [20]. An increased preponderance of head tremors is also observed in females with cervical dystonia [21–23]. The findings of increased TUG seen in the DT cohort raise concerns that there is decreased control of mobility, transfers, and balance and they may be an increased risk of falls. Indeed, patients with cervical dystonia have been found to display deficits in balance, gait, and stepping reactions and they have expressed a higher fear of falling [12, 24]. In our study, many DT patients were observed to have an increase in step time, stride width, and time spent during double support to attempt increasing the stability during walking [25]. A lower walking speed in our cohort may have allowed the patients to maximize the sensory feedback from the lower limbs to aid in stability and balance. These natural adaptations have been noted to commonly occur in many other neurological populations such as multiple sclerosis [25, 26]. We also observed that as the age of DT patients increased, there was further lowering of gait speed and a concomitant increase in the time needed to complete the TUG task. We believe, a worsened age may have accelerated the progression of pathological changes in the tremor network leading to worsening of findings. Similar to our findings, a previous study in cervical dystonia found subclinical abnormalities such as increased gait variability and lower gait velocity [10]. However, it was not clear whether the patients in that study had a head tremor in addition to abnormal neck posturing.
Many potential hypotheses could be conjectured to explain the gait and balance findings observed in our DT cohort. A sustained, aberrant neck position appears to reduce the reliability of visual cues for postural control which, in turn, negatively impacts balance and balance related confidence [24]. As such, an abnormal head posture in cervical dystonia has also been found to impact vestibular functions [27] and proprioceptive capabilities [28, 29]. Another consideration is related to cervico-collic and tonic neck reflexes which may be affected and these factors could influence head, eye, and postural stability [30, 31]. In keeping with this hypothesis, a previous study found that patients with cervical dystonia have an increase in postural sway when standing [26]. In one study, a reduced range of motion for the cervical spine was found to correlate with balance and stepping reaction time in cervical dystonia [11]. A number of studies have also drawn attention to the orthopedic and spinal cord complications emerging from chronic mechanical stress of cervical dystonia related to constant twisting motion [32, 33]. Reduced control over voluntary neck movements is expected to render navigating complex environments challenging While the presence of head tremors and the resulting mechanical instability is undoubtedly important, previous research supports a pathogenic role of the cerebellum, particularly in the context of DT [34]. Many participants in our DT cohort walked with a slower speed, revealed an increased stride width, and spent more time in the double support phase of the gait cycle, findings similar to those seen in patients with cerebellar dysfunction [9, 35]. Thus, many factors in varying combinations can potentially explain the gait and balance findings in our DT cohort.
Interestingly, only 20% of our DT group reported clinical difficulties with gait and balance, indicating that the changes noted in our study were subclinical for most patients. Further, the severity of head tremors in the DT cohort was not found to predict gait and balance abnormalities. Our study cannot parse out whether the gait abnormalities are compensatory, or consequential. We also think that the relationship between cervical dystonia and gait is bidirectional, as sometimes, we observed a worsened dystonic posturing of the neck when the patients performed the gait task (Supplementary Video). Thus, it is possible that cervical dystonia leads to worsening of gait, and the performance of gait task exacerbates symptoms of cervical dystonia.
The cerebellum has been regarded as one of the key sources of pathogenic oscillations in other tremor disorders such as ET and OT [36–39]. In the context of ET, presence of head tremors has been found to predict gait dysfunction and balance abnormalities [40]. In a large study of ET patients, axial tremors, including the presence of head and jaw tremors, were associated with significant tandem gait disturbances [41]. Previous studies have reported that OT patients have abnormalities in postural balance assessments [42, 43], and spatial and temporal characterizations of gait [44]. With disease advancement, patients with OT have been observed to walk with shorter steps and a wider base, and spend more time during the double support phase. These patterns of gait abnormalities are similar to those seen in patients with cerebellar disorders [45]. Our study also found notable abnormalities in gait variability in OT patients. Gait variability, defined as the fluctuation in spatiotemporal characteristics between steps, is suggested to be a sensitive indicator of mobility deficits with pathological processes [46]. Some investigators report gait variability of spatial parameters, for example, the variability of the stride width to be a more important indicator of locomotion control than gait variability of temporal parameters. In our study, OT patients had greater gait and balance abnormalities compared to DT patients, which could be due to the fact that these patients are in general older in age and had longer disease duration.
We acknowledge that our study has limitations. While the DT group specifically had a head tremor, our control groups comprising OT and ET did not necessarily share the same phenotype (head tremor present only in a subgroup of ET). Further, the sample size for DT in our study was relatively small; we did not characterize and examine whether the severity of dystonia or electrophysiology of head tremor could impact the gait findings, we did not address the issues of postural sway and near falls, and we have not examined the gait under cognitive loading. We recognize that the intake of GABAergic medications by the patients in our study could have influenced our gait findings as these medications affect cerebellar functions. Although we did not specifically use a statistical model to adjust for medication doses, we collected all data when the patients were off medications to minimize the impact on data interpretation.
Nevertheless, our study has unique strengths as it is the first to focus on the presence of head tremors and their potential impact on gait and balance assessments in cervical dystonia. It compares these findings with other tremor disorders that share cerebellar pathology. Future studies with larger cohorts of dystonia patients with and without tremors as well as plans for longitudinal follow-up, are needed to confirm our findings. Future studies should involve EMG recordings from the neck and leg muscles in conjunction with the instrumented walkway system to understand the relationship between dystonia and gait. It would be interesting to investigate whether gait and balance abnormalities are unique to specific dystonia subtypes, as the pathogenic mechanism is quite heterogeneous. Studies with such designs and cohorts will advance our understanding of the cerebellum and its control over dystonia, tremor, and gait. Importantly, our study findings inform clinicians that rehabilitation strategies should be given due consideration for managing tremor disorders in the outpatient settings.
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SUPPLEMENTARY VIDEO S1 | A case of DT walking on the Zeno gait mat with significant torticollis to the right. The patient exhibits head tremors when walking. The patient voluntarily corrects his head position to the center as he pauses and takes a turn (segment 16 s to 19 s). His head remains stable for a few seconds, however, involuntarily pulls to the right as he continues to walk (segment 21 s to end).
SUPPLEMENTARY VIDEO S2 | A case of DT with significant anterocollis and torticollis to the right. The video is recorded while performing the TUG task. Patient tends to take support from the wall as she walks towards the chair with slight unsteadiness (6 s to 7 s). She uses a sensory trick to steady her head (29 s to 32 s). However, as she continues to walk without using the trick (33 s onwards) her head posture worsens.
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Task-specific tremor (TST) is a specific type of tremor that occurs when performing or attempting to perform a specific task, such as writing or playing a musical instrument. The clinical entity of TST remains heterogeneous. Some TSTs can only be induced by conducting a specific task, while others can be elicited when adopting a particular position simulating a task. The pathophysiology of TST is controversial. Whether TST is an isolated tremor syndrome, a spectrum of dystonic tremor syndrome (DTS), or essential tremor (ET) is not yet clear. Evidence from electrophysiological studies suggests that TST patients have normal reciprocal inhibition responses but abnormal motor cortical excitability, especially relating to the maladaptive long-interval intracortical inhibitory circuitry. The blink recovery study and eyeblink classical conditioning studies demonstrated possible hyperexcitability of the brainstem circuits and cerebellar dysfunction in patients with TST. Functional MRI studies have further shown that patients with TST have reduced functional connectivity in the cerebellum, similar to patients with DTS and ET. Due to variable methodologies and the sparsity of functional MRI studies in TST, it remains uncertain if patients with TST share the connectivity abnormalities between the cortical or subcortical areas that have been demonstrated in patients with DTS. Comprehensive electrophysiological and functional neuroimaging studies may help to elucidate the pathophysiology of TST.
Keywords: task-specific tremor, primary writing tremor, dystonic tremor syndrome, essential tremor, electrophysiology, transcranial magnetic stimulation, neuroimage, functional magnetic resonance imaging
INTRODUCTION
Task-specific tremor (TST) is a specific type of action tremor occurs only or predominantly when an affected individual is performing or attempting to perform a specific task. The clinical entity remains heterogeneous. TST can be induced by active movements or by adopting a specific position simulating the task, and is usually non-progressive [1]. TSTs mostly involve the upper limbs, especially dominant limbs, during specific skilled tasks though sometimes the orolingual area (e.g., lip, chin) is affected [2]. TSTs have a mean frequency of 5–7 Hz (range 3–8 Hz), which may be accompanied by a jerky component in some cases [3]. To date, there are no known patients with TSTs involving the lower limbs.
The involved tasks are variable. For example, most commonly, TSTs are elicited while writing and referred to as “primary writing tremor” (PWT) [4]. TSTs in musicians (TSTM) occur mainly while playing an instrument, with cases reported in string instrumentalists [5–7] or flutists [8]. TSTs can also occur during other daily activities. For instance, finger tremors when playing carroms [9], lip tremors while drinking [10–13], chin tremors only while brushing teeth [14], finger tremors with the use of scissors [15], and wrist tremors during weightlifting [16–18]. Given its various clinical subtypes, limited case numbers, and diagnosis uncertainty, there are no accurate numbers for the prevalence and incidence of TST among general populations.
Despite limited reported cases, PWT and TSTM are the two most prevalent TST subtypes. Two case series with 21 and 56 patients with PWT, respectively [4, 19], reported the mean age of onset to be around 50 years of age (broad range: 16–72 years), with a male predominance (70%–95.2%), and up to 33%–44% of the patients reported a positive family history of PWT. These findings suggest that there may be a possible genetic susceptibility to PWT, in addition to environmental factors. However, no causative gene or mutation has been identified so far. In contrast to PWT cohorts, a case series of 23 musicians with TSTM reported the age of onset to be 44.6 ± 13.6 years, with equal gender distribution, and without a positive family history. Besides, TSTM was associated with a relatively long average duration of playing an instrument (35 years) prior to tremor onset [6]. The variable clinical features implied that different types of TST may not share an identical pathophysiology.
Some recent studies have alluded to the possibility that TST may be an early symptom before the onset of other parkinsonism features in patients with Parkinson’s disease (PD) [14, 20, 21]. A case series reported that three of the fve patients with PWT (onset age between 46 and 76 years), later developed PD (within 1–5 years of PWT onset). All three patients had reduced uptake in DaTscan contralateral to the tremor-affected side, and were refractory to propranolol/primidone, but responded to carbidopa-levodopa treatment [20]. However, the interval between TST onset and a diagnosis of PD has been reported to be even longer (average: 13.66 years) in another case series [21]. Currently, the relationship between TST and PD is unclear.
The pathophysiology of TST has been debated in the past decade. The clinical presentation of being focally distributed and task-specific, sometimes with abnormal posturing [4, 22], the presence of coactivation and overflow of muscular activity to adjacent muscles in electromyography [23], a better response to botulinum toxin therapy, suggests a possible correlation between TST and dystonic tremor syndromes (DTS), which included both dystonic tremor and tremor associated with dystonia [24]. The alleviation of symptoms by gestes antagonistes has been described as a clinical hallmark characteristic of dystonia but was only reported in one patient with TST in the previous literature [25]. On the other hand, many studies have reported considerable symptomatic relief of TST by ethanol or propranolol [26–28], and identified a genetic susceptibility, with one case reported with bilateral involvements [26], which points to a possible relationship between TST with ET. Therefore, whether TST is an isolated tremor syndrome, a tremor associated with task-specific dystonia, or a variant of ET, remains uncertain [29, 30]. In this review, we explored the current electrophysiological and functional neuroimaging studies of TST and discussed the possible pathophysiology of TST.
ELECTROPHYSIOLOGICAL CHARACTERISTICS OF TST
Electromyography (EMG) recording
Surface EMG is an important tool for recording muscular activity, especially in various movement disorders including tremor syndromes [31]. The EMG recording site depends on the subtype of TSTs. For example, in patients with PWT and TSTM, the commonly sampled muscles include the distal muscles of the upper limbs, such as the abductor pollicis brevis, abductor digiti minimi, wrist extensors, wrist flexors, and the more proximal muscles, such as the biceps, triceps, deltoid and pectoralis-major muscles [4, 6]. There are no specific hand muscles that are consistently involved in different kinds of TST patients.
Most of the EMG studies of TST were PWT patients. Alternating EMG bursts, with burst activity between the forearm agonist/antagonist muscles and phasic activity in the intrinsic hand muscles is a typical finding [4, 23, 28, 32]. However, a co-contraction pattern of the agonist/antagonist muscles, or solely extensor muscle activity, has also been documented [4, 28]. Usually, the tremor frequency ranges from 3 to 8 Hz, with a mean frequency of 6 Hz [4]. As a comparison, the usual frequency of the action tremor of the upper extremities in ET is 4–12 Hz, while the frequency being more variable with irregular amplitudes in dystonic tremor (mainly less than 7 Hz) [2]. While earlier studies in PWT did not provide definite evidence of excessive overflow of EMG activity into the proximal musculature [4], a recent study on TSTM demonstrated co-activation of the flexor and extensor muscles and excessive EMG activity in the adjacent muscles [33], implying a possible relationship with dystonia such as writer’s cramp [34, 35].
Of note, EMG findings in TST are sometimes difficult to classify, as the muscle groups involved during a specific task, such as holding a pen or playing an instrument may be subtly different for each patient. Moreover, some patients may use excessive force to control their movements, resulting in diverse and sometimes dystonic features when recording the EMG.
Reciprocal inhibition of Hoffmann’s reflex
Hoffmann’s reflex (H-reflex) refers to the reflex response of muscles after low-intensity electrical stimulation of Ia sensory afferents. Reciprocal inhibition of the H-reflex refers to the phenomenon in which the H-reflex response is reduced on a contraction of the antagonist muscle elicited by peripheral nerve stimulation at a certain period before the H-reflex. In forearm reciprocal inhibition, the H-reflex response arises from the flexor carpi radialis muscle when the median nerve is stimulated, while the radial nerve stimulation represents the conditioning stimulation [36, 37]. In healthy subjects, the time course of the forearm reciprocal inhibition has three distinct inhibitory phases, depending on the inter-stimulation interval (ISI) between the two stimulations. The first inhibitory phase is the ISI within 1 ms, which indicates Ia afferent disynaptic inhibition from the radial nerve to the flexor alpha motor neurons. The second phase is the ISI at 5–50 ms, which reflects presynaptic inhibition at the terminals of the flexor Ia afferent fibers. The third phase is the ISI at 50–100 ms, with an undetermined mechanism. There were no significant differences in the first (disynaptic) and second (presynaptic) phases of the forearm reciprocal inhibition between patients with PWT and healthy subjects [4, 38]. The third phase has not been comprehensively explored, but the inhibition has been shown to be normal at 75 ms as well [4]. For patients with ET, a significantly attenuated second phase of reciprocal inhibition (ISI at 10–30 ms) has been demonstrated in some studies [39, 40]. In contrast, Munchau et al. reported normal reciprocal inhibition in patients with ET [41]. For patients with writer’s cramp, most studies have demonstrated attenuation of all three phases of the forearm reciprocal inhibition [42–44]. However, the 2nd phase of the RI was abnormal in patients who presented arm tremor in the beginning and later presented cervical dystonia [41]. These patients can be classified into ET plus syndrome or dystonia with tremor according to the new tremor classification. These findings suggest that patients with PWT may preserve their spinal inhibitory circuits, which distinguishes them from patients with dystonia or patients with ET.
Blink reflex
The R2 blink reflex recovery cycle (R2BRrc) is an electrophysiological measurement of brainstem excitability that measures the orbicularis oculi muscle responses during paired-pulse electrical stimulation of the supraorbital nerve. It is known to be abnormally enhanced in blepharospasm, PD, craniocervical dystonia, and dystonic tremor (DTS), indicating an alteration in brainstem interneuron excitability [44–47]. In contrast, R2BRrc tends to be normal in patients with ET [48].
The conditioning of the eyeblink reflex is a well-established paradigm in motor learning assessment. This is referred to as eyeblink classical conditioning (EBCC), with the neural circuitry involving the cerebellum, hippocampus, and prefrontal cortex [49]. The blink reflex is recorded as the responses of the orbicularis oculi muscle, with auditory condition stimulus (CS) from the ipsilateral ear, at a set frequency and amplitude (1,000 Hz, 70 dB, duration 540 ms) [50]. EBCC tends to be abnormal in patients with ET and DTS [51, 52], indicating underlying cerebellar dysfunction. This is consistent with the concept that a functional disturbance of the olivo-cerebellar circuit contributes to the expression of many types of tremors.
A recent study demonstrated a reduced R2BRrc in patients with PWT, which was similar to the patients with DTS, while those with ET experienced a normal R2BRrc [53]. Overall, in this study, a reduced conditioned response in EBCC was also found in all PWT, ET, and DTS patient groups, but normal in healthy subjects. According to these findings, though with limited large-scale studies, patients with TST tend to have increased brainstem excitability and impaired olivo-cerebellar circuitry, sharing a more common pathophysiology with DTS rather than ET.
Transcranial magnetic stimulation
Transcranial magnetic stimulation (TMS) is a useful modality for exploring the electrophysiology of the brain. By generating induced currents, TMS can activate neurons and interneurons in the cortex. When paired stimulation is delivered, TMS can further assess the function of the intracortical facilitatory/inhibitory circuits at different ISI. Short-interval intracortical inhibition (SICI), a GABAA-mediated inhibitory circuit, is the most frequently used paired-pulse TMS paradigm for evaluating motor cortex excitability. SICI is conducted via motor cortex stimulations with a sub-threshold conditioning stimulus, followed by a supra-threshold test stimulus, at the ISI of 1–6 ms. Likewise, long-interval intracortical inhibition (LICI), a GABAB-mediated inhibitory circuit, is conducted via two supra-threshold stimuli at the ISI of 50–200 ms. Both SICI and LICI reduce the MEP amplitude compared to the MEP generated by a test stimulus alone. Another common TMS parameter used to evaluate the cortical inhibitory circuit is the cortical silent period (CSP). The CSP refers to a period of 50–300 ms of electrical silence in the active background EMG following a supra-threshold TMS pulse to the motor cortex. The duration of the CSP increases with stimulus intensity, but not with the size of the preceding MEP [54] or the contraction strength of the target muscle [55, 56].
A previous study demonstrated normal intracortical excitability at short and long ISIs in patients with PWT [38]. In contrast, some studies have shown a reduction of the SICI in patients with PWT [53, 57] and posterior displacement of the position of the cortical motor maps [57], suggesting possible dysfunction in the cortical inhibitory circuitry and disorganization of the corticomotor representation, similar to the studies in patients with writer’s cramp [58–60]. The suppression ratio of SICI was approximately 40%–50% in patients with PWT and patients with DTS, but >60% in normal subjects [53]. The LICI was reduced by paired associative stimulation (PAS) in normal subjects but paradoxically enhanced in those patients with PWT or DTS, indicating maladaptive plasticity in the motor cortex [53, 61].
In individuals with and without PWT, the CSP duration is the same during writing or performing a voluntary contraction action of the hand of similar intensity on the affected side or between the sides [62]. Interestingly, a significantly shortened duration of the CSP during near-maximum voluntary contraction on both sides has been noted in patients with PWT. These findings indicate that patients with PWT may have impaired cortical inhibitory processes that are only apparent during strong voluntary activations, which are probably not directly linked to unilateral tremulous activity. In contrast, a shortened duration of the CSP was observed in patients with writer’s cramp during dystonic contraction or voluntary contraction of a similar strength, but only on the affected side [63]. Meanwhile, most studies have demonstrated that the baseline cortical excitability including RMT, SICI, or CSP is not significantly different between patients with ET and healthy subjects [64–67].
In brief, TMS studies of patients with TST, or specifically primary PWT patients, suggest impairments in the central GABAergic pathways, and the impairments may be different from the patients with dystonia.
NEUROIMAGING INSIGHTS OF TST
Functional magnetic resonance image (fMRI) techniques provide a non-invasive assessment of the structural, functional, and metabolic alterations of neurological disorders. Numerous imaging studies have been performed in patients with ET and DTS, but the studies on TST are sparse.
In an early fMRI study involving three patients with PWT, PWT was shown to be associated with increased activity of the cerebellum bilaterally, with a more pronounced area of activation on the side ipsilateral to the affected hand, along with bilateral activation of the parietal lobule with a more pronounced activation on the side contralateral to the affected hand [68]. Conversely, recent studies have shown opposite findings in the cerebellum. For example, Hirdesh Sahni et al. showed overactivations of the primary and supplementary motor areas and reduced activity in the cingulate motor area and the cerebellum in six patients with PWT [69]. Another recent study using voxel-based morphometry and diffusion tensor imaging (DTI) found that there was predominantly gray matter atrophy in the frontal lobe and the cerebellum, along with white matter changes in the frontal lobe and the cingulum in patients with PWT when compared with healthy subjects [70]. Lenka et al. further applied graph theory-based neural network analysis to fMRI to explore connectivity during the resting state of the functional brain [71]. In this study, the brain was modeled as a complex functional network with two measurements including “clustering coefficient”, which quantified the local connectivity as an index of network segregation; and “path length,” which quantified the global connectivity as an index of network integration. The results of this analysis demonstrated that patients with PWT had a significantly lower clustering coefficient and a higher path length in the bilateral medial cerebellum, right dorsolateral prefrontal cortex, and left posterior parietal cortex, suggesting significant disruptions of the small-world brain architecture in these regions.
To our knowledge, to date, there are no studies that directly compared patients with TST to patients with ET or DTS. However, numerous studies have discussed the structural, functional, and metabolic presentations between patients with ET and patients with tremors associated with dystonia. Through understanding the difference between ET and DTS in the MRI images may shed lights on the pathophysiology of TST. Findings from DTI studies suggest an increased mean diffusivity and a decreased fractional anisotropy of the cerebellum in patients with ET, indicating possible microstructural tissue damage and a loss of cellular integrity [72–74]. fMRI studies in ET patients have further clearly demonstrated abnormal cerebellar function and altered connectivity in the cerebello-thalamico-cortical circuitry [75]. Another recent MRI study demonstrated grey matter hypertrophy of the thalamus and motor cortex in the cerebello-thalamo-cortical circuit among patients with DTS [76]. The author concluded that deficient input from the cerebellum towards the thalamo-cortical circuit with hypertrophy of the thalamus, may play a key role in the generation of DTS. To compare patients with ET and DTS, a functional MRI during a grip-force task as a proxy of tremor-related cerebral activity showed similar reduction of functional connectivity in the cerebellum in both patients with ET and DTS [77]. Nevertheless, when the region of interest was outside the cerebellum, compared to patients with ET, those with DTS have more widespread areas of reduced functional connectivity in the cortical regions when the seed regions were placed either in cortical regions, such as the sensorimotor cortex and inferior parietal lobule or subcortical areas, such as globus pallidus interna. Another study using multi-modal imaging combining resting-state functional MRI and DTI showed reduced functional connectivity between the cerebellum and dentate nucleus bilaterally for the ET group but not the DTS group, compared to healthy subjects [78]. From the treatment response viewpoint, both ET and DTS improved after deep brain stimulation were significantly correlated to the stimulation of the dentato-rubro-cortical tract, while only DTS, but not ET, presented a significant additional correlation to the pallidothalamic tract [79]. These findings point towards a second pathophysiological mechanism involving the basal ganglia in patients with DTS. Taken together, connectivity dysfunction of both the cerebello-thalamo-cortical and the basal ganglia-thalamo-cortical networks may both be involved in driving the pathophysiology of DTS [80, 81] which was different from ET who presented mainly cerebello-thalamo-cortical connectivity impairment.
DISCUSSION AND CONCLUSION
There is an ongoing debate about whether TST is a distinct disease entity, a variant form of ET, or a focal task-specific dystonia with dystonic tremor. Based on current evidence, it is reasonable to classify TST as a subtype of DTS, rather than a subtype of ET. Clinically, TST occurs when the patient performs a specific task, similar to patients with writer’s cramp who present with dystonic postures when they are writing. Moreover, TST usually affects the dominant hand only, unlike ET, which involves both sides bilaterally. On the contrary, the findings of electrophysiological studies suggest that TST showed normal spinal inhibitory circuits and motor cortical excitability, but a disinhibited brain stem inhibitory circuitry is evident from the reduced EBCC and R2BRrc. The loss of LICI modulation by PAS and reduced SICI are present in both TST and DTS patients. Nevertheless, patients with dystonia usually demonstrate other forms of hyperexcitability of the motor cortex, for example, a reduced CSP, or hyperexcitability of the spinal cord and a loss of reciprocal inhibition. Therefore, the overall electrophysiological characteristics of TST imply that the underlying pathophysiology is not entirely identical to dystonia.
Due to the variable methodologies used in fMRI studies and the sparsity of fMRI studies in patients with TST, it remains inconclusive whether TST is distinct from ET or DTS. Although cerebellar functional connectivity impairments were observed in PWT, it could also represent a fundamental abnormality for any tremor syndrome, since patients with ET and DTS also demonstrate a decreased connectivity in the cerebello-thalamo-cortical circuits. Whether the additional basal ganglion-thalamo-cortical circuits are involved, or whether a more widespread reduction in functional connectivity in the cortical regions occurs in the patients with TST is still uncertain. From the structural point of view, whether patients with TST presented thalamic hypertrophy, which implied dystonia characteristics, may be another clue to interpret the pathophysiology of TST in the future. All these aspects may be critical to distinguishing the underlying pathophysiology between TST, ET and DTS. Table 1 compares the different features, such as the clinical presentation, electrophysiological findings and fMRI results, between TST, ET, and DTS.
TABLE 1 | A summary of the differences between task-specific tremor (TST), dystonic tremor syndrome (DTS) and essential tremor (ET), from clinical, electrophysiological and neuroimage aspects.
[image: Table 1]Although the association between TST and Parkinson disease (PD) is less depicted in the previous literature, especially in the electrophysiological assessment, however, a recent study of eight patients with TST who later developed into PD showed an optimal response to apomorphine but was refractory to other dopaminergic agents [82]. Therefore, TST responses to the apomorphine test might provide an early hint to indicate that TST may be full-blown to PD in the future. Figure 1 delineated the current position of TST in the tremor syndrome by integrating electrophysiological and fMRI findings, and indicated the knowledge gap that might help clinicians to better understand the pathophysiology of TST in the future.
[image: Figure 1]FIGURE 1 | The current position of task-specific tremor (TST) in the tremor syndrome by integrating electrophysiological and fMRI findings, including the characteristics similar to or overlapped with dystonic tremor syndrome (DTS) and essential tremor (ET). There is still a knowledge gap, which might help clinicians understand the pathophysiology of TST in the future. DTI, diffuse tensor image; EBCC, eyeblink classical conditioning; LAI, long-latency afferent inhibition; LICI, long-Interval Intracortical Inhibition; MRI, magnetic resonance image; SICI, short-interval intracortical inhibition.
There is still a lack of comprehensive and consistent understanding of TST due to limitations in the currently available studies. First, most studies have a small sample size, with a large intra-subject variability. Second, the inclusion criteria in each study are varied, and some studies conducted even before the development of tremor classification and the definitions for the patient groups are ambiguous and non-standardized in some studies. For example, dystonic tremor or tremor with dystonia may not be necessarily shared the same pathophysiology, although they both can be sorted in the same disease population as “dystonic tremor syndromes” in most of the studies. A significant portion of the studies were conducted before the development of tremor classification criteria [83]. Third, the different methodologies and paradigm designs used in each study, including both electrophysiological and neuroimage aspects, have led to inconclusive results. Fourth, most of the TST studies mentioned in this review focused on PWT patients, which might only represent a specific subtype of TST though still giving us an insight of the picture of the underlying pathophysiology. Moreover, most studies lack long-term follow-up. Thus, additional neurological signs that emerge over time may be left undetected (e.g., Parkinson’s disease), which may have led to unreported but critical findings, misinterpretations, or incorrect inferences.
Findings from the available electrophysiological and fMRI studies on patients with PWT suggest that TST may be an isolated tremor entity or a spectrum of DTS, rather than an ET variant. This is consistent with the latest consensus statement on tremor classification from the task force on tremors of the International Parkinson and Movement Disorder Society [83], in which TST has been separately classified as a specific action-induced tremor, different from DTS or ET. Regular follow-ups and comprehensive symptoms documentation with longitudinal electrophysiological and neuroimaging assessment are the keys to fully understanding the underlying pathophysiology of each individual patient with TST.
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Background: The etiology and motor presentation differs between pediatric- and adult-onset dystonia. Emerging evidence has demonstrated that non-motor symptoms are frequent in adult dystonia, which affect the quality of life. By contrast, little is known about the frequency and severity of such presentations in pediatric-onset individuals. Here, we investigated the motor and non-motor symptoms in a large cohort of Chinese patients with isolated dystonia and compared between pediatric-onset and adult-onset groups.
Methods: In this retrospective study, 34 pediatric-onset patients and 197 adult-onset patients with isolated dystonia were recruited. Motor impairment was assessed by the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS). Non-motor symptoms were evaluated through several validated scales, including fatigue (by Fatigue Severity Scale, FSS), excessive daytime sleepiness (by Epworth Sleepiness Scale, ESS), sleep disturbance (by Pittsburgh Sleep Quality Index, PSQI), anxiety (by Beck Anxiety Inventory, BAI) and depression (by Beck Depression Inventory 21, BDI-21).
Results: Generalized dystonia was more common in pediatric-onset patients and focal dystonia was more common in adult-onset patients (p < 0.001). Generally, the BFMDRS score in total pediatric-onset group was higher than adult-onset group (p = 0.002). No differences was found in BFMDRS score between pediatric-onset and adult-onset patients with cervical and multifocal subtype dystonia. Compared with adult-onset group, pediatric-onset group had a lower rate of sleep disturbance (p < 0.0001) and similar rates of fatigue, excessive daytime sleepiness, depression and anxiety. Logistic regression analysis on patients with cervical dystonia indicated that the adult-onset and motor severity were independently associated with increased odds of sleep disturbance (p = 0.03) and depression (p = 0.01), respectively.
Conclusion: Pediatric-onset dystonia patients were less likely to display focal dystonia. Most non-motor symptoms in pediatric-onset patients were comparable to their adult-onset counterparts. Non-motor presentations may to some extent correlate with motor symptoms, but their underlying pathophysiology need to be investigated further.
Keywords: dystonia, age, non-motor symptoms, motor severity, pediatric-onset
INTRODUCTION
Dystonia is the third most prevalent movement disorder characterized by involuntary muscle contractions that lead to abnormal movement (often twisting and repetitive), postures, or both. While the pathogenesis of dystonia still remains uncertain, for dystonia occurring at childhood and adolescence, here referred to as pediatric-onset dystonia, the cause is more detectable than adult-onset dystonia, which could be attributable to a list of known genetic and non-genetic factors [1].
Emerging evidence has demonstrated that it is of great importance in clinical practice to dissect the dystonia according to patients’ onset age [1, 2]. In adult-onset patients, dystonia often remains focal, whereas in pediatric-onset patients, dystonia is more likely to progress from one body region to a generalized body involvement, which may pose burden on their development and daily life [2]. Apart from motor impairment, a sizable proportion of adult-onset dystonia patients have been shown to suffer from various non-motor symptoms, such as neuropsychiatric disturbance, sleep problems, sensory disorder and cognitive decline, some of them has been found to associate with the decreased quality of life [3–5].
Although non-motor symptoms have already been investigated among adult-onset dystonia patients by a number of studies, little is known about the frequency and severity of such presentations and their clinical relevance with motor impairment for pediatric-onset individuals. The largest retrospective study on 50 childhood dystonia patients has observed a higher incidence of anxiety and prosocial difficulties in young patients compared with their age-matched peers, suggesting that pediatric-onset dystonia patients also suffer from non-motor disorders [6]. To our knowledge, no study has compared the differences between pediatric-onset and adult-onset dystonia patients in terms of non-motor presentations so far.
Here, we report the motor and non-motor features in a large cohort of Chinese patients with isolated dystonia and compare the differences between pediatric-onset and adult-onset groups. The correlation between motor and non-motor impairment is also evaluated.
METHODS
Patients
Isolated dystonia patients who were followed at the Movement Center of Ruijin Hospital (Shanghai Jiao Tong University School of Medicine, Shanghai) during July 2020 and June 2022 were enrolled in the present study. The diagnostic criterion of dystonia was based on the 2013 Consensus of Movement Disorder Society [1]. Clinical data was collected from hospital records. A series of standardized scales were used to evaluate the motor and non-motor symptoms at their latest visits. Exclusion criteria were: 1) had other movement disorders, such as parkinsonism. 2) had other neurological system diseases. 3) lack detailed demographic data. The flow chart of patient selection was presented in Figure 1. The study was approved by the Ethics Committee of Ruijin Hospital. Written informed consent was obtained from all participants.
[image: Figure 1]FIGURE 1 | Flow chart of patient selection.
Motor and non-motor symptoms assessment
The Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) was used to assess the severity of motor symptoms. Non-motor symptoms were determined by the following validated scales: Fatigue Severity Scale (FSS) was applied for fatigue; excessive daytime sleepiness was assessed by the Epworth Sleepiness Scale (ESS); the Pittsburgh Sleep Quality Index (PSQI) was used to measure individuals’ sleep disturbance; the Beck Anxiety Inventory (BAI) and the Beck Depression Inventory 21 (BDI-21) were implied to evaluate self-reported anxiety and depression, respectively.
Patients under 10 years old were not evaluated in this study.
Statistical analyses
Statistical analyses were performed on the SPSS version 26.0 (SPSS, Chicago, IL, United States). Continuous variables were presented as median (interquartile range [IQR]). Mann-Whitney U test, χ2 test and the Fisher’s exact test were used to compare the differences between pediatric-onset and adult-onset groups. The Pearson correlation analysis was use to explore the correlation between motor severity and the severity of non-motor symptoms. Logistic regression analysis was applied to assess the risk factors of non-motor symptoms, including fatigue (FSS ≥ 36), excessive daytime sleepiness (ESS > 10), sleep disturbance (PSQI > 5), anxiety (BAI > 7), and depression (BDI-21 > 13). Variables of clinical interests were included in univariable analysis, and variables with p ≤ 0.20 were then entered into further multivariable analyses. A two-tail p-value < 0.05 was defined as statistically significant.
RESULTS
Clinical characteristics of patients with pediatric-onset and adult-onset dystonia
A total of 34 pediatric-onset and 197 adult-onset patients were recruited in the present study. Table 1 showed the demographic and clinical features in patients with isolated dystonia. In the pediatric-onset group, the median age of onset was 15 years (range: 10–18 years) with a gender ratio (F/M) of 1.4:1. Median disease duration was 4.5 years (range: 0.92–13.75 years). The median age at the time of evaluation for the pediatric-onset onset group was 21 years (range: 16–29 years). One patient’s age was less than 10 years old. The most prevalent phenotype of dystonia in pediatric-onset patients was focal dystonia (44.12%), which was followed by the generalized dystonia (29.41%), multi-focal dystonia (17.65%), segmental dystonia (5.88%) and hemi-dystonia (2.94%). Compared to their adult-onset counterparts, pediatric-onset patients were more likely to develop generalized dystonia and less likely to present with focal dystonia (p < 0.001). The median BFMDRS score in pediatric-onset patients was 12.0 (range: 6.0–33.0), which was markedly higher than that in adult-onset subjects (median: 7.0 (range: 4.6–11.0); p < 0.001).
TABLE 1 | Demographic and clinical features of pediatric-onset and adult-onset patients with isolated dystonia.
[image: Table 1]In terms of non-motor symptoms, fatigue determined by the FSS score ≥ 36 was observed in nearly half of pediatric-onset cases (43.75%). The percentage of pediatric-onset patients with excessive daytime sleepiness (ESS > 10) was 15.63%. No difference was found in FSS and ESS between pediatric-onset and adult-onset groups. Approximately one-third of pediatric-onset cases had poor sleep (PSQI > 5), and its frequency was predominately lower compared with adult-onset patients (30.30% vs. 59.66%, p = 0.002). In addition, the level of PSQI global score (p < 0.0001) and the sub-components of PSQI, including sleep quality (p = 0.003), sleep latency (p = 0.001), sleep duration (p = 0.0035), habitual sleep efficiency (p < 0.0001), sleep disturbance (p = 0.027) and daytime dysfunction (p = 0.0173) in pediatric-onset group were all milder than those in adult-onset group. Anxiety (BAI > 7) and depression (BDI-21 > 13) was found in 31.82% and 12.5% of pediatric-onset patients, respectively. No difference was found in BAI and BDI-21 between two age groups.
Table 2 presented the motor and non-motor symptoms in pediatric-onset and adult-onset patients with different dystonia subtypes (n ≥ 5 in each group). The BFMDRS scores in pediatric-onset patients with cervical (focal) and multifocal dystonia were comparable to their adult-onset counterparts. The PSQI global score and the percentage of patients with poor sleep (PSQI > 5) were significantly higher in pediatric-onset cervical (focal) patients compared with adult-onset cervical (focal) patients (p = 0.0016 and p = 0.0269, respectively).
TABLE 2 | Motor and non-motor symptoms in pediatric-onset and adult-onset patients with different dystonia subtypes.
[image: Table 2]Correlation between motor and non-motor symptoms
To identify the association between motor and non-motor impairments, we analyzed the correlation between BFMDRS score and non-motor score measured by different validated scales. In pediatric-onset group, no correlation was found between the BFMDRS score and any non-motor related score. However, in the adult-onset group, BFMDRS score had a positive correlation with the level of PSQI (r = 0.278, p < 0.01), BAI (r = 0.384, p < 0.01) and BDI-21 (r = 0.354, p < 0.01).
The risk factors of non-motor presentations
Finally, logistic regression models were performed to explore potential risk factors associated with different non-motor disorders (Table 3 and Supplementary Table S1). Since dystonia phenotype may exert an impact on motor as well as non-motor impairments, only patients with cervical (focal) dystonia (including 15 pediatric-onset and 139 adult-onset cases) were included in the analysis. Mono-variable model indicated that motor severity was associated with the decreased odds of excessive daytime sleepiness (ESS>10) (p < 0.001; OR: 0.668, 95% CI: 0.543–0.822). A pediatric-onset was associated with the decreased odds of poor sleep (PSQI > 5) (p = 0.035; OR: 0.275, 95% CI: 0.083–0.913), whereas depression (BDI-21 > 13) was associated with the increased odds of poor sleep (PSQI > 5) (p = 0.001; OR:34.125, 95% CI: 4.472–260.427). Moreover, there was a significantly positive correlation between motor severity and depression (BDI-21 > 13) (p = 0.007; OR: 1.181, 95% CI: 1.046–1.333).
TABLE 3 | Risk factors associated with non-motor symptoms in patients with cervical dystonia.
[image: Table 3]Multi-variable analyses suggested that the motor severity was independently correlated with excessive daytime sleepiness (ESS > 10) (p = 0.000; OR: 0.661, 95% CI: 0.535–0.816) and depression (BDI-21 > 13) (p = 0.002; OR: 1.255, 95% CI: 1.084–1.453).
And the presence of poor sleep (PSQI > 5) was independently associated with depression (BDI-21 > 13) (0.001; OR: 30.456, 95% CI: 3.963–234.026).
DISCUSSION
Our study highlighted three points: first, there was a high frequency of non-motor symptoms in Chinese pediatric-onset and adult-onset patients with isolated dystonia; second, compared to the adult-onset patients, pediatric-onset patients were less likely to suffer from sleep problems; third, although pediatric-onset patients was more likely to develop generalized dystonia, the frequency and severity of fatigue, anxiety and depression, were similar as compared to their adult-onset counterparts, suggesting that these non-motor presentations may to some extent be a primary deficit rather than a consequence of motor impairment.
As with other movement disorders, sleep problem is commonly seen in patients with dystonia. Recently, increased frequency of sleep disturbance has been reported in patients with cervical dystonia when compared with healthy subjects, and has been shown to be a risk factor of the quality of life [3, 7]. In the current study, sleep disturbance and excessive daytime sleepiness, as assessed by the PSQI and ESS scales, were observed in approximately 59% and 19% of adult-onset dystonia patients, respectively, which was in accordance with previous observation studies, which showed a high rate of sleep disturbance (∼50%) in patients with focal dystonia whereas the frequency of excessive daytime sleepiness was relatively uncommon (6%–21%) [7–10]. Surprisingly, our study demonstrated that pediatric-onset dystonia patients exhibited a significantly lower rate of sleep disturbance than adult-onset dystonia patients (30% vs. 59%). Moreover, a pediatric-onset-onset was shown to be independently associated with decreased odds of poor sleep in patients with cervical dystonia. Since pediatric-onset dystonia patients usually suffered from greater dystonia severity, we then analyzed the association between sleep disturbance and motor impairment. No correlation was noted between the severity of sleep disturbance and the severity of motor impairment in pediatric-onset group. There was a correlation between the degrees of sleep disturbance and motor impairment in adult-onset patients, however, in the logistic regression analysis that only included cervical dystonia cases, we found that the sleep disturbance had no correlation with motor severity but a correlation with depression and age of onset. Therefore, it is reasonable to assume that sleep disorder might be different among various dystonia phenotypes. As sleep problem has been suggested to impair the quality of life, more clinical and basic investigations, including polysomnographic recording, neurotransmitter and neuronal circuit studies are warranted to explore the mechanism of sleep disturbance for both pediatric-onset and adult-onset dystonia patients.
Furthermore, our results reinforced previous observations that sleep disturbance was positively correlated with depression, which suggested that the sleep disturbance might be partly secondary to the depression [8, 11]. In addition to the depression, bruxism, restless legs syndrome (RLS) and female gender have been identified as risk factors of sleep problem in patients with focal dystonia [11]. Taken together, whether sleep disturbance is a primary or secondary abnormality in dystonia individuals need to be explored further.
Recently, an excess of neuropsychiatric presentations among adult-onset dystonia patients has been elucidated by many studies [12, 13]. By contrast, there is scarce data to analyses neuropsychiatric symptoms in pediatric-onset dystonia patients. In our pediatric-onset cohort, co-existence of anxiety and depression were found to be 31% and 13%, by the BAI and BDI-21 scales, respectively. The high frequency of anxiety was in accordance with the study by Rudebeck et al, in which 48% of childhood dystonia patients aged 7–17 years were found to experience anxiety [6]. Given that neuropsychiatric comorbidity has been shown to be a predictor of health-related quality of life, rather than the motor severity, in adult-onset patients with cervical dystonia, it would be of clinical importance to integrate mental health into the management of dystonia [14].
To date, the pathophysiology underlying neuropsychiatric symptoms remains to be poorly understood, but has been considered to be related to the disruption in cortical-limbic-striatal circuits [15]. Consistent with previous studies, which found a correlation between neuropsychiatric and motor symptoms in adult-onset dystonia patients, our results observed a positive association between depression severity and motor severity in adult-onset group, and interestingly, not in pediatric-onset group [16, 17]. The discrepancies between two groups may be attributable to the differences in their dystonia phenotype and genetic susceptibility. This hypothesis could be supported by recent evidence which detected a higher frequency of depression and anxiety in patients with blepharospasm than in patients with cervical dystonia and writer’s cramp [18]. Moreover, Berman et al. observed a higher rate of anxiety in cervical and laryngeal groups and lower rate of anxiety in upper cranial group among adult-onset dystonia subjects [17]. In addition, some dystonia related mutations also play a role in neuropsychiatric disorders. For instance, DYT1 dystonia mutation carriers have been shown to confer an increased risk for recurrent major depression [19]. As genetically defined dystonia is more common for pediatric-onset cases, it would be more meaningful to investigate gene mutations and their relationship with non-motor presentations in our study in future. Notably, though the pediatric-onset patients displayed higher BFMDRS scores, the frequency and severity of depression and anxiety were comparable between pediatric-onset and adult-onset dystonia groups. This finding lent evidence that these neuropsychiatric disorders were unlikely to be a simple reaction to the disability induced by dystonia. Furthermore, previous studies have indicated that the occurrence of depression and anxiety could precede the onset of dystonia for many years in the majority of adult-onsets dystonia patients, suggesting that neuropsychiatric disorders may be part of the clinical spectrum of dystonia [20]. Taken together, our results uphold the notion that neuropsychiatric symptoms are primary endophenotypic deficits but can correlate with the motor symptoms in dystonia.
Our study had several limitations. Due to the retrospective design, sampling bias might restrict the interpretation of the results. The predominant recruitment of patients in the adult center may have led to the younger age dystonia individuals and children with mild symptoms being underrepresented. Some pediatric-onset and adult-onset patients were unwilling to complete all the scales, especially for BAI. Thus, we cannot exclude the possibility that these patients may lack corresponding symptoms to trigger screening, which would cause an overestimation of the prevalence of this symptom. No differences were found in the frequency and severity of most non-motor symptoms between the pediatric-onset and adult-onset groups. This may be due to a lack of statistical power because the number of pediatric-onset cases were relatively small. In addition, dystonia in children can be part of a metabolic disease with other neurological and psychiatric symptoms associated, which could influence the non-motor symptoms and should be considered. Further studies are required to take the causes and subtypes of dystonia into account for pediatric population. Finally, though the widely used scales for evaluating non-motor symptoms in our study have been applied for adult-onsets and adolescents in a number of studies [21–25], it would strengthen the ascertained conclusions if we could add age-matched controls because some features in people of different ages such as global cognitive and physical state may to some extent influence the score of scale.
In conclusion, most non-motor symptoms in pediatric-onset dystonia patients were comparable to that in adult-onsets in frequency and severity, with the exception of sleep disturbance. The pathophysiology of non-motor symptoms is complex and cannot be simply attributable to the motor impairment. Prospective and multicenter studies are needed to determine the prevalence and importance of non-motor presentations in pediatric-onset dystonia patients.
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Effects of botulinum neurotoxin on regularity of head oscillations in cervical dystonia
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Introduction: This study explores the effects of botulinum neurotoxin (BoNT) on the relationship between dystonia and tremor, specifically focusing on cervical dystonia (CD) and its connection to head tremor.
Methods: Fourteen CD patients were recruited; eight (57%) with clinically observable head oscillations were included in further analysis. A high-resolution magnetic search coil system precisely measured head movements, addressing two questions: 1) BoNT’s effects on head movement amplitude, frequency, and regularity, and 2) BoNT’s influence on the relationship between head position and head oscillations. For the first question, temporal head position measurements of three patients were analyzed before and after BoNT injection. The second question examined the effects of BoNT injections on the dependence of the oscillations on the position of the head.
Results: Three distinct trends were observed: shifts from regular to irregular oscillations, transitions from irregular to regular oscillations, and an absence of change. Poincaré analysis revealed that BoNT induced changes in regularity, aligning oscillations closer to a consistent “set point” of regularity. BoNT injections reduced head oscillation amplitude, particularly in head orientations linked to high-intensity pre-injection oscillations. Oscillation frequency decreased in most cases, and overall variance in the amplitude of head position decreased post-injection.
Discussion: These findings illuminate the complexity of CD but also suggest therapeutic potential for BoNT. They show that co-existing mechanisms contribute to regular and irregular head oscillations in CD, which involve proprioception and central structures like the cerebellum and basal ganglia. These insights advocate for personalized treatment to optimize outcomes that is based on individual head oscillation characteristics.
Keywords: dystonia, tremor, torticollis, botulinum neurotoxin, dystonic tremor
INTRODUCTION
The dystonias encompass a group of conditions marked by excessive muscle contractions leading to involuntary postures or movements characterized by repetitive or contorted postures [1–3]. As a collective entity, they stand as the third most prevalent movement disorder following tremors and Parkinson’s disease, impacting over 3 million individuals across the globe. The clinical manifestations persist chronically without a cure, and only a limited number of treatments demonstrate broad efficacy.
Tremors are identified by rhythmic oscillations of a body region, typically featuring a sinusoidal pattern [4–6]. Among all movement disorders, tremor reign as the most prevalent, afflicting over 20 million individuals globally, constituting around 3% of the general population. Tremor is a progressive symptom, resulting in heightened disability with advanced age. Similar to dystonias, tremors are persistent, subjecting patients to prolonged and stigmatizing impairment.
While dystonia and tremor are distinct disorders, they have close relationship. A particularly contentious relationship exists between neck dystonia and head tremor. Cervical dystonia (CD), the most prevalent form of dystonia, exhibits tremor-like characteristics due to intermittent, repetitive, and rapid movements of the neck. These tremor-like movements display irregularity and jerkiness, they are not really “tremor” but a jerky form of dystonia [7]. Dystonia may coexist with typical forms of head tremors, which typically manifest as sinusoidal patterns owing to comparable movement speeds in opposing directions [8–16].
Treatments of CD and related head tremor are limited. Though it’s well-established that botulinum neurotoxin (BoNT) significantly reduces muscle activity and head oscillations in up to 70% of cases, there are recognized limitations [17, 18]. BoNT injections are not effective in approximately 30% of patients. Higher doses of BoNT can markedly impact the quality of life by triggering difficulties in swallowing, speech, or breathing. Currently, the optimal selection of candidates for BoNT therapy hinges on trial and error, which can span months to years and is accompanied by high financial costs and the risk of severe side effects like dysphagia, dysarthria, and breathing problems. On the other hand, some types of CD are notoriously challenging to treat effectively. Some examples are predominant anterocollis with complex and varied movement patterns, and CD with prominent head tremor, a condition where oscillations are more prominent than abnormal postures [19–21] Our hypothesis centers on the idea that BoNT targets specific aspects of dystonia—abnormal turning versus irregular oscillations featuring jerky dystonia, or regular head tremor—with these aspects varying among patients. This inquiry revolves around which aspect of head oscillations BoNT modulates—whether amplitude, frequency, or irregularity. Does BoNT has different effects on various aspects of dystonia, and does this form the underlying reason why BoNT is highly effective in certain forms of dystonia, while it is ineffective in others, especially when head tremor is prominent. Elucidating the features of the complete dystonia phenotype and understanding how BoNT impacts these features will guide the selection of ideal candidates.
METHODS
Participants
The study was approved by the Johns Hopkins University and Louis Stokes Cleveland VA Institutional Review Boards, and all participants gave informed consent before their involvement. Our goal was to examine effects of botulinum toxin injections on head tremor in CD. The head tremor is not always evident on clinical examination, often warranting objective measures [22–25]. Therefore we recruited 14 CD participants, whether or not they had head tremor during clinical examination. Head tremor was identified in 57% (n = 8 out of 14) of our cohort of CD patients when measured with search coils. These eight patients were further included the analysis reported in this current study. CD patients were excluded if they had known or presumed causes, broader involvement indicating segmental or generalized dystonia, and those who showed additional features suggestive of a more extensive neurodegenerative disorder. All participants had normal eye movements and visual acuity, corrected with lenses if required. Head movements were evaluated when their CD was at its peak, within a week before the scheduled botulinum toxin injection. We also evaluated head movements about 4 weeks after the BoNT injection, at its therapeutic peak. None of the patients were taking other medications for CD at the time of testing.
Experiment setup
The evaluation involved recording horizontal, torsional, and vertical head movements through a dual (three-axis) search coil (Skalar, Delft, Netherlands) fixed onto a bite bar (Figure 1). Participants were positioned within the magnetic coil frame so that the midpoint between the angles of the mouth coincided with the frame’s center (Figure 1). The trunk was stabilized by firm cushion mounted on a metal bar (Figure 1). Horizontal head movements were rotations around a vertical earth axis through the coil frame’s center (i.e., turning the head to the right or left, also referred to as torticollis). Vertical head movements constituted rotations around a horizontal axis parallel to the inter-aural line and passing through the coil frame’s center (i.e., head flexion and extension, also known as anterocollis or retrocollis). Torsional head movements occurred around a horizontal axis parallel to the naso-occipital axis of the head and through the coil frame’s center (i.e., tilting the head so that one ear moves towards a shoulder, also termed laterocollis). The search coil’s angular position with respect to magnetic fields was digitized at a rate of 1,000 Hz, and the data was processed to determine the head’s three-dimensional position [26]. The recordings were conducted in a dimly lit room, with participants wearing a headband containing a laser pointer (Figure 1). They were instructed to turn their heads toward a light-emitting diode (LED) targets placed at 0°, and either 10°, 20°, or 30° to the right or left. After repositioning their heads, they were asked to align the head-fixed laser with each LED target for about 40 s. MATLAB® software (The Mathworks™, Natick, MA) was used to analyze the three-dimensional head positions. Angular head velocity was derived from mathematical calculations of angular head position. Signal noise inherent to mathematical differentiation was removed using low-pass filtering and three-point averaging. Statistical analysis was carried out using the MATLAB® statistics toolbox.
[image: Figure 1]FIGURE 1 | Schematic example of experiment setup (Images courtesy of The Cleveland FES Center). (1). search coil frame (2) head-fixed laser pointer (3) search coil affixed to the bitebar (4) body restraint system.
Analysis
Oscillatory head movements were analyzed after detrending the raw signal to remove the linear trend. Raw signal noise was eliminated through digital filtering, employing three-point averaging. Data from each axis underwent individual processing via a cycle-by-cycle analysis. A cycle was defined by initially eliminating bias from the detrended data (normalized amplitude = actual amplitude - mean amplitude). This rendered the cycle’s peaks positive and troughs negative. The intersection of the data trace with the abscissa (positive zero-crossing) marked the X-coordinate at which this happened, denoting the start and end of the cycle. Cycle frequency was derived from the inverse of the period of the cycle while the difference between the peak and trough indicated the peak-to-peak amplitude of the cycle.
Variance
We assessed the irregularity of tremor by quantifying variance. Variance of a time series signifies the dispersion of time series values around their average. Variance measurements from instances of regular and irregular head position time series are illustrated (Figures 2A–C). Irregular oscillatory head movements exhibited higher variance. As shown in Figure 2C, variance was greater in irregular head position compared to regular ones.
[image: Figure 2]FIGURE 2 | (A) Comparison of irregular movement, and (B) regular movement. (C) The boxplots of variance values show significantly larger values for irregular movement, red color, compared to regular movement, blue color. (D) Poincare maps depicting repetitive irregular, red color, and regular movements, blue color. A black ellipse is fitted and SD1, the standard deviations of the data points along the major semi-axis, green axis 1, and SD2, the standard deviations of the data points along the minor semi-axis, light blue axis 2, are calculated and compared. (E) The SD1/SD2 ratio represents the randomness in the time series. Lower values represent a more regular signal. (F) The Pearson Correlation Coefficient defines the linear correlation between a time series and its delayed version which means that regular time series data, has higher values compared to irregular time series data.
Poincaré analysis
Poincaré analysis was applied to the time series data by capturing its non-linear features [27]. The core principle involves identifying the likeness between an oscillatory cycle and the subsequent cycle that follows it, then the cycle following that, and so forth. The conjecture is that close by cycles will resemble each other more, and this feature gives rise to Poincaré parameters. Regular and rhythmic waveforms tend to display more resemblance in contrast to irregular and arrhythmic signals. To measure resemblance, the Poincaré algorithm produces maps of data points in the time series in relation to their subsequent data points (Figure 2D). These maps illustrate the evolution of the time series data concerning its variability. An ellipse is fitted to the plot, and standard deviations along the minor and major semi-axes of the fitted ellipse are calculated. These parameters define short-term and long-term variability in the time series, and their ratio signifies the randomness within the time series. Examples of Poincaré plots, illustrating repetitive movements in regular and irregular head position time series, are shown in Figure 2D. In each case, a black ellipse is fitted, and SD1 represents the standard deviation of data points along the major semi-axis (green axis 1), indicating short-term variability. SD2 is the standard deviation of data points along the minor semi-axis (light blue axis 2), reflecting long-term variability. In a regular time series, most data points fall within the fitted ellipse, leading to a relatively small SD1 value and a relatively large SD2 value. The SD1/SD2 ratio denotes the randomness in the time series. A more regular time series is associated with a smaller ratio value. Poincaré ratio values that evolve over the cycles’ proximity are depicted in Figure 2E, showing larger values for irregular time series (blue) and smaller values for regular time series (red). Another parameter examined in Poincaré analysis is the Pearson Correlation Coefficient, ρ. This value signifies the linear correlation between a time series and its delayed version, indicating that regular time series data exhibit higher ρ values compared to irregular time series data. Examples of ρ are shown in Figure 2F.
RESULTS
This study aimed to investigate how BoNT affects oscillatory head movements in individuals with CD. Fourteen patients with CD were screened to find head tremor with dystonia; eight patients (57%) exhibited observable oscillatory head movements when assessed with instrumented measures using search coils. These eight patients were subsequently included in the experiment. The study’s focus centered around addressing two specific questions:
1) To examine the effects of BoNT on amplitude, frequency, and regularity of oscillatory head movements in CD.
2) To examine the effects of BoNT on head-on-trunk position dependence of oscillatory head movements.
Question 1. To examine the effects of BoNT on amplitude, frequency, and regularity of oscillatory head movements.
In the upper panel of Figure 3, the measures of head positions in three exemplary patients are displayed as they look at targets positioned on their left (P7), right (P6), and center (P8). The measurements are presented in degrees, where positive values indicate rightward direction, negative values indicate leftward direction, and zero signifies the central direction. Within this panel, the head position measurements before and after BoNT injection are shown for each patient with blue and red lines, respectively.
[image: Figure 3]FIGURE 3 | (A1,B1,C1) Raw data depicting the head position over time for three CD patients. The x-axis shows the time in seconds and the y-axis shows the head position in degrees. (A2,B2,C2) The effect of Botox injection on amplitude and (A3,B3,C3) frequency of oscillations for the patients. The blue color represents the head position measurements taken before Botox injection and red color represents the head position measurements taken after the Botox injection. The vertical axis shows the boxplots of the amplitude and frequency values. The horizontal black line in the middle of each box is the median of the data and the whiskers indicate the 25th and 75th percentiles. The horizontal axis provides the comparison between pre-injection (blue color) and post-injection (red color) values.
Three distinct trends in regularity change can be observed among these patients: prior to BoNT injection, patient P6’s head oscillations in Figure 3A1 exhibited regular sinusoidal patterns with comparable frequencies and varying amplitudes. However, after the injection, these oscillations became irregular, featuring fluctuating frequencies and reduced amplitudes. Conversely, the oscillations of patient P7 in Figure 3B1 displayed minimal alterations in terms of regularity, with their amplitudes decreasing to some extent while higher frequencies were attenuated. Finally, patient P8’s irregular oscillations in Figure 3C1 prior to BoNT injection became more regular with diminished amplitudes and consistent frequencies after the injection.
We assessed the amplitude and frequency of individual oscillations to look more closely into the effects of BoNT on the amplitude and frequency of head movements. The amplitude and frequency box plots for these single oscillations are provided in the middle and lower panels of Figure 3, respectively. Similarly, blue color signifies measurements taken before BoNT injection, while the red color represents the measurements taken after injection.
Upon close examination, three different post-injection effects were evident. The Patient P6 (Figure 3A2) had reduction in the amplitude of sinusoidal head oscillations, but there was no change in frequency (Figure 3A3; Supplementary Table S1). Prior to BoNT injection, P6’s had regular and sinusoidal oscillations, which became less regular with varying amplitude and inconsistent frequency after injections (Figure 3A2). An example of patient P7 (Figure 3B1) had elimination of higher frequency oscillations following BoNT injection (Figure 3B3), while amplitudes remained unaffected (Figure 3B2; Supplementary Table S1). The irregular nature of oscillations persisted (Figure 3B1). Similarly, BoNT diminished head tremor amplitude in patient P8 (Figures 3C1, C2) but there was an increase in the frequency (Figure 3C3; Supplementary Table S1). There was improved regularity and less frequency variability in P8’s head oscillations after BoNT injections.
In summary, three trends emerge concerning the regularity of head tremor post BoNT injection: 1) a transition from irregular to regular, exemplified by P8 in Figure 3C; 2) a shift from regular to irregular, as observed in the case of P6 in Figure 3A; and 3) an absence of change, similar to what’s seen in P7 in Figure 3B. To quantify these shifts, we used Poincaré analysis on the head position measurements and juxtapose Poincaré parameters before and after the BoNT injection. This involves segmenting the time series of head position measurements into distinct oscillations, followed by Poincaré analysis of these individual oscillations. Figure 4 displays the Pearson’s correlation coefficient values for all patients based on the Poincaré steps. The horizontal axis signifies Poincaré steps denoted as “k,” while the vertical axis depicts Pearson’s correlation coefficient values before and after BoNT injection in blue and red colors, respectively. Each “k” represents the interval between single oscillations. For instance, at “k = 5,” the first oscillation “x1” is contrasted with the 6th oscillation “x6,” and the corresponding correlation coefficient value is computed. The filled circles denote mean values, and the whiskers represent error bars indicating a 95% confidence interval at each step.
[image: Figure 4]FIGURE 4 | Graph of Pearson correlation coefficient of Poincare plot parameter for CD patients before and after the Botox injection. Blue circles represent pre-injection, and red circles represent post-injection. The vertical axis shows the Pearson correlation coefficient value, and the horizontal axis shows the steps. The vertical lines on the graphs represent 95% confidence interval at each step.
The correlation coefficient serves as a marker for regularity within the time series, with higher values signifying a greater level of regularity. Several patterns appeared: 1) heightened regularity after botulinum toxin injection for P3, P4, P5, and P8; 2) diminished regularity post-injection for P2 and P6; and 3) sustained regularity for P1 and P7. Furthermore, it is evident that post-injection correlation coefficient values cluster around 0.4 for all patients, excluding P1, whereas these values showed a range of levels before BoNT injection. After excluding the outlier (P1), mean and standard deviation of offset values before injection was 0.41 ± 0.19. After injection the mean value of offset remained about the same, but the standard deviation significantly reduced (0.45 ± 0.04).
The SD1/SD2 ratio reflects the randomness of the head position measurements, with lower ratios indicating more regular head tremors. Figure 5 compares the ratios for all patients before and after injection. Like the correlation coefficient, post-injection values cluster around 0.6, whereas they were more dispersed prior to BoNT injection. Randomness in head tremor oscillations is diminished for P3, P4, P5, and P8, augmented for P2 and P6, and did not change for P1 and P7. This corroborates the findings derived from the correlation coefficient in Figure 4. As noted in Figure 4, for correlation coefficients, pre-injection values of offset had a higher spread (before: 0.83 ± 0.35); but the spread of the offset was significantly reduced after BoNT injection (after: 0.6830 ± 0.036).
[image: Figure 5]FIGURE 5 | Graph of SD1/SD2 ratio of Poincare plot parameter for CD patients before and after the Botox injection. Blue circles represent pre-injection, and red circles represent post-injection. The vertical axis shows the Pearson correlation coefficient value, and the horizontal axis shows the steps. The vertical lines on the graphs represent 95% confidence interval at each step.
Regarding the first question—the effect of BoNT injection on the regularity of the head oscillations -- the Poincaré analysis indicates that BoNT injection did impact their regularity in some patients. The toxin imbues a certain regularity referred to as a “set point,” which remains consistent across all patients. If pre-injection head oscillations are more irregular than this “set point,” they tend to become more regular. Conversely, if pre-injection oscillations are more regular than the “set point,” they shift towards increased irregularity.
The Poincaré analysis leads to an important insight into the nature of head oscillations in CD. It shows that these oscillations exhibit varying, random shapes, and the degree of randomness does not change although the time gap between two compared oscillations increases. In other words, the difference in shapes between the first (x1) and sixth (x6) oscillations is no different from the difference between the first (x1) and twentieth (x20) oscillation cycles. This observation was quantitatively assessed by analyzing the slope of a linear trend within the scatter plots in Figures 4, 5. This scatter plot compared the Pearson correlation coefficient and Poincaré steps, as well as the SD1/SD2 ratio and Poincaré steps. The slope of this trend would be greater if the disparity in shape between cycles increased with a greater time gap between them, but it would be zero if the randomness of the shapes remained constant. Specifically, before the administration of BoNT injections, the slopes comparing Pearson correlation coefficients and Poincaré steps were measured at 0.002 ± 0.0006, and after BoNT injections, they remained quite similar at 0.002 ± 0.0009. Likewise, the slopes comparing SD1/SD2 ratio and Poincaré steps were 0.002 ± 0.0009 before BoNT injection and about the same (0.003 ± 0.002) after BoNT injection. Furthermore, the variations between patients underscore an important observation—the effects of injection might hinge on the injection site and possibly the baseline disease phenomenology. The subsequent section explores the influence of these changes based on the head-on-trunk orientation.
To summarize, we find three distinct trends in the changes in the regularity of the head oscillations induced by BoNT among CD patients—head oscillations become irregular post-injection, oscillations remained relatively consistent in regularity, and the irregular oscillations transform into a more regular pattern. Poincaré analysis quantified these shifts in regularity, highlighting that BoNT brings regularity to a “set point.” Moreover, the analysis reveals that head oscillations exhibit random shapes that remain consistent regardless of the time interval between cycles.
Question 2. To examine the effects of botulinum toxin on head-on-trunk position dependence of oscillatory head movements:
The primary characteristic of CD is its dependence on the head’s position relative to the trunk, particularly evident in head oscillations. Usually, the head oscillations are minimal in one specific head orientation, known as the null position, but increase in intensity as the head deviates further from this null orientation. In this section, we investigate how BoNT injections affect the relationship between head-on-trunk position and head oscillations. We begin by examining the amplitude and frequency of individual oscillations across various head orientations, as illustrated in Figures 6A, B, respectively. These figures display the mean values along with a 95% confidence interval for both amplitude and frequency at each head orientation. Figure 6A reveals a notable decrease in the amplitude of oscillations following BoNT injections for patients P1, P5, P6, and P8, across all measured head orientations. This reduction is most pronounced for head orientations previously associated with high-intensity pre-injection oscillations. This effect is most striking in the cases of P3, P4, and P7, where changes in head oscillations were only observed in head orientations that initially had high intensity oscillations pre-injection. Conversely, the effects were minimal in the cases of P2 and P7, where the intensity of head oscillations pre-injection was modest. Regarding the frequency of oscillations (Figure 6B), there was a decrease across all head orientations for all patients except for P1 and P5.
[image: Figure 6]FIGURE 6 | (A) The effect of BoNT injection on the amplitude of oscillations for all CD patients where multiple head on trunk orientations were measured. The vertical axis shows the oscillation amplitude value in degrees, and the horizontal axis shows the head orientation in degrees. Blue circles represent mean values for pre-injection, and red circles represent mean values for post-injection. The vertical lines on the graphs are 95% confidence interval at each head orientation. (B) The effect of BoNT injection on the frequency of oscillations for CD patients where head on trunk orientation dependence was measured. The vertical axis shows the oscillation frequency value in Hz, and the horizontal axis shows the head orientation in degrees. Blue circles represent mean values for pre-injection, and red circles represent mean values for post-injection. The vertical lines on the graphs are 95% confidence interval at each head orientation. (C) The effect of BoNT injection on the variance of oscillations amplitude for CD patients where head on trunk orientation dependence was measured. The vertical axis shows the variance, and the horizontal axis shows the head orientation in degrees. Blue circles represent mean values for pre-injection, and red circles represent mean values for post-injection. The vertical lines on the graphs are 95% confidence interval at each head orientation.
To further investigate the relationship between head-on-trunk position and BoNT injection effects, we analyzed the variance in head position amplitude, as shown in Figure 6C. There is a reduction in variance except in the case of P2, who consistently showed low-intensity head oscillations at baseline. In summary, the impact of BoNT on head oscillations is most pronounced in head orientations in which high intensity head oscillations were triggered before treatment.
To summarize, the results show a considerable reduction in head oscillation amplitude after BoNT injections, especially in head orientations associated with intense pre-injection oscillations. The frequency of oscillation decreased in all patients except two. The variance in head position amplitude decreased overall, except for one patient who had low-intensity head oscillations at baseline.
DISCUSSION
The results of this study provide valuable insights into the effects of BoNT on oscillatory head movements in individuals with CD. BoNT injections led to three types of changes: a transition from irregular to more regular oscillations, a shift from regular to more irregular oscillations, or unchanged regularity. The Poincaré analysis further supported these findings by quantifying regularity using correlation coefficient values. It indicated that BoNT injection affects head oscillations by altering their regularity. A “set point” of regularity is established by BoNT that tends to regularize irregular tremors, but it may also make regular tremors more irregular. The intriguing finding in this study is that across all patients, prior to BoNT treatment, head oscillations displayed a variable irregularity. In other words, one cycle of the oscillation could not predict the shape of subsequent cycles, suggesting that the oscillations were random in shape. Furthermore, the BoNT did not alter this trend of randomness. These results highlight that neck oscillations studied here do not satisfy the definition of tremor (although traditionally called dystonic “tremor”) [3, 5–7]. The tremor by definition is regular, rhythmic, and back-and-forth oscillatory cycles that allow for predicting the shape of subsequent cycles based on the shape of one cycle [5, 6].
Another important observation was that BoNT affected the overall regularity of the oscillations. However, the effect of BoNT on the oscillations was variable among patients and it was independent of the baseline irregularity. In essence, if the oscillatory cycle was highly irregular before treatment, its irregularity decreased after BoNT administration, whereas if it was highly regular, its regularity decreased after BoNT injection. These results were measured using Poincaré analysis, which involved comparing the correlation Poincaré estimations of the oscillation shapes before and after BoNT treatment.
We speculate two co-existing phenomenology to explain these findings. One, there is a central oscillator that may be inherently similar in all CD patients but receives varied input from other feedback sources. These feedback sources can alter the oscillatory characteristics and introduce irregularity. The nature of the feedback influence could be determined by the type of connectivity pattern with the oscillator; some making it regular some making it irregular. In other words, CD in some patients involves neck muscles that influence oscillator to make it more regular while in other instances the oscillator may become irregular. Treatment of CD with BoNT may revert the oscillator at the “set point,” returning the oscillations to an identical regularity. In addition, the neck oscillations in CD may be under cerebellar, basal ganglia, and neck proprioceptive influence. BoNT may directly affects proprioceptive modulation but it may not directly affect the cerebellum. Nevertheless, the cerebellum may still contribute to the oscillatory instability independent of the instability caused by proprioceptive feedback.
Our results are supports the idea of two separate pathophysiology contributing to head oscillations in CD, one originating from the cerebellum and basal ganglia and the other from proprioception. This concept is consistent with the notion that dystonia is a network disorder [28–30]. The results also support the idea that although dystonia and tremor often coexist, they may still represent distinct entities with different underlying pathophysiological mechanisms [31]. Recent physiological studies measuring single-neuron activity in CD participants have further emphasized these distinctions. For instance, individuals with irregular head oscillations combined with dystonia displayed distinct pallidal physiology compared to those with pure dystonia or jerky head oscillations [31].
Contemporary literature over the last one decade has increasingly supported the role of mesencephalic neural integrator for the control of the head position in CD [23, 25, 32–36]. According to the network model in CD, the impairment anywhere in the network, even outside of the integrator, may lead to deficits in the feedback dependent neural integration. There is increasing evidence for the involvement of cerebellum, proprioception, and basal ganglia, as three separate sources of the feedback in the network model for CD [28–32, 37–39]. The cerebellar role in dystonia is supported when the oscillations coexisting with dystonia have sinusoidal features as seen in tremor that is also thought to be related to cerebellar deficits. Our results support the role of proprioception as an independent source of feedback to the integrator, and effect of BoNT on the integrator function.
These findings also support the notion that head oscillations and CD may not effectively respond to a single treatment modality, and a combination of approaches may be necessary. Some types of head oscillations, particularly those more influenced by proprioception, could benefit from BoNT treatment, while others may require pharmacotherapy for tremor or even deep brain stimulation. The combination of deep brain stimulation and BoNT for the treatment of tremor and dystonia is a practice that aligns with these results and previous physiological experiments.
In conclusion, this study provides insights into the complex relationship between BoNT and head tremors in CD patients. It highlights the need for personalized treatment approaches, considering individual variations in tremor characteristics and head orientations. Understanding how BoNT influences the regularity and amplitude of head oscillations is a crucial step in optimizing its therapeutic benefits for CD patients.
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Background: Cervical dystonia (CD) is the most common form of focal dystonia encountered in the clinic. Approximately one-third of CD patients have co-existing tremor in the head and hands. Assessment of tremor as regular or irregular in context of its oscillation trajectory, frequency, and amplitude is a major clinical challenge and can confound the diagnosis of CD. The misdiagnosis may lead to therapeutic failures, poor quality of life, and poor utilization of medical and financial resources.
Methods: We analyzed the largest cohort of CD patients (n = 3117) available to date, collected from 37 movement disorder centers in North America, Europe, and Asia. We used machine learning to determine what clinical features from clinician reports predicted the presence of tremor as well as its regular or irregular appearance.
Results: Out of 3,117 CD patients, 1,367 had neck tremor. The neck tremor was interpreted as irregular in 1,022, regular in 345, and mixed (both irregular and regular) in 442. A feature importance analysis determined that greater severity of CD, longer disease duration, and older age, in descending order, predicted the presence of neck tremor. The probability of neck tremor was reduced if the dystonia affected other body parts in addition to the neck. We also found a significantly heightened risk for developing neck tremor in women. An additional feature importance analysis indicated that increased severity of dystonia affecting other body parts, severity of CD, and prolonged disease duration was associated with a lower likelihood of regular neck tremor while increased age predicted a higher likelihood.
Conclusion: Machine learning recognized the most relevant clinical features that can predict concurrent neck tremor and its irregularity in a large multi-center dystonia cohort. These results may facilitate a more accurate description of neck tremor and improved care path in CD.
Keywords: dystonia, tremor, cervical dystonia, reularity, jerkiness
INTRODUCTION
Dystonia and tremor are two distinct neurological signs, which are often present in the same individual and are closely related. Despite this close relationship between the two conditions, previous studies showed highly variable prevalence of tremor in dystonia, ranging from 10% to 70% (Figure 1A). Such disparity in prevalence is also seen for dystonia in those who have tremor, ranging from 0% to 21% (Figure 1B). There have been several attempts to define “tremor-like” dystonic movements. Fahn (1984) called “dystonic tremor” based on its irregularity, jerky appearance of the waveform, dependence on the region of the body affected, and the presence of null point [1, 2]. However, “irregularity” is often viewed as variability in tremor frequency and amplitude, not just the “jerky” shape. On the contrary, the 1998 Movement Disorders Society (MDS) consensus statement on tremor classification [3], tremor is classified as dystonic tremor when it affects a body part that is also affected by dystonia. The 1998 MDS consensus added the definition “tremor associated with dystonia (TAWD)” to this statement to accommodate the cases where tremor occurs in body regions without overt dystonia.
[image: Figure 1]FIGURE 1 | Disparity in reported prevalence rate of tremor in patients who have dystonia (A) and prevalence rate of dystonia in those who have tremor (B).
There were a few caveats with the 1998 MDS committee’s definition for dystonic tremor: the requirement of co-existing twisting movements, which can be subjective. For example, while slight tilting of the neck or minor spooning of the fingers are viewed as dystonia by some investigators, these are potentially normal variants of motor behavior according to others [4–12]. The other limitation of the 1998 MDS committee’s definition was that its mutually exclusive diagnostic criteria inherently precluded the possibility that tremor and dystonia may be two distinct disorders that co-occur. The fundamental disagreement on the definition of dystonic tremor called for more general re-evaluation of the operational definitions of how tremor relates to dystonia [4, 13–19]. The 2018 MDS Task Force on Tremor recently retained the definitions of dystonic tremor TAWD [20]. The 2018 taskforce divided essential tremor into essential tremor (i.e., pure tremor) and “essential tremor plus” (i.e., tremor that may be combined with questionable dystonic features) [20, 21].
It is particularly important to understand the relationship of neck tremor and CD because they are most common of all other types of tremor dystonia combinations. CD and jerky repetitive neck movements have different pathophysiological correlates compared to more sinusoidal neck oscillations that appear like tremor seen with essential tremor [22, 23]. To understand the relationships between neck tremor and CD, it is necessary to support the expert consensus-based opinions with empiric evidence. The need is critical from both clinical and research standpoints. A recent study examining a large number of CD cases from multiple centers provided useful guidance for understanding the nature and nosology of tremulous movements in different isolated dystonia syndromes (focal, segmental, multifocal and generalized) [24]. The study found an overall tremor prevalence of 53.3%, and factors predicting dystonic tremor varied according to the criteria (Fahn’s vs. MDS 1998/2018) used to define them [1, 3, 20]. The study identified several important factors that significantly influenced the prevalence of tremor in dystonia. They included affected body regions, severity of dystonia, and differences in opinion among investigators. We set out to conceptualize a similar study with a comparable sample size, just focusing on CD. We studied the prevalence of neck tremor and manifestations of different types of tremor (irregular/jerky vs. regular/sinusoidal) in CD. The large number of cases and multi-center study design facilitated the identification of factors that influence the prevalence of neck tremor and importantly the ones that determine jerky versus regular tremor in CD. The results provide useful guidance for understanding the nature and nosology of tremulous neck movements in patients with CD.
METHODS
Participants
Participants were recruited from 37 sites of the Dystonia Coalition, a part of the NIH Rare Diseases Clinical Research Network.1 Most sites are in North America (United States and Canada), four in Europe (France, Germany, Italy, United Kingdom) and one in Australia.
We received institutional approval from an ethical standards committee on human experimentation for any protocol using human patients. All participants in the study provided written informed consent. This study is not a clinical trial, hence public trials registry or clinical trial identifiers are not applicable.
Inclusion criteria stated that participants had to have a minimum of 18 years of age and a diagnosis of CD [25]. Any region of the body could be affected, alone or in various combinations (focal, segmental, multifocal, and generalized). Most cases were idiopathic, but a small fraction had associated known genetic etiologies [26]. The study excluded dystonia syndromes combined with other neurologic features (previously known as dystonia-plus syndromes or heredodegenerative dystonias), acquired dystonias (such as tardive syndromes or encephalitis), and functional (psychogenic) dystonia. Participants treated with botulinum toxin were not excluded, although all participants were enrolled when the movement disorder was apparent, which was typically at least 3 months following treatment, and never less than 2 months following treatment. Prior surgery for dystonia was not an exclusion criterion for the Dystonia Coalition cohort, but all such cases were excluded from this study to avoid inclusion of cases where surgery might result in atypical residual manifestations.
Clinical assessment of dystonia and tremor
Clinical assessment of dystonia and tremor has been explained in detail in our previous report [24]. In summary, a standardized form was used to collect data [27]. Experts of movement disorders evaluated the cases, following a standardized and structured neurologic examination [27]. The Global Dystonia Rating Scale (GDRS) [28] was used to assess severity and body distribution of dystonia. The Essential Tremor Rating Assessment Scale (TETRAS) [29] was employed for the assessment of tremors. Tremor was classified as irregular or regular based on Fahn’s definition [30].
Characteristics of participants with dystonia
A total of 3,117 patients with non-zero GDRS neck scores were included in this report. The average age at evaluation was 60.1 ± 12.3 years (median 61, range 18–92). The average age at dystonia onset was 46.3 ± 14.7 years (median 48, range 0–82), with an average illness duration of 13.8 ± 12.47 years (median 10, range 0–81). Women (n = 2,257) outnumbered men (n = 860) by a ratio of 2.6 to 1. Most were white (n = 2,892) while others were black (n = 119), Asian (n = 27), American Indian or Alaska Native (n = 17) or of other or unknown/unreported race (n = 62). In our cohort 2,696 patients were right-handed, 289 patients were left-handed, 95 patients were ambidextrous while handedness of 37 patients was unknown.
Among 3,117 patients with CD, the neck dystonia was isolated in 1,791 but some had segmental dystonia (n = 681), multifocal dystonia (n = 160), generalized dystonia (n = 96), or hemidystonia (n = 10). Average dystonia severity as assessed with GDRS total score was 9.18 ± 7.88 (median 7, range 1–113) with a mean GDRS neck score 4.55 ± 2.16 (median 4, range 1–10). The distribution of body regions with dystonia and tremor can be seen in Figures 2A, B.
[image: Figure 2]FIGURE 2 | A The totals for individual body regions with dystonia (A) and tremor (B) in 3117 participants with cervical dystonia. The totals may sum up to more than the total number of participants because many participants had more than one body region affected. The numbers in the figures show the actual numbers of participants with each region affected.
In this cohort of 3117 individuals with CD, the overall prevalence of any type of tremor (regular or irregular or both) in any body region was 60%. At total of 37.8% of the cohort had focal CD. Based on the highest non-neck GDRS score, 31.4% of the cohort had additional limb dystonia (upper and lower extremities combined, including shoulder). 20.14% also had cranial dystonia affecting upper and lower face, tongue, or jaw. 8.24% had laryngeal dystonia, and 2.41% had pelvis/trunk dystonia.
Data analysis
Binomial logistic regression models with a logit link function were used to evaluate the clinical characteristics predictive of neck tremor and to determine the important features distinguishing neck tremor from no tremor. This analysis was also performed for female and male populations, separately, to test whether there are differences between men and women in the features related to neck tremor. Feature importance analyses were done using the Wald test (aka the Wald Chi-Squared Test) which was applied to each parameter of the model to test whether it has a significant contribution to the model. Clustering analyses were performed to identify cohort subgroups with common clinical features found significantly important in predicting the occurrence of neck tremor.
Binomial logistic regression models were also deployed to identify the important clinical characteristics associated with regular neck tremor in CD compared to the irregular type, as well as the ones related to regular neck tremor relative to no tremor. For a tremor case to be classified as “regular,” the patient had to have either no other body part affected with tremor, or if they had other body parts affected with tremor, they had to be of regular type. Similarly, for a tremor case to be classified as “irregular,” the patient had either no other body part with tremor, or other body parts affected with tremor also had irregular tremor type. The patients with mixed regular and irregular tremor were excluded from this analysis.
RESULTS
Overall prevalence of neck tremor
To identify the important clinical characteristics associated with neck tremor in CD, we considered the patients with neck GDRS scores larger than zero. We aggregated the cases where dystonia was focal, multi-focal, segmental, or generalized (N = 3117). 18 records with incomplete information (one age, two dystonia duration, and 15 GDRS scores) were discarded from the analysis. The remaining complete records (N = 2,999) were included into an GLM analysis to examine the relationship between neck tremor (two levels for presence and absence of neck tremor) and patient attributes including age, duration of dystonia, total neck GDRS score, total non-neck GDRS score, race (three levels for white, black, and other), sex (two levels for male and female), recruitment site (30 sites, each having minimum 20 patients), handedness (four levels for ambidextrous, left, right, and unknown) and dystonia location (two levels, one level for focal CD with zero GDRS score in body parts other than the neck, and another level for non-focal CD). Continuous attributes (age, duration, neck, and non-neck GDRS scores) were standardized by subtracting the mean and dividing by the standard deviation. The GLM was a binomial logistic regression with a logit link function:
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The logistic regression model with the listed predictors fitted significantly better than the null model (likelihood ratio test, Chi-squared = 350.32, p < 0.001). Analysis of variance for the model’s individual terms is summarized in Table 1 (standardized regression coefficients are reported for numerical predictors and odds ratios for categorical variables). Figure 3A depicts the significantly important features that distinguish between neck tremor and no neck tremor conditions considering the entire cohort with CD. We found that severity of neck dystonia as assessed with neck GDRS score was the most important patient characteristic predicting neck tremor (standardized coefficient = 0.318 (0.236–0.401), p < 0.001). High CD severity was related to increased likelihood of neck tremor. The next most important predictors of neck tremor were dystonia duration and age, which were also associated with increased neck tremor prevalence (duration: 0.285 (0.201–0.371), age: 0.218 (0.135–0.302), p < 0.001). The negative coefficient of non-neck GDRS (total score minus neck score) indicated that severity of dystonia in other parts of the body was associated with decreased likelihood of neck tremor. Sex was also significant in predicting neck tremor. Compared to females, males were 0.736 times less likely to have neck tremor, suggesting a heightened risk of neck tremor for female patients. Site, i.e., the investigator bias, was a significant, but the least important predictor of neck tremor prevalence. The comparison was made with the reference site, revealing the significant differences between six sites and the reference site with 52.06% neck tremor prevalence rate (see the odds ratios in Table 1). Race, dystonia location and handedness were not significant in predicting neck tremor (p > 0.05).
TABLE 1 | Summary of the results of the logistic regression models applied to the entire cohort (N = 2,999, top), to the female group (N = 2,115, middle) and to the male group (N = 712, bottom) formed by patients recruited by sites with equal or more than 20 patients. Significant factors are listed. Standardized coefficients are reported for continuous factors and odds ratios for categorical factors (with 95% confidence intervals).
[image: Table 1][image: Figure 3]FIGURE 3 | (A) Features relevant for neck tremor in the CD population. (B,C) Features relevant for neck tremor in (B) female and (C) male patients. Significant features predicting tremor were determined by Wald tests. Significant parameters (shown in red) are significantly different from zero and produce a statistically significant decline in the logistic regression model once removed. The impact of each parameter is estimated by the length of the line. Non-significant features are shown in black.
Additionally, we performed another logistic regression analysis to further examine the role of the second body part affected by dystonia in predicting the prevalence of neck tremor. We contrasted the following dystonia combinations to the isolated CD:
(1) neck + cranial region (including face, tongue, and jaw),
(2) neck + larynx,
(3) neck + limbs (including upper and lower extremities),
(4) neck + pelvis/trunk.
We found that CD with additional cranial symptoms significantly decreased the likelihood of neck tremor [OR (95% CI) = 0.632 (0.491–0.81), p < 0.001] while dystonia affecting the larynx in addition to the neck increased the likelihood of neck tremor [OR (95% CI) = 1.47 (1.056–2.058), p = 0.024]. Additional limb or pelvis/trunk dystonia did not have a significant influence on neck tremor (p > 0.05).
Clustering of the cohort based on the features predicting neck tremor
A K-means clustering analysis was applied using the statistically significant features of the logistic regression analysis reported in the previous section. Although recruitment site was found significant, it was excluded from the clustering analysis with which we aimed to consider only phenotypically relevant patient characteristics associated with dystonia. The clustering algorithms (K-means as well as other Gower-distance based methods) were found to be sensitive to the only categorical variable in the feature set: sex. All algorithms first grouped the cohort into two groups based on sex. Hence, we performed two independent clustering analyses: one for female and another for male sub-cohort, to be able to more accurately distinguish the subgroups based on the other important neck tremor-predicting features. The four significant predictors of neck tremor: CD severity (measured by GDRS of neck), dystonia duration, age, and non-CD severity (measured by GDRS non-neck) were included in the clustering analysis (as shown in Figure 3B for female and Figure 3C male patient data and detailed in Table 1).
The elbow method, which is an optimization method that finds the smallest number of clusters (k) accounting for the largest amount of variation in the data, was applied to the female subcohort. The optimum number of distinct groups appeared to be five (Figure 4A, circled in red). A three-dimensional scatterplot of the first three principal components (Figure 4B) illustrates the five clusters with prevalence of neck tremor varying from 39.86% (Cluster 3) to 74.73% (Cluster 1). The characteristics of the clusters are summarized in Table 2.
[image: Figure 4]FIGURE 4 | Clustering analyses results. (A–C) Clustering of female patients. (A) The Elbow method was used to find the optimum number of clusters, k. Within-cluster sum of squares (the sum of squared distance between each point and the centroid in a cluster) are plotted for a range of number of clusters (k = [1,8]). At k = 5, the slope of the graph changes, creating an elbow shape. This point was considered to be the optimal number of clusters for the female group. (B) The three-dimensional scatter plot displays the first three principal components of the five clusters detected by the k-means clustering algorithm (for interactive plot: https://chart-studio.plotly.com/∼sinoscope/125). Cluster sizes and neck tremor prevalence rates of the clusters are shown in the legend. (C) Boxplots from left to right show age, dystonia duration, CD severity (GDRS neck) and non-CD severity (GDRS other) distributions of the 5 clusters. An asterisk above a box indicates a statistically significant pair-wise difference between that box and all the others except for the pairs marked with “ns.” (D–F) Clustering of male patients. (D) k = 5, where the graph makes an elbow shape, was considered to be the optimal number of clusters for the male cohort. (E) The three-dimensional scatter plot displays the first three principal components of the four clusters detected by the k-means clustering algorithm (for interactive plot: https://chart-studio.plotly.com/∼sinoscope/131). Neck tremor prevalence rates of the clusters are shown in the legend. (F) Boxplots (from left to right) demonstrate age, dystonia duration, CD severity (GDRS neck) and non-CD severity (GDRS other) distributions of the 5 clusters. An asterisk above a box indicates a statistically significant pair-wise difference between that box and all the others except for the pairs marked with “ns.”
TABLE 2 | Summary of the characteristics of the clusters formed by a K-means clustering algorithm applied to female and male patients. There were five optimum clusters for each of these populations with meaningfully distinctive clinical features. Values represent the mean ± standard deviation. Sample sizes and neck tremor rates (within cluster, in percentages) are also noted for each cluster.
[image: Table 2]We carried out pairwise comparisons between the clusters for the four features used in the clustering of female patients (mean and standard deviations are in Table 2, pairwise comparison statistics in Supplemental Material). The difference was considered significant at p < 0.001 after correcting for multiple comparisons following Tukey’s method. Asterisks in Figure 4C demonstrate the significant difference of the designated cluster from the other clusters except the pairs marked with “ns” for statistically non-significant difference. Cluster 1, which has the highest neck tremor prevalence (74.73%) among female patients, was distinguished with the longest dystonia duration (Mean ± SD: 34.16 ± 10.01 years) (Figure 4C). However, this cluster, which contained the oldest female patients along with Cluster 2, had only the second highest average CD severity (GDRS neck score: 5.06 ± 3.67). On the other hand, Cluster 4 with 55.21% neck tremor prevalence had significantly the highest CD severity among female patients (GDRS neck score: 6.79 ± 3.73). Cluster 5 was distinct from the other clusters by its highest non-CD severity (GDRS other: 24.79 ± 2.12). All other pairs were statistically similar in this feature. The youngest female patients (47.49 ± 8.64 years) were clustered into Cluster 5 which had 44.78% neck tremor prevalence (Figure 4C). The other characteristics of this cluster also took the lowest values among the other clusters. Cluster 2, with a slightly higher neck tremor rate of 56.18%, shared the lowest rank in CD severity with Cluster 5 (3.01 ± 3.83 and 3.23 ± 3.93) while having significantly higher average age than Cluster 5 (68.45 ± 6.39 vs. 47.49 ± 8.64).
For male patients, the elbow method also revealed five clusters as the optimum number of distinct subgroups (Figure 4D, circled in red). A three-dimensional scatterplot of the first three principal components (Figure 4E) illustrates the five clusters with prevalence of neck tremor varying from 37.59% (Cluster 2) to 66.67% (Cluster 4). The characteristics of the clusters are summarized in Table 2.
Pairwise comparisons were carried out between the clusters for the four features used in the clustering of male patients (mean and standard deviations are in Table 2, pairwise comparison statistics in Supplemental Material). The cluster with the minimum neck tremor prevalence rate of 37.59%, Cluster 2, contained the male patients with the minimum CD severity (3.04 ± 1.31) as well as the lowest dystonia duration (9.75 ± 7.18, together with Cluster 3) and lowest non-CD severity (5.60 ± 6.40, together with Clusters 3, 4, and 5) (Figure 4F). On the other hand, Cluster 4 had the highest neck tremor prevalence rate of 66.67% with the highest age (69.31 ± 9.90) and dystonia duration (36.58 ± 11.14 years) (together with Cluster 1) but not the highest cervical or non-CD severity (Figure 4F). Cluster 1, which has a neck tremor prevalence rate of 44.44% among male patients, was distinguished with the highest non-CD severity (62.89 ± 23.50) (Figure 4F). Cluster 3 with a neck tremor rate of 64.09% contained the male patients with the highest CD severity scores (7.48 ± 1.25, together with Cluster 1). Youngest patients (37.72 ± 7.81, together with Cluster 1) with lowest dystonia durations (5.99 ± 6.25, together with Cluster 3) were grouped into Cluster 5, which had a neck tremor rate 42.55% (Figure 4F).
Neck tremor regularity
Regular vs. irregular neck tremor
To identify the important clinical characteristics associated with regular neck tremor in CD compared to the irregular type, we included 1,367 patients from the cohort who have CD as well as neck tremor. These patients had a complete set of clinical features available and were recruited in sites with more than 20 patients. The percentages of patients with regular and irregular neck tremor were 25.24% and 74.76%, respectively.
The imbalance between the number of samples with regular and irregular neck tremor cases (1,022 irregular vs. 345 regular cases) may bias the logistic regression model towards the majority group. To overcome this imbalance, we drew a sample data set from the irregular neck tremor group with the size comparable to the size of the regular neck tremor group. This under-sampling process was carried out with stratification on the entire set of variables to make sure feature distributions were preserved (confirmed visually as well as by two-sample t-tests with p > 0.05). The resulting data set had a size of 539 patients (257 irregular vs. 282 regular cases). A GLM analysis was used to predict the relationship between regularity of neck tremor (compared to irregularity) and patient attributes including age, duration of dystonia, CD severity (GDRS neck), non-CD severity (GDRS other), race (three levels for white, black, and other), sex (two levels for male and female), recruitment site (11 sites), and dystonia location (two levels, one level for isolated CD and another level for non-isolated CD). Continuous attributes were standardized. The GLM was a binomial logistic regression with a logit link function:
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The logistic regression model with the listed predictors fitted data significantly better than the null model (likelihood ratio test, Chi2 = 180.71, p < 0.001). Analysis of variance for the model’s individual terms is summarized in Table 3 (standardized regression coefficients are reported for numerical predictors and odds ratios for categorical variables). Important features are also displayed in Figure 5A with red. We found that non-CD severity was the most important patient characteristic predicting tremor regularity (standardized coefficient: 0.498 (−0.853 to −0.193), p = 0.003). High non-CD severity was related to decreased likelihood of regular neck tremor (i.e., increased likelihood of irregularity). The next most important predictor of neck tremor regularity was site. Out of 10 sites, two sites were associated with increased neck tremor regularity (one 2.519 (1.065–6.078) times and the other 15.782 (7.139–36.468) times) and one site with decreased neck tremor regularity (0.078 (0.012–0.293) times) compared the reference site with 52.06% tremor prevalence rate (the reference site used in the tremor vs. no tremor analysis) (Table 3). Dystonia duration [−0.335 (−0.570 to −0.108), p = 0.004] and CD severity [−0.324 (−0.567 to −0.088), p = 0.008] were the other features significantly distinguishing regular from irregular neck tremor. High values were associated with increased irregularity in neck tremor. Race, dystonia location, age, and sex were not found significant in differentiating regular from irregular neck tremor (p > 0.05).
TABLE 3 | Summary of the results of the logistic regression models for factors differentiating regular from irregular tremor (top table) and regular from no tremor (bottom table). Significant factors are listed. Standardized coefficients are reported for continuous factors and odds ratios for categorical factors (with 95% confidence intervals).
[image: Table 3][image: Figure 5]FIGURE 5 | Features significantly distinguish (A) regular from irregular neck tremor, and (B) regular neck tremor from no tremor. Significant features (shown in red) are significantly different from zero as tested using Wald tests and produce a statistically significant decline in the logistic regression model once removed. The impact of each parameter is estimated by the length of the line. Non-significant features are shown in black.
Regular versus no neck tremor
We also investigated the important clinical characteristics associated with regular neck tremor in CD compared to the condition where no body part is affected with tremor. We included 1,531 patients from the cohort with either regular neck tremor (n = 1,186) or without any tremor (n = 345). These patients had a complete set of clinical features available and were recruited in sites with at least 20 patients. The percentage of patients with regular neck tremor and without tremor were 22.53% and 77.47% respectively.
Analogous to the previous analysis, we attempted to remove a potential bias that may emerge from the imbalance in the data by drawing a sample set from the no tremor group with the size comparable to the size of the regular neck tremor group. Sampling was done with stratification on the entire set of included variables to make sure feature distributions were protected (confirmed visually and by two-sample t-tests with p > 0.05). The resulting data set had 576 patients (284 no tremor vs. 292 regular cases). Age, duration of dystonia, CD severity (GDRS neck), non-CD severity (GDRS other), race (three levels for white, black, and other), sex (two levels for male and female), recruitment site (12 sites), and dystonia location (two levels, one level for isolated and another level for non-isolated CD) were included in a GLM model after the standardization of continuous attributes. The GLM was a binomial logistic regression with a logit link function:
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The logistic regression model with the listed predictors fitted significantly better than a null model (likelihood ratio test, Chisq = 148.67, p < 0.001). Results are summarized in Table 3; Figure 5B. Similar to the previous analysis, non-CD severity was again the most important patient characteristic distinguishing regular neck tremor from no tremor [−0.523 (−0.827 to −0.248), p < 0.001]. High non-CD severity was related to decreased likelihood of regular neck tremor (or increased likelihood of no neck tremor). The second most important feature predicting regular neck tremor with respect to no tremor condition was age—higher age predicted increased likelihood of regular neck tremor [0.332 (0.123–0.547), p = 0.002]. Site was also found significantly important for regular neck tremor. Out of 11 sites, two sites had significantly more patients with regular neck tremor than patients with no tremor compared to the reference site with 52.06% tremor prevalence rate [one site 2.402 (1.192–4.920) times and the other site 4.644 (2.412–9.108) times]. One site had significantly less regular neck tremor cases than no tremor in contrast to the reference site [0.189 (0.028–0.730) times]. Race, CD severity, dystonia duration, dystonia location, and sex were not found significant in differentiating regular irregular neck tremor from no tremor (p > 0.05).
DISCUSSION
This is a prospective, multi-center investigation involving sites from North America, Europe, and Asia, examining the prevalence and semiology of clinically apparent neck tremors in patients with CD. Tremor is common in dystonia, and it is highly prevalent in focal forms such as CD [24]. There is a varying co-prevalence rate of tremor and dystonia and the rate depends on factors such as the body regions affected with dystonia, age and duration of dystonia, severity of dystonia, and importantly how the tremor is defined and the investigators’ threshold on labeling the given movement as “tremor” [24]. Our study found that severity of CD, increased dystonia duration and age, as well as female sex positively correlate with presence of neck tremor. Indeed neck tremor at disease onset represents a clinically distinguishable subtype of CD affecting predominantly older women, with worse ataxia and milder dystonia than the non-tremulous dystonic phenotype [31–33]. We also found that neck tremor is less likely to be present in CD if dystonia also exists elsewhere other than the neck. Increased severity of neck dystonia is not only associated with presence of neck tremor, but also with irregular tremor type. Here we address these findings and explain how they may facilitate the understanding of the dystonia-tremor relationship.
Clinical factors relevant to the prevalence of neck tremor in CD
The co-prevalence of tremor and dystonia have specific patterns and are influenced by several factors. For example, limb essential tremor is commonly associated with dystonia of head/neck and voice [34–37]. In line with prior studies [38, 39], we found that the prevalence of neck tremor depended on other factors such as age, as well as the duration and the severity of CD. We found robust variability in prevalence of tremor depending on how it was diagnosed. Such variability was also present in the very common CD [24]. It is also likely that threshold for diagnosing tremor varies across different investigators. The variation is even more robustly present for dystonic tremor, independent of the definition followed for diagnosis [40]. These between-investigator differences may explain the discrepancies among recent studies that included very similar cohorts of dystonia patients, using the same definitions for tremor [38, 39].
This study presents analytical results from the largest cohort of systematically evaluated CD patients available to date. The cohort is multi-center, involving multiple races, and ethnicities. The design of this study suggests that the conclusions are not influenced by issues related to small cohort size, non-representative subtypes of dystonia or tremor, or investigator bias for diagnosis and evaluations. Nevertheless, we also acknowledge some limitations of this study. The major limitation is the dependency of neck tremor detection threshold on clinical evaluation. There are more sensitive methods for detecting tremor including objective techniques such as kinematic tools [41–43] or electromyography [44–46]. These methods are much more sensitive than clinical examination alone [47]. Therefore, it is possible that the actual neck tremor prevalence is much higher than clinically estimated in this study.
Another limitation is related to the ongoing controversy over the definition of “dystonic tremor” and the lack of systematic and consistent evaluation for a “null point,” which is characteristic feature of dystonic tremor [2]. Our design considered both commonly used definitions independently. It focused on the key differences in the diagnostic criteria such as regularity, jerkiness, and concurrence with dystonia. We found that despite the evidence-based approach, varying opinions among investigators influenced the impressions for labeling a tremor as “irregular” or “jerky.” Varying opinions also influenced the diagnostic threshold for diagnosing a movement as “tremor” or labeling tremulous movements in body regions concordant with dystonia. In these situations, instrumented measures may better discriminate the characteristics of tremor [42, 43] and could be useful to determine the true prevalence of each type.
The third limitation was that the study relied on data recorded by the investigators at a recruitment site without the verification of an independent second evaluation. Although all investigators used the same protocol for evaluation, thresholds for diagnosing tremor clearly vary among investigators. Future studies may benefit from more objective and independent methods. Despite these weaknesses, the results provide the most comprehensive picture of tremor in subjects with CD currently available.
Biological factors relevant to neck tremor in CD
There is a high prevalence of tremor in CD, and increasing evidence suggests overlapping biological mechanisms. For instance, it is a common observation that an individual who has isolated tremor for many years can present with dystonia movements in same or another body part [48–50]. It is also possible that patients who have “pure” dystonia for a long time can present with emergence of tremor [49, 50]. There are studies showing common anatomical substrates for tremor and dystonia. Common tremor syndromes result from abnormal functioning of cerebellar circuits [51, 52]. The cerebellum has an important role in motor network causing dystonia [53–56], and particularly CD. A PET study using fluoro-deoxyglucose revealed multiple significant abnormalities when comparing patients with dystonia or essential tremor with normal controls [57]. These abnormalities overlap considerably among the dystonia and tremor groups. Patients with tremor [58] or dystonia [59, 60] have similar histopathological abnormalities affecting the cerebellum, such as loss of Purkinje neurons and torpedo inclusion bodies. A recent study identified physiological similarities in pallidal single unit responses in patients who have jerky, “dystonic tremor” and torsion neck dystonia [22].
Our study also found differences in predictors of tremor and dystonic tremor in male versus female patients. Such differences depict sex-specific distinctions in the pathophysiology of tremor and dystonia. Genetic and family studies provide further insights into shared biological mechanisms of dystonia and tremor [35, 61–64]. Although some such cases may represent misdiagnoses, it seems more likely that the occurrence of tremor syndromes with “dystonia” genes represents the sometimes highly varied pleiomorphic clinical phenotypes associated with monogenic and oligogenic variants. Our study found differences in the predictors of tremor and dystonic tremor in male versus female patients. These findings point toward sex-specific differences in the pathophysiology of tremor and dystonia. In sum, we evaluated a large dystonia cohort and identified the most relevant clinical features that can predict concurrent tremor and its irregularity. Our results provide a more complete description of CD and may help improve care in CD and other forms of dystonia.
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Objective: Tremor is a frequent co-occurring feature in patients with dystonia, especially in focal and segmental dystonia. Clinical studies have shown that tremor is more commonly observed when dystonia spreads to contiguous body regions. However, there is insufficient characterization of tremor physiology in focal and segmental forms of dystonia. We aimed to ascertain the characteristics of tremor presenting in these specific subtypes.Methods: We enrolled dystonia patients with head and arm tremors presenting to our center. We categorized these participants as focal and segmental dystonia following the Movement Disorders Society guidelines. We recorded the frequency, amplitude, rhythmicity, burst duration, and discharge pattern on accelerometer and electromyography recordings. We compared the physiology of tremors in focal vs. segmental dystonia. We determined whether the physiology was affected by clinical features such as demographics, age at onset, dystonia duration, alcohol responsiveness, family history, and botulinum toxin responsiveness.Results: 72 patients, mainly focal cervical dystonia and focal cervical + arm or cranial dystonia (segmental) were enrolled. In the analysis of the head tremor recordings (n = 66; frequency range 3–6.5 Hz), we found that focal vs. segmental dystonia comparisons revealed a significantly lower frequency (mean ± standard deviation; 4.0 ± 0.9 Hz vs. 4.7 ± 1.0 Hz; p = 0.02), lower amplitude (0.004 ± 0.008 g2/Hz vs. 0.006 ± 0.008 g2/Hz; p = 0.03) and longer muscle burst durations (111.1 ± 40.4 ms vs. 91.5 ± 24 ms; p = 0.04). In the analysis of arm tremor recordings (n = 31; frequency range 3.5–7 Hz), we found focal vs. segmental dystonia comparison revealed a lower amplitude (0.04 ± 0.07 g2/Hz vs. 0.06 ± 0.06 g2/Hz; p = 0.045). In the stepwise regression analysis, the age at evaluation (β - 0.44; p = 0.006) and age at onset (β - 0.61; p = 0.005) significantly predicted the head tremor frequency whereas the alcohol responsiveness tended to predict the amplitude of the head tremor (β - 0.5; p = 0.04) and the arm tremor (β - 0.6; p = 0.02).Conclusion: Our study found that the physiological characteristics of tremor in focal and segmental dystonia are somewhat distinct, suggesting that the spread of dystonia symptoms from one body region to another may have a bearing on the physiology of co-occurring tremor. The frequency of head tremors in younger participants was observed to be higher compared to older participants. The head and arm tremor tended be less severe in patients reporting alcohol responsiveness.Keywords: dystonic tremor, physiology, head tremor, arm tremor, focal dystonia, cervical dystonia, segmental dystonia
INTRODUCTION
According to many recent clinical studies, tremor is frequently observed to affect patients with dystonia [1–4]. Tremor manifests more commonly in females and is mostly observed during posture maintenance and kinetic tasks, but in some can present even when the body part is at rest [5, 6]. The Movement Disorders Society (MDS) provides guidelines to classify dystonia [7] and tremor according to the clinical and etiological characteristics (clinical and etiological axis). An important classification feature for dystonia is body distribution and the tremor are more common in focal and segmental dystonia compared to generalized or multifocal dystonia. Tremor is even more prevalent when there is a spread of dystonia symptoms [3]. While the optimal definition (or term) for tremor in dystonia requires further refinement, the MDS consensus statement from 2018 describes dystonic tremor as tremor and dystonia affecting the same body part, and tremor associated with dystonia as the tremor and dystonia affecting different body parts [8]. Although a number of studies have reported data on the prevalence of tremors in dystonia, a detailed clinical phenomenological and physiological characterization is lacking. In this study we describe the clinical and physiological characteristics of head and arm tremor observed in a large cohort of dystonia. These patients were categorized into focal and segmental dystonia groups and physiological characteristics were compared. We then examined whether the tremor physiology was influenced by clinical features such as demographics, age at onset for dystonia, duration of dystonia, family history, alcohol responsiveness, and botulinum toxin responsiveness for clinical symptoms.
METHODS
We used an IRB approved protocol to prospectively enroll dystonia patients with a co-occurring tremor presenting at the University of Florida. The diagnosis of dystonia was confirmed by a movement disorder neurologist following the MDS criteria. We assessed the characteristics of head and arm tremor in patients categorized as focal dystonia (symptoms in a single body region) and segmental dystonia (symptoms in two contiguous body regions). The participants were diagnosed with focal cervical dystonia, focal arm dystonia and segmental dystonia comprising of cervical + arm or cervical + cranial dystonia (involving face, jaw, eyes). Head and arm tremors were noted to involve the same or different body regions affected by dystonia. Tremor and dystonia were considered to involve the same body region when there was evident abnormal neck posturing, restricted range of movements and a null point was observed during physical examination in the case of head tremor and features such as arm posturing (splaying and spooning of fingers, thumb hyperextension), shoulder elevation, tremor with a directional character, and a null point was observed in the case of an arm tremor [9–11]. When tremor presented in the contiguous body segment but without the above mentioned dystonic features, we considered the patients to be in the focal dystonia category [12, 13]. For example, focal cervical dystonia patients with arm tremor that was non-dystonic or focal arm dystonia with head tremor that was non-dystonic were categorized as focal dystonia.
Participants were required to withhold their oral medications (at least 8 h) prescribed for treating dystonia and/or tremor and those recruited from botulinum toxin clinic were examined at three or more months after the last round of botulinum toxin injections. We ensured participants did not have comorbidities such as hyperthyroidism, diabetes, and active psychiatric diseases that contribute to enhanced physiological tremor. The clinical characteristics of tremor were recorded during rest, maintenance of posture, and kinetic tasks. Rest tremor was assessed while the participants were lying supine with the head and arms resting. The kinetic head component was assessed when participants were instructed to turn their heads to the extreme right or left, and the kinetic arm component was assessed with participants holding a pen and approximating a dot marked on a sheet placed in front of them. For the postural head component participants were sitting on a chair and instructed to look straight ahead in a neutral position, keeping the head off the wall and trunk of the backrest. The postural arm component was assessed with arms, and hands outstretched at 90° from vertical, keeping parallel to the ground with the palms facing down and the fingers spreading slightly apart. Using the Fahn-Tolosa-Marin standardized rating scale (head and arm tremor items) the tremor amplitude was determined to be mild (score 1), moderate (score 2), and severe (score 3 or 4). Further characteristics such as whether the tremor was fine or coarse, or rhythmic or jerky were determined based on clinical visual assessment.
Electrophysiology setup and data acquisition
We used the Trigno™ Wireless system (Delsys, Inc., Massachusetts) consisting of triaxial orthogonal accelerometers for tremor frequency, amplitude, rhythmicity, and sensors for computing electromyography (EMG) burst duration and the discharge pattern. Participants were seated comfortably in an upright chair with a backrest and an armrest. We recorded the physiology of the head and the arm tremor when maintaining a steady posture for 30–60 s (postural component of the tremor). Sensors were mounted over the glabella and on the dorsum of the most affected hand at 1 cm distance proximal to the third metacarpophalangeal joint to capture the accelerometer data. Sensors were also mounted over the agonist and antagonist muscles of the neck (sternocleidomastoid and splenius capitis muscles) and over muscles of the most affected arm (flexor carpi ulnaris, flexor carpi radialis, and extensor carpi ulnaris and extensor carpi radialis) to capture the surface EMG signals. The location for sensor placement was guided by bony landmarks and muscle palpation during active flexion, extension and rotation of cervical joints and flexion and extension of the elbow joints. The placement was further confirmed with inspection of EMG output recorded with Delsys, EMG works software. We ensured there was a consistent sensor placement across individuals. Data for head and arm tremor physiology recorded over three trials was individually analyzed. In a subset of patients with dystonic arm tremor (n = 8), weights (500 g and 1,000 g) were strapped to the dorsum of the hand for examining the effects of inertial loading on the tremor frequency.
Electrophysiology analysis
The EMG data from the sensor was sampled at 1926 Hz, amplified, digitized, and filtered at 20–450 Hz. The raw accelerometer signal was sampled at 148 Hz, digitized and filtered (0–50 Hz), and analyzed to calculate frequency peak, spectral power for amplitude, and half-peak bandwidth of the frequency peak for quantification of rhythmicity. EMG data recorded during three trials was visually inspected, and data contaminated with noise signals was excluded from the final segment selected for offline analysis. We assigned onset and offset markers manually to the EMG bursts for calculation of muscle burst duration. We averaged the EMG burst duration across all muscles for the head tremor and the arm tremor at the participant level and the group level. We coded the pattern of agonist and antagonist EMG discharges as a co-contraction pattern, alternating pattern, or mixed pattern (neither co-contraction nor alternating).
A commercial software (EMG Works analysis) performed Fast Fourier transform (FFT) analysis with the Welch method to generate the frequency peak (auto spectra), also known as power spectral density (PSD). A select data series (10-second epochs) was first divided into overlapping sections of a specified window length and window overlap. Then the squared magnitude of the FFT computed for each section was averaged and zero-padded to identify the dominant frequency peak. A baseline shift sometimes observed in raw accelerometer signals due to a limb sway relative to the gravity (de trending and re-zeroing) was calculated with a PSD script [14]. A peak spectral power for the tremor was derived off-line by squaring and summating the peaks of frequency power in x, y, and z-axes and calculating the square root of the summated power [15]. A cycle-to-cycle variability in the frequency was achieved by calculating half-peak bandwidth; width of the spectral peak at one-half the peak amplitude in the power spectrum (wider bandwidth of frequency peak indicating a more irregular tremor) [16]. The analysis of tremor physiology was performed by investigators blinded to the clinical findings.
Statistical analysis for the physiological data was performed using SPSS version 28 with significance set to a threshold of p < 0.05. The mean, standard deviation (SD), and range for each physiological measure was calculated at the individual and group level. Based on normality distribution assessed with the Shapiro-Wilkes test, we used non-parametric tests such as Mann-Whitney test for the focal vs. segmental dystonia and tremor and dystonia affecting same or different body region comparisons. We used stepwise linear regression analysis with bootstrapping (to account for skewed distribution) to determine the effects of demographics and dystonia characteristics (age at onset and evaluation, dystonia duration, alcohol responsiveness, family history, and botulinum toxin responsiveness) on the tremor physiology (frequency, amplitude, half-peak bandwidth, and EMG burst duration). The type I error rates for multiple comparisons were also corrected with Holm-Bonferroni method, which adjusts p values for each hypothesis with a range of significance thresholds (0.01–0.008).
RESULTS
Patient characteristics
72 patients (8 males, 64 females) participated. There were 28 patients with head tremor alone, 38 patients with head + arm tremor and six patients with arm tremor alone (66 patients or 91% with head tremor and 31 patients or 36% with arm tremor). Based on the body distribution of dystonia, these patients were classified into focal and segmental dystonia categories (Figure 1; Table 1). While the majority of patients would be classified as having dystonic tremor, only a few fit the category of tremor associated with dystonia. These patients had nondystonic arm tremor associated with cervical dystonia and dystonic head tremor (n = 6) or nondystonic head tremor associated with arm dystonia and dystonic arm tremor (n = 3).
[image: Figure 1]FIGURE 1 | The figure illustrates the participants enrolled in the cohort with head tremors, arm tremors, or both. It shows the distribution of participants into focal and segmental dystonia categories. The figure also shows the number of patients meeting the criterion for tremor associated with dystonia.
TABLE 1 | Demographics and clinical profile and clinical characteristics of tremor.
[image: Table 1]The mean (±SD) age for the cohort was 67.1 ± 9.2 years, the mean age at onset for dystonia symptoms was 49.5 ± 16.1 years, and the mean duration of symptoms was 17.6 ± 12.4 years. Most participants (n = 68) reported that tremors presented around the same time as dystonia symptoms. Dystonia manifested before tremor for three patients and tremor manifested before dystonia for two patients; however, the time interval between the two clinical features was less than a decade. 60 out of 72 patients were recruited from our botulinum toxin clinic and 90% of patients endorsed improvements with botulinum treatments. Nearly 50% of the cohort reported a positive family history for dystonia, 25% reported their tremor improved with alcohol (subjective self-report) and 75% reported improvement with botulinum toxin injections. The clinical profile for the participants categorized as focal and segmental dystonia (mostly similar) is presented in Table 1.
In the clinical assessment of head tremor, there were 34 patients with focal cervical dystonia (6 patients had nondystonic arm tremor) and 32 patients with segmental dystonia (cervical + arm or cervical + face). A postural component was observed in all 66 patients (80%), kinetic component in 57 (80%) patients, whereas the resting component was seen in 25 (37%) patients. Head tremor was mostly mild (54%) or moderate (28%) in intensity and had a fine and rhythmic character in nearly 2/3rd (68%) of the cohort. Head tremor manifested before arm tremor in more than 75% of patients.
In the clinical assessment of arm tremor, there were six patients with focal arm dystonia (3 patients had non-dystonic head tremor) and 25 patients with segmental dystonia (arm + cervical) Arm tremor was distal in distribution in more than 90% of patients. The postural component was seen in all 100% of participants, the kinetic component in 80%, and the resting component seen in only 36% of the patients. More than 30% of patients presenting with arm tremor had a unilateral tremor. In patients with bilateral tremors, more than 90% of patients had a remarkably asymmetric tremor (amplitude difference between the two arms greater than two points). More patients had a fine, rhythmic or sinusoidal tremor compared to coarse, irregular or jerky arm tremor.
Physiological characteristics of head and arm tremor
The physiological characteristics of head and arm tremors are charted in Table 2. The mean ± SD frequency for the head tremor was 4.4 Hz ± 1.0 (range 3–6.5 Hz). While the study aims did not involve direct comparisons between head and arm tremor, the accelerometer-based frequency of head tremor (4.4 ± 1.0 Hz; range 3.3–5 Hz) was slightly lower than the arm tremor (5.3 ± 0.9 Hz; range 3.5–7 Hz), the accelerometer amplitude for the head tremor (0.005 ± 0.009 g2/Hz) was lower than the arm tremor (0.05 ± 0.7 g2/Hz) and the average duration for EMG bursts was shorter for the neck muscles (101.5 ± 31.5 ms) compared to the arm muscles (128.5 ± 39.3 ms). However, the head tremor and the arm tremor had similar half peak bandwidth (0.55 ± 0.09 Hz). In the EMG recordings, three patterns of contractions were observed in the agonist-antagonist pair: synchronous or co-contraction pattern, alternating contraction, and a mixed discharge pattern (a combination of co-contraction and alternating pattern). In more than 80% of the patients, mixed pattern was the dominant pattern for both head and arm tremor recordings. Inertial loading at the wrist did not change the arm tremor frequency but lowered the amplitude measured with the accelerometer and EMG. Figure 2 illustrates the power spectrum analysis of head tremor and arm tremors and EMG tracings recorded from one of the participants.
TABLE 2 | Electrophysiological characterization of head and arm tremors.
[image: Table 2][image: Figure 2]FIGURE 2 | (A, B) illustrate power spectrum analysis for the head and arm tremor accelerometer recordings, respectively conducted in one of the participants. The arrows point to the peak frequency, amplitude, and half-peak bandwidth. (C–E) are sample EMG tracings from a patient with a dystonic head tremor that illustrates the three discharge patterns (synchronous, alternating, and mixed) (F) Reveals the burst duration of EMG discharge from a sample arm tracing.
Comparisons of focal vs. segmental dystonia
Focal dystonia vs. segmental dystonia comparisons revealed that the head tremor frequency (4.0 ± 0.9 Hz vs. 4.7 ± 1.0 Hz; p = 0.01) and amplitude (0.004 ± 0.008 vs. 0.006 ± 0.008; p = 0.015) was lower and the EMG burst duration longer (111.1 ± 40.4 ms vs. 91.5 ± 24 ms; p = 0.04). Furthermore, comparisons for the arm tremor data revealed a lower amplitude (p = 0.045) in focal dystonia (0.04 ± 0.07) compared to segmental dystonia (0.06 ± 0.06). The remaining data comparisons for tremors did not reach statistical significance.
Comparisons when tremor and dystonia involving same or different body regions
We had six patients with focal cervical dystonia and non-dystonic arm tremor, all of whom also exhibited head tremor. Similarly, we had three patients with focal arm dystonia and non-dystonic head tremor, and these patients also experienced arm tremor. When comparing patients with tremor physiology affecting the same or different body regions impacted by dystonia, our analyses did not produce significant findings, except for a notable finding regarding the head tremor frequency (4.0 ± 0.9 vs. 5.0 ± 0.3; p = 0.01) (Table 3). However, considering the highly uneven sample sizes in the two comparison groups, the reliability and validity of the results will need to be interpreted with caution.
TABLE 3 | Electrophysiology with tremor and dystonia involving same or different body regions.
[image: Table 3]Factors impacting physiology of head and arm tremors
In the stepwise regression analysis, the age at evaluation (β - 0.44; p = 0.006) and age at onset (β - 0.61; p = 0.005) significantly predicted the head tremor frequency whereas the alcohol responsiveness tended to predict the amplitude of the head tremor (β - 0.5; p = 0.04) and the arm tremor (β - 0.6; p = 0.02). Figure 3. The other physiological features were not observed to have significant predictors.
[image: Figure 3]FIGURE 3 | The figure illustrates the findings noted to be significant in the stepwise regression analysis. The blue circles represent data for head tremor findings, and the orange circles represent data for the arm tremor findings. The age at evaluation (A) and age at onset (B) is found to predict the head tremor frequency significantly. Alcohol responsiveness is found to significantly predict the amplitude of the head tremor (C) and the arm tremor (D).
DISCUSSION
Our cohort mainly comprised of cervical dystonia, there was a preponderance of middle-aged females, 25% of patients reported alcohol sensitivity, and most patients reported simultaneous onset around 50 years of age for tremor and dystonia symptoms. These findings are consistent with those reported in the past [5]. While patients consistently presented with a postural and kinetic component, the resting component for tremor was seen for patients presenting with a head and/or an arm tremor in nearly 40% of patients as reported in previous studies [6, 15]. The head tremor manifested before the arm tremor in the majority of patients, and the arm tremor was distinctly unilateral in a third of patients. Patients in our cohort were relatively younger, had tremor onset at an earlier age, and had a longer duration of symptoms than earlier reports [3].
Our data analysis confirms that tremor manifesting in dystonia tends to have a low to medium range frequency (4–5 Hz), which is in keeping with the MDS consensus statement [17]. We also found that tremor arises from medium duration (∼100 ms) muscle bursts and a mixed pattern of muscle discharges as the dominant pattern. We also found that the frequency of head tremor was notably higher in younger individuals when compared to their older counterparts. Additionally, individuals reporting alcohol responsiveness tended to experience less severe head and arm tremors.
Tremor in focal dystonia vs. segmental dystonia
Natural history studies have ascertained that dystonia patients with focal onset symptoms can experience a spread of symptoms into contiguous body regions during the course of their disease [18] The spread of dystonia symptoms occurs in greater than 20% of patients, and the risk of spread is higher in patients who have a tremor [12, 19, 20]. An important goal of the study was to probe whether the clinical nosologic classification into focal and segmental dystonia categories also reflected a distinct physiological segregation, as this would facilitate development of more specific treatments in future [10]. Our study found that many physiological aspects of tremor in focal dystonia such as the frequency, amplitude and muscle burst duration of the head tremor and the amplitude of the arm tremor was distinguishable from segmental dystonia. Future imaging studies are necessary to elucidate the brain networks specific to focal and segmental dystonia. Although the brain networks for dystonia and tremor are likely distinct, they probably interact to some extent, considering they share anatomical structures such as the cerebellum and motor cortex. Thus, alterations in the function of the dystonia network could potentially influence the underlying pathophysiology of tremor. For example, functions of the cerebello-thalamo-cortical pathway might be more involved in segmental dystonia and these may explain our findings of differing tremor physiology in focal dystonia compared to segmental dystonia. Future studies could shed light on the networks that correspond to specific forms of dystonia. In our study, we examined if the physiology was impacted whether tremor and dystonia involved the same or different body parts. Some researchers are concerned that categorizing patients as dystonic tremor or tremor associated with dystonia may not necessarily identify distinct pathophysiological differences [5, 8]. Similarly, in our study, we did not observe significant differences when tremor and dystonia affected the same or different body regions. However, as noted in the results, the uneven distribution of samples limits the strength of these conclusions.
Factors influencing the tremor physiology
We found an inverse relationship between the age at evaluation and the frequency of head tremor, which is similar to essential tremor literature that found the frequency of the tremor decreases with increasing age [21]. We also found that the presence of alcohol (or ethanol) sensitivity tended to be associated with a lower amplitude of the head and arm tremor. In a recent large study involving over 1,000 patients with dystonia, the presence of alcohol responsiveness was seen in nearly 30% of patients with cervical dystonia and was particularly noted in patients with a co-occurring tremor [22]. While the mechanisms underlying the effects of ethanol in dystonia are not known, these have been studied in essential tremor and have been attributed to increased firing of Purkinje cell neurons of the cerebellum through presynaptic effects and decreased firing of the dentate neurons through postsynaptic effects [23–25]. These potential mechanisms could be extended to the dystonia population as there is evidence to support an underlying dysfunction in cerebellum [26–28]. In our recent functional MRI study, the blood oxygen level-dependent activity in the cerebellum and connectivity between the cerebellum and other brain regions was significantly reduced in patients with dystonia and tremor [29]. Thus, the relationship between alcohol responsiveness and the tremor amplitude seen in our study is likely related to the modulation of dentate nucleus pathway of the cerebellum.
Our study examined the effects of inertial loading to determine whether the tremor had a mechanical-reflex component. Previous inertial loading studies found that the mechanical-reflex component could be separated from the 8–12 Hz central component (synchronous modulation of motor unit discharges that are central in origin) in patients with a physiological tremor. In the power spectral analysis, there was an emergence of the mechanical-reflex peak separate from the 8–12 Hz central peak. However, such a separation of two frequency peaks was not seen in essential tremor and Parkinson’s disease tremor, lending credence to a central origin for these tremors [30–32]. McAuley et al. found a lowering of the arm tremor amplitude with inertial loading which was also seen in our cohort. However they found the separation of mechanical and central frequencies in two of the six patients studied [33], which was not seen in our patients. These discrepancies could be related to differences in the comorbidity burden; we specifically excluded conditions that could lead to a co-occurring enhanced physiological tremor.
Our study has many strengths, given that the data was collected from one of the largest and well-characterized cohort of patients. Our study advances the physiological understanding of tremor manifesting in dystonia, which can potentially lead to more effective treatments. For example, in patients treated with deep brain stimulation of the ventral intermedius nucleus of the thalamus [34], the selection of stimulation frequency could be adapted and optimized based on the frequency of tremors in keeping with closed-loop neuromodulation principles [35, 36]. Then, differences in tremor physiology between individuals could be leveraged in understanding variation in the treatment response to neuromodulation. As new drugs are being investigated for treatment, treatments based on neurophysiological characteristics might emerge instead of clinical characteristics. Indeed, a third pathophysiology-based axis of classification has been proposed to guide the effective management of patients [37].
We acknowledge that our study has several limitations, including the lack of longitudinal recordings and the purely clinical assessment of certain characteristics, such as jerky or rhythmic tremors. Additionally, the study lacks physiological assessment of the resting and kinetic components of tremor and does not include tremors in other body parts, such as the jaw and legs. As recommended by the MDS, a sub-classification based on the age of onset for dystonia or temporal pattern of dystonia was not given due consideration. While the recordings were performed off medications, we have not assessed the response of physiological characteristics to medications. Finally, regarding the analysis, we have yet to determine the coherence between signals recorded from homologous muscles of the two sides, as most recordings were for the head tremor and the arm tremor recordings were unilateral in many patients.
In summary, our research identified a significant prevalence of tremors in both focal and segmental dystonia. These tremors were predominantly postural/kinetic, featuring some rest component, and exhibited a tendency towards fine and rhythmic characteristics rather than coarse and jerky movements. The observed distinctions in tremor physiology between focal and segmental dystonia categories indicate that the distribution and spread of dystonia symptoms play a role in shaping tremor features. Our findings also suggest that an earlier age of symptom onset is linked to a higher frequency of head tremor, and alcohol-responsive head and arm tremors tend to be milder. It is important to note that these hypotheses require further examination in larger cohorts. Nevertheless, the intriguing connection between tremor and dystonia networks, along with the impact of disease progression, warrants further research. Tracking these aspects could be achieved through future longitudinal natural history studies.
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EMG pattern, synchronous/mixed/alternating 32177 140 21706
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Tremor & dystonia in same

Tremor & dystonia in

p-value * indicates

body region different body regions significance
Head tremor
66 n

Frequency in Hz, mean + SD 40 £09 50403 0017
Amplitude in g¥/Hz, mean + SD 0.005 + 0.009 0.006 + 0.006 011
Half peak bandwidth/irregularity in Hz, mean + SD 0508 0506 075
EMG burst duration in ms, mean + SD 1013 £ 353 995 + 142 0054
Arm tremor

Frequency in Hz, mean + SD 50 %01 57+08 0.06
Amplitude in g*/Hz, mean + SD 006 £ 0.1 004 +0.1 0.051
Half peak bandwidth/irregularity in Hz, mean + SD 0503 0504 081
EMG burst duration in ms, mean + SD ‘ 1324 £ 403 1272£318 021
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Demographics and

clinical profile

responsiveness, n (%)

Age in years, mean + SD 67.1492
Sex, male/female 8/64
Age at onset in years, mean 49.5 £ 16.1
+SD

Disease duration in years, 17.6 + 124
mean + SD

Alcohol responsiveness, 19 (26)
n (%)

Family history of dystonia, 33 (46)
n (%)

Botulinum toxin 56 (78)

(when bilateral) (n)

Focal Segmental
dystonia dystonia
Head tremor characteristics  n = 66 n=3 n=3
Rest/Posture/Kinetic (n) 25/66/57 12/34/32 13/32/29
Mild/Moderate/Severe (n) 39/20/7 14/6/4 20/11/1
Fine/Coarse (n) 43/23 21/13 2210
Rhythmic/Jerky (n) sm 25/9 20/12
Arm tremor characteristics  n = 31 n=25
Rest/Posture/Kinetic (n) | 13/31/25 5/6/6 6/25/20
Mild/Moderate/Severe (n) 5/22/4 2/311 8/15/2
Fine/Coarse (n) 17/14 3/3 14/11
Rhythmic/Jerky (n) 1412 713 8/8
Unilateral/Bilateral (n) 11/20 3/3 8/17
Symmetric/Asymmetric 5/15 12 5/12
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Risk factors of excessive daytime

sleepiness

p-value

Univariable analysis

(0):3

95% CI

p-value

Multivariable analysis

OR 95% CI

Pediatric-onset 0.662 0.706 0.149-3.356
Male 0.149 1923 0.791-4.677
Disease duration 0.654 0.984 0.918-1.055
BEMDRS 0.0001 0.668 0.543-0.822 0.0001 0.661 0.535-0816
FSS. 0.093 2264 0.872-5.876 0071 2,601 0.922-7.339
PSQI 0354 0.658 0.271-1595
BAT 0.634 0718 0.184-2798
BDI 0326 0524 0.144-1905
Risk factors of sleep disturbance Univariable analy Multivariable analy
p-value (013 p-value (0):3
Pediatric-onset 0.035 0275 0.083-0913 0.079 0311 0.084-1.144
Male 0.507 0792 0.397-1579
Disease duration 0431 0.98 0.933-1.03
BEMDRS 0311 1052 0.953-1.162
ESS 0073 1862 0.944-3.673 0519 0726 0275-192
FSS. 0354 0.658 0.271-1595
BAT 0867 0919 0.341-2479
BDI 0.001 34125 4472-260427 0.001 30456 3.963-234.026

Risk factors of depression

ivariable analysis

Multivariable analysis

(0):3 95% CI p-value [0):3 95% CI
Pediatric-onset 0215 0269 0.034-2.143 0685 0627 0.066-5.983
Male 0568 0773 0319-1.873
Disease duration 0703 0.987 0924-1.054
BFMDRS 0.007 1181 1.046-1.333 0.002 1255 1.084-1.453
FSS. 0626 1236 0527-2.903
ESS 0326 0524 0.144-1.905
PSQI 0.001 34125 4.472-260.427 0.001 47.902 4.763-481.779
BAI 1

The bold values mean statis
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Adult (n = 197)

p-value

14-19 (mild depression), 1 (%) 2/32 (625) 28/181 (15.47)
20-28 (moderate depression), 1 (%) 2/32 (625) 7181 (3.87)
29-63 (severe depression), 1 (%) 0/32 (0) 6/181 (3.31)

Gender ratio (F/M) 20/14 (14) 126/71 (1.8) 0566
Age (y) 21 (16-29) 53 (40-64) <0.0001
Age at onset (y) 15 (10-18) 48 (37-58) <0.0001
Disease duration (y) 450 (0.92-13.75) 2.5 (0.75-7.00) 0.097
Body distribution, n (%)
a. Focal 15/34 (44.12) 152/197 (77.16) <0.001
b. Segmental 2/34 (5.88) 31/197 (15.74)
<. Multifocal 6/34 (17.65) 9197 (457)
d. Generalized 10/34 (29.41) 4/197 (2.03)
e. Hemidystonia 1/34 (2.94) 1197 (0.51)
Sensory trick, n (%) 20/34 (58.82) 85/187 (45.45) 0.191
BEMDRS, 7 (%) 31/34 180/197
score 120 (6.0-33.0) 7.0 (46-11.0) 0.002
FSS, n (%) 3234 180/197
Score 295 (15.3-43.5) 375 (22.0-53.8) 0.088
236 (fatigue) 14/32 (43.75) 96/180 (53.33) 0317
ESS, n (%) 32034 176/197
Score 40 (1.0-8.8) 60 (3.0-9.8) 0242
0-10 (normal), (%) 27/32 (84.38) 144/176 (81.82) 0.054
11-14 (mild excessive daytime sleepiness), (%) 1/32 (3.13) 17/176 (9.66)
15-17 (moderate excessive daytime sleepiness), 1 (%) 4/32 (12:50) 6/176 (3.41)
18 or higher (severe excessive daytime sleepiness), n (%) 0/32 (0) 9176 (5.11)
PSQL 7 (%) 3334 176/197
Sleep quality 1(1-1) 1(1-2) 0.003
Sleep latency 0(0-1) 1(0-3) 0.001
Sleep duration 0(0-0) 0(0-1) 0.003
Habitual sleep efficiency 0(0-0) 0(0-1) <0.0001
Sleep disturbances 13-1) 1(1-1) 0.027
Use of sleeping medication 0(0-0) 0 (0-225) 0282
Daytime dysfunction 0(0-1) 1(0-1) 0017
Total score 3.0 (20-65) 60 (40-100) <0.0001
>5 (poor sleep), n (%) | 10/33 (3030) 105/176 (59.66) 0.002
BAL n (%) 22/34 111/197
Score 40 (0.0-8.3) 30 (10-8.0) 0922
0-7 (minimal anxiety), n (%) 15/22 (68.18) 82/111 (73.87) 0.343
8-15 (mild anxiety), n (%) 6/22 (2727) 16/111 (14.41)
16-25 (moderate anxiety), n (%) 1/22 (4.55) 6/111 (5.41)
26-63 (severe anxiety), n (%) 0122 (0) 7/111 (6.31)
BDI-21, n (%) 3234 181/197
Score 6.5 (1.0-10.0) 60 (25-13.0) 0258
0-13 (minimal depression), n (%) 28/32 (87.50) 140/181 (77.35) 0331

Phe bkl vaiies misis snstutiosTly slintBicas:
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Pediatric onset group.

Cervical (n = 15)

Multifocal (1 = 6)

Adult onset group

Cervical (n = 139)

Multifocal (n = 9)

T b el Sabint: oMot suiionar

BEMDRS | 15015 o6 1267139 3
score | 60 (40-11.0) 2475 (1338-5413) 60 (10-8625) 20 (140-340) 09669 05589
B [ 1515 si6 1327139 o
Score | 30050580) 120 (620-470) 75 Q1-5375) 60 (320-565) 05862 05237
236 i 7115 (1667) 45 (s00) 0132 (53.03) 518 (625) 07861 209999
Ess [ 1515 si6 vonss a
o T o wovon s pyea v
0-10 (rormal) | 13115 (36.67) 315 (600) 1081139 (77.70) 618 (750) ast6 0208
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18 orhigher severe excssive daytime seepness) | ) 05 0) 6139 (4.32) 18 (125)
rsat | 15015 si6 o139 5
Score 30/20-60) 50 (40-7.0) 60 (40-100) 70 (325-125) 00016 05625
55 (poor slep) ans @667) 75 (800) 76130 (38.46) 55 ©25) 00269 505999
BAL 15 o0 5139 s
score 40.(0-7.25) - 20079 140 (10-330) 09357 =
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r— T o ; i wo
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ST

Clinical aspects

Symptoms  Task-specific, focal, non-progressive (most induced

by writing or playing specific instruments)

Electrophysiological studies

Surface EMG  Alternating EMG bursts activity at 3-8 Hz (some
reports with co-contraction, overflow activity) (4,
28,33]

H reflex Normal reciprocal inhibition of H reflex [4, 38]

Blink reflex Reduced blink recovery cycle, reduced EBCC (53]

™S Equivocal normal or slightly reduced SICI [38, 53, 57]

Normal CSP [62]

Neuroimaging studies

Functional Decreased functional connectivity in cerebellum to
MRI other cortical areas [69-71]

Structural Gray matter atrophy in the cerebellum [69]

MRI

CSP, cortical silent period; DTI, diffuse tensor image; EBCC, eyeblink classical condit

Thek somconrilil musneth- st

Posture-related, bilateral involved

Rhythmic EMG burst at a 4-12 Hz bilaterally,
without overflow or co-contractions (31]

Normal reciprocal inhibition [41] or attenuation
of 2nd phase of reciprocal inhibition [39, 40]

Normal blink recovery cycle, reduced EBCC [46,
51, 53]

Normal SICI [64]
Normal CSP [65]

Decreased connectivity in cercbello-thalamico-
cortical circuitry [72-75]

Loss of cerebellar integrity [72-74]

DIS

During postural holding and reaching tasks,
focal or segmental, gestes antagonistes

Rhythmic EMG burst at 4-10 Hz, co-
contractions, overflow, and mirror dystonia (34,
35, 81]

Dimi

ished reciprocal inhibition (42-44]

Reduced blink recovery cycle, reduced EBCC
(52,53

Reduced SICI [58, 59]
Reduced CSP [63]

Decreased connectivity in cortical-basal ganglia-
cerebellar pathway (79-81]

Reduced functional connectivity between
cortical and subcortical regions (77]

Thalamic hypertrophy [76]

8 EMG, clectromyography; MRI, magnetic resonance image; SICI, short-interval intracortical
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9 67
10 63
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14 61
15 64
16 66
1766
18 64
19 41
20 65
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1265
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638
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Swing
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Number of participants

Age in years (mean  SD)

Sex (Male: Female)

Disease duration in years (mean % SD)
MOCA score

Gait and freezing questionnaire total score
(mean + SD)

TUG walking time in seconds (mean + SD)
10 m walk (speed) in m/seconds (mean + SD)
Berg Balance total score (mean + SD)

Gait velocity in cm/seconds (mean + SD)
Cadence in steps/minute (mean + SD)

Step time in seconds (mean + SD)

Step length in cm (mean + SD)

Stride width in cm (mean + SD)

Swing % (mean + SD)

Stance % (mean + SD)

Single support % (mean + SD)

Double support % (mean + SD)

Gait variability index (GVI) (mean + SD)

Bold values indi

te gignificant pvalis,

Dystonic
tremor (DT)

20

66,5 £ 8.9
317

176 £ 9.1
244
4214

107 £23
09 £02
50.1 £4.5
99.1£9.1
103.4 £ 103
068 £ 0.2
567 +7.8
124 45
338+ 121
66.1 %123
339 £ 141
3214152
1184 £ 8.7

Essential
tremor (ET)

15
68.8+7.8
9:6
225+89
23.1
4815

128+ 31
0.9+02

489 % 4.6
97.6 % 8.4
95.1 % 11.2
0.64 £02
59.0 £ 9.1
148 £ 56
328+ 114
67.2% 134
329+ 131
343+ 134
95.1 %86

Orthostatic
tremor (OT)

15

70+ 6.5
510
296+83
285

45 £21

136 +35
07 £03
45+4.7
96.8 + 8.9
893 %98
081 05
514 %67
149 +69
321 %134
679 125
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359 %151
89.1 7.1

DT vs. ET
(p-value)

p=071
p =001
P =006
P =056
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p =005
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p=013
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p=023
p =002
p=004
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p =002
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p=017
p = 0045
p =001
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Binomial multiple logistic regression analysis of Neck Tremor vs. No Neck Tremor—Entire Cohort

p-Value

GDRS neck 0.318 (0.236-0.401) <0.001°
Dystonia duration 0.285 (0.201-0371) <0.001

Age 0218 (0.135-0302) <0.001*

GDRS other ~0218 (-0322--0.118) <0.001

Dystonia location (Ref: non-focal CD) 1183 (0.974-1436) 0.090

Race (Ref: White)

Black 0,661 (0.435-0992) 0.048°
Other 0.705 (0.444-1.108) 0133
Sex (Ref: Female) 0.736 (0.619-0875) <0.001

Handedness (Ref: Right)
Ambidextrous 0922 (0.593-1437) 0718
Left 0.906 (0.695-1.182) 0.4665
Unknown 0.904 (0.441-1862) 07827
Site (Ref: Median site with 52.06% prevalence rate)
Site 18 2,601 (1.320-5.464) 0.008"
Site 30 0,032 (0.002-0.158) <0.001%
Site 27 0.254 (0.083-0.645) 0.008*
Site 29 0.228 (0.083-0.567) 0.002*
Site 19 0493 (0.243-0971) 0.044°
Site 20 0201 (0.076-0.469) <0.001
Binomial multiple logistic regression analysis of Neck Tremor vs. No Tremor—Female Patients
GDRS neck score 0.274 (0.178-0372) <0.001°
Dystonia duration 0.267 (.169-0.367) <0.001
Age 0.244 (.148-0.341) <0.001*
GDRS other ~0.260 (-379—0.146) <0.001
Dystonia location (Ref: non-focal CD) 1227 (0.976-1542) 0,080
Race (Ref: White)
Black 0593 (0.364-0951) 0032
Other 0.672 (0.379-1174) 0.1663
Handedness (Ref: Right)
Ambidextrous 0.954 (0.553-1.657) 0.867
Left 0.822 (0.600-1.128) 0.2244
Unknown 0447 (0.179-1.066) 00736
Site (Ref: Median site with 52.06% prevalence rate)
Site 18 3.016 (1.439-6.842) 0,005
Site 26 5.743 (1.590-36.852) 0022
Site 10 1805 (1.038-3.203) 0039
Site 30 0.060 (0.003-0.329) 0.008*
Site 27 0350 (0.112-0919) 0,046
Site 4 1683 (1.115-2.552) 0014
Site 3 1482 (1.018-2.166) 0041
Binomial multiple logistic regression analysis of Neck tremor vs. No Neck Tremor—Male Patients
GDRS neck score 480 (0.306-0.660) <0.001%
Dystonia duration 339 (0.159-0.525) <0.001

Age 1216 (0.039-0.396) 0.018*
GDRS other =229 (-0.468—0.019) 0.044*
Dystonia location (Ref: non-focal CD) 1.115 (0.742-1.672) 0.598
Race (Ref: White)
Black 1.135 (0.469-2.684) 0.775
Other 0.664 (0.279-1.490) 0.3338
Handedness (Ref: Right)
‘Ambidextrous 1.032 (0.460-2.314) 0.9392
Left 1.139 (0.676-1.915) 0.6241
Site (Ref: Median site with 52.06% prevalence rate)
Site 8 0.210 (0.089-0.469) <0.001*
Site 7 0418 (0.185-0.928) 0.033*
Site 9 0.281 (0.113-0.658) 0.004*
Site 6 0.305 (0.138-0.656) 0.003*
Site 17 0.332 (0.116-0.888) 0.032*
Site 5 0.390 (0.172-0.868) 0.022*
Site 19 0.179 (0.052-0.533) 0.003*
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Cluster characteristics - female patients

Clusters  Size Neck tremor Dystonia CD severity (GDRS  Other dystonia severity
prevalence ( duration neck) (GDRS other)
1 364 7473 6720+9.10 3416 £ 1001 5.06 £ 3.67 297 £ 1.67
2 680 56.18 6845639 1140 + 7.57 301 +3.83 3412119
3 138 39.86 - R 17.92 + 14.53 5.09 £ 10.86 2479 £2.12
13.10
4 518 5521 5043+874 9.16 %674 679 £3.73 295 %119
5 460 | 4478 4749+864  7.64 % 657 323£393 272%134

Cluster characteristics—Male Patients

Clusters  Size Neck tremor CD severity (GDRS  Other dystonia severity
prevalence (%) neck) (GDRS other)
1 9 4444 4522+ 3222 +22.09 589 +1.76 6289 + 23,50
2393
2 282 37.59 6355863 975+ 7.18 3.04 £ 131 5.60 £ 6.40
3 181 6409 6052+8.18 943 +7.34 748 £1.25 339 £4.07
4 9 66.67 69.31£9.90 3658 £ 11.14 448 £ 1.76 509 + 6.01

5 141 4255 3772781 | 599 £625 499 +2.02 4.10 £ 6.26
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Binomial multiple logistic regression analysis of regular vs. Irregular neck tremor

Predictor Std. Coefficient (95%) Odds ratio (95% CI)
GDRS neck ~0.324 (~0.567--0.088) 0008
Dystonia duration ~0.335 (-0.570--0.108) " ooor
Age 0.057 (-0.163-0.279) 0612
GDRS other ~0.498 (-0.853--0.193) 0.003*
Dystonia location (Ref: Non-isolated) 0.856 (0.496-1.458) 0572
Race (Ref: White)

Black 0.116 (0.005-0.972) 0088

Other 0.728 (0.125-4.049) 0715
Sex (Ref: Female) 1.109 (0.678-1.816) 0.681
Site (Ref: median site with 52.06% prevalence rate)

Site 4 0.078 (0.012-0.293) 0001

Site 6 2519 (1.065-6.078) 0037

Site 2 15.782 (7.139-36.468) <0.001*
Binomial multiple logistic regression analysis of Regular vs. No Neck tremor
Predictor Std. Coefficient (95%) Odds Ratio (95% CI) p-value
GDRS neck 0.141 (-0.064-0.347) [ 0177
Dystonia duration 0095 (-0.110-0.302) 0366
Age Lo (0123-0.547) | oo0r
GDRS other ~0.523 (~0.827--0.248) <0.001*
Dystonia location (Ref: Non-isolated) 0.831 (0.492-1.389) 0483
Race (Ref: White)

Black 0215 (0.0319-0.853) 0054

Other 0.824 (0.189-3.214) 0784
Sex (Ref: Female) 0.881 (0.571-1.360) 0.566
Site (Ref: median site with 52.06% prevalence rate)

Site 4 0.189 (0.028-0.730) 0034

Site 3 2,402 (1.192-4.920) 0015

Site 2 4.644 (2.412-9.108) <0.001*
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Neck tremor (X¥/N) ~ Age + Dystonia duration + Neck GDES
+ Non-neck GDRS + Dystonia type + Race + Sex + Site
+ Handedmess.
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