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Abstract 1 

The presence of abnormal neural oscillations within the Cortico-Basal Ganglia-Thalamo-Cortical 2 

(CBGTC) network has emerged as one of the current principal theories to explain the 3 

pathophysiology of movement disorders. In theory, these oscillations can be used as biomarkers 4 

and thereby serve as a feedback signal to control the delivery of deep brain stimulation (DBS). This 5 

new form of DBS, dependent on different characteristics of pathological oscillations, is called 6 

adaptive DBS (aDBS), and has already been applied in patients with Parkinson’s disease (PD). In this 7 

review, we summarize the scientific research to date on pathological oscillations in dystonia and 8 

address potential biomarkers that might be used as a feedback signal for controlling aDBS in 9 

dystonia.  10 

Introduction 11 

According to the latest expert consensus, dystonia is clinically defined as “a movement disorder 12 

characterized by sustained or intermittent muscle contractions causing abnormal, often repetitive, 13 

movements, postures, or both”.2 Dystonia can be caused by a long list of etiologies including 14 

acquired and different biochemical, cellular, or genetic substrates. The similarity of the clinical 15 

dystonia phenotype, however, suggests a unifying common pathophysiological pathway at a 16 

functional or network level.4  A currently leading hypothesis on its neurophysiological basis is that 17 

dystonia is the result of abnormal activity in Cortico-Basal Ganglia-Thalamo-Cortical (CBGTC) and 18 

cerebellar networks.52 The treatment for the majority of dystonia subtypes is symptomatic. Options 19 

currently available include oral medication (e.g. anticholinergic and antidopaminergic drugs, 20 
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benzodiazepines, and baclofen), botulinum toxin (treatment of choice in focal dystonias), and deep 21 

brain stimulation (DBS).4 22 

DBS in dystonia 23 

Given the limited efficacy and high prevalence of adverse effects of oral medication in generalized 24 

dystonia, DBS of the internal Globus Pallidus (GPi) has become the preferred therapy in this patient 25 

group.4 Several randomized-controlled trials have demonstrated a sustained improvement in 26 

patients with (isolated) generalized dystonia following DBS, as shown by lower motor and 27 

functional scores on the Burke-Fahn-Marsden dystonia rating scale (BFMDRS).29 After five years of 28 

DBS surgery, generalized dystonia is reported to show a reduction in the BFMDRS score of 42-61%.8 29 

Furthermore, the health-related quality of life after DBS for dystonia improves significantly – by 30 

about 24-51% amongst several independent trials.27 DBS therapy has also been utilized in other 31 

types of dystonia when an adequate response to botulinum toxin therapy could not be achieved.24 32 

A large, randomized clinical trial demonstrated that DBS is useful in medication-refractory cervical 33 

dystonia compared to sham stimulation, with a significant improvement of the Toronto Western 34 

Spasmodic Torticollis Rating Scale (TWSTRS) severity score (26% versus 6%, respectively), three 35 

months after implantation.73  36 

Despite its good effect, the exact mechanism of DBS in dystonia remains unclear,10 and clinical 37 

outcome can differ from patient to patient, and among different subtypes of dystonia.8 Patients at 38 

an early stage of the disease and with less disability usually respond better to DBS. This is especially 39 

the case in patients with DYT1 mutations and tardive dystonia. In contrast, the response in other 40 

types of dystonia is less predictable, which makes the selection of appropriate candidates for DBS 41 

challenging.3  42 



4 
 

Drawbacks of current (continuous) DBS 43 

More than 15 years of experience with DBS in dystonia has demonstrated the efficacy of the 44 

current model of continuous DBS (cDBS) once the optimal stimulation parameters have been 45 

achieved.41 Nevertheless, there are still limitations in terms of efficacy and side effects related to 46 

cDBS. Due to limited knowledge of CBGTC and cerebellar networks in dystonia, the modification of 47 

electrical stimulation parameters in DBS is essentially heuristic, and DBS-programming is based on 48 

clinical records and examination. In this process, the clinician starts with the conventional initial 49 

settings of the DBS-system, delivering a constant current or voltage at the selected electrode(s). 50 

The settings are then adjusted in a trial-and-error process, based on the clinical response and 51 

absence of adverse effects.50 However, an immediate response is often not possible to achieve, 52 

since it generally takes weeks to months to notice a perceptible change, especially in tonic dystonic 53 

components.53 For this reason, it can take up to several weeks to modify the initial parameters.30 54 

In general, significant improvement can be expected approximately three months after the surgery, 55 

but it usually takes up to a year to achieve the maximum clinical effect.41 Another technical problem 56 

is that the voltage (V) required for stimulation in dystonia. While a mean of 3·0V is usually effective 57 

to obtain an adequate clinical response in Parkinson’s disease (PD) patients, with electrodes 58 

implanted either in the GPi or the subthalamic nucleus (STN),47 the effective voltage in dystonia is 59 

more variable. It depends, among others, on the type of dystonia, the area of the body affected 60 

and the tolerance to high voltages (due to the subsequent emergence of stimulation-related side 61 

effects), ranging from 2.2 up to 7·0V.28 Therefore, non-rechargeable batteries need to be replaced 62 

more often, with a mean longevity of 28·1 months for dystonia versus 47·2 months for PD.53 This 63 

not only increases the treatment costs, but also exposes the patient to more surgical procedures, 64 

including their concomitant risks.  65 
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Finally, there are significant side-effects induced by cDBS in dystonia patients, such as dysarthria 66 

(up to 12%)29 and parkinsonism (13%).70 Among patients with cranial-cervical dystonia treated with 67 

GPi-DBS, 90% reported at least one motor symptom associated with parkinsonism, such as 68 

handwriting problems, difficulty with standing up from a chair, and gait disturbances.7 In line with 69 

this, a correlation has been described between the increase in GPi stimulation frequency and the 70 

development of bradykinesia.26 71 

The appearance of these side effects after stimulation suggests that DBS interferes with both 72 

pathological activity in the CBGTC circuits,39 and physiological activity that helps to control 73 

voluntary movements.9,29   74 

To improve efficacy and limit side effects, much effort has been put into developing DBS-systems 75 

that only stimulate when pathological activity and clinical symptoms are present.39 Future DBS-76 

devices might be able to deliver electrical stimulation in response to pathological oscillations by 77 

increasing electrical current on demand, i.e. only when, for example, the oscillatory power exceeds 78 

a threshold.46 This adaptive form of DBS (aDBS) has already been successfully applied in non-human 79 

primate models of PD56 by using the occurrence of cortical spikes as a biomarker. In patients with 80 

PD, there is also evidence for the effectiveness of aDBS.33,34,51,55 In these studies, the power of 81 

subcortical beta (13-30 Hz) oscillations which correlate with bradykinesia and rigidity in PD54 was 82 

used as a biomarker. The most important positive effects of human aDBS studies in PD were 83 

increased efficacy, energy-saving properties, and potentially less side effects. This line of evidence 84 

strongly suggests that pathological oscillations can successfully be used as a biomarker for 85 

controlling DBS. 86 
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Preparing the way for adaptive DBS in Dystonia 87 

Neural Oscillations as biomarker 88 

Neural oscillations are part of the physiological components present in the regulatory pathways of 89 

voluntary movements, and are potentially a mean by which neuronal structures communicate 90 

among each other and with muscular units.61 The relationship of oscillations between two different 91 

sources can be addressed by means of coherence analysis, which indicates the degree of mutual 92 

dependence.12 Experiments carried out in healthy subjects have shown an increased coherence 93 

between cortical beta activity (13-30 Hz) and contralateral muscle discharges, respectively 94 

recorded with electroencephalogram (EEG) and electromyogram (EMG), suggesting that voluntary 95 

contractions are coupled with the physiological oscillatory activity of cortical neurons.12,60 96 

In certain movement disorders this physiological oscillatory activity is thought to be altered, since 97 

abnormal (pathological) oscillatory profiles have been detected.5,18,43 The use of subcortical beta 98 

oscillations as a biomarker for aDBS in PD was motivated by recordings of synchronized activity of 99 

large populations of neurons in the basal ganglia (BG), known as local field potentials (LFPs). These 100 

LFPs can be recorded from the same DBS electrode contacts that deliver electrical stimulation. 101 

During a recording, LFPs are rapidly processed, and changes in power on a selected frequency band 102 

(e.g. beta range) are detected through spectral analysis. The increase in frequency power triggers 103 

DBS in PD, which is continued until the power drops below a selected threshold.25  104 

One of the lessons learned from aDBS in PD patients is that the feedback signal of a biomarker 105 

needs to be both sensitive and specific. This means that the biomarker should correlate well in time 106 

with the severity of clinical symptoms (specificity),32 and that the signal detected should be 107 
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powerful enough to be differentiated from artefacts, e.g. the noise caused by the stimulation itself 108 

(sensitivity).57 109 

Neural Oscillations in isolated (primary) dystonia  110 

As discussed above, increased beta oscillations have been found in patients with PD and used as a 111 

biomarker for aDBS. To answer the question whether it is possible to transfer aDBS from PD to 112 

dystonia, it is necessary to identify biomarkers for the latter (Figure 1/Table 1). Several studies have 113 

addressed the presence of (pathological) oscillations in patients with isolated dystonia. LFP 114 

recordings have shown increased power in low frequencies (4-12 Hz) in dystonia patients.64 Chen 115 

et al. demonstrated a positive correlation between pallidal low-frequency oscillations and muscle 116 

(EMG) activity in dystonia patients that was consistent among all contact pairs of the tested DBS-117 

electrodes.9 In the same experiment, an additional correlation was found in the beta range (13-30 118 

Hz), but this was not consistent among different contact pairs. Abnormal low-frequency oscillations 119 

have not only been found between GPi and EMG, but also in LFPs recorded from the subthalamic 120 

nucleus (STN) of dystonia patients17,45 and between different EMG signals.69 Directed transfer 121 

analyses suggest that this excessive oscillatory GPi activity is mostly driven from the GPi to the 122 

affected muscles.62  123 

Furthermore, a sensorimotor modulation of GPi-LFPs has been observed in response to active and 124 

passive movements, with a decreased LFP synchronization at 8-20 Hz, and in dystonic involuntary 125 

muscle spasms with an increased activity in the range of 3-18 Hz.35 This modulation of LFPs has also 126 

been observed in patients with an effective sensory trick (directing actions or movements to a 127 

specific part of their bodies where dystonia is present, in order to alleviate their symptoms2).67 In 128 

these patients, a suppression of the abnormally synchronized activity in the range of 6-8 Hz and 129 

beta bands was observed during the performance of the sensory trick, indicating a peripheral 130 
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regulation of the CBGCT oscillations. In summary, information from peripheral stimuli also 131 

influences the behavior of neural oscillations, at least to a certain degree. 132 

A major finding that directly supports the use of low-frequency (4 -12 Hz) oscillations as a 133 

biomarker for dystonia was described by Barow et al.5 In this study, increased low-frequency 134 

oscillations recorded from DBS electrodes of dystonia patients were significantly suppressed at the 135 

moment DBS was switched on, and re-emerged after stimulation was switched off. Next to this, 136 

increased coherence from EEG-LFP and EMG-LFP within the 4-12 Hz range was reduced after DBS 137 

stimulation. Another study showed that increased low-frequency activity in the cortex is 138 

normalized after applying DBS.40 These findings indicate that application of high frequency GPi-DBS 139 

modulates the abnormally increased low-frequency activity. For these reasons, a paradigm for 140 

aDBS in dystonia based on the level of low-frequency oscillations seems plausible (Figure 2).  141 

The studies mentioned so far in this section, included a varying degree of patients with different 142 

types of local, segmental and generalized forms of isolated dystonia (both sporadic and 143 

genetic/familial) in their cohorts. For that reason, the specific role low-frequency oscillations in 144 

each form of isolated dystonia is currently unclear.  Recently, a study that only included  patients 145 

with cervical dystonia showed that the power of low-frequency oscillations in the dystonic GPi  146 

positively correlates with TWSTRS scores and is coherent to dystonic EMG activity.44 This gives a 147 

rationale for the employment of low-frequency oscillations as a biomarker for aDBS in this 148 

particular group.  149 

Although several comparative studies have found increased subcortical low-frequency activity to 150 

be a characteristic of dystonia when compared to PD,17,64,75 this has not always been 151 

replicated.65,68,74 The co-occurrence of dystonia and PD might, at least partially, explain this 152 
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phenomenon.71 However, the exact role of (pathological) low-frequency oscillations in dystonia is 153 

yet to be clarified. 154 

Neural Oscillations in Other Types of Dystonia 155 

Although virtually all neurophysiological studies described above have been carried out in patients 156 

withdiverse forms of isolated dystonia, some studies have shown similar results of increased low-157 

frequency oscillations in other subtypes of dystonia, indicating at least a partially shared common 158 

pathophysiology for all of them. Prominent 5-18 Hz oscillations from the GPi and thalamus were 159 

recorded from a patient with acquired dystonia secondary to a cryptogenic stroke.72 Furthermore, 160 

studies based on LFPs-EMG and EMG-EMG coherence analysis have found an increased abnormal 161 

coherence in the low-frequency range in patients with myoclonus-dystonia.15,16 These findings 162 

suggest that another potential biomarker to modulate the intensity of aDBS could include the low-163 

frequency common drive to motor units detected through EMG; detection of this could be 164 

technically possible thanks to the development of subcutaneous EMG registers that can transmit 165 

the information wirelessly to the DBS generator.38,59  166 

Phasic and tonic components of dystonia  167 

Whilst dystonia is usually composed of tonic (sustained) and phasic (rhythmic) abnormal 168 

movements,2 increased low-frequency oscillations have only, thus far, been correlated with the 169 

phasic components of dystonia,36,44 including the reduction of such abnormal oscillations after 170 

cDBS.5 With conventional cDBS, the clinical improvement of phasic and tonic components differs 171 

in time; phasic components improve faster (sometimes even immediately) following the 172 

application of DBS, whereas improvement in tonic components can take weeks to months.11 In 173 

contrast, when discontinuing stimulation, phasic components can recur rapidly, whilst tonic 174 
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components recur in a more gradual manner.19 This temporal dissociation leads to the hypothesis 175 

that different pathophysiological mechanisms are involved.1 The rapid improvement seen in the 176 

phasic components is thought to be due to a direct DBS effect, whereas changes in tonic 177 

components are attributed to stimulation effects on neuronal plasticity.22 It has been observed that 178 

the benefits of DBS may remain after stimulation is discontinued, even after 1-year follow-up 179 

period.20,58,66 This could imply that DBS produces a series of readjustments in CBGTC and cerebellar 180 

networks that persist after stimulation has ceased. It remains to be elucidated how aDBS might 181 

influence the tonic components of dystonia.  182 

Dystonic tremor 183 

A specific component of phasic dystonia in which aDBS might be considered is the presence of 184 

dystonic tremor. The prevalence of tremor in patients with dystonia varies from 11 to 87% amongst 185 

studies.14 Lee et al. contrasted data of patients with task-specific primary bowing tremor (a task-186 

specific tremor especially occurring in string musicians) matched with healthy controls, revealing 187 

coherence between the co-activation of wrist antagonist muscles (measured with EMG) and 188 

tremor fluctuation (measured with accelerometers on the metacarpal-phalangeal joint of the index 189 

finger) in the low-frequency range only in the patient group.31 Whereas this might indicate an 190 

influence of the dystonic oscillatory activity in dystonic tremor, more studies are required to 191 

elucidate this relationship. At present, when the tremor is the most disabling symptom,21 the 192 

ventral intermediate/ lateral thalamus is used as a primary target in dystonia patients.42 193 

In a recent study, patients had an improvement of 77% in clinical tremor scales after DBS of the 194 

ventrolateral thalamus.49 However, significant side-effects also occurred. This raises the question 195 

of whether aDBS based on tremor amplitude/ phase could be an alternative. However, at this 196 

moment, the assessment of tremor using current accelerometers is still non-specific, due to the 197 
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difficulties in distinguishing accelerometer signals resultant from voluntary movements. Advanced 198 

tremor-specific accelerometer computation paradigms to treat patients with PD are currently 199 

being explored,37 so in theory similar devices to assess dystonic tremor might be applied in the 200 

future.63  201 

Electrocorticography (ECoG) 202 

Electrocorticography (ECoG) recording is another neurophysiological tool that might be considered 203 

for aDBS. It uses electrodes implanted in the subdural space, giving a powerful spatial resolution of 204 

local cortical activity. One of the first ECoG studies on movement disordersused this technique to 205 

measure cortical LFPs in patients with PD, essential tremor (ET), and (cranio-)cervical dystonia.13 In 206 

the resting state, the authors found a peak in M1-LFP that occurred in the high-beta band for PD, 207 

and in the low-beta band for dystonia and ET. They also found an impaired cortical beta 208 

desynchronization related to movement, present in both motor and somatosensory areas. Low-209 

frequency oscillations (4-12 Hz) were not analyzed in this study due to roll-off interference of the 210 

high-pass filter in the recordings. Recently, the utility of ECoG to measure neural oscillations in the 211 

CBGCT network was addressed in a series of 189 patients (200 recordings) with movement 212 

disorders undergoing DBS surgery.48 Some of the advantages of ECoG mentioned include higher 213 

amplitude signaling, less DBS noise interference and potentially a safe clinical profile (no significant 214 

adverse events added to the DBS procedure were reported in this study). These findings give rise 215 

to the potential use of ECoG to further investigate oscillations within the CBGTC network and, 216 

ultimately, find a potential biomarker for aDBS. 217 
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Temporal dynamics of prospective biomarkers 218 

One of the main questions that need to be answered before implementing aDBS in dystonia is what 219 

the temporal characteristics of the selected biomarker are. The latency and duration of the 220 

biomarkers mentioned (e.g. GPi-LFP's), and how fast they react to electrical stimulation, should be 221 

investigated in order to determine how aDBS must be programmed, and how well it can anticipate 222 

rather than react to the appearance of symptoms.  223 

Combining Neurophysiological Techniques 224 

In addition to single signals, the relation between oscillatory activity at two different sources, by 225 

means of coherence and/ or other statistics might be used for aDBS. For example, LFP-EMG 226 

coherence or EMG agonist-antagonist (AA) ratio might provide a more informative biomarker than 227 

a single site recording. As mentioned before, increased coherence between LFPs-EMG and EMG-228 

EMG has been correlated with the severity of dystonic contractions.15,16 In relation to this, aDBS 229 

might be programmed based on the volatility in coherence. Nevertheless, in order to perform a 230 

‘real-time’ coherence analysis, the original signal has to be estimated over a finite period of time, 231 

limiting temporal resolution.  232 

Besides coherence, other indicators of dystonic muscle activity can be obtained from EMG. This is 233 

based on the evidence that co-contraction and overflow of AA muscles have been found on EMG 234 

measurements of dystonic patients.6 However, at present, AA sum or AA ratio are not yet specific 235 

enough to differentiate signals of pathological contractions from voluntary contractions.23  In the 236 

future evaluation of the predictive value of combined signals through machine learning may lead 237 

to greater specificity. 238 
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Conclusion 239 

After years of successful application in dystonia, the potential of cDBS is still limited in terms of 240 

efficacy, side-effects, and efficiency. Next to this, the current lack of (neuro)physiological 241 

parameters that can predict the individual clinical response of dystonia to DBS makes programming 242 

difficult. For these reasons, improvements in knowledge about the neuro-physiological alterations 243 

underpinning dystonia and the emergence of DBS devices capable of simultaneously recording 244 

neural activity and providing stimulation should allow aDBS to be developed for the treatment of 245 

dystonia in the future. At present, 4-12 Hz LFP oscillations appear to be the most promising 246 

candidate, but other neurophysiological signals (e.g. EMG, ECoG) and their interactions might also 247 

be suitable. However, many questions remain, such as what the influence of micro-lesion effects, 248 

sleep, and medication on DBS recordings is. Regardless of the source of the biomarker or 249 

biomarkers selected for aDBS, their volatility and robustness over time will have to be established. 250 

Critically too, most of the potential biomarkers described here relate to phasic aspects of dystonia, 251 

and therefore the more delayed response of more tonic dystonic elements to aDBS remains to be 252 

established.  253 

  254 
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Tables and Figures 445 

Table 1. Potential biomarkers  446 

Potential biomarkers for aDBS in dystonia with their advantages, disadvantages and challenges. 447 

Common to all is the need to establish their robustness across time and their reliability during brain 448 

states like sleep. 449 

Figure 1. (Potential) interface for aDBS using low-frequency oscillations.  450 

LFP= raw local field potential, STIM= channels representing stimulation amplitude, FILT LFP= LFP 451 

filtered around the low-frequency peak detected, in order to visualize low-frequency oscillations 452 

embedded in the signal, AMP ENV= amplitude envelope of the rectified filtered signal, L= left, R= 453 

right. In this figure, the presence of low-frequency oscillations on a LFP is visualized and used for 454 

an adaptive stimulation algorithm. Raw signals (LFP L and R) are dynamically recorded and filtered 455 

around the low-frequency peak registered (FILT LFP L and R). Afterwards, the filtered signal would 456 

be rectified and an amplitude threshold would be set, in order to trigger the stimulation (STIM L 457 
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and R) every time that an increment in low-frequency activity is detected. A brief delay in the 458 

activation of the stimulation would prevent that short-lived artifacts could trigger the stimulation.   459 

 460 

Figure 2. Potential biomarkers and recording sites 461 

 (Dystonic) brain activity (A) (e.g. increased low-frequency oscillations) can be recorded either in 462 

the form of local field potentials –from the electrodes used for stimulation- or from electrodes 463 

placed on the cortical surface of the brain (electrocorticography) (1). (Dystonic) muscle activity can 464 

be recorded either from subcutaneous electromyography (EMG) or through wearable devices (3), 465 

which could also detect (dystonic) tremor (C), thanks to integrated accelerometers. Signals can be 466 

instantaneously processed in the battery (4), to modulate stimulation according to the biomarker 467 

selected (to visualize a stimulation algorithm, see Figure 1). 468 

 469 

 470 


