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Background: Dystonia and Huntington's disease (HD) are both hyperkinetic movement disorders but exhibit distinct clinical characteristics. Aberrant output from the globus pallidus internus (GPi) is involved in the pathophysiology of both HD and dystonia, and deep brain stimulation (DBS) of the GPi shows good clinical efficacy in both disorders. The electrode externalized period provides an opportunity to record local field potentials (LFPs) from the GPi to examine if activity patterns differ between hyperkinetic disorders and are associated with specific clinical characteristics.

Methods: LFPs were recorded from 7 chorea-dominant HD and nine cervical dystonia patients. Differences in oscillatory activities were compared by power spectrum and Lempel-Ziv complexity (LZC). The discrepancy band power ratio was used to control for the influence of absolute power differences between groups. We further identified discrepant frequency bands and frequency band ratios for each subject and examined the correlations with clinical scores.

Results: Dystonia patients exhibited greater low frequency power (6–14 Hz) while HD patients demonstrated greater high-beta and low-gamma power (26–43 Hz) (p < 0.0298, corrected). United Huntington Disease Rating Scale chorea sub-score was positively correlated with 26–43 Hz frequency band power and negatively correlated with the 6–14 Hz/26–43 Hz band power ratio.

Conclusion: Dystonia and HD are characterized by distinct oscillatory activity patterns, which may relate to distinct clinical characteristics. Specifically, chorea may be related to elevated high-beta and low-gamma band power, while dystonia may be related to elevated low frequency band power. These LFPs may be useful biomarkers for adaptive DBS to treat hyperkinetic diseases.
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INTRODUCTION

Many movement disorders involve basal ganglia dysfunction, including Parkinson‘s disease (PD), dystonia, essential tremor, Huntington's disease (HD), and Tourette syndrome (TS). Furthermore, symptoms of these diseases can be alleviated by deep brain stimulation (DBS) (1–5). The introduction of DBS and the electrodes externalized period provides an opportunity to learn more about the pathology of the disorders (6).

Beta oscillations in the sub-thalamic nucleus (STN) are correlated with the rigidity syndrome of PD. Alpha oscillations in the pedunculopontine nucleus (PPN) correlate with gait performance in PD (7). In dystonia patients, a lower frequency band is identified (8, 9). In cervical dystonia patients, the theta oscillation is strongly correlated to dystonic symptoms (10). Dystonic involuntary muscle spasms are specifically related to the elevated theta, alpha, and low-frequency beta (low-beta) power (3–18 Hz) (11), and a study of 13 dystonia patients found that 4–10 Hz had the greatest band power.

A limitation of such studies is the absence of a true control group (i.e., neurologically healthy individuals) as no such group would have implanted DBS electrodes, so many studies have instead compared LFPs among patients with different movement disorders. One study comparing LFPs between dystonia and PD patients found that dystonia patients had lower 11–30 Hz power and greater 4–10 Hz power than PD patients (12), and another found that the peak frequency of LFP oscillations was lower in dystonia than PD (13). Our previous work also demonstrated that dystonia patients off medication had lower beta power but greater low frequency and high-gamma power than PD patients (14).

Combined the above evidence, some disease related abnormal LFP overlap with each other. Some researchers speculate the abnormal LFP might not relate to a specific disease but relate to a specific syndrome (14, 15). We also agree with this opinion. As many previous studies report the characteristic of dystonia, we chose another hyperkinetic disorders HD which have some same and different syndromes to add some evidence on this hypothesis.

In general, HD patients demonstrate a good therapeutic response to DBS (16–18) and the GPi is a frequent target for DBS-therapy in HD (19). However, GPi-LFPs have not been examined extensively in HD. One such study comparing the oscillation patterns between a single HD patient and a group of 14 PD patients found that the 3–35 Hz oscillations are not a prominent feature of HD and provided support for the theory that beta activity is primarily “antikinetic” (20). Another study investigated the LFP in a 65-year-old female HD patient and found that low-gamma activity (35–45 Hz) was elevated and reflected pathological exaggeration of the motor drive. Alpha/theta (4–12 Hz) oscillation is also prominent in the GPi among HD patients, suggesting that elevated alpha/theta oscillation may be a common feature of disorders with involuntary movement (21). The mentioned abnormal LFPs in HD also have overlap with the dystonia. As dystonia and HD are both hyperkinetic disorders, but with distinct clinical features, we hypothesized the LFPs of HD and dystonia may have different oscillation patterns that explain unique clinical characteristics.

MATERIALS AND METHODS

Subjects and Surgery

The study was performed according to the Declaration of Helsinki and approved by the local ethics committees of the two participating centers. Informed written consent was provided by all patients. Seven patients with chorea-dominant HD [age 46.8 (SD 12.9) years; disease duration: 6.8 (SD 2.1) years; five males and two females] participated in this study. All patients stopped the medication 1 week before DBS surgery. A group of nine subjects with dystonia [age 51.3 (SD 13.5) years; disease duration: 11.2 (SD 2.9) years; eight males and one female] were also recruited, all with primary cervical dystonia. The United Huntington Disease Rating Scale chorea sub-score (UHDRS-c) was used to assess chorea syndrome severity in HD patients, while dystonic syndrome was quantified using the Burke-Fahn-Marsden dystonia rating scale (BFMDRS) or Toronto Western Spasmodic Torticollis Scale (TWSTRS). Further details on patient demographics and clinical characteristics are summarized in Table 1.


Table 1. Clinical summary.
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For the HD group, six patients underwent bilateral GPi implantation and one patient (H7) underwent bilateral implantation in both STN and GPi (14 GPi sides). All dystonia patients also received bilateral GPi implantation (18 sides). The electrodes were aimed at the posterior-lateral GPi in both groups, which is reported to form part of the motor circuit. The targets were calculated and determined using the SurgiPlan system (ELEKTA, Stockholm, Sweden). The DBS electrodes were Medtronic 3387 (Medtronic, Minneapolis, MN, USA) and PINS L302 (PINS, Beijing, China) with four platinum-iridium cylindrical surface contacts. Each contact was 1.27 mm in diameter and 1.5 mm in length, and contacts were spaced 1.5 mm from one another. The most caudal contact was termed contact 0 and the most rostral contact 3.

Recording

All recordings were conducted with the patient in the sitting position. Patients were not instructed to suppress any involuntary movement but were asked to avoid voluntary movement during recording. Three channels were simultaneously recorded from the adjacent pairs of four contacts (0–1, 1–2, and 2–3) with a common electrode placed on the surface of the mastoid. The locality of the GPi-LFPs was reflected by the graded changes in both amplitude and frequency of the oscillatory activity recorded via different pairs of contacts. Artifacts were carefully identified and marked on the recordings for exclusion from analysis. The signals were amplified, bandpass filtered over 1–1,000 Hz using a Digitimer Amplifier (Model D360, Digitimer Ltd., Hertfordshire, UK) and recorded at a sampling frequency of 2 kHz using a CED 1401 data acquisition interface (Cambridge Electronic Design, Cambridge, UK). All data were displayed on line in Spike2 (Cambridge Electronic Design) and then exported to spread sheet format for analysis.

Signal Processing

All signals were down-sampled to 500 Hz for further analysis. A custom script developed in MATLAB (MathWorks Inc., Natick, MA, USA) was used for signal processing, data analysis, and statistical analysis. A continuous 20-s artifact-free signal was selected from one bipolar channel on each side for analysis (all channels selected are shown in Table 1).

Spectral Analysis

Signals were bandpass filtered between 3–45 Hz and then z-transformed to cancel the variance between subjects. Welch's method (22) was used to calculate the power spectral density with a 1-s sliding window and 0.5 s overlap. The normalized power spectra were compared every 0.5 Hz over 3–45 Hz between the dystonia and HD groups using unpaired t-tests. For multiple comparisons across frequencies, we chose false discovery rate (FDR) correction for significance and required significance in three or more consecutive bins. The mean total power values in discrepant frequency bands were compared between the dystonia and HD groups by t-test.

Lempel-Ziv Complexity (LZC) Measurement

The LZC measurement is related to the number of distinct substrings or patterns within the sequence and the rate of their occurrence along the sequence, which is a non-parametric measure of Kolmogorov complexity for finite sequences (23). More complex signals will contain a greater variety of distinct patterns than simpler (more regular) signals. Non-linear LFP analysis using LZC measurement is an important supplement to results obtained by spectral analyses (24, 25). The pre-processed signals were band-pass filtered over 6–14, 15–25, and 26–43 Hz (the bands identified by spectral analysis as discrepant between groups). The individual neural oscillations of band LFPs were converted into binary sequences using the median value of the oscillation amplitude as the threshold. The LZC measurement was applied to every 1-s epoch and averaged. Then the number of different substrings or patterns in the binary sequence was computed (23). T-tests were used to compare the complexity difference between frequency bands.

Power Ratio Analysis and the Correlation With Clinical Assessment

The oscillatory balance between two oscillations can be represented by ratio of power accumulated over the two frequencies (26) and such measurement has been showed to be related to brain functions. In this case, the power ratio of the discrepant frequencies, that is 6–14 and 26–43 Hz were calculated and analyzed. The power ratios between the discrepancy frequencies were then used to calculate the receiver operating characteristic (ROC) and find the optimum value to differentiate HD from dystonia. Pearson's correlation coefficients (Rs) were calculated to assess the correlation strengths of the clinical assessment scores with discrepant frequency band powers and band power ratios. The UHDRS-c was used as a measure of syndrome severity for HD (n = 7) and TWSTRS for dystonia (n = 6). Three dystonia patients were excluded because the clinical assessment was conducted using BFMDRS. The p < 0.05 was considered statistically significant. All data were plotted using MATLAB and GraphPad Prism version 6.00 (GraphPad Software, La Jolla, CA, USA).

RESULTS

GPi Targeting and Raw Data

The post-operative MRI of patients H1 and H2 with electrodes implanted in GPi and the merged image of H7 with electrodes implanted in both GPi and STN are shown in Figure 1. All targets were toward the posterior-lateral GPi. The target coordinates in left and right hemispheres were as follows: Left Lateral: 20.1 ± 1.27 mm, Left Anterior: 5.9 ± 1.43, Left Inferior: 4.5 ± 0.98; Right Lateral: 19.5 ± 1.50 mm, Right Anterior: 5.9 ± 1.32, Right Inferior: 4.5 ± 1.08. The mid-commissural point (MCP) was taken as the origin and coordinates for the GPi were taken from the Atlas of Stereotaxy of the Chinese human brain based on MRI scans. The raw data and band filter data are shown in Figure 2.
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FIGURE 1. Deep brain stimulation (DBS) lead locations. Representative examples of lead locations in the left (L)-GPi of patients H2 and H6 and in both L-STN and L-GPi of patient H7 derived from post-operative MR and merged post-operative CT with pre-operative MRI. The black asterisk represents the location of GPi and the red asterisk represents the location of STN. (A) Post-operative MR showing the lead location in GPi of patient H1 on the horizontal plane. (B) Post-operative MR showing the lead location in GPi of patient H2 on the horizontal plane. (C) Merged image showing the lead locations in GPi and STN of patient H7 on the horizontal plane.
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FIGURE 2. Raw local field potentials (LFPs) from dystonia and HD patients. Signals predominantly within 6–14, 15–25, and 26–43 Hz bands are presented.



Different Spectral Characteristics in HD and Dystonia

The normalized power spectral densities of 14 sides from 7 HD patients and 18 sides from 9 dystonia patients are shown individually and averaged within groups in Figure 3. The HD group exhibited elevated spectral power in the high-beta and low-gamma bands, while the dystonia group showed elevated low frequency power (Figure 3A). Contiguous significant differences in power were found over 6–13 Hz (two-sample unpaired t-tests, p < 0.0298 in each of 3 contiguous bins respectively) and over 28–45 Hz (p < 0.0298 in each of 3 contiguous bins) between HD and dystonia groups (Figure 3B). The individual total band power values at 6–14, 15–25, and 26–43 Hz were compared between groups and significant differences were found over 6–14 and 26–43 Hz (two-sample unpaired t-tests, p < 0.05; Figure 3C).
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FIGURE 3. Power spectra over 3–45 Hz across subjects with dystonia or HD. Groups were compared by two-sample, unpaired t-tests. LFPs were z-transformed before spectral analysis. Spectral resolution is 0.5 Hz. (A) The blue line and shadows represents the average (± standard error) power of the dystonia group and the gray line represent the average (± standard error) power of the HD group. (B) Statistical comparisons of band powers between dystonia and HD groups. Significant differences were found for 6–14 and 25–43 Hz bands. (C) The mean total power values at 6–14, 15–25, and 26–43 Hz for each group are shown in the histogram. Significant group differences were found for the 6–14 and 26–43 Hz bands (p < 0.0298, corrected p-value). No significant group difference was found for the 15–25 Hz band. ***p < 0.05.



Dynamic Analysis in HD and Dystonia

The LZC over the 6–13 Hz band was significantly lower in the dystonia group than the HD group (t-tests, p < 0.001). In other words, the oscillations within this band were less complex or more regular in the dystonia group. Conversely, the LZC measures in the high-beta and low-gamma band were significantly higher in the dystonia group than the HD group (t-tests, p < 0.001). No significant difference in LZC was found in the 14–27 Hz band (Figure 4).
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FIGURE 4. Complexity analysis of HD and dystonia LFPs centered on the peak frequency in 6–14, 15–25, and 26–43 Hz bands. Significant differences in LZC were found between HD and dystonia groups at 6–14, 15–25, and 26–43 Hz [F(5, 90) = 28.18, p < 0.0001, one-way ANOVA]. The LZC of the 6–13 Hz band was significantly lower in the dystonia group than the HD group (t-tests, p ≤ 0.001). The LZC values in the high-beta and low-gamma bands were significantly higher in the dystonia group than the HD group (t-tests, ***p < 0.001).



Power Ratio and Clinical Assessment Correlation

The HD group and the dystonia group demonstrated obvious differences in 6–14 and 26–43 Hz power bands (Figure 5A) and these differences could be used to distinguish patient groups. For instance, the groups were well differentiated by the 6–14 to 26–43 Hz power ratio, with greatest likelihood of 7.778 at a ratio >4.666 (with area under the ROC curve of 0.8452; Figure 5B). The TWSTRS score showed no significant correlations with the total bilateral power at 6–14, 15–25, and 26–43 Hz, or with the 6–14 Hz/26–43 Hz ratio (n = 6; 6–14 Hz: R2 = 0.0891, P = 0.5654; 15–25 Hz: R2 = 0.3692, P = 0.2008; 26–43 Hz: R2 = 0.2919, P = 0.2685; 6–14 Hz/26–43 Hz: R2 = 0.0175, P = 0.8023; Figure 6A). In contrast, the UHDRS-c was positively correlated with 26–43 Hz frequency band power and negatively correlated with the 6–14 Hz/26–43 Hz band power ratio (n = 7; 6–14 Hz: R2 = 0.7252, P = 0.0150; 15–25 Hz: R2 = 0.4681, P = 0.0900; 26–43 Hz: R2 = 0.7060, P = 0.0179; 6–14 Hz/26–43 Hz: R2 = 0.7811, P = 0.0083; Figure 6B).
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FIGURE 5. (A) Scatter plot of 26–43 Hz power (X-axis) vs. 6–14 Hz power (Y-axis) for dystonia patients (yellow dots) and HD patients (blue dots). There is a clear boundary between the two groups. (B) The ROC constructed from the 6–14 Hz/26–43 Hz of HD and dystonia patients (AUC is 0.8452).
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FIGURE 6. (A) Dystonia severity (TWSTRS) was not correlated with total bilateral spectral power in the 6–14, 15–25, and 26–43 Hz bands or with the 6–14 Hz/26–43 Hz ratio (n = 6; all P < 0.05). (B) HD chorea severity (UHDRS-c) was positively correlated with 26–43 Hz frequency band power and negatively correlated with the 6–14 Hz/26–43 Hz band power ratio (n = 7; all P < 0.05).



DISCUSSION

Few studies have investigated GPi-LFP anomalies in HD. By comparing the GPi-LFP patterns between HD patients and dystonia patients, we demonstrate significant differences in spectral power in the 6–14 and 26–43 Hz frequency bands that may explain the predominant movement deficit in each group. These LFP recordings may provide clues to the pathological changes in the GPi contributing to HD and dystonia symptoms.

Clinical Characteristics of the Study Groups

Dystonia and HD are both hyperkinetic disorders but with distinct clinical presentation. Dystonia is characterized by sustained muscle contractions, causing abnormal postures (tonic component) or repetitive movements (phasic component). Typical clinical features of dystonic contractions are marked directionality, long duration, and simultaneous involvement of agonist and antagonist muscles (27). In contrast, chorea in HD is characterized by rapid, purposeless, non-stereotyped movements flowing randomly from one part of the body to another (28). The HD patients recruited in this study were all chorea-dominant rather than “juvenile HD” or “Westphal variant” that present with an akinetic rigid syndrome usually before the age of 20 (29). All dystonia patients in this study had primary cervical dystonia characterized by predominance of tonic components over phasic components. Therefore, the differences in LFP patterns between these groups likely reflect these distinct motor syndromes.

Low Frequency Activity

This study implicates GPi low frequency activity in dystonia (defined as 6–14 Hz although there are no clear boundaries within this frequency band). Our results address two important questions regarding neural oscillations in hyperkinetic diseases. The first question is whether elevated low frequency power is disease-specific, syndrome-specific, or merely a reflection of current movement status. Several previous studies reported that low frequency oscillations and EMG synchronization in GPi are correlated during involuntary dystonic muscle contractions, suggesting that the low frequency band contributes to the physiopathology of dystonia (30, 31). In contrast, another study found that alpha band power is elevated in HD (21). In our study, however, alpha band power was lower in HD than dystonia. This discrepancy may be related to the difference in HD-associated dystonia between studies. The HD patients recruited in this study had less severe dystonic symptoms compared to the dystonia patients, so the elevated low frequency band power may reflect the dystonic syndrome rather than the disease itself. The second question is whether idiopathic dystonia responds well to GPi-DBS (32–34), as the dystonic syndrome in HD does not (35). Based on this study, we conclude that the dystonic syndrome in HD is not that prominent compared to dystonia and DBS may most strongly suppress the prominent frequency band. The total power at 6–13 Hz was significantly lower in HD patients than dystonia patients, so the dystonia syndrome in HD may not respond as well as chorea to DBS. The hypothesis requires further study for verification. The low-frequency band LZC was also lower in dystonia than HD, indicating a more regular pattern. A previous study found that the theta band significantly correlated with the severity of dystonic syndrome in cervical dystonia patients (10). In our study, no significant correlation was found between the TWSTRS and 6–14 Hz power or the 6–14 Hz/26–43 Hz power ratio, which might due to the relative small number of patients. The other possibility is that the dystonia patients recruited in this study were of the primary cervical dystonia type, in which tonic components are predominant over phasic components.

Beta Activity

Beta activity is strongly implicated in movement inhibition (particularly beta activity in motor cortex and within STN). Indeed, beta activity increases during movement antagonism and termination (36). In addition, Pogosyan et al. demonstrated that enhanced synchronization of beta oscillation induced by transcranial electric stimulation slows movement (37). Moreover, beta is thought to decrease information relay via top-down communication. It was suggested that beta oscillations inhibit processing and are reduced focally to allow optimal information relay (38). Collectively, these findings indicate that beta activity is more a normal physiomarker used to sustain normal action and is desynchronized when a new action program is activated. Alternatively, hyper-elevated beta power damages the normal network and results in voluntary action inhibition.

Recent studies have found subtle differences in cortical topography, and estimates of time delays underlying STN cortical beta coherence hint at a contribution of the indirect pathway to low-beta oscillations (13–25 Hz) and the hyper-direct pathway for high-beta oscillations (26–35 Hz) (39). Severity of bradykinesia and rigidity appear closely linked to enhanced activity, specifically in the low-beta range (40, 41), whereas high-beta has been linked to FOG (42). The beta band can be subdivided into sub-bands and the low-beta band exhibits desynchronization in fast-movement tasks (43, 44). Early desynchronization in low-beta occurs when more challenging, complex, and demanding tasks must be performed (45, 46). In this study, HD patients showed no differences in low-beta frequency band (15–25 Hz) power and LZC, which may reflect the early disease stage of our HD patient group. Mounting experimental evidence supports the notion that indirect striatal projection neurons (iSPNs) and direct striatal projection neurons (dSPNs) help to respectively suppress and promote cortical selection of particular actions (6, 47). In the early stages of HD, chorea (hyperkinesia) is one of the most prominent symptoms. This feature is strongly correlated with iSPN dysfunction (48), which is impaired earlier as revealed by the course of neuropathology in HD. The severities of bradykinesia and rigidity syndrome were similar between the HD and dystonia group in our study, which may account for the lack of difference in low-beta band power and low-beta band LZC between groups. Our study also implies that the hyper-direct pathway may be involved in the pathogenesis of HD, which is correlated with greater high-beta band power and lower high-beta band LZC (26–35 Hz) than dystonia. A regular high-beta band pattern is more prominent in HD patients. Hyper-direct pathway drive is supposed to be a necessary requirement for developing exaggerated beta activity in the STN (49). The elevated high-beta band oscillation may disrupt normal information transfer, and this disruption is more severe in HD than dystonia. This high-beta band activity together with the elevated high-gamma band oscillation may lead to chorea. So, there is no posture to alleviate chorea, unlike the dystonic syndrome (50). Moreover, the 26–43 Hz power was positively correlated with the UHDRS chorea subscore while the 6–14 Hz/26–43 Hz power ratio was negatively correlated with the UHDRS chorea sub-score.

Gamma Activity

Gamma oscillation synchronizes prior to movement onset and is believed to promote movement (51). Power increases of subthalamic gamma oscillations are associated with increments of movement performance and enhanced reaction time in response to intense auditory stimuli (52). The gamma activity is lateralized to the contralateral hemisphere during active motion (53), suggesting promotion of normal voluntary movement.

LFP recordings from cortex and basal ganglia in a rodent model of parkinsonism revealed that levodopa-induced dyskinesia is associated with rising gamma band energy. Dyskinesia syndrome resembles chorea syndrome in that both are characterized by involuntary choreiform movements (54). We found a strong correlation between low-gamma and chorea in HD. On the other hand, one study comparing the resting state with a normal/slow and fast horizontal line drawing movement found suppressed low-beta and increased high-beta and gamma band activity on the contralateral side while the movement speed was increasing. The low-beta band desynchronization and gamma band synchronization are associated with execution and scaling of motor tasks (55, 56).

Collectively, these studies indicate that gamma activity is prokinetic. In our study, the 35–43 Hz power was higher in HD than dystonia, while LZC was lower. A previous study of GPI-LFPs in a HD patient also found increased power in the 35–45 Hz band (21). The scaling of chorea is larger than dystonia. We speculate that the chorea syndrome of HD is more hyperactive due to the elevated gamma activity.

The Potential Biomarker for Different Syndrome

Continuous DBS can induce side effects like psychiatric symptoms and dysarthria, suggesting that adaptive DBS may be more effective (57, 58). Indeed, aDBS has already shown greater clinical efficacy for advanced PD than cDBS (59), likely because aDBS more effectively disrupts long beta-oscillations (60). The LFP identification is also very important for adaptive DBS. However, whether the oscillatory activities in the same site are different in the two types of hyperkinetic diseases or not remains unclear. And if they are, what are the relationships between the characteristic oscillatory activities and the clinical representation of hyperkinetic symptoms? Our study showed a relative clear boundary between chorea and dystonic syndrome. The ROC curve also implied that the 6–14 to 26–43 Hz power ratio can distinguish these two syndromes. The high beta and low gamma frequency band in resting state might be a biomarker of chorea. We can use this biomarker to detect the chorea severity variation. Thus, these LFP-derived measures may have potential utility as biomarkers to identify syndromes of hyperkinetic diseases.

LIMITATION

There are some confounding factors that cannot be ignored. First, data on dystonia and HD patients were acquired in different countries, suggesting a possible influence of ethnic differences. Second, the channels we selected did not match the anatomic location accurately due to the thick acquisition slices. Spectral normalization and LZC help address this issue to some extent as LZC analysis is independent of infinite amplitude. Another limitation is that we did not analyze the influence of DBS on LFP in these two diseases, which is planned for future studies.

CONCLUSION

In conclusion, our data imply that the spectral patterns in GPi differ between chorea-dominant HD and primary cervical dystonia. Chorea is more likely related to elevated high-beta and gamma band activities while the dystonic syndrome is more likely related to elevated low frequency band activity. The specific characteristics of LFP oscillations appear more closely related to the syndrome than the specific disease. These LFP measures advance our understanding of the abnormalities in basal ganglia signaling that underlie HD symptoms and could be useful biomarkers for setting adaptive DBS parameters.

AUTHOR CONTRIBUTIONS

GZ designed and conducted the experiment, collected MRI and clinical information, and drafted the manuscript. XG collected electrophysiological data, analyzed and interpreted the data. ZT analyzed and interpreted the data. YC, RZ and XW collected the data. TA performed the DBS and clinical evaluation. SW supervised the design of experiment and data analysis, and revised the manuscript. JZ supervised the design of experiments, performed the DBS and clinical evaluation, and revised the manuscript.

ACKNOWLEDGMENTS

This study was supported by the National Natural Science Foundation of China (No. 81671104, No. 81830033, No. 81471745); Beijing Municipal Administration of Hospitals'Ascent Plan, Code: DFL20150503; Key development plan for social development of Jiangsu Province (BE2015648); Research Program for AI of Shanghai, 17JC1401400.

REFERENCES

 1. Ramirez-Zamora A, Ostrem JL. Globus pallidus interna or subthalamic nucleus deep brain stimulation for Parkinson disease: a review. JAMA Neurol. (2018) 75:367–72. doi: 10.1001/jamaneurol.2017.4321

 2. Roth J. The colorful spectrum of Tourette syndrome and its medical, surgical and behavioral therapies. Parkinson Relat Disorders (2018) 46(Suppl. 1):S75–9. doi: 10.1016/j.parkreldis.2017.08.004

 3. Bruggemann N, Kuhn A, Schneider SA, Kamm C, Wolters A, Krause P, et al. Short- and long-term outcome of chronic pallidal neurostimulation in monogenic isolated dystonia. Neurology (2015) 84:895–903. doi: 10.1212/WNL.0000000000001312

 4. De Jesus S, Almeida L, Shahgholi L, Martinez-Ramirez D, Roper J, Hass CJ, et al. Square biphasic pulse deep brain stimulation for essential tremor: the BiP tremor study. Parkinson Relat Disorders (2018) 46:41–6. doi: 10.1016/j.parkreldis.2017.10.015

 5. Gonzalez V, Cif L, Biolsi B, Garcia-Ptacek S, Seychelles A, Sanrey E, et al. Deep brain stimulation for Huntington's disease: long-term results of a prospective open-label study. J Neurosurg. (2014) 121:114–22. doi: 10.3171/2014.2.JNS131722

 6. Wichmann T, DeLong MR. Deep brain stimulation for movement disorders of basal ganglia origin: restoring function or functionality? Neurotherapeutics (2016) 13:264–83. doi: 10.1007/s13311-016-0426-6

 7. Thevathasan W, Pogosyan A, Hyam JA, Jenkinson N, Foltynie T, Limousin P, et al. Alpha oscillations in the pedunculopontine nucleus correlate with gait performance in parkinsonism. Brain (2012) 135(Pt 1):148–60. doi: 10.1093/brain/awr315

 8. Chen CC, Kuhn AA, Trottenberg T, Kupsch A, Schneider GH, Brown P. Neuronal activity in globus pallidus interna can be synchronized to local field potential activity over 3–12 Hz in patients with dystonia. Exp Neurol. (2006) 202:480–6. doi: 10.1016/j.expneurol.2006.07.011

 9. Chen CC, Hsu YT, Chan HL, Chiou SM, Tu PH, Lee ST, et al. Complexity of subthalamic 13–35 Hz oscillatory activity directly correlates with clinical impairment in patients with Parkinson's disease. Exp Neurol. (2010) 224:234–40. doi: 10.1016/j.expneurol.2010.03.015

 10. Neumann WJ, Horn A, Ewert S, Huebl J, Brucke C, Slentz C, et al. A localized pallidal physiomarker in cervical dystonia. Ann Neurol. (2017) 82:912–24. doi: 10.1002/ana.25095

 11. Liu X, Wang S, Yianni J, Nandi D, Bain PG, Gregory R, et al. The sensory and motor representation of synchronized oscillations in the globus pallidus in patients with primary dystonia. Brain (2008) 131(Pt 6):1562–73. doi: 10.1093/brain/awn083

 12. Silberstein P, Kuhn AA, Kupsch A, Trottenberg T, Krauss JK, Wohrle JC, et al. Patterning of globus pallidus local field potentials differs between Parkinson's disease and dystonia. Brain (2003) 126(Pt 12):2597–608. doi: 10.1093/brain/awg267

 13. Weinberger M, Hutchison WD, Alavi M, Hodaie M, Lozano AM, Moro E, et al. Oscillatory activity in the globus pallidus internus: comparison between Parkinson's disease and dystonia. Clin Neurophysiol. (2012) 123:358–68. doi: 10.1016/j.clinph.2011.07.029

 14. Geng X, Zhang J, Jiang Y, Ashkan K, Foltynie T, Limousin P, et al. Comparison of oscillatory activity in subthalamic nucleus in Parkinson's disease and dystonia. Neurobiol Dis. (2017) 98:100–7. doi: 10.1016/j.nbd.2016.12.006

 15. Neumann WJ, Huebl J, Brucke C, Lofredi R, Horn A, Saryyeva A, et al. Pallidal and thalamic neural oscillatory patterns in Tourette syndrome. Ann Neurol. (2018) 84:505–14. doi: 10.1002/ana.25311

 16. Bonelli RM, Gruber A. Deep brain stimulation in Huntington's disease. Movement Disorders (2002) 17:429–30. doi: 10.1002/mds.10100

 17. Zittel S, Moll CK, Gulberti A, Tadic V, Rasche D, Baumer T, et al. Pallidal deep brain stimulation in Huntington's disease. Parkinson Relat Disorders (2015) 21:1105–8. doi: 10.1016/j.parkreldis.2015.06.018

 18. Wojtecki L, Groiss SJ, Ferrea S, Elben S, Hartmann CJ, Dunnett SB, et al. A prospective pilot trial for pallidal deep brain stimulation in Huntington's disease. Front Neurol. (2015) 6:177. doi: 10.3389/fneur.2015.00177

 19. Sharma M, Deogaonkar M. Deep brain stimulation in Huntington's disease: assessment of potential targets. J Clin Neurosci. (2015) 22:812–7. doi: 10.1016/j.jocn.2014.11.008

 20. Starr PA, Kang GA, Heath S, Shimamoto S, Turner RS. Pallidal neuronal discharge in Huntington's disease: support for selective loss of striatal cells originating the indirect pathway. Exp Neurol. (2008) 211:227–33. doi: 10.1016/j.expneurol.2008.01.023

 21. Groiss SJ, Elben S, Reck C, Voges J, Wojtecki L, Schnitzler A. Local field potential oscillations of the globus pallidus in Huntington's disease. Movement Disorders (2011) 26:2577–8. doi: 10.1002/mds.23914

 22. Welch P. The use of fast Fourier transform for the estimation of power spectra: a method based on time averaging over short, modified periodograms. IEEE Trans Audio Electroacoust. (1967) 15:70–3. doi: 10.1109/TAU.1967.1161901

 23. Szczepanski J, Amigo JM, Wajnryb E, Sanchez-Vives MV. Application of Lempel-Ziv complexity to the analysis of neural discharges. Network (2003) 14:335–50. doi: 10.1088/0954-898X_14_2_309

 24. Abasolo D, Hornero R, Gomez C, Garcia M, Lopez M. Analysis of EEG background activity in Alzheimer's disease patients with Lempel-Ziv complexity and central tendency measure. Med Eng Phys. (2006) 28:315–22. doi: 10.1016/j.medengphy.2005.07.004

 25. Arnold MM, Szczepanski J, Montejo N, Amigo JM, Wajnryb E, Sanchez-Vives MV. Information content in cortical spike trains during brain state transitions. J Sleep Res. (2013) 22:13–21. doi: 10.1111/j.1365-2869.2012.01031.x

 26. Huang Y, Geng X, Li L, Stein JF, Aziz TZ, Green AL, et al. Measuring complex behaviors of local oscillatory networks in deep brain local field potentials. J Neurosci Meth. (2016) 264:25–32. doi: 10.1016/j.jneumeth.2016.02.018

 27. Geyer HL, Bressman SB. The diagnosis of dystonia. Lancet Neurol. (2006) 5:780–90. doi: 10.1016/S1474-4422(06)70547-6

 28. Burnett L, Jankovic J. Chorea and ballism. Curr Opin Neurol Neurosurg. (1992) 5:308–13.

 29. Quarrell O, O'Donovan KL, Bandmann O, Strong M. The prevalence of Juvenile Huntington's disease: a review of the literature and meta-analysis. PLoS Curr. (2012) 4:e4f8606b742ef3. doi: 10.1371/4f8606b742ef3

 30. Liu X, Yianni J, Wang S, Bain PG, Stein JF, Aziz TZ. Different mechanisms may generate sustained hypertonic and rhythmic bursting muscle activity in idiopathic dystonia. Exp Neurol. (2006) 198:204–13. doi: 10.1016/j.expneurol.2005.11.018

 31. Sharott A, Grosse P, Kuhn AA, Salih F, Engel AK, Kupsch A, et al. Is the synchronization between pallidal and muscle activity in primary dystonia due to peripheral afferance or a motor drive? Brain (2008) 131(Pt 2):473–84. doi: 10.1093/brain/awm324

 32. Sobstyl M, Brzuszkiewicz-Kuzmicka G, Zaczynski A, Pasterski T, Aleksandrowicz M, Zabek M. Long-term clinical outcome of bilateral pallidal stimulation for intractable craniocervical dystonia (Meige syndrome). Report of 6 patients. J Neurol Sci. (2017) 383:153–7. doi: 10.1016/j.jns.2017.10.017

 33. Horisawa S, Ochiai T, Goto S, Nakajima T, Takeda N, Kawamata T, et al. Long-term outcome of pallidal stimulation for Meige syndrome. J Neurosurg. (2018). doi: 10.3171/2017.7.JNS17323. [Epub ahead of print].

 34. Meoni S, Fraix V, Castrioto A, Benabid AL, Seigneuret E, Vercueil L, et al. Pallidal deep brain stimulation for dystonia: a long term study. J Neurol Neurosurg Psychiatr. (2017) 88:960–7. doi: 10.1136/jnnp-2016-315504

 35. Velez-Lago FM, Thompson A, Oyama G, Hardwick A, Sporrer JM, Zeilman P, et al. Differential and better response to deep brain stimulation of chorea compared to dystonia in Huntington's disease. Stereotact Funct Neurosurg. (2013) 91:129–33. doi: 10.1159/000341070

 36. Mallet N, Pogosyan A, Sharott A, Csicsvari J, Bolam JP, Brown P, et al. Disrupted dopamine transmission and the emergence of exaggerated beta oscillations in subthalamic nucleus and cerebral cortex. J Neurosci. (2008) 28:4795–806. doi: 10.1523/JNEUROSCI.0123-08.2008

 37. Pogosyan A, Gaynor LD, Eusebio A, Brown P. Boosting cortical activity at Beta-band frequencies slows movement in humans. Curr Biol. (2009) 19:1637–41. doi: 10.1016/j.cub.2009.07.074

 38. Sherman MA, Lee S, Law R, Haegens S, Thorn CA, Hamalainen MS, et al. Neural mechanisms of transient neocortical beta rhythms: converging evidence from humans, computational modeling, monkeys, and mice. Proc Nat Acad Sci USA. (2016) 113:E4885–94. doi: 10.1073/pnas.1604135113

 39. Oswal A, Beudel M, Zrinzo L, Limousin P, Hariz M, Foltynie T, et al. Deep brain stimulation modulates synchrony within spatially and spectrally distinct resting state networks in Parkinson's disease. Brain (2016) 139(Pt 5):1482–96. doi: 10.1093/brain/aww048

 40. Little S, Tan H, Anzak A, Pogosyan A, Kuhn A, Brown P. Bilateral functional connectivity of the basal ganglia in patients with Parkinson's disease and its modulation by dopaminergic treatment. PLoS ONE (2013) 8:e82762. doi: 10.1371/journal.pone.0082762

 41. van Wijk BC, Beudel M, Jha A, Oswal A, Foltynie T, Hariz MI, et al. Subthalamic nucleus phase-amplitude coupling correlates with motor impairment in Parkinson's disease. Clin Neurophysiol. (2016) 127:2010–9. doi: 10.1016/j.clinph.2016.01.015

 42. Toledo JB, Lopez-Azcarate J, Garcia-Garcia D, Guridi J, Valencia M, Artieda J, et al. High beta activity in the subthalamic nucleus and freezing of gait in Parkinson's disease. Neurobiol Dis. (2014) 64:60–5. doi: 10.1016/j.nbd.2013.12.005

 43. Joundi RA, Brittain JS, Green AL, Aziz TZ, Brown P, Jenkinson N. Oscillatory activity in the subthalamic nucleus during arm reaching in Parkinson's disease. Exp Neurol. (2012) 236:319–26. doi: 10.1016/j.expneurol.2012.05.013

 44. Kempf F, Kuhn AA, Kupsch A, Brucke C, Weise L, Schneider GH, et al. Premovement activities in the subthalamic area of patients with Parkinson's disease and their dependence on task. Eur J Neurosci. (2007) 25:3137–45. doi: 10.1111/j.1460-9568.2007.05536.x

 45. Kuhn AA, Williams D, Kupsch A, Limousin P, Hariz M, Schneider GH, et al. Event-related beta desynchronization in human subthalamic nucleus correlates with motor performance. Brain (2004) 127(Pt 4):735–46. doi: 10.1093/brain/awh106

 46. Singh A, Botzel K. Globus pallidus internus oscillatory activity is related to movement speed. Eur J Neurosci. (2013) 38:3644–9. doi: 10.1111/ejn.12369

 47. Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth K, et al. Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry. Nature (2010) 466:622–6. doi: 10.1038/nature09159

 48. Albin RL, Young AB, Penney JB, Handelin B, Balfour R, Anderson KD, et al. Abnormalities of striatal projection neurons and N-methyl-D-aspartate receptors in presymptomatic Huntington's disease. N Engl J Med. (1990) 322:1293–8. doi: 10.1056/NEJM199005033221807

 49. Holgado AJ, Terry JR, Bogacz R. Conditions for the generation of beta oscillations in the subthalamic nucleus-globus pallidus network. J Neurosci. (2010) 30:12340–52. doi: 10.1523/JNEUROSCI.0817-10.2010

 50. Macerollo A, Martino D. What is new in tics, dystonia and chorea? Clin Med. (2016) 16:383–9. doi: 10.7861/clinmedicine.16-4-383

 51. Brittain JS, Brown P. Oscillations and the basal ganglia: motor control and beyond. Neuroimage (2014) 85(Pt 2):637–47. doi: 10.1016/j.neuroimage.2013.05.084

 52. Anzak A, Tan H, Pogosyan A, Foltynie T, Limousin P, Zrinzo L, et al. Subthalamic nucleus activity optimizes maximal effort motor responses in Parkinson's disease. Brain (2012) 135(Pt 9):2766–78. doi: 10.1093/brain/aws183

 53. Androulidakis AG, Kuhn AA, Chen CC, Blomstedt P, Kempf F, Kupsch A, et al. Dopaminergic therapy promotes lateralized motor activity in the subthalamic area in Parkinson's disease. Brain (2007) 130(Pt 2):457–68. doi: 10.1093/brain/awl358

 54. Bastide MF, Meissner WG, Picconi B, Fasano S, Fernagut PO, Feyder M, et al. Pathophysiology of L-dopa-induced motor and non-motor complications in Parkinson's disease. Prog Neurobiol. (2015) 132:96–168. doi: 10.1016/j.pneurobio.2015.07.002

 55. Brown P. Abnormal oscillatory synchronisation in the motor system leads to impaired movement. Curr Opin Neurobiol. (2007) 17:656–64. doi: 10.1016/j.conb.2007.12.001

 56. Brucke C, Huebl J, Schonecker T, Neumann WJ, Yarrow K, Kupsch A, et al. Scaling of movement is related to pallidal gamma oscillations in patients with dystonia. J Neurosci. (2012) 32:1008–19. doi: 10.1523/JNEUROSCI.3860-11.2012

 57. Doshi PK. Mania induced by stimulation following DBS of the bed nucleus of stria terminalis for obsessive-compulsive disorder. Stereotact Funct Neurosurg. (2016) 94:326. doi: 10.1159/000449066

 58. Risch V, Staiger A, Ziegler W, Ott K, Scholderle T, Pelykh O, et al. How does GPi-DBS affect speech in primary dystonia? Brain Stimulat. (2015) 8:875–80. doi: 10.1016/j.brs.2015.04.009

 59. Little S, Pogosyan A, Neal S, Zavala B, Zrinzo L, Hariz M, et al. Adaptive deep brain stimulation in advanced Parkinson disease. Ann Neurol. (2013) 74:449–57. doi: 10.1002/ana.23951

 60. Tinkhauser G, Pogosyan A, Little S, Beudel M, Herz DM, Tan H, et al. The modulatory effect of adaptive deep brain stimulation on beta bursts in Parkinson's disease. Brain (2017) 140:1053–67. doi: 10.1093/brain/awx010

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Zhu, Geng, Tan, Chen, Zhang, Wang, Aziz, Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-09-00934-g005.gif
o - T et4Hepower/ 2643 Mz power






OPS/images/fneur-09-00934-g006.gif
St

1= ixis

sd s dn >





OPS/images/fneur-09-00934-g003.gif





OPS/images/fneur-09-00934-g004.gif





OPS/images/fneur-09-00934-t001.jpg
D9

Age/

31/F
42M
35/F

42/F
63/M

51/M
64/M
59M

46/F

33M

36M

79M

49M

57M

50M

53M

Dominated Duration of Pre-operative scales Channel

symptoms

Chorea
Chorea

Chorea
Dysarthria
Chorea
Chorea
Dysarthria
Chorea
Chorea
Primary
Cervical
Primary
Cervical
Primary
Cervical
Primary
Cervical
Primary
Cervical
Primary
Cervical
Primary
Cervical
Primary
Cervical
Primary
Cervical

disease
(vears)

(HD: UHDRS-C
UHDRS-D; Dystonia:
BFMDRS/TWSTRS)

C:24D:0
C:26 D:0
C:14D:2

C:16 D:2
C:20D:0

C:19D:0

C:23D:3

TWSTRS:64

BFMDRS:77

BFMDRS:85

TWSTRS:40

TWSTRS:57

BFMDRS:63

TWSTRS:70

TWSTRS:80

TWSTRS:57

selection

L12, RO1
L12,R12
LO1, RO1

Lo1, R12
L12,R12

L12,R23
123, R12
LO1, R12

LO1, RO1

L12,R12

LO1, R12

L12, ROt

L12, RO1

Lo1, R12

L12,R23

L12,R23

UHDRS-C, UHDRS chorea subscores; UHDRS-D, UHDRS dystonia subscores.





OPS/images/fneur-09-00934-g001.gif





OPS/images/fneur-09-00934-g002.gif
Dystonia






OPS/images/cover.jpg
, frontiers
in Neurology

Characteristics of Globus Pallidus
Internus Local Field Potentials in
Hyperkinetic Disease









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





