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revisão

Introduction
The rapid development of psychopharmacology during the

last half century has revolutionized standard methods for treat-
ing clinical psychiatric disorders. Now, most psychiatric dis-
orders are treated with medications or some form of psycho-
therapy, or both. Although these methods are useful for many
psychiatric patients, they are not effective in all cases, and are
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New knowledge about the specific brain regions involved in neuropsychiatric disorders is rapidly evolving due
to recent advances in functional neuroimaging techniques. The ability to stimulate the brain in awake alert
adults without neurosurgery is a real advance that neuroscientists have long dreamed for. Several novel and
minimally invasive techniques to stimulate the brain have recently developed. Among these newer somatic
interventions, transcranial magnetic stimulation (TMS), vagus nerve stimulation (VNS) and deep brain stimula-
tion (DBS) show promise as therapeutic tools in the treatment of neuropsychiatric disorders. This article re-
views the history, methodology, and the future of these minimally invasive brain stimulation (MIBS) techniques
and their emerging research and therapeutic applications in psychiatry

Minimally invasive brain stimulation (MIBS). Transcranial magnetic stimulation (TMS). Vagus nerve stimula-
tion (VNS). Deep brain stimulation (DBS)

O conhecimento acerca de regiões específicas do cérebro envolvidas em transtornos psiquiátricos está em fran-
ca expansão como resultado dos avanços recentes em técnicas de neuroimagem funcional. A capacidade de
estimular o cérebro em adultos despertos em estado de alerta, sem necessidade de neurocirurgia, é um avanço
real sonhado havia muito pelos neurocientistas. Recentemente, desenvolveram-se várias novas técnicas mini-
mamente invasivas para estimular o cérebro. Entre essas novas intervenções somáticas, a estimulação transcra-
niana magnética (ETM), a estimulação do nervo vago (ENV) e a estimulação cerebral profunda (ECP) revelam-
se promissoras ferramentas terapêuticas no tratamento de transtornos neuropsiquiátricos. Neste artigo se faz
uma revisão da história, da metodologia e das perspectivas futuras das técnicas minimamente invasivas de
estimulação cerebral (ECMI) e das pesquisas e aplicações terapêuticas em psiquiatria

Estimulação cerebral minimamente invasiva (ECMI). Estimulação transcraniana magnética (ETM). Estimula-
ção do nervo vago (ENV). Estimulação cerebral profunda (ECP).

associated with various side effects. Thus there is a clear need
for new and safe therapies to treat psychiatric illnesses. Addi-
tionally, if psychiatric illnesses derive from faulty chemical
transmission in certain brain regions or circuits, then taking a
medication by mouth is a highly inefficient method for deliv-
ering needed compounds to these regions. Although some so-
matic treatments such as insulin coma therapy, electroconvul-
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Figure 1 - Application of transcranial magnetic stimulation (TMS): Xingbao
Li, M.D. applies the figure-eight electromagnetic coil over Jeong-Ho Chae,
M.D.’s left prefrontal cortex.

reduces immobility in the Porsolt swim test.7 Some research-
ers have found significant alteration of monoamines and their
receptors in the brain cortex after TMS similar to those follow-
ing electroconvulsive therapy (ECT).8 Some data suggest that
TMS may be able to alter brain function through synaptic
changes that are potentially long-lasting.9 Additionally, sev-
eral studies have shown that TMS produces region-specific
changes in TSH and cortisol.10,11 Thus TMS produces neuroen-
docrinological changes that may explain some of its behav-
ioral effects. Brain imaging studies have repeatedly documented
widespread changes in brain metabolism during TMS. Although
conventional TMS can directly activate only cortical neurons,
it clearly affects cells at some distance from the stimulation
site. Studies combining TMS with other neurophysiological
and neuroimaging techniques such as electroencephalography
(EEG), positron emission tomography (PET), single photon
emission computed tomography (SPECT), and functional MRI
(fMRI),12 are helping to elucidate how TMS achieves its ef-
fects. The National Institute of Mental Health intramural group
has performed a series of TMS studies using PET. Initial stud-
ies over motor or prefrontal cortex demonstrated both local
and secondary effects of TMS. Their findings suggested that
TMS over motor cortex at 1 Hz showed increased local blood
flow, whereas TMS over prefrontal cortex at 1 Hz reduced lo-
cal blood flow.13 The authors’ group at Medical University of
South Carolina (MUSC) has demonstrated that TMS has both
local and remote effects in a study using SPECT.14 This group
also pioneered and perfected the technique of interleaving TMS
with blood oxygen level dependent (BOLD) fMRI, allowing
for direct imaging of TMS effects with high spatial (1-2 mm)
and temporal (2-3 secs) resolution.15 Very recently, the group
found that prefrontal TMS at 80% motor threshold (MT) pro-
duces much less local and remote blood flow changes than does
120% MT TMS.12 This combinational technique offers great
promise as a neuroscience tool, both to understand the effects
of TMS on the brain and to test theories about the relationship
between brain activity and behavior.

sive therapy (ECT) and prefrontal leucotomy have been used
in treating some psychiatric conditions, their high risks, lim-
ited therapeutic efficacy and side effects have limited their clini-
cal utility in most areas.1

It is believed that successful treatment in some psychiatric
disorders is achieved by modifying neuronal activity at a sys-
tems or circuit level. Thus clinical and research neuroscien-
tists long have been interested in the development of methods
for stimulating the brain directly without great risk. The ability
to excite or inhibit local areas of the brain has raised the possi-
bility of whether these techniques might be novel therapeutic
tools in the field of psychiatry.2 With this background, several
novel and minimally invasive techniques to stimulate the brain
have recently emerged. These new somatic interventions are
transcranial magnetic stimulation (TMS), vagus nerve stimu-
lation (VNS) and deep brain stimulation (DBS). Additionally,
as functional imaging methods reveal the relevant circuitry in-
volved in several psychiatric diseases, these techniques offer
hope for translating these research findings into novel treat-
ments and for better understanding the pathophysiology of psy-
chiatric disorders.

Here we briefly review of the methodology of these mini-
mally invasive brain stimulation (MIBS) techniques (TMS,
VNS, and DBS) and their emerging research and therapeutic
applications in psychiatry.

Transcranial magnetic stimulation (TMS)

History and procedure
TMS uses a powerful hand-held magnet to create a time-vary-

ing magnetic field where a localized pulsed magnetic field over
the surface of the head depolarizes underlying superficial neu-
rons.3 High-intensity current is rapidly turned on and off in the
electromagnetic coil through the discharge of capacitors. TMS,
producing powerful but brief magnetic fields that induce electri-
cal currents in the brain, radically differs from the currently popu-
lar use of low-level static magnetic fields as alternative thera-
pies. If TMS pulses are delivered repetitively and rhythmically,
it is called repetitive TMS (rTMS) (Figure 1).

As early as the late 19th century, D’Arsonval might have
been the first to apply something that resembles the modern
TMS to the brain.4 Pollacsek and Beer in 1902 filed a patent
for applying electromagnetic fields to the head to treat depres-
sion and neurosis.5 However, the first modern TMS device was
developed by Anthony Barker in 1985.6 The field has devel-
oped rapidly since then with many researchers using TMS in a
variety of research and clinical applications.

Mechanisms
Although TMS is able to influence many brain functions,

including movement, visual perception, memory, attention,
speech, and mood, full knowledge of the neurobiological cas-
cade of events triggered by TMS at different settings remains
unclear. Several animal studies have been important in guiding
and stimulating the understanding of the modes of action of
TMS. TMS enhances apomorphine-induced stereotypy and
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Basic applications
One of the popular initial uses of TMS was to map the motor

cortex, because the effects of the stimulation could easily be
measured by electromyography (EMG) of the motor-evoked
potential (MEP) in peripheral muscles.16 TMS has also been
widely utilized to measure connectivity and excitability of the
cerebral cortex with various measures, such as the motor thresh-
old, MEP input-output curve, MEP map, silent period, and paired-
pulse.17 Since even earlier researchers were aware that TMS could
cause suppression of visual perception, speech arrest, and
paresthesias, TMS has been used to map specific brain func-
tions in areas other than motor cortex. Several groups have ap-
plied TMS to the study of visual information processing, lan-
guage production, memory, attention, reaction time, and even
more subtle brain functions, such as mood and emotion.18 This
ability to stimulate non-invasively and safely the brain of an
awake alert individual is an important new neuroscience advance.

Clinical applications
Although the potential utility of TMS as a treatment tool in

various neuropsychiatric disorders is rapidly increasing, its use
in depression is the most extensively studied clinical application
to date. Three initial uncontrolled studies using single pulse TMS
applied over the vertex suggested potential antidepressant ef-
fects.19-21 Armed with the preliminary data of TMS’ ability in
healthy adults to influence mood and stimulate peripheral TSH,
which was specific to prefrontal regions, in 1994, George and
Wassermann hypothesized that intermittent stimulation of im-
portant prefrontal cortical brain regions might also cause down-
stream changes in neuronal function that would result in an anti-
depressant response.22 In an initial open study it was reported
that left prefrontal rTMS might be effective in the treatment of
depression.23 In the following years, there have been many open
trials of prefrontal rTMS to treat depression suggesting signifi-
cant antidepressant effect of TMS.24 In another form of work,
add-on TMS therapy to standard antidepressants was more ef-
fective than the pharmacotherapy alone.25 Similarities between
the effect and mechanism of ECT and TMS have provoked stud-
ies directly comparing the effects of these two modalities in de-
pression. Although ECT was a more potent treatment in patients
with psychotic depression, the effects of rTMS were similar to
those of ECT in non-psychotic patients.26 Pridmore and col-
leagues have recently reported a more interesting study where
they compared the antidepressant effects of standard ECT (3
times/week), and one ECT/week followed by TMS on the other
four weekdays.27 At three weeks they found that both regimens
produced similar antidepressant effects. Unfortunately, detailed
neuropsychological testing was not performed but one would
assume that the TMS and ECT group had less cognitive side
effects than the pure ECT group.28

For any new technology that is proposed as therapeutic tool,
double blind studies are crucial. Pascual-Leone et al.29 per-
formed a double-blind, placebo-controlled multiple cross-over
study and reported that rTMS (10 Hz) over the left dorsolateral
prefrontal cortex resulted in a significant decrease in depres-
sive symptoms in medication-resistant psychotically depressed

patients. They used stimulation at other sites (right prefrontal,
occipital, etc.) as their control conditions, which had no anti-
depressant effects. This study was influential in that it showed
large antidepressant effects at one week in a difficult-to-treat
group, and the effects were only seen with left prefrontal stimu-
lation. Unfortunately none of the key findings from this study
have been replicated, despite good attempts (efficacy at one
week, efficacy in psychotic depression, specificity of left pre-
frontal cortex). In the first US placebo-controlled study, George
et al.30 found that left prefrontal rTMS (20 Hz) had an antide-
pressant effect that was statistically superior to sham (placebo)
stimulation, but the total effect was not clinically significant
(only a few point reduction in the overall scores of Hamilton
Rating Scale for Depression). This George et al.’s 1997 cross-
over study30 (stimulating at only 80% of motor threshold due
to limitations at that time imposed by the US Food and Drug
Administration) had a markedly smaller clinical effect at 2
weeks than the Pascual-Leone study29 found at just one week.
Following these forerunning studies, over twelve controlled
clinical trials have suggested that daily r TMS over the pre-
frontal cortex for at least two weeks has significant antidepres-
sant effects.31 However it is uncertain and even unlikely that
the parameters used in these and current studies are maximally
optimal. These include frequency, intensity, pulse duration, and
stimulation site of TMS. In the largest published double-blind
study to date, Klein et al.32 found evidence for the efficacy of
slow (1 Hz) rTMS on the right prefrontal area in patients with
recurrent major depression.

The most recent published study from the MUSC group con-
firms that daily slower (5Hz) or faster (20 Hz) left prefrontal TMS
for 2 weeks significantly reduced depressive symptoms greater
than did sham.33 There was no significant difference in response
rates between the two groups who received active treatment.

A small study34 by Loo and colleagues is one of the very few
negative TMS trials to date, where they found no difference in
antidepressant efficacy between active left prefrontal TMS and
sham. In this study there was a high placebo response rate,
perhaps due, as the authors speculate, to the type of sham coil
used. They suggested that their coil position did not meet the
criteria for an ideal sham, which would produce negligible cor-
tical stimulation in conjunction with a scalp sensation akin to
real treatment.35 It is also interesting that some of the highest
TMS placebo response rates are in outpatient studies,34 with
lower placebo response rates in inpatient studies.30,31 Although
this may be due to differences in treatment resistance with out-
patients being less resistant than inpatients, it may also have to
do with the way TMS trials are conducted. For example, in
current TMS studies even those receiving sham treatment are
seen daily by a researcher. For some depressed patients this
may represent a substantial change from pre-study baseline in
their daily activity level and degree of interaction with people.
In TMS inpatient studies, the additional 20 minutes of treat-
ment per day does not add much to the daily routine.

In summary, TMS is a promising tool in the treatment of
depression. Much work remains in order to understand the op-
timum dosing strategy for the antidepressant effect of TMS. It
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is unlikely that the initial combinations of intensity, frequency,
coil shape, scalp location, number of stimuli or dosing strategy
(daily, twice daily), are optimum or even close to maximum
efficacy. Improved knowledge both of the brain circuitry in-
volved in depression, and of the neurobiological effects of TMS
will help to guide more effective forms of TMS. For example,
it appears that more stimuli, of higher intensity, carry a more
powerful antidepressant effect.36  Further investigations using
clinical trials, brain imaging and animal models are needed to
find the best antidepressant stimulation parameters. Importantly
as well, it will be necessary to examine ways to sustain the
therapeutic benefits of TMS and to identify the optimum tech-
niques and indications for its application.

Several psychiatric antidepressant medications or treatments
are also effective antimanic agents – e.g. anticonvulsants, and
ECT. One recent clinical trial found that right prefrontal TMS
is antimanic compared to left prefrontal TMS.37 However this
result is too preliminary to draw any definite conclusions.

A pilot report that compulsive urges decreased after right
lateral prefrontal rTMS has shown the potential usefulness of
TMS as a probe of cortico-striato-pallido-thalamic circuits and
pathophysiological processes potentially involved in the symp-
toms of obsessive compulsive disorder.38 In addition, many
researchers worldwide are currently conducting studies on TMS
in subjects with schizophrenia, Parkinson’s disease, Tourette’s
syndrome, epilepsy, and some anxiety disorders. The observa-
tions of reducing negative symptoms39 and auditory hallucina-
tion40 in schizophrenia are particularly intriguing.

Safety issues
Although there is minimal risk of a seizure when TMS is

performed within the published safety guidelines, the most criti-
cal safety concern with TMS may be inadvertently causing a
seizure.41 In contrast to single pulse TMS, where seizures have
not been reported in healthy persons, to date at least eight sei-
zures have been triggered by rTMS (none in the past four years).
A muscle tension type headache and discomfort at the site of
stimulation are less serious but relatively common side effects
of TMS. In contrast to ECT, no deleterious cognitive effects of
2 weeks of slow or fast rTMS were found.28 Like magnetic
resonance imaging (MRI), TMS could cause the movement of
paramagnetic objects. For this reason, subjects with paramag-
netic metal objects in the head or eye are generally excluded
from TMS studies. TMS can cause heating of metallic implants,
and the inactivation of pacemaker, medication pumps, or co-
chlear devices.41 Although in the U.S. rTMS is an experimen-
tal procedure that requires an investigational device exemp-
tion (IDE) from the FDA, substantial experience to date sug-
gests that at least in the short term TMS at moderate intensity
has no clear lasting adverse effects in adults.42 This is supported
by a recent report where MRI scans were qualitatively and
quantitatively assessed for structural change after two weeks
of daily TMS.43 This small study suggests that TMS at usual
intensities and frequencies does not cause observable struc-
tural changes over these short time intervals. A recent study
using EEG also did not find any enduring EEG changes during

TMS session.44 However, in the clinical setting where poten-
tially therapeutic effects may involve neural reorganization and
chronic exposure is required, there is a small theoretical possi-
bility of lasting side effects at subconvulsive dose.42

Future of TMS
Although it is too early at this point to tell whether TMS has

long lasting therapeutic effects, this tool has clearly opened up
new possibilities for clinical exploration and treatment of vari-
ous psychiatric conditions. Many parameters, such as inten-
sity, location, frequency, pulse width, intertrain interval, coil
type, duration, numbers of sessions, interval between sessions,
and time of day remain to be systematically explored. It will
perhaps always be easier to see a clinician occasionally and
take medication rather than daily traveling to a treatment facil-
ity for TMS. Thus the ultimate clinical role in treating psychi-
atric disorders may be in medication refractory cases, or in
patients who are unable to tolerate systemic therapy due to preg-
nancy or a medical condition. Further work understanding nor-
mal mental phenomena, and how TMS affects these areas, ap-
pears to be crucial for advancement. A critically important area
that will ultimately guide clinical parameters is to combine TMS
with functional imaging to directly monitor TMS effects on
the brain. Since it appears that TMS at different frequencies
has divergent effects on brain activity, TMS with functional
brain imaging will be helpful to better delineate not only the
behavioral neuropsychology of various psychiatric syndromes,
but also some of the pathophysiologic circuits in the brain.
Regardless of its clinical role as a new therapeutic technique,
the capacity of TMS as a research tool to focally alter brain
activity should lead to important advances in the understand-
ing of brain-behavior relationships.

Vagus nerve stimulation (VNS)

History
For many years scientists have been interested in whether and

how stimulation of cranial nerves might produce changes in
higher cortex. In the late 1930s, Bailey and Bremer reported that
stimulation of the vagus nerve in cats elicited synchronized ac-
tivity in the cortex of the orbital gyrus.45 In 1949, MacLean and
Pribram found that inconsistent slow waves were generated from
the lateral frontal cortex in monkeys by vagus stimulation.46 Dell
and Olson47 stimulated the vagus nerve in cats and recorded a
slow wave response in the anterior rhinal sulcus and amygdala.
Dr. Zabara at Temple University found that VNS in the neck
could quiet the muscle contraction in the abdomen that produces
vomiting, that is, convulsive contraction. Later this idea pro-
gressed into the question of whether recurrent vagus stimulation
might also ameliorate epilepsy. In 1985, Zabara demonstrated
the anticonvulsant action of VNS on experimental seizures in
dogs.48 From these important observations and ideas have come
patents, a procedure (NeuroCybernetic Prosthesis: NCP® sys-
tem), a company (Cyberonics, Inc.), and, judging by the 2000
meeting of American Epilepsy Society (more than 50 VNS-re-
lated abstracts), an expanding amount of research.
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Procedure and mode of action
Although the general term of VNS refers to several different

techniques used to stimulate the vagus nerve, for practically
all studies in humans, VNSTM refers to stimulation of the left
cervical vagus nerve using a commercially available device
manufactured by Cyberonics, called the NCP® System. This
technique has been available for treatment of refractory partial
onset seizures in Europe since June 1994 and in the U.S. since
July 1997. Now VNS is FDA approved for the treatment of
epilepsy and more than 11,000 people worldwide have these
generators implanted. VNS is delivered through an implant-
able, multiprogrammable, bipolar pulse generator called the
NCP Pulse Generator (the size of a pocket watch) that is im-
planted in the left chest wall to deliver electrical signals to the
left vagus nerve through a bipolar lead (Figure 2). This bipolar
lead is wrapped around the left vagus nerve near the carotid
artery through a separate incision at surgery and is connected
to the generator. The NCP® Programming Wand and Software
— along with a portable computer — provides telemetric com-
munication with the pulse generator, which enables noninvasive
programming, functional assessments, and data retrieval (Figure
3). The vagus nerve (cranial nerve X) has been generally con-
sidered as a parasympathetic efferent nerve. However, actu-
ally the vagus is a mixed nerve composed of about 80% affer-
ent sensory fibers carrying information to the brain from the
head, neck, thorax and abdomen.49 These sensory afferent va-
gus fibers relay information to the nucleus tractus solitarius
(NTS) and then to many areas of the brain.45-47 The NTS relays
incoming sensory information to higher brain regions through
at least three main pathways: 1) an autonomic feedback loop,
2) direct projections to the reticular formation in the medulla,
and 3) ascending projections to the forebrain including the hy-
pothalamus, and several thalamic regions which control the
insula, orbitofrontal and prefrontal cortex largely through the
parabrachial nucleus (PB) and the locus ceruleus (LC). The
PB/LC has direct connections to the amygdala and the bed
nucleus of the stria terminalis, very important structures in the
regulation of mood.50

Although the exact mechanisms by which VNS exerts its
antiepileptic effect is not fully understood, these important brain
stem and limbic neuroanatomic connections are considered the
sites of therapeutic effects of this procedure. For example, lesioning
the LC in rat models of epilepsy totally blocks the anticonvulsant
effects of VNS51 – implying that the anticonvulsant VNS infor-
mation must be going through the LC. The oncogene c-fos studies
in rats during VNS revealed increased activity in the amygdala,
cingulate gyrus, locus ceruleus, and hypothalamus.52

A recent study showed that increased γ-aminobutyric acid
(GABA) or decreased glutamate in the NTS blocked seizures,53

suggesting VNS causes direct changes to GABA and glutamate
in NTS, with secondary changes in the function of specific
limbic structures.

Studies using functional brain imaging are also important in
elucidating the mode of action of VNS. Several SPECT stud-
ies in patients with epilepsy showed that VNS was associated
with relatively decreased activity in thalamic regions.54

These results support the hypothesis that VNS may exert an
antiepileptic action by modulating thalamic activity, which then
modulates cortex through thalamocortical connections. An ear-
lier study using PET showed VNS causes activation of several
brain areas including contralateral thalamus.55 Thalamus involve-
ment has also been found in PET studies of VNS effects in epi-
lepsy patients performed by Henry and colleagues at Emory
University. They suggested that VNS acutely increases synaptic
activity in structures directly innervated by central vagus struc-
tures and areas that process left-sided somatosensory informa-
tion, but VNS also acutely alters synaptic activity in multiple
limbic system structures bilaterally.56 They also reported that
increased thalamic cerebral blood flow (CBF) during acute VNS
correlated with decreases in seizures over time.57 In a recent study
using PET to compare acute and chronic VNS, this group dem-
onstrated that acute VNS caused increased synaptic activity in
several sites, including autonomic regions (dorsal-central-ros-
tral medulla, hypothalamus), reticular activating system (thala-
mus), and limbic cortex (inferior frontal cortex, anterior insu-

Figure 2 - Demonstration of NeuroCybernetic Prothesis System: comparison
with the size of an adult hand.

Figure 3 - Application of Vagus Nerve Stimulation: The NCP® Programming
Wand and a portable computer provide telemetric communication with the
pulse generator, which enables noninvasive programming, functional
assessments, and data retrieval.
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lar).58 Over time there was also observed a progressive decreased
VNS induced activity in several limbic sites (amygdala, hippoc-
ampus, cingulate gyrus). Many cortical activations and deacti-
vations were less prominent than during the acute VNS PET
study, suggesting that the brain undergoes substantial changes
over the course of treatment with VNS. The neuroimaging stud-
ies of VNS effects in epilepsy patients have differed in many
important ways, including differences in subjects, the time from
VNS implantation, co-morbid medications, and differences in
the time and spatial resolution between SPECT, PET and fMRI.

Recently the MUSC group has succeeded in performing
BOLD fMRI studies in depressed patients implanted with VNS
generators, and these results show that VNS activates many
anterior paralimbic regions.59 Combining VNS with functional
imaging offers the promise of better understanding the neuro-
biology of VNS as a function of the device settings. It may
also be used to individually dose VNS patients.

Uses in epilepsy
Initially, VNS has been used as an alternative treatment for

patients with refractory epilepsy who are unsuitable for epi-
lepsy surgery. However, it is increasingly being used in less
severely ill patients. In the past decade, several studies have
reported its efficacy and safety in both the short term and longer
term follow-up.60-63

In clinical studies in epilepsy, the efferent peripheral effects
of VNS to the left vagus nerve have been minimal, without
significant gastrointestinal or cardiac side effects. The NCP®

System includes mechanical and electrical safety features that
minimize the possibility of high-frequency stimulation, which
could lead to tissue damage. In addition, each patient is given a
magnet that, when held over the pulse generator, turns off stimu-
lation. When the magnet is removed, normal programmed
stimulation resumes.

Uses in psychiatric fields
It is not surprising that direct stimulation of the cranial nerves,

which might have observable central effects, would draw the
interest of biological psychiatrists.

The idea of afferent vagus connections to many of the brain
regions implicated in neuropsychiatric disorders has invited
theoretical considerations for potential research and clinical
applications of VNS in psychiatry. In addition to the
neuroanatomic reasoning above, data from several other do-
mains provided the background and rationale for the first VNS
implant for treating depression performed in July 1998 at MUSC
in Charleston. These hints were: 1) mood effects of VNS ob-
served in epilepsy patients; 2) the role of anticonvulsants
(carbamazepine, valproic acid, and lamotrigine) and/or ECT
(also an anticonvulsant) in treating mood disorders; 3) evidence
by brain imaging studies that VNS affects the metabolism of
limbic structures relevant to mood regulation; and 4) neuro-
chemical studies indicating VNS effects on brain monoamines.64

An initial pilot open study of VNS in 30 adult outpatients
with severe, nonpsychotic, treatment-resistant major depres-
sive episode reported a 40% response rate after 8 weeks of

VNS therapy, using ≥ 50% reduction in baseline Hamilton De-
pression Rating Scale (HDRS) 28-point total score to define
response (12/30 responders).65 In this medication resistant
group, there was a 17% complete remission rate (exit HDRS28
≤ 10), suggesting efficacy of this technique in depression. This
study has been extended for longer-term follow-up, and after 6
months of treatment, 17/30 (57%) of the treatment-resistant
patients met criteria for response.66 Although some adverse
events, such as infection, leg pain, agitation, panic, irritability,
and dysphoria have occurred, all but one subject has elected to
keep the device implanted, suggesting good tolerability. A re-
cent additional open study extending this cohort to 60 subjects
(30 new added to the initial 30) found similar but slightly less
efficacy.67 In the 60 subject sample, the response rates were
30.5% for the primary HDRS-28 measure, 34.0% for the Mont-
gomery-Äsberg Depression Rating Scale, and 37.3% for the
Clinical Global Impression-Improvement score (CGI-I of 1 or
2). An additional analysis found that VNS appeared to be most
effective in patients with low-to-moderate, but not extreme,
antidepressant treatment resistance. To overcome the limits of
these studies such as the open design, a multi-site randomized,
sham control study is underway.

This potential success of VNS in treating depression has en-
couraged the possibility of other therapeutic uses. Several theo-
ries of the anxiety disorders speculate either a faulty interpre-
tation of, or erratic availability of, peripheral information into
the CNS. One might suggest that altering the flow of this in-
formation using VNS could have therapeutic potential in the
treatment of anxiety disorders.

Similarly, the vagus contains information about hunger and
satiety, as well as pain fibers, and potential studies are also
theoretically justified in the areas of treatment resistant obe-
sity, addictions or pain syndromes. Moreover, the NTS sends
fibers into the dorsal raphe and areas that are known to control
levels of alertness. Thus, VNS might be considered as a poten-
tial treatment for some sleep or alertness disorders, such as
coma or narcolepsy. In this arena, a study in 10 epilepsy pa-
tients found that high intensity, high frequency stimulation re-
duced total time in REM sleep, and REM sleep was less frag-
mented.68 Anecdotal reports have suggested a “brightening”
effect (i.e., improved alertness) in persons with epilepsy after
receiving VNS. This observation raises the question of whether
VNS may affect alertness. Malow and colleagues69 reported
the effects of VNS on wakefulness, as measured by the mean
sleep latency test, in 6 adults with epilepsy. They found that
patients who received VNS with lower levels of current (0.75-
1.0 mA) had longer sleep latencies after 3 months of therapy
than at baseline, but those who had received higher currents
had even longer sleep latencies. This small study suggests that
VNS may modulate wakefulness in a dose dependent manner.

A recent study70 by Clark and colleagues hints at the poten-
tial for VNS to be used to investigate brain circuits involved in
memory, learning and alertness. These researchers examined
word-recognition memory in 10 patients enrolled in a clinical
study of VNS for epilepsy. Vagus stimulation administered af-
ter learning, during memory consolidation, caused intensity-
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dependent enhancement of word-recognition relative to sham
stimulation. Other work by these authors and others has shown
that vagotomy attenuates the memory enhancing properties of
amphetamine, suggesting that these substances modulate emo-
tional memory through messages about autonomic states to the
brain through the vagus nerve.

Therefore, due to the known neuroanatomy of vagus con-
nections into the brain, there is reason to hope that VNS might
have other therapeutic applications, as well as advance under-
standing about the pathophysiology of these disorders.

Future of VNS
Better understanding of the brain effects of VNS might make

it a more powerful intervention, especially if it will be found
ways of VNS less invasive than the current method. It is also
possible, and even likely, that different VNS settings (intensity,
frequency, duty cycle) have different regional effects. This would
imply that finding the VNS settings that maximally affect spe-
cific brain regions would be an effective way to dose and guide
clinical trials of VNS in different neuropsychiatric conditions.

Deep brain stimulation (DBS)

Technique
The most anatomically discrete, and most invasive method of

stimulating deep brain structures is called Deep Brain Stimula-
tion (DBS). In this procedure, a thin electrode about the width of
a human hair is inserted directly into the brain. Then different
currents are applied at varying depths until the desired effects
are found. Recently, DBS at different targets within the basal
ganglia has become an appealing therapeutic alternative in late
stage Parkinson’s disease. High frequency (> 80Hz) electrical
stimulation of the middle thalamus or subthalamic nucleus has
been found effective in this chronic neurological disorder.71 In
contrast to stereotaxic surgery, i.e. pallidotomy or thalamotomy,
the advantages of DBS are its reversibility, the individual ad-
justment of the stimulation parameters and the reduction of side
effects and morbidity. Stimulation can be performed at high fre-
quencies(> 50 Hz), which are thought to create a transient func-
tional lesion and inhibit a brain region from normal participa-
tion in brain activity. Alternatively, low frequency stimulation
may intermittently activate a region. Thus, high frequency DBS
effects on emotions and tremor are likely the result of a “func-
tional ablation”, or the switching off and inhibition of on-going
neuronal activity, although this is not well understood.72-74

Possible uses in psychiatry
Although DBS has not been used to treat depression, mood

effects of DBS have been reported. In one patient with
Parkinson disease (PD) who had never suffered from depres-
sion in her life, the testing of the stimulation caused the acute
onset of tearfulness, sadness and despair. These symptoms
remitted immediately when the surgeon moved the stimula-
tor away from the substantia nigra, directly below the sub-
thalamic nucleus (STN).73 Transient acute depression was
evoked 5 s after 130 Hz DBS of the left substantia nigra, and

ceased 90 s after DBS was stopped.73 In another report, Kumar
and colleagues74 found that uni- or bilateral DBS of STN in 2
subjects resulted in involuntary laughter, and triggered imagi-
native associations, and feelings of well-being, which lasted
for several minutes until the stimulation intensity was low-
ered, or it was discontinued. This emotional reaction was ac-
companied with improvement of parkinsonian symptoms and
led the authors to conclude that “the STN is part of a neu-
ronal network that may influence the emotional state and cause
laughter – or depression.” A study in patients receiving STN-
DBS, showed movement-related increased rCBF in the supple-
mentary motor area, the cingulate cortex and the dorsolateral
prefrontal cortex.75 Early studies during diagnostic DBS prior
to neurosurgical ablations have also demonstrated emotional
reactions. Much of this work involved stimulation of the thala-
mus. For example, microstimulation of the nucleus ventro-
caudalis (somatosensory) was accompanied with a strong af-
fective component of visceral pain similar to that which was
previously observed in a patient during a panic attack.76 Weep-
ing, anxiety and depression were reported to be elicited dur-
ing neurosurgery in unanesthetized PD patients with 32 Hz
stimulation for several seconds of ventral anterior, ventro-
oralis anterior and other thalamic nuclei as well as from
pallidum, septum and hypothalamus.77 Different emotional
reactions have occurred while stimulating the nucleus ventro-
lateralis with a floating electrode.78 Summarizing the effects
of diagnostic and therapeutic DBS via long term implanted
electrodes in a large sample of PD patients, Smirnov79 indi-
cated that positive emotional states occurred after stimula-
tion of the centrum medianum area of the thalamus. Interest-
ingly, high frequency (ablative) DBS as well as stereotaxic
destruction of the anterior thalamic nuclei resulted in relief
from intractable agitated depression.80 And finally, the thala-
mus was one of the brain structures where Heath and col-
leagues recorded EEG correlates of pleasure during orgasm.
The MUSC group has an ongoing project funded by the Na-
tional Institutes of Health that builds on these observations
by using interleaved DBS/fMRI to define the neuronal net-
work associated with the STN and mood effects, and then to
determine if stimulation of this network has therapeutic po-
tential in treating depression in PD.

Future of DBS
Pioneering work studying mood effects in PD or obsessive-com-

pulsive disease patients implanted with DBS devices is needed
before one could have the neuroanatomical knowledge needed to
use DBS in primary mood disorders. Because of its invasiveness,
DBS would likely only be used for those patients who have failed
less invasive techniques, including other minimally invasive brain
stimulation techniques such as TMS and/or VNS.

Conclusion
The ability to non-invasively stimulate the brain in an awake

alert individual is a real advance that neuroscientists have long
dreamed for. The new techniques described in this overview
that allow for the direct stimulation of brain regions with mini-
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mal invasiveness are promising tools to investigate regional
brain activity and to treat various psychiatric diseases.

Further research is necessary to firmly establish the efficacy
and safety of these tools. As functional imaging tools reveal
the relevant circuitry involved in several psychiatric diseases,
TMS, VNS and DBS offer hope for translating these research
findings into novel treatments.

Regardless of their clinical roles as new therapeutic tech-
niques, the capacity of these novel procedures as research tools

to focally alter brain activity should lead to important advances
in the understanding of brain-behavior relationships.

Acknowledgements
Some of the studies discussed in this review were partially

funded by grants from, or research collaborations with Dupont
Pharma, Cyberonics, Medtronic, The National Alliance for
Research on Schizophrenia and Depression (NARSAD), the
Stanley Foundation, and NINDS RO1 NS40956-01.

References
1. Braslow J. Insights: where biopsychiatry came from: a short history of

somatic therapies from 1900 to the 1950s. Harv Ment Health Lett
1999;16:5-7.

2. George MS, Nahas Z, Lomarev M, Bohning DE, Kellner C. How
knowledge of regional brain dysfunction in depression will enable new
somatic treatments in the next millennium. CNS spectrum 1999;4:53-61.

3. George MS, Lisanby SH, Sackeim HA. Transcranial magnetic
stimulation; application in neuropsychiatry. Arch Gen Psychiatry
1999;56:300-11.

4. D’Arsonval A. Dispositifs pour la mesure des courants alternatifs de toutes
frequencies. CR Societe Biologique (Paris) 1896;May 2:450-1.

5. Beer B. Über das Auftretten einer objectiven Lichtempfindung in
magnetischen Felde. Klinische Wochenzeitschrift 1902;15:108-9.

6. Barker AT, Jalinous R, Freeston IL. Non-invasive magnetic stimulation of
the human motor cortex. Lancet 1985;1:1106-7.

7. Fleischmann A, Steppel J, Leon A, Belmaker RH. The effect of transcranial
magnetic stimulation compared with electroconvulsive shock on rat
apomorphine-induced stereotypy in rat. Euro Neuropsychopharmacol
1994;4:449-50.

8. Belmaker RH, Einat H, Levkovitz Y, Segal M, Grisaru N. TMS effects in
animal models of depression and mania: implications of hippocampal
electrophysiology. In: George MS, Belmaker RH, editors. Transcranial
Magnetic Stimulation in Neuropsychiatry. Washington (DC): American
Psychiatric Press; 2000. p. 99-114.

9. Weiss SR, Li XL, Rosen JB, Li H, Heynen T, Post RM. Quenching:
inhibition of development and expression of amygdala kindled seizures
with low frequency stimulation. Neuroreport 1995;6:2171-6.

10. George MS, Wassermann EM, Williams WA, Steppel J, Pascual-Leon A,
Basser P, et al. Changes in mood and hormone levels after rapid-rate
transcranial magnetic stimulation (rTMS) of the prefrontal cortex. J
Neuropsychiatry Clin Neurosci 1996;8:172-80.

11. Szuba MP, O’Reardon JP, Evans DL. Physiological effects of
electroconvulsive therapy and transcranial magnetic stimulation in major
depression. Depression Anxiety 2000;12:170-7.

12. Nahas Z, Lomarev M, Roberts DR, Shastri A, Lorberbaum JP, Vincent DJ
et al. Left prefrontal transcranial magnetic stimulation produces intensity
dependent bilateral effects as measured with interleaved BOLD fMRI
[Abstract]. Hum Brain Mapp 2000;11:520.

13. Fox P, Ingham R, George MS, Mayberg H, Ingham J, Roby J, et al. Imaging
human intra-cerebral connectivity by PET during TMS. Neuroreport
1997;8:2787-91.

14. George MS, Stallings LE, Speer AM, Nahas Z, Spicer KM, Vincent DJ, et
al. Prefrontal repetitive transcranial magnetic stimulation (rTMS) changes
relative perfusion locally and remotely. Hum Psychopharmacol
1999;14:161-70.

15. Bohning DE, Shastri A, McConnell KA, Nahas Z, Lorberbaum JP, Roberts
DR, et al. A combined TMS/fMRI study of intensity-dependent TMS over
motor cortex. Biol Psychiatry 1999;45:385-94.

16. Pascual-Leone A, Valls-Sole J, Wassermann EM, Hallett M. Responses to
rapid-rate transcranial magnetic stimulation of the human motor cortex.
Brain 1994;117:847-58.

17. Van der Kamp W, Zwinderman AH, Ferrari MD, van Dijk JG. Cortical
excitability and response variability of transcranial magnetic stimulation.
J Clin Neurophysiol 1996;13:164-71.

18. George MS, Avery D, Nahas Z, Molloy M, Oliver NC, Risch SC, et al.
rTMS studies of mood and emotion. Electroencephalogr Clin Neurophysiol
1999;51(S):304-14.

19. Grisaru N, Yaroslavsky U, Abarbanel J, Lamberg T, Belmaker RH.
Transcranial magnetic stimulation in treatment of depression and
schizophrenia. Euro Neuropsychopharmacol 1994:4:287-8.

20. Höflich G, Kasper S, Hufnagel A, Ruhrmann S, Möller HJ. Application of
transcranial magnetic stimulation in treatment of drug-resistant major
depression- a report of two cases. Human Psychopharmacol 1993;8:361-5.

21. Kolbinger HM, Höflich G, Hufnagel A, Möller HJ, Kasper S. Transcranial
magnetic stimulation (TMS) in the treatment of major depression – a pilot
study. Hum Psychopharmacol 1995;10:305-10.

22. George MS, Wassermann EM. Rapid-rate transcranial magnetic stimulation
(rTMS) and ECT. Conv Ther 1994;10:251-3.

23. George MS, Wassermann EM, Williams WA, Callahan A, Ketter TA,
Basser P, et al. Daily repeatitive transcranial magnetic stimulation (rTMS)
improves mood in depression. Neuroreport 1995;6:1853-6.

24. Figiel GS, Epstein C, McDonald WM, Amazon-Leece J, Figiel L, Saldivia
A, et al. The use of rapid rate Transcranial Magnetic Stimulation (rTMS)
in refractory depressed patients. J Neuropsychiatry Clin Neurosci
1998;10:20-5.

25. Conca A, Koppi S, Konig P, Swoboda E, Krecke N. Transcranial magnetic
stimulation: a novel antidepressive strategy? Neuropsychobiol
1996;34:204-7.

26. Grunhaus L, Dannon PN, Schreiber S, Delberg OH, Amiaz R, Ziv R, et al.
Repetitive transcranial magnetic stimulation is as effective as
electroconvulsive therapy in the treatment of nondelusional major
depressive disorder: an open study. Biol Psychiatry 2000;47:314-24.

27. Pridmore S. Substitution of rapid transcranial magnetic stimulation
treatments for electroconvulsive therapy treatments in a course of
electroconvulsive therapy. Depression Anxiety 2000;12:118-23.

28. Little JT, Kimbrell TA, Wassermann EM, Grafman J, Figueras S, Dunn
RT, et al. Cognitive effects of 1- and 20-hertz repetitive transcranial
magnetic stimulation in depression: preliminary report. Neuropsychiatry
Neuropsychol Behav Neurol 2000;13:119-24.

29. Pascual-Leone A, Rubio B, Pallardo F, Catala MD. Rapid-rate transcranial
magnetic stimulation of left dorsolateral prefrontal cortex in drug-resistant
depression. Lancet 1996;348:233-7.

30. George MS, Wassermann EM, Kimbrell TA, Little JT, Williams WE,
Danielson AL, et al. Mood improvement following daily left prefrontal
repetitive transcranial magnetic stimulation in patients with depression: a
placebo-controlled crossover trial. Am J Psychiatry 1997;154:1752-6.

31. Berman RM, Narasimhan M, Sanacora G, Miano AP, Hoffman RE, Hu
XS, et al. A randomized clinical trial of repetitive transcranial magnetic
stimulation in the treatment of major depression. Biol Psychiatry
2000;47:332-7.



Rev Bras Psiquiatr 2001;23(2):100-9

108

New minimally invasive brain stimulation techniques
Chae JH et al.

32. Klein E, Kreinin I, Chistyakov A, Koren D, Mecz L, Marmur S, et al.
Therapeutic efficacy of right prefrontal slow repetitive transcranial
magnetic stimulation in major depression: a double-blind controlled study.
Arch Gen Psychiatry 1999;56:315-20.

33. George MS, Nahas Z, Molloy M, Speer AM, Oliver N, Li X, et al. A
controlled trial of daily left prefrontal cortex TMS for treating depression.
Biol Psychiatry 2000;48:962-70.

34. Loo C, Mitchell P, Sachdev P, McDarmont B, Parker G, Gandevia S.
Double-blind controlled investigation of transcranial magnetic stimulation
for the treatment of resistant major depression. Am J Psychiatry
1999;156:946-8.

35. Loo CK, Taylor JL, Gandevia SC, McDarmont BN, Mitchell PB,
Sachdev PS. Transcranial magnetic stimulation (TMS) in controlled
treatment studies: are some “sham” forms active? Biol Psychiatry
2000;47:325-31.

36. Kozel FA, Nahas Z, deBrux C, Molloy M, Lorberbaum JP, Bohning D, et
al. How coil-cortex distance relates to age, motor threshold, and
antidepressant response to repetitive transcranial magnetic stimulation. J
Neuropsychiatry Clin Neurosci 2000;12:376-84.

37. Grisaru N, Yaroslavsky Y, Belmaker RH. Is TMS an antibipolar treatment?
In: George MS, Belmaker RH, editors. Transcranial Magnetic Stimulation
in Neuropsychiatry. Washington (DC): American Psychiatric Press; 2000.
p. 201-8.

38. Greenberg BD, George MS, Martin JD, Benjamin J, Schlaepfer TE,
Altemus M, et al. Effect of prefrontal repetitive transcranial magnetic
stimulation in obsessive-compulsive disorder: a preliminary study. Am J
Psychiatry 1997;154:867-9.

39. Nahas Z, Molly M, Risch SC, George MS. TMS in schizophrenia. In:
George MS, Belmaker RH, editors. Transcranial Magnetic Stimulation
in Neuropsychiatry. Washington (DC): American Psychiatric Press;
2000. p. 237-51.

40. Hoffman RE, Boutros NN, Hu S, Berman RM, Krystal JH, Charney DS.
Transcranial magnetic stimulation and auditory hallucinations in
schizophrenia. Lancet 2000;355:1073-5.

41. Lorberbaum JP, Wassermann EM. Safety concerns of TMS. In: George
MS, Belmaker RH, editors. Transcranial Magnetic Stimulation in
Neuropsychiatry. Washington (DC): American Psychiatric Press; 2000.
p. 141-61.

42. Wasserman EM. Side effects of repetitive transcranial magnetic stimulation.
Depression Anxiety 2000;12:124-9.

43. Nahas Z, DeBrux C, Chandler V, Lorberbaum JP, Speer AM, Molloy MA,
et al. Lack of significant changes on magnetic resonance scans before and
after 2 weeks of daily left prefrontal repetitive transcranial magnetic
stimulation for depression. J ECT 2000;16:380-90.

44. Boutros NN, Berman RM, Hoffman R, Miano AP, Campbell D, Ilmoniemi
R. Electroencephalogram and repetitive transcranial magnetic stimulation.
Depression Anxiety 2000;12:166-9.

45. Bailey P, Bremer F. A sensory cortical representation of the vagus nerve. J
Neurophysiol 1938;405-12.

46. Maclean PD. The triune brain in evolution: role in paleocerebral functions.
New York: Plenum Press; 1990. p. 468.

47. Dell P, Olson R. Projections “secondaires” mesencephaliques,
diencephaliques et amygdaliennes des afferences viscerales vagales. C R
Soc Biol 1951;145:1088-91.

48. Zabara J. Peripheral control of hypersynchronous discharge in epilepsy.
Electroencephalogr Clin Neurophysiol 1985;61(S):S162.

49. Foley JO, DuBois F. Quantitative studies of the vagus nerve in the cat.I:
the ratio of sensory and motor studies. J Comp Neurol 1937;67:49-67.

50. George MS, Post RM, Ketter TA, Kimbrell TA, Speer AM. Neural
mechanisms of mood disorders. Curr Rev Mood Anxiety Dis 1997;1:71-83.

51. Krahl SE, Clark KB, Smith DC, Browning RA. Locus coeruleus lesions
suppress the seizure attenuating effects of vagus nerve stimulation. Epi-
lepsia 1998;39:709-14.

52. Naritoku DK, Terry WJ, Helfert RH. Regional induction of Fos
immunoreactivity in the brain by anticonvulsant stimulation of the vagus
nerve. Epilepsy Res 1995;22:53-62.

53. Walker BR, Easton A, Gale K. Regulation of limbic motor seizures by
GABA and glutamate transmission in nucleus tractus solitarius. Epilepsia
1999;40:1051-7.

54. Ring HA, White S, Costa DC, Pottinger R, Dick JP, Koeze T, et al. A
SPECT study of the effect of vagal nerve stimulation on thalamic activity
in patients with epilepsy. Seizure 2000;9:380-4.

55. Ko D, Heck C, Grafton S, Apuzzo ML, Couldwell WT, Chen T, et al.
Vagus nerve stimulation activates central nervous system structures in
epileptic patients during PET H2(15)O blood flow imaging. Neurosurgery
1996;39:426-31.

56. Henry TR, Bakay RA, Votaw JR, Pennell PB, Epstein CM, Faber TL, et
al. Brain blood flow alterations induced by therapeutic vagus nerve
stimulation in partial epilepsy: I. Acute effects at high and low levels of
stimulation. Epilepsia 1998;39:983-90.

57. Henry TR, Votaw JR, Pennell PB, Epstein CM, Bakay RA, Faber TL, et
al. Acute blood flow changes and efficacy of vagus nerve stimulation in
partial epilepsy. Neurol 1999;52:1166-73.

58. Henry TR, Votaw JR, Pennell PB, Epstein CM, Bakay RAE, Faber TL, et
al. Combined PET studies of vagus nerve stimulation (VNS) demonstrate
multiple autonomic, limbic and reticular system sites of alteration in
synaptic activities in epilepsy patients. Proceedings of American College
of Neuropsychopharmacology, 39th Annual Meeting; 2000 Dec 12; San
Juan, Puerto Rico; 2000. p. 18.

59. George MS, Nahas Z, Lomarev M, Denslow S, Oliver NC, Shastri A, et
al. Using interleaved vagus nerve stimulation (VNS) and BOLD fMRI to
examine regional brain effects in depressed adults. American College of
Neuropsychopharmacology, 39th Annual Meeting; 2000 Dec 12; San Juan,
Puerto Rico; 2000.

60. Uthman BM. Vagus nerve stimulation for seizures. Arch Med Res
2000;31:300-3.

61. Handforth A, DeGiorgio CM, Schachter SC, Uthman BM, Naritoku DK,
Tecoma ES, et al. Vagus nerve stimulation therapy for partial-onset seizures:
a randomized active-control trial. Neurol 1998;51:48-55.

62. Vonck K, Boon P, D’Have M, Vandekerckhove T, O’Connor S, De Reuck
J, et al. Long-term results of vagus nerve stimulation in refractory epilepsy.
Seizure 1999;8:328-34.

63. Fisher RS, Handforth A. Reassessment: Vagus Nerve Stimulation for
epilepsy: a report of the Therapeutics and Technology Assessment
Subcommittee for the American Academy of Neurology. Neurol
1999;53:666-9.

64. George MS, Sackeim HA, Rush AJ, Marangell LB, Nahas Z, Husain MM,
et al. Vagus nerve stimulation: a new tool for brain research and therapy.
Biol Psychiatry 2000;47:287-95.

65. Rush AJ, George MS, Sackeim HA, Marangell LB, Husain MM, Giller C,
et al. Vagus nerve stimulation (VNS) for treatment-resistant depressions:
a multicenter study. Biol Psychiatry 2000;47:276-86.

66. Marangell LM, George MS, Hussain MM, Johnson CR, Nahas Z, Burt T,
et al. Long-term experience with vagus nerve stimulation (VNS) for the
treatment of resistant depressions. Proceedings of American College of
Neuropsychopharmacology, 39th Annual Meeting; 2000 Dec 12; San Juan,
Puerto Rico; 2000. p. 164.

67. Sackeim HA, Rush AJ, George MS, Marangell LB, Husain MM, Nahas Z,
et al. Vagus Nerve Stimulation (VNSTM) for treatment-resistant depression:
efficacy, side effects, and predictors of outcome. Neuropsychopharmacol
2001; submitted.

68. Vaugh BV, D’Cruz OF. Effect of vagal nerve stimulation on sleep [abstract].
Eplepsia 1999;40:137.

69. Malow BA, Edwards JC, Marzec ML, Ross D, Fromes G. Effects of vagus
nerve stimulation on multiple sleep latency tests in epilepsy patients. Neurol
2000;54(S3):A27.

70. Clark KB, Naritoku DK, Smith DC, Browning RA, Jensen RA. Enhanced
recognition memory following vagus nerve stimulation in human subjects.
Nat Neurosci 1999;2:94-8.

71. Limousin P, Krack P, Pollak P, Bennazzouz A, Ardouin C, Hoffman D, et
al. Electrical stimulation of the subthalamic nucleus in advanced
Parkinson’s Disease. NEJM 1998;339:1105-1111.

72. Landau WM, Perlmutter JS. Transient acute depression induced by high-
frequency deep brain stimulation.  [comment] NEJM 1999;341:1004.

73. Bejjani B-P, Damier P, Arnulf I, et al. Transient acute depression induced
by high-frequency deep brain stimulation. NEJM 1999;340:1476-80.

74. Kumar R, Krack P, Pollack P. Transient acute depression induced by high-
frequency deep-brain stimulation. [comment] NE JM 1999;341:1003-4.



109

New minimally invasive brain stimulation techniques
Chae JH et al.

Rev Bras Psiquiatr 2001;23(2):100-9

75. Limousin P, Greene J, Pollak P, Rothwell J, Benabid AL, Frackowiak
R. Changes in cerebral activity pattern due to subthalamic nucleus or
internal pallidum stimulation in Parkinson’s disease. Ann Neurol
1997;42:283-91.

76. Lenz FA, Gracely RH, Romanoski AJ, Hope EJ, Rowland LH, Dougherty
PM. Stimulation in the human somatosensory thalamus can reproduce both
the affective and sensory dimensions of previously experienced pain. Nat
Med 1995;1:910-3.

77. Schaltenbrand G, Spuler H, Wahren W, Wilhelmi A. Vegetative and
emotional reactions during electrical stimulation of deep structures of the
brain during stereotactic procedures. Z Neurol 1973;205:91-113.

78. Ilpinski IA. Emotional-affective reactions evoked by electrostimulation
of the ventrolateral nucleus of the optic thalamus. Vopr Neirokhir
1970;34:26-9.

79. Smirnov VM. Stereotaxic Neurology. Leningrad: Medicine (Russian);
1976. p. 264.

80. Mark VH, Barry H, McLardy T, Ervin FR. The destruction of both anteri-
or thalamic nuclei in a patient with intractable agitated depression. J Nerv
Ment Dis 1970;150:266-72.

Correspondence
Mark S. George
Center for Advanced Imaging Research and Brain Stimulation
Laboratory/ Department of Psychiatry, Radiology and
Neurology/ Medical University of South Carolina, USA
171 Ashley Avenue, Charleston, SC, 29425
Fax: (00xx1) (843) 792-7750/(00xx1) (843) 792 5709
E-mail: georgem@musc.edu


