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Abstract

Background: The efficacy of bilateral globus pallidus inter-
nus (GPi) deep brain stimulation (DBS) for medically refrac-
tory idiopathic generalized dystonia has been demonstrat-
ed repeatedly. More variable outcomes have been reported
in the treatment of secondary dystonia with GPi DBS. Objec-
tives: The present study seeks to examine the pallidal phys-
iology and clinical outcome of GPi DBS in a case of secondary
dystonia. Methods: We report on a 43-year-old man who at
the age of 9 suffered a left basal ganglia stroke and at the age
of 21 developed severe disabling hemidystonia. Following
unsuccessful medical management for many years and an
axial involvement of the dystonia, he underwent bilateral
GPi DBS with dual microelectrode mapping of cell firing and
evoked field potentials (fEP). Results: On the intact side we
found regular firing of pallidal neurons and normal fEP in-
dicative of functioning striatopallidal pathways. The affect-
ed side was found to include a higher frequency of bursting

pallidal neurons. fEP could not be evoked on the affected
side, suggesting their origin to be striatal GABAergic affer-
ents. Conclusions: The patient had marked benefit from bi-
lateral GPi DBS, which suggests that the therapeutic effects
of DBS were mediated by the intact pathways in this case of
hemidystonia. Copyright © 2013 S. Karger AG, Basel

Introduction

Dystonia describes disordered movements of one or
more body parts, involving sustained muscle contrac-
tions that cause repetitive or twisting movements and ab-
normal postures [1]. Dystonia may be isolated to one body
part (focal) or generalized, affecting both legs and at least
one other body part [2]. In hemidystonia, one side of the
body is affected. As a clinical syndrome, dystonia has di-
verse etiologies that form a basis for its classification. Pri-
mary dystonia occurs in the absence of an anatomical
abnormality or known insult to the central nervous sys-
tem (CNS), while secondary dystonia occurs in conjunc-
tion with a known insult [3].
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Primary dystonia is often hereditary with childhood
presentation, such as the DYT1 phenotype [4]. Slow, ir-
regular neuronal firing in the internal segment of the glo-
bus pallidus (GPi) is a common correlate [5-8]. Phar-
macologic intervention is usually attempted to resolve
symptoms before surgery is considered. Among surgical
options, bilateral GPi deep brain stimulation (DBS) has
become the preferred surgical technique to restore basal
ganglia (BG) function in idiopathic dystonia. Although
GPi DBS has shown long-term, significant clinical effi-
cacy for primary dystonia [9, 10], empirical support for its
use has accumulated unaccompanied by an understand-
ing of its mechanisms of action.

In contrast to the consistent benefit shown for prima-
ry dystonia, surgical outcomes in secondary dystonia
have been less consistent [11]. Some studies have suggest-
ed that abnormal activity in striatal neurons projecting
to the pallidum may be implicated in patients with pri-
mary dystonia [12]. Several cases of secondary dystonia
arising from striatal degeneration or stroke have also
been reported [13, 14].

Unilateral stroke of one or more of the BG nuclei pres-
ents a rare opportunity to compare function and electro-
physiology between intact and degenerated sides in the
same patient during DBS surgery. Here, we report the
case of an adult patient with hemidystonia secondary to
a left subcortical stroke who underwent implantation of
bilateral DBS electrodes in GPi in 2008.

Case Report

History

The patient was a 42-year-old, right-handed male with no fam-
ily history of movement disorders. At the age of 9 years, he suffered
an intraparenchymal hemorrhagic stroke of the left cerebral hemi-
sphere of unknown etiology. He recovered with mild spastic right
hemiparesis. Around the age of 20 years, he developed spasms of
the right side of his neck and right arm, which produced severe
pain. He later presented with marked torticollis and right laterocol-
lis. Subsequent brain MRI revealed residual encephalomalacia in-
volving the caudate, anterior putamen, and anterior limb of the
internal capsule, and eventually left cerebral peduncle atrophy. His
dystonic features progressed to include contralateral involvement.

The patient underwent dorsal rhizotomy, with only mild im-
provement in symptoms. Intrathecal baclofen treatment was also
attempted without success. Alcohol and stress worsened his dys-
tonia. The patient was receiving botulinum toxin injections three
times per year, which improved pain and dystonic symptoms by
about 20%. Although anticholinergic drugs were helping with his
dystonia, he was experiencing blurred vision and memory loss
while on the medication.

The patient presented to our clinic with predominantly right-
sided dystonia (with some bilateral involvement). He demonstrat-
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ed spasms in both arms and both shoulders, moderate retrocollis
and left torticollis, moderate scoliosis, and diffuse dystonic trem-
or. He also had dystonia of the right and left legs, slight dystonia
of the left arm, obvious dystonia of the right arm, moderate pull-
ing of the neck and definite bending of the trunk, which were in-
termittent at rest. The patient suffered from moderate pain (6/10;
0 =no pain, 10 = worst imaginable pain) most of the time. Though
independent, he struggled with fine motor tasks, including writ-
ing with his right hand. He was somewhat prone to clumsiness
while performing daily tasks and had an abnormal gait. The
preoperative Burke-Fahn-Marsden Dystonia Rating Scale
(BFMDRS) movement score was 30.5/120. MRI (1.5 T) revealed
degeneration of the left caudate, anterior putamen, and anterior
limb of the internal capsule (fig. 1a).

Given that the patient was markedly disabled by dystonic
movements and pain despite standard medical therapy and botu-
linum toxin injections, bilateral GPi DBS was indicated.

Stereotactic Surgery and Microelectrode Recordings

The patient underwent bilateral GPi DBS surgery in August
2008. The patient gave free and informed written consent and all
protocols were approved by the Research Ethics Board at the
UHN. The target in posteroventral GPi was prospectively chosen
through stereotactic brain MRI. Microelectrode recordings were
used to help determine the final target based on characteristic
patterns of neuronal activity and response to microstimulation,
as previously described [15]. The tentative target based on imag-
ing was chosen as 20 mm lateral to the midline, 4 mm below the
AC-PCline, and 2 mm behind the midcommissural point. A DBS
quadripolar electrode (Medtronic model 3387) was implanted in
the final target on both sides, determined by the results of micro-
electrode mapping placing the lowest contact near the site of the
last recorded pallidal neuron and 2 mm above the most superior
site that showed visual phosphenes upon microstimulation at 100
A (15,200 Hz). Implantation of electrodes in posteroventral GPi
was confirmed by postoperative MRI (fig. 1b, c).

During the procedure, dual independently driven microelec-
trodes (25 pm tip length, axes 600 wm apart, 0.2-0.4 M) imped-
ance at 1,000 Hz) were used for extracellular recordings at various
locations along the track. Recordings were amplified 5,000-
10,000 times and filtered at 10-5,000 Hz (analog Butterworth fil-
ters: high-pass, one pole; low-pass, two poles) using two Guideline
System GS3000 amplifiers (Axon Instruments). Microelectrode
data were sampled and digitized at 15 kHz with a CED micro 1401
(Cambridge Electronic Design). Movement of the contralateral
arm was monitored by electromyograph (EMG) and accelerom-
eter.

Field potentials were evoked in GPi by stimulating with single
pulses at 100 A and 0.3 ms biphasic pulse width from one elec-
trode and were recorded from the second electrode, while elec-
trodes were separated mediolaterally by 0.5-1.0 mm. Different
depths were examined in some cases by moving the stimulating
electrode in 250 wm increments above and below the recording
site to confirm that misalignment of microelectrode tip position
was not responsible for the absence of cell firing and evoked field
potentials (fEP).

Data Analysis
Spike2 software version 7 (Cambridge Electronic Design) was
used for offline analysis of MER. Single-unit firing was extracted
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Fig. 1. Magnetic resonance imaging scans showing loss of the left putamen preop-
eratively (a, axial section, white arrow indicates lateral border of lesion) and im-
plantation of deep brain stimulation electrodes in the left (b) and right (c) internal
segment of the globus pallidus postoperatively (sagittal sections, white arrows in-
dicate tips of DBS electrodes). d High-resolution axial section showing location of

electrodes bilaterally.

from raw extracellular recordings using a spike matching tem-
plate algorithm and confirmed by spike interval analysis. Tem-
plates that included spikes that were separated by an interval of
less than 2.0 ms were excluded due to an absence of the absolute
refractory period.

An in-house burst detection algorithm in MatLab was used to
determine the burst index for single units and characterize their
firing pattern into regular, random, or bursty as described by
Kaneoke and Vitek [16]. Firing rate (Hz) and burst index were av-
eraged across 7-8 single units within each side of GPi. Mean firing
rate and burst index were compared between sides by the Student
t test. Statistical significance was accepted at p < 0.05.

Poststimulus time histograms (PSTH, bin width = 250 ps,
time course = 150 ms) were generated based on firing of a single
unit, averaged across 9 or more poststimulus intervals. fEPs were
averaged within each side across raw traces recorded from various
depths along the track.
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Results

Spontaneous Activity

A high background noise and a high density of rap-
idly firing cells characterized GPi on both sides. Most
cells fired at a frequency between 70 and 100 Hz. There
were no discernable differences in patterns of spontane-
ous activity among dorsoventral levels in GPi. The mean
tiring rate of single units in the right side (S1; 87 Hz) was
not significantly different compared to that measured in
the left side (S2; 82 Hz; fig. 2). However, the mean burst
index was significantly higher (1.4-fold, p <0.001) across
neurons in S2, suggesting greater bursting in S2 com-
pared to more stable firing in S1. The burst detection al-
gorithm further characterized the firing pattern of all
neurons analyzed in S1 as ‘regular’. Of neuronal firing

Fuller/Prescott/Moro/Toda/Lozano/
Hutchison

198.143.39.65 - 1/27/2016 8:17:32 PM

National Univ. of Singapore

Downloaded by:



3.0+

254

2.0 T

Burst/index
o
|

120
100 — I
80—
N
Fig. 2. Neuronal firing rates and bursting %
in the internal segment of the GPi. a Sin- T 60
gle-unit firing rates are averaged within S1 g
(intact putamen, n = 8) and S2 (degener- i 40
ated putamen, n = 7). The mean firing rate
did not differ significantly between sides.
b Burst index values for single units are av- 209
eraged within S1 (n=8) and S2 (n=7). The
average burst index was significantly 0
greater within S2 (* p < 0.001), suggesting a S
a greater occurrence of bursting neurons.

S2 b S1 S2

patterns analyzed in S2, 42.9% were characterized as ‘reg-
ular’, 28.6% as ‘bursty’, and 28.6% as ‘random’.

Results: fEP

Field potentials evoked by single pulse stimulation at
multiple sites in S1 were positive extracellular potentials
(fig. 3). The mean peak amplitude (122 wV) had a latency
of 3.9 ms (fig. 3a). A PSTH showed an inhibition of cell
firing during the peak of the fEP (fig. 3b). Cell firing re-
sumed 20 ms poststimulus and the firing rate rapidly re-
turned to a stable baseline. In comparison, no fEP could
be evoked in S2, despite the presence of a similar stimulus
artifact (fig. 3c). A PSTH did not show any pause in cell
firing, and the firing rate showed greater fluctuations
compared with S1 (fig. 3d).

Clinical Follow-Up

The patient developed right hemiparesis and speech im-
pairment soon after surgery. This was attributed to the
stress of the operation on a previously injured brain as
postoperative MRI did not show evidence of acute bleeding
or ischemic stroke. At 1 month of follow-up, almost com-
pete recovery from these new signs was observed, although
speech impairment was still noticeable. Compared to pre-
operative assessment, the patient reported a substantial
improvement in pain and 38% improvement in BEMDRS
movement score (fig. 4). There was a marked improvement
in his dystonic tremor and no trunk spasms were seen. He
no longer had dystonia of the left arm or leg. He could now
write with his right hand, with some difficulty. Stimulator
parameters were optimized to 60 ws pulse width and 130
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Hz frequency on both sides, with amplitude 2.3 V in S1
(contact C+ 1-) and 1.6 V in S2 (contact C+ 5-).

The patient demonstrated further marked improve-
ments at follow-up 3 months later, including complete
amelioration of his trunk dystonia and improvement in
severity of right arm dystonia and pulling of the neck. His
speech was no longer affected. All subsequent follow-up
examinations were made at Kitano Hospital in Osaka,
Japan. During the subsequent 6 months, the patient’s
right arm and leg dystonia were resolved. At most recent
examination (22 months postoperative), only mild neck
dystonia was seen to persist, accompanied by mild pain.
The BFMDRS movement score was 2 (fig. 4). Although
his gait was still abnormal, this was less exaggerated com-
pared to preoperative assessment. He no longer experi-
enced tremors, clumsiness, or trouble with fine motor
tasks and could write without difficulty. Stimulator pa-
rameters were adjusted several times since the surgery.
Current parameters are 90 s pulse width and 160 Hz
frequency on both sides, with amplitude 3.8 V in S1 (con-
tact C+ 1-) and 3.0 V in S2 (contact C+ 5-).

Discussion

This patient with hemidystonia and severe damage to
the left BG markedly improved after bilateral GPi DBS,
despite the delayed onset and delayed treatment. The
clinical presentation of some generalized dystonic fea-
tures was surprising considering that brain MRI revealed
only unilateral lesions to BG. To our knowledge, the oc-
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currence of generalized dystonic features in patients with
unilateral structural lesions has not been reported, al-
though inter-hemispheric connections between BG nu-
clei have been shown [17]. Alternatively, partial damage
not revealed by the 1.5-T resolution of the brain MRI
could have also affected the right BG, inducing dystonic
contractions of the contralateral muscles.

That the mean firing rate of GPi neurons was not sig-
nificantly different between sides might also seem sur-
prising given that GPi is an output nucleus of the BG and
influences the excitability of motor cortical areas and the
muscles that these areas program [12]. In many previous
cases, GPi neurons in patients with dystonia were found
to discharge at a lower frequency compared with the
healthy population [5-8]; however, those in the present
study fired at a mean frequency of 82-87 Hz, which is
typical for GPi [18]. This suggests that a reduction in ab-
solute firing rate of GPi neurons is not sufficient for the
development of dystonia in all cases.

Instead, an alteration in the pattern of discharge of
pallidal neurons may be ultimately responsible for dys-
tonic symptoms. Consistent with this hypothesis, pallidal
neurons in the left side of BG (S2, degenerated putamen)
showed aless regular firing pattern and more bursts com-
pared with S1. Left GPi contains a topographic represen-
tation of the right side of the body [19], in which the pa-
tient’s dystonia was more pronounced and clinically rel-
evant. Bursting in neurons of GPi has previously been
associated with primary dystonia [20], and may alter the
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activity of target sensorimotor neurons in the thalamus
through temporal summation of inhibitory postsynaptic
potentials.

While the spontaneous firing pattern describes tonic
activity in GPi, the fEP represents the combined phasic
activity of several neuronal elements. The absence of the
fEP in left GPi (S2, degenerated putamen) compared with
a robust fEP in the contralateral side suggests that puta-
menal fibers terminating in GPi are primarily responsi-
ble for this inhibitory field. These fibers account for 70%
of all those terminating in GPi [21]. While previous re-
sults in a primate model of dystonia demonstrated an
overactivity of the direct striatopallidal pathway [22], a
complete loss of function of this pathway was seen here.
Striatal projection neurons are not tonically active but
discharge phasically [23]. Their death thus represents the
loss of the major phasic GABAergic input to GPi.

While transient inhibitory postsynaptic potentials
mediated by GABA 4 channels [24] are thought respon-
sible for the inhibition of neuronal firing in the intact side
of GPi, neuronal firing was random and uninhibited in
the partially deafferented side. A consequence of this loss
of phasic control may be a less precise selection of intend-
ed muscles during voluntary movement, represented by
GPi neurons inhibited by direct striatopallidal projec-
tions. A second consequence may be a less precise inhibi-
tion of unintended muscles, represented by GPi neurons
released from inhibition by the indirect pathway [25]. The
result may be the co-contraction of opposing muscles
during voluntary movements, which is a hallmark of dys-
tonia [20].

The benefits of DBS for secondary dystonia have been
inconsistent, varying from overwhelmingly positive in
some cases of tardive dystonia [26], to less robust in other
cases arising from various cerebral insults [27] (for re-
view, see [28]). Loher et al. [29] have reported a long-term
(10 years) follow-up showing 50% improvement of pain,
dystonia and tremor after unilateral GPi DBS in a case of
hemidystonia secondary to post-traumatic injury at age
24. Kang et al. [30] recently presented a case of post-trau-
matic hemidystonia showing onset in the right foot and
moving to the ipsilateral arm 1 year after the incident.
Unilateral GPi DBS improved the foot dystonia moder-
ately from a BEMDRS movement score of six to a score of
two. From their review of hemidystonia cases, the authors
suggest that benefit from DBS may be dependent on the
lesion being small and discrete. Our results do not sup-
port this finding, since we observed GPi DBS to produce
marked improvement for hemidystonia secondary to a
large lesion.

Stereotact Funct Neurosurg 2013;91:190-197 195
DOI: 10.1159/000345113

8:17:32 PM




In the present study, the latency of development of dys-
tonia was approximately a decade, and once established,
dystonic symptoms and pain advanced and worsened
with time. A similar delay in the advance of the disease
was reported in a case of generalized dystonia secondary
to bilateral striatal necrosis caused by mitochondrial
DNA mutations [14]. The delayed onset of dystonia and
its progression in spite of a seemingly static injury raises
questions concerning the cellular mechanisms involved.
Previous studies have considered injury-induced aber-
rant neuronal sprouting, transsynaptic neuronal degen-
eration or receptor supersensitivity secondary to dener-
vation as possible explanations for the appearance of de-
layed brain lesions [31, 32].

Although successful in treating many forms of dysto-
nia, the mechanism of DBS is unclear. Of the many pos-
sible modes of action suggested in the literature, the lack
of an inhibitory field in left GPi suggests that repetitive
high frequency stimulation by the active DBS contact
could not be driving GABA inhibitory input to GPi in
this patient in order to normalize or silence abnormal
neuronal activity. Nor is it likely that antidromic activa-
tion of striatum was involved in therapeutic effects, since
much of it was not present; more likely is a ‘downstream’
effect on motor thalamus.

The early therapeutic effects on phasic dystonic move-
ments and pain and further gradual improvements in
dystonic symptoms experienced by our patient over the
following months are consistent in pattern with improve-
ments in other dystonia patients that underwent implan-
tation of bilateral DBS electrodes [33]. Gradual improve-
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