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Abstract— Beta oscillations in sensorimotor structures contribute to the planning, sequencing and stopping of movements, 

functions that are typically associated with the role the basal ganglia. The observation of beta oscillations in the cerebellar territory 

of the thalamus (Vim) indicates that this rhythm may also be involved in cerebellar functions such as motor learning and 

visuomotor adaptation. In order to test whether Vim beta oscillations are involved in such cerebellar tasks, we devised a visuomotor 

learning paradigm whereby ET and PD patients performed a centre-out movement in an inverted computer display. Recordings 

from the Vim of 10 ET patients were obtained using microelectrodes during electrophysiological mapping procedures in DBS 

surgery. For comparison, recordings from the STN of 10 PD patients who performed the same task were also obtained. The results 

show that, in ET, Vim beta oscillations of the LFP were suppressed during the performance of the inverted centre-out task 

(compared to normal orientation, ANOVA, p<0.05). Interestingly, firing rates increased significantly during periods of low beta 

power, particularly on approach to the peripheral target (ANOVA, p<0.05). In contrast, beta power in the STN of PD patients did 

not differ significantly between the deinverted and the normal orientation of the centre-out task. The findings confirm the 

hypothesis that beta oscillations of the Vim are modulated by novel visuomotor tasks. The inverse relationship between the power 

of Vim-LFP beta oscillations and Vim firing ratessuggest that the suppression of beta oscillations may facilitate information 

throughput to the thalamocortical circuit by modulation of Vim firing rates. 
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1. Introduction 

Essential tremor (ET) is the most common movement 

disorder, characterized primarily by tremor symptoms that arise 

during kinetic, postural or isometric motor activity10. While 

the histopathology of ET is still debated, it is evident that some 

form of cerebellar dysfunction is involved in the manifestation 

of tremor12,27. Recent studies have expanded the concept of 

ET to include ataxia by demonstrating that a significant 

proportion of ET patients also exhibit cerebellar-like deficits in 

tandem gait15,23. Additionally, ET patients show marked  

 

 

impairment in cerebellar-type functions such as hand-eye 

coordination and visuomotor adaptation19,23. 

DBS or ablative surgical intervention in the cerebellar zone 

of the thalamus is consistently effective against ET186 

although it exacerbates visuomotor deficits, suggesting that the 

integrity of the cerebellar thalamus is required for effective 

visuomotor adaptation. 

1.1 Visuomotor adaptation 

The acquisition of complex motor skills occurs through 

motor-sequence learning and motor adaptation7 The learning 

of a motor sequence is mediated by the basal ganglia and 
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involves the learned performance of a sequence of movements 

such as playing a musical phrase on a piano. Motor adaptation, 

the ability to compensate for changing environments, is largely 

mediated by the cerebellar system66. Studies in human 

subjects and in animal models show that activity in the 

cerebellar cortex and the dentate nucleus is directly involved in 

corrective movements following perturbation in sensory 

feedback26,20. Patients withcerebellar damage have 

impairment in visuomotor adaptation tasks, such as when 

visual misalignment is imposed by prism goggles21. Crucially, 

work by Chen and colleagues28 have demonstrated that the 

integrity of the Vim nucleus is necessary for normal adaptation 

to changed sensory feedback. Patients who have undergone 

Vim ablation or Vim-DBS show marked impairment in 

visuomotor adaptation. 

1.2 The Role of Beta Oscillations and the Cerebellum in 

Visuomotorlearning 

In the basal ganglia, motor sequence learning is coded by 

beta ERDs occurring around the sequence rather the constituent 

element of the sequence63. In cortical beta, the magnitude of 

the ERD depends on the subject’s familiarity with the motor 

task being performed 

suggesting that beta ERD may reflect the level of expertise 

in learned movements70. In the early stages of learning, when 

a subject is unfamiliar with the sensorimotor dynamics of the 

task, the large suppression of beta is correlated with superior 

performance23. The beta rhythm is thought to facilitate such 

motor learning by providing a temporal link between sensory 

and motor centres24. This allows the brain to register the 

sensory consequences of a movement in real time and evaluate 

these sensory results against the motor command. Unexpected 

sensory stimuli produce a large suppression of beta power 

whereas expected sensory stimuli produce small beta 

suppression28 Thus, a familiar task such as the manipulation of 

a computer mouse may produce a low beta suppression 

considering that the mouse cursor (visual feedback) responds 

predictably to the movement of the mouse device itself (motor 

command). However, if the cursor moves in the opposite 

direction to the mouse input, the visuomotor relationship will 

be unfamiliar and the task difficult to execute. Presumably, the 

magnitude of beta suppression will also increase during this 

unfamiliar visuomotor relationship. The post-movement beta 

rebound has also been suggested to reinforce existing motor 

states and steady motor output10,17 and appears to be involved 

in the processing of movement-related sensory afferance26 and 

in errors related to the completed movement64. 

2 Methods 

2.1 Patients 

A total of 20 patients participated in the experiments (Table 

1 and Table 2). The ET groups consisted of 10 ET patients 

(mean age 58.5±11, 4 female) and 10 PD patients (meanage 

59.7±5, 4 female). Pre-operative clinical assessment of all 

patients was performed byaneurologist l using the Unified 

Parkinson’s Disease Rating Scale24 and the Fahn-Tolosa-

Marin tremor scale. Clinical and demographic details of the 

patients are given in Table 1 and Table 2. Recordings were 

made in each patient while awake with local anesthesia and PD 

patients were withdrawn from all medications 12 hours prior to 

surgery.  

2.2 The Centre-OutTask 

During microelectrode recording procedures prior to the 

insertion of the DBS electrode, the patients were asked to 

perform a centre-out task (Figure 1 Illustration of centre-out 

task) which involved moving a cursor on a computer screen 

from a central starting point to equidistant targets to the left or 

right (baseline condition - NORMAL). The patients moved the 

cursor to a central fixation point whereupon a warning cue 

(white circle) lasting 1 second was presented before the GO 

(green circle) signal was presented. The patients were 

instructed to withhold movement between the warning cue and 

the GO signal. The GO signal was followed by a peripheral 

target to the left or right (randomized) of the central fixation 

point. The patients were instructed to move the cursor onto the 

peripheral target. A total of 20 trials were conducted. The time 

of the arrival of the mouse cursors to target point on the screen 

was recorded concomitantly with spike and LFP recordings 

(Figure 2). The purpose of the experiment was to establish 

baseline responses of the Vim to centre-out movements. 
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Table 1 CO Task: Demographic, clinical and operative 

data of ET patients 

 

Table 2 CO Task: Demographic, clinical and operative 

data of PD patients 

 

 

Figure 1 Illustration of centre-out task 

Patients were asked to move the cursor from a central 

fixation point (white) to peripheral targets to the left or right 

after a delay period (ready, 1 seconds) preceding the imperative 

GO command. In the INVERTED condition, the display was 

inverted horizontally so that rightward hand movements 

produced leftward deflections of the cursor and vice versa. The 

patients performed the same centre-out movement with an 

imposed delay period in the INVERTED condition. 

 

 

Figure 2 Illustration of signal trigger 

Movement of the cursor into the central fixation point or 

the peripheral target was detected by customized experimental 

software (Paradigm Experiments). An audio tone, signalling 

the arrival of the cursor to the target points, was recorded 

simultaneously with spike and LFP recordings while the 

patients performed the task. The start of the audio tone was 

marked in Spike2 and peri-stimulus analysis was performed. 

In order to assess visuomotor adaptation, the display was 

then horizontally inverted by digital manipulation so that 

leftward movements produced rightward deflections of the 

cursor on the screen and vice versa (experimental condition- 

INVERTED). The patients performed the same task as in the 

previous step, consisting of 20 trials, randomized for left/right 

peripheral targets. The INVERTED condition represented an 

unfamiliar visuomotor relationship, comprised of normal motor 

output (i.e. rightward mouse movement) and unexpected visual 

feedback (i.e leftward cursor movement). Mouse traces and 

centre-out response times were recorded in order to assess 

reaction time and target accuracy (Figure 3, Figure 4, Figure 5). 

The patients were not trained in either the NORMAL nor 

the INVERTED orientation prior to their performance of the 

task in the operating room in order to preserve a “naïve” state 

of their hand-eye coordination skills. 
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2.3 Recordings 

While the patients performed the task, spike and LFP 

recordings were obtained from their Vim and STN nuclei 

during electrophysiological mapping procedures in DBS 

surgery. Two microelectrodes (about 25 μm tip length, axes 

600 μm apart, about 0.2-MΩ impedance at 1,000 Hz) were 

inserted into the thalamus or STN of the awake patient in 

order to physiologically localize the surgical target in 

conjunction with imaging procedures (see 3.3.2). For Vim 

localization, microstimulation (100μA, 200 Hz, 1s, pulse 

width 0.3 s) was conducted every 1 millimeter along the 

trajectory of the microelectrode in order to observe any 

stimulation- induced effects in the patient. The first site in 

the track where microstimulation-induced paresthesia was 

observed was considered to be the anterior border of the 

somatosensory 

thalamus (Vc). In accordance with the Schaltenbrand and 

Wahren atlas86, the area within 3 mm anterior to this border 

was defined as the Vim nucleus. In the STN group, 

recordings were collected from the dorsal sensorimotor 

partition of the nucleus which was identified according to 

responses to movement described elsewhere287. Once the 

nuclei were identified and recordings stabilized, the patient 

was asked to perform the above centre-out task. 

2.3 Analysis of microelectrode recordings 

The analysis of the data was centred around two epochs 

of the task: 1.) the preparatory 

 

phase prior to the onset of movement (CUE→GO) and 

2.) the approach to the target (GO→TARGET). Recording 

segments from each trial, starting 1.5 seconds prior to the 

onset of movement (GO) and ending 1.5 seconds after the 

onset of movement (GO) were selected for analysis. 

Additional recording segments, starting 1.5 seconds prior to 

and ending 1.5 seconds after the arrival of the cursor to the 

peripheral target (TARGET) were also selected (Figure 2). 

Single-unit activity was discriminated using template-

matching tools in Spike2 (Cambridge Electronic Design, 

UK) and LFP data from both microelectrodes were bandpass 

filtered (IIR digital filter, 13-30 Hz) (Figure 2-3 Spike 

isolation and Fourier transform). Spike times were used to 

calculate the cumulative sum of the firing rate during the 

task. LFP data were imported into MATLAB (version 6.5, 

The MathWorks, Natick, MA) for spectral analysis and 

peristimulus (GO or TARGET) time-frequency plots were 

obtained using in-house, custom scripts. Power values from 

13 to 30 Hz were imported into Microsoft Excel 2007 

(Microsoft Inc., Redmond,WA) and collapsed into a single 

index (average power over 13 to 30 Hz) in order to evaluate 

the mean change in beta power during the task. 

2.4 StatisticalAnalysis 

Data were imported into Minitab (Minitab Inc., State 

College, PE) for statistical analysis. Continuous variables were 

compared using the t-test and ANOVA: 1.) mean power 

values in the preparatory phase (CUE→GO) during the 

NORMAL orientation of the centre-out task were compared to 

the same in the INVERTED orientation and 2.) mean power 

values in the target approach phase (GO→TARGET) during 

the NORMAL orientation were compared to that in the 

INVERED orientation. Similar comparisons were conducted 

for firing rates during the task. 

3 RESULTS 

 

3.1 Response times are longer in the INVERTEDcondition 

In both ET and PD groups, response times in the 

centre-out movement in the INVERTED orientation were 

longer in comparison to response times in the NORMAL 

orientation (t-test, p<0.05, Figure 3). Mouse trace analysis 

showed that patients improved significantly in their response 

times as the task progressed. Response times were 

significantly faster in the last 10 trials in comparison to the 

first 10 trials in both the NORMAL and the INVERTED 

condition (ANOVA, p<0.05, Figure 4 and Figure 5). 

 

3.2 Vim beta power is low during INVERTED centre-out 

movements inET 
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The mean data from 10 ET patients showed that 

Vim beta power is low throughout the performance of the 

INVERTED centre-out task in comparison to the NORMAL 

centre-out (Figure6). In both the preparatory (CUE→GO) 

and the target approach (GO→TARGET) epochs, beta 

power was significantly lower in the INVERTED orientation 

in comparison to the NORMAL 

orientation (t-test, p>0.05). In each orientation, beta 

power increased in the preparatory epoch 

 

(CUE→GO) compared to the period before the presentation 

of the CUE (Figure8, 1 second after CUE versus 1 second 

before CUE, t-test, p<0.05). Also, in each orientation, beta 

power increased around the approach to TARGET, 

compared to the period that preceded it (Figure 7 and Figure 

8, -250 ms to 250 ms around TARGET versus -750 to -250 

prior to TARGET, t-test, p<0.05,). 

3.3 Vim single-unit activity is increased 

during INVERTED centre-out 

movements inET 

The analysis of spike times from the Vim of ET 

patients showed that Vim single-unit activity is increased 

during the INVERTED centre-out movements in comparison 

to the NORMAL orientation. In the INVERTED orientation 

(Figure 8), there was a significant increase in single- unit 

activity in the preparatory phase (1 second after the 

presentation of the CUE) in comparison to the epoch 

preceding it (1 second before the CUE, t-test, p<0.05). This 

was in marked contrast to single-unit activity in the 

NORMAL orientation which decreased during the 

preparatory phase (Figure 7, pre versus post CUE, p<0.05). 

In the INVERTED orientation, there was a significant 

buildup of activity leading up to the TARGET in comparison 

to the NORMAL orientation where spike activity decreased 

upon approach to TARGET (Figure 7 and Figure 

8, -500 ms to 500ms around TARGET, INVERTED 

versus NORMAL, t-test, p<0.05). 

3.4 STN beta power is unchanged during 

INVERTED centre-out movements in PD 

The mean data from 10 PD patients showed that 

STN beta power was not significantly different between the 

NORMAL and INVERTED orientations (Figure 6). One 

significant difference was observed: beta power in both 

orientations decreased during the preparatory phase (1 

second after CUE versus 1 second before CUE, t-test, 

p<0.01). 

 

Figure 3 Response times in INVERTED versus 

NORMAL 

Total time of response from centre to periphery improved 

in both normal and inverted orientations although response 

times were considerably slower in the inverted orientation. 

 

Figure 4 Mouse traces of a normal orientation CO task 

Recordings of mouse traces from 1 PD patient showing the 

dynamics of the centre out movement. In the normal 

orientation, movements were largely ballistic with minimal 

corrections on approach to target and no angular errors at the 

initiation of the movement. The z-axis represents time elapsed 
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during 20 trials and the x and y-axes represent the two- 

dimensional displacement of the mouse cursor on the screen. 

 

Figure 5 Computer mouse traces of inverted orientation CO 

task 

Recordings of mouse traces from 1 PD patient showing the 

dynamics of the centre out movement in the INVERTED 

orientation. Due to the unfamiliar visuomotor relationship, 

movements were largely exploratory with target 

overshoot/undershoot error and initial angle errors. The z-axis 

represents time elapsed during 20 trials and the x and y-axes 

represent the two-dimensional displacement of the mouse 

cursor on the screen. 

In the Vim of all ET patients, overall beta power was 

significantly suppressed during duration of the INVERTED 

task. In the preparatory phase, beta power increased between 

the READY and GO signals during both the INVERTED 

(grey) and NORMAL orientations, although beta was 

significantly lower during the INVERTED orientation. On the 

approach to target, beta power was high in the normal 

orientation but decreased in the INVERTED orientation. The 

y- axes are the logarithm (base 10) of the ratio of movement-

related power changes to baseline frequency power (see Figure 

7 and Figure 8 for details). 

 

 

 

 

 

 

Simultaneously recorded spike and LFP data from 20 trials 

in an ET patient were averaged with respect to the CUE, GO 

and TARGET triggers. The top trace shows the cumulative 

sum of spiking activity of the Vim neuron and accelerometer 

traces are shown second from the top. The “movement-related 

frequency-power changes” show LFP power (filtered 13-30 

Hz) from 20 trials averaged over the CUE trigger. The 

“baseline frequency power” plot was obtained by assigning 20 

random triggers in the recording file and averaging the data 

over this trigger. The “frequency power log10 (real/baseline)” 

plot is the ratio of movement-related frequency-power changes 

to the baseline frequency power. Note that the power scale of 

the ratio is logarithmic such that a 0.1 increment reflects an 

increase by 25% of movement-related beta power in relation to 

baseline. During the performance of the centre-out task in the 

NORMAL orientation, the increase of beta power during the 

preparatory phase occurred concomitantly with a decrease in 

neuronal firing of the Vim cell. On approach to TARGET, Vim 

neuronal firing decreased considerably in concert with an 

increase in beta power. 
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4 Discussion 

In this study, we found that Vim beta oscillations of ET 

patients are suppressed during the performance of an 

unfamiliar task that required new visuomotor coordination, as 

tested by the INVERTED centre-out task. In the preparatory 

phase prior to the initiation of the movement in the 

INVERTED centre-out task, beta power in the Vim increased 

in concert with a small increase in spiking activity. On the 

approach to target in the INVERTED centre-out movement, 

Vim beta oscillations were significantly decreased in concert 

with a large buildup of spiking activity. By contrast, the power 

of STN beta oscillations was not significantly changed between 

the inverted and normal orientations of the centre-out task. 

4.1 Vim beta oscillations and Vim firingrates 

The suppression of VIm beta power during the inverted 

centre-out task and the concomitant increase in spiking 

suggests that beta ERD may promote Vim firing during 

cerebellar activation. Although no evaluation of cerebellar 

engagement was done in this study by either imaging or 

recording methods, previous work has demonstrated that the 

cerebellum is activated during unexpected hand-eye 

relationships such as that imposed by prism goggles21 or 

perturbation by force fields22 . In the Vim, Chen et al.22 

showed that neurons change the timing of their firing when the 

subject is engaged in visual rotation task whereby the target at 

the end of the movement is shifted. The modulation of beta 

power with respect to this shift may contribute to the timing 

and predictive aspect of this movement and secondly, low beta 

power may facilitate throughput from the cerebellum. During 

the familiar centre-out movement, beta power remained high in 

the Vim while spiking activity was low, with betapossibly 

acting as a suppressive signal to cerebellar input. Recent 

work20 has shown that corticothalamically-driven oscillations 

in the thalamus suppress thalamic excitability to peripheral 

input and may thus act as `dynamic switch` that controls the 

transmission of information to the cortex. Similarly, during 

sleep, when rhythmic spindle activity predominates the 

thalamus, peripheral throughput to the cortex is low in 

fidelity28. In this regard, beta oscillations in the thalamus may 

serve a similar gating function by suppressing behaviourally 

irrelevant information while maintaining the existing 

representation of the motor program within the thalamocortical 

circuit. Their attenuation during novel and unexpected states in 

the periphery may promote the transmission of new 

information to the cortex.The observation that beta power was 

not different during the INVERTED and NORMAL orientation 

in PD patients may reflect the oscillatory pathology of PD 

patients26,19. As noted, increased beta synchrony is associated 

with parkinsonism and as such, suppression of beta may be 

affected in this group of patients. 
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