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Abstract 

Background 

The efficacy of deep brain stimulation (DBS; primarily of the subthalamic nucleus, STN) for advanced 

Parkinson's disease is commonly attributed to the suppression of pathological synchronous β oscillations 

along the cortico-thalamo-basal ganglia (BG) network. Conventional continuous high-frequency DBS 

indiscriminately influences pathological and normal neural activity. The DBS protocol would therefore 

be more effective if stimulation was only applied when necessary (closed-loop adaptive DBS).  

Objectives and Methods 

Our study aimed to identify a reliable biomarker of the pathological neuronal activity in parkinsonism 

that could be used as a trigger for adaptive DBS. To this end, we examined the oscillatory features of 

paired spiking activities recorded in three distinct nodes of the BG network of two African green 

monkeys before and after induction of parkinsonism (via 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 

MPTP, intoxication). 

Results 

Parkinsonism-related BG β oscillations consisted of synchronized time-limited episodes, rather than a 

continuous stretch, of β oscillatory activity. Episodic BG β oscillatory activity, although prolonged in 

parkinsonism, was not necessarily pathological since short β episodes could also be detected in the 

healthy state. Importantly, prolongation of the BG β episodes was more pronounced than their 

intensification in the parkinsonian state - especially in the STN. Hence, deletion of longer β episodes 

was more effective than deletion of stronger β episodes in reducing parkinsonian STN synchronized 

oscillatory activity. 
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Conclusions 

Prolonged STN β episodes are pathological in parkinsonism and can be used as optimal trigger for future 

adaptive DBS applications. 

 

Introduction  

Parkinson's disease (PD) is the most common basal ganglia (BG) disorder and results from widespread 

degeneration of neurons including the midbrain dopaminergic neurons 1,2. The loss of the midbrain 

dopaminergic neurons leads to substantial dopamine depletion throughout the BG (especially in the 

striatum) which provokes abnormal BG neuronal activity. Abnormal synchronized β oscillatory activity 

has been found at multiple levels of the BG network, within and between BG nuclei, in both human PD 

patients and animal models of PD (e.g., 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine or MPTP-treated 

monkeys and 6-hydroxydopamine lesioned rodents) 3,4. These pathological synchronous β oscillations 

are thought to disturb information flow through the BG network, thus resulting in the release of 

abnormal motor commands by BG output structures 3,5,6. 

To date, deep brain stimulation (DBS) of the subthalamic nucleus (STN) is the most effective invasive 

treatment for advanced PD 7,8. Its efficacy is commonly attributed to the suppression of pathological BG 

β oscillations 9-11. However, conventional (i.e., continuous) STN-DBS, by influencing pathological but 

also physiological neural activity, can induce motor and non-motor side-effects 12,13. Importantly, the 

DBS protocol may be more effective when stimulation is applied only when necessary (closed-loop 

adaptive DBS) 14-18. Therefore, identification of a reliable biomarker of the pathological neuronal 

activity in parkinsonism (that can be used as a trigger for adaptive DBS) is both fundamental and 

necessary.  
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Our study aimed to characterize the dynamics of BG β oscillatory activity and its importance in the 

materialization of pathological synchronous β oscillatory activity in parkinsonism. Synchronous β 

oscillations in the parkinsonian BG network have been detected in local field potential (LFP) and 

spiking activity 3-5,19. Here, we dissected the oscillatory features of the BG spiking (output) activity of 

two African green monkeys before and after induction of severe parkinsonism via MPTP systemic 

intoxication. To better appraise the temporal structure of the BG β oscillatory activity, we departed from 

classical average power spectral and coherence analyses to detect transient β episodes in the temporal 

domain 20. Finally, we deleted the β episodes as a function of their duration or magnitude, and re-

examined the average power spectra and coherence histograms to uncover the optimal trigger for 

adaptive DBS applications. 

 

Methods  

Two female African vervet green monkeys (K and S, Cercopithecus aethiops aethiops), weighing ~ 4kg, 

were used in this study. All experimental protocols were conducted in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals and with the Hebrew University 

guidelines for the use and care of laboratory animals in research, supervised by the Institutional Animal 

Care and Use Committee of the Faculty of Medicine, the Hebrew University, Jerusalem, Israel. 

 

Neuronal database 

Data were collected from the two monkeys used in our previous study 21. The earlier study dealt with 

single electrode recordings; whereas the current study was conducted on a dataset of simultaneously 

recorded pairs of neurons. Although, BG LFPs recorded by bipolar macro-electrodes reflects locally 

generated neuronal sub-threshold (e.g., synaptic input) activity, BG monopolar recorded LFPs are 
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considerably affected by EEG volume conductance 22. Since we used monopolar micro-electrodes to 

record BG neuronal activity, we limited our current database to paired spiking activities recorded 

simultaneously from two to eight electrodes inserted into the STN, the external segment of the globus 

pallidus (GPe) and the substantia nigra reticulata (SNr) before and after induction of parkinsonism (Figs. 

1A and 1B). Parkinsonism induction and assessment methods are presented in the Supplementary 

Information. 

To avoid biases caused by shadowing effects 23, we limited this study to the spiking activity of neurons 

recorded by different electrodes (0.5-2mm distance). Neuronal database details are provided in Table S1.  

Data acquisition and database inclusion criteria are presented in the Supplementary Information. In order 

to boost the sensitivity of the correlation analysis 24,25 and overcome the confounding effects of different 

discharge rates in the three BG structures 26, we used the surrounding (250-6000Hz digitally band-pass 

filtered) multi-unit activity (MUA) of the recorded cells (i.e., both the unsorted and the sorted single-unit 

activity), rather than the single-unit activity. Using MUA recorded around well-isolated and stable 

neurons (Table S1), we ensured the location of the recordings and ruled out shifts in electrode position 

during the recordings.  

 

Power spectral and coherence analysis 

The power spectral density (PSD) and coherence were calculated on the online 250-6000Hz band-pass 

filtered (hardware four-pole Butterworth filter) MUA of the neurons that met the database inclusion 

criteria. For each recording site, the Z-normalized MUA was calculated to obtain an unbiased estimate 

(by the electrode impedance and the amplitude of the recorded neuronal activity) of the oscillatory 

activity 27 and then rectified (by the “absolute” operator) to detect oscillation frequencies below the 

range of the online band-pass filter 27-29. Thus, the resulting power spectral and coherence analyses 
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revealed the oscillatory features of the BG spiking activity and were not confounded by BG field 

potentials (< 250Hz). Additional details are presented in the Supplementary Information. 

 

Detection and features of the β episodes 

Fig. 2 provides a step-by-step depiction of the procedure for the detection of the significant β episodes. β 

episodes were characterized by their duration (e.g., 1, 1.5, 2, or 2.5s etc) and magnitude (i.e., mean RMS 

value or power of the 8-15Hz filtered signal over their duration). For each MUA, the frequency (number 

of episodes/minute) and mean duration (seconds) of the β episodes were calculated over their entire 

recording span. These two metrics were used to determine the episode prevalence for each MUA which 

was defined as: frequency * mean episode duration. Episode prevalence reflected the probability that 

MUA was oscillatory in the low β range. For each neuronal BG population and each state (healthy and 

parkinsonian), a linear regression analysis between duration and magnitude of the β episodes was 

performed to examine the relationship between these two features. Finally, in order to identify the best 

feature (duration vs. magnitude) to discriminate between healthy and parkinsonian β episodes, a 

Receiver Operating Characteristic (ROC) curve using different episode durations or magnitudes as 

decision thresholds was built for each BG neuronal population. Additional details are presented in the 

Supplementary Information. 

 

Numerical episode deletion analysis 

The numerical deletion of the β episodes consisted of deleting all the β episodes (detected in all the 

MUAs recorded in the parkinsonian state) that exceeded a certain duration or magnitude. Deleted β 

episodes were replaced by white Gaussian noise that has flat PSD - i.e., all frequencies have the same 

expected power and no coherence is expected between the replaced segments. Then, the β power and 
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coherence for each MUA and each MUA-MUA pair were calculated and averaged. We repeated the 

deletion procedure and calculated the β power and coherence as a function of the minimal duration and 

magnitude used for episode numerical deletion. Finally, we calculated the percentages of deleted healthy 

β episodes with the different minimal durations and magnitudes. 

 

Statistics 

Analyses were conducted identically on the different neuronal populations. The data for each neuronal 

population from the two monkeys were pooled since no significant differences were detected between 

them (Figs. S1, S5, S8 and S9). In the healthy state, the animals were engaged in a classical conditioning 

task 21. To rule out the possibility that our main findings were due to the inclusion of the task periods in 

the healthy data, the frequency- and time-domain analyses were also conducted on inter-trial interval 

(ITI) data of the healthy state. Since the results were similar, if not otherwise specified, the healthy 

(control) results are derived from the continuous recordings (ITI + task data). All statistical analyses 

were performed using MATLAB 7.5 (Mathworks, Natick, MA, USA). Two-sample t-tests and Chi-

square tests were used for statistical comparisons of two-group means and proportions, respectively. The 

criterion for statistical significance was set at p < 0.05. 

 

Results 

Materialization of parkinsonism-related β oscillations in the BG spiking activity of the MPTP 

primate model 

As reported previously 21, we found a significant (two-sample t-test, p < 0.001) increased low β (8-

15Hz) power after MPTP intoxication in the surrounding MUAs of the STN, GPe and SNr neurons 

(Figs. 1C and S2, left). In addition, coherence analysis revealed that 8-15Hz oscillatory synchrony 
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emerged after MPTP intoxication in the STN, GPe and SNr - i.e., β coherence values increased 

significantly in the parkinsonian state (two-sample t-test, p < 0.001 for STN, p < 0.01 for GPe and p < 

0.05 for SNr, Figs. 1C and S2, right). Importantly, healthy β power and coherence calculated during ITI 

+ task periods and ITI only were not significantly different (Fig. S2, left and right respectively). 

Finally, the same analyses conducted on the spike train (single-unit activity) of the well-isolated and 

stable neurons yielded similar results to those obtained from the surrounding MUA of the same BG cells 

(Fig. S3). Therefore, the MUA is a reliable representative of the oscillatory features of the local 

environment of the STN, GPe and SNr projection neurons. 

  

Episodic β oscillatory activity within the BG network in parkinsonism 

β oscillations could be episodic rather than persistent. We therefore searched for transient episodes of β 

oscillatory MUA in the temporal domain. Applying our episode detection algorithm to each MUA (Fig. 

2), we calculated the frequency, the mean duration and the prevalence of β episodes within each MUA 

recorded for each BG neuronal population, before and after MPTP intoxication (Figs 3A, S4 and S6A). 

Our definition of episode prevalence (frequency * mean duration) reflects the probability that MUA is 

oscillatory in the 8-15Hz range and therefore differs from other definitions of episode probability 30,31; 

namely, the probability of observing β episodes during different task periods. We found that episode 

prevalence increased significantly (two-sample t-test, p < 0.001) in the parkinsonian state for the three 

BG neuronal populations (Figs. 3A and S6A). Nevertheless, although healthy β episodes were even less 

prevalent when detected during ITI only than when detected during ITI + task periods (Fig. S6A), the 

episode prevalence in the healthy state was above chance for the three BG neuronal populations. As 

depicted in Fig. 3B, these results remained the same when using different modes of calculation of the 

amplitude thresholds or different degrees of permissiveness of the amplitude thresholds. 



10 
 

Our decision to use relatively long 1-s bins to segment the data (thus enforcing the minimal β episode 

duration to 1s) was made to prevent excessive fragmentation of β oscillatory activity due to brief data 

fluctuations. Importantly, the significant (two-sample t-test, p < 0.001) parkinsonism-related increase in 

episode prevalence was also found using a smaller bin duration of 0.25s for β episode detection (Fig. 

S7), although episode frequency was higher and episode duration was shorter in comparison to the 1-s 

bin results (Fig. 3C). 

In conclusion, we detected more β episodes than expected by chance in the BG network both before and 

after MPTP intoxication. However, the probability of observing such episodes significantly increased 

after MPTP intoxication. Thus, BG β episodes might not necessarily be pathological, but they appear to 

be more prevalent in parkinsonism.  

 

Duration and magnitude of the BG β episodes - discriminating between “good” and “bad” β 

episodes in parkinsonism 

Although the (linear) relationships between the duration and the magnitude (power) of the β episodes 

became stronger in the parkinsonian state for the three BG neuronal populations, their strength remained 

relatively weak (Pearson's r ≤ 0.39, Fig. 4, first and second columns). More importantly, although we 

found significant (two-sample t-test, p < 0.001) parkinsonism-related increases both in episode duration 

and episode magnitude for the three neuronal BG populations, episode duration increased more strongly 

than episode magnitude in the parkinsonian state and notably in the STN (+120.58% vs. +19.14% for 

STN, +13.59% vs. +5.77% for GPe and +41.57% vs. +2.39% for SNr, Fig. 4, third column). This larger 

increase in episode duration was also maintained when the parkinsonian episode features were compared 

to the healthy episode features detected during ITI only (Fig. S6B). We therefore built ROC curves 

using the different episode durations and magnitudes as decision thresholds for classification of healthy 
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and parkinsonian episodes in each BG neuronal population (Fig. 4, fourth and fifth columns, 

respectively). Importantly, ROC curves of 5-fold cross validation yielded similar results. The best 

discrimination between healthy and parkinsonsian episodes occurred in the STN (i.e., highest AUC 

values). However, although the AUC values were similar for duration- and amplitude-based 

discrimination, the shapes of the STN ROC curves were very different. Therefore, we focused on the 

region of the curve with low false positive rate (100-TNR), namely the region where the number of 

healthy episodes detected as pathological episodes was minimized. As expected, the partial AUC values 

32 (calculated for 100-TNR values of 20, 30, 40 and 50%) were higher for the duration- (partial AUC 

values = 0.08, 0.14, 0.21, 0.28, respectively) than the magnitude-based ROC analysis (partial AUC 

values = 0.04, 0.09, 016, 0.25, respectively). Finally, we identified the optimal cut-off value (i.e., 

optimal decision threshold) for episode duration- and magnitude-based discrimination that misclassified 

the least of healthy and parkinsonian episodes [i.e., maximal true negative rate (TNR) and true positive 

rate (TPR) or specificity and sensitivity, respectively]. In doing so, longer and stronger STN β episodes 

were defined as the STN β episodes with durations ≥ 2s and RMS values ≥ 0.0532, respectively. 

 

Deletion of longer β episodes is more effective than deletion of stronger β episodes in restoring 

normal STN β power and coherence 

To validate the results of the ROC analysis, we examined the effects of deletion of β episodes according 

to their duration or amplitude on the average STN β power and coherence. To do so, we calculated the β 

power and coherence for each MUA and each MUA-MUA pair recorded in the parkinsonian STN after 

numerical deletion of the β episodes exceeding a certain duration or magnitude (see Methods). We found 

that the deletion of longer parkinsonian STN β episode (≥ 2s, Fig.5, left) dramatically and significantly 

reduced parkinsonian β power (-98.2%, two-sample t-test, p = 0.0056) and coherence (-92.5%, two-
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sample t-test, p < 0.001) while deleting only 16.54% (444/2685) of healthy episodes. In contrast, 

although the deletion of the stronger parkinsonian episodes (RMS value ≥ 0.0532, Fig. 5, right) also 

dramatically and significantly reduced parkinsonian β power (-102.7%, two-sample t-test, p = 0.0036) 

and coherence (-95.9%, two-sample t-test, p < 0.001), the proportion of deleted healthy episodes 

(50.09% or 1345/2685) significantly increased (chi-square test, p < 0.001). In line with these results, the 

proportion of deleted healthy episodes linearly increased with the minimal episode magnitude used for 

numerical episode deletion (Pearson's r = 0.83, Fig. 5, right). On the other hand, the proportion of 

deleted healthy episodes sharply increased as the minimal episode duration approached the episode 

duration threshold used to discriminate between short (“good”) and long (“bad”) episodes (strength of 

the linear relationship between the proportion of deleted healthy episodes and the minimal episode 

duration used for numerical episode deletion was considerably reduced compared to the amplitude-based 

deletion; Pearson's r = 0.31, Fig. 5, left). 

Overall, the duration of BG β episodes was more widely distributed than their magnitude in 

parkinsonism and appeared to be a more reliable feature, especially in the STN, for discriminating 

between normal (“good”) and pathological (“bad”) episodes. Moreover, deletion of longer β episodes 

was more effective than deletion of stronger β episodes in reducing parkinsonian STN activity.  

 

Discussion 

BG β oscillations are episodic but not necessarily pathological 

In this study, we found low β (8-15Hz) oscillations and synchrony in BG spiking activity after MPTP 

intoxication of African green monkeys (Figs. 1C, S1, S2 and S3) which coincides with the β oscillation 

frequency range reported for the MPTP-treated monkey 33-37. Remarkably, recent human 38 and non-

human primate 37 studies have shown that low frequency β oscillations (< 20Hz) are better correlated 
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with the clinical motor symptoms of PD and are also more sensitive to dopaminergic medication 39. 

Moreover, an earlier study on human PD patients showed that STN neurons exhibited long, non-

continuous, 8-20Hz oscillatory spiking activity that was coherent with their background MUA 28. 

Similarly, examination of the dynamics of the β oscillatory spike-LFP synchrony in the STN of human 

PD patients revealed that synchronized β oscillatory activity in human parkinsonian STN is interrupted 

by irregular short de-synchronization events 40. Recently, β bursts have also been detected in the LFPs 

recorded in the STN of human PD patients 41,42. Here, the recordings over multiple BG nuclei revealed 

that parkinsonism-related episodic synchronized β oscillatory activity was not limited to LFP, but could 

also be detected at the spiking activity scale in the STN (BG input), as well as in the central (GPe) and 

output (SNr) structures of the BG network (Figs. 1C, S1, S2 and S3).  

In research on human patients, healthy control groups are obviously not available for comparison. Here, 

we found that episodic β oscillatory spiking activity in the BG network was more prevalent in the 

parkinsonian state than in the healthy state (Figs. 3, S5, S6A and S7). Nevertheless, β episodes were also 

detected in the healthy state (Figs. 3, S5, S6A and S7). In normal behavior control, β oscillatory activity 

probably contributes to the maintenance of the current sensorimotor or cognitive state - the status quo 

hypothesis 43,44. Consistent with this hypothesis, accentuation of brief β bursts has been observed in the 

cortical-BG network of healthy rodents during post-performance periods once the animals’ behavior 

becomes habitual 45 and/or a change in the animals’ state is unlikely 30,46. High levels of synchrony in 

LFP β oscillations have also been observed in the striatum of healthy non-human primates during hold 

periods 47. Nevertheless, it has been shown that dopamine replacement therapy and STN-DBS abolish β 

oscillatory activity in the BG network in both human PD patients (e.g., see 39,48 for dopaminergic 

medication and 10,11 for STN-DBS) and animal models of PD (e.g., see 49 for dopaminergic medication 

and 9,50 for STN-DBS), concomitantly with clinical improvement in hypokinetic symptoms. Moreover, a 
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recent study reported an elongation of episodic LFP β oscillations in the parkinsonian-like striatum (after 

inducible ablation of the striatal dopamine D2 receptors) of freely moving mice with a locomotion 

deficit 51. Given the severity of the parkinsonian symptoms in our study, the animals’ healthy behavioral 

state (engaged in the classical conditioning task 21) differed from the parkinsonian (at rest) state. 

Nevertheless, frequency- and time-domain analyses conducted on ITI data and continuous recordings 

(ITI + task data) in the healthy state yielded similar results (Figs. S2 and S6). This excludes the 

possibility that the differences observed between the healthy and parkinsonian states were due to the 

inclusion of the task periods in the healthy data. Therefore, these previous and current findings indicate 

that episodic BG β oscillatory activity, even in parkinsonism, is not necessarily pathological. 

Nevertheless, extended β oscillatory activity observed along the BG network in parkinsonism may cause 

the hypokinetic symptoms of the disease (i.e., akinesia, bradykinesia and rigidity).  

 

Optimization of deep brain stimulation therapy 

Our results suggest that the dynamics of STN β oscillatory spiking activity might be used as a reliable 

biomarker of pathological neuronal activity in parkinsonism. In earlier studies, adaptive STN-DBS was 

delivered when the magnitude of STN β oscillatory LFP activity exceeded a certain threshold 15,16,18, 

thus suggesting that healthy and abnormal β oscillatory activity could be distinguished based on their 

magnitude. Recently, it has been shown that the magnitude of the β oscillatory LFP activity in the STN 

of human PD patients increases proportionally to the duration of the β oscillatory bursts 41. We also 

found similar relationships between the magnitude (power) and the duration of the β episodes for the 

different BG neuronal populations (Figs. 4 and S8, first and second columns). However, unlike the latter 

study, here we report β episode durations of up to 40 s. Detection of such long β episodes might be 

explained by our choice to use the power in the frequency bands (6-8Hz and 15-20Hz) that flank the β 
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(8-15Hz) band for the calculation of the amplitude thresholds rather than the power in the β band 30,41,42. 

When using the β power itself for the calculation of the amplitude threshold, very prolonged β episodes 

could lead to a very high amplitude threshold and might not be detected. Moreover, by enforcing the 

minimal β episode duration to 1s to prevent excessive fragmentation of β oscillatory activity, we 

naturally favored the detection of long β episodes (Figs. 3C, S4 and S7). Finally, this discrepancy in the 

pathological β episode duration between our and other recent human studies 41,42 might also be due to 

differences in experimental approaches, such as the species, the methods of parkinsonism induction 

(idiopathic disease vs. experimental induction), the time elapsed between the onset of parkinsonism and 

neuronal recordings, the severity of the parkinsonian symptoms and the dopamine replacement therapy 

history etc. In any case, we found that the increase in episode duration was more pronounced than the 

increase in episode magnitude at the spiking activity scale of the three distinct BG neuronal populations 

recorded in the parkinsonian state (Figs 4, and S8, third column and Fig. S6B), thus indicating that 

episode duration might be a better differentiating marker of the normal and pathological episodes in the 

parkinsonian state. We also showed that the best episode duration-based discrimination between healthy 

and parkinsonian episodes occurred in the STN (Figs. 4 and S8, fourth column). Therefore, at least in the 

parkinsonian STN, the prolonged β episodes might reliably be considered pathological.  

In the current study, we did not attempt to correlate neural activity to the animals' behavior or clinical 

states on a short (seconds to minutes) time scale. Nevertheless, the results from our numerical episode 

deletion analysis indicate that at least in the parkinsonian STN, deletion of longer β episodes was more 

effective than deletion of stronger β episodes in reducing parkinsonian activity (Figs. 5 and S9, left vs. 

right). This strengthens the claim that longer, rather than stronger, STN β episodes are a reliable 

biomarker for pathological episodes in parkinsonism and potentially the optimal trigger for future 

adaptive DBS applications 52. The success of early studies on human adaptive stimulation 15,16,18,41,42 
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could thus be due to the soft-start (ramping) nature of the stimulation following detection of the 

subthalamic β episodes, leading exclusively to effective stimulation at the time of the prolonged (i.e., 

pathological) epochs. 
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Figure Legends 

Fig. 1. BG β synchronous oscillations are enhanced in parkinsonism. (A) Representative depiction of 

the recording setup. Coronal section 6mm posterior from the anterior commissure (AC - 6) with two 

microelectrodes located in the STN, adapted from Martin and Bowden (2000). In the current study, 1-8 

microelectrodes were inserted simultaneously into a single BG nucleus in each recording session. (B) 

Synchronized STN multi-unit β oscillatory spiking activities. Left, 1-s example of two MUAs (online 

250-6000Hz band-pass filtered signals) recorded simultaneously in the surrounding area of two well-



21 
 

isolated STN neurons in the parkinsonian state. Right, 100 randomly-chosen superimposed waveforms 

of the extracellular action potentials of a cell sorted from its MUA. IS indicates the isolation score of the 

sorted cell. (C) Mean PSDs (left) and coherence estimates (right) of the MUAs and MUA-MUA pairs 

recorded in the vicinity of STN, GPe, SNr neurons in the healthy and parkinsonian states. To obtain the 

mean coherence estimate, individual coherence histograms were Fisher Z-transformed, averaged and 

then reverse Fisher Z-transformed to provide an unbiased estimate of the average coherence (i.e., 

bounded between 0 and 1). Abscissas are in log scale. The shaded areas mark SEMs. N is the number of 

recording sites and Np is the average number of multi-unit pairs. 

 

Fig. 2. Detection of the significant β episodes. Each Z-normalized 250-6000Hz band-pass filtered 

MUA was rectified using the “absolute” operator. Then, the 8-15Hz band-pass filtered signal (blue) and 

the 6-8Hz and 15-20Hz (flanking frequency bands) filtered signal (red) were extracted from the Z-

normalized and rectified MUA. Finally, the two signals were segmented into consecutive overlapped 

(50%) 1-s bins and the RMS value was calculated for each 1-s bin. A significant β (8-15Hz) episode 

consisted of 1 to n consecutive bins with RMS values of the 8-15Hz filtered signal that exceeded 3 SDs 

of the mean RMS value of the 6-8Hz and 15-20Hz filtered signal. The horizontal red line represents the 

mean + 3 SDs of the 6-8Hz and 15-20Hz filtered signal. 

 

Fig. 3. Episodic BG β oscillatory activity is more prevalent in parkinsonism. (A) Distributions of the 

values of episode prevalence for the BG neuronal populations in the healthy and parkinsonian states. For 

each MUA, the episode prevalence represents the probability that MUA is oscillatory in the β (8-15Hz) 

range. Superimposed distributions are displayed with equal bin resolutions (but with different bin 

numbers). Mode of calculation of the amplitude thresholds for the detection of the β episodes: absolute; 
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number of SDs: 3. N is the number of recording sites. Gray - healthy state; light green - parkinsonian 

state; dark green - overlapping bins. (B) Mean values of (± SEM) episode prevalence for the BG 

neuronal populations in the healthy and parkinsonian states as a function of the mode (relative and 

absolute) and the number of SDs (2, 2.5, 3 and 3.5) for the calculation of the amplitude thresholds for β 

episode detection. (C) Mean (± SEM) of the features (frequency, mean duration and prevalence) of β 

episodes in the healthy and parkinsonian states using 1-s or 0.25-s bins for binning data. Parameters for 

β episode detection and color code are identical to (A). * and *** indicate significant (p < 0.05 and p < 

0.001, respectively) differences between the healthy and parkinsonian states. 

 

Fig. 4. β episode duration is a reliable metric to discriminate between healthy and pathological 

episodes within the parkinsonian BG network. First and second columns, scatter plots of the 

magnitude and the duration of the β episodes for the BG neuronal populations in the healthy and 

parkinsonian states, respectively. Red line represents the linear regression line between the features 

(magnitude and duration) of these episodes. r is the Pearson's correlation coefficient and p indicates the 

probability that r = 0. Third column, percentage of change in the duration and the magnitude of the 

parkinsonian β episodes for the BG neuronal populations. 100% represents the duration and the 

magnitude of the healthy β episodes. Fourth and fifth columns, ROC curves using different episode 

durations (1, 1.5, 2, 2.5, 3, 3.5s etc) and different episode magnitudes as decision thresholds for the BG 

neuronal populations (duration- and magnitude-based ROC curves, respectively). Red curves are the 

ROC curves of 5-fold cross validation for each dataset. AUC is the area under the ROC curve. Triangles 

mark the optimal cut-off values that correspond to the points on the ROC curves with the maximal 

vertical distance from the diagonal chance line. The cut-off value ensures the maximal true negative rate 

and true positive rate or TNR (specificity) and TPR (sensitivity), respectively. For each BG neuronal 
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population, healthy β episodes were re-detected after random pruning and truncation of the healthy 

MUAs to adjust for the number of multi-unit sites and the average length of recording in the two states. 

In all subplots, mode of calculation of the amplitude thresholds for the detection of the β episodes: 

absolute; number of SDs: 3.  

 

Fig. 5. Deletion of longer β episodes is more effective than deletion of stronger β episodes in 

reducing parkinsonian STN activity. Mean β power (top) and coherence (bottom) in the parkinsonian 

STN as a function of the minimal duration (left) and minimal magnitude (right) used for the numerical 

deletion of the β episodes. For each minimal duration and magnitude of the deleted episodes, raw data 

were replaced by white Gaussian noise and the mean β power and coherence (green bars) were 

calculated. Red curves indicate the (expected) percentages of deleted healthy STN β episodes as a 

function of the minimal duration and magnitude for episode deletion. Triangles mark the episode 

duration threshold (left) and episode magnitude threshold (right) that correspond to the optimal cut-off 

values identified from the ROC analysis. Black and green horizontal lines indicate the healthy and 

parkinsonian STN levels, respectively (i.e., mean β power and coherence in the healthy and parkinsonian 

STN with no episode deletion. In all subplots, mode of detection of the β episodes: absolute; number of 

SDs: 3. 


