
Transcranial magnetic stimulation
Mark S. George, MDa–e,*, Ziad Nahas, MDa,d,e,

Sarah H. Lisanby, MDf, Thomas Schlaepfer, MDg,h,
F. Andrew Kozela,d,e, Benjamin D. Greenberg, MD, PhDi

aDepartment of Psychiatry, 502 North, Institute of Psychiatry, Medical University of South Carolina,

67 President Street, Charleston, SC, USA
bDepartment of Radiology, Medical University of South Carolina, Charleston, SC, USA
cDepartment of Neurology, Medical University of South Carolina, Charleston, SC, USA

dBrain Stimulation Laboratory, Medical University of South Carolina, Charleston, SC, USA
eCenter for Advanced Imaging Research, Medical University of South Carolina, Charleston, SC, USA

fDepartment of Psychiatry, Columbia University, 1051 Riverside Drive, Unit 126,

New York State Psychiatric Institute, New York, NY, USA
gDepartment of Psychiatry and Mental Hygiene, University of Berne, University Hospital,

3010 Berne, Switzerland
hJohns Hopkins University, Department of Psychiatry, Baltimore, MD, USA

iDepartment of Psychiatry and Human Behavior, Brown University,

345 Blackstone Boulevard, Providence, RI 02906, USA

The ability to stimulate the brain in awake

alert adults without the need for anesthesia or
open craniotomy is a significant advance that has
long been a dream of clinicians and neuroscien-

tists. The pioneering work of the neurosurgeons
Penfield and Perot demonstrated the behavioral
results of direct electric stimulation of epilepsy pa-

tients during open craniotomy. This work demon-
strated how powerful and important direct brain
electric stimulation might be for advancing under-

standing of the brain [1,2]. Their results were con-

fined to epilepsy patients, however, and the testing
was done during open craniotomy.

Transcranial magnetic stimulation (TMS) is

the answer to this dream of noninvasive stimu-
lation in awake individuals. TMS produces non-
invasive direct cortical brain stimulation by

creating a powerful transient magnetic field [3,4],
which then induces electric currents in the brain.
Because of its noninvasiveness, TMS has consider-
able promise as a research tool to understandbrain-

behavior relations. Although TMS is not limited to
use by neurosurgeons and does not involve surgery,
it is important for neurosurgeons to be familiar

with this most powerful new tool for causing
‘‘electrodeless electric stimulation.’’ Advances
made with TMS promise to set the stage for other

brain stimulation advances in neurosurgery.More-
over, information gleaned from TMS studies will
likely inform us about the mechanisms of action of

classic neurosurgical techniques like deep brain
stimulation (DBS).

Despite TMS’s promise and widespread use,
there is still inadequate understanding of the exact

mechanisms by which TMS affects the brain and
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how these effects change as a function of dif-
ferent TMS use parameters, such as intensity
and frequency. Progress in this area is occurring

by performing TMS in animal models and by
combining TMS with functional neuroimaging.
There has been much interest in using repeated
daily administration of TMS as a potential treat-

ment in a variety of neuropsychiatric disorders.
The largest body of work has been done in the
treatment of major depression. Although several

meta-analyses of these antidepressant studies show
that TMS has statistically significant effects greater
than those of placebo, larger sample studies are

still needed to clarify its clinical role. Additionally,
TMS as a treatment for depression has not yet
been approved by the US Food and Drug Admin-
istration (FDA), although pivotal trials geared for

eventual FDA approval are currently underway.
This article succinctly summarizes basic TMS
physics and mechanisms and then critically re-

views the potential clinical uses of TMS, particu-
larly in the treatment of depression and other
neuropsychiatric conditions.

Description of transcranial magnetic stimulation

and mechanisms of action

TMS uses a powerful handheld magnet to
create a time-varying magnetic field, where
a localized pulsed magnetic field over the surface

of the head depolarizes underlying superficial
neurons [3–5]. High-intensity current is rapidly
turned on and off in the electromagnetic coil
through the discharge of capacitors (Fig. 1). It is

important to realize that TMS, which produces
powerful but brief magnetic fields that, in turn,
induce electric currents in the brain, radically

differs from the currently popular use of low-level
static magnetic fields as alternative therapies.
Constant exposure to static magnetic fields can
have biologic effects [6]. TMS does not produce

magnetic fields for long (microseconds), however,
and they are relatively weak, except directly under
the TMS coil. It is thus assumed that TMS pro-

duces its behavioral effects solely through the
production of electric currents in the cortex of the
brain. This assumption has not been proved,

however. If TMS pulses are delivered repetitively
and rhythmically, the process is called repetitive
TMS (rTMS) [7]. rTMS can be modified by the
term fast if the frequency is greater than 1 Hz [8].

Fast rTMS is currently limited to brief runs of
approximately 25 to 30 Hz. Stimulation frequen-
cies faster than this have an increased seizure risk,

and most modern capacitors cannot keep de-
livering the needed energy before depleting. Thus,
fast TMS is performed at frequencies that would

be considered slow for DBS, where stimulation
frequencies sometimes exceed 150 Hz.

The magnetic field induced by TMS declines

rapidly with distance away from the coil. Thus,
with current technology, TMS coils are directly and
electrically only able to stimulate the superficial
cortex and are not able to produce direct electric

stimulation deep in the brain [9]. Although this
limited depth of penetration is a limitation of the
present technology, deeper brain structures can be

influenced by cortical TMS because of the cortex’s

Fig. 1. Diagram of events leading to transcranial magnetic stimulation excitation. (From George MS, Belmaker RH.

Transcranial magnetic stimulation in neuropsychiatry. Washington (DC): American Psychiatric Press; 2000; with

permission).
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massive interconnections and redundant cortical-
subcortical loops [10]. Moreover, there are several
groups working on novel TMS coil designs that
might be able to reach deeper into the brainwithout

overwhelming superficial cortical structures.
The amount of electricity needed to cause

changes in the cortex varies from person to person

and also from one brain region to the next [11].
One commonly used method for standardizing
and adjusting the amount of electricity delivered

and induced by TMS across different individuals
is to determine each person’s motor threshold
(MT). The MT is commonly defined as the min-

imum amount of electricity needed to produce
movement in the contralateral thumb when the
coil is placed optimally over the primary motor
cortex. MT can be determined either by using

electromyographic (EMG) recordings [12] or, with
less precision, by using visible movement [13].

TMS has been shown to produce immediate

effects (within seconds), such as the movement
of the thumb or direct inhibition of another TMS
pulse followed shortly in time. These immediate

effects are thought to result from direct excitation
of inhibitory or excitatory neurons. There is some
evidence to suggest that TMS at different intensi-

ties, frequencies, and coil angles excites different
elements (eg, cell bodies, axons) of different neuro-
nal groups (eg, interneurons, neurons projecting
to other parts of the cortex, U fibers) [8,14–17].

This is further complicated by the complex six-
layer arrangement of human neocortex along with
the varying gyral folds, which places some aspects

of the brain close to the surface and others far
away in sulcal folds.

Another example of immediate TMS effects is

called paired-pulse TMS. This technique involves
delivering two TMS pulses to the same region
with varying interpulse intervals (usually milli-
seconds long) and intensities [12]. Depending on

the relative strength of the first pulse to the second
and the interpulse interval, the first pulse can either
inhibit or enhance the second pulse. Paired-pulse

TMS over the motor area can be used to assess
natural brain inhibitory and excitatory systems at
rest in individuals with different disorders [18,19]

as well as after the administration of different
centrally active compounds or other treatments
[20]. The different TMS use parameters (eg, fre-

quency, intensity, length of stimulation, intertrain
interval) are most certainly all biologically relevant
and likely important. Particular attention has been
focused on whether and to what degree different

frequencies of TMS might have divergent biologic

effects. For example, repeated stimulation of a
single neuron at low frequency in culture produces
long-lasting inhibition of cell-cell communications
(called long-term depression [LTD]) [21–24].

Conversely, repeated high-frequency stimulation
can improve cell-cell communication (called long-
term potentiation [LTP]) [25]. With these cellular

data on LTD and LTP as a background, there has
been much interest in whether TMS, exciting
hundreds or thousands of neurons in a pulse, can

produce sustained inhibitory or excitatory effects
[26,27]. Several studies have now shown that
chronic low-frequency stimulation of the motor

cortex can produce inhibitory intermediate-term
effects (lasting for several minutes) after stimula-
tion [28,29]. There is also some evidence that
high-frequency stimulation can produce interme-

diate-term excitatory effects [30]. One of the most
easily demonstrated immediate effects of TMS is
speech arrest, where high-frequency TMS placed

precisely over the Broca’s area can immediately
and transiently block fluent speech [31]. TMS used
in studies like this can produce what are sometimes

referred to as ‘‘virtual lesions.’’ Importantly, none
of these temporary lesion effects were demon-
strated to persist beyond the time of active TMS

administration. Thus, the lesions are truly virtual
and temporary. This contrasts with observations
that a train of repeated high-frequency stimulation
can excite the brain so much that it results in

seizure activity [32]. With knowledge of the ap-
propriate limits of stimulation, seizures can be
avoided safely.

Safety issues

Although there is minimal risk of a seizure when
TMS is performed within the published safety

guidelines, the most well-known critical safety
concernwithTMS is inadvertently causing a seizure
[7]. It is important to realize that this TMS safety

table was developed in a small subject sample
using a surrogate end point for a seizure—
spread of TMS-induced motor-evoked potentials

(MEPs) beyond the target area of stimulation.
Thus, the safety table exists only for stimulation of
motor cortex and cannot readily be applied to using
TMS over other brain regions. Finally, although

the intensity and frequency of stimulation were
examined, the intertrain interval was not. One of
the inadvertent seizures was induced with stimula-

tion trains thatwerewithin the safety guidelines but
that were administered with an excessively short
intertrain interval [33]. A general rule of thumb is
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that one should have an intertrain interval at least
as long as the period of stimulation. A known
seizure disorder, history of epilepsy, or intracranial

abnormality, such as a prior stroke, can all increase
the risk of aTMS-induced seizure [34].Although an
inadvertent seizure is the main safety hazard
associated with TMS, there have been only 12

reported cases since 1985when cranial TMS began.
It is, in fact, not easy to intentionally use TMS to
produce a seizure, even in patients with epilepsy

[35]. For example, an attempt to use TMS to
produce a seizure intentionally in a patient with
a focal epilepsy was not successful [35]. In addition,

in a study exploring rTMS as a method to induce
therapeutic seizures, stimulation parameters far
above the published safety thresholds had to be
used to reliably induce seizures [36].

A muscle tension type headache and dis-
comfort at the site of stimulation are less serious
but relatively common side effects of TMS. In

contrast to electroconvulsive therapy (ECT), no
deleterious cognitive effects of 2 weeks of slow or
fast rTMS have been found [37,38]. This is not

surprising, because ECT induces a generalized
seizure, whereas rTMS is being used at subcon-
vulsive levels. Like MRI, TMS could cause the

movement of paramagnetic objects in or around
the head. For this reason, subjects with para-
magnetic metal objects in the head or eye are
generally excluded from TMS studies. TMS can

cause heating of metallic implants and the in-
activation of a pacemaker, medication pumps, or
cochlear devices. In the United States, rTMS is an

experimental procedure that requires an investi-
gational device exemption (IDE) from the FDA
for research. It should be kept in mind that

modern TMS did not begin until 1985 [39] and
that the total number of subjects or patients to
receive TMS is likely still less than 10,000.
Nevertheless, substantial experience to date sug-

gests that at least in the short term (<10 years),
TMS at moderate intensity has no other evident
lasting adverse effects in adults.

Overview of research uses relevant

to neurosurgery

As a research tool, TMS has been used to
influence many brain functions, including move-

ment [40], visual perception [41,42], memory
[43,44], attention, speech [31,45], and mood [46–
48]. A full review is beyond the scope of this article
[49,50]. We discuss below the TMS uses germane

to neurosurgery.

Interestingly, in light of the initial pioneering
results of Penfield, stimulation with TMS has
never evoked the type of complex behavioral symp-

toms reported with direct electric stimulation in
human beings. TMS has never been reported to
provoke a memory, smell, or song as reported by
Penfield [1,2,51]. There may be several explana-

tions for this difference between TMS and direct
cortical stimulation. First, most TMS studies are
in healthy subjects, whereas the Penfield results

were from patients with refractory epilepsy
requiring surgery. Complex behaviors have not
been provoked by TMS, even when it has been

used in epilepsy patients [35,52]. This area has
not been systematically explored, however.
Second, Penfield and Perot used high-intensity
electric stimulation that even caused seizures in

some instances. In other words, the initial
electric stimulation likely spread to other regions
through pathologically kindled neuronal circuits.

Stimulation of these circuits led to the expres-
sion of auras. Thus, most importantly, all the
complex behaviors reported by Penfield and

Perot were actually auras commonly experienced
by the patients. This fact is underappreciated
but was recently confirmed by Perot (P. Perot,

personal communication, 2002). Thus, it is likely
that TMS does not produce complex behaviors
like historic accounts of direct cortical electric
stimulation because TMS has not been delivered

in intensities high enough to cause spreading of
a seizure discharge and elicitation of auras.

Use of transcranial magnetic stimulation
and speech arrest to determine eloquent cortex

TMS delivered over the motor speech area can

produce transient speech arrest. There was initial
interest inwhetherTMSmight be used to determine
eloquent cortex. This information could be use-

ful in patients about to undergo surgical resection
of tumors or seizure foci. Initial reports found
that TMS needed to be delivered at frequencies
around 20 Hz, which was painful and might in-

duce a seizure in a patient with a focal lesion or
epilepsy [52–54]. A later study showed that TMS
could be performed at lower frequencies, some-

times as low as 4 Hz [31]. There has not been a
formal comparison of TMS speech arrest with the
Wada test or functional MRI (fMRI) presurgical

mapping. Some studies have found that the TMS-
indicated region for motor cortex correlates well
with fMRI-predicted motor cortex and later di-

rect neurosurgical stimulation [55]. Further work
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using TMS to help with presurgical planning for
motor or speech areas is warranted [56].

Use parameter effects in animal models

Although TMS has been used quite effectively

as a tool to investigate normal and pathologic
brain function, its full and proper uses as a research
tool and clinical treatment are still hampered by
incomplete knowledge of the neurobiologic cas-

cade of events triggered by TMS at different
settings. Numerous animal studies have been im-
portant in trying to bridge this knowledge gap

and improve our understanding of the modes of
action of TMS.

TMS studies with intracranial electrodes in

rhesus monkeys have provided information about
the nature and spatial extent of the rTMS-induced
electric field [57,58]. Corticospinal tract develop-
ment, aspects of motor control, and medication

effects on corticospinal excitability have been
studied fairly extensively in nonhuman primates
using single-pulse TMS [59–67]. Such work has

yielded information about TMS neurophysiologic
effects, such as the observation that TMS-evoked
motor responses result from direct excitation of

corticospinal neurons at or close to the axon
hillock [67].

Rodent rTMS studies have reported antide-

pressant-like behavioral and neurochemical ef-
fects. In particular, rTMS enhances apomorphine-
induced stereotypy and reduces immobility in the
Porsolt swim test [68,69]. rTMS has been reported

to induce electroconvulsive shock (ECS)–like
changes in rodent brain monoamines, b-adrener-
gic receptor binding, and immediate early gene

induction [69–71]. The effects of rTMS on seizure
threshold are variable and may depend on the
parameters and chronicity of stimulation [26,72].

Within the past year, Pope and Keck [73] have
completed a series of studies using more focal
TMS in rat models. They have largely replicated
earlier TMS animal studies using less focal coils.

Even with the attempt at focal rat stimulation, the
effects involve an entire hemisphere and cannot
readily be extrapolated to what is happening in

human TMS using focal coils [74].

Combining transcranial magnetic stimulation
with functional imaging

A critically important area that will ultimately

guide clinical parameters is to combine TMS with
functional imaging to monitor TMS effects on the
brain directly and to thus understand the varying

effects of different TMS use parameters on brain
function. Because it seems that TMS at different
frequencies has divergent effects on brain activity,
combining TMSwith functional brain imaging will

better delineate not only the behavioral neuro-
psychology of various psychiatric syndromes but
some of the pathophysiologic circuits in the brain.

In contrast to imaging studies with ECT, which
have found that ECT shuts off global and regional
activity [75], most studies using serial scans in

depressed patients undergoing TMS have found
increased activity in the cingulate and other limbic
regions [76–78]. However, two studies have now

found divergent effects of TMS on regional activity
in depressed patients, determined both by the
frequency of stimulation and the baseline state of
the patient [79,80]. In other words, for patients with

global or focal hypometabolism, high-frequency
prefrontal stimulation has been found to increase
brain activity over time, with the opposite happen-

ing as well. Conversely, patients with focal hyper-
activity have been shown to have reduced activity
over time after chronic daily low-frequency stimu-

lation. These two small sample studies have numer-
ous flaws, however. They simultaneously show the
potential and the complexity surrounding the issue

of how to use TMS to change activity in defined
circuits. They also point out an obvious difference
from ECT, where the net effect of the ECT is to
decrease prefrontal and global activity [75].

Over the past year, several studies combining
TMS with other neurophysiologic and neuroimag-
ing techniques have helped to elucidate how TMS

achieves its effects. The Medical University of
South Carolina (MUSC) group has 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 seconds)
resolution [81–83] (Fig. 2). Another group in

Germany has now succeeded in interleaving TMS
and fMRI in this manner, replicating some of the
earlier MUSC work [84]. Work with this technol-

ogy has shown that prefrontal TMS at 80% MT
produces much less local and remote blood flow
changes than does 120%MTTMS [85]. Strafella et

al [86] usedpositron emission tomography (PET) to
show that prefrontal cortex TMS causes dopamine
release in the caudate nucleus, and Paus et al [87]

used the same modality to show that prefrontal
cortexTMShas reciprocal activitywith the anterior
cingulate gyrus. Our group at theMUSC [76,77,88]
as well as investigators in Scotland (K. Ebmeier,

personal communication 2002) and Australia [80]
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have all shown that lateral prefrontal TMS can
cause changes in the anterior cingulate gyrus and
other limbic regions in depressed patients.

It is thus clear that TMS delivered over the

prefrontal cortex has immediate effects in impor-
tant subcortical limbic regions. The initial TMS
effect on cortex and the secondary synaptic

changes in other regions likely differ as a function
of mood state, cortical excitability, and other
factors that would change resting brain activity.

The MUSC group thus wondered whether these
TMS-induced limbic effects might be modified by
medications that are known to treat or stabilize

mood. Would a medication that inhibits cortical
spreading of electric stimulation change the TMS-
induced limbic effects? To answer this, we recently
designed and completed a study in 12 healthy

young men, where we measured the TMS MT as
well as performed TMS/fMRI on 2 separate days
[89]. On the first day, subjects received one single

oral dose of 325 mg of lamotrigine or placebo.
On the other day 1 week later, in a randomized
fashion, they received whatever they did not

receive during the first session. Lamotrigine is
a use-dependent sodium channel inhibitor with
broad-spectrum anticonvulsant, antidepressant,
and mood-stabilizing effects. As with many

central nervous system (CNS) active compounds
in which much is known about the pharmacology,
little is known about how lamotrigine works

within brain circuits to achieve its clinical effects,
particularly its mood-stabilizing and antidepres-
sant effects. On the day that subjects received

lamotrigine, their TMS MT was elevated by 15%
compared with the day they received placebo.
This demonstrates that lamotrigine has an inhib-
itory effect on motor cortex. TMS/fMRI images

showed that lamotrigine markedly reduced the
secondary effects of TMS in other cortical regions.
In direct contrast, however, lamotrigine increased

the TMS-induced effects in limbic regions. This
proof of concept study highlights several key
points in understanding TMS brain effects. First,

it is abundantly clear that prefrontal TMS has
direct modulating effects on limbic structures.
Second, these TMS effects are easily seen with the

interleaved TMS/fMRI and other imaging techni-
ques. Most importantly, factors like medications
and probably diseases like depression modify the
TMS-induced limbic effects.

The interleaved TMS/fMRI technique shows
promise as a useful new method for understanding
the regional brain effects of CNS active com-

pounds, particularly those with inhibitory mech-
anisms. Further studies are needed to determine
if this technique is useful in new compound de-

velopment or in monitoring or predicting clinical
efficacy.

Uses of transcranial magnetic stimulation

as therapy

Depression

Although the functional anatomy of mood
regulation is not nearly as well understood as the

Fig. 2. Image of blood oxygen level–dependent (BOLD) functional MRI (fMRI) data from healthy adults, where

transcranial magnetic stimulation (TMS) has been applied at 120% motor threshold over the prefrontal cortex. Note

that although TMS initially affects only superficial cortex, cortical-subcortical connections cause changes in deeper

limbic regions (8 individuals, P< 0.001, extent P< 0.05 for display on Talairach normalized MRI template). (From

Nahas Z, Lomarev M, Roberts DR, et al. Unilateral left prefrontal transcranial magnetic stimulation (TMS) produces

intensity-dependent bilateral effects as measured by interleaved BOLD fMRI. Biol Psychiatry 2001;50:712–720; with

permission).
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circuitry of the visual or motor systems, most
scientists agree that certain brain regions are
consistently affected in depression and, to a lesser
extent, mania. Although there is controversy and

much more work is needed, certain regions have
consistently been implicated in the pathogenesis
of depression and mood regulation [90–99].

These include the medial and dorsolateral prefron-
tal cortex, the cingulate gyrus, and other regions
commonly referred to as limbic (ie, amygdala,

hippocampus, parahippocampus, septum, hypo-
thalamus, limbic thalamus, insula) and paralimbic
(ie, anterior temporal pole, orbitofrontal cortex).

The notion of using something like TMS as an
antidepressant dates back at least to the turn of
the century, when a patent was filed in Vienna in
1902 [100]. In more modern times, there were two

open studies in Europe in the early 1990s using
nonfocal round coils centered over the vertex to
deliver TMS to broad frontal and parietal regions

in an attempt to treat depression [101,102].
Reasoning that prefrontal and limbic regions
were more important for mood regulation than

the brain regions near the vertex and that theories
of ECT action emphasize the role of prefrontal
cortex effects [103], one of us (M.S.G.) performed

the first open trial of prefrontal TMS as an anti-
depressant in 1995 [104], followed immediately
by a cross-over double-blind study [105]. The
theory behind this work was that chronic,

frequent, subconvulsive stimulation of the pre-
frontal cortex over several weeks might initiate
a therapeutic cascade of events in the prefrontal

cortex as well as in connected limbic regions.
Thus, beginning with these prefrontal studies,
modern TMS was specifically designed as a focal,

nonconvulsive, circuit-based approach to therapy.
TMS was conceived of and launched to serve as
a bridge from functional neuroimaging advances
in circuit knowledge to the bedside as a focal non-

invasive treatment.
Since the initial studies, there has been

continued high interest in TMS as an antidepres-

sant. Multiple trials have been conducted by
researchers around the world. In general, there is
not a large industry sponsoring or promoting

TMS as an antidepressant (or therapy for other
disorders), and the funding for these trials has
largely come from foundations and governments.

The samples sizes in these antidepressant trials are
thus small (in all, less than 100 subjects per trial)
compared with industry-sponsored pharmaceutic
trials of antidepressants. A thorough review of all

of these trials is beyond the scope of this article.

An initial study from Spain from a group not
involving a psychiatrist and without prior treat-
ment trial experience in depression found pro-
found antidepressant effects in psychotically

depressed patients with only 1 week of left
prefrontal treatment [106]. The design of this trial
was unorthodox for studying depression, involv-

ing 1 week of therapy per month repeated over 6
months. Nevertheless, it generated much interest
in the field. The findings of rapid response after

only 1 week have not been replicated despite
numerous attempts, and many early TMS trials
were designed using this study to determine the

sample size and treatment algorithms, leading to
small underpowered studies using an inadequate
stimulation intensity (80% of MT). Since then,
most of approximately 20 studies have found

modest antidepressant effects that take several
weeks to build. Not all TMS antidepressant
treatment studies have been positive, however

[107].

Meta-analyses of transcranial
magnetic stimulation antidepressant effect

There have now been five independent meta-
analyses of the published or public TMS anti-

depressant literature (Table 1). Each of these
meta-analyses has used different methods of se-
lecting studies as well as different methods of per-

forming the statistical analysis of the literature.
Their different approaches are summarized in
Table 1. Their results are the same: daily prefrontal

TMS delivered over several weeks has antidepres-
sant effects greater than sham treatment. An initial
meta-analysis by McNamara et al [108] of 5 sham-
controlled studies found that TMS was statisti-

cally significantly superior to sham TMS and that
this difference was robust. In a different meta-
analysis, Burt et al [109] examined 23 published

comparisons for controlled TMS prefrontal anti-
depressant trials and found that TMS had a com-
bined effect size of 0.67, indicating a moderate

to large antidepressant effect. A subanalysis was
done on those studies directly comparing TMS
with ECT. The effect size for TMS in these studies
was greater than in the studies comparing TMS

with sham, perhaps reflecting subject selection
bias. The authors suggested that perhaps TMS
works best in patients who are also clinical

candidates for ECT. Holtzheimer et al [110]
analyzed both published and some unpublished
sham-controlled studies and concluded that, over-

all, prefrontal TMS was superior to sham and that
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left-sided treatment had a nonsignificantly greater
effect size. Yet another meta-analysis was recently
conducted by Kozel and George [111]. This
analysis was confined to published double-blind

studies with individual data using TMS over the
left prefrontal cortex. The summary analysis using
all 10 studies thatmet criteria revealed a cumulative

effect size of 0.53 (Cohen’s D) (range: 0.31–0.97),
with the total number of subjects studied being 230.
The authors used a funnel plot technique to assess

whether there was a publication bias in the
literature to date and whether this bias might
affect the results of the meta-analysis. This

technique assumes that with small sample studies,
there is a large chance of both erroneous positive
and negative results. As the sample size of studies
increases, the effect sizes should begin to converge,

resembling a funnel. The funnel plot (Fig. 3)
indicates that a publication bias is likely and that
there are more positive small sample studies in the

TMS antidepressant literature than should occur

by chance. These authors then used techniques to
determine how large this publication bias would
have to be to change the results of the meta-
analysis. The fail-safe results indicated that there

would have to be 56 nonsignificant unpublished
studies of approximately the same average sample
size as the published studies to change the

cumulative meta-analysis effect to a nonsignificant
result (56 studies with Rosenthal’s method, 22
studies with Orwin’s method). The most critical

meta-analysis of the TMS antidepressant field was
recently conducted using the guidelines put forth in
the Cochrane Library [112]. This study cannot be

compared directly with the other meta-analyses
because it looks at the field from a completely
different angle. Cochrane reviews typically try to
establish the clinical value of a given therapy using

stringent guidelines. The method is not well suited
to look at small effects, which are scientifically
important but are of lesser value in establishing

clinical significance. In addition, Cochrane study

Table 1

Meta-analysis of transcranial magnetic stimulation antidepressant literature

Study Selection method

No.

studies

No.

subjects TMS effect size Remarks

McNamara et al,

2001

R and L PFCX, DB 5 81 Active 43% greater

than sham

Holtzheimer et al,

2001

R and L PFCX,

DB, published

and unpublished

12 210 Overall, Cohen’s

D=0.81

Left, Cohen’s

D=0.9,

right=0.7

Burt et al, 2001

Open published and

unpublished

9 248 Cohen’s D=1.37

DB, published and

unpublished

16 432 Cohen’s D=0.67

Compare with ECT,

published

3 112 Cohen’s D=0.21

favoring ECT

Kozel and George,

2002

Left PFCX, DB, data

available

12 230 Hedge’s D=0.53 Funnel plot shows

publication bias, 25–50

negative studies needed

to change results

Martin et al, 2002 DB, published and

unpublished

14 overall

Left PFCX 9 197 2 weeks, TMS WMD-

0.35 greater than sham

Does not allow for

adjustment for

difference

Right PFCX 1 2 weeks, TMS WMD-

6.0 greater than sham

Compare ECT 1 40 2 weeks, ECT WMD 1.7

greater than TMS

Abbreviations: TMS, transcranial magnetic stimulation; DB, double-blind; PFCX, prefrontal cortex; R, right; L, left;

ECT, electroconvulsive therapy; WMD, weighted mean difference.
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groups try to include unpublished negative data to
correct, at least in part, for publication bias.
Moreover, the Cochrane method does not allow
for within-study adjustments for between-group

differences in illness baseline and instead uses raw
illness variables. Thus, unequal initial distribution
of illness severity, especially in small studies, can

introduce significant bias into the results and
conclusions. Even this stringent meta-analysis in-
cluded 14 trials suitable for analysis, however [112].

Importantly, these investigators found ‘‘No differ-
ence. . .between rTMS and sham TMS using the
Beck Depression Inventory or the Hamilton De-

pression Rating Scale, except for one time period
(after 2 weeks of treatment) for left dorsolateral
prefrontal cortex and high frequency; and also for
right dorsolateral prefrontal cortex and low fre-

quency, both in favor of rTMS and both using the
Hamilton scale’’ [112]. In summary, all five meta-
analyses of the TMS published literature concur

that repeated daily prefrontal TMS for 2 weeks has
antidepressant effects greater than those of sham.

Although there is general consensus that TMS

has statistically significant antidepressant effects,
a more important question is whether these effects
are clinically significant. The meta-analyses dis-

cussed previously concur on an effect size of
Cohen’s D of 0.65, which is a moderate effect in
the same range as the effects of antidepressant
medications. For example, small to medium effect

sizes (0.31–0.40) are common in randomized con-
trolled trials of novel antidepressants [113,114].
Thus, with respect to whether or not TMS has

clinical significance, an important clinical issue is
whether TMS would be clinically effective in
patients referred for ECT. This question has been

addressed in a series of studies in which ECT
referrals were randomized to receive either ECT or
rTMS. In an initial study, Grunhaus et al [115]

compared 40 patients who presented for ECT
treatment and were randomized to receive either
ECTorTMS.ECTwas superior toTMS inpatients
with psychotic depression, but the two treatments

were not statistically different in patients without
psychotic depression. This same group recently
replicated this finding in a larger and independent

cohort with an improved design (L. Grunhaus,
personal communication, 2001). Recently, Janicak
and colleagues [116] reported a similar small series

finding near equivalence between TMS and ECT.
Themajor differences between these studies and the
rest of the controlled studies ofTMSefficacy are the

Fig. 3. Summary of transcranial magnetic stimulation (TMS) sham-controlled antidepressant studies, with effect sizes

(A) and funnel plot (B). Note that there are insufficient small sample negative studies (shaded oval in B), which would be

predicted by chance. This indicates there is likely a publication bias in the current TMS antidepressant literature.
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patient selection (suitable for ECT), length of
treatment (3–4 weeks), lack of blinding, and lack
of a sham control. Unfortunately, none of the

studies explicitly measured differences in cognitive
side effects, although, presumably, TMS has no
measurable cognitive side effects, whereas ECT has
several. In a similar but slightly modified design,

Pridmore [117] recently reported on a study com-
paring the antidepressant effects of standard ECT
(three times per week) and ECT given one time per

week followed by TMSon the other 4 weekdays. At
3 weeks, he found that both regimens produced
similar antidepressant effects. Unfortunately, de-

tailed neuropsychologic testing was not performed,
but one would assume that the TMS and ECT
group had less cognitive side effects than the pure
ECT group. Finally, an Israeli group recently

published their finding that relapse rates in the 6
months after ECT or rTMS were similar [118]. For
both treatments tomaintainmaximal benefit, some

form of maintenance therapy is recommended. In
sum, TMS clinical antidepressant effects are in the
range of those of other antidepressants and persist

as long as the clinical effects after ECT.
Although the literature suggests that prefrontal

TMS has an antidepressant effect greater than

that of sham and that the magnitude of this effect
is at least as large as that of other antidepressants,
many issues are not resolved. For example, it is
unclear how best to deliver TMS. Most but not all

[119] studies have used focal coils positioned over
the left prefrontal cortex. It is still not known
whether TMS over one hemisphere is better than

that over another hemisphere or whether there are
better methods for placing the coil. For the most
part, the coil has been positioned using a rule-

based algorithm to find the prefrontal cortex,
which was adopted in the early studies [46,104–
106]. This method was shown to be imprecise in
the particular prefrontal regions stimulated di-

rectly underneath the coil, depending largely on
the subject’s head size [120]. Additionally, most
studies have stimulated with the intensity needed

to cause movement in the thumb (MT). There is
now increasing recognition that higher intensities
of stimulation might be needed to reach the

prefrontal cortex, especially in elderly patients,
where prefrontal atrophy may outpace that of
motor cortex, where MTs are measured [121–123].

There are also emerging data that TMS therapeu-
tic effects likely take several weeks to build.
Consequently, many of the initial trials, which
lasted only 1 to 2 weeks, were likely too brief to

generate maximum clinical antidepressant effects.

Maintenance transcranial magnetic stimulation
to prevent depression relapse after recovery

Because of its noninvasiveness and positive
safety and cognitive profile, TMS is potentially

attractive as a maintenance treatment. At MUSC
recently, seven treatment-resistant bipolar de-
pressed patients who had responded to an acute
TMS trial were offered admission into a 1-year

maintenance therapy of weekly TMS [124]. TMS
was performed 1 day per week over the left
prefrontal cortex at 110% MT and 5 Hz for 8

seconds for 40 trains. During this follow-up
period, four subjects dropped out of the mainte-
nance study and were labeled nonresponders

(average of 25 weeks of treatment). Three subjects
completed 1 full year of weekly TMS without
a depression relapse. These data suggest that TMS
might eventually be used as a maintenance tool in

depression and that one treatment per week might
be a good first attempt at a maintenance schedule.
Much more work is needed, however.

Transcranial magnetic stimulation to treat mania

Grisaru and his colleagues in Israel [125,126]

reported on an interesting study using either right
or left prefrontal TMS in bipolar affective
disorder (BPAD) manic patients admitted to their

hospital for mania. TMS was given daily in addi-
tion to the standard treatment for mania. After 2
weeks, the group receiving right-sided TMS was

significantly more improved than the group that
had received left-sided TMS. The authors con-
cluded that TMS might be useful as an antimanic

agent. This same group has attempted to replicate
these findings but has not found similar results (N.
Grisaru, personal communication, 2001). Addi-
tionally, although subjects were assigned to the

two groups at random, the left-sided group was
more ill than the right-sided group on several
measures. Further work is needed.

Current state of transcranial magnetic

stimulation clinical practice for depression

In summary, TMS is a promising tool for
treating depression acutely. It likely can also induce
mania or hypomania in BPAD patients or suscep-

tible patients. Its antimanic properties remain to be
explored. Although it is approved in Canada and
Israel as a treatment, it is still considered in-
vestigational in the United States by the FDA.

Much work remains to understand the optimum
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dosing strategy for the antidepressant effect of
TMS. It is unlikely that the initial combinations
of intensity, frequency, coil shape, scalp location,
number of stimuli, or dosing strategy (daily, twice

daily) are the most effective for treating depression.
Some US and European psychiatrists are using
TMS in clinical practice to treat depression under

their general license to practice.

Important unanswered clinical questions

It is not clear which, if any, medications work
well with TMS or interfere with its therapeutic

effects. Despite these major unanswered questions,
since the first use of prefrontal TMS as an anti-
depressant in 1995, this tool has clearly opened

up new possibilities for clinical exploration and
treatment of depression. Many parameters, such
as intensity, location, frequency, pulse width,

intertrain interval, coil type, duration, numbers
of sessions, interval between sessions, and time of
day, remain to be systematically explored. Al-
though there are suggestions of antidepressant

effects of TMS, there are questions about how it
might be used in treatment algorithms. It will
perhaps always be easier to see a clinician occa-

sionally and take daily medication rather than
traveling to a treatment facility for TMS on a daily
basis. Thus, the ultimate clinical role of TMS in

treating depression may be in medication-refrac-
tory cases, those who would otherwise receive
ECT, or in patients who are unable to tolerate

systemic therapy because of pregnancy [127] or
a medical condition.

Other conditions

TMS has also been investigated as a possible
treatment for a variety of neuropsychiatric dis-
orders. In general, the published literature on

these conditions is much less extensive than for
TMS as an antidepressant; therefore, conclusions
about the clinical significance of effects must

remain tentative until large sample studies are
conducted.

Movement disorders

Some initial studies found positive effects in

Parkinson’s disease [128]; however, one of these
early results could not be replicated [129], and some
of themethods describedwere actually not credible.

Moreover, a recent study found thatTMSdelivered
over the supplementarymotor area (SMA) actually
worsened Parkinson’s disease symptoms [130].

Three other recent studies [131–133], however, as
well as a study from Japan using TMS over the
prefrontal cortex at low frequencies and doses
[134,135] report that TMS may improve effects in

Parkinson’s disease. Further studies are needed. It
should be remembered that only a small portion of
the combinations of use parameters, brain regions,

and dosing schedules have been tried.
There are two small positive studies showing

that TMS can benefit writer’s cramp, a formof focal

dystonia [136]. After publication of a positive small
abstract, two groups have used TMS to investigate
and possibly treat Gilles de la Tourette syndrome

[137]. One study found modest and transient ben-
eficial effects on tics when applied over prefrontal
cortex (M. Trimble, personal communication 2002).
Another study at MUSC also found positive effects

on tics and obsessive-compulsive disorder (OCD)
symptoms [137]. Further work is needed in this
promising area.

The TMS MT is reduced in patients with
untreated epilepsy [138], hinting at widespread
problems in cortical excitability. Therapeutically,

there is one report of potential beneficial effects of
slow rTMS in action myoclonus [139]. Addition-
ally, TMS has been used to examine cortical

excitability and inhibition in Tourette’s syndrome,
dystonia, and OCD [18,19]. Reduced intracortical
inhibition has been reported in all three illnesses.

Schizophrenia

Several studies have used TMS to investigate

schizophrenia without consistent replication of
early findings, which were compounded bymedica-
tion issues [140,141]. A 1-day prefrontal TMS

challenge study by Nahas and colleagues [142] at
MUSC failed to find significant effects on negati-
ve symptoms. Hoffman and colleagues [143,144]

have used low-frequency TMS over the temporal
lobes to treat hallucinations in patients with
schizophrenia. Although they have replicated their
earlier study, another group has tried to replicate

this effect without success (K. Ebmeier, personal
communication 2002).

Anxiety disorders

In a randomized trial of left and right pre-

frontal and midoccipital 20-Hz stimulation in 12
patients with OCD, Greenberg et al [145] found
that a single session of right prefrontal rTMS

decreased compulsive urges for 8 hours. Mood was
also transiently improved, but there was no effect
on anxiety or obsessions. Using TMS probes, the
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same group reported decreased intracortical in-
hibition in patients with OCD [146], which has also
been noted in patients with Tourette’s syndrome

[19]. Somewhat surprisingly, OCD patients had
a loweredMEP threshold in one study [147], which
was unrelated to intracortical inhibition and seems
to replicate (E.M. Wassermann, personal commu-

nication 2002). Only two other studies have ex-
amined possible therapeutic effects of rTMS in
OCD. A double-blind study using right prefrontal

slow (1 Hz) rTMS and a less focal coil failed to find
statistically significant effects greater than those of
sham [148]. In contrast, a recent open study in

a group of 12 OCD patients refractory to standard
treatments, who were randomly assigned to right
or left prefrontal fast rTMS, found that clinically
significant and sustained improvement was ob-

served in one third of patients [149]. Clearly,
further work is warranted testing TMS as a poten-
tial treatment for OCD.

McCann et al [150] reported that 2 patients
with posttraumatic stress disorder (PTSD) im-
proved during open treatment with 1 Hz of rTMS

over the right frontal cortex. Grisaru et al [151]
similarly stimulated 10 PTSD patients over motor
cortex and found decreased anxiety. Grisaru and

colleagues also reported a positive TMS study in
PTSD patients (N. Grisaru, personal communi-
cation, 2001). Further work is needed.

A potential new way of using transcranial

magnetic stimulation–magnetic seizure therapy

as an antidepressant

The discussion throughout this article has
focused on using TMS to change brain function

without inadvertently causing a seizure. As men-
tioned previously, TMS at high frequencies and
intensities can cause seizures. ECT produces a

seizure through direct electric stimulation, under
anesthesia, of the scalp and skull. Although
ECT is the most effective antidepressant, it has
cognitive side effects and does not work in up to

half of treatment-resistant patients. If one used
TMS to induce an ECT-like seizure, one might be
able to focus the point of origin of the seizure and

thus spare some brain regions from unnecessary
exposure to electric currents and to seizure spread.
This is possible with TMS, because magnetic fields

pass through the scalp and skull unimpeded,
whereas the direct application of electricity to the
scalp with ECT loses focality and power as a result
of the impedance of the overlying tissue. After a

proof of concept demonstration in primates [152],

Lisanby et al [36] used an enhanced device with
four times the usual number of charging modules
to induce seizures in depressed patients referred

for ECT. Further clinical and preclinical work
with this exciting technique called magnetic
seizure therapy (MST) has proceeded. An initial
safety study found that MST seizures were briefer

in duration than ECT seizures, that patients awoke
from anesthesia much faster with MST, and that
their acute cognitive side effects were much less

with MST [153]. Further work is underway to
determine whether this technique has antidepres-
sant effects. Because MST induces a seizure, it still

requires repeated episodes of general anesthesia.
The long-held dogma in the field of convulsive

therapy was that a seizure was necessary and
sufficient to constitute an effective treatment for

depression. Recent research in ECT and new work
in TMS have challenged both aspects of that
theory with respect to the antidepressant potential

of brain stimulation. First, it was demonstrated
that it was possible to generate seizures with ECT
that lacked efficacy; thus, a seizure cannot be

sufficient [154,155]. What we have learned about
the features that distinguish effective from in-
effective seizures has guided the development of

MST as a more targeted way of producing an
effective treatment that should be less contami-
nated by the consequences of generalization to
regions of the brain linked to cognitive side effects

(medial temporal structures). Because MST offers
a focal means of inducing seizures, it is possible to
use MST to examine the roles of the location of

seizure onset and patterns of seizure spread in the
antidepressant effects and cognitive side effects
more precisely than one could do with ECT.

In addition to not being sufficient, recent work
with TMS has challenged the theory that a seizure
is necessary at all [156]. This radical notion was
not easily accepted by the field as recently as 8

years ago, because it challenged the then widely
held dogma that a seizure was needed for ECT,
and by extension, any form of transcranial

stimulation to be effective in treating depression.
The recent suggestions of antidepressant effects of
vagus nerve stimulation (VNS) in treatment-

resistant depressed patients [157–159] as well as
in comorbid epilepsy and depression patients
[160,161] add weight to the notion that somatic

treatments can improve mood without causing
a seizure (VNS does not cause seizures and is, in
fact, an anticonvulsant treatment method). Addi-
tionally, the recent reports of mood effects with

DBS also underline the point that nonconvulsive
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stimulation can powerfully change mood [162].
The recent studies with MST, although perhaps
a radical improvement over the current methods
of inducing seizures, still work within the para-

digm that a seizure is needed for antidepressant
effects. If MST has clinically significant antide-
pressant effects that are not associated with side

effects, one could imagine eventually doing a direct
comparison of MST versus TMS over the same
region and finally settling the argument over the

necessity of the seizure to treat depression. While
debating the theory can be useful in refining our
perspective on the modes of action of antidepres-

sant treatment, it is important to recognize that
these various brain stimulation techniques for
depression are not in competition; rather, each
may be helpful for specific subpopulations of

depressed patients. Demonstrating that a subcon-
vulsive form of stimulation can be effective in
depression does not necessarily make convulsive

forms of treatment obsolete. The goal has been to
expand our therapeutic options for severely ill and
resistant patients and, in the process, to illuminate

the brain circuitry and common mechanisms
underlying antidepressant action.

Summary

TMS is a powerful new tool with extremely

interesting research and therapeutic potentials.
Further understanding of the ways by which TMS
changes neuronal function, especially as a function

of its use parameters, will improve its ability to
answer neuroscience questions as well as to treat
diseases. Because of its noninvasiveness, it does

not readily fit under the umbrella of neurosurgery.
Nevertheless, it is important for neurosurgeons
to be aware of TMS, because findings from TMS

studies will have implications for neurosurgical
approaches like DBS and VNS. Indeed, it is pos-
sible to think of using TMS as a potential noninva-
sive initial screening tool to identify whether

perturbation of a circuit has short-term clinical
effects. In the example of chronic refractory de-
pression or OCD, which is generally a chronic ill-

ness, it might then follow that rather than having
daily or weekly TMS for the rest of their lives,
patients would have DBS electrodes implanted in

the same circuit.
Whatever road the future takes, TMS is an

important new tool that will likely be of interest to
neurosurgeons over the next 20 years and perhaps

even longer.
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