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Abstract 38 

Elevated synchronized oscillatory activity in the beta band has been hypothesized to be a 39 

pathophysiological marker of Parkinson’s disease (PD). Recent studies have suggested that parkinsonism 40 

is closely associated with increased amplitude and duration of beta burst activity in the subthalamic 41 

nucleus (STN). How beta burst dynamics are altered from the normal to parkinsonian state across the 42 

basal ganglia-thalamocortical (BGTC) motor network, however, remains unclear. In this study we 43 

simultaneously recorded local field potential (LFP) activity from the STN, internal segment of the globus 44 

pallidus (GPi) and primary motor cortex (M1) in three female rhesus macaques and characterized how 45 

beta burst activity changed as the animals transitioned from normal to progressively more severe 46 

parkinsonian states. Parkinsonism was associated with an increased incidence of beta bursts with longer 47 

duration and higher amplitude in the low beta band (8-20 Hz) in both the STN and GPi, but not in M1. 48 

We observed greater concurrence of beta burst activity, however, across all recording sites (M1, STN 49 

and GPi) in PD. The simultaneous presence of low beta burst activity across multiple nodes of the BGTC 50 

network that increased with severity of PD motor signs provides compelling evidence in support of the 51 

hypothesis that low beta synchronized oscillations play a significant role in the underlying 52 

pathophysiology of PD. Given its immersion throughout the motor circuit, we hypothesize that this 53 

elevated beta band activity interferes with spatial-temporal processing of information flow in the BGTC 54 

network that contributes to the impairment of motor function in PD. 55 

 56 

 57 

Significance statement 58 

This study fills a knowledge gap regarding the change in temporal dynamics and coupling of beta burst 59 

activity across the basal ganglia-thalamocortical (BGTC) network during the evolution from normal to 60 
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progressively more severe parkinsonian states. We observed that changes in beta oscillatory activity 61 

occur throughout BGTC and that increasing severity of parkinsonism was associated with a higher 62 

incidence of longer duration, higher amplitude low beta bursts in the basal ganglia, and increased 63 

concurrence of beta bursts across the STN, GPi and motor cortex. These data provide new insights into 64 

the potential role of changes in temporal dynamics of low beta activity within the BGTC network in the 65 

pathogenesis of PD.  66 

  67 



 

 4 

Introduction 68 

Exaggerated beta band (8-35 Hz) oscillatory activity in the basal ganglia-thalamocortical (BGTC) network  69 

is hypothesized to be a pathophysiological marker of Parkinson’s disease (PD) (Wichmann et al., 1994; 70 

Nini et al., 1995; Brown, 2003, 2006; Chen et al., 2007; Hammond et al., 2007; Kühn et al., 2009; 71 

Devergnas et al., 2014). Support for this hypothesis comes from the observations that suppression of 72 

local field potential (LFP) activity in the beta band in the subthalamic nucleus (STN) and globus pallidus 73 

(GP) after the administration of levodopa or during deep brain stimulation (DBS) is positively correlated 74 

with the improvement of motor symptoms (Brown et al., 2004; Kuhn et al., 2008; Oswal et al., 2016; 75 

Trager et al., 2016; Wang et al., 2018). In other studies, however, the correlation between beta power 76 

and symptom severity was not consistent across subjects (Weinberger et al., 2006; Rosa et al., 2011; 77 

Devergnas et al., 2014; Connolly et al., 2015; Muralidharan et al., 2016), contributing to a continued 78 

debate about the role of beta oscillations in the pathogenesis of PD.  79 

Beta oscillations in the motor network often occur as transient events, or bursts, and play an important 80 

role in encoding movement information in the healthy non-diseased state (Murthy and Fetz, 1992, 1996; 81 

Bartolo and Merchant, 2015; Feingold et al., 2015; Shin et al., 2017; Little et al., 2019). Recent studies 82 

suggest that the critical disease-specific pathophysiological feature of parkinsonism is not necessarily a 83 

static, continuous elevation of beta power but rather a change in the temporal dynamics of burst activity 84 

(Tinkhauser et al., 2017a; Torrecillos et al., 2018). In PD patients, the suppression of prolonged beta 85 

bursts in the basal ganglia was positively correlated with motor improvement during DBS or 86 

administration of levodopa (Tinkhauser et al., 2017a, 2017b; Deffains et al., 2018; Lofredi et al., 2019). It 87 

was hypothesized that prolonged beta bursts across multiple nodes produce concurrent beta bursts at 88 

other nodal points in the BGTC circuit and thus pathological synchronization across the motor network, 89 

leading to the motor deficits in PD (Tinkhauser et al., 2018). It remains unclear, however, how the 90 
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temporal dynamics of beta burst activity evolve from the normal to parkinsonian state or how these 91 

dynamics are altered across multiple nodes in the BGTC network.  92 

In this study we begin to address these gaps in knowledge using the 1-methyl-4-phenyl-1,2,3,6 93 

tetrahydropyridine (MPTP) non-human primate (NHP) model of PD. This model allows for the 94 

simultaneous recording of neuronal activity across multiple nodes in the BGTC network using a within-95 

subject design that is not feasible in patient studies. We hypothesized that temporal dynamics of beta 96 

bursts (i.e., burst incidence, duration and amplitude) in individual subcortical and cortical sites would 97 

evolve with increasing severity of PD (Fig. 1A), leading to greater overlap of beta burst activity and 98 

enhanced synchronization of neuronal activity across nodal points in the BGTC network (Fig. 1B). We 99 

tested this hypothesis by simultaneously recording LFP activity in the STN, GPi and primary motor cortex 100 

(M1) as the animal evolved from the normal to progressively more severe parkinsonian states, 101 

investigating: 1) the changes in incidence, duration and amplitude of beta burst activity. and 2) the 102 

temporal relationship of the occurrence of beta bursts across subcortical and cortical nodes in the BGTC 103 

network. 104 

 105 

Insert Figure 1 106 

 107 

Materials and Methods 108 

Subjects 109 

All procedures were approved by the University of Minnesota Institutional Animal Care and Use 110 

Committee and complied with United States Public Health Service policy on the humane care and use of 111 

laboratory animals. Three adult female rhesus macaques (Macaca mulatta, Animal P (18 years), J (16 112 
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years) and K (13 years)) were used in the study. Preoperative cranial CT and 7-T MRI images were co-113 

registered in the Monkey Cicerone neurosurgical navigation program (Miocinovic et al., 2007) and used 114 

for surgical planning for placement of a titanium cephalic chamber targeting the STN and GPi. After the 115 

cephalic chamber was placed, extracellular microelectrode mapping was used to confirm the location of 116 

target nuclei. Each animal was subsequently implanted in both the STN and GPi with 8-contact scaled 117 

down versions of human DBS leads (0.5 mm contact height, 0.5 mm inter-contact spacing, 0.625 mm 118 

diameter, NuMED, Inc.). Mapping and implantation methods are described in detail in a previous 119 

publication (Hashimoto et al., 2003). In a separate surgical procedure, a 96-channel Utah microelectrode 120 

array (Pt-Ir, 1.5 mm depth, 400 um inter-electrode spacing, Blackrock Microsystems) was placed in the 121 

arm area of the primary motor cortex (M1) of each animal using surgical methods described previously 122 

(Rousche and Normann, 1992; Maynard et al., 1997; Escobar et al., 2017). Pt/Ir reference wires were 123 

placed between the dura and skull adjacent to the array. M1 was identified intraoperatively based on 124 

sulcal landmarks (Fig. 2, top plots for each animal). All surgeries were performed using aseptic 125 

techniques under isoflurane anesthesia. DBS lead locations were verified histologically using frozen 126 

sagittal sections for animal P and coronal sections for animals J and K (40-50 um thick) that were imaged 127 

and visualized in Avizo 3D (FEI) and 3D Slicer analysis software (https://www.slicer.org/)(Fedorov et al., 128 

2012) (See Fig. 2 bottom plots), together with microelectrode identification of target nuclei before 129 

implantation of the leads.  130 

 131 

Insert Figure 2 132 

 133 

MPTP Administration 134 
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Following completion of data collection in the normal state, animals were given injections (0.3-0.8 135 

mg/kg) of the neurotoxin MPTP until animals were in a mild and subsequently moderate parkinsonian 136 

state as defined below. For animal P, systemic intramuscular injections were given weekly or biweekly to 137 

induce mild and moderate parkinsonism (total dose of 5.35 mg/kg and 6.3 mg/kg, respectively). For 138 

animal J, three systemic intramuscular injections over consecutive days (total dose of 1.0 mg/kg) were 139 

required to achieve mild parkinsonism. A moderate parkinsonian state was induced in this animal by one 140 

intra-carotid injection (0.4 mg/kg). For animal K, six intramuscular injections (total dose of 1.8 mg/kg) 141 

were given to induce moderate parkinsonism. 142 

Behavioral Assessments 143 

The severity of PD motor signs was assessed using a modified Unified Parkinson’s Disease Rating Scale 144 

(mUPDRS), which rated axial motor symptoms (gait, posture, balance and defense reaction) as well as 145 

upper and lower limb rigidity, bradykinesia, akinesia and tremor on the hemi-body contralateral to the 146 

site of neural recordings using a 0 - 3 scale (0 = Normal, 3 = Severe, maximum total score = 42) (Vitek et 147 

al., 2012; Connolly et al., 2015). Different severity states of PD were defined as follows: mild:  mUPDRS 148 

score < 18, moderate: 18 - 31, and severe: ≥ 32. The mUPDRS scores were obtained throughout the 149 

recording period to ensure stability of parkinsonian motor signs. 150 

In addition, animals J & P were acclimated to perform a Klüver-board reaching task to further 151 

characterize bradykinesia. The total movement times (reach, manipulation and retrieval) in both normal 152 

and PD states were determined using a motion capture system (Motion Analysis Corp., Santa Rosa, CA) 153 

that tracked position of the arm contralateral to the recording sites. Klüver board task data in normal 154 

and PD states was not available for animal K. 155 

LFP Recordings and Signal Processing 156 



 

 8 

All data were obtained after a stable parkinsonian state was achieved beginning ~1 month after the last 157 

MPTP injection. mUPDRS scores were obtained in every recording session to verify the severity state of 158 

the animal (except 1 session in Animal J in mild and moderate states). Neurophysiological data were 159 

collected during the resting state while the animal was seated in a primate chair with its head fixed, 160 

using a TDT workstation (Tucker Davis Technologies) operating at ~24 kHz sampling rate. All analysis was 161 

performed using customized scripts in MATLAB (MathWorks, 2016). Raw signals were first bandpass 162 

filtered (0.5-300 Hz) then down-sampled (~3 kHz). LFP activity within the STN and GPi were extracted via 163 

bipolar montage (i.e. signal subtraction) of adjacent contacts located within each target (Fig. 2, bottom 164 

row, yellow squares). A mean M1 LFP was obtained by averaging recordings from all 96 array channels, 165 

excluding noisy channels (n = channel 51, 91 and 96 for animals P, J, and K respectively). LFPs were 166 

divided into individual time segments (15 seconds in duration) during which the animals maintained an 167 

awake and non-movement state (see criteria below). To compare beta band bursts across trials, 168 

recording sessions, states and animals, and to account for shifts in signal power over time associated 169 

with recording settings (e.g. ground, references) and allow scale-free assessment of dynamical changes 170 

in beta synchronization, we normalized each LFP segment using Z-scores and used these scores for 171 

subsequent analysis (Lofredi et al., 2019).  The number of recording sessions, the time period (weeks, 172 

months) over which recordings took place, and resulting number of data segments included in analysis 173 

are as follows: Animal P: Normal: 14 recording sessions over a 2 mo. period (96 data segments); Mild: 7 174 

sessions over a 1.5 mo. period (86 data segments); Moderate: 23 sessions over a 3 mo. period (459 data 175 

segments). Animal J: Normal: 13 sessions over a 1.5 mo. period (116 data segments); Mild: 21 sessions 176 

over a 1 mo. period (277 data segments); Moderate: 15 sessions over a 1 mo. period (153 data 177 

segments). Animal K: Normal: 4 sessions over 1 week (23 data segments); Moderate: 15 recording 178 

sessions over a 2 mo. period (140 data segments). The time between the end of mild state recordings 179 

and start of moderate state recordings in animal P and J was six months and one month, respectively. 180 
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Time periods with movement artifacts were identified and excluded from further analysis using two 181 

methods: 1) by detecting abnormally high amplitude broadband power in the time-frequency 182 

spectrogram (spectral analysis described below), and 2) identifying periods of movement using the 183 

aforementioned motion capture system that tracked position of the arm contralateral to the recording 184 

sites. For animal K motion capture data was not available, hence only the abnormally high amplitude 185 

broadband power was used. 186 

We have observed that parkinsonian animals are particularly susceptible to periods of drowsiness and 187 

sleep during resting state recordings, creating a potentially confounding variable if data are combined 188 

irrespective of animal vigilance (Escobar et al., 2017). Periods of wakefulness and drowsiness/sleep were 189 

differentiated using a combination of eye monitoring and analysis of instantaneous power of low-190 

frequency oscillations in the M1 using methods described in our previous publication (Escobar et al., 191 

2017). Only low-frequency power was used to estimate the vigilance state of animal K in the normal 192 

state since eye video was not available for this animal in the normal state. 193 

Power spectral density analysis 194 

Power spectral densities (PSDs) were used to quantify power changes across disease states and brain 195 

structures and to identify the peaks in the low and high beta frequency bands subsequently used for 196 

beta burst detection. In the present study, we define low and high beta band as 8-20 Hz and 21-35 Hz 197 

respectively. This is based on previous reports that the peak frequency of  beta band activity in the NHP 198 

MPTP model is generally lower than that reported in humans together with our observations of distinct 199 

beta peaks occurring within these two frequency ranges in the parkinsonian NHP (Hammond et al., 200 

2007; Stein and Bar-Gad, 2013; Connolly et al., 2015; Escobar et al., 2017; Hendrix et al., 2017; Wang et 201 

al., 2017). PSDs were computed for each normalized LFP time segment using the Welch’s method, with 202 

214 points (frequency resolution ~0.1863 Hz) in the fast Fourier transform, a Hamming window of 1.34 203 
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seconds (¼ 214 points), zero padding (¾ 214 points) and an overlap of 50%. Total power in the low and 204 

high beta bands, calculated as the sum of PSD values within each frequency interval, were compared 205 

across normal, mild and moderate parkinsonian states.  206 

Within-structure beta burst detection and analysis 207 

The method used to detect beta bursts in the LFP signals was similar to that used in a previous study 208 

(Tinkhauser et al., 2017a). For each animal and disease condition, an average PSD was calculated and a 209 

peak frequency in the low and high beta band was identified. Each normalized LFP segment was then 210 

bandpass filtered ± 3 Hz around the beta peak frequency and the envelopes obtained with the Hilbert 211 

transform (Fig. 3). The average peak frequency across all states was used for this filtering. In some 212 

recording sites, particularly in the normal state, no clear peak was observed; in such cases the peak 213 

frequency identified in the moderate PD state was used to determine the filter settings.  214 

Beta bursts were detected using an averaged threshold of 75th percentile of the beta envelope 215 

amplitude of all conditions for each structure (Tinkhauser et al., 2017a). The duration of each beta burst 216 

was defined as the time period in which the beta envelope exceeded this 75th percentile threshold level 217 

(Fig. 3A). Beta bursts with duration shorter than 100 milliseconds were excluded from further analysis 218 

(Tinkhauser et al., 2017a). Beta burst amplitude was defined as the maximum beta envelope amplitude 219 

during the beta burst. The incidence of beta bursts (time spent in beta bursts and number of bursts per 220 

15 seconds data segment) and the distribution of durations for individual beta bursts (bin=0.01 second) 221 

were computed for normal, mild and moderate PD states.  222 

 223 

Insert Figure 3 224 

 225 
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Analysis of beta burst coupling across structures 226 

We also investigated whether increasing disease severity was associated with changes in beta burst 227 

coupling across multiple nodes. The amount of overlap of beta burst activity across nodal points in the 228 

BGTC circuit, which represents a form of amplitude to amplitude coupling, was analyzed across 229 

subcortical and cortical recording sites. The time of overlap in beta burst activity for each pair of 230 

recording sites (i.e., M1-STN, M1-GPi, STN-GPi) as well as across all three recording structures (M1-STN-231 

GPi) was calculated. We also calculated the overlap time due to chance using the same shuffling method 232 

in (Tinkhauser et al., 2018). The overlap time was calculated after randomly shuffling beta bursts in each 233 

data segment in each structure. A total of 100 iterations of shuffling was performed and the mean value 234 

of the overlap time of these iterations was calculated for each data segment and compared to the actual 235 

overlap time we observed. 236 

In addition, the temporal relationship between beta bursts across each pair of sites was characterized by 237 

generating peri-burst time probability histograms (Fig. 4). Onset of a beta burst was first identified in 238 

one site (e.g. STN). Bursts within a ±1 second time window were then identified in a second site (e.g. 239 

GPi). By repeating this process across all bursts, a probability histogram was generated. This approach is 240 

analogous to the calculation of a peri-event time histogram in spike train analysis, which reflects the 241 

probability of a spike occurring (analogous to a burst detected in the GPi) at time point(s) around a 242 

reference event (analogous to a burst detected in the STN). The peri-burst time probability histogram 243 

was constructed using the ft_spikedensity function (sampling rate 1000 Hz, window size 100 ms) in the 244 

FieldTrip toolbox (Oostenveld et al., 2011) in Matlab, and then normalized into the range of 0 ≤ 245 

probability ≤ 1; a larger probability value means higher probability of concurrent bursts onsets across 246 

sites.  247 
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Further analysis was conducted to identify a significant increase in the peri-burst time probability 248 

histogram above the “baseline” level. The process described above was repeated but with randomly 249 

shuffling the times of beta burst onsets in one of the structures to generate a surrogate probability 250 

dataset, characterizing the distribution of peri-burst time probabilities that occurred by chance. The 251 

average value of the surrogate dataset was calculated, indicating the average baseline of the peri-burst 252 

time probability histogram (Pbase). A cluster-based statistical inference testing was then performed to 253 

determine whether the peri-burst time probability is significantly higher than the surrogate dataset (p < 254 

0.05), using the ft_timelockanalysis function (‘montecarlo’ method, 1000 randomization) in FieldTrip 255 

(Oostenveld et al., 2011). The significant increase in the probability histogram reflects a significant 256 

temporal relationship between bursts occurring in a pair of recording sites. 257 

To illustrate this analysis method, we simulated burst time series and calculated peri-burst time 258 

probability histograms from two pairs of recording sites with low and high likelihood of concurrent beta 259 

bursts, respectively. The pair of sites with low burst concurrence was composed of 2 time series with a 260 

total of 150 bursts in a 100 second period for each, with bursts occurring at random times independent 261 

between the two sites (Fig. 4A, upper). The high-concurrence pair, consisting of 150 bursts in site 1 and 262 

80 bursts in site 2 in a 100 second period, was constructed such that 50% of the bursts in site 2 occurred 263 

simultaneously with bursts in site 1 (Fig. 4B, upper). A significant increase in the peri-burst time 264 

probability histogram is only observed for the pair of recording sites with high burst concurrence 265 

(shaded in lower panel of Fig. 4B). It should be noted that the higher Pbase level in the low concurrence 266 

pair (grey dashed line in lower panel of Fig.4A) reflects the higher number of bursts in the two sites, but 267 

lack of significant peak indicates no consistent temporal relationship between the occurrence of bursts 268 

in the two sites. In other words, an increase in the number of bursts within a given time period across 269 

sites (e.g. as is hypothesized to occur with onset of parkinsonism) would be reflected as an increase in 270 
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Pbase, however the analysis described here also identifies whether there is a significant relationship 271 

between the time at which bursts occur across sites, addressing the question of whether they occur 272 

simultaneously or whether there is a temporal relationship of one site to another (e.g. does burst onset 273 

in one site typically precede or follow burst onset at the other site). Additional simulation was also 274 

conducted to verify the influence of the changes of beta burst duration on the Pbase level of probability 275 

histogram. Our results indicated no significant difference of the Pbase levels across different pairs of data 276 

segments in which the beta bursts occurred with similar frequency.  277 

 Insert Figure 4 278 

 279 

For simplicity, probability histogram peaks with widths shorter than 60 milliseconds (twice the period of 280 

the highest beta frequency analyzed, 35 Hz) were not considered in this study. Analysis based on burst 281 

onset times are shown in the present study; similar results were obtained using beta burst peak times to 282 

construct probability histograms.   283 

Statistics 284 

We conducted post hoc statistical analysis using nonparametric tests (Wilcoxon / Kruskal-Wallis Tests (1-285 

way Test) to determine whether there were significant differences in beta power, burst incidence, and 286 

median beta burst duration between disease states, corrected for multiple comparisons (normal vs. mild 287 

PD, normal vs. moderate PD, mild PD vs. moderate PD, p < 0.01). The effect size (r) of each significant 288 

difference was calculated to measure the magnitude of these differences (Pallant, 2011). It equals to the 289 

division results of the z value of the Wilcoxon / Kruskal-Wallis Tests by the square root of the total 290 

number of observations, indicating a large difference between groups if r ≥ 0.5, medium difference for 291 
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0.3 ≤ r < 0.5, small difference for 0.1 ≤ r < 0.3, very small difference for r < 0.1. Similar tests were also 292 

performed on burst overlap time and temporal delay between beta bursts occurring in paired recording 293 

sites. In addition, the skewness and kurtosis of the distribution of beta bursts duration were used to 294 

further characterize the changes that occurred between the normal and PD states. Larger skewness and 295 

kurtosis reflect more asymmetric and heavier-tailed burst duration distribution, indicating more bursts 296 

with longer duration. Spearman’s rank correlation coefficient was used to measure the strength of the 297 

monotonic relationship between the duration and amplitude of beta bursts. These tests were better 298 

suited than parametric tests because not all data were normally distributed. 299 

 300 

Results 301 

Induction of progressive parkinsonian states 302 

Following administration of MPTP, animals exhibited the cardinal motor signs of parkinsonian including 303 

rigidity, bradykinesia and akinesia as reflected in the mUPDRS clinical ratings and summaries of reach 304 

task performance (Table 1). As is typical for MPTP-treated rhesus monkeys, minimal resting tremor was 305 

observed. For animal P, the induction of parkinsonism resulted in a very mild state as reflected by a total 306 

mUPDRS score of 5.4/42. Subsequent MPTP injections produced a moderate PD state (24.0/42) with 307 

bradykinesia, akinesia and axial signs as primary motor signs; rigidity was not pronounced in either PD 308 

state. Reach task movement times increased from normal to mild states (Table 1), but the animal was 309 

unable to perform the task in the moderate state. Animal J was more impaired than animal P in the mild 310 

state, exhibiting rigidity, bradykinesia, akinesia and axial signs resulting in a total mUPDRS of 15.0/42. 311 

Moderate PD state was associated primarily with increased axial scores (3.5 and 8.2 in mild and 312 

moderate PD states, respectively). Total movement time for the animal progressively increased from 313 

1.17s in normal to 1.96s and 2.30s in mild and moderate PD states, respectively. Animal J was also the 314 
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least impaired in the moderate state (total score of 18.9/42), while animal K was the most impaired with 315 

pronounced rigidity and axial symptoms (total mUPDRS 27.5/42).  316 

 317 

Insert Table 1 318 

 319 

Parkinsonism altered the power of low beta band oscillatory activity in the BGTC network 320 

Significant changes in beta band power were observed in subcortical and cortical structures with the 321 

induction of parkinsonism. Power in low beta (8-20 Hz) increased in the STN and GPi but decreased in 322 

M1 in all parkinsonian states in all three animals (Fig. 5 and summarized in Table 2 where significant 323 

increases or decreases in beta power under the different conditions are indicated with red or blue 324 

arrows, respectively). Notably, in the STN of animals P and J where both mild and moderate severity 325 

states were examined, there was a progressive increase in low beta band power associated with each 326 

increase in the level of severity (Fig. 5B, upper panel,). High beta band (21-35 Hz) activity was also 327 

altered in parkinsonism but did not show the same correlation to severity level with less consistency in 328 

the direction of change across animals and structures.  329 

 330 

Insert Figure 5 331 

Insert Table 2 332 

 333 
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Changes in temporal dynamics of burst activity in the low beta band were associated with the 334 

progression of parkinsonism  335 

With the induction of parkinsonism, significant changes in the temporal dynamics of low beta band burst 336 

activity occurred across the BGTC network. We observed an increase in low beta burst activity in the STN 337 

and GPi as reflected by increased time spent in beta bursts (time spent in beta bursts per 15 seconds 338 

data segment) (Fig. 6A), whereas low beta burst activity was reduced in M1. Notably, these changes 339 

were significant in the mild PD state, and progressively increased in the STN and GPi with increasing 340 

severity of parkinsonism. The increase in total time spent in bursts in the STN and GPi in PD was 341 

reflected by increases in both the frequency (Fig. 6B) and duration (Figure 6C) of individual bursts. The 342 

frequency of bursts per data segment was decreased in M1 (Fig. 6B). Greater skewness and kurtosis of 343 

the beta burst duration distributions were observed in STN and GPi, especially in moderate PD states. 344 

These results indicated that a greater number of low beta bursts occurred in PD and the durations of 345 

these bursts were prolonged in STN and GPi in more severe PD states.  346 

 347 

Insert Figure 6 348 

 349 

While changes in burst duration and frequency likely contribute to the overall spectral power changes 350 

described previously (Fig 5), the increased amplitude of bursts could also contribute.  We found that 351 

changes in burst amplitude were similar to those for burst duration and frequency (Fig. 6D) and found a 352 

positive correlation between burst amplitude and duration across all animals in all structures (0.56 < 353 

Spearman's Rho < 0.76, P < 0.0001 see examples from animal P in Fig. 6E).  Higher amplitude and more 354 

frequent bursts were especially profound in the more severe parkinsonian state. 355 
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Changes of high beta burst temporal dynamics were not as consistent as those for low beta (data not 356 

shown). The time spent in bursts for high beta was only consistently increased in STN across all three 357 

animals in the moderate PD state. Duration, frequency and amplitude of beta bursts did not show 358 

consistent changes across sites. Similar to low beta bursts, however, we found a monotonic positive 359 

relationship between amplitude and duration of high beta burst activity (0.51 < Spearman's Rho < 0.76, 360 

P < 0.0001) that was present for all structures across all three animals in normal and PD states). 361 

Overlap of burst activity across sites in the BGTC circuit increases in parkinsonism 362 

To assess the extent of coupling across sites within the BGTC circuit and its relationship to severity of 363 

disease we measured the amount of time beta burst activity overlapped across each pair of structures in 364 

the different conditions (normal and PD states). LFP traces in Fig. 7A illustrate the increase in overlap of 365 

low beta burst activity across nodal points in the BGTC circuit for subject J. The increase in overlap of 366 

beta activity between structures (M1-STN, M1-GPi and STN-GPi) was present in all three animals with 367 

the induction of parkinsonism (Fig. 7B) and increased with severity with few exceptions (see below). The 368 

median overlap time between STN and GPi increased from normal to mild and moderate states:  0.14 to 369 

0.64, then 2.38 seconds per 15 sec data segment for animal P (i.e. from 0.93% to 4.27% and 15.87%); 370 

0.24 to 0.97 and then 3.67 seconds per segment for animal J (i.e. from 1.60% to 6.47% and 24.47%); 371 

from 0.08 to 3.10 seconds per segment for animal K (i.e. from 0.53% in normal to 20.67% in moderate).  372 

The overlap time for low beta bursts between the STN and GPi to M1, however, was more variable. 373 

While there was a consistent increase from the normal to moderate state in all three animals, a 374 

progressive increase in overall time across all three states (normal, mild and moderate) only occurred 375 

for M1-STN in animal P and for M1-GPi in animal J (Fig. 7B).  376 

 377 

Insert Figure 7 378 
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 379 

In the high beta band (data not shown here), the overlap time across subcortical and/or cortical 380 

structures generally increased in the PD states for animal P & J and reduced in animal K. These changes, 381 

however, were neither consistent across animals nor appeared to be associated with progression of 382 

parkinsonism.  383 

We also measured the amount of time that beta burst activity overlapped across all three structures, 384 

M1, STN and GPi under the different conditions. For low beta we observed a consistent increase from 385 

normal to PD and a progressive increase with severity of PD symptoms (Fig. 7C). Changes in the high 386 

beta band were neither consistent across animals nor appeared to be associated with progression of 387 

parkinsonism (data not shown). 388 

Furthermore, we determined whether the observed overlap times were significantly different from what 389 

would be expected by chance based on shuffled versions of the detected beta bursts (see Methods and 390 

red dashed lines in Fig. 7 B & C). In the normal state there was minimal difference between overlap 391 

observed and that expected by chance.  In the mild state, however, observed overlap time was 392 

significantly greater than chance for all pairs in animal J and across STN-GPi and M1-STN-GPi for animal 393 

P. In the moderate PD states, across all animals and recording sites the observed overlap times were 394 

significantly larger than would be expected by chance (the only exception was M1-GPi for animal K). 395 

Temporal relationship between low beta bursts across the BGTC network in parkinsonism 396 

The results from the previous section indicated there was a greater overlap of low beta burst activity 397 

between pairs of structures across all three animals, suggestive of increased coupling in the low beta 398 

band across multiple nodal points throughout the BGTC network in parkinsonism. We further 399 
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characterized this activity by examining the temporal relationship between the onset of bursts occurring 400 

in each pair of recording sites.  401 

We found that with increasing severity of parkinsonism there was not only an increase in the number of 402 

low beta bursts detected in the STN and GPi, but there was also an increased tendency for burst onsets 403 

to occur at approximately the same time (time difference < 100 ms) across all sites. Representative LFP 404 

traces from STN and GPi in animal J are shown in Fig. 8A, where the raster on top of each trace indicates 405 

burst onsets. This observation is further quantified by the peri-burst time probability histograms (see 406 

Methods) generated from all pairs of recording sites (M1-STN, M1-GPi and STN-GPi) in all three animals 407 

(Fig. 8B). We found that the average baseline probability of the peri-burst histogram, Pbase, increased 408 

across both subcortical and cortical structures in PD (see the elevated horizontal dash lines in mild and 409 

moderate PD states in Fig. 8B). As shown in Fig. 4 and described in the Methods, increased number of 410 

detected bursts in two sites, but with no temporal relationship between the onset of those bursts, 411 

results in an increased Pbase. Therefore, this increase is to be expected given the increased frequency of 412 

beta bursts across the BGTC network with the induction of parkinsonism described above.  413 

Notably, in PD states we also found significant peaks in the peri-burst probability histograms (Fig. 8B, 414 

bold lines, significance calculated relative to the shuffled baseline, see Methods). A significant peak in 415 

the peri-burst probability histogram at time difference near zero means the following:  given a burst 416 

occurrence in one site, the likelihood of a burst occurring in the other site at approximately the same 417 

time is significantly above chance. We observed more significant peaks in the probability histograms at 418 

time differences close to zero in PD states (the only exception was for M1-GPi for animal K). Significant 419 

temporal relationships between burst onsets were consistently found in moderate PD states in all three 420 

animals for STN-GPi and were also evident in the mild state of PD (Fig. 8B, lower panel, animals P and J).  421 
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Insert Figure 8 423 

 424 

Discussion 425 

We observed significant changes in the incidence, amplitude and duration of low beta band burst 426 

activity following administration of MPTP and induction of parkinsonism. These changes were correlated 427 

to the severity of disease and were coherent in time across sites in the BGTC network. These data 428 

provide new insights into how changes in temporal dynamics of low beta activity within the BGTC 429 

network are linked to the development of PD motor signs.  430 

Prolonged, higher-amplitude low beta bursts in the basal ganglia in PD 431 

Recently it has been suggested that alterations in the temporal dynamics of episodic beta burst activity 432 

in the form of prolonged and more frequent beta bursts, rather than elevations in mean power of LFP 433 

beta oscillations, play a more significant role in the pathophysiology of PD (Tinkhauser et al., 2017a; 434 

Torrecillos et al., 2018). Support for this argument comes from the observation that improvement in 435 

motor signs during DBS or levodopa therapy was associated with shorter duration beta bursts in the STN 436 

or GPi of PD patients (Tinkhauser et al., 2017b, 2017a; Lofredi et al., 2019). Other studies are less 437 

supportive of this hypothesis, however, reporting that beta burst activity either did not change during 438 

DBS (Schmidt et al., 2020) or that DBS only reduced the amplitude but not the duration of beta bursts in 439 

GPi and M1 (Wang et al., 2018). Some also reported that levodopa reduced the duration but not the 440 

amplitude of GPi beta bursts in PD patients (Lofredi et al., 2019). The relative role of beta burst 441 

dynamics (e.g. duration, amplitude, incidence) in the development of PD, therefore, remains 442 

controversial.  443 
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Data collected in patients during DBS or levodopa therapy while informative, may not reflect the state of 444 

activity that would be present in the naïve non-diseased condition (Lofredi et al., 2019). An advantage of 445 

the present study was our ability to examine temporal features of beta bursts in a progressive model of 446 

PD using a within-subject design, comparing neural activity from the same recording sites in both naïve 447 

and PD states. We found increases in the power, duration, amplitude, and incidence of low beta (8-20 448 

Hz) burst activity in the STN and GPi with the induction of parkinsonism, suggestive of a potential 449 

pathophysiological role of all these features in the basal ganglia in PD. For example, increased burst 450 

amplitude may reflect exaggerated synchrony that limits the amount of information local neural 451 

populations can transmit (Brittain and Brown, 2014), while prolonged burst durations could impede 452 

flexible switching between motor states thereby leading to motor symptoms such as bradykinesia and 453 

akinesia (Feingold et al., 2015; Lofredi et al., 2019). Our results suggest burst amplitude and duration are 454 

highly correlated, and whether one feature is functionally more important than the other is a question 455 

requiring further investigation. In either case our findings provide further rationale for targeting both 456 

amplitude and duration of beta activity detected in the basal ganglia in disease modifying therapies (e.g. 457 

as control variables for closed loop DBS).  458 

Whether beta band activity in M1 is exaggerated in PD remains in dispute. Using epidural recordings 459 

over M1, Devergnas et al. (2014) found that the severity of parkinsonism in MPTP treated non-human 460 

primates correlated with increases in spectral power at frequencies between 7.8-15.5 Hz in two of three 461 

animals, but either increases or decreases in power in frequency ranges 15.6-23.3 and 23.4-35.1 Hz 462 

were observed across animals. An increase in power in M1 in the 15-30 Hz range has also been reported 463 

after 6-hydroxydopamine (6-OHDA)-lesion in rats (Mallet et al., 2008; Lehmkuhle et al., 2009), while 464 

another study observed no beta band changes (Brazhnik et al., 2012). Although some 465 

magnetoencephalography or electroencephalography studies reported an increase of beta (13-30 Hz) 466 

power within the sensorimotor cortex at rest in PD patients compared to healthy controls (Moazami-467 
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Goudarzi et al., 2008; Pollok et al., 2012), many others showed a decrease (Bosboom et al., 2006; 468 

Stoffers et al., 2007; Benz et al., 2014; Heinrichs-Graham et al., 2014; Stegemöller et al., 2016) or no 469 

difference (George et al., 2013). In this study we observed from normal to PD states a reduction of low 470 

beta (8-20 Hz) power in M1 across all three animals. The power change in the low beta band was 471 

consistent with the increase of the disease severity in one animal (Animal P). There was an increase of 472 

high beta (21-35 Hz) power in M1 in two animals (Animal P & J) and a decrease in the third animal 473 

(Animal K). These findings, together with the conflicting results from previous studies, suggest a less 474 

consistent relationship between the change of cortical beta activity and the development of 475 

parkinsonism compared to the low beta burst activity in the basal ganglia. 476 

It should be noted, however, that in the present study the magnitude of changes in beta power and 477 

temporal features of basal ganglia beta burst activity cannot fully explain the changes in PD motor signs. 478 

For example, in animal J the difference between mUPDRS scores in mild and moderate PD states was 479 

relatively small compared to mild and moderate states in animal P (Table 1), yet the difference in beta 480 

power and burst characteristics was greater in animal J compared to animal P (Fig 5B, Fig. 6A,B). 481 

Although there appears to be a relationship between these features of beta activity and parkinsonism, 482 

the power and temporal features of beta burst activity alone, at any one nodal point in the BGTC 483 

network may not be the entire story. Future investigation will be needed to clarify the 484 

pathophysiological roles of these and other features (e.g. high frequency oscillations, phase-amplitude 485 

coupling, functional and directional connectivity) within and across nodal points in the basal ganglia 486 

thalamocortical network in PD.  487 

Increased concurrence of beta burst activity across the BGTC network in parkinsonism 488 

Coordinated synchrony across neuronal populations is considered essential for information processing 489 

and control of normal movement (van Wijk et al., 2012; Fries, 2015). Uncontrolled synchronization, 490 
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however, has been argued to lead to involuntary movement (Vitek et al., 1999) or a lack of movement 491 

(Brown, 2007; Kühn et al., 2009). It has been suggested that in PD long duration beta bursts in the STN 492 

reflect not just exaggerated local synchrony but also is associated with coupling in the beta band across 493 

structures throughout the motor circuit (Tinkhauser et al., 2018). Here we demonstrated that low beta 494 

burst activity not only increased in the BGTC network in PD, but that coupling across nodal points (i.e. 495 

STN, GPi, and M1) in the form of overlapping beta bursts progressively increased with severity of 496 

disease. These results provide further evidence supporting the pathophysiological role of exaggerated 497 

beta band synchrony in the motor network in the development of parkinsonian motor signs. 498 

Notably, low beta burst overlap between STN and GPi was consistently present across all animals in mild 499 

and moderate PD states and increased with the severity of PD in animal P and J. An increase of M1-STN 500 

and M1-GPi overlap was only consistently observed at moderate levels of severity. Although not 501 

conclusive, these findings provide compelling evidence to suggest that an evolution of coupling occurs 502 

across the network as symptoms evolve beginning in subcortical structures, and as coupling strengthens 503 

between these regions it increases between subcortical-cortical structures, e.g. M1-STN, M1-GPi. 504 

Indeed, significant temporal correlation of burst activity was present in the mild state across both M1-505 

GPi and M1-STN only in animal J whose mild state was greater than animal P (Fig. 8 B). Additional 506 

studies with neural recordings across more incremental states of PD severity will be useful to better 507 

elucidate how burst overlap evolves across the network and whether increased coupling between 508 

subcortical structures precedes coupling across subcortical-cortical structures. 509 

Our findings align somewhat with those of Devergnas et al. (2014), who found STN-GPi and GPi-M1 510 

coherence (in frequency ranges 7.8-15.5 and 15.6-23.3 Hz) correlated with parkinsonian severity in 511 

MPTP treated monkeys. Contrary to our study, however, they observed no systematic changes in STN 512 

beta band power or STN-M1 coherence. A potential explanation for disparities between studies may be 513 
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differences in the methodologies. Recording locations in the STN could differ given they collected LFPs 514 

from single microelectrodes that were inserted daily into the STN, while we performed recordings from 515 

scaled down DBS leads that were chronically implanted. The encephalographic signals they used and the 516 

average LFP across the microelectrode array in M1 arm area for analysis here could also contribute to 517 

differences in the spatial distribution and resolution of beta oscillatory activity.  518 

Increased beta burst overlap time could result from the fact that there were more frequent, longer 519 

duration bursts occurring at each site in PD states, increasing the likelihood of overlapping bursts across 520 

sites. The overlap time we observed in moderate PD states was significantly greater than what would be 521 

expected by chance, however, indicating that the increased temporal overlap is not explained solely by 522 

the findings of increased frequency and duration of beta bursts in each recording site. To further 523 

characterize this temporal overlap, the current study also addresses whether the beta bursts occurrence 524 

in different sites are temporally correlated to each other. Our observation of higher baseline burst 525 

probability in PD states (Fig. 8B) reflects increased likelihood of overlapping bursts across sites. 526 

Significant peaks in the peri-burst time probability histograms, however, indicate that beta bursts across 527 

the STN, GPi and M1 tended to occur with a certain time-delay (close to zero here). This would suggest 528 

that the enhanced coupling was not likely only due to chance as a result of bursts occurring more 529 

frequently or with longer durations, but from some common factor that affects each nodal point leading 530 

to the simultaneous onset of beta burst activity across the different structures. Whether or not the 531 

increased overlap time occurs by chance, compared to increased beta burst activity locally within a 532 

single site, episodes of elevated beta band synchronization across multiple nodes in the BGTC network 533 

simultaneously may further reduce the information encoding capacity of the circuit and lead to a greater 534 

impact on motor function. 535 
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Given the anatomical connectivity of these structures, a common input(s) could be one mechanism that 536 

underlies this co-occurrence (Mathai and Smith, 2011). Previous studies have suggested cortical areas as 537 

a candidate source of the beta oscillations in the network (Lindenbach and Bishop, 2013), with 538 

exaggerated beta activity driven by changes in hyperdirect (cortical to STN) connectivity (Moran et al., 539 

2011; Mathai et al., 2015; Sharott et al., 2018). Others suggest a striatal origin of the pathologic beta 540 

oscillations in PD (McCarthy et al., 2011). Our results of increased concurrent burst onsets do not 541 

provide definitive evidence for a common source for induction of synchronization among these 542 

structures, as the information flow between nodal points in the network may not be reflected only by 543 

the temporal delay between bursts. Analysis tools capable of deriving frequency dependent, direction 544 

specific gains and phase lags, that quantify the degree of signal amplification and delays in circuit 545 

interconnections, will be necessary to further characterize the causal, directed temporal relationships of 546 

the oscillatory activity across structures in the BGTC network. 547 

Whatever the mechanism underlying the increased co-occurrence of beta burst activity across multiple 548 

sites in the BGTC network, the correlation of these increases with severity of disease provides 549 

compelling evidence in support of a critical role of this activity in the pathophysiology of PD. While 550 

synchronized neuronal activity is important for aspects of normal brain function (Engel and Fries, 2010; 551 

Feingold et al., 2015), excessive coupling across sites can produce deleterious network-level signal 552 

processing that prevents or disrupts transmission of information within the network (Hammond et al., 553 

2007; Hanslmayr et al., 2012). Such activity would diminish the information encoding space across the 554 

network, and thereby compromise motor function and in the case of PD lead to its cardinal motor 555 

features (i.e., akinesia, bradykinesia and rigidity) (Brittain and Brown, 2014; Torrecillos et al., 2018). 556 

While the above proposal suggests information flow is disrupted or diminished by enhanced coupling, 557 

an alternative hypothesis is that increased coupling may lead to excessive flow of redundant 558 

information, leading to a loss of parallel processing that impairs the dynamic ability of the network to 559 
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shift sets to select and implement motor commands (Cruz et al., 2011; Dorval et al., 2015). Future 560 

studies dedicated to understanding how beta burst activity encodes movement information, how 561 

coupling of beta bursts affect the encoding capability of neuronal ensembles during preparation and 562 

execution of movement, and how the spatial-temporal evolution of beta burst activity within the BGTC 563 

network disrupts information transfer in PD are necessary to elucidate the role(s) of beta burst 564 

interactions in the development of PD. 565 

Conclusion 566 

These findings provide support for the hypothesis that exaggerated beta band coupling occurs across 567 

the BGTC circuit in PD, increases with severity of disease and evolves from subcortical-subcortical local 568 

circuits in the basal ganglia to subcortical-cortical portions of the BGTC network. These data provide 569 

supports for the role of pathological network-wide coupling of synchronized oscillatory activity as a 570 

critical feature in the pathophysiology of PD and the potential impact of these changes on temporal 571 

dynamics of low beta band oscillatory activity upon the information coding capacity within the BGTC 572 

network.  573 
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Figure Legends 754 

Figure 1. 755 

Beta burst dynamics in PD. (A) Hypothesis 1: The amplitude and duration of beta bursts evolve with 756 

increasing severity of parkinsonism. The left plot showed an example of how we hypothesized beta 757 

bursts would change from the normal to different stages of severity in parkinsonism.  (B) Hypothesis 2: 758 

Overlap of burst activity across structures in the BGTC network increases with increasing severity of PD.   759 

Figure 2. 760 

Recording locations in M1, STN, and GPi. Top plots: Utah array locations in arm area of M1. The images 761 

of Animal P & J were obtained intraoperatively; the image of Animal K was obtained at the end of study 762 

after perfusion. Bottom plots: DBS lead locations in STN and GPi, verified with frozen sagittal sections 763 

for animal P and frozen coronal sections which were imaged and visualized in the sagittal plane for 764 

animal J and K. Bipolar LFPs from DBS contacts C4-5 for animal P, C1-2 for animal J, C1-2 for animal K in 765 

the STN and C5-6, C3-4, C1-2 for animal P, J and K respectively in the GP (all marked as yellow squares) 766 

were used for all measurements for each animal. STN and GPi contacts that were identified to be 767 

therapeutic for deep brain stimulation were selected for analysis, though stimulation was not a part of 768 

this study. 769 

Figure 3.  770 

Beta burst detection. (A) Beta burst detection method. The raw LFP recording (top) was first normalized 771 

as LFP Z-scores (middle) and then bandpass filtered ±3 Hz around the beta peaks (bottom, low beta peak 772 

was selected for filtering as an example). The pink dashed line represented the average value of 75th 773 

percentile envelope amplitude of LFPs in all states as the threshold used to detect beta bursts. (B) Beta 774 

peaks detection. The example averaged PSDs were extracted from the normal and moderate PD state 775 
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respectively in GPi for animal P. The beta peaks were identified from the average PSD calculated from all 776 

LFP data segments. The peak frequencies identified in low and high beta bands were used for filtering 777 

(see Methods for details). 778 

Figure 4.  779 

Quantifying the temporal relationship of burst activity across recording sites.  Simulated beta burst 780 

time series (top panel) and corresponding peri-burst time probability histogram with 95% confidence 781 

intervals (bottom panel) in pairs of sites with (A) low probability of concurrent bursts and (B) high 782 

probability of concurrent bursts.  The low-concurrence pair was composed of 2 independent time series 783 

with bursts occurring at random. The high-concurrence pair had 50% of burst onsets occurring 784 

simultaneously (top panel in B, highlighted by orange shaded areas). The histograms represent the 785 

probability of burst onset in site 2 relative to burst onset in site 1. The  pink shaded area of the 786 

probability histogram in lower panel in B indicates a significant increase in the probability histogram 787 

relative to the shuffled baseline probability (the average value indicated as Pbase), which represented 788 

the occurrence of concurrent bursts by chance, and reflects the significant temporal correlation 789 

between burst onsets in the high-concurrence pair of recording sites.   790 

Figure 5.  791 

Changes in power and peak frequency of beta band oscillatory activity with increasing severity of 792 

parkinsonism. (A) Power spectral density in beta band for each site and animal. (B) Low (8-20 Hz) and 793 

high (21-35 Hz) beta band power for each site. For animals P & J, Wilcoxon / Kruskal-Wallis Tests (1-way 794 

Test), ᵡ2 ≥ 23.42, P < 0.0001, post hoc test for each pair comparison P < 0.005, **** r ≥ 0.5, *** 0.3 ≤ r < 795 

0.5,** 0.1 ≤ r < 0.3; for animal K, Wilcoxon / Kruskal-Wallis Tests (1-way Test), ᵡ2 ≥ 24.20, P < 0.005, **** 796 

r ≥ 0.5, *** 0.3 ≤ r < 0.5. 797 
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Figure 6.  798 

Altered temporal dynamics of low beta burst activity with increasing PD severity. (A) Total time spent 799 

in bursts, and (B) Frequency of burst occurrence per data segment. (C) Distribution of beta burst 800 

duration (binsize =10 ms). The median value of the distribution was compared across different states in 801 

the same structure, for animal P & J, Wilcoxon / Kruskal-Wallis Tests (1-way Test), ᵡ2 ≥ 13.11, P ≤ 0.0014, 802 

post hoc test for each pair comparison * Normal vs. Mild, *Normal vs. Moderate and *Mild vs. 803 

Moderate P ≤ 0.0003; for animal K, Wilcoxon / Kruskal-Wallis Tests (1-way Test), ᵡ2 ≥ 5.91, *Normal vs. 804 

Moderate, P < 0.02. Larger skewness and kurtosis in STN & GPi in PD states (especially moderate PD) 805 

reflected more asymmetric and heavier-tailed burst duration distribution, indicating more bursts with 806 

longer duration of bursts. (D) Increased amplitude of beta bursts in STN & GPi in PD. For A, B & D, for 807 

animals P & J, Wilcoxon / Kruskal-Wallis Tests (1-way Test), ᵡ2 ≥ 21.49, P < 0.0001, post hoc test for each 808 

pair comparison P < 0.005, **** r ≥ 0.5, *** 0.3 ≤ r < 0.5,** 0.1 ≤ r < 0.3, * r < 0.1. For animal K, 809 

Wilcoxon / Kruskal-Wallis Tests (1-way Test), ᵡ2 ≥ 20.74, P < 0.005, **** r ≥ 0.5, *** 0.3 ≤ r < 0.5,** 0.1 ≤ 810 

r < 0.3, * r < 0.1. (E) Monotonic correlation between the amplitude and duration of beta bursts. 811 

Examples were extracted from low beta results of animal P. The significance of their monotonic positive 812 

relationship was measured by Spearman's correlation coefficient (* Spearman’s rank correlation, P 813 

<0.0001). 814 

Figure 7. 815 

Beta burst overlap increases across structures with increasing severity of PD. (A) Increased overlap of 816 

low beta bursts across structures from normal to mild and moderate PD states. Representative 817 

examples of low beta envelopes obtained from animal J. The pink dashed line indicates the threshold for 818 

beta burst detection.  Colored bars on top represent burst overlap between a pair of recording sites, 819 

between M1 and STN (blue), M1 and GPi (green), and STN and GPi (pink). As the severity of 820 
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parkinsonism increased, there was increased incidence of bursts that overlapped across sites. (B) 821 

Increased time of overlap between each pair of structures and (C) across all three structures with 822 

increasing severity of PD. The overlap time for per data segment across sites increased in the low beta 823 

band, indicating stronger amplitude-amplitude coupling across the network in PD states. Coupling 824 

between STN and GPi increased with severity of PD across animals P and J. For animal P & J, Wilcoxon / 825 

Kruskal-Wallis Tests (1-way Test), ᵡ2 ≥ 14.07, P ≤ 0.0009, post hoc test for each pair comparison P < 826 

0.005, **** r ≥ 0.5, *** 0.3 ≤ r < 0.5,** 0.1 ≤ r < 0.3; for animal K, Wilcoxon / Kruskal-Wallis Tests (1-way 827 

Test), ᵡ2 ≥ 8.54, P < 0.005, **** r ≥ 0.5, ** 0.1 ≤ r < 0.3. The red dash line represents the overlap time by 828 

chance for each state in each animal (see Methods). Comparing this time by chance to the actual 829 

overlap time with non-shuffled data, we observed no significant difference in most cases for animal P 830 

and K (Wilcoxon / Kruskal-Wallis Tests (1-way Test), ᵡ2 ≤ 1.74, P > 0.18 for all pairs for animal P; for 831 

animal K, M1-STN ᵡ2 = 9.94, P = 0.0016, r = 0.46; M1-GPi, STN-GPi and M1-STN-GPi ᵡ2 ≤ 0.26, P > 0.61) and 832 

a significant shorter overlap time by chance for animal J ( ᵡ2 ≥ 4.27, P ≤ 0.04, r ≥ 0.14 for all pairs) in 833 

normal state. In mild PD state significant shorter overlap time by chance was present for the pair of STN-834 

GPi and M1-STN-GPi for animal P (M1-STN and M1-GPi ᵡ2 ≤ 1.86, P > 0.17; STN-GPi ᵡ2 = 4.75, P =0.03, r = 835 

0.17; M1-STN-GPi ᵡ2 =5.24, P = 0.02, r = 0.17) and all pairs for animal J(M1-STN, STN-GPi and M1-STN-GPi 836 

ᵡ2 ≥ 18.47, P < 0.0001, r ≥ 0.18; M1-GPi ᵡ2 = 5.98, P = 0.015, r = 0.10 ). Moreover, the overlap time by 837 

chance was significantly shorter in moderate PD state for almost all condition in all animals (the only 838 

exception was M1-GPi ᵡ2 =1.03, P =0.31 for animal K; animal P ᵡ2 ≥ 12.42, P ≤ 0.0004, r ≥ 0.12 and animal 839 

J, ᵡ2 ≥ 4.27, P ≤ 0.04, r ≥ 0.12 for all pairs, animal K M1-STN, STN-GPi and M1-STN-GPi ᵡ2 ≥ 5.43, P ≤ 0.02, r 840 

≥ 0.14) suggesting that the increased temporal overlap is not merely due to chance. 841 

Figure 8. 842 
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Concurrence of low beta bursts across the BGTC network. (A) An example of increased concurrence of 843 

low beta burst onsets across structures. Representative examples of low beta envelopes in STN and GPi 844 

obtained from animal J are presented. Burst onset is illustrated with a raster over the top of LFP activity. 845 

The pink dashed line indicates the threshold for beta burst detection. Bolded raster in orange and black 846 

represent burst onsets that occurred approximately the same time (time difference < 100 ms) across 847 

sites. As the severity of parkinsonism increased, there was increased incidence of concurrent bursts 848 

onsets across STN and GPi. (B) Peri-burst probability histograms (including 95% confidence intervals) 849 

show increased concurrence of low beta burst onsets across structures in PD states. Significant elevation 850 

in the peri-burst probability histograms, relative to a baseline probability derived from shuffled burst 851 

times, are indicated by bold lines. Horizontal dash lines in each plot represented the corresponding 852 

average baseline probability (Pbase) values for normal and PD states. 853 
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Table 1. mUPDRSa scores for all animals 

Motor Symptoms       

(Max score) 

Animal P Animal J Animal K 

Mild PD    

n = 7* 

Moderate PD     

n = 23* 

Mild PD    

n = 20* 

Moderate PD   

n = 14*  

 Moderate PD 

n = 15* 

Rigidity (6) 1.1±0.6 1.8±0.3 2.7±0.7 2.0±0.4 4.2±0.5 

Tremor (6) 0.4±0.4 1.1±0.8 0.9±0.7 0.1±0.3 0.6±0.3 

Bradykinesia (6) ** 1.5±0.7 4.4±0.5 3.3±0.5 3.4±0.8 4.3±0.7 

Akinesia (6) 1.4±0.5 4.3±0.4 3.4±0.5 3.7±0.3 4.6±0.6 

Food Retrieval (3) 0.0±0.0 2.5±0.3 1.3±0.4 1.6±0.4 2.6±0.3 

Axialb (15) 1.0±0.7 10.0±1.2 3.5±1.3 8.2±0.9 11.2±0.6 

Total (42) 5.4 24.0 15.0 18.9 27.5 

amodified Unified Parkinson's Disease Rating Scale for non-human primates, mean ± SD shown 

bAxial symptoms are an average of posture, gait, and balance scores 

*n = number of observations, except for axial scores, which were n = 7 in Mild and n = 14 in Moderate 

PD state for Animal P, n = 4 in Mild and n = 3 in Moderate PD for Animal J, n = 5 in Moderate PD for 

Animal K respectively. 

** A reaching task was performed to further assess bradykinesia for Animal P & J. Animal P was not able 

to perform the reaching task in the moderate state. Total movement time increased from 1.30 s in the 

normal state (n=377) to 1.40s in mild PD (n=324), Wilcoxon / Kruskal-Wallis Tests (1-way Test), ᵡ2 = 68.65, 
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P < 0.0001. For Animal J, the total movement time progressively increased from 1.17s in the normal 

state (n=470) to 1.96s in mild (n=273) and 2.30s in the moderate PD state (n=248). Wilcoxon / Kruskal-

Wallis Tests (1-way Test), ᵡ2 = 749.02, P < 0.0001, post hoc test for each pair comparison, P < 0.0001 for 

all pairs. 
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Table 2. Changes of beta band oscillatory activity in parkinsonism (relative to normal state) 

 

The blue arrows, red arrows and dash lines indicate the reduction, increase and no change of the power 

of beta oscillatory activity in each structure of each animal, PD states compared to normal state, 

respectively. Red and blue shaded rows reflect changes that were consistent across all animals.  

 

Beta band Frequency Structure 

Animal P Animal J Animal K 

Mild /Moderate PD Mild /Moderate PD Moderate PD 

Low Beta (8-20 Hz) 
M1 / /  
STN /      /       
GPi /      /       

High Beta (21-35 Hz) 
M1       /   --- /       
STN            ---   /      /       
GPi /    /  


