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The neural substrates that enable individuals to achieve their fastest and strongest motor responses have long been

enigmatic. Importantly, characterization of such activities may inform novel therapeutic strategies for patients with hypokinetic

disorders, such as Parkinson’s disease. Here, we ask whether the basal ganglia may play an important role, not only in the

attainment of maximal motor responses under standard conditions but also in the setting of the performance enhancements

known to be engendered by delivery of intense stimuli. To this end, we recorded local field potentials from deep brain stimu-

lation electrodes implanted bilaterally in the subthalamic nuclei of 10 patients with Parkinson’s disease, as they executed their

fastest and strongest handgrips in response to a visual cue, which was accompanied by a brief 96-dB auditory tone on random

trials. We identified a striking correlation between both theta/alpha (5–12 Hz) and high-gamma/high-frequency (55–375 Hz)

subthalamic nucleus activity and force measures, which explained close to 70% of interindividual variance in maximal motor

responses to the visual cue alone, when patients were ON their usual dopaminergic medication. Loud auditory stimuli were

found to enhance reaction time and peak rate of development of force still further, independent of whether patients were ON or

OFF L-DOPA, and were associated with increases in subthalamic nucleus power over a broad gamma range. However,

the contribution of this broad gamma activity to the performance enhancements observed was only modest (413%). The

results implicate frequency-specific subthalamic nucleus activities as substantial factors in optimizing an individual’s

peak motor responses at maximal effort of will, but much less so in the performance increments engendered by intense auditory

stimuli.
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Introduction
To what extent might the basal ganglia dictate the speed and the

force of our maximal motor responses? Some contribution might

be expected given that the basal ganglia have recently been impli-

cated in the scaling of movement (Turner et al., 2003; Thobois

et al., 2007; Muthukumaraswany, 2010; Turner and Desmurget,

2010; Grafton and Tunik, 2011; Brücke et al., 2012), although

whether the same relationship holds true at the limits of voluntary

performance remains unclear. Moreover, what is achieved by our

maximal ‘effort of will’ is known to vary according to the context,

with paradoxical enhancements of ‘best’ performance reported in

response to intense stimuli both in healthy subjects (Woodworth,

1938; Angel, 1973; Anzak et al., 2011a) and, most notably, in the

form of the brief amelioration of motor impairment, termed ‘para-

doxical kinesis’ (Souques, 1921), described in patients with

Parkinson’s disease (Valldeoriola et al., 1998; Anzak et al.,

2011b). So, if activity in the basal ganglia is involved in achieving

our ‘best’ performance, is it also modulated by experimental chal-

lenges like the introduction of intense stimuli? Or, are the per-

formance improvements associated with such challenges achieved

relatively independently of the basal ganglia? Indeed, understand-

ing how fastest and strongest movements are achieved, and how

their performance can be enhanced still further, are important

goals which may inform the search for treatments for movement

disorders such as Parkinson’s disease.

One of the difficulties in determining which brain activities may

be instrumental in achieving optimal motor performance relates to

the confound of peripheral afference, so that techniques like elec-

trophysiological recording, which have high temporal resolution,

have a unique contribution to make. Here, we recorded directly

from deep brain stimulation electrodes implanted bilaterally in the

region of the subthalamic nucleus of patients with Parkinson’s

disease whilst they executed handgrips as fast and as strongly as

possible in response to a visual cue. By delivery of a loud auditory

tone simultaneous with the visual cue, on random trials, we fur-

ther aimed to relate subthalamic nucleus local field potential

(LFP) activity to any changes in force parameters and reaction

time observed in response to intense stimuli. Finally, by testing

patients ON and OFF dopaminergic medication, we could inves-

tigate the role, if any, of dopaminergic processes in performance

of the task.

Materials and methods

Subjects
Ten patients with Parkinson’s disease (mean disease duration 10 years,

mean age 58 years, range 42–65 years; seven males) gave informed

consent to take part in this study, which was approved by the local

ethics committees at our recording sites in Oxford and London, UK.

Patients underwent bilateral implantation of deep brain stimulation

electrodes into the subthalamic nucleus, as a prelude to therapeutic

high-frequency stimulation for advanced idiopathic Parkinson’s disease

with motor fluctuations and/or dyskinesias. Techniques to target and

implant electrodes in the subthalamic nucleus have previously been

described (Foltynie and Hariz, 2010). No microelectrode recordings

were made, although the effects of direct stimulation were confirmed

intra-operatively at surgical sites 1 and 3 (Table 1). The locations of

the electrodes were additionally confirmed with immediate postopera-

tive stereotactic imaging. Nonetheless, in acknowledgement of the fact

that not all electrode contacts could be expected to lie in the subtha-

lamic nucleus per se, we term the area sampled by the contact pairs as

the subthalamic nucleus region. Electrodes were attached to extension

cables ‘externalized’ through the scalp to permit recordings before

connection to a subcutaneous deep brain stimulation pacemaker,

implanted in a second operative procedure up to 7 days later.

Clinical details of the patients are given in Table 1. The mean percent-

age improvement in the motor section of the Unified Parkinson’s

Disease Rating Scale (UPDRS) ON treatment with L-DOPA was

59.9 � 5.7% (P5 0.0001) across subjects, indicating good responsive-

ness to L-DOPA in our study participants.

Experimental paradigm
Subjects were presented with a series of imperative visual cues, sepa-

rated by 11–13 s, and instructed to squeeze a force dynamometer ‘as

fast and hard as you possibly can when the light comes on and main-

tain this for the duration of the light’ (red light-emitting diode illumi-

nated for 5 s). In half of these trials, which were randomly selected, a

loud auditory stimulus (0.3 s duration, 1 kHz, 96 dB) was delivered

binaurally through headphones, with onset simultaneous with that of

the visual cue (auditory–visual cue). However, subjects were asked to

just focus on responding to the visual cues.

Twenty trials were collected in each experimental run. Trials were

approximately equally divided (allowing for the randomization process

in each session) into those with visual and auditory–visual cues. Trials

were carried out in a blocked design, and left- and right-hand record-

ings were counterbalanced across subjects. The rationale for the

number of trials executed, and the intertrial interval, as well as stimulus

intensity and decision to include a reaction time component into our

paradigm has previously been described (Anzak et al., 2011b).

Stimulus intensity was measured with a Brüel and Kjaer 2260

Observer.

Grip force was measured one hand at a time in each subject using

an isometric dynamometer with standard Jamar design, and its handle

set in the second of the five discrete grip diameter adjustments

Table 1 Patient details

Site Patient
number

Age
(years)

Disease
duration
(years)

Daily L-DOPA
equivalent
dose (mg)

Preoperative
UPDRS part III

OFF ON

1 1 64 13 500 33 6

1 2 65 17 150 29 8

1 3 42 6 500 50 38

1 4 63 7 400 76 16

2 5 62 8 950 64 25

2 6 46 7 600 43 10

2 7 57 9 625 60 27

3 8 62 9 750 38 20

3 9 57 7 100 40 20

3 10 59 15 750 33 16

Surgical sites: (1) John Radcliffe Hospital, Oxford; (2) National Hospital for
Neurology and Neurosurgery, London; (3) Kings College Hospital, London, United

Kingdom.
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possible (G100; Biometrics Ltd, Sancho-Bru et al., 2008). Subjects

were seated with their shoulders adducted (so that elbows rested

against the trunk), their elbows flexed at �90� and their forearms in

neutral, as recommended by the American Association of Hand

Therapists (Fess, 1992).

Recordings and analysis
Recordings were made 3–6 days after surgery. To complete the

recordings in one morning, and limit intrusion on our easily fatigable

postoperative patients, recordings were always made first after over-

night withdrawal of anti-parkinsonian medication (OFF L-DOPA), and

then again �1 h after taking their usual morning dose [average

L-DOPA dose administered, 155 � (SEM) 25 mg, although Cases 4

and 10 also received subcutaneous apomorphine]. Improvement with

medication was confirmed through assessment of finger tapping, wrist

rigidity and tremor (using the corresponding items of the motor

UPDRS). Although this sequence of recordings may have introduced

a confound in that ON medication performance may have been

affected by fatigue, our results suggest that any such effects were

relatively minimal, as medication was still able to reduce reaction time.

LFPs were recorded bipolarly from adjacent contacts of each deep

brain stimulation electrode (0–1, 1–2, 2–3) using either a D360 amp-

lifier (Digitimer Ltd) in combination with a 1401 A/D converter

(Cambridge Electronic Design) and sampled onto a computer using

Spike2 software (Cambridge Electronic Design), or TMSi porti (TMS

international) and its respective software. All recordings were originally

sampled at 2048 Hz. Analogue correlates of the visual and auditory

stimuli and dynamometer output were recorded and digitized in a

similar way.

Analyses of both behavioural and LFP data were performed in

Matlab (version 7.10). Peak yank (where yank is defined as the rate

of change of force, calculated by differentiation of the force signal)

and peak force were the chosen biomechanical variables of interest,

and had the advantage that they could be measured trial by trial

without realignment to compensate for differences in premotor reac-

tion times. Premotor reaction time was operationally defined as the

time interval between cue onset and the point at which force ex-

ceeded 5% of peak force (taken as response onset). We acknowledge

that premotor reaction time is more usually considered to be the inter-

val between cue presentation and EMG onset (Botwinick and

Thompson, 1966). However, we found the use of EMG to be subopti-

mal in the context of maximal grips because of movement artefact and

sampling error, given that many muscles are activated in this task. The

process of derivation of average induced frequency-specific LFP

power, over discrete frequency bands, from contralateral subthalamic

nuclei to the gripping hand, is described in the online Supplementary

material.

Statistics
For behavioural data, grand averages of peak force, peak yank and

premotor reaction time for visual and auditory–visual trials were cal-

culated after deriving each of these variables from the individual grips

made by a subject, and calculating averages for that subject, before

averaging across study participants. Group mean percentage changes

in variables were calculated as the average of the mean percentage

changes in each subject.

Our approach to statistical analysis of subthalamic nucleus region

LFP power relationships with motor performance is summarized in

Fig. 1. We first sought to characterize frequency band-specific oscilla-

tory activities in the subthalamic nucleus region that might

independently predict between-subject differences in maximal hand-

grip performance under standard/baseline conditions. This was

achieved by means of multiple regression analysis applied to behav-

ioural and LFP responses to visual cues alone, retrieved from experi-

mental runs where visual and auditory–visual cues were delivered at

random, when patients were ON medication. The continuous black

regression line, labelled ‘RL’ in Fig. 1, describes the expected relation-

ship of motor performance with any given frequency band-specific

activity identified as a significant independent predictor of peak

motor parameters, across subjects, in this baseline (visual cue, ON

L-DOPA) condition.

Next, we used a multi-level multivariate regression modelling

approach (Hox, 2002) to identify any contribution of frequency-

specific subthalamic nucleus region LFP activity to the change in

motor performance with experimental manipulations, relative to our

baseline condition (thus effectively removing the baseline relationship

between LFP amplitude and performance given by the line labelled

‘RL’, and concentrating on those dependencies described by the inter-

rupted black line, labelled ‘MLM’ in Fig. 1). The multi-level multivari-

ate regression modelling approach used here had the advantage that

each trial executed by every subject under the different experimental

Figure 1 Putative relationship between frequency-specific LFP

power and peak yank (PY), shown for three hypothetical indi-

viduals (Cases A, B and C). The continuous black line labelled

‘RL’ is the regression line fitting the LFP power relationship with

peak yank, under baseline conditions (response to visual cues,

when patients ON L-DOPA), across subjects. The interrupted

black line, labelled ‘MLM’ is estimated by multi-level modelling

on the basis of experimental condition-specific regression coef-

ficients between frequency-specific LFPs and peak yank,

corrected to each individual’s baseline performance. It thus

models ‘within-subject’ effects of experimental manipulations

from standard conditions. An average experimental

condition-specific intercept shift of the MLM line from baseline

would implicate increments or decrements in motor perform-

ance independent of frequency-specific subthalamic nucleus LFP

power. Such an average shift would equate to the shift of curve

A to curve B, whilst maintaining the gradient of the MLM line

(translation of interrupted black line to the position of the

interrupted grey line).
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conditions was considered. The resulting high degrees of freedom

(Supplementary Table 1) meant that very small effects could be iden-

tified with relatively narrow confidence limits. Further details of both

the multiple regression and multi-level modelling technique are

described in the Supplementary material and Supplementary Fig. 1.

Statistical analyses were performed in SPSS Statistics 19 (SPSS Inc.)

and R (for multi-level modelling; R Development Core Team, version

2.13.2). Kolmogorov–Smirnov tests were applied to confirm that both

transformed LFP data (Supplementary material) and behavioural meas-

ures were normally distributed, before further parametric testing.

Where Mauchly’s test of sphericity was significant (P5 0.05) in re-

peated-measures ANOVAs, Greenhouse–Geisser corrections were

applied. Mean � SEM are presented throughout the text, unless other-

wise specified.

Results
Our aim was to identify the role of basal ganglia activity, as

indexed by the subthalamic nucleus region LFP, in the generation

of grips made as fast and as strongly as possible, under standard

conditions and in the setting of the performance enhancements

engendered by intense auditory stimuli (Anzak et al., 2011a, b).

To this end, we first identified those frequency bands in the sub-

thalamic nucleus region LFP that underwent a change when grips

were triggered by simple visual cues. We chose to consider record-

ings made in the ON L-DOPA state as our starting point and then

define how LFP responses differed when triggered by intense

stimuli (combined auditory and visual cues) and with or without

overnight withdrawal of anti-parkinsonian medication.

Maximal effort grips are associated with
frequency-specific changes in
subthalamic nucleus region local field
potential activity that correlate with
peak motor performance across subjects
Three motor parameters of interest were derived from handgrips

executed as quickly and strongly as possible, in response to vis-

ual cues in the ON L-DOPA state: premotor reaction time, peak

yank and peak force. Average reaction time across subjects was

358 � 21 ms. Average peak force and peak yank were

12.3 � 1.5 kg and 72.8 � 13.6 kg/s, respectively (n = 20 hands).

The average force and yank traces for the hand contralateral to

each subthalamic nucleus are represented in Fig. 2.

Time-evolving power spectra of changes in subthalamic nucleus

region LFPs induced by visual cues, relative to a pre-cue baseline,

were derived by averaging across all visual-cued trials in an

Figure 2 (A) Sustained maximal force grips, in response to a visual (V) cue illuminated for 5 s, when patients with Parkinson’s disease

were ON dopaminergic medication. In this panel, time zero represents cue onset, so that each individual’s average reaction times can be

discerned. Average grip traces for left and right hands are presented and are normalized as a percentage of the maximal voluntary

contraction achieved, by each hand, respectively, under this condition. Note, as can be seen in the figure, those trials in which subjects

were slow in releasing the maximal grip were not excluded from further analysis, as the motor parameters of interest in this study fell at

much earlier latencies. (B) Yank (rate of development of force), averaged after realignment to response onset following a visual cue, when

patients with Parkinson’s disease were ON dopaminergic medication. Traces have been normalized as in A. Each patient is colour-coded

with the same colour in A and B.
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experimental run, for each patient undertaking the task when ON

medication. These were then averaged across subjects (Fig. 3). In

this way, three frequency bands were identified over which increases

or decreases in power, in the period from cue onset to average time

to peak yank, could be distinguished from the pre-cue baseline and

from frequency bands with an absence of reactivity to cue. These

were the theta/alpha (5–12 Hz), high-beta (25–30 Hz) and high-

gamma/high-frequency (55–375 Hz) ranges.

Evidence of a relationship between performance and average

LFP power in the earlier defined frequency bands, was then

sought. Simple linear regression analysis identified significant cor-

relations between performance and LFP activity in theta/alpha and

high gamma/high frequency, but not beta bands. The significant

associations are shown as scatter plots fitted by simple regression

in Fig. 4. However, whether activity in these frequency bands

made an independent contribution to the motor parameters of

interest, over and above the influence of other frequency-specific

activities, remained to be clarified. To address this question, mul-

tiple regression analysis was performed, using each subject’s mean

LFP in the three reactive frequency bands identified earlier as the

predictive variables, and each motor parameter of interest as the

response variable.

Both increases in theta/alpha and high-gamma/high-frequency

LFP power were found to be predictive of (i.e. could explain some

of the variance in) increases in peak yank (b = 0.486, P = 0.003

and b = 0.594, P = 0.001, respectively). Beta activity was of no

independent predictive value. The overall fit of the regression

model was excellent (F = 15.662, P50.001, R2 = 0.698) and the

intercept was non-significant.

The overall model fit for the multiple regression model for peak

force was also very strong (F = 13.700, P50.001, R2 = 0.667),

and similarly identified significant contributions of theta/alpha

(b = 0.505, P = 0.003) and high-gamma/high-frequency

(b = 0.600, P = 0.001) power in predicting peak force. The inter-

cept was non-significant and beta activity was of no independent

predictive value. Thus, the results suggest that had a given subject

been able to achieve a greater mean increase in LFP activity in

either the theta/alpha or high-gamma/high-frequency bands, their

mean peak yank or peak force would also have improved.

Furthermore, the strong fits of the regression models, as indexed

by large R2 values, and the insignificant intercepts suggest that

subthalamic nucleus region LFPs were able to predict the majority

of the variance in peak force and peak yank between subjects.

Conversely, only increases in theta/alpha LFP power were found

to be predictive of reductions in reaction time (b = �0.490,

P = 0.035). Neither beta nor high-gamma/high-frequency activity

made an independent predictive contribution. The model fit was

moderate, only approaching significance (F = 3.106, P = 0.056,

R2 = 0.250), and the regression model had a significant intercept

of 465 ms (P5 0.001), suggesting that the greater part of the

reaction time was dictated by processes that were independent

of, at the very least, any linear relationship with induced subtha-

lamic nucleus region LFP activity.

Earlier in the text, we considered LFP power changes from cue

onset to response onset in the case of reaction time, and from cue

onset to the moment of development of peak yank in the case of

peak yank and peak force. However, the latter allows sufficient

time for peripheral afference to contribute to the correlations. We

Figure 3 Average time–frequency plot of change in induced spectral power in 20 subthalamic nuclei contralateral to sustained maximal

handgrips, relative to a pre-cue baseline. Time zero represents onset of the imperative visual (V) cue. Patients were recorded ON their

normal dopaminergic medication. Colour gradient represents ratio of post-cue LFP power to average LFP power 1–2 s before cue onset.

Lines labelled RT, TPY and TPF demarcate the average premotor reaction time, time to peak yank and time to peak force, under this

condition, respectively. Frequency is plotted on a log axis.
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Figure 4 Scatter-graphs relating LFP power to performance. Continuous and interrupted lines represent the best fit and corresponding

95% confidence limits estimated by linear regression. Significant correlations with peak yank, peak force and reaction time were found in

the theta/alpha (5–12 Hz) band, and with peak yank and peak force in the high-gamma/high-frequency (55–375 Hz) range. No cor-

relations were found in the beta (13–30 Hz) band. Non-significant correlations are not illustrated.
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therefore repeated the previous simple and multiple regression

analyses for peak yank and peak force taking LFP power changes

from cue onset to response onset and confirmed the same rela-

tionships (Supplementary material and Supplementary Fig. 2), des-

pite the fact that the greatest gamma increases developed after

response onset (Fig. 3). Finally, in a small number of cases, we

were also able to identify a scaling effect of frequency band-spe-

cific LFP power with performance at the within-subject level

(Supplementary material and Supplementary Fig. 3).

Intense auditory stimuli enhance mean
peak yank and reaction time, whereas
L-DOPA only reduces reaction time and
does so without interacting with the
effects of loud auditory cues
The delivery of brief 96-dB auditory tones at the same time as visual

cues, improved average peak yank and reaction time in our subjects.

A repeated-measures ANOVA applied to peak yank data identified

an effect of cue type [F(1,19) = 6.464, P = 0.020], but no effect of

dopaminergic medication [F(1,19) = 2.695, P = 0.117], or dopamin-

ergic medication � cue-type interaction [F(1,19) = 3.333, P = 0.084].

Peak yank increased by 11.8 � 3.5% with auditory–visual cues

(82.0 � 16.1 kg/s) as compared with visual cues (71.8 � 13.0 kg/

s), when averaging across OFF and ON medication recordings.

A repeated-measures ANOVA applied to reaction time

data identified an effect of cue type [F(1,19) = 64.919,

P5 0.001] and dopaminergic medication [F(1,19) = 5.597,

P = 0.029], but no dopaminergic medication � cue-type inter-

action [F(1,19) = 3.465, P = 0.078]. Reaction time reduced by

35.4 � 2.2% with auditory–visual cues (239.3 � 13.8 ms) com-

pared with visual cues (380.6 � 26.3 ms), when averaging across

OFF and ON medication recordings. Reaction time decreases from

322.5 � 22.2 ms OFF L-DOPA to 297.4 � 17.2 ms ON L-DOPA

were further observed (P = 0.029, paired t-test averaged across

cue types). The lack of dopaminergic medication � cue-type inter-

actions for both peak yank and reaction time data suggested that

improvements in performance with auditory–visual cues, were in-

dependent of dopaminergic therapy (Anzak et al., 2011a, b).

In the current study, however, there were no significant effects

of cue or drugs on peak force so that this measure of performance

was not considered further [cue type, F(1,19) = 0.212, P = 0.650;

medication state, F(1,19) = 0.985, P = 0.333; medication � cue-

type interaction. F(1,19) = 2.462, P = 0.133]. Group average

force and yank traces, in response to visual and auditory–visual

cues, are shown in Fig. 5.

Changes in peak yank and reaction time
are accompanied by frequency-specific
mean changes in local field potential
power with experimental condition
We next defined how LFP responses differed when triggered by

combined auditory and visual cues with or without overnight with-

drawal of anti-parkinsonian medication. To this end, we aimed to

group activity over frequencies with similar reactivity to either cue

type or L-DOPA into discrete bands, contiguous with neighbouring

bands which differed in their average response to experimental

condition. Time–frequency spectra of cue-induced subthalamic nu-

cleus region LFPs in the three additional experimental conditions

(OFF L-DOPA visual cue, OFF L-DOPA auditory–visual cue, and

ON L-DOPA auditory–visual cue) revealed prominent differences

in power at frequencies 430 Hz between OFF and ON L-DOPA

recordings, and at frequencies 430 Hz between visual and audi-

tory–visual cues (Fig. 6). We therefore performed separate

ANOVAs of percentage change in LFP power (relative to a pre-

cue baseline) in activities across the three frequency bands 430

Hz (5–12, 13–23 and 24–30 Hz) and for the three frequency

bands 430 Hz (31–45, 55–95 and 105–375 Hz), to see which,

if any of these bands, might be influenced by cue type and medi-

cation status (refer to the online Supplementary material for

rationale for selection of frequency bands). The results of these

ANOVAs are presented in Table 2. Post hoc exploration of signifi-

cant main effects and interactions is described below.

The repeated-measures ANOVA applied to activities 430 Hz

identified a significant effect of frequency and a significant

medication � frequency interaction. Post hoc paired t-tests con-

firmed a significant reduction in power in the low beta band

(P = 0.020) and trend towards a similar effect on high-beta activity

(P = 0.077), but no effect on theta/alpha power (P = 0.774) with

L-DOPA, when averaging across responses to different cue types.

Conversely, the ANOVA of percentage change in activities

430 Hz identified a significant effect of cue type, but no cue

type � frequency interaction, suggesting a similar magnitude of re-

sponse to auditory–visual cues in each frequency band. An overall

effect of frequency reflected only differences in the average power

across each frequency band relative to baseline. A significant medi-

cation � frequency interaction, resulted solely from an increase in

low gamma activity (P = 0.015, paired t-test when averaging across

cue type; high gamma, P = 0.284; high frequency, P = 0.180). Given

these results recordings from OFF and ON dopaminergic medication

were averaged across the three frequency bands, and post hoc paired

t-tests were performed that demonstrated higher power in a broad

gamma (31–375 Hz) band following auditory–visual as opposed to

visual cues (low gamma, P = 0.027; high gamma, P = 0.006; high

frequency, P� 0.001). Thus, auditory–visual cues promoted

cue-related power increases in frequency bands 430 Hz. This

broad gamma band was used for all subsequent analyses.

Frequency-specific subthalamic nucleus
region local field potential activity
contributes to the facilitation of peak
motor performance with experimental
condition
Multi-level modelling was used to derive general regression equa-

tions for percentage increments/decrements in peak yank and re-

action time, relative to our baseline condition of maximal effort

grips executed in response to visual cues when patients were ON

medication. Within the model, regression coefficients afford an
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estimate of the degree to which the change in performance from

baseline scales with LFP activity, whereas intercepts represent the

portion of the change from baseline performance that is independ-

ent of subthalamic nucleus region LFPs.

The models only identified broad gamma power (31–375 Hz) as a

significant predictor of the response variables (Table 3 and

Supplementary Table 1). Auditory–visual cues were found to

induce a scaling of broad gamma activity with peak yank, in both

OFF and ON L-DOPA states, which was not present in response to

visual cues alone. On the other hand, a consistent scaling of broad

gamma activity with reaction time was present independent of

experimental condition. There were also large shifts in intercepts

relative to the baseline condition; those due to withdrawal from

dopamine included an improvement in peak yank that most prob-

ably related to the lack of fatigue rather than drug state, as OFF

drug recordings were necessarily conducted before ON drug

experiments. Moreover, no significant difference was identified be-

tween peak yank attained in OFF and ON drug recordings, in an

earlier analysis of the performance data alone (see earlier text).

Given the relatively large intercept shifts with auditory–visual

cues, we lastly evaluated the quantitative contribution of broad

gamma activity in predicting auditory–visual-induced changes in

peak yank and reaction time from the baseline visual ON

L-DOPA condition. This was achieved by multiplying coefficients

by the mean level of broad gamma band activity in the corres-

ponding condition. Averaging across drug states, broad gamma

activity contributed to 13.2 � 8.0% (95% confidence interval) of

the enhancement in peak yank, but only 1.1 � 0.1% of the

reduction in reaction time with loud auditory cues. Thus, changes

in broad gamma activity contributed to improvements in peak

yank, but barely affected reaction time. Even in the case of

peak yank, the larger proportion of motor enhancement with

auditory–visual cuing was independent of synchronous oscillatory

activities in the subthalamic nucleus, or, at the very least, inde-

pendent of a linear relationship with the LFPs.

Local field potential activity reflects
local processing in the subthalamic
nucleus region
LFP recordings from the subthalamic region were highly focal, as

indexed by steep percentage drops in power when comparing the

‘best’ contact pair, with the highest absolute power, to the mean

power recorded by the two remaining contact pairs on each elec-

trode. Figure 7 shows the power drop for each frequency band used

in multi-level modelling analysis. In this, we have averaged across

experimental conditions and drug states. There is a clear drop in all

frequency bands, albeit less pronounced in the theta–alpha band.

Discussion
The findings of our study are 2-fold. We first report a striking

correlation between both theta/alpha (5–12 Hz) and high-

Figure 5 (A) Group average grip force achieved in visual (V) and auditory–visual (AV) trials across patients (n = 20 hands), averaged

across OFF and ON L-DOPA conditions. Time zero represents cue onset. For the purposes of graphical representation only (Anzak et al.,

2011a, b), group average traces have been derived as the mean of the average responses of each gripping hand to visual and auditory–

visual cues, normalized as a percentage of the average maximal voluntary contraction achieved in the visual condition when patients were

ON and OFF L-DOPA (Fig. 2). Shaded area represents SEM. of the trace. (B) Group average yank (rate of development of force) achieved

in visual and auditory–visual trials, averaged across OFF and ON L-DOPA conditions. Traces have been averaged after realignment to

response onset. Significant reductions in reaction time and enhancements in peak yank (see boxed expansion of the peak difference), but

no change in peak force, are evident in response to auditory–visual as compared with visual cues.
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gamma/high-frequency (55–375 Hz) activities in the subthalamic

nucleus region LFP and average peak force measures attained, in

response to visual cues when patients were ON L-DOPA (baseline

condition). These spectral features were able to independently

predict close to 70% of the variance in peak yank and peak

force across subjects. The relationship with reaction time, how-

ever, was limited to the theta/alpha band, and less substantial,

suggesting a larger influence of a different neural source, or at

the very least a non-linear effect of LFP activity, on this parameter.

Second, we describe an increase in broad gamma (31–375 Hz)

subthalamic nucleus region LFP power, over and above those

activities encoding maximal effort grips in the baseline condition,

which was found to make a modest but significant 13.2% contri-

bution to enhancements in peak yank, but only a trivial contribu-

tion to reaction time shortening, with auditory–visual cues.

Although reaction time shortening was also observed in response

to administration of L-DOPA, independent of cue type delivered,

no frequency-specific components of subthalamic nucleus region

LFP activity could be attributed to this effect.

Theta/alpha and high-gamma/
high-frequency subthalamic nucleus
region local field potential activity
predicts average peak force measures
attained by an individual
The results of our study ascribe a novel function to frequency-

specific subthalamic nucleus region LFP activity, as having sub-

stantial explanatory influences on the peak motor parameters

attainable by a subject at maximal effort. A similar, albeit

weaker, phenomenon has previously been described whereby sub-

thalamic nucleus region LFP measures have been found to correl-

ate with motor UPDRS across patients (Chen et al., 2010;

Pogosyan et al., 2010). These subthalamic nucleus LFP-force cor-

relations are in line with the hypothesized role of the basal ganglia

in the scaling of movement, although this role is largely deduced

from activities related to a range of submaximal motor responses

(Turner and Desmurget, 2010). Indeed, both PET (Turner et al.,

2003) and functional MRI studies (Vaillancourt et al., 2004, 2007;

Prodoehl et al., 2009; Grafton and Tunik, 2011) have identified

correlations between basal ganglia activity and a range of ampli-

tudes, velocities and forces with which healthy subjects were

required to execute movement. In particular, subthalamic nucleus

activity has been associated with the generation of force pulses in

precision grip tasks (Vaillancourt et al., 2007).

With respect to the correlation between high-gamma/high-fre-

quency (55–375 Hz) activity in the subthalamic nucleus LFP and

force measures reported in our study, high-gamma (35–100 Hz)

activity in the globus pallidus interna LFP has also recently been

implicated in the scaling of movement in patients with segmental

dystonia, although the correlations with movement velocity were

much weaker than those shown here (Brücke et al., 2012). In

addition, a similar role has been suggested for gamma

(60–90 Hz) synchronization in the motor cortex of healthy subjects

(Muthukumaraswamy, 2010). A prokinetic function of subthalamic

nucleus LFP activity at very high frequencies (4100 Hz), has fur-

ther been proposed, on the basis of the increase in amplitude of

high-frequency oscillations accompanying voluntary movements,

and following treatment with dopaminergic medication in patients

Figure 6 Matrices of average time–frequency plots of change in

induced spectral power in 20 subthalamic nuclei contralateral to

sustained maximal hand grips, relative to a pre-cue baseline,

under different experimental manipulations. Time zero repre-

sents onset of the imperative visual or loud auditory–visual cue.

Colour gradient represents ratio of post-cue LFP power to

average LFP power 1–2 s before cue onset. Spectral changes

under three different experimental conditions are represented as

(A) OFF L-DOPA, visual cue; (B) OFF L-DOPA, auditory-visual

cue and (C) ON L-DOPA, auditory–visual cue. The spectral

changes in the baseline condition, ON L-DOPA, visual cue state

are shown in Fig 2. Power changes common to each experi-

mental condition occurred over six frequency bands: theta/alpha

(5–12 Hz), low beta (13–23 Hz), high beta (24–30 Hz), low

gamma (31–45 Hz), high gamma (55–95 Hz), and high fre-

quency (105–375 Hz). Frequency is plotted on a log axis.
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with Parkinson’s disease (Foffani et al., 2003). However, the latter

is contentious as Lopez-Azcarate and colleagues (2010) reported

high-frequency oscillations of a similar amplitude both OFF and

ON dopaminergic medication, but showed marked movement-

related amplitude modulation of this activity when liberated

from beta coupling when ON dopaminergic medication. A further

study has suggested that it is the ratio of slower (200–300 Hz) to

faster (300–400 Hz) high-frequency oscillations that correlates

with UPDRS motor scores (Özkurt et al., 2011). As with

Lopez-Azcarate et al. (2010), we found that our high-gamma/

high-frequency band (which included oscillatory activity

4100 Hz) was of similar amplitude with or without dopaminergic

medication, although in considering a wide frequency range we

could not address the question of a frequency shift in the high-

frequency activity. The very wide spectral range of the high-fre-

quency oscillations in this and other studies also raises the possi-

bility that some of the activity could reflect neuronal spiking in the

electrode vicinity, as has been suggested at the cortical level

(Ray and Maunsell, 2011).

Oscillatory activity in the theta/alpha range, which was found to

correlate with our peak force measures, has generally been asso-

ciated with mechanisms of attention (for review see Palva and

Palva, 2007). In particular, alpha activity (7–13 Hz) in the subtha-

lamic nucleus of patients with Parkinson’s disease at rest is coher-

ent with parietotemporal cortex in a circuit that has been

proposed to subserve attentional functions (Hirschmann et al.,

2011; Litvak et al., 2011). More apposite to the present results,

LFP recordings from the subthalamic nucleus of patients with

Parkinson’s disease and from the globus pallidus interna of pa-

tients with dystonia have shown that contralateral alpha activity

increases in fast movements compared with rest, and passive or

active slow repetitive extension and flexion of the elbow (Singh

Table 3 Experimental condition specific regression coefficients (b) and intercept shifts (k) for regression models derived for
peak yank and reaction time

Experimental
condition

Peak yank Reaction time

Broad gamma
regression
coefficient (b)

Intercept shift (k) Broad gamma
regression
coefficient (b)

Intercept shift (k)

AV cue OFF L-DOPA AV cue OFF
L-DOPA

OFF L-DOPA V cue – – 8.57 �0.101 – 4.38
AV cue 0.223 11.38 8.57 �0.101 �36.46 4.38

ON L-DOPA V cue – – – �0.101 – –
AV cue 0.223 11.38 – �0.101 �36.46 –

Intercept shifts represent the % increments/decrements from maximal grips made in response to visual (V) cues when patients were ON L-DOPA, which also formed the
baseline condition for our multi-level multivariate regression modelling approach.
AV = auditory–visual.

Table 2 Separate repeated-measures ANOVAs of percentage change in LFP power (relative to a pre-cue baseline) applied
to activities 430 Hz (5–12, 13–23, 24–30 Hz bands) and 430 Hz (31–45, 55–95, 105–375 Hz bands)

Within-subject effects 430 Hz frequency bands 430 Hz frequency bands

Frequency F(2,38) = 56.099, P_ 0.001 F(2,38) = 11.493, P_ 0.001

Cue type F(1,19) = 0.282, P = 0.602 F(1,19) = 15.000, P = 0.001

Medication F(1,19) = 3.585, P = 0.074 F(1,19) = 0.059, P = 0.811

Frequency � medication F(2,38) = 3.503, P = 0.041 F(2,38) = 7.777, P = 0.002

Cue type � frequency F(2,38) = 0.094, P = 0.865 F(2,38) = 0.632, P = 0.500

Cue type � medication F(1,19) = 0.047, P = 0.830 F(1,19) = 0.658, P = 0.427

Frequency � cue type � medication F(2,38) = 0.160, P = 0.843 F(2,38) = 0.785, P = 0.432

Additional factors included cue type (visual or auditory–visual) and medication (OFF or ON L-DOPA). Significant results are in bold.
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Figure 7 Mean � SEM percentage drop in LFP power from the

contact pair recording the greatest power change from baseline,

for each frequency band, averaged across experimental condition.
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et al., 2011). In the latter study, the increased synchronization in

the alpha range was concurrent with the period of elevated

acceleration in the fast movement. As this was seen in both pa-

tient groups, it was considered to be primarily physiological and

task specific, rather than disease related.

The lack of an independent contribution of beta band oscillations

to the prediction of force measures was conspicuous. Elsewhere, it

has been argued that suppression of population synchrony in the

beta frequency range is necessary to allow task-related rate coding

and more focal neuronal assemblies to engage in task-specific pro-

cessing related to voluntary movement (Brown and Williams,

2005). Indeed, recordings in non-human primates confirm an in-

verse relationship between oscillatory LFP activity in the beta band

and local task-related rate coding in the striatum (Courtemanche

et al., 2003). Our finding of a suppression of beta activity follow-

ing imperative visual cues, which did not scale with behavioural

performance, is thus consistent with a binary gating function of

beta (Kempf et al., 2007; Brücke et al., 2012).

Finally, whether theta/alpha and high-gamma/high-frequency

activities in the basal ganglia relate to a phenomenon that param-

eterizes force or a higher order process that regulates the scaling

of movement (Turner and Desmurget, 2010) is unclear. It has

previously been suggested that movement parameters are essen-

tially ‘selected’ from an underlying range of physiological capabil-

ities, so as to optimize the use of neuromuscular energy; the

likelihood of selection of faster or stronger movement parameters,

based on such implicit cost-benefit assessments, has been termed

‘motor vigor’ (Mazzoni et al., 2007). In the current paradigm, it is

plausible that even under instruction to execute maximal

handgrips, individuals continued to select grips from the previously

described distribution, and it is, thus, the motor vigor or effort

invested in selection of the optimal motor parameters, that

frequency-specific oscillatory activity in the basal ganglia encodes.

Further work in this area would be of great interest.

Broad gamma subthalamic nucleus
region local field potential activity
makes a significant but modest
contribution to motor enhancement
with intense stimuli
Our multi-level multivariate regression modelling approach identi-

fied the induction of a novel (over and above that in the baseline

state) but small scaling factor between broad gamma (31–375 Hz)

activity and peak yank, with auditory–visual cuing. Such an influ-

ence of frequency-specific subthalamic nucleus LFP activity on

motor enhancement with intense stimuli provides further support

for the previously proposed role of the subthalamic nucleus in

‘energizing’ movement. Indeed, it has previously been proposed

that ‘motor vigor’ itself can be subject to modulation by tempor-

ally pressing situations, whereby the system is forced to adopt a

more expensive trade-off, thus leading to a more consistent opti-

mum performance (Ballanger et al., 2006).

Nonetheless, it was the contribution of experimental condition-

specific ‘intercept shifts’ of the best-fit line relating broad gamma

LFP power to motor performance, which dominated over changes

in regression coefficients for both performance measures. Broad

gamma activity was found to account for only 13.2 � 8.0% of the

enhancement in peak yank, when considering the induced scaling

factor together with the increase in amplitude of LFP activity in

this frequency band, following auditory–visual cues. Moreover, the

effect of changes in broad gamma LFP power on the marked

shortening of reaction time with auditory–visual cuing was near

inconsequential. Thus, we conclude that enhancement of peak

motor performance with auditory–visual cues was achieved largely

independently of frequency-specific subthalamic nucleus region

LFP activity, or at the very least, independent of a linear relation-

ship of this activity with the performance increments observed.

What then might be the neural substrate mediating perform-

ance enhancements with auditory–visual cuing? We have

previously posited that the intense or arousing nature of our audi-

tory–visual cue implicates a role of phasic arousal (Sturm and

Willmes, 2001) in driving the phenomenon (Anzak et al.,

2011b). The brainstem reticular activating system, in particular,

is a largely non-dopaminergic network that has been implicated

in cortical activation or arousal (Dringenberg and Vanderwolf,

1998). Its involvement would fall in line with the dopamine inde-

pendence of the behavioural effect observed. Within this network,

a role of the pedunculopontine nucleus, known to be tightly

coupled to the subthalamic nucleus (Aravamuthan et al., 2009),

is conceivable, but whether alerting cholinergic projections from

the brainstem reticular activating system (Steriade et al., 1990,

1991; Munk et al., 1996) can bypass those basal ganglia compo-

nents dependent on dopaminergic input deserves further investi-

gation. In addition, a role of the left parasagittal and lateral

cerebellar hemisphere, as well as bilateral sensory motor cortices,

has also been suggested in sensory stimulus-elicited improvements

in performance (Thobois et al., 2007).

Caveats and concluding
remarks
Two possible limitations of the present study are worth highlight-

ing. First, our study participants were necessarily patients with

Parkinson’s disease, so inferences regarding normal functioning

must be circumspect (Williams et al., 2002). That said, and as

discussed previously, the core relationship between subthalamic

nucleus region LFPs and force measures in our baseline task had

much in common with the behaviour of cortical and pallidal activ-

ities in healthy subjects and patients with cranial dystonia, without

obvious upper limb involvement (Muthukumaraswamy, 2010;

Brücke et al., 2012). The latter, however, introduces the second

issue—could the power changes picked up at the bipolar contacts

of the deep brain stimulation electrode be the product of volume

conduction from another, possibly cortical, source? Against this,

we report a steep gradient in LFP power between those bipolar

contact pairs recording the highest absolute power and the two

remaining contact pairs, independent of the frequency of the

oscillatory activity, which is consistent with a local generator

(Kühn et al., 2004, 2006). Moreover, a number of studies have
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now demonstrated the locking of discharge of neurons in the

subthalamic nucleus to the LFP (Levy et al., 2002; Kühn et al.,

2005; Pogosyan et al., 2006; Trottenberg et al., 2006; Weinberger

et al., 2006). Finally, it should be pointed out that involvement of

the subthalamic nucleus in motor control has been suggested to

extend well beyond the scaling of movement, as discussed

here, to include motor learning, action selection and response in-

hibition, and the online correction of motor error (Turner and

Desmurget, 2010).

To conclude, we provide strong correlative evidence (accounting

for �70% of the intersubject variance) linking subthalamic nucleus

region oscillatory activity over the theta/alpha and high-gamma/

high-frequency ranges to the average peak force and peak rate of

development of force attained by individuals, in voluntary grips

performed as fast and as strongly as possible in response to a

visual cue. Frequency-specific oscillatory activity, however, was

found to make only a small contribution to the additional improve-

ment in peak yank and reaction times engendered by intense

auditory stimuli, independent of dopaminergic state. Our findings

provide insight into the relationship between oscillatory activity in

the subthalamic nucleus region and contractions made with max-

imal effort and raise the possibility that such activity encodes

motor vigor. At the same time the suggestion that non-dopami-

nergic processes (which are also independent of frequency-specific

oscillatory activity in the subthalamic nucleus region) underscore

the additional performance improvements following intense sti-

muli, encourages the search for alternative, non-dopaminergic,

systems that may beneficially influence motor behaviour.
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Kühn AA, Doyle L, Pogosyan A, Yarrow K, Kupsch A, Schneider GH,
et al. Modulation of beta oscillations in the subthalamic area during

motor imagery in Parkinson’s disease. Brain 2006; 129: 695–706.

Levy R, Hutchison WD, Lozano AM, Dostrovsky JO. Synchronized neur-

onal discharge in the basal ganglia of parkinsonian patients is limited
to oscillatory activity. J Neurosci 2002; 22: 2855–61.

Litvak V, Jha A, Eusebio A, Oostenveld R, Foltynie T, Limousin P, et al.

Resting oscillatory cortico-subthalamic connectivity in patients with
Parkinson’s Disease. Brain 2011; 134: 359–74.

Lopez-Azcarate J, Tainta M, Rodriguez-Oroz M, Valencia M,

Gonzalez R, Guirdi J, et al. Coupling between beta and high-frequency

activity in the human subthalamic nucleus may be a pathophysio-
logical mechanism in Parkinson’s disease. J Neurosci 2010; 30:

6667–77.

Mazzoni P, Hristova A, Krakauer JW. Why don’t we move faster?

Parkinson’s disease, movement vigor and implicit motivation.
J Neurosci 2007; 27: 7105–116.

Muthukumaraswamy SD. Functional properties of human primary motor

cortex gamma oscillations. J Neurophysiol 2010; 104: 2873–85.

Munk MH, Roelfoma PR, Konig P, Engel AK, Singer W. Role of reticular
activation in the modulation of intracortical synchronization. Science

1996; 272: 271–4.
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