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Deep Brain Stimulation in Neurological

and Psychiatric Disorders

Volker A. Coenen, Florian Amtage, Jens Volkmann, Thomas E. Schigpfer

SUMMARY

Background: Deep brain stimulation (DBS) is the chronic electrical stimulation
of selected target sites in the brain through stereotactically implanted
electrodes. More than 150 000 patients around the world have been treated to
date with DBS for medically intractable conditions. The indications for DBS
include movement disorders, epilepsy, and some types of mental illness.

Methods: This review is based on relevant publications retrieved by a selective
search in PubMed and the Cochrane Library, and on the current guidelines of
the German Neurological Society (Deutsche Gesellschaft fiir Neurologie, DGN).

Results: DBS is usually performed to treat neurological diseases, most often
movement disorders and, in particular, Parkinson’s disease. Multiple
randomized controlled trials (RCTs) have shown that DBS improves tremor,
dyskinesia, and quality of life in patients with Parkinson’s disease by 25% to
50%, depending on the rating scales used. DBS for tremor usually involves
stimulation in the cerebello-thalamo-cortical regulatory loop. In an RCT of DBS
for the treatment of primary generalized dystonia, the patients who underwent
DBS experienced a 39.3% improvement of dystonia, compared to only 4.9% in
the control group. Two multicenter trials of DBS for depression were terminated
early because of a lack of efficacy.

Conclusion: DBS is an established treatment for various neurological and
psychiatric diseases. It has been incorporated in the DGN guidelines and is now
considered a standard treatment for advanced Parkinson’s disease. The safety
and efficacy of DBS can be expected to improve with the application of new
technical developments in electrode geometry and new imaging techniques.
Controlled trials would be helpful so that DBS could be extended to further
indications, particularly psychiatric ones.
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he earliest clinical application of chronic deep

brain stimulation, as far as can be determined
from the literature, was for the treatment of chronic
pain in the 1970s. Deep brain stimulation (DBS)
consists of the application of low-intensity electric
impulses, typically at or near a frequency of 130 Hz,
to strategic sites in the brain through permanently
implanted electrodes. These impulses are thought to
transiently activate nearby axons; the distant effects
of stimulation depend on the function of the particu-
lar neurons stimulated, i.e., whether they are in-
hibitory or excitatory. Altered oscillation of network
structures (e.g., altered beta-oscillation in Parkin-
son’s disease) leads to an improvement in the
manifestations of disease.

DBS is a purely symptomatic treatment that must
be administered continuously and is therefore
usually kept on 24 hours a day. In general, DBS is
delivered in square-wave impulses of amplitude 1-5
V (or 0.5-10 mA) and duration 30-450 pus, with the
precise values being determined by the indication
and by clinically guided optimization in the individ-
ual patient. Intelligent (closed-loop) systems for
DBS are under development but not yet available.
DBS can be delivered in either a constant-voltage or
a constant-current mode. The electrodes are im-
planted in target sites deep in the brain in a stereotac-
tic operation that is usually performed under local
anesthesia with, at most, light sedation. They are
connected, by way of extension cables running down
the subcutaneous tissue of the neck, to an impulse
generator, also called an “internal neural stimulator”
or “brain pacemaker,” that is subcutaneously im-
planted in the pectoral or abdominal area. Impulse
generator implantation, the second and last part of
the DBS operation, is performed under general anes-
thesia. (The battery inside the impulse generator is
depleted in 35 years, at which time the impulse gen-
erator must be replaced in a short procedure under
local anesthesia; impulse generators with externally
rechargeable batteries are also available.) Once the
entire system is in place, the physician can readjust
the stimulation parameters telemetrically with a
transcutaneous programming device (Figure 1).
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Figure 1: In deep brain stimulation (DBS), low-intensity electrical impulses at or near a fre-
quency of 130 Hz are applied through stereotactically implanted electrodes to strategically
chosen target sites in the brain. INS, internal neural stimulator (diagram by Volker A. Coenen)

Movement disorders

Parkinson’s disease

Deep brain stimulation (DBS) has been an
established treatment for Parkinson’s disease for
many years (1, 2). Because of the good evidence
available from clinical studies, including six ran-
domized controlled trials (RCTs) (3—8), DBS is rec-
ommended for the treatment of Parkinson’s disease
in the guidelines of the German [ eurological So-
ciety (Deutsche Gesellschaft fiir I eurologie, DGI )
(Table). Recent trials have shown that DBS is effec-
tive not only for patients in the advanced phase of
the disease, but also for younger patients in its inter-
mediate phase, to whom it provides a comparable
improvement in quality of life (7, 9).

Various brain structures can be used as targets for
deep brain stimulation for the symptomatic treatment
of Parkinson’s disease. In Europe, the subthalamic
nucleus (STI ) is the usual target for high-frequency
stimulation, as STI stimulation has been shown to
improve quality of life (with an increase of about
25% in the Parkinson's Disease Questionnaire
[PDQ]-39 score) and to consistently ameliorate park-
insonian rigidity, hypokinesia, and, in most cases,
tremor (with an increase of 41% to 50% in the Uni-
fied Parkinson Disease Rating Scale [UPDRS]

Motor Score) (3, 7). Moreover, STI stimulation en-
ables a reduction of the dose of antiparkinsonian
medication, with resulting improvement in drug-in-
duced dyskinesia (54% improvement on a dyskinesia
scale) and other drug side effects including halluci-
nations and impulse-control disorder (3, 10).

Outside Europe, the internal segment of the glo-
bus pallidus (GPi) is targeted as often as the STI in
DBS for Parkinson’s disease. GPi stimulation com-
bats dyskinesia even more effectively than STI
stimulation does (89% vs. 62% in a comparative
trial) (11), while relieving tremor to a comparable
extent (12).

Pallidal stimulation, unlike subthalamic stimu-
lation, generally does not enable a substantial reduc-
tion of the dose of dopaminergic medication (4, 6).

Comparative trials of pallidal versus subthalamic
stimulation have revealed similar short-term benefits
with respect to the cardinal manifestations of Parkin-
son’s disease, i.e., rigidity, tremor, and hypokinesia
(4, 5), with a trend toward better improvement of
akinesia under subthalamic stimulation. A lessening
of the effect of pallidal stimulation over time has
been seen in open long-term trials and has been ef-
fectively treated by conversion to subthalamic stimu-
lation (13). These findings imply that the STI is the
target of first choice, particularly for younger pa-
tients (7). A third potential DBS target is the nucleus
ventralis intermedius of the thalamus (Vim), or the
dentato-rubro-thalamic tract with which it is associ-
ated (14, 15), for patients whose main or only clini-
cally significant parkinsonian manifestation is
tremor (Figure 2).

The EarlyStim trial addressed the issue of the op-
timal timing of DBS in the treatment of Parkinson’s
disease (7). Patients treated in previous trials (3, 4, 6,
16) had generally been over age 60 and had suffered
from the disease for 11-13 years before treatment.
The EarlyStim trial showed that younger patients
(mean age, 52.5 years) with an average duration of
illness of 7.5 years also benefit from STI -DBS, in
comparison to best medical treatment. In this trial,
STI -DBS brought about improvements in:

® Quality of life (26% improvement on a quality

of life questionnaire with STI -DBS, vs. —1%
with best medical treatment)

® Activities of daily living (30% vs. —12%)

® Motor manifestations (54% vs. 4% improve-

ment of the UPDRS motor score)

® The duration of dyskinesia (20% vs. 2%).

The non-motor effects and side effects of STI
stimulation are gradually being documented. STI
stimulation has beneficial effects on urge inconti-
nence (17), the duration and quality of sleep (18, 19),
pain (20), and constipation (21). On the other hand,
it can also cause adverse neuropsychiatric effects
(cognitive changes [22, 23], depression, hypomania,
apathy [8]) and weight gain.

The neuropsychiatric side effects of DBS arise
through complex mechanisms, involving not only
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Figure 2: DBS of the dentato-rubro-thalamic tract (DRT, yellow and orange) for tremor (14,
15). Diffusion-tensor magnetic resonance imaging enables the selection of a target structure
for the treatment of tremor that cannot be directly visualized by any other technique.

(Image: Volker A. Coenen)

the underlying disease and the therapeutic stimu-
lation per se, but also long-term sensitization due to
the preceding years of dopaminergic substitution
therapy, the trauma of electrode implantation, the re-
duction of medication enabled by DBS, and difficul-
ties of emotional adaptation after life-altering
surgery (24). Severe adverse effects were no more
common in the surgical arm than in the non-surgical
arm of the EarlyStim trial (123 vs. 128 events, re-
spectively), probably because of improved patient
selection with appropriate inclusion and exclusion
criteria, and because the patients in both arms were
treated by a multidisciplinary team that included
psychologists and psychiatrists. Stimulation-induced
motor side effects are a function of the particular
target stimulated; the most common one is dysarthria
(STI >> GPi > Vim), followed by dyskinesia (STI )
and, rarely, lid apraxia (STI ), which manifests itself
as involuntary closure of the eyelids.

The improvement of the manifestations of Parkin-
son’s disease by deep brain stimulation in the sub-
thalamic nucleus has been shown to persist without
deterioration over follow-up intervals of five to ten
years (25-27).

Tremor

The earliest publication on DBS for the treatment of
movement disorders, which appeared in 1987 (1),
concerned the suppression of tremor with high-
frequency stimulation in the nucleus ventralis inter-
medius of the thalamus (Vim). The clinical varieties
of tremor include resting tremor, postural tremor,
and action or intention tremor (28). All types of
tremor are thought to be due to abnormal oscillatory
activity in the cerebello-thalamo-cortical regulatory
loop. DBS can now effectively control tremor due to
any of several different underlying diseases, includ-
ing parkinsonian tremor, essential tremor, and
cerebellar tremor in multiple sclerosis. There have
not been any large-scale, randomized, controlled
trials comparing DBS with sham stimulation or best
medical treatment for tremor. A trial comparing DBS
with thalamotomy for tremor revealed better func-
tional improvement with DBS (4.9 vs. 0.5 points on
the Frenchay Activities Index) (29). Case reports
indicate that DBS can also effectively treat post-
traumatic (Holmes) tremor (30, 31), orthostatic
tremor (32, 33), and neuropathic tremor (34). The
efficacy of DBS for tremor depends mainly on the
correct positioning of the stimulating electrode for
modulation of the cerebello-thalamo-cortical loop,
rather than on the underlying etiology (14, 35, 36).

The most common indication for DBS used
specifically against tremor is certainly essential
tremor, a disease with an overall prevalence of about
2.2% [37]. This heterogeneous tremor disorder,
which can markedly impair patients’ everyday
quality of life through a combination of postural, ac-
tion, and intention tremor, has been found to respond
to Vim-DBS for periods of ten years and more
(38—40). The success of DBS is, however, often lim-
ited by the development of tolerance, necessitating
an enlargement of the volume of tissue activated (39,
el). Tolerance to stimulation may be less likely to
develop if, instead of the Vim, the caudal portion of
the zona incerta (e2, e3) or the dentato-rubro-
thalamic tract (14) is taken as the stereotactic target.
In the years to come, stereotactic surgery for tremor
will probably more often be directed at these sub-
thalamic structures, rather than the Vim. Com-
parative trials would be desirable but have not yet
been performed.

DBS for cerebellar postural and intention tremor
in multiple sclerosis is an off-label treatment whose
indication must be decided upon on a case-to-case
basis (e4). DBS does not improve cerebellar ataxia
or other disabling motor manifestations of multiple
sclerosis that often coexist with tremor.

Dystonia

Dystonia has been treated effectively with deep brain
stimulation in the internal segment of the globus pal-
lidus since the late 1990s. Initial trials conducted on
individual patients with primary generalized dysto-
nia (e5, e6) yielded promising results; these were

Deutsches Arzteblatt International | Dtsch Arztebl Int 2015; 112: 519-26



a) Conventional DBS electrode

b) Segmented DBS electrode (array)
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Figure 3:

Different varieties of DBS electrode
(DBS, deep brain stimulation):

a) Ring-shaped stimulation, i.e., a con-

then confirmed in a randomized controlled trial (e7)
that included both a DBS group and a sham-
stimulation group (20 patients each; mean improve-
ment of 39.3% vs. 4.9% on the Burke-Fahn-Marsden
Dystonia Rating Scale). After five years of follow-
up, these patients experienced further improvement
of their dystonia (mean, 57.8%, compared to pre-
operative scores) (e8). A particularly good response
to DBS is seen in patients with autosomal dominant,
early-onset, primary generalized dystonia due to a
DYTI] mutation on chromosome 9q34, as long as
DBS is performed early in the course of disease (€9).
The evidence supporting DBS for primary cervical
dystonia consisted, until recently, only of several
non-sham-controlled trials that showed a beneficial
effect (e10, ell). The first-ever sham-controlled trial
has now been published (e12); it confirms the earlier
findings (39.4% vs. 16.6% improvement on the
Toronto Western Spasmodic Torticollis Rating Scale
[TWSTRS]). Long-term follow-up is not yet
available.

It is not yet clear whether the subthalamic nucleus
might be a useful alternative target for DBS in dysto-
nia without the bradykinetic side effects that have
been described for GPi stimulation (el3). A pilot
study has shown a comparable degree of improve-
ment of dystonia with STI stimulation (ca. 63% im-
provement in TWSTRS) (e3), but there have not yet
been any direct comparative trials of the two targets
for the treatment of primary dystonia.

DBS is less effective against secondary types of
dystonia (except tardive dyskinesia) than against pri-
mary dystonia. Case series are available on DBS for
the treatment of two types of secondary neurodegen-
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erative dystonia: pantothenate-kinase associated
neurodegeneration (PKAI , a degenerative disorder
involving iron deposition in the brain, formerly
known as Hallervorden-Spatz disease) and
dyskinetic childhood cerebral palsy (el4, el5). The
benefit of DBS was variable and, on average, weak.
On the other hand, a collection of published cases of
DBS for dyskinesia due to neuroleptic use (tardive
dyskinesia) revealed consistent, marked improve-
ment (el16). A randomized, sham-controlled trial of
DBS for tardive dyskinesia is now in progress in
Germany.

Epilepsy

Deep brain stimulation in the anterior nucleus of the
thalamus (AI T) for the treatment of epilepsy was ap-
proved for use in Europe (CE certified) in 2010 (e17).
Further experimental techniques include centro-
median and cerebellar stimulation. In the United
States, Al T-DBS may currently be performed only in
the setting of a clinical trial. Al T-DBS is a treatment
option for patients with medically intractable epi-
lepsy that is not amenable to resective surgery (el8);
it is indicated in the treatment of epilepsy of focal
onset with secondary generalization (el17, e19). Until
the introduction of Al T-DBS, secondarily general-
ized epilepsy of focal onset that was not amenable to
resection could only be treated with vagus nerve
stimulation (e20). In the Al T-DBS approval study
(the SAI TE study), two types of adverse effect arose
much more often in the stimulated group than in the
control group: depression (14.8% vs. 1.8%) and
subjective memory impairment (13% vs. 1.8%). A
systematic Cochrane analysis yielded insufficient

=~ centric electric field, generated with an
electrode of the conventional type.
b) An electrode with segmented contacts
- \ and laterally directed electric fields (array
i/ . electrode). This technique carries the
= A ' : Asymmetncal promise of enabling more precisely
qu B ——r el"?cmc targeted stimulation of brain tissue
= [N ) o | field (Graphic by Volker A. Coenen)
v ! =
2 A Segmented
2 I Gt electrode contacts
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evidence from randomized controlled trials (RCTs)
on cortical or deep brain stimulation to support the
efficacy of centromedian (thalamic) or hippocampal
DBS, or of cerebellar stimulation, for the treatment of
epilepsy. In particular, the patients in the RCTs were
not followed up long enough to demonstrate lasting
efficacy (e21).

Mental iliness

Obsessive-compulsive disorder

In a case report of a patient with obsessive-
compulsive disorder (OCD) and comorbid depress-
ion, DBS in the nucleus accumbens and the caudate
nucleus led to a remission (e22). In a case series of
14 patients with OCD, unilateral nucleus accumbens
stimulation had a beneficial effect (e23). In other
studies, stimulation of the ventral capsule/ventral
striatum led to clinical improvement in 50% of
patients; the side effects included transient hypo-
mania and increased anxiety, which could be elimin-
ated by changing the stimulation parameters (e23,
e24). DBS for OCD has received CE certification
and is thus permitted for use in the European Union.
CE certification is largely based on safety, rather
than efficacy. I otably, the German Association for
Psychiatry, Psychotherapy and Psychosomatics (Deut-
sche Gesellschaft fiir Psychiatrie und Psycho-
therapie, Psychosomatik und Nervenheilkunde), in
its pertinent S3 guideline, has stated that DBS “can”
(rather than “should”) be used to treat OCD. Weak
recommendations of this type are meant as an en-
dorsement of the treatment in question only for
severe, otherwise intractable cases, and for study in
clinical trials. DBS is certainly not a standard treat-
ment for OCD.

Further psychiatric indications
DBS has been used experimentally to treat several
other types of mental illness, including depression,
substance abuse, dementia, eating disorders, Gilles de
la Tourette syndrome, and schizophrenia. We will
briefly discuss DBS for the treatment of depression.
The target structures used to date in DBS for de-
pression include the subgenual portion of the cingu-
late gyrus (Cg25) (e25), the ventral capsule/ventral
striatum (VC/VS) (e26), the nucleus accumbens
(I Acc) (e27), and the medial forebrain bundle
(sIMFB) (e28). Uncontrolled trials of DBS for
refractory depression have yielded long-term clinical
improvement in 50-60% of the roughly 100 patients
treated in this way around the world (e29). Long-
term follow-up of DBS in the Cg25 and I Acc re-
vealed stable antidepressant effects (e30), in the
sense that patients who responded to the treatment
early on continued to be responders. These good
results could not be replicated in multicenter trials.
Two such trials of DBS for depression, using Cg25
and VC/VS as targets (respectively), were termi-
nated early because of a lack of therapeutic benefit.
The latter trial has been published (e31). The failure

of these multicenter trials makes it difficult to justify
the consumption of further resources for clinical
trials of DBS for depression.

New technologies

Current steering

All DBS systems to date have used conventional
ring-shaped electrodes to generate concentric (i.e.,
circularly symmetrical) electric fields for the high-
frequency stimulation of brain tissue (Figure 3a).
Longitudinal variation of the electric field to
optimize the therapeutic effect is commercially
available and is now being clinically tested.
Recently, segmented, rather than ring-shaped,
electrodes have been developed to enable three-
dimensional shaping of the electric field, so that a
more precisely selected region of brain tissue can be
stimulated (Figure 3b). The goal of such methods is
to make DBS more effective by broadening its thera-
peutic window, i.e., by enlarging the variety of
parameter settings that can bring about a beneficial
therapeutic effect without side effects (32, e33).

New imaging methods
In magnetic resonance (MR) tractography, mathemat-
ical analysis of imaging data exploits the anisotropy
of brain tissue to trace the fiber pathways of the brain
noninvasively. The target region and its functional
surroundings can be visualized as they lie anatomi-
cally in the individual patient (15, e34). Electric field
simulation (EFS) (e34, e35) lets the physician pre-
operatively determine the optimal site of electrode
implantation so that a therapeutic benefit with mini-
mal side effects can be obtained. When applied
separately or in combination, these techniques yield
multiple advantages for the patient:

® Guidance by the patient’s individual brain

anatomy (which is variable from one patient to
another), resulting in

® A shorter duration of intraoperative testing and

® Increased safety of the stereotactic procedure.

These techniques have been used to plan DBS in-
terventions for the treatment of pain (e36) and
tremor (14, 15) and can also be used to identify new
DBS target sites (€28, e34). Their clinical benefit has
not yet been confirmed in controlled trials.

Overview

Deep brain stimulation is now used in specialized
centers to treat diseases that are refractory to medical
treatment, or for which other treatment methods have
failed. It has been approved in Europe for the treat-
ment of movement disorders (Parkinson’s disease,
tremor, dystonia), medically intractable epilepsy, and
obsessive-compulsive disorder. In view of the estab-
lished clinical efficacy of DBS and its endorsement in
published guidelines, especially for the treatment of
movement disorders, the underutilization of this
technique by general practitioners and specialists
(particularly those in private practice) is surprising.
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Interdisciplinary teams are now investigating new
modes of treatment for mental illness. Many diseases
are becoming amenable to treatment with DBS; the
new technologies described above are likely to
expand the spectrum of indications for DBS and to
increase the consistency of its therapeutic benefit.

The success of DBS depends largely on a well-
functioning interdisciplinary team. Meticulous patient
selection is important, as is the continued interdisci-
plinary treatment of patients with implanted systems
over the long term, i.e., potentially for many years.
The long-term treatment of these patients can now
only be provided in a few specialized centers and will,
in the future, generate high political and economic de-
mands on the health-care system. As the number of
patients with implanted DBS systems steadily grows,
the outpatient sector must be prepared to meet the
challenge, financially and otherwise. There is also a
need for appropriate training of the physicians who
will care for these patients over the long term, in order
to raise their competence and self-confidence in
providing treatments whose complexity is constantly
increasing.

® Deep brain stimulation (DBS) is an established treat-
ment for some neurological diseases.

® DBS s a standard treatment of advanced Parkinson’s
disease.

® The safety and efficacy of DBS are steadily improving
through ongoing technical refinement.

® DBS has been used to treat epilepsy and various men-
tal illnesses including dementia, depression, obsessive-
compulsive disorder, substance abuse, and anorexia.

® There is, as yet, insufficient evidence from controlled
clinical trials to support the efficacy of DBS for psy-
chiatric indications.
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