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Abstract
Objectives: To investigate the oscillatory activity in the Parkinsonian subthalamic nucleus using the macro-electrodes for deep brain
stimulation.
Methods: During bilateral deep brain stimulating electrode implantation, spontaneous and evoked field potentials were recorded from the
subthalamic nucleus (STN) in two patients with Parkinson’s disease (PD) during spontaneous resting tremor, passive manipulation of the
wrist, and following electrical stimulation of the contralateral STN.
Results: Frequency analysis of the STN field potentials recorded during spontaneous resting tremor showed significant coherence with
electromyographic activity in the contralateral arm, suggesting a close involvement of the STN in the generation of resting tremor in PD. The
STN responded to passive movement of the contralateral wrist, but not to ipsilateral movement. High frequency (100 Hz) electrical
stimulation of the STN induced tremor (4 Hz) in both forearms, and also oscillation of the contralateral STN (4 Hz). In contrast, low
frequency (5 Hz) stimulation induced contralateral arrhythmic involuntary movement (3 Hz), but without altering the contralateral STN
activity.
Conclusions: We propose that the functional connection between the STN and arm muscles is mainly contralateral, but cross talk may
occur between bilateral STN via a frequency-dependent pathway. q 2002 Published by Elsevier Science Ireland Ltd.
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1. Introduction
Chronic deep brain stimulation (DBS) has been shown to
be an effective treatment for all major symptoms of Parkinson’s disease (PD) (Aziz and Bain, 1999; Bejjani et al.,
2000; Benabid et al., 1993, 1994, 1998; Brown et al.,
1999; Krack et al., 1998; Kumar et al., 1998; Limousin et
al., 1995a; Starr et al., 1998). It also provides a unique
opportunity to investigate the role of basal ganglia nuclei
in the pathogenesis of Parkinsonian symptoms by recording
neuronal activity from the nuclei in which the DBS electrode being implanted. By recording and correlating singleunit activity across cells, it has been shown that synchronised tremor-related activity appears in the major basal
ganglia nuclei: the ventral thalamic nuclear group (Lenz et
al., 1994; Levy et al., 2000), the internal segment of the
globus pallidus (Hurtado et al., 1999) and the subthalamic
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nucleus (STN) (Levy et al., 2000). However, single-unit
recording can only sample limited numbers of cells in
each patient during electrode implantation. It is still unclear
that to what extent the larger population of cells is unified by
the increased oscillatory activity. The overall activity of a
nucleus can be better represented by focal field potentials,
which are mostly generated by synaptic potentials from a
population of cells in the nucleus. It was shown that intrinsic
focal field potentials (FPs) could be recorded from an
intended subcortical nucleus (Spiegel and Gildenberg,
1982). If synchronised tremor-related activity was present
across a population of cells, then it would sum up to generate focal FPs which could be recorded using the implanted
DBS electrode (Brown et al., 2001). To identify the
synchronised movement-related activity in the STN, recordings of FPs in the STN via the DBS electrode were carried
out in 7 PD patients during implantation. The primary
purpose of recording was to functionally localise the STN
so that the placement of the electrode can be optimised (Liu
et al., 2000, 2001). FPs were correlated to surface electromyographics (EMGs) simultaneously recorded from the
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contralateral arm during resting tremor, and during passive
and active wrist movements in comparison with rest.
In this paper we report two cases of bilateral STN implantation, where evoked FPs were recorded following electrical
stimulation of the contralateral STN at different frequencies
together with surface EMGs. We aimed to investigate the
frequency-dependent effects of STN stimulation on Parkinsonian symptoms (Limousin et al., 1995b, 1996) and to
examine a possible interaction between the two STNs.
2. Patients and methods
2.1. Patients
Intraoperative recordings were obtained from two male
patients (aged 56 and 60 years) with PD who were undergoing bilateral STN DBS electrode implantation. Both
patients had expressed symptoms of PD for at least 10
years. Medication proved insufficient in controlling their
symptoms for as much as 70% of the day and dyskinesia
was observed during ‘on’ phases. Both patients gave their
consent for the intraoperative recordings to take place and
ethical approval was given.
2.2. FPs and EMGs recording via the DBS electrode
A target at the centre of the STN was selected on the basis
of the fused imaging procedure described previously (Liu et
al., 2000a). The quadripolar DBS electrodes (Medtronic,
3389 e) were positioned at the calculated stereotactic coordinates and once secured, field potentials were recorded
from adjacent pairs of the 4 electrode contacts. EMG activity was recorded with surface electrodes (Neotrode,
Conmed Corporation) placed on the extensor (carpi ulnaris)
and the flexor (digitorum profundus) of the arm contralateral
to the DBS electrode selected for FP recording. Both FP and
EMG signals were filtered between 0.5 Hz and 1 kHz,
amplified with a gain of £ 1000 (CED1902, Cambridge,
UK), digitised at a sampling rate of 250 Hz, and displayed
online with an adjustable time scale of seconds to minutes.
Recordings were repeatedly made during rest, resting
tremor, passive and active movement of the wrist, during
which simultaneous changes in amplitude and frequency of
FPs and EMGs were observed to identify the functional
correlation between the two signals.
2.3. Data analysis
The neurophysiological data segments of 20–40 s duration were selected for each movement condition for
frequency analysis. The selected segments were first bandpass filtered (0.5–40 Hz) to cover the frequency range of
tremor. The power at each frequency up to 20 Hz was then
calculated in sequential 10 s windows, non-overlapping,
using the fast Fourier transform. In order to test for functional correlation between pallidal and EMG activity, the

cross-spectral density, coherence estimates and phase were
calculated using MATLAB (The MathWorks, Inc.). Details
of these analyses were described previously (Liu et al.,
2002) and summarised here. Coherence is a statistical function used to estimate the probability that two independent
signals are correlated at a given frequency, and it ranges
from 0 to 1. A coherence of zero indicates that the two
signals are not linearly related, and a coherence of 1
means that the two are identical. These calculations were
previously described by (Zihr et al., 1998) and recently by
(Hurtado et al., 1999). In order to assess the significance
level of the coherence function, the 95% confidence interval
was calculated according to the expression described by
(Rosenberg et al., 1989; Marsden et al., 2000) taking the
number of non-overlapping data windows into account.
Phase was defined by the 4 quadrant arctangent of the real
parts of the signals of A and B within ^ p.

3. Results
Comparing with rest condition, increased oscillatory
activity was seen in the FPs of the STN contralateral to the
arm with resting tremor. Clear correlation in amplitude and
frequency between STN activity and the surface EMG of the
contralateral forearm was observed on-line during recording
(Fig. 1). Off-line frequency analysis showed significant
coherence of the STN field potentials with contralateral
EMG activity at the tremor frequency with a stable phase
difference of 1808 although tremor frequency ranged from
4 to 8 Hz among these two patients. Resting tremor could be
often induced by moving the wrist passively. However, no
significant increase in STN activity was recorded in response
to passive movements of either the contralateral wrist (Data
segment 4 in Fig. 2) or the ipsilateral wrist. These findings
suggest that the STN primarily projects contralaterally, and
the increased STN oscillation likely contributes to generation
of resting tremor, rather than it responds to the proprioceptive
feedback from the tremulous arm.
In these patients, electrical stimulation at 5 Hz (similar to
the frequency of resting tremor) was applied unilaterally to
the STN, which induced chorea-like involuntary movements
of the contralateral arm at around 3 Hz (Data segment 3 in
Fig. 2). No corresponding activity could be recorded from
either the contralateral STN or the ipsilateral arm. No significant coherence was found between FPs of the contralateral
STN and the EMG contralateral to the stimulated STN.
High frequency (100 Hz) electrical stimulation of the STN
induced 4 Hz tremor in both forearms, gradually increasing in
magnitude, and also oscillation of the contralateral (unstimulated) STN at the same frequency (Fig. 3). The induced oscillatory activity in the unstimulated STN was significantly
coherent with the contralateral EMG at the tremor frequency.
The phase relationship between two signals was varied
across the frequency range of 2–12 Hz with a clear change
at 8 Hz. The tremulous activity in both STN and EMG could
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Fig. 1. (A) Ten-second segments of simultaneous recording of FPs of the right STN (R STN) and surface EMGs of the wrist flexor (L Flexor) and extensor (L
Extensor) from the left forearm during resting tremor. Frequency analyses, coherence and phase calculations of the data segments of STN FPs and the flexor
EMGs illustrated in section A. Power spectra of the STN FPs (B); and the flexor EMGs (C) showed that both signals had similar frequency components peaking
predominantly at the tremor frequency of 4 Hz. Coherence between FPs and EMGs was highly significant around 4 Hz (D) with a fairly stable phase difference
of 1808 (2p radians, E). 95% confidence level in the coherence estimates is indicated by the dotted line (D).

be significantly suppressed by the active wrist movements in
a similar fashion to suppression of spontaneous resting
tremor by active wrist movements. In contrast, at higher
frequency of 130 Hz, electrical stimulation completely
suppressed tremor in both arms, and oscillatory activity in
the contralateral STN completely disappeared.

4. Discussion
We recorded focal FPs from the STN and surface EMGs
from the extensor and flexor in the forearm in two Parkinsonian patients during bilateral DBS electrode implantation.
In comparison with rest, recordings were carried out during
resting tremor, passive and active wrist movements, and
following electrical stimulation to the contralateral STN at
different frequencies. Our major findings are: (1) the functional correlation between the STN and arm muscles is
mainly contralateral, and no significant increase in the FPs
responding to passive wrist movements was found; (2)
increased oscillation occurred during resting tremor, and
such oscillation was significantly coherent with the contralateral EMGs at the tremor frequency with a stable phase
difference; and (3) involuntary movements and increases

in STN activity could be induced and suppressed by electrical stimulation to the contralateral STN in a frequencydependent manner.
4.1. Tremor-related synchronised oscillation in the STN
In N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
treated monkeys, periodic oscillatory neuronal activity was
found in the STN (Bergman et al., 1994). The existence of
tremor-related activity in the STN was further supported by
single-unit recordings in PD patients (Hutchison et al.,
1998; Krack et al., 1998; Rodriguez et al., 1998) during
DBS electrode implantation. Increased synchronisation of
the STN neuronal activity in PD patients was evident in
other studies using coherence functions on paired-unit activity during tremor (Levy et al., 2000) and using focal field
potential recording in response to dopamine (Brown et al.,
2001). Off medication, two major oscillatory frequency
bands were found in the STN: one occurred in the b
range, with a peak centred at ,20 Hz, and was altered by
dopaminergic input, whereas the other appeared at the
frequency of the on-going tremor at 4–6 Hz. In the present
study, oscillatory FPs significantly increased in amplitude
during tremor and were coherent with the EMG activity at
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Fig. 2. Continuous 40 s recording of EMGs from the right forearm flexor (grey trace) and FPs from the right STN (black trace) during rest, stimulation at 5 Hz to the
left STN, and passive movements of the right wrist. Four 5 s data segments (numbered, length indicated by a line over the traces) were analysed in frequency. (1) At
rest, EMGs showed low amplitude activity of spontaneous resting tremor without identifiable component in the power spectrum; (2) the tremor activity gradually
increased in amplitude when stimulation intensity gradually increased; (3) slow irregular involuntary chorea-like arm movements of 3 Hz were evoked by the
stimulation 5 s after its intensity reached at 2 V and stopped when the stimulation ceased; and (4) the patient’s wrist was moved passively at a rate of 3 Hz. Across the
whole recording session, FPs showed a slow rhythmic activity of 2 Hz which was hardly affected by either electrical stimulation to the contralateral STN or the
passive movements of the ipsilateral wrist. No significant correlation was seen between the EMGs and the ipsilateral FPs during the above motor conditions.

tremor frequency (4–5 Hz). In contrast, in the rest condition
without tremor, the focal FPs were much lower in amplitude
with a rhythm at 2 Hz and there was no significant coherence with the EMGs. In addition, the tremor-related oscillatory FPs in the STN and the tremor activity in EMGs were
both suppressed by active wrist movements. These findings
provide further evidence that the low frequency oscillatory
activity in the STN is tremor-related (Brown et al., 2001).
Our observation that no significant responses were recorded
in the STN FPs during passive movements of the contralateral wrist supports the claim that the tremor-related oscillatory activity in the STN contributes to the generation of
the tremor rather than it being driven by sensory feedback of
the on-going tremor (Levy et al., 2000).
4.2. Frequency-dependent effects of electrical stimulation to
the STN in PD
Effects of electrical stimulation to the STN in PD patients
were clearly frequency-dependent: Stimulation at 5 Hz
induced contralateral chorea-like involuntary movements
peaking at 2–3 Hz, while tremor (around 5 Hz) could be
triggered by stimulation between 20 and 100 Hz, and tremor
could be completely suppressed when stimulation frequency
increased to 130 Hz. Two interesting facts are: (1) it seems

that low frequency stimulation induces involuntary movements, whereas high frequency stimulation inhibits excessive movements; and (2) there is a dissociation between
frequencies of the applied stimulation and of the induced
involuntary movements. The former has been observed
previously in STN stimulation in PD patients (Limousin et
al., 1995b) and in stimulation to the STN (Benazzouz et al.,
2000) or the pedunculopontine nucleus (PPN) (Nandi et al.,
2001) in normal monkeys. The mechanisms of such
frequency-dependency are still largely unclear yet. We
have also observed the dissociation in frequencies in an
animal experiment in which electrical stimuli of 5–30 Hz
to the pedunculopontine region via a chronically implanted
electrode induced a proximal arm tremor stabilised at 5 Hz
(Nandi et al., 2001). We propose that the applied stimulation
may have far reaching effects and act as a trigger to excite a
tremor generating circuit outside the STN which has its own
preferred oscillation frequency (McAuley and Marsden,
2000). The low frequency oscillation of the STN FPs coherent with EMGs with a stable phase difference at the tremor
frequency in the absence of electrical stimulation may indicate that the STN may be a part of the tremor generating
circuit or may have a direct influence on the tremor generating circuit via the basal ganglio-thalamo-cortical pathway.
Tremor is also influenced by cortical output (Parker et al.,
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Fig. 3. (A) Continuous 100 s recording of EMGs from the left forearm flexor (grey trace) and FPs from the right STN (black trace) during rest, stimulation at
100 Hz to the left STN, and movement of the left arm. Comparing with rest, electrical stimulation at 100 Hz to the right STN induced bilateral wrist tremor.
Correlated to that, oscillatory activity appeared in the contralateral FPs and ipsilateral EMGs. Frequency analysis of the selected data segment (B, and indicated
by a dotted line under the traces in A) showed that oscillatory activity in FPs and EMGs had similar frequency components (C) and were significantly coherent
around the tremor frequency of 4 Hz (D) with a phase difference of approximate 1808 (E). Tremor and the oscillatory activity in the FPs and EMGs were
suppressed by the voluntary movements while the stimulation was still on 95% confidence level in the coherence estimate is indicated by the dotted line (D).

1992) since resting tremor can be diminished by voluntary
movements. Our evidence to support this is that the stimulation-induced oscillation in the STN FPs and consequent
tremor could be ‘reset’ by voluntary movements even before
the stimulation ceased. In comparison with the spontaneous
resting tremor which has a stable phase difference between
STN and EMG signals, the electrically induced tremor had a
varied phase across the frequency range of interest, suggesting that generation of the tremor induced by electrical stimulation may involve wider circuits of different time delays.

contralateral STN at 100 Hz, which induced bilateral
tremor. Unilateral stimulation at 130 Hz clearly suppressed
the tremor in both sides. In contrast, unilateral stimulation
at the tremor frequency of 5 Hz provoked low-frequency
involuntary movements only in the contralateral limb and
no significant changes in the STN FPs could be recorded in
the contralateral STN. We conclude that cross talk might
occur between bilateral STNs via a frequency-dependent
pathway. This frequency-dependent pathway could contribute to the bilateral effects of unilateral high-frequency
STN stimulation.

4.3. Bilateral interaction of the STNs
It has been observed clinically that unilateral STN
stimulation has predominantly contralateral but also ipsilateral effects on Parkinsonian symptoms. In the present
study, evoked FPs at the tremor frequency were recorded
from the unstimulated STN following stimulation of the

Acknowledgements
This work is supported by research grants from the Wellcome Trust, Medical Research Council and Norman Collisson Foundation, UK.

ARTICLE IN PRESS
6

X. Liu et al. / Clinical Neurophysiology 113 (2002) 1–6

References
Aziz TZ, Bain PG. Deep brain stimulation in Parkinson’s disease. J Neurol
Neurosurg Psychiatry 1999;67:281.
Bejjani BP, Dormont D, Pidoux B, Yelnik J, Damier P, Arnulf I, Bonnet
AM, Marsault C, Agid Y, Philippon J, Cornu P. Bilateral subthalamic
stimulation for Parkinson’s disease by using 3-dimensional stereotactic
magnetic resonance imaging and electrophysiological guidance. J
Neurosurg 2000;92:615–625.
Benabid AL, Pollak P, Seigneuret E, Hoffmann D, Gay E, Perret J. Chronic
VIM thalamic stimulation in Parkinson’s disease, essential tremor and
extra-pyramidal dyskinesias. Acta Neurochir Suppl (Wien)
1993;58:39–44.
Benabid AL, Pollak P, Gross C, Hoffmann D, Benazzouz A, Gao DM,
Laurent A, Gentil M, Perret J. Acute and long-term effects of subthalamic nucleus stimulation in Parkinson’s disease. Stereotact Funct
Neurosurg 1994;62:76–84.
Benabid AL, Benazzouz A, Hoffmann D, Limousin P, Krack P, Pollak P.
Long-term electrical inhibition of deep brain targets in movement disorders. Mov Disord 1998;13(S3):119–125.
Benazzouz A, Gao D, Ni Z, Benabid AL. High frequency stimulation of the
STN influences the activity of dopamine neurons in the rat. Neuroreport
2000;11:1593–1596.
Bergman H, Wichmann T, Karmon B, DeLong MR. The primate subthalamic nucleus. II. Neuronal activity in the MPTP model of Parkinsonism. J Neurophysiol 1994;72:507–521.
Brown RG, Dowsey PL, Brown P, Jahanshahi M, Pollak P, Benabid AL,
Rodriguez-Oroz MC, Obeso J, Rothwell JC. Impact of deep brain
stimulation on upper limb akinesia in Parkinson’s disease. Ann Neurol
1999;45:473–488.
Brown P, Oliviero A, Mazzone P, Insola A, Tonali P, Lazzaro VD. Dopamine dependency of oscillations between subthalamic nucleus and
pallidum in Parkinson’s disease. J Neurosci 2001;21:1033–1038.
Hurtado JM, Gray CM, Tamas LB, Sigvardi KA. Dynamics of tremor
related oscillations in the human globus pallidus: a single case study.
Proc Natl Acad Sci USA 1999;96:1674–1679.
Hutchison WD, Allan RJ, Opitz H, Levy R, Dostrovsky JO, Lang AE,
Lozano AM. Neurophysiological identification of the subthalamic
nucleus in surgery for Parkinson’s disease. Ann Neurol 1998;44:622–
628.
Krack P, Benazzouz A, Pollak P, Limousin P, Piallat B, Hoffmann D, Xie J,
Benabid AL. Treatment of tremor in Parkinson’s disease by subthalamic nucleus stimulation. Mov Disord 1998;13(S3):907–914.
Kumar R, Lozano AM, Montgomery E, Lang AE. Pallidotomy and deep
brain stimulation of the pallidum and subthalamic nucleus in advanced
Parkinson’s disease. Mov Disord 1998;13(S3):173–182.
Lenz FA, Kwan HC, Martin RL, Tasker RR, Dostrovsky JO, Lenz YE.
Single unit analysis of the human ventral thalamic nuclear group.
Tremor related activity in functionally identified cells. Brain
1994;117:531–543.
Levy R, Hutchison WD, Lozano AM, Dostrovsky JO. High-frequency
synchronisation of neuronal activity in the subthalamic nucleus of

Parkinsonian patients with limb tremor [In Process Citation]. J Neurosci
2000;20:7766–7775.
Limousin P, Pollak P, Benazzouz A, Hoffmann D, Broussolle E, Perret JE,
Benabid AL. Bilateral subthalamic nucleus stimulation for severe
Parkinson’s disease. Mov Disord 1995a;10:672–674.
Limousin P, Pollak P, Benazzouz A, Hoffmann D, Le Bas JF, Broussolle E,
Perret JE, Benabid AL. Effect of Parkinsonian signs and symptoms of
bilateral subthalamic nucleus stimulation. Lancet 1995b;345:91–95.
Limousin P, Pollak P, Hoffmann D, Benazzouz A, Perret JE, Benabid AL.
Abnormal involuntary movements induced by subthalamic nucleus
stimulation in Parkinsonian patients. Mov Disord 1996;11:231–235.
Liu X, Hayward G, Ford-Dunn H, Nandi D, Parkin S, Miall RC, Aziz T,
Stein J. Intraoperative recording of field potentials for assisting localisation of the subthalamic nucleus. Acta Neurochir (Wien)
2000;142:1204.
Liu X, Rowe J, Hayward G, Nandi D, Parkin S, Stein J, Aziz T. Localisation
of the subthalamic nucleus using Radionics Image Fusion e and Stereoplan e combined with field potential recording: a technical note. Stereotact Funct Neurosurg 2001;76:63–73.
Liu X, Griffin IC, Parkin SG, Miall RC, Rowe JG, Gregory RP, Scott RB,
Aziz TZ, Stein JF. Involvement of the medial pallidum in focal myoclonic dystonia: a clinical and neurophysiological case study. Mov Disord
2002;17:346–353.
Marsden JF, Ashby P, Rothwell JC, Brown P. Phase relationships between
cortical and muscle oscillations in cortical myoclonus: electrocorticographic assessment in a single case. Clin Neurophysiol 2000;111:2170–
2174.
McAuley JH, Marsden CD. Physiological and pathological tremors and
rhythmic central motor control. Brain 2000;123:1545–1567.
Nandi D, Liu X, Winter JL, Miall RC, Aziz TZ, Stein JF. Frequency
dependent effects of chronic deep brain stimulation of the pedunculopontine region in a normal non-human primate. J Physiol (Lond)
2001;533P:68p.
Parker F, Tzourio N, Blond S, Petit H, Mazoyer B. Evidence for a common
network of brain structures involved in Parkinsonian tremor and voluntary repetitive movement. Brain Res 1992;584:11–17.
Rodriguez MC, Guridi OJ, Alvarez L, Mewes K, Macias R, Vitek JL,
DeLong MR, Obeso JA. The subthalamic nucleus and tremor in Parkinson’s disease. Mov Disord 1998;13(S3):111–118.
Rosenberg JR, Amjad AM, Breeze P, Brillinger DR, Halliday DM. The
Fourier approach to the identification of functional coupling between
neuronal spike trains. Prog Biophys Mol Biol 1989;53:1–31.
Spiegel EA, Gildenberg PL. Depth electroencephalography. Guided brain
operations: methodological and clinical developments in stereotactic
surgery: contributions to the physiology of subcortical structures,
Basel, New York: Karger, 1982. pp. 17–18.
Starr PA, Vitek JL, Bakay RA. Ablative surgery and deep brain stimulation
for Parkinson’s disease. Neurosurgery 1998;43:989–1013.
Zihr TA, Reich SG, Perry V, Lenz FA. Thalamic single neuron and electromyographic activities in patients with dystonia. In: Fahn S, Marsden
CD, DeLong MR, editors. Dystonia 3: advances in neurology, Philadelphia: Lippincott-Raven Publishers, 1998. pp. 27–32.

