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Motor imagery involves cortical networks similar to those activated by real movements, but the extent to which
the basal ganglia are recruited is not yet clear. Gamma and beta oscillations in the subthalamic nucleus (STN) vary
with the effort of sustainedmuscle activity.We recorded local field potentials in Parkinson's disease patients and
investigated if similar changes can beobserved during imaginedgripping at threedifferent ‘forces’.We found that
beta activity decreased significantly only for imagined grips at the two stronger force levels. Additionally, gamma
power significantly scaled with increasing imagined force. Thus, in combination, these two spectral features can
provide information about the intended force of an imaginary grip even in the absence of sensory feedback.Mod-
ulations in the two frequency bands during imaginarymovementmay explain the rehabilitating benefit ofmotor
imagery to improve motor performance. The results also suggest that STN LFPs may provide useful information
for brain-machine interfaces.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Mental imagery, in addition to physical practice, is known to
boost motor performance in comparison to physical practice alone
(Avanzino et al., 2009). Two studies have indicated that physical train-
ing combined with mental imagery or autogenic training can improve
motor performance more than physical exercises alone in patients
with Parkinson's disease (Ajimsha et al., 2014; Tamir et al., 2007). Ac-
cordingly, it has been suggested that motor imagery exercises might
be useful in improving motor control during physical rehabilitation in
Parkinson's disease (Abbruzzese et al., 2015). This might be fruitful, as
in Parkinson's disease not only motor execution, but also motor plan-
ning seems to be impaired (Avanzino et al., 2013; Conson et al., 2014).
This idea is corroborated by imaging and transcranialmagnetic stimula-
tion studies that have demonstrated abnormal network activity during
motor imagery in this patient group (Cunnington et al., 2001; Helmich

et al., 2007; Maillet et al., 2015; Rienzo et al., 2014; Thobois et al.,
2000; Tremblay et al., 2008). However, the neural basis of the rehabili-
tating effect of motor imagery in Parkinson's disease is still not known.
Better understanding of the network activity underpinningmotor imag-
ery might help inform how best to leverage this potential therapeutic
adjunct to physical rehabilitation in Parkinsonian patients.

Here we hypothesize that motor imagery involves the basal ganglia
in humans in a similar fashion to realmovements.We test this by inves-
tigating if activity recorded duringmotor imagery in the basal ganglia is
modulated in a task-dependent manner similarly as during real move-
ments. It has already been shown that beta activity decreases in the sub-
thalamic nucleus (STN) local field potential (LFP) during mental
imagery of brief wrist extension movements, and that this is not the
case during non-motor visual imagery (Kühn et al., 2006). Similar de-
creases in beta activity have also been reported during passive action
observation in the STN (Alegre et al., 2010; Marceglia et al., 2009). But
it is still not established whether the extent of such beta changes de-
pends on the intended effort or force of themovement that is imagined.
In addition, in motor cortex, mu and beta activity are reduced during
motor imagery whereas gamma activity tends to increase, with the
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latter outperforming changes in mu/beta for decoding of individual
imaginedfingermovements (Liao et al., 2014).Whether gammaactivity
also increases in the STN duringmotor imagery is not known. However,
there is some reason to suspect that reciprocal changes in beta and
gamma activity in the STN might occur during motor imagery and
scale with task demands. When patients with Parkinson's disease per-
form realmanual grips at different force levels, beta and gamma activity
in the STN are modulated such that the change in the gamma-band
subtracted by the change in the beta-band linearly scales with the
amount of force applied (Tan et al., 2013). If imagined gripping involves
similar network dynamics as real gripping (Jeannerod, 2001), wewould
predict not only a beta decrease in the STN but also a gamma increase
that is amplified with increasing force. Here we test this prediction by
analysing local field potential recordings from the STN in Parkinson's
disease patients who have undergone deep brain stimulation surgery.

2. Materials and methods

2.1. Participants

We recorded 11 Parkinson's disease patientswhohad undergone bi-
lateral implantation of deep brain stimulation (DBS) leads in the STN 2–
7 days prior to the recording. Patients underwentDBS surgery to receive
chronic high-frequency stimulation of the STN to improvemotor symp-
toms. In the first operation, electrode extension cables were external-
ized through the scalp to enable recordings. In a second operative
procedure, up to 7 days later, a subcutaneous DBS pacemaker was im-
planted and connected to the electrodes used for chronic stimulation.
In this relatively small cohort the number of post-operative days before
recording had no obvious effect on the spectral reactivity patterns. The
studywas approved by the local ethics committee and patients were re-
corded after obtaining informed written consent. One patient had to be
excluded because of excessive movement artefacts during real gripping.
This patient had Boston Scientific DB-2201™ leads implanted. Clinical
details of all patients included (mean age 61.3 ± 7 years, mean disease
duration 9.6 ± 4 years, all right-handed, three female) are listed in
Table 1. Recordingswere performed in three surgical centres: King's Col-
lege Hospital and University College Hospital in London and the John
Radcliffe hospital in Oxford, UK. For each patient one of the following
three macroelectrode models was used: Medtronic 3389 (quadripolar,
n= 6), Boston Scientific DB-2201 Vercise (octopolar, n=2) and Boston
Scientific DB-2202 Vercise directional (octopolar, directional, n = 3).

2.2. Task

Patients were seated in a comfortable chair with their elbows flexed
at about 90°. They held a dynamometer (G200; Biometrics Ltd.,
Cwmfelinfach, Gwent, UK) in each hand and were asked to grip it with

maximal effort three times to obtain the maximum sustainable force be-
fore starting the main session. They had to hold the grip for as long as a
white dot was presented on a computer screen (4.5 s), and performed
this procedure separately for eachhand. The timepoint of themost stable
force production was selected manually in each trial and the maximum
sustainable forcewas then computed as themaximumof the three trials.

In the first part of the main experiment, patients were presented
with a red bar on the screen that instructed them to grip at 15, 50 or
85% of the maximum sustainable force (Fig. 1). The white dot and red
bar both appeared either on the left or right field of the screen, which
instructed themwith which hand they should grip (left or right respec-
tively). Thesewere selected in a pseudo-randomorder. The redhorizon-
tal bars were presented at three different heights, corresponding to the
different desired forces. The horizontal red bars were presented for 4.5 s
in each trial. The exerted grip force was presented in real time as a ver-
tical red column that increased in proportion to the force delivered. It
replaced a vertical white column that corresponded tomaximal sustain-
able force. The inter-trial interval was chosen randomly between 4 and
4.5 s. The time windows and force levels requested were set such that
fatiguewas kept to aminimum in the context of a time-limited post-op-
erative study. Prior to the first recorded block, patients performed prac-
tice trials until they were comfortable with the task. We recorded three
blocks in each condition. Each block contained 3–5 trials for each hand
and force level (depending on the patient's fatigue, see Fig. 2). After
completion of a block, patients were allowed to rest for as long as they
wished. This resulted in an overall average number of 11± (SD) 2.8 tri-
als per hand and force level.

In the second part of the main experiment, the dynamometers were
put aside and patients were asked to rest their arms still on their lap for
imagined gripping. Patients were instructed to imagine the gripping ac-
tion they had just performed without activating any muscles. They
were told to keep their arms fully relaxed, and it was pointed out that
this would be assessed via recordings from the electromyographic
(EMG) electrodes placed on their forearm (Fig. 3). However, they were
not provided with real-time visual feedback of EMG or electrophysiolog-
ical activity. The duration of the cue presentation was shortened to 2.5 s
for the imagery condition tomake it easier for patients tomaintain imag-
ery at the correct level for the whole trial duration and to avoid mind-
wandering. Otherwise timingswere kept the same as above. The imagery
recordings were also split into three blocks allowing for breaks between
blocks. Each block contained three trials per hand and force level resulting
in an overall average number of 9± 1 trials for each hand and force level.

2.3. Recordings

Monopolar LFPs were recordedwith a TMSi Porti amplifier (2048Hz
sampling rate, common average reference, TMS International, Nether-
lands) simultaneously with the force data from two dynamometers

Table 1
Clinical details. Age and disease duration are given in years. UPDRS-III: Unified Parkinson's disease rating scale part III. Levodopa equivalent dose was calculated according to Tomlinson et
al. (2010). JR = John Radcliffe hospital, KC = King's College Hospital, UCL = University College London Hospital.

ID Age/sex UPDRS-III off/on levodopa Disease duration Main symptom Medication (mg/day) DBS lead Surgical centre

1 71/m 22/8 12 Tremor 923 mg Medtronic 3389™ KC, London
2 55/m 27/8 6 Rigidity, gait 1009 mg Medtronic 3389™ JR, Oxford
3 56/m 17/9 3 Tremor 328 mg Boston Scientific

DB-2201™
KC, London

4 75/m 31/10 11 Gait, tremor 565 mg Medtronic 3389™ KC, London
5 55/f 84/25 7 Gait, dystonia 1618 mg Boston Scientific

DB-2202™
JR, Oxford

6 62/m 27/4 12 Freezing of gait 955 mg Medtronic 3389™ KC, London
7 60/m 52/30 8 Freezing of gait, 1282 mg Medtronic 3389™ UCL, London
8 59/m 53/18 7 Tremor, bradykinesia, dyskinesia 1195 mg Boston Scientific

DB-2202™
JR, Oxford

9 60/f 56/31 14 Tremor, dyskinesia 1750 mg Medtronic 3389™ KC, London
10 64/f 66/36 16 Rigidity, tremor 1628 mg Boston Scientific

DB-2202™
JR, Oxford
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