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Disrupting Disordered Neurocircuitry: Treating Refractory Psychiatric
Illness With Neuromodulation

REVIEW

SUSANNAH J. TYE, PHD; MARK A. FRYE, MD; AND KENDALL H. LEE, MD, PHD

Despite the premature and somewhat infamous rise and fall of
psychosurgery in the mid-20th century, the current era of func-
tional neuromodulation proffers immense opportunity for surgical
intervention in treatment-resistant psychiatric disorders. On the
basis of recent successes with novel, focused, less invasive, and
reversible treatment strategies for movement disorders, several
therapeutic trials have been conducted to investigate the effective-
ness of deep brain stimulation (DBS) in treatment-resistant depres-
sion, obsessive-compulsive disorder (OCD), and Tourette syndrome.
The many anatomic targets for these psychiatric disorders are
indicative of both the system-wide effects of DBS and the network-
level dysfunction mediating the emotional and cognitive distur-
bances. To gain insight into the application of neuromodulation
therapies and their further advancement, we must elucidate
neuroanatomic networks involved in refractory psychiatric illness,
the neurophysiological anomalies that contribute to disordered
information processing therein, and the local and system-wide
modulatory effects of DBS. This review discusses the history of
psychosurgical procedures, recent DBS clinical data, current ana-
tomic models of psychopathology, and possible therapeutic mecha-
nisms of action of DBS neuromodulation. Our search criteria for
PubMed included combinations of the following terms: neuromod-
ulation, DBS, depression, OCD, Tourette syndrome, mechanism of
action, and history. Dates were not restricted. As clinical and basic
scientific investigations probe the neuromodulatory effects of DBS
in the treatment of refractory neuropsychiatric illness, our knowl-
edge of these disorders and our potential to treat them are rapidly
expanding. Indeed, this modern era of neuromodulation may pro-
vide the key that unlocks many of the mysteries pertaining to the
biological basis of disordered emotional neurocircuitry.

Mayo Clin Proc. 2009;84(6):522-532

CBF = cerebral blood flow; Cg25 = Brodmann Area 25 in the subgenual
cingulate cortex; CM/Pf = centre médian/parafascicular; DBS = deep
brain stimulation; MRI = magnetic resonance imaging; OCD = obses-
sive-compulsive disorder; PANAS = Positive and Negative Affect Scales;
TS = Tourette syndrome; VC = ventral anterior internal capsule; VS =
ventral striatum

From the Department of Neurologic Surgery (S.J.T., K.H.L.) and Department of
Psychiatry and Psychology (M.A.F.), Mayo Clinic, Rochester, MN.

This work was supported by a National Institutes of Health K08 NS 52232
award and a Mayo Foundation 2008-2010 Research Early Career Develop-
ment Award for Clinician Scientists (K.H.L.) and an American Australian
Association Sir Keith Murdoch Fellowship (S.J.T.).

Individual reprints of this article are not available. Address correspondence to
Kendall H. Lee, MD, PhD, Department of Neurologic Surgery, Mayo Clinic, 200
First St SW, Rochester, MN 55905 (lee.kendall@mayo.edu).

© 2009 Mayo Foundation for Medical Education and Research

The term psychosurgery is rich in emotional valence.
Many negative connotations are conjured up by de-

scriptions of historical experimental neurosurgical proce-
dures for derangements in behavior and thinking. How-
ever, with the success of novel, relatively noninvasive,
more focused, and reversible treatment strategies for move-
ment disorders, such as deep brain stimulation (DBS), the
current era of functional neurosurgery proffers immense
opportunity for surgical treatment of refractory psychiatric
illness. Given its turbulent past, care must be taken in
incorporating psychiatric neuromodulatory intervention
into mainstream medicine; profound medical, ethical, and
spiritual issues should be carefully negotiated by the neuro-

surgeon, psychiatrist, and neurologist, in conjunction with
the patient and patient’s family. With strict ethical guide-
lines, meticulous patient-screening programs, and selec-
tive, image-guided anatomic targeting based on proven
neuropathophysiology, we cautiously stand on the verge of
a modern era of neuropsychiatric neu-
romodulation. Yet it is only with the
highest standards in clinical and scien-
tific endeavor that we can maximize
the potential of neuromodulatory sur-
gery to offer substantial relief from serious treatment-resis-
tant psychiatric conditions and avoid revisiting the devas-
tating mistakes of the past.

THE EARLY DAYS OF PSYCHIATRIC NEUROSURGERY

The mid-20th century witnessed the premature rise and fall
of psychosurgery within mainstream medicine. Today, a
new era of neurosurgical intervention for psychiatric illness
is emerging within the context of modern neuromodulation
technologies that are much more focused and much less
invasive and destructive. The disease burden of treatment-
resistant mental illness for patients, their family, and soci-
ety and the potential to relieve this burden through
neuromodulatory technologies demand that we carefully
and methodically explore these therapeutic options with
the highest degree of scientific rigor. Developing an appre-
ciation of the somewhat tainted history of psychiatric neu-
rosurgery will help to ensure that we avoid repeating past
errors and safeguard future patients and families. In doing
so, we must remain mindful of the important differences
between the medicine of today and that of the early days of
psychosurgery. Psychiatric neurosurgery was introduced in
an era void of psychoactive medications, one in which the
only treatment option available was institutionalization.

For editorial
comment,
see page 493
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The desperate need for alternatives to incarceration and
physical restraint during these times can, in part, explain
the hasty enthusiasm with which psychosurgical interven-
tions were embraced.1

Although psychiatric neurosurgery may have been con-
ducted as early as 5100 BC,2 Gottlieb Burckhardt’s 1891
attempt to placate 6 severely agitated psychiatric patients
by surgically extracting sections of their frontal lobes rep-
resents the first psychosurgery trial of modern medicine.
Although he considered these surgeries relatively success-
ful, further attempts were abandoned under pressure from
colleagues.1,3 Some 44 years later, John Farquhar Fulton
and Carlyle Jacobsen’s research investigating how specific
portions of the cerebral cortex modulate behavioral and
physiological function ignited interest in the potential of
neurosurgery for the treatment of psychiatric conditions.4,5

This research, which showed that bilateral removal of the
frontal lobes profoundly reduced the expression of anxiety
and “frustrational behavior” in chimpanzees, is thought to
have inspired Egas Moniz and Walter Freeman to surgi-
cally treat anxiety states in human patients.1

After attending the 1935 International Neurological
Congress in London, where this primate neurophysiology
work was presented, Moniz enlisted the expertise of Portu-
guese neurosurgeon Almeida Lima to perform the first
frontal leucotomy on a human patient.1 During this surgical
procedure, the fiber tracts from the frontal lobes were
destroyed with an injection of alcohol.6 Shortly thereafter,
in September 1936, Freeman and the neurosurgeon James
Watts started their prefrontal lobotomy program.1 They
used radiographic guidance and skeletal landmarks to lo-
cate the white matter tracts of interest. However, borrowing
from a technique reported in 1937 by Italian psychiatrist
Amarro Fiamberti, Freeman soon streamlined this proce-
dure, introducing the transorbital leucotomy in 1946. This
now infamous technique involved inserting an ice pick
underneath the eyelid through the roof of the orbit and
maneuvering it to sever the white matter fiber tracts; the
key “advantage” touted for this procedure was that  it could
be done almost anywhere.1 The period between 1945 and
1955 saw intense media support for the procedure and for
the work of such figures as Moniz and Freeman, with
approximately 50,000 lobotomies performed in the United
States at this time.6,7 Indeed, the height of social acceptance
came in 1949, when Egas Moniz shared the Nobel Prize for
medicine for his discovery of the therapeutic value of pre-
frontal leucotomies.1 Although this technique fell out of
favor in the late 1950s, Freeman remained a strong propo-
nent of the frontal lobotomy, despite the advent of effective
pharmacotherapies, until his death in 1972.6

Published in the late 1940s, the first long-term follow-up
studies of patients who had undergone lobotomy indicated

that, despite improvements in agitation and disruptive be-
havior, “successfully treated” patients also typically expe-
rienced serious cognitive, affective, and psychomotor
deficits.8,9 More selective targeting procedures were soon
devised to minimize such negative outcomes. William
Beecher Scoville provided an important first step toward
developing minimally invasive strategies for psychiatric
neurosurgery with his introduction of selective cortical
undercutting procedures.10 This concept was advanced by
the introduction to neurosurgery of the stereotactic frame,
which enables the precise localization of anatomic targets
in the brain.1,5 More localized lesioning procedures, includ-
ing the anterior capsulotomy and stereotactic subcaudate
tractotomy, were in turn made possible.1

The US Congress considered a ban on psychosurgery as
part of the National Research Act of 1974. Although the
driving force behind this legislation was the institution of  a
ban on psychosurgery, the investigation by Congress pro-
vided evidence of the efficacy of modern localized
lesioning procedures, such as the cingulotomy and anterior
capsulotomy, and led to the call for further research into
similar treatments.1 Within the current framework of
neuromodulation technologies such as DBS, we are begin-
ning to see a renaissance of neurosurgical intervention for
severe psychiatric disorders.6,11 Although the effects of
high-frequency DBS are functionally equivalent to the cre-
ation of a lesion, DBS has the advantage of being reversible
as well as adjustable.12 Other emerging technologies, in-
cluding transcranial magnetic stimulation, gene therapy,
stem cell transplant, and vagal nerve stimulation, may also
potentially play an important role in the nondestructive
modification of neural pathways.1,7,13,14 This review, how-
ever, focuses on the rapidly evolving use of DBS neurosur-
gical interventions to treat obsessive-compulsive disorder
(OCD), treatment-resistant depression, and Tourette syn-
drome (TS). Our search criteria for PubMed included com-
binations of the following terms:  neuromodulation, DBS,
depression, OCD, TS, mechanism of action, and history.
Dates were not restricted.

DEEP BRAIN STIMULATION

The DBS surgical targets for the treatment of psychiatric
disorders include placement of an electrode in the white
matter adjacent to Brodmann Area 25 in the subgenual
cingulate cortex (Cg25) for depression,15 in the anterior
internal capsule for OCD,16 and in the thalamic centre
médian/parafascicular (CM/Pf) nucleus for TS.17 Although
the actual surgical procedure may vary somewhat from
institution to institution, all combine stereotactic tech-
niques with detailed image guidance. Commonly, a stereo-
tactic head frame is placed on the patient while he or she is
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receiving local anesthesia, and magnetic resonance imag-
ing (MRI) is obtained to identify the anterior commissure,
posterior commissure, and the midcommissural point.
Well-established x, y, and z target coordinates, relative to
the midcommissural point, are used for planning electrode
placement. Commercially available planning software may
be used to determine the target coordinates and entry point
for a safe electrode trajectory that avoids blood vessels and
ventricles.

Once imaging has been completed and a safe electrode
trajectory established, the patient is returned to the operating
room, where, under sterile conditions and while receiving
local anesthesia, surgery commences (Figure 1). Burr holes
are placed in the skull at the predetermined entry point.
Although microelectrode recording is commonly performed
during DBS surgery for movement disorders, the relative
usefulness of obtaining extracellular unit activity for psychi-
atric indications remains to be determined. After placement
of electrodes, test stimulation is conducted using a tempo-
rary external stimulator. The patient remains awake so that
verbal feedback can be obtained to ensure that unwanted
adverse effects do not occur. For example, thalamic stimu-
lation may produce paresthesias, indicating current spread
into the somatosensory thalamus. If such unwanted adverse
effects are noted, the electrode may be moved to another
location. Confirmation of accurate electrode placement is
usually performed first with intraoperative fluoroscopy and
then postoperative MRI or computed tomography (Figure
2). Once the electrode placement is confirmed and trial

stimulation is deemed successful, a pulse generator is
placed in the chest area under the clavicle. Common stimu-
lation parameters used for neuromodulation of psychiatric
illness include frequencies of 65 to 185 Hz, amplitudes of 1
to 8 V, and  pulse widths of 60 to 450 µs.18

CLINICAL INDICATIONS

DEPRESSION

Major depressive disorder is a medical illness with substan-
tial personal morbidity and mortality. In the developed
world, major depression is second only to cardiovascular
disease in premature mortality and time lived with disability;
in persons aged 15 to 44 years, depression is the most
disabling medical illness.19 In the United States, the preva-
lence of major depression, known to be a chronic remitting
and relapsing illness, is approximately 17%, affecting almost
1 in 5 persons.20 Although pharmacotherapy and evidence-
based psychotherapy can effectively treat many patients with
major depression, up to 20% of patients fail to respond to
these first-line therapeutic interventions.21 Currently, no
standardized, clinically applicable definition of treatment-
resistant depression exists; however, it is generally agreed
that the concept emphasizes adequate dosing and duration of
different antidepressant treatments or augmentation inter-
ventions without substantial or sustained benefit.

Depression is unlikely to be a disease of a specific brain
region or to result from a single neurotransmitter deficit.
Instead, as reviewed extensively elsewhere,22-24 the under-

FIGURE 1. Left, Intraoperative photograph during deep brain stimulation (DBS) surgery. The patient is awake with stereotactic head
frame in place, and the DBS electrode lead has been placed by the neurosurgeon. Fluoroscopy machine is lateral to the patient’s head
and helps to confirm that the leads are at target. The neurophysiologist (front) is giving test stimulation with an external hand-held
stimulator to make sure there are no adverse effects. The patient does not feel pain as the brain is without pain receptors. Right, Close-
up photograph of the stereotactic arc, burr hole, and DBS lead in place connected to the external pulse generator via connector wire.



Mayo Clin Proc.     •     June 2009;84(6):522-532     •     www.mayoclinicproceedings.com 525

TREATING REFRACTORY PSYCHIATRIC ILLNESS WITH NEUROMODULATION

For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings.For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings.

lying neurobiology of major depression is thought to be a
“systems-level” or circuitry disorder affecting cortical,
subcortical, and limbic brain regions. Genetic vulnerability,
developmental insult or aberrancy, environmental stressors,
and interactions of the 3 can negatively affect this cortical-
subcortical-limbic network. Early hypothesis-driven re-
search by Mayberg et a115 focused on the Cg25 area. The
subgenual cingulate cortex has critical projections to and
from the VS, nucleus accumbens, and limbic cortical
loop.25 Early studies implicated Cg25 involvement in sad-
ness and antidepressant effects.26,27 In this regard, a decrease
in Cg25 activity has been associated with immediate clinical
response to a number of antidepressant treatments, including
serotonin reuptake inhibitor therapy,28 electroconvulsive
therapy,29 transcranial magnetic stimulation,30 and ablative
surgery.31 Whether longer-term sustained response (ie, pre-
vention of relapse or recurrence) correlates with Cg25 activ-
ity remains to be determined. Against this scientific and
clinical background, early work in the field focused on long-
term DBS of Cg25 to modulate associated gray matter and
downstream targets in treatment-resistant depression.

A 6-month proof-of-concept study was published both as
a preliminary report (6 patients)15 and a final report (20
patients).32 With MRI guidance, DBS electrodes were im-
planted bilaterally in Cg25 white matter. Blind sequential
stimulation of each electrode was conducted to assess for
spontaneous report or behavioral effect. As opposed to an
immediate sense of happiness or euphoria, the consistent
observation with all 6 patients in the preliminary report was a
“disappearance of the void,” “sudden calmness or lightness,”
“connectedness,” and a greater sensory awareness. These
observations were noted for specific DBS electrode contact
points, were reproducible, and were not observed in sham or
subthreshold stimulation. Abrupt behavioral changes were

captured using the Positive and Negative Affect Scales
(PANAS). All patients endorsed dose-dependent adverse
effects of psychomotor slowing and light-headedness at high
settings (>7.0 V), most commonly in the superior (Nos. 3
and 7) electrodes.

During the 5-day postoperative period, before placement
of the pulse generator, variable DBS parameters were tested
daily. Reproducible, specific, abrupt behavioral changes
were again observed along with a reduction in the negative
subcomponents and an increase in the positive subcompo-
nents of PANAS; these changes were not observed during
sham stimulation (0 V or subthreshold) or off periods.
Longer stimulation periods were associated with longer
carry-over of beneficial behavioral effects. A long-term
stimulation phase, involving a 4-week period of parameter
optimization and a 6-month follow-up phase, was thus
trialed.15 At study end point, response was achieved in 4
(67%) of the 6 patients, with 3 patients achieving remission
or near-remission status. The response (60%) and remis-
sion (35%) rates were similar in the final study.32 After 6
months, blind discontinuation of DBS resulted in the return
of depressive symptoms and blind reinstitution of DBS in
the normalization of these symptoms. One interim post hoc
analysis of 15 patients suggested a higher response rate for
patients with treatment-resistant depression (8 of 12 pa-
tients) vs atypical depression (0 of 3 patients).33 Otherwise,
no demographic, clinical, or image-based predictors of re-
sponse were identified. Preliminary analyses have sug-
gested no difference in electrode location within Cg25 in
patients who respond vs those who do not.32

Positron emission tomographic cerebral blood flow
(CBF) studies have shown  that, before DBS, 5 depressed
patients had elevated blood flow to Cg25 and decreased
blood flow to the prefrontal cortex (BA9/46), premotor

FIGURE 2. A, Preoperative magnetic resonance imaging with a surgical plan of a patient with Tourette syndrome, in which the centre
médian/parafascicular thalamic nucleus was targeted (red dots). Coronal (B) and axial (C) postoperative computed tomogram fused with
preoperative magnetic resonance imaging showing Medtronic 3387 lead in the centre médian/parafascicular nucleus of thalamus
(white arrows).

A B C
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(BA6), dorsal anterior cingulate (BA24), and anterior insular
regions compared with age-matched healthy volunteers.
High-frequency DBS of Cg25 induced CBF decreases in
Cg25 blood flow and increases in blood flow to the prefron-
tal cortex, which correlated with substantial improvement in
depression in patients with previous treatment resistance.
The lack of response with sham or subthreshold stimulation,
reversal and re-response of effect with off-on-off-on design,
sustained 6-month improvement, and change in CBF are
compelling, converging scientific observations supporting
the effectiveness of Cg25 DBS for treatment of depression.
A randomized placebo-controlled trial is currently under
way to attempt replication of this proof-of-concept study
(M.A.F., oral communication, St. Jude Medical, 2008).

A second brain region of potential interest for DBS and
depression is the ventral anterior internal capsule/ventral
striatum (VC/VS). This target was chosen on the basis of
previous clinical research reporting a reduction of obsessive-
compulsive and depressive symptoms in treatment-resistant
OCD.34 Recently, Malone et al35 reported a multisite trial of
DBS of the VC/VS in 15 patients with treatment-resistant
depression. Mean follow-up was just under 2 years. Similar
response rates were observed with the Montgomery-Åsberg
or Hamilton Rating Scales for Depression: approximately
50% at 3 months, 45% at 6 months, and 53% at last follow-
up. Remission rates were 27%, 24%, and 37%, respectively.
No neuropsychological deficits were associated with DBS.
Of note, 1 patient with treatment-resistant bipolar I depres-
sion experienced hypomania on 2 occasions that resolved
after modification of stimulation parameters.

As reviewed by Schlaepfer et al,36 the VS (in particular
the accumbens) plays a key role in processing information
related to normal reward or pleasure, pathologic reward (ie,
addiction craving), and anhedonia (pathologic lack of plea-
surable reward). In this third target proof-of-concept study, 3
patients with treatment-resistant depression underwent bilat-
eral implantation of the nucleus accumbens (1 electrode each
in the core and shell regions). Clinical ratings of depression
improved in all 3 patients when the stimulator was on and
worsened when the stimulator was turned off. Significant
inverse correlation was found between increased stimulation
and decreased depression ratings. A case of bilateral DBS of
the accumbens for severe anxiety and secondary depression
has been reported.37 Although mood and anxiety did not
improve, the patient’s alcohol dependence was reduced re-
markably. Preclinical animal studies are now investigating
the potential role of accumbens DBS for use in the treatment
of addiction, and preliminary results are promising.38,39

OBSESSIVE-COMPULSIVE DISORDER

Obsessive-compulsive disorder, which is characterized by
recurring, anxiety-provoking thoughts (obsessions) and re-

petitive behaviors (compulsions), affects approximately
2% to 3% of the general population.40 Severe cases of OCD
that are refractory to medical therapy can be extremely
disabling. On the basis of the successful history of
lesioning procedures for OCD, early DBS targets have
focused on the ventral aspect of the anterior limb of the VC/
VS.16,41-48 The nucleus accumbens is the primary compo-
nent of the VS and lies at the ventral end of the internal
capsule. The positive findings of several clinical trials as-
sessing the efficacy of DBS for patients with OCD led the
US Food and Drug Administration to grant DBS a humani-
tarian device exemption for OCD in 2009.

In the earliest study, bilateral DBS of the ventral aspects
of the anterior limbs of the VC/VS was trialed in 4 patients
with severe OCD.16 Of the 4 patients, 3 were reported to have
received some benefit from stimulation, including a sudden
change in anxiety for 1 patient. In a subsequent trial, DBS of
the anterior limb resulted in substantial clinical improve-
ment, including the return to normal activities, for 2 of 3
patients with OCD 15 to 33 months after surgery.49 A
blinded on-off study paradigm has also been used to assess
the effects of bilateral DBS of the ventral aspects of the
anterior limbs of the VC/VS. In one such study, 2 of 4
patients were reported to have received meaningful relief
from OCD symptoms. The suicide of 1 patient was also
reported.50 In each of these studies, stimulation of the VC/VS
required the use of high-amplitude voltages (5 to 10.5 V) for
therapeutic benefit,51 suggesting that the actual therapeutic
target could be slightly removed from the electrode site.52

Deep brain stimulation of the right nucleus accumbens
(shell region) has also been trialed for refractory OCD and
anxiety.48 In this instance, effective stimulation amplitudes
were lower (2.0 to 6.5 V) than those in the already dis-
cussed VC/VS trials and resulted in near complete recov-
ery, without any reported adverse effects, for 3 of the 4
patients in this study. The follow-up period was 24 to 30
months, with clinical improvements noted as early as a few
days to several weeks after DBS initiation. However, this
improvement was qualitatively observed rather than objec-
tively quantified. Another potential therapeutic target of
interest, particularly for individuals with comorbid move-
ment disorders, is the subthalamic nucleus. Deep brain
stimulation of the subthalamic nucleus is well known to be
effective for treatment of Parkinson disease; however, psy-
chiatric adverse effects have been noted, particularly when
electrodes are positioned in the anterior region.53-60 When
subthalamic nucleus DBS has been used for patients with
comorbid Parkinson disease and OCD, unintentional psy-
chiatric benefits have been observed,61,62 including substan-
tial improvement of OCD symptoms. The efficacy of this
target for OCD is supported by a recent animal study in
which high-frequency stimulation of the anterior subtha-
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lamic nucleus significantly reduced repetitive behaviors in
a primate animal model of OCD and TS.63 In another case
report,64 ventral caudate DBS was used for a patient with
comorbid OCD and major depression. In this instance,
remission of depressive symptoms was observed at 6
months and remission of OCD symptoms at 12 to 15
months after surgery.

Functional imaging data strongly implicate hyperactiv-
ity of the VS, medial thalamus, and orbitofrontal cortex in
OCD pathology. This has been observed during both the
neutral and provoked state and after successful conventional
treatments. The neutral or resting condition is the state dur-
ing which patients with OCD are symptomatic and experi-
ence intrusive obsessive thoughts and compulsive urges. The
provoked state occurs when the patient with OCD is pre-
sented with a stimulus known to exacerbate his or her OCD
profile. The critical role of the VS, medial thalamus, and
orbitofrontal cortex in mediating the pathology of this dis-
ease is highlighted by their increased activity when symp-
toms are exacerbated65-67 and their reduced activity after
successful pharmacological,68 cognitive-behavioral,69 or
neurosurgical70 therapeutic intervention. Imaging tech-
niques have shown that successful DBS treatment of pa-
tients with OCD correlates with lower activity in frontal
cortical areas.71,72 Animal studies have also investigated the
neurophysiological effects of DBS of the accumbens in
rats. Thirty minutes of high-frequency stimulation of this
OCD target effectively inhibited the activity of nearly all
orbitofrontal neurons via mechanisms mediated by γ-
aminobutyric acid (GABA).73 Although further research
must be conducted to better elucidate the system-wide ef-
fects of DBS in OCD, the preliminary work of McCracken
and Grace,73 together with clinical imaging data, indicate
that DBS-mediated modulation of neuronal network activ-
ity, including upstream neurotransmission, is an important
therapeutic mechanism of action.

TOURETTE SYNDROME

Tourette syndrome is characterized by repetitive, stereo-
typed, involuntary movements and vocalizations called
tics. Simple motor tics include eye blinking, facial grimac-
ing, shoulder shrugging, repetitive throat-clearing, sniffing,
and grunting. These are typically sudden, brief, repetitive
movements incorporating a limited number of muscle
groups. Patients may also have complex tics that might
include facial grimacing combined with a head twist and a
shoulder shrug, sniffing, or touching of objects. Vocal tics,
including coprolalia (uttering swear words) or echolalia
(repeating the words or phrases of others), are also rela-
tively common in TS. The early symptoms of TS are almost
always noticed first in childhood, with an average age of
onset of 7 to 10 years.74 The estimated worldwide preva-

lence of TS is 4 to 5 in 10,000.74 Although in most cases the
disorder is self-limited or can be treated by medication or
behavioral therapy, its symptoms can be intractable to any
conservative treatment in a small percentage of patients.75

Thus, since the 1950s, various attempts have been made to
treat such patients through neurosurgical procedures, in-
cluding ablative surgeries and, more recently, DBS.

The ablative neurosurgical target sites are diverse and
include the frontal lobe (prefrontal lobotomy and bimedial
frontal leucotomy), the limbic system (limbic leucotomy
and anterior cingulotomy), the thalamus, and the cerebel-
lum.75-77 Combined ablative approaches have also been
tried, such as anterior cingulotomies plus infrathalamic
lesions. The results have often been unsatisfactory, or ma-
jor adverse effects such as hemiplegia or dystonia have
occurred. Thus, in 1999, DBS was trialed as a new ap-
proach for intractable TS.78

Maciunas et al17 have conducted the only prospective
double-blind crossover trial of DBS; in their study of 5
adults with TS, bilateral thalamic electrodes were im-
planted into the CM/Pf nucleus. In the randomized phase of
the trial, a statistically significant reduction in the modified
Rush Video-Based Tic Rating Scale score was identified
with bilateral stimulation. Improvement was noted in mo-
tor and sonic tic counts on the Yale Global Tic Severity
Scale, TS Symptom List scores, and quality of life indices.
Further, the benefit was persistent after 3 months of open
stimulator programming. From these results, the authors
concluded that bilateral thalamic DBS reduces tic fre-
quency and severity in some patients with TS who have
exhausted other available means of treatment.17

In another study, 18 patients with TS underwent DBS
placed bilaterally in the CM/Pf nucleus and ventralis oralis
complex of the thalamus.77 Patients were evaluated
postsurgery, with formal assessments at least every 3 months
thereafter, including “on-off” and “sham-off” in the first 9
patients. All patients responded well to DBS, although to
differing degrees; the duration of follow-up assessments
ranged from 3 to 18 months. Comorbid symptoms of OCD,
self-injurious behaviors, anxiety, and premonitory sensa-
tions decreased after treatment with DBS. These authors
concluded that the CM/Pf nucleus and ventralis oralis com-
plex of the thalamus may be a good DBS target for TS.77

The globus pallidus may be another effective DBS target
for TS. Diederich et al79 reported on a 14-month follow-up
study of a patient with intractable TS who underwent bilat-
eral DBS of the internal globus pallidus. They found that tic
frequency decreased by 73% in the postoperative phase and
that vocal tics became less intense.79 In support of this,
Ackermans et al76 have described the effects of bilateral
pallidal stimulation in a patient with intractable TS. They
implanted DBS electrodes in the posteroventral part of the
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globus pallidus internus and found that DBS resulted in
substantial reduction of tics and compulsions. Furthermore,
DBS of the nucleus accumbens and VC/VS has also been
shown to improve TS.80 Taken together, these data suggest
that there may be multiple DBS targets for patients with TS
and that the pathophysiology of TS involves distributed
neural networks that may be modified by DBS.

NEURONAL NETWORKS

The many anatomic targets for treatment-resistant psychiat-
ric disorders currently being trialed with DBS are indicative
of both the system-wide effects of DBS and the network-
level dysfunction mediating the emotional and cognitive
disturbances.15,52,81-84 Elucidating the neuroanatomic net-
works involved in treatment-resistant psychiatric illness, the
neurophysiological anomalies that contribute to disordered
information processing therein, and the local and system-
wide modulatory effects of DBS is critical for gaining in-

sight into how to apply and further develop neuromodulation
therapies. Current anatomic models of psychopathology fo-
cus on the neural networks of the basal ganglia, thalamus,
frontal cortex, and subcortical structures.

Thalamocortical loops are considered a key anatomic
substrate for the expression of any behavior, and thus dys-
function of information processing therein is likely to under-
lie, at least in part, the pathophysiology of depression, OCD,
and TS.81 Thalamocortical loops convey information from
specific regions of the cerebral cortex to localized targets
within the thalamus and on to the basal ganglia, including the
striatum and globus pallidum. The basal ganglia, in turn, is
critically implicated in filtering information flow from corti-
cal and limbic regions to modulate the expression of atten-
tion, motivated behaviors, and motor function.85-87 Dysfunc-
tion of information flow through the limbic components of
the cortico-striatal-pallido-thalamocortical loops can result
in disordered behavioral and emotional processing. This
system is thus rich in anatomic targets for the surgical modu-
lation of severe neuropsychiatric conditions. In fact, DBS
targets for treatment of movement disorders, including
Parkinson disease, tremor, and dystonia, also lie within this
circuitry, and neuropsychiatric adverse effects have been
noted when stimulation encroaches on limbic processes.53-55

The most pertinent aspects of the cortico-striatal-pallido-
thalamocortical loops for psychiatric illness include the pre-
frontal and orbitofrontal cortices and the mesolimbic system
(Figure 3).51,88,89

Dysregulation of information flow within and across
these networks appears to contribute to psychopathology.
The ability of DBS of the nucleus accumbens to mediate
each of the 3 aforementioned psychiatric disorders may
relate to its role as an interface for limbic and cortical pro-
cessing within the cortico-striatal-pallido-thalamocortical
loop.86 Indeed, the accumbens can be viewed as a “motiva-
tion gateway,” linking emotional limbic and cortical infor-
mation systems with subsequent motor control systems. The
mechanisms by which DBS at least partly reverses this
dysfunction remain to be determined; however, several lines
of evidence indicate that high-frequency stimulation can
affect multiple brain regions to mediate information transfer
throughout this interconnected network.

MECHANISM OF ACTION OF DBS

The extracellular stimulation paradigm of the high-fre-
quency stimulation used in DBS consists of short pulses (60-
450 µs) regularly applied at a frequency of 65 to 185 Hz.18,90

Although the clinical efficacy of DBS has been established,
the biological mechanisms of action remain to be elucidated.
Three primary explanations have been proposed for the bio-
logical mechanisms of DBS: (1) it silences stimulated neu-

Thalamus

Prefrontal   
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  frontal   
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FIGURE 3. Neuronal networks implicated in psychiatric illness. The
prefrontal cortex, orbital frontal cortex, nucleus accumbens (NAc),
and thalamus receive dopaminergic inputs from the ventral tegmental
area (VTA) and substantia nigra (SN) regions of the midbrain. Recipro-
cal excitatory glutamatergic pathways connect the thalamus to the
prefrontal and orbital frontal cortices. The prefrontal cortex, orbital
frontal cortex, and thalamus project glutamatergic inputs to the NAc,
which in turn activates inhibitory output neurons for γ-aminobutyric
acid (GABA) that project to components of the basal ganglia, including
the globus pallidum (GP) and VTA/SN, as well as to the thalamus. The
subthalamic nucleus (STN) provides excitatory glutamatergic inputs
to the VTA and SN. Connections also exist between Brodmann Area
25 in the subgenual cingulate cortex (Cg25), the NAc, and prefrontal
and orbital frontal cortices; however, the neurotransmitter(s) involved
remain to be confirmed. Blue = dopamine; green = glutamate; orange =
GABA; yellow = unknown.
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rons, (2) it modulates neuronal network activity and neu-
rotransmission, and (3) it induces long-term synaptic
changes (plasticity).52,90 The first explanation is based on the
observation that, functionally, DBS induces a similar thera-
peutic effect to that of a lesion of the stimulated area. Evi-
dence for the second hypothesis has been provided by animal
and imaging studies showing that DBS-evoked activity
propagates throughout the associated neuronal network to
modulate neuronal activity and neurotransmitter efflux in
distal nuclei. The third has been inferred from the delayed
time course of therapeutic effects of stimulation. Clarifica-
tion of these potential biological mechanisms of action is
imperative to help maximize the therapeutic efficacy of DBS
and minimize unwanted adverse effects.

The 3-dimensional electrical field generated by DBS is a
complex phenomenon.91 Neurons surrounding the electrode
are subject to both depolarizing (activating) and hyperpolar-
izing (inhibiting) effects, depending on their position relative
to the electrode and the specific stimulation parameters ap-
plied.92,93 The local effects of stimulation on neuronal activ-
ity, in turn, affect the flow of information throughout the
network.94-97 As illustrated in Figure 4, the types of neurons
affected by DBS include local cells (cells with cell bodies

located close to the electrode), afferent inputs (neurons that
project axon terminals to the site of stimulation and synapse
with local cells), and fibers of passage (cells that project
axons through, or nearby, the site of stimulation).52 Local
glial cells can also be affected by DBS, although the physi-
ological effect of electrical stimulation on these cell types is
only beginning to be considered. How DBS affects each of
these cell types to ultimately contribute to the overall thera-
peutic benefits experienced by the patient still remains to be
determined, and much basic and clinical research is now
being directed toward this end.

Our current understanding of the network-wide actions of
DBS in neuropsychiatric conditions is particularly limited.
The delayed time course of therapeutic effects of stimulation
indicates that sudden disruption of pathological network
activity may provide only a minor component of the thera-
peutic mechanism of action.52 Although some therapeutic
benefit is observed shortly after treatment, a substantial
proportion of symptom improvement occurs only after
months of long-term stimulation.15,34,98 The cumulative na-
ture of this process suggests that therapeutic benefits may
result from underlying long-term changes (plasticity) occur-
ring within the neuronal network.52 This is supported by
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FIGURE 4. Possible therapeutic mechanisms of action of deep brain stimulation. High-
frequency stimulation is thought to inhibit local cell body activity and possibly stimulate
orthodromic action potentials, antidromically activate afferent neuronal inputs, and stimulate
neurons passing near the electrode. Local glial cell activity may also be modulated. Modula-
tion of neurochemical efflux, including neurotransmitters, neuropeptides, and retrograde
messengers, may occur both locally and distally. In addition to these short-term changes, long-
term adaptations likely occur, including the formation of new synapses and/or regulation of
receptor expression.
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observations that metabolic changes observed with DBS
therapy linger after long-term stimulation ceases, with a
concordant progressive worsening of symptoms occurring
after DBS.15,72 It has thus been hypothesized that DBS for
neuropsychiatric disease has both short- and long-term com-
ponents resulting from complementary but distinct mecha-
nisms of action. That is, sudden symptom reprieve results
from the immediate disruption of pathologic activity in
cortico-striatal-pallido-thalamocortical circuitry, whereas
enduring improvements occur only after long-term changes
in synaptic effectiveness and/or connectivity have had time
to take effect.52 Thus, the normalization of abnormal (hyper/
hypo) metabolic changes may result from activity-dependent
mechanisms that work together to mediate neuronal plastic-
ity (including formation of new synapses, growth of new
connections, and up- or down-regulation of information flow
at the synapse). Over time, this may ultimately result in
global changes in neuronal network processes that mediate
the enduring therapeutic effects of DBS.52

CONCLUSION

The effective use of high-frequency DBS for treatment of
various neurologic diseases is now well established, and its
therapeutic scope is extending into the realm of neuropsy-
chiatric conditions. Indeed, the disease burden of refractory
mental illness for patients, their families, and society and
the potential for neuromodulation technologies to relieve
this burden require that we evaluate these therapeutic op-
tions with the highest degree of scientific rigor. Coupled
with ongoing advances in DBS technologies is a budding
field of scientific endeavor that continues to advance our
understanding of psychiatric neurobiology. As we stand at
the threshold of this evolving field, it is imperative that those
who provide patient care stay at the very forefront of clinical
and scientific progress in psychiatric neuromodulation thera-
pies, with a clear appreciation of the strengths and limita-
tions inherent in this technology.

We thank Stephan Goerss, BS,  and Deborah Gorman, BSN,  for
their assistance with figure preparation.
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