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O
ver the past two decades, deep brain stimulation (DBS) has
been established as a safe and efficacious treatment for move-
ment disorders; primary therapeutic indications for DBS are
advanced, medication refractory Parkinson’s disease (PD),
essential tremor (ET) and dystonia. In the case of PD, DBS is

effective for treating the primary motor symptoms—tremor, bradykinesia
and rigidity—as well as complications of drug treatment such as dyskinesias
and motor fluctuations. 

The advantages of DBS over previously performed ablative procedures
(e.g., thalamotomy, pallidotomy) are well established and include a less inva-
sive approach, fewer risks for bilateral procedures, reversibility and adjusta-
bility of therapeutic settings. However, a number of issues still need to be
elucidated, including long-term benefits and safety, mechanisms of action,
optimal targets of stimulation and the effects on non-motor symptoms of
PD. Preliminary studies indicate that DBS might be also used to treat other
neuro-psychiatric conditions including Tourette’s syndrome, obsessive-com-
pulsive disorder, depression, epilepsy and pain syndromes.1-3

Definitions
DBS therapy for movement disorders requires the surgical implant of one
(unilateral) or two (bilateral) electrodes in established basal ganglia areas,
including the ventral intermediate nucleus of the thalamus (Vim), the
globus pallidus pars interna (GPi), and the subthalamic nucleus (STN).
Stimulation of the Vim was first introduced in 1991 by Benabid and col-
leagues4 and proved to relieve tremor associated with essential tremor,
Parkinson’s disease and in cerebellar outflow tremors associated with multi-
ple sclerosis.5 Vim stimulation, however, has little effect on other PD clini-
cal manifestations, including rigidity, bradykinesia and dyskinesias.6 For
these reasons, Vim implants are currently limited to the treatment of severe,
disabling ET. 

Stimulation of the GPi can improve bradykinesia, rigidity, tremor, dysk-
inesia and gait dysfunction in patients with PD but does not usually permit
the reduction of medications.7 Currently, GPi stimulation is established for
the treatment of dystonia,8 while its validity in PD as compared to STN
stimulation is a matter of controversy and current research.9 STN stimula-
tion has become the preferred target for treating all cardinal features of PD6

and most of the results included in this review will pertain to this modality
of treatment. Implanted electrodes have four distinct contacts, which can be
activated in a monopolar or bipolar mode, alone or in combination. The
active electrode is connected to an extension wire that passes from the scalp
under the skin of the mastoid region to the chest area under the clavicle
bone, where it connects to an implantable pulse generator (IPG). Currently
available IPGs (the battery or pacemaker) deliver pulses with adjustable
parameters, including voltage, frequency and pulse width. These can be
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combined in a large number of different combination, which
may vary in relation to the stimulated target and condition to
be treated. 

Successful DBS therapy for PD depends on the multidisci-
plinary implementation of a series of procedures, including
proper candidate selection, anatomical and electrophysiologi-
cal targeting leading to accurate lead placement, expert elec-
trode programming, medication adjustments and management
of side effects.10

Patient Selection
Among the many elements that are involved in successful DBS
surgery, accurate patient selection is the most significant factor
in determining post-operative benefit. A retrospective analysis
of patients diagnosed as “DBS failures” revealed that over 30
percent were not appropriate candidates for DBS.10 Only
patients with advanced, levodopa-responsive, idiopathic PD,
complicated by motor fluctuations should be considered for
DBS therapy.11 Initial experience in atypical PD has been dis-
couraging.12,13 A sustained response to levodopa is considered
the best predictor of outcome after DBS and levodopa respon-
siveness should always be tested in DBS candidates.11 Disease
duration, although not an outcome predictor,11,14 has an impor-
tant role in ruling out atypical PD. Patients with advanced
parkinsonism less than five years after onset should be further
evaluated for atypical PD before being considered for DBS. 

There is some controversy over the role of age as outcome
predictor for DBS14-16 and various age cutoffs have been 
arbitrarily established by different researchers. While chronolog-
ical age has not been established as a significant predictor for
post-operative benefit,11 advanced age is correlated with 
negative outcome predictors such as cognitive decline, axial
symptoms and gait instability. Therefore, DBS candidates older
than 70 should be evaluated with particular care. A normal pre-
operative cognitive status is also important. However, there is
insufficient evidence to make definitive conclusions about the
predictive validity of any given neuropsychological assessment,
interview or cognitive test. Nonetheless, several tests are used in
the selection of surgical candidates with the goal of excluding
patients with dementia or severe executive function deficits.17

In addition, a full psychiatric evaluation is essential for those
patients who pass cognitive screening; in particular untreated
depression, anxiety, apathy, dopaminergic dysregulation syn-
drome, medication-induced hypomania/mania, psychotic symp-
toms, and suicide risk should be carefully assessed.11 Visual hal-
lucinations are not an absolute contraindication to DBS surgery,
however these commonly portend a poor cognitive prognosis. 

Clinical Results
The first report of effective STN DBS was published by the

group of Dr. Benabid in 1993, describing the relief of akinesia
and rigidity in a 51-year old man with advanced PD.18 Five
years later, the same group published a one-year follow up
study of 24 PD patients treated with bilateral STN stimula-
tion, reporting a 60 percent improvement of the Unified
Parkinson’s Disease Rating Scale (UPDRS) part II and III
scales and a reduction of the mean dose of dopaminergic drugs
by 50 percent.19 Many other studies confirmed and validated
the safety and efficacy of STN DBS in advanced PD.6 In 2001,
the first prospective, double-blind, crossover study in patients
with advanced PD, revealed that STN DBS was associated
with a 49 percent median motor score improvement at three
months.20 In addition, the daily “ON” time without dyskine-
sias increased from 27 to 74 percent. 

The superiority of STN DBS over medications in advanced
PD was recently demonstrated by a randomized trial compar-
ing STN DBS with best medical treatment in 156 patients
with advanced PD and motor complications.21 Six months
after surgery, STN stimulation resulted in a significant
improvement in quality of life and motor function, with less
dyskinesias as compared to medications alone. Cognition,
mood and psychiatric function were unchanged. While serious
adverse events, including death from a perioperative intracere-
bral hemorrhage, were more common in the neurostimulation
group, the overall incidence of adverse events was higher in the
medication arm.21 Data on long-term outcomes of bilateral
STN DBS in patients with advanced PD are providing reassur-
ing evidence on the stability of this therapy in preserving
patients’ quality of life.

A five-year prospective study of the first 49 consecutive
patients treated with STN DBS in Grenoble reported encour-
aging results.22 In this study, “off medication” motor scores at
five years were still 54 percent better than baseline, while activ-
ities of daily living improved 49 percent. Speech was the only
motor function for which off-medication scores did not
improve. Moreover, dopaminergic medications and levodopa-
induced dyskinesia were significantly reduced, as compared
with baseline. The average scores for cognitive performance
and mean depression scores remained unchanged, although
one patient committed suicide. Worsening of “on-medication”
akinesia, speech, postural stability and freezing of gait between
the first and the fifth year was interpreted as consistent with
the natural history of PD.22 Schupbach et al. recently reported
similar sustained benefits—also associated with moderate
motor and cognitive decline—in 37 PD patients followed for
five years after DBS surgery.23

Complications
Adverse events related to DBS are generally classified in three
categories: procedure related, device or hardware related and
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stimulation related.24-26 The most important surgical risk is the
development of intra-parenchymal hemorrhages, which have
been reported in one to five percent of cases.27 Hemorrhage
severity can greatly vary from small, subclinical bleeds to large,
life-threatening accumulations. There is no particular indica-
tion on how to handle hemorrhagic complications related to
DBS surgery.27 More common are the risks related to the
implanted hardware, which have been reported with frequen-
cies varying from 2.7 to 50 percent of patients.26,27 Stimulation-
related complications are usually due to the inadvertent stimu-
lation of areas adjacent to the therapeutic target and can nor-
mally be eliminated or greatly reduced by manipulation of the
electrical settings.28 Table 1 presents a comprehensive list of
DBS-related adverse events.

Controversial Issues
While clinical results obtained with STN DBS in advanced PD
are certainly encouraging, a number of important questions still
remain virtually unanswered. For example, the optimal target for
treatment of advanced PD remains open to debate, as both STN
and GPi provide improvement in levodopa-responsive signs and
symptoms.7,9 There is evidence suggesting that antiparkinsonian
benefit from STN DBS may be greater than that from GPi DBS
and may be more sustained in the long term. 

In the large, prospective, double-blind, crossover study pub-
lished by the DBS Study Group,20 a 49 percent median motor
score improvement observed with STN DBS compared to a 37
percent median improvement in patients treated with GPi
DBS. Similarly, STN DBS seemed to provide slightly higher
increment of time “ON” without dyskinesias (27 to 74 per-
cent) as compared to GPi DBS (28 to 64 percent). It should be
noted, however, that target choice was not randomized and the
study was not designed to compare the two procedures. A

smaller randomized, blinded study that compared STN to GPi
DBS came to similar results, with a slightly larger improve-
ment after STN DBS (48 percent versus 39 percent).
Reduction in levodopa dose was observed virtually only after
STN stimulation, while dyskinesia was reduced in both
groups. However, cognitive and behavioral complications were
observed only in patients with STN stimulation.7 Larger con-
trolled studies are needed to compare STN vs. GPi DBS and
to determine if there are clinical features that may specifically
respond to one target better than the other. 

Cognitive and neuropsychiatric complications of STN DBS
are another controversial issue. While there is no evidence that
STN DBS causes global cognitive impairment, decreased ver-
bal fluency is consistently reported in multiple studies.29-32

Diminished verbal fluency seems to occur soon after surgery
and then stabilizing.29,30,33 It correlated to decreased activation
of the inferior frontal cortex in one study34 and possibly corre-
lates to decreasing medications and apathy.11 Only few studies
have shown dramatic or widespread cognitive changes, mostly
in older patients or those with severe pre-operative cognitive
deterioration.31,35

No studies have yet evaluated the sensitivity, specificity,
negative or positive predictive value of any neuropsychological
test battery in patients undergoing DBS for advanced PD.11

Postoperative depression has been reported between one and
25 percent of patients undergoing STN DBS.30,36-38 It is not
clear whether pre-operative depression is a risk factor for post-
DBS development of depressive symptoms,36,38 but adequate
preoperative assessment and treatment of depression is recom-
mended during candidate screening. The symptoms of post-
operative depression could be also explained with dopaminer-
gic withdrawal symptoms, but there is no available evidence
elucidating this point.11
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• Intracranial hemorrhages
• Seizures
• Confusion

Procedure Related

Table 1. Potential Complications of STN DBS

Stimulation Related

Device Related
• Infections
• Lead revisions and replacements
• Extension wire replacements
• IPG replacements

• Dyskinesias/HMB
• Paresthesias
• Muscle contractions
• Dysarthria/dysphonia
• Gait instability
• Abnormal eye movements
• Apraxia eyelid opening
• Depression
• Cognitive impairment
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Lastly, the mechanisms of action of DBS are still a matter of
debate and research. Four putative mechanisms of action have
been theorized to explain the clinical effects of DBS:39 (1) an
alteration of voltage-gated current mechanisms that blocks neu-
ronal output near the stimulating electrode (depolarization
blockade); (2) an activation of axon terminals making inhibito-
ry synaptic connections near the stimulating electrode (synaptic
inhibition); and (3) the output failure of stimulated neurons as
a result of transmitter depletion (synaptic depression). These
first three hypotheses would account for the clinical similarity
of results observed with ablative proce-
dures in the same targets and are sup-
ported by single cell recordings of local
cells in the stimulated nuclei.40

However, these “inhibitory” theories do
not take into account independent axon
activities and cannot explained the find-
ings of increased GPi activation record-
ed after STN stimulation.41 A fourth
theory postulates a stimulation-induced
disruption of a pathological network
activity associated with PD, with
increased neuronal synchronization and
low-frequency oscillations of basal gan-
glia neurons. DBS possibly overrides
low-frequency oscillators with high fre-
quency tonic activity that is more easily
compensated by target areas in the basal
ganglia.39

Ongoing Research
A number of clinical research trials are currently addressing some
of the controversial issues related to DBS for PD. One large trial
coordinated by the Veterans Administration and the National
Institutes of Health is comparing bilateral DBS at the STN and
GPi in a randomized design, which also includes a “best medical
therapy” arm. An additional trial, performed at the University of
Florida in Gainesville, is investigating the effects of STN vs. GPi
DBS in PD to characterize and compare both cognitive and
mood changes; right vs. left STN or GPi stimulation will also be
evaluated in order to better understand how DBS affects non-
motor circuitry. 

The use of DBS in earlier stages of the disease and its poten-
tial neuroprotective role are other important issues currently
being addressed. Two trials, one performed in Europe and one
at Vanderbilt University in the US, are currently assessing the
use of DBS therapy in earlier stages of the disease, before
patients are significantly affected in their social and occupa-
tional functioning. The feasibility of deep brain stimulation
early in the disease course—when there are presumably more

surviving neurons—needs to be established to eventually assess
the potential for neuroprotection and alteration of the natural
course of PD provided by DBS therapy.42 To this regard, a
recent four-year prospective study involving 22 patients found
that disease progression—evaluated by assessing motor symp-
toms off medication and off stimulation for 12 hours—did not
deteriorate as compared with baseline.43

Further studies are currently evaluating new technologies
and new targets of stimulation for movement disorders. A mul-
ticenter study in the US is evaluating the clinical safety and

effectiveness of a new quadripolar stim-
ulating device delivering constant cur-
rent pulses (as opposed to the currently
available constant voltage stimulation)
in patients with advanced PD and ET.
Finally, there has been increasing inter-
est in the pedunculopontine nucleus
(PPN), a loosely populated brainstem
neuronal area that modulates locomotor
activity. PPN dysfunction may play a
key role in the gait and postural impair-
ment seen in PD and other movement
disorders and constitutes a theoretical
target for neuromodulation.44 Two
recent papers have reported that stereo-
tactic approach and stimulation of the
PPN is safe in humans.45,46 Additional
data will be needed to evaluate the role
of this new deep brain stimulation tar-
get in clinical practice.

Other Applications
• Dystonia. Dystonia is a movement disorder characterized by
involuntary muscle contractions that generate twisting and
repetitive movements and abnormal postures, affecting either
few (focal dystonia) or many muscle groups (generalized dysto-
nia). For disabling dystonic disorders that are not adequately
controlled with pharmacological treatments or chemodenerva-
tion (e.g., botulinum toxin), DBS can be extremely effective.
The GPi is generally the stimulation site of choice,8 but a few
studies have explored alternative targets including the thala-
mus47 and the STN.48

A recent prospective, controlled, multicenter study of 22
patients with primary generalized dystonia reported a 55 per-
cent mean improvement after one year of stimulation.49 Other
series have consistently suggested that primary dystonias, and
in particular DYT-1 positive patients, have a better response to
DBS than secondary dystonias.8 Although further studies are
necessary to fully evaluate the full spectrum of dystonic dis-
eases treatable with DBS and its long-term safety and efficacy,
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results obtained so far are extremely promising.
• Tourette’s Syndrome. Tourette’s Syndrome (TS) is charac-

terized by motor and vocal tics associated with obsessive-com-
pulsive behavior and other psychiatric manifestations that can
be extremely disabling and severely affect quality of life. DBS
has been recently attempted in patients with advanced, dis-
abling TS.1,50 Therapeutic targets have included the medial
thalamic nuclei and the GPi.51 Both of these areas seem to have
a good effect on tics and behavioral symptoms in patients with
intractable TS. Despite these initial encouraging studies, DBS
remains a highly experimental procedure for the treatment of
TS and larger controlled studies will be needed to establish its
long-term safety and efficacy. 

Future Developments
A better understanding of DBS mechanisms of action will like-
ly lead to a more accurate selection of therapeutic targets and

improved efficacy, as clinicians will move away from current
generic methods of stimulation based on trial-and-error selec-
tion of the active parameters. In addition, specific electrode
design and alternative deliveries of the electrical pulse (e.g.,
constant current, asymmetric pulses) may bring about param-
eters of stimulation customized to individual patients and spe-
cific neuro-psychiatric disorders. Finally, the development of
new stimulation targets, including the motor and premotor
cortex,52 may further improve the safety and efficacy of thera-
peutic neuromodulation. PN
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