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Summary: It has been understood, for some time, that modu-
lation of deep brain nuclei within the basal ganglia and thala-
mus can have a therapeutic effect in patients with movement
disorders. Because of its reversibility and adjustability, deep
brain stimulation (DBS) has largely come to replace traditional
ablation procedures. The clinical effects of DBS vary, depend-
ing both on the target being stimulated and on the parameters of
stimulation. Both aspects are currently the subject of substantial
research and discovery. The most common targets for DBS

treatment include the subthalamic nucleus for the treatment of
advanced Parkinson’s disease, the ventral intermediate nucleus of
the thalamus for the treatment of medically refractory essential
tremor, and the globus pallidus interna for the treatment of both
cervical and generalized dystonias and Parkinson’s disease. We
review the current indications, targets, outcomes, and general pro-
cedure of DBS for essential tremor, Parkinson’s disease, and dys-
tonia. Key Words: Movement disorders, Parkinson’s disease,
essential tremor, dystonia, deep brain stimulation, DBS.

INTRODUCTION

Deep brain stimulation (DBS) is a technique whereby
electrical current is applied to various parts of the brain
via implanted electrodes. DBS took its roots from the
ablative procedures that used to be the mainstay surgical
treatment for movement disorders. During pallidotomies
and thalamotomies, it was observed that high-frequency
stimulation at the targets of these ablative surgeries pro-
duced clinical effects similar to the ablation itself.1,2 In
contrast to the permanent effects of ablation, adverse
effects produced by stimulation are generally reversible
once the stimulation has been turned off. DBS was thus
felt to offer a safer and more attractive alternative.
The specific symptoms treated by DBS depend on the

location of the implant. Thalamic DBS received U.S.
Food and Drug Administration (FDA) approval for the
treatment of Parkinson’s disease (PD) tremor and essen-
tial tremor in 1997. Shortly thereafter, in 2002, DBS of
the subthalamic nucleus (STN) and the globus pallidus
pars interna (GPi) was approved for use in patients with
PD. In 2003, DBS of the GPi and STN for dystonia
received a Humanitarian Device exemption from the

FDA. Even though a complete understanding of the
mechanism of DBS is lacking, a growing body of liter-
ature supports the efficacy of DBS for the treatment of
movement disorders. In this article, we review the appli-
cation of DBS for the treatment of essential tremor, PD,
and dystonia.

ESSENTIAL TREMOR

Essential tremor (ET) is one of the most common
movement disorders, affecting up to 5% of people over
the age of 60.3 The main clinical manifestations are
postural and action tremor involving the upper extremi-
ties. A significant number of patients also suffer from
axial symptoms such as head and voice tremor. It is
estimated that 50% of ET patients do not respond to
medical treatment.4 For some of those patients, the
tremor is debilitating enough to warrant surgical treat-
ment.
The ventral intermediate nucleus (VIM) is the portion

of the motor thalamus that contains the cerebellar receiv-
ing area.5 The VIM projects mainly to the motor cortex
and is the primary surgical target for the treatment of
tremor.6 Microelectrode recordings (MERs) from the
VIM reveal many cells that fire at the same frequency as
the patient’s tremor.7,8 Lesioning in the area of tremor
cells leads to long-term relief of tremor.9,10 This is the
basis for using ablative thalamotomy in the treatment of
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tremor. During intraoperative physiologic mapping for
thalamotomy, it was also noted that high-frequency stim-
ulation (�100 Hz) of the VIM had similar tremor-reduc-
ing effects.1,2 Although the exact pathophysiology of
tremor is unknown, it is hypothesized that tremor cells
are central oscillators and that constant, high-frequency
stimulation may block or override the abnormal oscilla-
tory signals produced by these tremor cells.7,11

The beneficial effect of VIM DBS on ET has been well
documented. Several case series have demonstrated that
�80% of patients experience significant overall tremor re-
lief, with 83% average reduction in formal tremor scores,
such as the Fahn–Tolosa–Marin tremor score.12–16 Signif-
icant tremor relief lasting up to 6 years has been dem-
onstrated more recently in double-blind testing with
stimulation on and off in implanted patients.17 VIM DBS
can also improve axial tremors, such as an average of
85% reduction in head tremor and 83% reduction in
voice tremor.18,19 Within those series, when bilaterally
implanted patients were stratified apart from those with
unilateral implants, bilateral VIM DBS appears signifi-
cantly more effective in reducing midline symptoms,
such as head tremor.19,20

The differential effect of bilateral versus unilateral
stimulation on voice tremor is less clear.19,21 Although
long-term studies found that most patients enjoyed per-
sistent tremor control from their VIM DBS for up to 6.5
years, a subset of patients suffered a decline of the initial
therapeutic effect over time.15,22 In one series, this phe-
nomenon was noted in 18.5% of patients with �6
months of follow-up.23 Another series reported a 12%
reduction in the degree of tremor improvement at 6.5
years, compared with 1 year, postoperatively.22 The ex-
act reason for this decline in efficacy is unclear, but it
may be due to tolerance or to disease progression.
The results of VIM DBS for other tremor syndromes,

such as multiple sclerosis or post-stroke-related tremor,
have been mixed.24 The pathophysiology of secondary
tremor syndromes may differ from that of essential
tremor. These secondary tremor syndromes in general
have a greater proximal component, which has tradition-
ally been harder to treat with thalamotomy.6 Primate
studies reveal that that proximal muscle groups have a
larger somatotopic area of representation in the VIM
than distal groups, which may contribute to the variance
in the response to lesioning.25 Some authors have pro-
posed using differential targeting for the different tremor
types; for example, the anterior–superior VIM may be
more effective for proximal tremor control, whereas the
inferior VIM may more effective for distal tremor con-
trol.26 Others have achieved control of complex tremor
syndromes through the use of additional electrodes im-
planted just anteriomedial to the original VIM lead,
thereby spreading the stimulation area into other tremor
pathways.27

Bilateral DBS has been associated with less morbidity
than bilateral thalamotomy.28–30 Unlike thalamotomy,
bilateral VIM DBS has not been associated with as high
a risk of cognitive problems.29,30 Stimulation-induced
adverse effects include worsening of dysarthria, pares-
thesia, gait disorder, and pain. All of these are reversed
when the stimulation is turned off and can be minimized
with stimulation adjustments.23,31,32 Paresthesia is, by
far, the most common stimulation-induced adverse ef-
fect, with reported rates up to 79%.31,32 Just posterior to
the motor thalamus, in the nucleus ventralis caudalis
(VC), lies the lemniscal receiving area of the sensory
thalamus. Thus, paresthesia side effects are likely due to
the spillover of stimulation field into the sensory thala-
mus.6 Dysarthria is more commonly caused by bilateral
as opposed to unilateral VIM DBS and can also be seen
in patients with unilateral DBS who had a previous con-
tralateral thalamotomy.19,23,24 Unlike the case with bilat-
eral thalamotomy, which is associated with nearly 30%
risk of permanent speech and cognitive deficits, stimu-
lation-induced dysarthria is generally reversible once the
DBS unit is off.33

PARKINSON’S DISEASE

Parkinson’s disease is the second most common neu-
rodegenerative disease, affecting 1–3% of all people over
the age of 65.34,35 It is estimated that �4 million people
worldwide suffer from PD.36 The cardinal signs of PD
include tremor, rigidity, and bradykinesia. Levodopa is
the main medical therapy for PD. Unfortunately, as the
disease progresses, the effectiveness of the medication
often becomes less lasting. Patients develop on-medica-
tion and off-medication periods that change quickly and
are difficult to control. It is estimated that 28% of PD
patients suffer from debilitating motor symptoms (akine-
sia, rigidity, tremor) despite optimal medical therapy.37

The high doses of levodopa required to alleviate their
rigidity and bradykinesia can also cause debilitating dys-
kinesia.
The following summarizes the patient selection crite-

ria for DBS in treating PD, as detailed in the report from
the Consensus on Deep Brain Stimulation for Parkin-
son’s Disease.38 Preoperative levodopa responsiveness
has been shown to be the best predictor of DBS re-
sponse.39,40 Thus, a good DBS candidate should have
symptomatic response to levodopa as reflected by a
�25–50% reduction in Unified PD Rating Scale
(UPDRS) part III scores during a levodopa challenge
(which is a sufficient dose of levodopa to reproduce
the patient’s best on-medication response). The ideal
patient should also be severely disabled from the par-
kinsonian motor symptoms in the off-medication state
(UPDRS motor score �30/108) but independent in the
on-medication state (UPDRS motor score �30/108).
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Generally, the patient should be symptomatic for 5 years,
to allow time to rule out the presence of Parkinson-plus
syndromes, such as progressive supranuclear palsy or
multiple system atrophy. DBS is not recommended for
patients with Parkinson-plus syndromes. To objectively
track the efficacy of DBS, most centers perform preop-
erative and serial postoperative clinical evaluations using
UPDRS scores, as well as quality of life and neuropsy-
chological scores.
Contraindications to DBS include dementia, extensive

brain atrophy, comorbid conditions that preclude safe
surgery, and noncompliance.
The pathophysiology of PD is the subject of extensive

investigation. From animal models of PD, researchers
developed the traditional model of basal ganglia motor
pathways, which consist of direct and indirect pathways
involving the globus pallidus pars interna (GPi), thala-
mus, and subthalamic nucleus (STN).41 It was thought
that degeneration of the substantia nigra pars compacta
leads to a depletion of dopaminergic output, thereby
altering the balance in this cortico-basal ganglia-
thalamocortical circuit.42 Later studies have revealed that
this traditional model may be too simplistic, in that many
more nuclei have been linked to the basal ganglia motor
pathways43,44 (FIG. 1). Over the years, many targets
have been used for the treatment of PD.

Ventral intermediate nucleus
The first reports of DBS for the treatment of PD used

thalamic stimulation. In a series of 80 PD patients treated
with either unilateral or bilateral VIM DBS, Benabid
et al.23 found that 88% of the patients had complete or
near-complete tremor relief on the Fahn–Tolosa–Marin
scale at 6 months to 8 years, postoperatively. The effects
of VIM DBS on the other symptoms of PD, however,
such as rigidity, bradykinesia, or drug-induced dyskine-
sias, were either short lasting or nonexistent. Currently,
the role of VIM DBS in PD is limited to patients with
tremor-predominant symptoms.

Subthalamic nucleus
The STN is a small nucleus located in the upper por-

tion of the midbrain. Through extensive animal studies,
the STN has been shown to play an integral role in the
cortical–basal ganglia–thalamocortical pathways. Ac-
cording to the traditional basal ganglia model of PD, the
loss of dopamine results in increased STN activity,
thereby stimulating the GPi and substantia nigra pars
reticulata (SNr). The net result is overinhibition of the
motor thalamus from the pallidothalamic and nigrotha-
lamic projections.6,45

A hyperactive STN with abnormal bursting activity is
confirmed in both animal PD models and human PD
patients.46–48 Primate studies have also revealed the
presence of tremor cells in the STN, similar to those
found in the VIM.47 Modulation of this nucleus has the

theoretical advantage that upstream intervention should
more completely suppress both indirect and direct path-
ways. Lesioning of the STN in primate models of PD has
been shown to reduce contralateral tremor, rigidity, and
akinesia49,50; however, clinicians were reluctant to use
STN ablation for the treatment of PD, because of the
association between hemiballism and infarctions in the
region of STN in non-PD patients.51 The reversibility
and adjustability of DBS have encouraged investigators
to attempt STN DBS. The safety and efficacy of STN
DBS were first demonstrated in nonhuman primates, and
subsequently in humans.52

The clinical efficacy of STN DBS in the reduction PD
symptoms has been reported by numerous investigators
and been validated in prospective, randomized trials.
Although there is generally no improvement in on-med-
ication UPDRS motor subscores, the scores in the off-
medication state improve by an average of 52% over an
average of 15 months of DBS therapy.53 A 50–60%
reduction in postoperative levodopa dose leads indirectly
to improvement in levodopa-induced dyskinesia.53,54

On-medication dyskinesias are reduced by 94% after 12
months of STN DBS.54

Long-term follow-up results show sustained improve-
ment in tremor, rigidity, akinesia in the off-medication
state, and reduction in dopaminergic medication require-
ment at 5 years after implant.55,56 Initial improvements in
gait, however, are not sustained at 5 years. A recent
European multicenter study of 159 patients randomized
to receive STN DBS or best medical therapy demon-
strated that patients receiving DBS surgery had significant
improvements in quality of life measures, as well as in the
amount of time in the ‘on’ condition each day and in ‘off’
UPDRS motor subscores at 6-month follow-up.57 In addi-
tion, Schüpbach et al.58 recently demonstrated that STN
DBSwas effective in treating early PD patients with disease
of 5–10 year duration and Hoehn and Yahr stage of �3.
Quality of life is significantly improved after STN

DBS compared to medical therapy.57,58 This has been
shown over the long term in prospective open-label tri-
als55,56; however, more recent data suggest that, although
STN DBS improves motor components of PD in both
young and old patients, there may be a lesser improve-
ment in quality of life in patients older than 65.59

Stimulation-induced adverse motor symptoms from
STN DBS can often be reversed by reprogramming.
Early case series reported hemiballism induced by stim-
ulation at high voltages.60 A recent systematic review
found that 19% of STN DBS patients have reversible
motor side effects such as dyskinesia, paresthesia, and
dysphonia.54 Speech difficulties appeared to be more
frequent in patients with left STN stimulation.61

Studies have suggested that STN DBS can be associ-
ated with cognitive and affective side effects. In a pooled
analysis of 82 case series, cognitive impairments affect-
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ing memory, executive function, attention, and mental
speed were found in up to 41% of STN DBS patients.62

The analyzed series did not uniformly control for poten-
tial predisposing factors, however, such as age, preoper-
ative psychiatric condition, and cognitive baseline. De-
pression and mania have also been noted after STN
DBS.63,64 Perhaps most concerning is a cohort study that

observed an attempted suicide rate of 4.3% in a series of
140 patients who had undergone DBS.65 In that study,
however, all but one of the patients who committed
suicide had preoperative history of major depression,
along with prior suicide attempt or ideation. Indeed, pre-
operative neuropsychological evaluation and adequate
treatment for pre-existing psychiatric conditions are part

FIG. 1. Diagram illustrating connectivity among nuclei of the basal ganglia. The putative direct and indirect pathways are shown, as are
known additional connections between STN and GPe, and between midbrain nuclei and nuclei in the basal ganglia and thalamus.45 Ach
� acetylcholine; CM/Pf � thalamic centromedian/nucleus parafascicularis; D1 and D2 � dopamine receptors; DA � dopamine; GABA
� �-aminobutyric acid; Glut � glutamate; GPe � globus pallidus externus; GPi � globus pallidus internus; MC � motor cortex; MEA
� midbrain extrapyramidal area; PMC � premotor cortex; PPN � pedunculopontine nucleus; RT � nucleus reticularis thalami; SMA �
supplementary motor area; SNc � substantia nigra pars compacta; SNr � substantia nigra pars reticulata; STN � subthalamic nucleus;
VLa � ventral lateral anterior nucleus [of thalamus].
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of the patient selection process for DBS, as outlined by
the Consensus on Deep Brain Stimulation for Parkin-
son’s Disease.38

Globus pallidus interna
The GPi is a major output nucleus of the basal ganglia

and a key player in the cortical–basal ganglia–thalamo-
cortical circuit. Similar to the STN and VIM, tremor cells
have been found also in the GPi.66 PD is associated with
excessive GPi activity, which ultimately results in the
overinhibition of the cortical motor areas.67 Since the
1960s, pallidotomy has provided PD patients with relief
of rigidity, bradykinesia, tremor, and drug-induced dys-
kinesia.68,69 The ideal target for pallidotomy is felt to be
the ventral–posteriolateral pallidum, which has now be-
come the target for GPi DBS.70

In PD patients, GPi DBS improves tremor, rigidity,
and bradykinesia in the off-medication state, as well as
drug-induced dyskinesia, resulting in overall improve-
ment in UPDRS motor scores.71-73 The most pronounced
and long-lasting effect is the reduction in on-medication
dyskinesia.74 Unlike STN DBS, however, GPi DBS does
not lead to reductions in the patient’s levodopa require-
ment. In fact, a long-term study with average follow-up
of 32 months found that medication requirement in-
creases after chronic GPi DBS therapy.75

Adverse reactions to GPi DBS are few. Stimulation-
induced visual phenomena are most common and can be
eliminated by programming adjustments.72 There have
been some reports of cognitive decline in patients after
GPi DBS.76 The incidence may, however, be less than
that after STN DBS.77

STN versus GPi DBS for Parkinson’s disease
Several investigators have compared the effectiveness

of STN DBS with that of GPi DBS, in hopes of deter-
mining the best target for the treatment of PD. In a
randomized trial involving 10 patients with either bilat-
eral STN DBS or bilateral GPi DBS, drug-induced dys-
kinesia improved by 67% with STN stimulation and by
47% with GPi stimulation.78 GPi DBS produced an ad-
ditional 40% improvement in UPDRS part III scores
beyond levodopa therapy, whereas STN DBS achieved
only an additional 15% improvement beyond the on-
medication state. The STN group also reported a 51%
reduction in medication requirement, but the GPi group
showed no significant medication reduction. The benefi-
cial effects of GPi DBS appeared to wane over time.
In another study, in which patients were implanted

with both STN and GPi DBS bilaterally, STN stimula-
tion was overall statistically more effective than GPi
stimulation, producing 54.5% as opposed to 43.1% re-
duction in UPDRS part III off-medication scores.79 In
this study, GPi DBS significantly reduced apomorphine-
induced dyskinesia, but STN DBS did not. A multicenter
nonrandomized study comparing the long-term outcome

of STN and GPi DBS found that, at 4-year follow-up,
STN DBS led to a 50% improvement in the UPDRS
score, and GPi DBS led to a 39% improvement.80 The
STN group showed a 35% reduction in medication re-
quirement, but also had higher incidence of depression,
cognitive decline, speech difficulty, and gait disturbance.
Similar results had been reported previously reported
from a randomized trial in Oregon.81 For many institu-
tions, STN has become the putative target of choice of
DBS for the treatment of PD, but the final results of
the randomized multicenter trial is pending (www.
clinicaltrials.gov NCT00056563). Thus, the issue has
not been fully resolved.

DYSTONIA

Dystonia comprises a heterogeneous group of disor-
ders characterized by sustained muscle contractions that
produce repetitive twisting movements and painful ab-
normal postures.82 Dystonia can be generalized (affect-
ing the entire body) or segmental (affecting one or a few
parts of the body), and primary (idiopathic) or secondary
(caused by known structural lesion or disease). Primary
generalized dystonia can be inherited or sporadic. Cer-
vical dystonia is one of the most common forms of
primary segmental dystonia; it presents with sustained
cervical muscle contraction causing abnormal neck
twisting.83

One of the more common inherited forms of primary
generalized dystonia is the DYT1 variant, which presents
in childhood.84 DYT1 dystonia is caused by a single
GAG deletion on the TOR1A gene (previously DYT1)
found on chromosome 9q34, which encodes an adeno-
sine triphosphatase called torsin A.84,85 This form of
dystonia has autosomal dominant inheritance, but with
30–40% penetrance.86 Several additional genetic loci
contributing to familial dystonia have also been identi-
fied and codified with a DYT label, initially termed
DYT1–DYT15.87-89 As our genetic understanding of the
disease expands, better disease classifications and patho-
physiologies will be revealed.
Medical treatments for generalized dystonia show

mixed results, and many medications are associated with
serious adverse effects, such as cognitive dysfunction.90

The mainstay of medical therapy for segmental dystonia
is selective botulinum toxin A injection. Some 6–14% of
patients do not respond to botulinum toxin, however, and
in 3–10% of the remaining patients it loses clinical effi-
cacy after repeated use.91,92 More recently, a recombi-
nant botulinum toxin B (trade name, Myobloc) has been
shown to be effective in patients who become resistant to
the standard botulinum toxin.93

Dystonia patients with symptoms that are medically
refractory and causing severe disability have been con-
sidered for surgical treatment. Selective peripheral sur-
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gery, such as rhizotomies, denervations, and myotomies,
had been primarily used for the treatment of cervical
dystonia.94 The role of peripheral surgery is limited,
however, and it is not indicated for dystonia involving
too many muscle groups, because of the risk of postop-
erative weakness.
Historically, ablation of various deep brain nuclei in-

volved in the cortical–basal ganglia–thalamocortical cir-
cuit has been performed in attempts to treat medically
refractory generalized dystonia. In the 1950s, the most
common targets for ablation in dystonia were in the
thalamus. In 1976, Cooper95 reported one of the largest
series and demonstrated overall improvement in 70% of
dystonia patients who underwent thalamotomy; however,
there was much variation in the specific surgical tech-
nique and the subnuclei involved. Others found more
varied results.94,96–98

Most patients with generalized dystonia suffer from bi-
lateral symptoms, but bilateral thalamotomies are associ-
ated with a high incidence of speech problems, weakness,
and pseudobulbar palsy.96–98 Pallidotomies were also per-
formed in dystonia patients, with success rates of 50–
80%.99-101 The safety of bilateral GPi DBS and its effi-
cacy in treating dyskinesia in PD patients have raised
interest in the use of GPi DBS for the treatment of
dystonia.
The pathophysiology of generalized or segmental dys-

tonia is poorly understood, but the GPi appears to play an
integral role. Observations made during pallidal surgery
reveal an abnormal pattern of firing activity in the globus
pallidus of dystonic patients.102 MERs demonstrate de-
creased firing frequencies in the GPi of dystonia patients,
compared with those found in PD patients.103 Others
found a change in the firing pattern of the GPi in dystonia
patients, compared with that in PD patients.104 Further-
more, there is evidence that GPi firing activity may be
inversely related to the severity of dystonia.105 Transcra-
nial magnetic stimulation demonstrates decreased motor
cortex excitability in dystonia patients, which can be
reversed by GPi stimulation.106 PET studies indicate
higher glucose metabolism in bilateral lentiform nucleus
of cervical dystonia patients, regardless of symptom lat-
erality.107

Reports on the application of DBS for the treatment of
dystonia have primarily focused on GPi DBS, but other
targets such as thalamic DBS have been tried, with less
reliable results.108 Similar to PD treatment, GPi DBS for
dystonia targets the posterioventral lateral portion of the
GPi. Unilateral DBS can control contralateral limb
symptoms, but bilateral DBS is needed to relieve axial
symptoms.83 For cervical dystonia, bilateral GPi DBS
produces �60% improvement in the Toronto Western
Spasmodic Torticollis Rating Scales (TWSTRS), disabil-
ity, and pain scores at 20-month follow-up.109

Results for primary generalized dystonia are equally

positive. One series of seven DYT1 dystonia children
treated with GPi DBS reported mean improvement of
90% in their Burke–Fahn–Marsden dystonia rating scale
(BFM) scores and drug reduction at �1 year follow-
up.110 Another series reported 71% improvement in post-
operative BFM scores in DYT1 dystonia patients and
74% improvement in non-DYT1 primary generalized
dystonia.111 A multicenter study using blinded video as-
sessments demonstrated a 55% average improvement in
BFM scores at 1 year after surgery.112

A recent randomized multicenter trial, involving 40
patients with primary segmental or generalized dystonia
who underwent a 3-month period of blinded real or sham
stimulation, found that patients had a 39% improvement
in BFM scores after 3 months of bilateral GPi DBS,
compared with only 5% improvement after 3 months of
sham stimulation.113 The cross-over group of patients
who spent the first 3 months getting sham stimulation
and the second 3 months receiving GPi stimulation also
showed significant improvement in their BFM scores.
There was no significant difference in efficacy between
segmental and generalized dystonia patients.
Several authors have reported improvement in bleph-

arospasm after bilateral GPi DBS in patients suffering
from Meige’s syndrome.114,115 A systemic review that
stratified outcome based on the etiology of dystonia re-
vealed that DBS is equally effective for DYT1-positive
dystonia, DYT1-negative dystonia, tardive dyskinesia,
and posttraumatic dystonias, but not effective for dysto-
nia due to birth injury and encephalitis.116 Currently, the
use of DBS for primary generalized or segmental dysto-
nia is approved by the FDA under provisions of the
Humanitarian Device exemption provisions (www.fda.
gov HDE#: H020007), but the use of DBS for treatment
of secondary dystonia is off-label.
Unlike the case with PD and ET, the clinical effects of

GPi DBS on dystonia appear to be delayed, except for
tardive dystonia. Improvement in TWSTRS score in cer-
vical dystonia patients was greater at 1 year postopera-
tively, compared with score at 3 months.109 It has also
been noted that dystonia patients undergo more frequent
battery replacements, because they generally require
stimulation at higher voltage and pulse width than PD or
tremor patients. Several reports have explored the use of
lower frequency stimulation in treating dystonia.117,118

Although frequencies of �60 Hz were not efficacious,
one group observed that at 80-Hz stimulation was better
tolerated and thus provided greater effect in some pa-
tients.118 Furthermore there have been reports of rebound
dystonia after abrupt discontinuation of chronic GPi
stimulation.114 Other adverse events of GPi DBS for
dystonia included stimulation-induced dysarthria and
lead infection and dislodgement, but significant cognitive
changes have not been noted.113
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SURGICAL PROCEDURE

Once the target of stimulation has been chosen for
the patient, the general surgical procedure for the im-
plantation of the DBS unit follows similar basic steps:
1) image-guided target localization, 2) physiologic tar-
get confirmation using MERs and macrostimulation,
and 3) implantation of final DBS lead and connection to
a programmable internal pulse generator.
Traditionally, image-guided target localization begins

with the identification of consistent landmarks, the ante-
rior and posterior commissures (AC and PC), which form
the basis of the Talairach coordinate system. Next, the
target of choice is located by measuring known distances
relative to AC and PC. Unfortunately, this indirect
method does not account for individual anatomical vari-
ability.119 Historically, indirect targeting was performed
with ventriculography, but this has been replaced in most
centers by magnetic resonance imaging (MRI) and
computed tomography. MRI provides better resolution
to allow direct visualization of some nuclear bound-
aries, which can help account for some individual
variations; however, MRI can have problems with spa-
tial distortion.
Recently, there have been reports of improved ana-

tomic targeting using the red nucleus as a reference.120

Other groups have proposed the use of probabilistic sta-
tistical atlases, which predict targets based on prior op-
timal implants.121,122 Such methods may enhance the
image-guided targeting accuracy by adding a functional
aspect to the anatomically based targeting method. After
selecting the target point, an entry point is selected such
that the trajectory avoids superficial draining veins, sulci,
and deep penetrating vessels. (FIG. 2) The use of con-
trasted MRI for preoperative trajectory planning can as-
sist in avoiding sulci and vessels, which reduces the
incidence of hemorrhage complications.123

Given the limitations of the current image-guided tar-
get localization methods, intraoperative physiologic tar-
get confirmation plays a critical role in DBS implanta-
tion. The translation of the target coordinates from the
image space to the patient’s physical space is tradition-
ally performed using a rigid frame, such as the Leksell or
Cosman–Roberts–Wells (CRW) frame. More recently,
there have been developments of rapid-prototyped mini-
frames and frameless stereotaxy systems, with reportedly
equivalent or better accuracy than traditional frames, as
well as improved patient comfort.124,125 Intraoperative
physiologic localization is generally performed under
local anesthesia; however, patients with severe dystonia
or pediatric patients may require general anesthesia. In
most centers in North America and continental Europe,
physiologic mapping consists of MERs, macrostimula-
tion, or both.

MERs were first widely used in the 1960s during thalam-
otomies. Tungsten or platinum–iridium microelectrodes are
used to record single-unit, extracellular action potentials.126

MER can detect transitions between gray and white matter
based on waveform differences, and different nuclei based
on characteristic firing patterns. Identification of kinesthetic
neurons, whose firing frequencies are modulated by move-
ment, can help localize motor areas. More refined somato-
topic mapping within a particular motor area can be
achieved by locating movement-related cells corresponding
to movements of specific parts of the body.7 Despite the
abundant electrophysiologic data provided by MERs, prac-
titioners at some centers debate its necessity and have cho-
sen to rely on macrostimulation with or without local field
potentials and impedence measurements via macroelec-
trodes for physiologic mapping.127

Macrostimulation generally provides the final confirma-
tion of the optimal target location. Macrostimulation is per-
formed in the awake patient at clinically relevant stimula-
tion parameters. Clinical efficacy, side effects, and
therapeutic window are noted for each test stimulation area.
For example, intraoperative stimulation of STN produces
relief of contralateral rigidity and bradykinesia, and intra-
operative stimulation of the VIM produces cessation of
contralateral tremor. Clinical effects of GPi stimulation is
often delayed; macrostimulation in these cases is therefore
based not on therapeutic response but on the localization of
surrounding structures as reference points for proper place-
ment.71 The identification of expected side effects is often
as important as the observation of clinical efficacy, in that it
helps to map the boundaries of the nucleus being targeted.
Additionally, when the final position of the DBS electrode
is determined, it is important to confirm that the threshold
for clinical benefit is substantially less than the threshold for
expected adverse effects.
After the desired physiologic target has been deter-

mined, the quadripolar DBS electrode is inserted. Cur-
rently, there are two FDA-approved models, each con-
sisting of four platinum–iridium contacts, which are 1.5
mm long. Adjacent contacts are 1.5 mm apart in the 3387
model and 0.5 mm apart in the 3389 model (Medtronic,
Minneapolis, MN).
Specific stimulation-induced adverse effects have been

described earlier for each target. For the most part, all
stimulation-induced adverse effects can be abolished by
turning the stimulation off, or by changing the active con-
tact or other stimulation parameters. Complications univer-
sal to any target include intracranial hemorrhage, lead mi-
gration, skin erosion and lead infection. The risk of
intracranial hemorrhage has been reported to occur in �3%
of electrode placements, causing permanent deficits in 0.7%
of cases.54 Correlation between target location and hemor-
rhage risk has been noted, with the highest incidence of
hemorrhage found in GPi DBS.128 Infection rates have been
reported as 3.4%, which is similar to other neurosurgical
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procedures.129 Many cases of superficial infections can be
treated without hardware removal.54

SUMMARY

DBS has become an important part of the armamen-
tarium for the treatment of movement disorders, such as
ET, PD, and dystonia. Prospective, randomized, con-

trolled trials demonstrate that DBS is the standard of care
for appropriately chosen patients with PD or primary
dystonia. The clinical effect of DBS depends on the
target of stimulation. Target selection should be based on
the symptoms to be treated. As the use of DBS becomes
more widespread, we are gaining a better understanding
of the efficacy and limitations of the targets currently in

FIG. 2. Trajectory planing for GPI DBS implantation. Demonstrated on the FHC microTargeting WayPoint Planner (FHC, Bowdoinham,
ME). A, Coronal. B, Sagittal. C, Axial. D, 3D.
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use. Large-scale, controlled studies will help in deter-
mining the optimal target for each symptom. Newer tar-
gets are being investigated to capture the symptoms still
inadequately controlled by current modalities.
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