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Preface

Modern neuropsychopharmacology has led to important insights into the
pathophysiology of mental disorders and the development of effective drugs
since the 1950s. More recently, findings derived from functional neuroimaging
studies have emphasized the neuroanatomical perspective in mental disorders.
This is directly linked to the idea of focally stimulating distinct brain regions in
order to exert therapeutic effects.

Many different brain stimulation approaches have been considered during
the last decades and some of them have been developed into effective therapeu-
tic interventions. Electroconvulsive therapy (ECT), for example, is a well-
established treatment for depression and catatonia, and deep brain stimulation
(DBS) is widely applied in patients suffering from severe Parkinson’s disease.
Many of these methods converge in terms of underlying mechanisms of action
based on fundamental principles of brain function. Sometimes they even show
common neurobiological effects, demonstrated by functional neuroimaging,
neurophysiology methods and molecular neuroscience techniques. One exam-
ple are the effects of antidepressant interventions on regional cerebral activity
demonstrated by functional neuroimaging: antidepressant drugs and ECT as
well as DBS of the subgenual cingulate cortex, which has most recently been
investigated [Mayberg et al., 2005], act in a similar manner on dysfunctional
regional brain activity in depression, i.e. modulating limbic and paralimbic
brain activity in rest towards a state normally observed in healthy volunteers
and associated with mental health. However, it is often difficult or impossible to
identify the key mechanisms of action and to distinguish them from epiphenomena

Vil



purely associated with the recovery from disease, but not related to a specific
action of an intervention.

The different brain stimulation methods can principally be distinguished
by specific characteristics. (1) They act on neuronal circuits through various
neuroanatomic ‘windows’. In some interventions these ‘windows’ can be
defined in terms of neuroanatomic structures as in vagal nerve stimulation
(VNS), DBS or repetitive transcranial magnetic stimulation (rTMS), and in
some interventions the action on the brain is not focal at all as in ECT, magnetic
seizure therapy (MST) and transcranial direct current stimulation (tDCS). (2)
The methods range in terms of their invasiveness from practically noninvasive
approaches (rTMS, tDCS), to ECT and MST, which provoke an epileptic
seizure, require general anesthesia and may somehow be regarded as ‘more
invasive’ than rTMS and tDCS, to clearly invasive techniques (VNS and DBS)
where stimulation electrodes and a neurostimulator are implanted. (3) Finally,
they differ in terms of the duration of the intervention, i.e. ECT, rTMS, MST
and tDCS represent acute treatments normally applied over several weeks and
rarely extended towards maintenance treatment, whereas VNS and DBS work
through a permanent stimulator and are per se long-term treatment strategies,
particularly suitable for chronic or frequently relapsing disorders.

Our book focuses on transcranially applied, non- or low-invasive interven-
tions not requiring surgery, i.e. ECT, rTMS, MST and tDCS. Recent progress
in this field has prompted us to edit this book in order to provide an overview
on this spectrum of fascinating techniques — not only for scientists, but also for
clinicians who are interested in these methods and who may even consider
applying one or the other approach for the treatment of their patients. However,
it is important to emphasize that the different methods are at different stages of
development in specific disorders. To reflect this range, the book contains a
state-of-the-art chapter on ECT, which still represents a kind of gold standard
in this field. It reviews more recent methods, particularly rTMS, which is just
about to become clinically applicable as treatment for several mental disorders
and introduces the most recent achievements: MST, tDCS and two novel vari-
ants of rTMS, i.e. theta burst stimulation and deep rTMS. The latter chapters
do not present ready-to-use approaches, but are thought to stimulate a wider
interest in methodology and trigger a substantial discussion about options for
method development which is clearly needed in this field.

We are extremely grateful to our colleagues who have spent their valuable
time writing for this book, despite the large number of publication duties a
scientist faces in our times. All authors have contributed to the benefit of
our readers. Moreover, we thank the staff of S. Karger AG, Basel for their
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excellent, accurate and speedy work during the editorial process. Finally, we
particularly acknowledge the initiative and the input of the series editors
(K.P. Ebmeier, W.P. Kaschka, D. Ebert and W.F. Gattaz) who made this book
possible.

Marco Antonio Marcolin
Frank Padberg
Sdo Paulo and Munich
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Electroconvulsive Therapy:
Update and New Research

Daniela Eser, Cornelius Schiile, Rainer Rupprecht, Thomas C. Baghai

Department of Psychiatry and Psychotherapy, Ludwig-Maximilian University Munich,
Munich, Germany

Abstract

Electroconvulsive therapy (ECT) is a nonpharmacologic biological treatment, which
has been proven to be a highly effective treatment option. Several studies indicated the clini-
cal efficacy and clinical effectiveness of ECT predominantly for major depression, but also
for other psychiatric disorders. Particularly in major depression, ECT still has to be consid-
ered as the most effective treatment option, especially in treatment-resistant depression. In
patient populations not fulfilling the criteria of therapy resistance, response rates of 80-90%,
which are superior to pharmacotherapy response rates, have been reported. Although the cru-
cial neurobiological mechanisms underlying the clinical effectiveness of ECT are still under
investigation, recent research enhanced the knowledge about possible mechanisms and indi-
cated that ECT does not only affect neurotransmission but may also induce structural
changes in neuronal networks. In addition, modified stimulation techniques and the progress
in modern anesthesia have obviously enhanced the safety and tolerability of ECT during the
last decades. Former absolute contraindications became relative during the last years; there-
fore, ECT today can be offered as a safe treatment also to patients with higher somatic risks.
ECT still offers a highly effective therapeutic option that should not be kept back especially
from patients who did not respond to other treatments such as combined pharmacotherapy
and psychotherapy.

Copyright © 2007 S. Karger AG, Basel

Since the first publication of a placebo-controlled double-blind study in
the early 1960s indicating the efficacy of electroconvulsive therapy (ECT) in
the treatment of depression [1], a variety of reports, which have been summa-
rized in a recent review [2], described the excellent therapeutic efficacy of
ECT. Particularly in major depression, ECT still has to be considered as the
most effective biological treatment option, especially in patients after medica-
tion treatment failures. Therefore, pharmacoresistant depressive disorders are



still one of the main indications for the treatment with ECT. In patients suffer-
ing from depression and treated with ECT, a markedly better improvement has
been shown compared to pharmacological treatment strategies such as tricyclic
antidepressants (TCAs) [3], monoamine oxidase inhibitors [3] and selective
serotonin reuptake inhibitors [4]. In addition, compared to pharmacotherapeutic
approaches, the amelioration of depressive symptoms can be achieved more
rapidly with ECT [5, 6]. Response rates of up to 80-90%, which have been
reported in depressed patients treated with ECT [5, 7], are not yet achieved with
pharmacotherapy. Furthermore, in those cases in which depressive symptoms
are not ameliorated with pharmacotherapy, response rates of about 50-60% can
nevertheless be achieved by ECT [8]. Although pharmacoresistant major
depression is still the most frequent indication for ECT, other psychiatric condi-
tions like delirious mania, malignant catatonia, or malignant neuroleptic syn-
drome have to be considered as urgent first-line indications for the treatment
with ECT. Furthermore, ECT has been shown as an effective treatment strategy
in schizophrenia in combination with antipsychotic pharmacotherapy [9] and in
several other psychiatric disorders like bipolar disorder [10, 11], obsessive-
compulsive disorder [12] or personality disorders comorbid with depression
[13, 14] in cases of resistance to pharmacotherapy. In a recent study of the
National Institute of Health and Clinical Excellence on the economic analysis
of ECT [15] the economic modelling results suggested that ECT has no clear
economic benefit compared to psychopharmacotherapy and has to be consid-
ered as a second-line treatment strategy in depression due to enhanced relapse
rates following ECT [15]. However, this conclusion has recently been criticized
due to the limited number of included trials and due to a bias in the included tri-
als in favor of medication [16].

The current standard of ECT with the induction of a series of generalized
epileptic seizures using brief-pulse stimulation techniques under anesthesia and
muscle relaxation has to be considered as one of the best tolerated and as safe
biological treatment strategies with low risk for severe complications, even
lower risk compared to antidepressant treatment with TCAs [17, 18].

Mechanisms of Action of Electroconvulsive Therapy

Although many decades of research and clinical experience have improved
the technique and practice of ECT, the underlying crucial mechanisms which
contribute to the superior therapeutic effects of ECT in distinct psychiatric dis-
orders are still under investigation. Most research investigating the neurobio-
logical effects of ECT focused on the antidepressive potential of ECT and
revealed that ECT particularly affects neurotransmitter systems which may be
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involved in the pathophysiology of depression, e.g. the serotonergic, dopamin-
ergic, GABAergic or glutaminergic system (for a current review, see Wahlund
and von Rosen [19]). In accordance with the so-called catecholamine and sero-
tonin deficiency hypothesis in depression, several studies indicated that ECT
attenuates serotonergic and noradrenergic neurotransmission. However, animal
studies revealed conflicting results as an enhanced sensitivity of presynaptic
hippocampal 5-HT1A receptors [20] but also a decreased sensitivity of hip-
pocampal 5-HT1A receptors [21] has been described after treatment with elec-
troconvulsive shocks (ECS) in rats. However, in patients suffering from major
depression ECT has been shown to increase tryptophan plasma levels [22, 23],
suggesting that an increased availability of the serotonin precursor may con-
tribute to the therapeutic effects of ECT [23].

In addition, a compensatory increase in y-aminobutyric acid (GABA)
neurotransmission has been suggested as a possible mechanism of ECT. In line
with the anticonvulsive effects of ECT and the GABA deficit hypothesis of
depression [24], a proton magnetic resonance spectroscopy study showed that
occipital cortex GABA concentrations [25] are increased in depressed patients
treated with ECT. Furthermore, an iomazenil SPECT study in depressed
patients treated with ECT showed a significant increase in iomazenil binding to
the GABA ,-receptor-associated benzodiazepine binding site in most cortical
areas [26], suggesting an enhanced GABAergic neurotransmission as a possible
mechanism of ECT [26]. Recently, ECT has been shown to enhance activity of
inhibitory circuits in the human motor cortex, which was assessed by transcra-
nial magnetic stimulation, further indicating that ECT has marked effects on
GABAergic neurotransmission [27].

Furthermore, current studies indicated that also effects on glutamate, the
most important excitatory neurotransmitter, may play a role for the therapeutic
effects of ECT. In patients suffering from major depression, ECT increased glu-
tamate plasma levels [23] and normalized reduced glutamate/glutamine levels
in the left cingulum in those patients who responded to ECT [28].

In addition to the effects on neurotransmitter systems, the therapeutic
effects of ECT have also been attributed to its influence on hormonal levels,
particularly the putative effects of ECT on the hypothalamic-pituitary-adrenal
(HPA) system. A dysregulation of the HPA axis comprising elevated levels of
corticotropin-releasing hormone, adrenocorticotropic hormone (ACTH) and
cortisol during depressive episodes which normalize after clinical remission is
one of the most consistent and stable biological finding in depressive disorders
[29]. Acute elevations of ACTH and cortisol plasma levels have been observed
immediately after ECT [30, 31] and might be interpreted as a physiological
stress response. However, during the course of ECT, ACTH and cortisol
plasma levels have been found to decrease, suggesting that a downregulation
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of the HPA axis [32] might comprise a therapeutic effect of ECT in major
depression.

In addition, in the last decades, considerable evidence has emerged that
certain so-called neuroactive steroids, which alter neuronal excitability via
nongenomic mechanisms, might be involved in the pathophysiology of depres-
sion and that the attenuation of such neuroactive steroids might contribute to
the therapeutic effects of antidepressant drugs [33]. Although no alterations of
positive GABAergic 3a-reduced neuroactive steroids have been detected in
depressed patients after treatment with ECT [34], elevated plasma levels of
dehydroepiandrosterone sulfate (DHEAS), which is a potent negative modula-
tor of the GABA, receptor, have been found in psychotic depressed patients
and were associated with nonresponse to ECT in these patients [35]. Therefore,
it has been suggested that DHEAS plasma levels might serve as a predictive
marker of nonresponsiveness to ECT [35]. Furthermore, in a genetic rat model
of depression, DHEAS pretreatment abolished the antidepressive effects of ECS
[36], suggesting that a pharmacologically induced decrease in DHEAS levels
might serve as a putative intervention to restore the treatment response in
depressed patients resistant to ECT [36].

Recently, growing evidence has emerged for a major role of downstream
signal transduction pathways, e.g. the cyclo-AMP-responsive element binding
protein (CREB) cascade, and their effects on neurotrophic factors like the
brain-derived neurotrophic factor (BDNF) in the pathogenesis and treatment of
depressive disorders [37]. In this context, in vivo and animal studies suggested
that the antidepressive effects of ECS may be attributed to its putative effects on
neurogenesis and neuroplasticity. Single ECS have been shown to rise BDNF
mRNA [38-40] and tyrosine kinase B mRNA, which is an effector of BDNF
[40]. Furthermore, comparable to the observations after pharmacological anti-
depressant treatment [41], BDNF mRNA and tyrosine kinase B mRNA are con-
tinuously increased after a course of ECS [42]. Moreover, several studies
indicated that ECS increase synaptic connectivity. Chronic ECS induce mossy
fiber sprouting in the hippocampus [43, 44] and in other brain regions such as
the amygdala and frontal areas [45]. In addition, ECS are followed by an
increase in neuron formation in the hippocampus [43, 46, 47], an effect that was
already observed after a single ECS [47] but which was even more pronounced
after a series of ECS [46, 47], suggesting a dose-dependent mechanism of ECT
on neurogenesis [47]. In addition, increased levels of CREB and an enhanced
transcription mediated by CREB have been detected in the hippocampus after
ECS in experimental animals [41]. In humans, current proton magnetic reso-
nance spectroscopy studies supported the hypothesis that ECT does not induce
neuronal damage or cell death, because ECT does not induce a decrease in the
N-acetylaspartate signal, a sign of cell atrophy [28, 48].
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Further SPECT studies in depressed patients indicated a reduced cerebral
blood flow in frontal areas briefly after ECT [49]. In contrast to these acute
effects, cerebral blood flow has been shown to increase and therefore to nor-
malize in depressed patients after a course of ECT [26, 50]. In the frontal and
parietal cortex and in the anterior and posterior cingulate gyrus of depressed
patients, a decreased regional cerebral glucose metabolism has been observed
after ECT [51, 52]. Responders compared to nonresponders had a reduced
cerebral glucose metabolism in frontal regions [53], suggesting that the
decrease in glucose metabolism might contribute to the therapeutic effects of
ECT [51].

Stimulus Wave Form, Stimulus Intensity and
Electrode Placement

Although the underlying crucial mechanisms contributing to the clinical
efficacy of ECT are still under investigation, there is increasing evidence that
stimulus wave form, electrode placement and stimulus intensity have a major
influence on the efficacy and safety of ECT.

With regard to stimulus wave forms, a recent meta-analysis [2] indicated
no significant differences between brief-pulse and sine wave stimulation in the
amelioration of depressive symptoms. However, due to enhanced rates of cog-
nitive impairment following sine wave ECT [54], this method of stimulation
has been replaced by brief-pulse stimulation techniques, which have to be con-
sidered as the stimulation method of choice nowadays.

In general, bilateral ECT is considered to be more effective than unilateral
(UL) ECT, which requires higher stimulus dosage to achieve the same efficacy.
Therefore, stimulus intensity depends on electrode placement.

Several studies and a recent meta-analysis [2] concerning the effectiveness
of UL ECT in depressed patients indicated that higher electrical dosage is asso-
ciated with increased effectiveness and more rapid response than low-dosage
ECT [6, 8, 55] (for a review, see UK ECT Review Group [2] and Abrams [18]).
Compared to response rates of 35% in patients treated with low-dosage, right
UL ECT (1.5X above the titrated seizure threshold), high-dosage ECT (6X
above the titrated seizure threshold) was associated with a response rate of 65%
[8]. Interestingly, response rates did not differ in patients treated with high-
dosage right UL or bilateral ECT, although former publications using lower UL
stimulation energy reported a superior efficacy of bilateral ECT [2, 6, 56].
Furthermore, UL high-dosage ECT has been shown to induce less severe cog-
nitive side effects compared to bilateral ECT [8] and high-dosage right UL ECT
(403 mC) has been shown to be followed by a significantly more rapid response
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compared to titrated low-dosage right UL ECT (2.25 X initial seizure threshold)
in depressed patients [55]. Therefore, it has been suggested that high-dosage
UL ECT is superior compared to moderately titrated suprathreshold treatment
strategies [18].

However, in a recent meta-analysis, bilateral ECT has still been found to be
more effective than UL ECT [2]. In contrast to UL ECT, consistent response
rates of 70-90% have been reported in depressed patients treated with bilateral
ECT with stimulus doses limited to 1-2.5 times above the convulsive threshold
[6, 8, 57], suggesting that the relation between clinical efficacy and stimulus
intensity is less pronounced in bilateral ECT. Nevertheless, electrode placement
has been suggested as a crucial factor for cognitive side effects induced by
bilateral ECT. Bifrontal electrode placement has been shown to be as effi-
cacious as bitemporal placement but might induce less cognitive impairment
[57, 58].

In contrast to the results in major depression, the influence of electrode
placement or stimulus intensity on the efficacy of ECT is less obvious in schiz-
ophrenic patients. A recent Cochrane review on ECT for schizophrenia [9]
found no evidence for a difference in efficacy between UL and bilateral ECT
and only limited data indicated a faster improvement but no differences in the
extent of improvement in high-dosage UL ECT [9].

Clinical Indications of Electroconvulsive Therapy

ECT as a First-Line Treatment Strategy

Acute psychiatric conditions that may require ECT as a first-line treatment
are severe excitement, e.g. in delirious mania and malignant catatonia. Intensive
ECT, usually administered daily, has been shown to relieve the high rates of
mortality associated with these psychiatric conditions [59, 60]. In addition, also
in case of a malignant neuroleptic syndrome or severe medication toxicity ECT
serves as a first-line treatment strategy [18, 61].

Although the most frequent indication for ECT in major depression is non-
response to psychopharmacological treatment strategies, the occurrence of
depressive stupor and inanition as in melancholic or psychotic depression may
constitute a first-line indication for ECT. ECT has been shown to be one of the
safest therapeutic options with the fastest relief of symptoms in case of refusal
of food and drinking and of severe psychomotor retardation [62]. Also in severe
psychotic depression or in patients at high risk of suicide, ECT should be con-
sidered earlier than other therapeutic options [17]. Particularly in psychotic
depressed patients remission rates of approximately 90% with relief experi-
enced already 10—14 days after the beginning of treatment have been observed
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after ECT [63, 64]. Furthermore, the risks of suicide have been shown to relieve
quickly by ECT, although attention to continuation treatments is essential to
sustain the benefit [65].

ECT has to be considered further as a first-line treatment for depression,
mania and psychotic symptoms in patients suffering from severe systemic ill-
nesses at risk of worsening the somatic status due to psychopharmacological
treatment [66—68] and in women during early pregnancy and during the breast-
feeding postpartum period when the administration of psychotropic medica-
tions is precluded.

ECT as a Second-Line Treatment

Most commonly, ECT is applied in patients after psychopharmacological
treatment failures or in those cases where medication toxicity interrupted the
course of therapy [18, 61]. In psychopharmacological treatment-resistant
depressed patients, ECT has been shown to enhance response rates significantly
[4, 69, 70], particularly in patients suffering from psychotic depression, even
if antipsychotic pharmacotherapy has been applied adequately before ECT
[4, 17].

Intolerable side effects of antidepressant medications, somatic comorbidi-
ties emerging during the pharmacological treatment [17, 71] or worsening of
depressive symptoms including severe suicidality during an antidepressant
pharmacotherapy constitute further second-line treatment indications for ECT
[17]. Clinical indications for ECT are summarized in table 1.

Continuation ECT

After successful acute treatment with ECT, continuation ECT (C-ECT)
might also offer a further possibility in maintenance therapy. Although absence
of controlled studies limits the scientific evidence for the use of C-ECT, clinical
observations indicated that ECT may serve as an efficacious prophylactic tool
[65, 72] in the treatment of depression. C-ECT should be considered if the prior
history of an individual patient shows an enhanced risk for recurrence of
depression during continued pharmacotherapy including both antidepressants
and mood stabilizers [73—75]. After acute treatment, which usually consists of
2 or 3 ECT treatments per week, the treatment intervals should be prolonged
usually to 1 treatment per week for 4-8 weeks. Afterwards the frequency of
1 treatment every 2 weeks and 1 treatment every 4 weeks should be maintained
for at least 6 months. An alternative frequently used strategy (the so-called cafe-
teria style) is based on the individual decision, whether a C-ECT treatment is
administered when the first signs of recurrence of depressive symptoms are
reported [18, 76].
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Table 1. Indications for ECT (adopted from Baghai et al. [61])

Category of ECT indications Indication

ECT as a first-line treatment febrile catatonia [60]
malignant neuroleptic syndrome [60]
severe depressive episode!
schizoaffective psychosis!
schizophrenia' [97]
in case of life-threatening or intolerable side
effects of psychopharmacological treatments

ECT as a second-line treatment medication treatment failures in
depression
schizoaffective psychosis
schizophrenia
mania
depression or psychotic symptoms in
case of organic diseases

ECT as a last-resort treatment treatment-resistant OCD
treatment-resistant dyskinesias
treatment-resistant Gilles de la Tourette

syndrome
treatment-resistant epilepsy
Parkinson’s disease (treatment resistant)

'With suicidality which cannot be handled even on protected wards, psychotic symp-
toms or depressive stupor, with positive symptoms or acute danger of self-harm or harm of
others.

Efficacy of Electroconvulsive Therapy

The general efficacy and superiority of ECT in comparison to antidepres-
sant pharmacotherapy has been described in several controlled clinical trials
and meta-analyses [2]. In a recent meta-analysis of the UK ECT Review Group [2],
ECT has been found to be significantly superior in major depression compared
to antidepressant pharmacotherapy. In non-treatment-resistant depression
response rates between 80-90% [5, 7] and even up to 100% [8] have been
observed, although in drug-resistant depression lower response rates of about
50-60% have to be expected [8]. However, a more rapid improvement [5, 6, 63, 18]
and a faster treatment response during ECT has been consistently reported in
patients suffering from major depression compared to pharmacotherapy [17]. In
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those patients not responding to ECT, the concomitant prescription of anti-
depressants may enhance the clinical efficacy of ECT. However, study results
regarding the putative benefits of combined ECT and psychopharmacological
treatment are still controversial, reporting an amelioration of depression under
ECT and TCA treatment [77, 78] but a lack of clinical effectiveness for selec-
tive serotonin reuptake inhibitors [77].

ECT is also an effective antidepressant treatment strategy if depressive
episodes occur in bipolar disorder [17, 18], although infrequent switches from
depression to mania have been described during the course of ECT [17].
However, randomized controlled trials on the switch rates during ECT com-
pared to pharmacological antidepressant treatment strategies are lacking so far.
Therefore, no definite conclusion can be drawn at the moment if a switch to
mania is indeed a side effect of ECT or whether it has to be interpreted as an
artifact [79]. In contrast to antidepressant pharmacotherapy, in cases of a switch
ECT treatment does not have to be stopped due to the antimanic properties of
ECT. In patients suffering from obsessive-compulsive disorder (OCD) not
responsive to pharmacotherapy, response after ECT may be expected if OCD is
accompanied by depressive symptoms [17] and a beneficial effect of ECT dur-
ing OCD continuation therapy has been reported [17].

Comorbid personality disorder is a predictor of poor response to ECT and
the recommendation for ECT should be cautious in such patients [18, 80].
Nevertheless, in patients suffering from major depression and personality dis-
orders, a recent meta-analysis indicated that ECT may be of benefit [14].
Therefore, ECT should be taken into account as an additional treatment strat-
egy in such patients if no response can be achieved with pharmacotherapy
[17].

In comparison to major depression, in patients suffering from organic
depression due to somatic disorders, lower response rates to ECT have been
described [81-83]. However, ECT has been proven as a clinically effective
treatment strategy in patients suffering from poststroke depression [8, 56, 83].

In patients suffering from schizophrenia, the Cochrane Schizophrenia
Group ECT review [9] found that ECT monotherapy is less effective than
antipsychotic [9] drug treatment, although the combination of ECT with
antipsychotic drugs resulted in greater improvement in mental state compared
to antipsychotic pharmacotherapy. Furthermore, compared to antipsychotic
monotherapy, the combination with ECT was found to be more effective in the
maintenance of response in patients not responding to psychopharmacother-
apy [9]. The authors concluded that ECT, combined with antipsychotic drugs,
may be considered a therapeutic option in patients with schizophrenia, par-
ticularly when rapid global improvement and reduction of symptoms is
warranted [9].
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Safety of Electroconvulsive Therapy and Clinical Precautions

After many decades of research and clinical experience, clinicians have
developed protocols for the safe treatment of patients warranting ECT regard-
less of age, medical status, or physical state.

In general, ECT is one of the best tolerated antidepressant therapies with
low risk for severe complications, even lower than that obtained with TCAs
[17, 18]. The mortality rate during ECT varies between 1:50,000 and 1:25,000
treatments [17, 18]. In less than 1 in 10,000 treatments, severe complications
have warranted special attention [17]. Therefore, ECT has to be considered as
one of the safest medical procedures under anesthesia. Clinical conditions
requiring special attention before and during an ECT, which have been
described in Abrams [18] and Baghai et al. [61], are summarized in table 2.

No absolute contraindications are acknowledged. Conditions including
higher somatic risks are a recent myocardial or cerebral infarction, high
intracranial pressure, and every untreated severe medical and life-threatening
anesthesiological risk. If treated sufficiently, these conditions become relative
contraindications and an individual and interdisciplinary benefit/risk analysis
for each patient has to be performed. Conditions enhancing the cardiovascular
risks are coronary artery disease, arrhythmias, insufficiently treated hypertonia,
or aneurysms. Other medical conditions such as severe lung or liver diseases,
disturbances of blood coagulation or an untreated pheochromocytoma can
enhance both ECT and anesthesia risk. Neurological diseases such as intracra-
nial tumors or bleeding, vascular malformations, cerebral ischemia or acute
infections enhance the treatment risk. In general, each factor enhancing the risk
for ECT or anesthesia side effects should be taken into consideration and in
case of such specific risks, interdisciplinary counseling may be necessary.
Afterwards the higher somatic risk has to be compared to the risk of an insuffi-
ciently treated or prolonged psychiatric illness. Patients and relatives or respon-
sible legal guardians have to be informed about risk/benefit ratios to contribute
to a shared decision.

Side Effects of Electroconvulsive Therapy

Somatic Side Effects

The most frequent immediate unpleasant effects of ECT are headache,
nausea and vomiting (varying with anesthetic). Up to 45% of patients report
headache after ECT, which can be treated symptomatically using analgesics
such as acetylsalicylic acid or paracetamol and, if severe, by changing the
induction medications. Patients suffering from regular migraine attacks are
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Table 2. Clinical conditions requiring special attention before and during ECT

(adopted from Baghai et al. [61])

Category

Clinical condition

Enhanced intracerebral pressure!
Cerebral infarction!

Myocardial infarction'

Intracerebral tumor!

Any life-threatening anesthesia risk’
Cardiovascular disorders

Medical disorders

Neurological disorders

Orthopedic disorders
Esophageal hernia

Concomitant pharmacological
treatment

at present

not older than 3 months

not older than 3 months

including intracerebral edema

at present

cardiac arrhythmias, instable angina pectoris,
myocardial infarction (older than 3 months),
myocardial insufficiency, heart valve
abnormalities, not sufficiently treated hyper- or
hypotonia, aortal aneurysm

disturbance of blood coagulation, severe liver
diseases, severe pulmonary diseases,
pheochromocytoma

intracerebral neoplasias, intracranial bleeding,
intracerebral vascular malformations, cerebral
ischemia, cerebral inflammations, hydrocephalus,
dementias, diseases of the basal ganglia,
craniotomies, severe cerebral traumas

osteoporosis

increased aspiration risk, intubation
recommended

if enhancing the ECT risks or reducing ECT
efficacy

In former times considered as absolute contraindications; today an individual risk/benefit
analysis is necessary.

predisposed to postictal headache after ECT. In this case, triptans, e.g. suma-
triptan, can be applied orally or intranasally [84]. Nausea occurs rarely after
intravenous anesthesia and can be treated using metoclopramide. Other rare
complications of ECT can be cardiovascular events emerging from anesthesia.
Furthermore, prolonged seizures beyond the anticipated 30-180s have been
described as a side effect of ECT [17]. An enhanced risk for such prolonged
seizures has been reported in patients treated with theophylline [85, 86].
However, the treating anesthesiologist or psychiatrist will end the seizure by the
administration of intravenous benzodiazepines (e.g. diazepam), anesthetics or
other anticonvulsants. This event is best managed by ictal and postictal EEG
monitoring [85], which can also be of use in the treatment of nonconvulsive
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seizures which rarely occur after ECT [85, 86]. In addition, the rare case of pro-
longed muscle relaxation either due to an individual predisposition or to a side
effect of concomitant lithium therapy [87, 88] might require subsequent mea-
surement of oxygen saturation and assisted respiration to prevent hypoxia.
Adequate muscle relaxation prevents aching muscles, which is reported only
rarely. In patients suffering from bipolar depression, ECT similar to any other
antidepressant agent [84] might induce a switch to hypomania or mania [84].
However, concomitant therapy with lithium or mood stabilizers [89] can reduce
the switch risk significantly, although an enhanced risk of side effects and a
decreased effectiveness due to the anticonvulsant properties of the mood stabi-
lizers have to be considered [89].

Cognitive Side Effects

In up to one third of patients, transient cognitive side effects have been
described after ECT [17]. In general, transient cognitive disturbances are more
prominent in bilateral than in UL and in high-dosage than in low-dosage
ECT [2]. In such cases, postseizure delirium has to be distinguished from tran-
sient memory disturbances such as anterograde or retrograde amnesia and from
rarely occurring effects on the autobiographic long-term memory [90]. The
duration and the severity of postictal delirium including a prolonged reorienta-
tion period may vary with patient age, dosage and type of anesthetic, and the
characteristics of the concomitant psychoactive or systemic medications.

In older patients with physical comorbidity, short-term memory distur-
bances have been reported in up to 28% of ECT-treated patients [91]. In cases
of concentration or attention deficits reported after ECT, it might be difficult to
differentiate cognitive side effects in an individual patient after treatment from
cognitive disturbances caused by the illness itself [92]. In addition, also an ame-
lioration of cognitive impairment has been reported in depressed patients
treated with ECT [93]. The rate of cognitive disturbances is generally depen-
dent on dose and application of electrical stimulation, with higher risk of cogni-
tive side effects in bilateral and high-dosage ECT [83, 93]. Nevertheless, using
modified ECT techniques such as UL or bifrontal pulse wave stimulation, anes-
thesia with muscle relaxation and sufficient oxygenation reduced these risks
substantially [6, 8, 94].

If, in spite of these precautions, cognitive disturbances occur, a rapid
improvement within 1-4 weeks can be observed in most cases [94]. Follow-up
investigations showed a complete reversibility of cognitive side effects after an
ECT course [61, 94] or even an improvement in comparison to the time interval
before ECT treatment [61]. This is in accordance with a variety of case reports
and controlled studies confirming that ECT does not cause long-lasting func-
tional [95] or any structural damage of the central nervous system [93, 95, 96].
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Conclusion

Besides the extensive development of psychopharmacological treatments

and the promising results of studies investigating novel nonpharmacological
strategies like repetitive transcranial magnetic stimulation, vagus nerve stimula-
tion and magnetic seizure therapy, so far a significant improvement in response
rates and a more rapid amelioration of symptoms has not been achieved with
these new treatment strategies. ECT has still to be considered as a highly effec-
tive treatment option predominantly for depression, but also for other psychi-
atric disorders.
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Abstract

In recent years, the therapeutic properties of repetitive transcranial magnetic stimula-
tion (rTMS) have been investigated more or less systematically for the treatment of a multi-
tude of psychiatric disorders. Unfortunately, the effects are far from being convincing.
Therefore, it is important to acknowledge that the optimal use of rTMS necessitates know-
ledge concerning the putative neurobiological changes induced by its use. This could finally
allow for separating myth from reality. Preclinical studies in suitable animal models and
basic studies at the cellular and molecular level are necessary to understand how the induced
intracerebral current density is regulated and which regulatory elements might serve
as potential treatment targets. rTMS has repeatedly been demonstrated to cause changes in
neuronal circuits as reflected by behavioural changes and decreases in the activity of the
hypothalamic-pituitary-adrenocortical system. Specific changes in the dynamic release
patterns of biogenic amines, amino acids and the neuropeptide vasopressin in response to
rTMS (20 Hz) were demonstrated by means of the microdialysis technique. These alterations
are reminiscent of those accompanying antidepressant drugs and suggest regional changes in
neurotransmitter/neuromodulator release, signalling pathways, and in gene transcription.
Most consistently, the data available so far provide evidence that acute rTMS of frontal brain
regions can exert a modulatory effect on both the mesolimbic and the mesostriatal
dopaminergic systems, brain regions known to be involved in the pathophysiology of deleteri-
ous disorders such as major depression, Parkinson’s disease and drug addiction. Translational
psychiatry should now define which patient and treatment characteristics might lead to satis-
factory therapeutic effects with rTMS.

Copyright © 2007 S. Karger AG, Basel

To use repetitive transcranial magnetic stimulation (rTMS) optimally, it is most
important to know how it is acting in brain tissue, i.e. knowledge concerning



the putative neurobiological changes underlying the observed clinical effects is
essential. The limitations of human research necessitate preclinical studies in
suitable animal models and basic studies at the cellular and molecular level for
a better understanding of how the induced intracerebral current density is regu-
lated and which regulatory elements might serve as potential treatment targets.

By the use of rTMS, charge is moved across the excitable neuronal mem-
branes, creating a transmembrane potential. This in turn causes membrane
depolarization and initiates an action potential that propagates along the nerve.
Therefore, rTMS can activate the output and input connections of any area of
the cortex. Clearly, the effects induced are not limited to the cortical area tar-
geted by rTMS but changes can also occur at distant interconnected sites in the
brain. The threshold for producing effects at a distance depends on the intensity
of stimulation [1, 2]. As a measure for the strength of TMS applied in preclini-
cal and clinical studies, the biological efficacy of the stimulus in the individual
subject is critical [3, 4]. Therefore, the intensity of TMS is typically given as a
multiple or percentage of the threshold intensity for evoking a small motor
evoked potential in a relaxed hand muscle [5]. It is of note that the strength of
association between motor threshold reflecting motor cortex excitability and
thresholds for neuronal depolarization in other cortical regions is unknown.
However, to date there is no method for determining stimulus strength in other
brain areas more relevant for, e.g. mood circuitries [2]. Importantly, motor
threshold can also be determined in rodents and should be a prerequisite for
conducting basic research in these animals [6-9].

By selectively modulating activity in brain circuitries involved in patholog-
ical processes such as depression, mania, and schizophrenia, rTMS could theo-
retically be able to therapeutically influence such disorders. So far, the largest
single area of TMS research in psychiatry has been the exploration of possible
therapeutic effects of cortical, usually prefrontal, stimulation on symptoms of
major depression [10].

Size Matters: Repetitive Transcranial Magnetic Stimulation in
Rodent Studies

To be able to identify new psychiatric treatments, appropriate animal mod-
els are indispensable tools. In the case of rTMS, the situation is complicated by
the fact that in the vast majority of rodent studies available so far the entire
brain is likely to be stimulated due to the usage of commercially obtained stimu-
lation coils [2]. Therefore, it is difficult to relate the effects measured to spe-
cific neuronal circuits. To reliably investigate the underlying neurobiological
effects in animal models, the adoption of equivalent stimulation conditions is
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indispensable. Like in clinical studies, another problem arises from the sham
stimulation conditions used, which in some cases are likely to elicit biologically
active conductive patterns [11].

In the pioneering studies demonstrating that chronic rTMS has an
antidepressant-like effect in rats, stimulation patterns used were not tested to be
analogous to those used under clinical conditions and the effects observed were
most probably due to a stimulation of the entire rat brain [12]. In clinical
studies, antidepressant rTMS effects most probably relate to frontal forebrain
stimulation [10, 13], and a major point is the appropriateness of extrapolating
the effects observed in rodent studies. It is worth noting that magnetic stimula-
tion of rodent brains is not diffuse by necessity [2]. One possibility of working
around these problems is to calculate the spatial distribution of current density
induced in both the rat and human brain and to adjust the stimulation para-
meters accordingly.

The coil and stimulation parameters used in the studies conducted at our
laboratory [7, 14-23] were selected according to an exact characterization of
the conductive phenomena elicited by rTMS in both human and rat brain. This
enabled us to accurately adapt the experimental set-up in order to achieve a
stimulation pattern which is analogous to the one used in patients during stan-
dard clinical treatment. The results of the above procedure show that our experi-
mental set-up allows to obtain a stimulation pattern which exhibits a definite
peak in the left frontal region as desired [20, 21]. It is, therefore, justified to
interpret subsequently collected data as related to selective stimulation of this
brain area.

Antidepressant-Like Effects

To obtain predictions about the clinical condition in human depression, an
animal model of depressive-like behaviour with face, construct and predictive
validity should be used [24-28]. We, therefore, characterized the effects of
rTMS on the regulation of hypothalamic-pituitary-adrenocortical (HPA) system
activity, stress coping and anxiety-related behaviour in two Wistar rat lines
selectively bred for high (HAB) and low (LAB) anxiety-related behaviour
under a regimen adapted from clinical conditions. These two rat breeding lines
differ not only in their inborn anxiety, but also in their stress coping strategies
and their HPA system susceptibility to external stressors [29—-32].

Chronic rTMS treatment in the above-mentioned psychopathological ani-
mal model under stimulation conditions adapted from hospital use induced pro-
found changes in acute stress coping strategies [23]. Hargreaves et al. [9] could
replicate this finding in commercially obtained rats. The occurrence of changes
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towards more active coping strategies during exposure to modified versions of
the Porsolt’s swim test has frequently been shown to predict the antidepressant
efficacy of a drug when administered to patients suffering from depression [33].
Therefore, such behavioural effects of rTMS support an antidepressant efficacy
of this treatment. This rTMS-induced shift in HAB animals towards active stress
coping was markedly higher than has previously been reported in commercially
obtained rats, i.e. ‘normal’ rats [20, 34]. In contrast, rTMS-treated LAB animals,
innately displaying rather active stress coping abilities, were unaffected. Our
findings that chronic rTMS differentially affected the coping abilities of HAB
and LAB rats indicate that these treatment-induced changes are determined by
both the rats’ innate emotionality and coping strategy. Indeed, it should be
emphasized that antidepressant treatment strategies such as psychopharmaco-
logical agents exert marked beneficial actions in depressed individuals only, but
have no mood-elevating effects in healthy controls.

Interestingly, effects in the forced swim test obtained with frequencies
ranging from 1 to 25 Hz were found to be comparable to those seen with the tri-
cyclic antidepressant imipramine [35].

Chronic rTMS (20 Hz) had no effect on anxiety-related behaviour of rats
[9, 20, 36]. The observed lack of anxiolytic properties of rTMS is consistent
with the finding that benzodiazepine-binding characteristics were found to be
unchanged after chronic rTMS treatment [20, 37], suggesting that 20-Hz rTMS
might not be beneficial in treating anxiety-related behaviour. In contrast, it was
demonstrated that rTMS applied with 25 Hz exerts anxiolytic effects in rats
pointing out that such therapeutic effects might depend on the stimulation
frequency [38].

Repetitive Transcranial Magnetic Stimulation and Monoamines:
Is Dopamine the Key?

Although the monoaminergic synapse finally lost its long-standing
relevance for strategies to improve antidepressant therapy, an increase in the
disposition of biogenic amines accompanies the therapeutic effects of most antide-
pressant treatments [39]. Interestingly, a selective stimulation of hippocampal
dopamine release, but not serotonin or noradrenaline release, induced by 20-Hz
rTMS was monitored [21]. Therefore, the dopaminergic system appeared to be
one of the primary candidate neurotransmitter systems which is directly and
selectively modulated by rTMS of frontal brain regions. It has been demonstrated
that the prefrontal cortex has dense efferent projections to both the ventral
tegmental area and the substantia nigra, i.e. the regions of origin of the mesolim-
bic and mesostriatal dopaminergic pathways [40]. These neuro-anatomical
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connections may explain how stimulation of frontal brain regions enhances
dopamine efflux in axon terminal areas originating from mesencephalic
dopaminergic cell groups. Apart from the hippocampus, the ventral (i.e. nucleus
accumbens) and dorsal striatum receive dense dopaminergic projections from
the ventral tegmental area and substantia nigra, respectively [41, 42], and might
therefore be candidate regions for possible rTMS-induced changes in interneuro-
nal communication. Consistent with the hypothesis that stimulation of frontal
brain regions by rTMS may increase dopaminergic neurotransmission in areas
other than the hippocampus, it has been reported that direct electrical stimulation
of the prefrontal cortex enhances dopamine release in the dorsal striatum and
nucleus accumbens [43, 44]. In support of this assumption, we found that rTMS
applied under the same conditions also increased dopamine release in the stria-
tum and the nucleus accumbens septi [16, 21, 45]. In this respect, the nucleus
accumbens septi is of particular interest as it is a major component of the neural
circuitry of reward and incentive motivation, which most likely is dysfunctional
not only in depression but also in schizophrenia leading to negative symptoms
such as anhedonia and loss of interest [41, 46]. Indeed, preliminary clinical evi-
dence suggests that rTMS might be able to improve negative symptoms in
patients suffering from schizophrenia [47, 48]. The release of dopamine in the
mesolimbic system is supposed to mediate positive reinforcing effects that ulti-
mately shape behaviours for success accompanied by experience of pleasure,
whereas disturbances in dopaminergic transmission could result in dysphoric
unrewarding states [49, 50]. Not only natural rewards but also many drugs of
abuse such as morphine and cocaine have the ability to increase the extracellular
dopamine levels in the nucleus accumbens septi after acute administration
[51, 52]. In addition, chronic administration of addictive substances produces a
number of adaptive changes in the central nervous system that lead to an increase,
such as sensitization, or decrease, such as tolerance, of their behavioural effects
[53]. In response to a long-lasting overstimulation of dopaminergic neurons, the
normal function of the system seems to become dependent on the presence of
the exogenous substance. Therefore, drug abstinence might result in understimu-
lation of dopaminergic neurons followed by a relative lack of dopamine in the
mesolimbic system thus producing emotional withdrawal symptoms such as
dysphoria and anhedonia in both animal models and humans [54-56]. By inves-
tigating the influence of 20-Hz rTMS as a tool in re-establishing the dysregu-
lated intra-accumbal dopamine secretion observed during withdrawal in
morphine-sensitized rats, we were able to provide first evidence that acute rTMS
is able to increase dopamine concentration in the shell region of the nucleus
accumbens in morphine-sensitized rats during abstinence [16]. Thus, rTMS has
the potential to gain a therapeutic role in the treatment of dysphoric and anhedo-
nic states during drug withdrawal in humans.
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Interestingly, evidence from both preclinical and clinical studies supports
our finding of an rTMS-induced increase in dopamine release [57—60] and ben-
eficial effects have increasingly been reported in the treatment of patients suf-
fering from Parkinson’s disease [2, 61, 62].

Other studies reported effects of rTMS on the brain serotonergic and nora-
drenergic systems: Levkovitz et al. [63, 64] demonstrated lasting effects of
chronic rTMS (25 Hz) on reactivity of the rat’s hippocampus to electrode stimula-
tion of its main excitatory afferent pathway, i.e. the perforant path. A long-lasting
reduction in noradrenergic and serotonergic functions in the hippocampus of
chronically treated rats was reported and animals showed significant changes in
motility in an open field as well as an increase in pain sensitivity [64]. Further,
7 days of rTMS (25 Hz) did not affect single population spikes but caused an
increase in paired-pulse inhibition. This effect, which was still evident 3 weeks
after the last series of daily rTMS, could also be obtained after a 7-day series of
treatment with the antidepressants desipramine and mianserin [63]. The effi-
cacy of rTMS in modulating inhibitory circuits of the hippocampus, however,
was found to be drastically reduced in aged rats [65]. This finding may con-
tribute to the understanding of the reduced antidepressant efficacy of rTMS in
aged patients [66]. Taken together, the data reported by the Levkovitz group
suggest that rTMS (25 Hz) affects local inhibitory circuits more than the main
excitatory afferent to the hippocampus. The modulation of local inhibition
reported may either be a direct action by increasing the efficacy of inhibition
pre- or postsynaptically, or an indirect one by reducing the efficacy of
GABAergic modulators, e.g. serotonin [65].

Kole et al. [67] monitored a selective increase in 5-HT1A binding sites in the
frontal cortex, the cingulate cortex, and the anterior olfactory nucleus in response
to a single train of rTMS (20 Hz). As corticosteroids are well known to play an
inhibitory role in 5-HT1A mRNA and protein expression [68, 69], this finding is
in line with the observation of an attenuated stress-induced HPA system activity
in response to rTMS [15, 20, 23, 36, 70]. 5-HT uptake sites, however, showed no
changes after rTMS (20 Hz) [67] whereas changes are described after long-term
antidepressant drug treatment [30]. While most antidepressant drugs typically
upregulate postsynaptic 5-HT?2 receptors, Ben-Shachar et al. [71] found postsy-
naptic 5-HT2A receptors to be downregulated in the frontal cortex and striatum
after 10 days of rTMS (15 Hz). By use of in vivo microdialysis of the prefrontal
cortex combined with challenges with a 5-HT1A receptor agonist or a 5-HT1B
receptor antagonist subsequent to 10 days of rTMS (15Hz), subsensitivity of
presynaptic serotonergic autoreceptor activity was demonstrated, thus revealing
parallels to other antidepressant treatments [72]. Three days of rTMS (25 Hz)
were shown to be able to reduce stress-induced increase in serotonin release in
frontal cortical regions [38]. In common with other antidepressant treatments,
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8 days of rTMS (15Hz) were shown to reduce the sensitivity of hypothalamic
5-HT1A receptors in rats [73].

Taken together, these findings suggest that the serotonergic system might
be one of several possible mediators of rTMS treatment efficacy. rTMS-
induced changes in intracerebral dopamine release, however, appear to be of
higher clinical relevance.

Hypothalamic-Pituitary-Adrenocortical System

Dynamic changes in HPA system regulation are a well-known feature in
major depression [74]: normalization of an initial aberrancy might be predictive
of a favourable antidepressant drug treatment response whereas persistent HPA
abnormality correlates with therapy resistance or relapse [75]. Stress hormone
dysregulation was therefore related to causality of depression suggesting that
antidepressants may act through normalization of these HPA changes [76, 77].
Accordingly, findings of blunted hormone responses to stress have been
obtained in rats after chronic treatment with various antidepressants [78]. Thus,
this neuro-endocrine system was hypothesized to be a common denominator for
clinically efficacious antidepressant treatments [79]. In line with the above are
the findings on rTMS-induced changes in basal and stress-induced corti-
cotropin (ACTH) and corticosterone plasma levels both in commercially
obtained rats [15, 20, 36, 70] and — to a higher extent — in a psychopathological
animal model [23] suggesting that rTMS of frontal brain regions attenuates the
activity of the HPA system.

Within the limits of neuro-endocrine HPA regulation, it seems clear that
corticosteroids suppress corticotropin-releasing hormone (CRH; also termed
CRF) and arginine vasopressin (AVP) expression [the main corticotropin
(ACTH) secretagogues at the level of the anterior pituitary] through activation
of hypothalamic glucocorticoid receptors [80]. The mechanism underlying HPA
hyperdrive in depression is still under debate, but clinical studies in patients and
probands with high genetic risk are consistent with decreased glucocorticoid
receptor and mineralocorticoid receptor function, rendering the cortisol-
mediated negative feedback on CRH and AVP expression insufficient [81, 82].
Several groups have shown that treatment of rats with various antidepressant
drugs increases the binding capacity and gene expression of mineralocorticoid
and glucocorticoid receptors in the hippocampus as well as other limbic and
cortical brain areas [78, 83, 84]. Thus, the effects of antidepressants on these
receptors may be a key phenomenon in the readjustment of HPA regulation in
major depression. To date, it is unclear whether or not in the case of rTMS
HPA system regulation is changed due to alterations in mineralocorticoid and
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glucocorticoid receptor function, or if the blunted stress-induced HPA system
activity is achieved via different mechanisms leading to a decrease in CRH and
AVP gene expression. Most likely, rTMS-induced changes in the neuro-
endocrine regulation occur at the hypothalamic level and the findings of a
specific activation in terms of immediate-early gene expression in the paraven-
tricular nucleus of the hypothalamus in response to acute rTMS support this
notion [85]. Similarly, changes in the dynamic release patterns of AVP and
specific amino acids in this hypothalamic region have been reported [21]. The
observation of an rTMS-induced blunted HPA activity is also interesting in the
light of findings suggesting that the prefrontal cortex may participate in the
regulation of the neuro-endocrine response to stressful stimuli and, in particu-
lar, can inhibit HPA system response to stress, i.e. CRH and AVP synthesis and
release [86]. Accordingly, projections of the prefrontal cortex to the perinuclear
area of the hypothalamic paraventricular nucleus have been demonstrated and
major depression is known to be frequently accompanied by frontal cortex
dysfunction [46]. Therefore, we hypothesize that rTMS-induced stimulation of
frontal brain regions may normalize aberrant neuronal circuit functioning, sub-
sequently leading to a readjustment in hypothalamic CRH and AVP synthesis
and release [87]. Thus, in the case of antidepressant drug treatment and chronic
rTMS, the neuro-endocrine endpoint (i.e. normalization of HPA system func-
tion via regulation of CRH and AVP gene expression) might be reached through
different pathways.

Intracerebral Release Pattern of Arginine Vasopressin

As outlined above, specific local neurotransmitter/neuromodulator sys-
tems might be particular candidates for rTMS-induced changes in interneuronal
communication. There is increasing evidence that neuropeptides are preferen-
tially released and exert their main actions when neurons are strongly activated
and under pathological conditions [88, 89]. Accordingly, hyperactivity of cen-
tral neuropeptidergic circuits such as AVP and CRH neuronal systems is
thought to play a causal role in the aetiology and symptomatology of affective
disorders [88—90]. There is reason to believe that the brain AVP system can be
considered a final common pathway in trait anxiety and depression-like behav-
iour [91]. In support of this, after prolonged stress, AVP is increasingly
expressed and released from hypothalamic neurons in both humans and rodents
[92, 93]. Similarly, a markedly increased synthetic activity of hypothalamic
AVP neurons has been described in depressed patients [94]. In line with this,
administration of a non-peptide AVP V1b receptor antagonist was shown to dis-
play anxiolytic and antidepressant-like effects in rodents [95]. The neuropeptide
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AVP triggers a variety of central effects on neuro-endocrine, autonomic, emo-
tional and cognitive functions and has been shown to exert behavioural effects
such as increased anxiety following intracerebroventricular administration, and
to increase CRH-induced ACTH secretion from pituitary corticotrope cells
[90, 96]. In this context, it is of interest to note that AVP released into the portal
blood is likely to become the primary secretagogue of ACTH in affective disor-
ders, herewith contributing markedly to HPA system dysregulation [97, 98].
The observation that long-term rTMS of frontal brain regions in rats induced an
attenuated HPA system response to stress may therefore be related to changes in
intraparaventricular nucleus release of AVP [15, 20, 23]. Indeed, a continuous
decrease in AVP release of up to 50% in response to acute rTMS was reported
to occur in this nucleus [21]. Additional indirect evidence for AVP playing a
role in affective disorders derives from the finding that fluoxetine treatment
leads to a reduction in cerebrospinal fluid concentrations of AVP in patients
with major depression [99]. In support of this, it was shown that long-term
treatment with the antidepressant paroxetine is able to decrease hypothalamic
AVP mRNA expression in rats [31, 32]. This phenomenon was accompanied by
an increase in active stress coping and a normalization of HPA system regulation
[31]. These findings further underline the hypothesis that the vasopressinergic
system is likely to be critically involved in the behavioural and neuro-endocrine
effects of antidepressant treatment [91].

Repetitive Transcranial Magnetic Stimulation-Induced
Changes in Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) belongs to the family of neuro-
trophins and was shown to be involved in survival and differentiation in specific
areas of the central nervous system as well as in regulating neuronal connectiv-
ity and synaptic plasticity [100]. BDNF, which is expressed at high levels in the
adult hippocampus, can be upregulated by electrical stimulation and plays a
role in hippocampal long-term potentiation, a long-lasting increase in synaptic
efficiency related to learning and memory [101]. Both long-term potentiation
and long-term depression-like changes after rTMS have been monitored in the
gerbil auditory cortex [102]. Moreover, rTMS has been demonstrated to
enhance hippocampal long-term potentiation [103, 104].

Chronic rTMS treatment increased BDNF mRNA and protein level in the
CA3 region of the hippocampal pyramidal cell layer and in the granule cell
layer of the dentate gyrus [7]. Therefore, rTMS might be a stimulus for the
release of endogenous BDNF comparable to the effect of direct electrical stimu-
lation in neuronal cells [101]. It is noteworthy that after chronic rTMS treatment
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BDNF mRNA and protein expression are increased in exactly the same brain
regions as observed after electroconvulsive therapy and antidepressant drug
treatment [105]. These findings suggest that a common molecular mechanism
may underlie different antidepressant treatment strategies. This again might be
achieved via attenuation of HPA system activity that occurs both in response to
long-term rTMS and antidepressant drug treatment, as it has been shown that
glucocorticoid and mineralocorticoid receptors participate in the control of
neurotrophic factor gene expression [106].

Adult Neurogenesis

Accumulating evidence suggests a role of hippocampal neurogenesis in
the pathophysiology of depression [107]. Adult neurogenesis is an extremely
dynamic process that is regulated in both a positive and negative manner by
neuronal activity and environmental factors [108]. Stress-induced structural
remodelling in the adult hippocampus may provide a cellular basis for under-
standing the impairment of neural plasticity in depressive illness. Accordingly,
reversal of structural remodelling might be a desirable goal for an antidepres-
sant therapy. Proliferation and maturation of functional neurons have been
demonstrated to occur at a significant rate in the adult hippocampus in many
different mammalian species including humans [109]. Exposure to psy-
chotropic drugs or stress regulates the rate of neurogenesis in adult brain, sug-
gesting a possible role for neurogenesis in the pathophysiology and treatment of
neurobiological illnesses such as depression and post-traumatic stress disorder
[110]. In this context, the hypothesis relating stress hormone dysregulation to
causality of depression is of interest [77]. In line with the above are the findings
on chronic rTMS-induced changes in stress-induced ACTH and corticosterone
plasma levels in rats providing evidence that rTMS of frontal brain regions
attenuates the stress-induced activity of the HPA system (see above). In a study
designed to examine the effects of concomitant rTMS treatment on plasma
stress hormone levels and on neurogenesis in the hippocampal dentate gyrus of
the adult rat during chronic psychosocial stress, rTMS (20 Hz) normalized the
stress-induced elevation of plasma ACTH and corticosterone [15]. An impor-
tant finding of this study is that the effect of rTMS on plasma stress hormone
levels did not parallel the effects on hippocampal neurogenesis: rTMS normal-
ized the stress-induced changes in HPA system activity but had no consistent
effect on the stress-induced suppression of hippocampal neurogenesis. Recent
studies demonstrated that single and multiple electroconvulsive shocks signi-
ficantly and dose-dependently increased adult hippocampal neurogenesis in
rats and it was hypothesized that this might be an important neurobiological
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element underlying the clinical effects of electroconvulsive treatment [111].
Similarly, treatment with various types of antidepressant drugs augmented
neurogenesis [112]. It should be emphasized, however, that all these studies
were conducted on otherwise undisturbed, non-stressed animals. Another possible
explanation for the discrepancies in neurobiological findings between electro-
convulsive shock, drug treatment and rTMS might be that these treatment
strategies may have different effects on various neurobiological circuitries [87].
There is evidence suggesting that serotonin can regulate granule cell production
[113]. Consistently, treatment with the serotonin reuptake inhibitor fluoxetine
increased neurogenesis [112] and this increase is likely to be mediated, at least
in part, by action at the 5S-HT 1A receptor [114]. Therefore, the findings that nei-
ther intrahippocampal release of serotonin [21] nor hippocampal 5-HT1A
receptor number and affinity [67] are changed in response to rTMS (20 Hz) pre-
sumably also explain why rTMS had no stimulating effect on hippocampal cell
proliferation in either stressed or unstressed animals.

Conclusion

An increasing amount of data testifies to the promising potential of rTMS in
treating central nervous system disorders by modulating neuronal activity in brain
areas involved in pathological processes. Though there are many caveats when
trying to relate modulatory effects of rTMS in the rodent brain to rTMS effects in
humans, the robust preclinical findings provide, at least in part, an explanation for
the neurobiological mechanisms underlying the therapeutic effects reported in
clinical trials. As such clinical effects are modest, translational psychiatry should
now define which patient and treatment characteristics might lead to greater ther-
apeutic effects with rTMS. In contrast to specificity-driven developments of
novel drug actions, rTMS is likely to be a multitarget agent.

There is accumulating evidence that acute rTMS (20 Hz) of frontal brain
regions leads to alterations in mesolimbic and mesostriatal release patterns of
dopamine. Dopamine-active antidepressant treatment strategies may be of par-
ticular benefit in a subgroup of patients with a low level of dopamine function,
as reflected by symptoms such as anhedonia, marked psychomotor retardation,
concomitant Parkinson’s disease or addiction. rTMS-induced modulation of
dopaminergic neurotransmission in brain circuitries relevant to incentive moti-
vation, e.g. might represent a new approach to the treatment of substance abuse-
related disorders [16]. Accordingly, the identification of such patients with a
putative deficit in dopaminergic neurotransmission related to psychopathology
might lead to a better antidepressant efficacy of rTMS beyond the only moder-
ate and rather short-lived therapeutic effects reported so far.
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Abstract

Brain imaging can tell us a lot about how transcranial magnetic stimulation (TMS)
affects the brain, and it can also help us guide and deliver TMS in more precise ways. For
example, one can use structural or functional brain imaging to precisely position the TMS
coil over the proper scalp position to interact with the brain. This chapter focuses on studies
that have used brain imaging to understand exactly how TMS is influencing and affecting the
brain. Researchers have now used the full quiver of imaging methods to address this issue.
While there is still much more work to be done, studies to date reveal that TMS acts locally
to change brain activity under the coil, with secondary, transynaptic effects. Different fre-
quencies of stimulation divergently affect the brain, with some effects lasting beyond the
acute stimulation. The intensity of stimulation matters, with effects following the known
physics of TMS. Using brain imaging to better understand the translational neurobiological
effects of TMS offers the promise of eventually using TMS in much more sophisticated ways
to change brain function and treat illnesses. In this chapter, we overview this rapidly advanc-
ing field by posing a series of relatively simple questions, and responding to them informed
by TMS and brain imaging studies.

Copyright © 2007 S. Karger AG, Basel

How Deep into the Brain Does Transcranial Magnetic

Stimulation Directly Stimulate?

This is one of the simplest questions one can ask regarding transcranial
magnetic stimulation (TMS), but the answer is a little complex. The actual field
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Fig. 1. These are graphical maps of the magnitude of induced electric fields as a func-
tion of the lateral and distal distance from the center of the standard flat figure-of-eight coil
(a, pictured in the insert) and a larger double-cone coil (b, also pictured in the insert). These
were generated by placing a copper wire coil at different parts of a grid and measuring the
induced current. Note that the larger double-cone coil stimulates deeper into the brain, and is
also wider (photo courtesy of the MUSC Brain Stimulation Laboratory).

shapes of different TMS coils are well known and can be measured and imaged
away from the brain using arrays of sensors. Figure 1 shows an example of how
one can calculate the magnetic field shape of simple and more complex coils
outside of the brain.

Bohning et al. [1] discovered that one could use a modified TMS coil and
a conventional MRI scanner to directly image the magnetic field produced by a
TMS coil. This image, called an MRI phase map, accurately displays the TMS
magnetic field [1]. Current theories hold however that the induced electrical
field carries much of the neurobiologic effect of TMS, and thus imaging the
magnetic field is only partially the answer to knowing where TMS is acting in
the brain [2, 3]. However, new advances in MRI scanning might allow MRI also
to image the TMS-induced electrical field — a development which would be
enormously helpful in determining the neurobiological effects of TMS [4-6].

Does the Depth Change with Different Coils?
Yes. Figures 2 and 3 demonstrate the phase map produced by a flat figure-
of-eight coil on the scalp. Note how the magnetic field drops off rapidly with

George/Bohning/Li/Nahas/Denslow/Ramsey/Roberts/Johnson/Ricci/Borckardt 36




0.05 7
:I
0047 .
g 1 %
1 L]
5 0037 i A
2 ]
& 0027
1 L]
]
0.01 1
4 -lun."_..“.
T
T T T T
20 40 60 80
c Distance (mm) d

Contours
coincide

Fig. 2. Phase maps of a TMS coil over the temporal lobe and energized with a 50-mA
DC current. a An MRI phase image of the brain. b A structural MRI brain scan has the mag-
nitude from the phase map superimposed. ¢ A plot of the TMS magnetic field intensity along
the white line shown in (b). Note the sharp drop-off. d Multiple contour maps from different
individuals are shown on the same image. Note that there is no difference from person to per-
son, as the magnetic field induced by TMS is not affected by soft tissue.

distance from the coil. Thus, with most of the coils used today, TMS directly stim-
ulates the cortex only about 2—3 cm away from the coil surface. Larger figure-of-
eight coils, like the one pictured in figure 1, can stimulate deeper than others.
Importantly, in this early study, Bohning et al. [1] also experimented with the idea
of whether placing multiple coils on the scalp and stimulating them in phase
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Fig. 3. Transverse images of the brain with the field intensity contours from two coils
superimposed. a The coils have opposite polarity. b The coils have the same polarity. ¢, d The
field intensity along the white lines above is shown. Note that when the coils have the same
polarity, there is a small rise in TMS intensity in the center of the brain. Work like this raises
the hope of eventually creating TMS devices that can focally stimulate deep in the brain
(from Bohning et al. [1], reprinted with permission).

might summate stimulation deep in the brain. While this may work, it is still nec-
essary to stimulate the superficial cortex under the skull with high amounts of
magnetic field. That is, it is not easy to focus the TMS magnetic field such that
you produce only stimulation of deep tissues, while sparing the superficial cortex.
While there are groups working on building ever more powerful coils that can
stimulate deeper, they do not spare the superficial cortex [7, 8].

How Do We Determine the Minimum Intensity

Needed to Reach the Brain?

Without involving brain imaging, one can search for and find the scalp
location over the motor cortex for the hand, and then determine the minimum
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stimulation needed to stimulate the hand, referred to as the motor threshold
(MT). The MT is relatively stable for a given individual over time, but varies
widely between individuals. Kozel et al. [9] used MRI to measure the scalp-to-
cortex distance in healthy adults and then correlated this with each person’s MT.
Approximately 60% of the between-subject MT variation is due to differences
in the scalp-to-cortex distance [9, 10]. As one would expect, more distance cor-
relates with a higher MT.

But How Do We Determine the Amount Needed to Stimulate

Nonmotor Areas, Where TMS Does Not Produce an Observable

Response, and Thus There Is No Functional Threshold?

To begin to address this issue, Kozel et al. [9] acquired structural MRI scans
in depressed subjects undergoing a depression treatment trial and measured the
distance from the TMS coil (indicated by a marker or fiducial on the scan) to the
closest edge of the prefrontal cortex [11]. This distance did not correlate with
TMS antidepressant response. However, the distance did correlate with advancing
age (the older the subject, the more space between the scalp and cortex) [9]. In
that trial and others [12], TMS was not effective in treating older depressed sub-
jects, and stimulating at 100% of MT, no one with a distance greater than 1.6 mm
(or age greater than 50) responded. These MRI distance measurements suggested
that one reason for TMS nonresponse in older depressed subjects might be that a
higher intensity of stimulation is needed to reach the cortex that is further away
from the coil. The correlation of poor antidepressant response with greater pre-
frontal atrophy has been confirmed in another clinical study [13], and then elabo-
rated in a single photon emission computed tomography (SPECT) imaging study
[14]. Using a formula developed by Daryl Bohning for a first approximation cor-
rection of the MT for cortex depth, one can calculate the MT, and the motor and
prefrontal distance for each subject. Then one can confidently deliver, for each
person, a TMS intensity over the prefrontal cortex equivalent, to first approxima-
tion, to that which causes movement in the subject’s thumb when delivered over
the motor cortex. Nahas et al. [15] did just that in a group of elderly depressed
subjects, with good clinical response. Interestingly, no one needed greater than
120% of their MT to reach the prefrontal cortex.

What Do Imaging Studies Tell Us about TMS Safety?

MRI scans of depressed patients before and after a TMS treatment trial
failed to find any radiographic evidence of TMS-induced changes, and careful
measurement of the prefrontal volume failed to find a difference before and
after treatment [16]. Diffusion tensor MRI allows one to examine the direc-
tional flow of water within the brain [4]. Diffusion tensor imaging (DTI) is
therefore extremely sensitive to subtle brain trauma, and is used in the acute
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management and detection of stroke [17-19]. To investigate whether TMS
changes diffusion, Li and colleagues initially performed DTI scans on 14
depressed patients before and then immediately after prefrontal TMS (100%
MT, 1Hz, 147 pulses). They then used region-of-interest analysis guided by
phase maps to compare DTI measurements in the prefrontal cortex before and
after TMS. They failed to find any significant changes. However, Mottaghy
et al. [20] examined DTI before and after 1-Hz TMS (90% MT, 12 min) over
the motor cortex, and found a ‘temporary small restriction in diffusion’ within
the targeted left M1 [20, 21]. Further studies are needed and are ongoing to
resolve these two differing studies, which have important implications for
TMS safety.

Does TMS Cause Local Brain Changes? If so, What Are They?

The first combination of TMS and functional neuroimaging in real time
was performed with fluorodeoxyglucose (FDG) PET in a patient before and
after repetitive TMS (rTMS) treatment for refractory depression [22].
Conclusions from this single case study are limited. However, it clearly demon-
strated the potential of combining TMS with functional imaging to begin to
address clinical issues and understand what TMS is doing in the brain.

There have now been many formal TMS studies with FDG PET. For exam-
ple, a study of 1-Hz stimulation over the motor cortex for the thumb showed
decreased glucose uptake at the site of stimulation and in the contralateral
motor cortex [23]. Stimulation was performed at 1Hz because FDG takes
20 min to settle into neurons and is thus a composite picture of brain activity
over 20 min. Stimulation at or around MT intensity at speeds faster than once
per second carries the risk of a seizure. This paradoxical decrease in localized
brain activity at the mirror or contralateral site during TMS has been confirmed
by electrophysiology [24]. A similar study by this same group of slow (1 Hz)
rTMS over the prefrontal cortex also found that TMS, compared to a baseline or
sham condition, was associated with global reductions in blood flow, as well as
localized reductions in activity in the left dorsolateral prefrontal cortex (the
TMS site), and connected regions such as the caudate nucleus, the orbitofrontal
cortex bilaterally, and the cerebellum [25]. This work implies that 1-Hz
prefrontal stimulation in normal adults has profound brain effects both locally
and remotely, perhaps explaining some of the more interesting clinical and
research findings in mood regulation, obsessive-compulsive disorder, and
working memory [25].

The FDG method has several limitations that detract somewhat from its
utility in this area. The calculation of the models for determining the subtrac-
tion of one scan from the other is complex. The scanning technique also often
requires an arterial line for rapid sampling. And finally, the final image is a
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summed picture of 20 min of brain activity. It is likely that TMS, which is not
continuous but rather pulsatile, is having multiple different dynamic effects
during that time. It likely produces increased activity immediately with stimula-
tion, decreases during the rest time between TMS pulses, as well as dynamic
changes across the 20 min. The advantages are that this method yields informa-
tion about absolute brain metabolism (and not just blood flow) not possible with
many other measures. Also, there is no concern about the TMS coil in the scan-
ner causing artifact, as the TMS coil never enters the PET suite and is used only
during tracer uptake away from the PET camera. After some disagreement in
the literature [26, 27, 29-32], it appears that a TMS shield is not needed within
the PET camera [33, 34].

Another imaging tool that allows for tracer injection away from the camera
is perfusion SPECT [35]. In 8 healthy adults, George et al. [36] used perfusion
SPECT, which is taken up in 30—40 s, to image cerebral blood flow (CBF) dur-
ing fast (20 Hz) left dorsolateral prefrontal cortex rTMS. Compared to a control
scan with sham TMS, they reported relative decreases under the coil site and in
the anterior cingulate and orbitofrontal cortex. TMS produced relative increases
in blood flow in the brainstem and the cerebellum. Perfusion SPECT can only
yield information about brain changes relative to other brain regions, not
absolute brain activity. The exact amount of time that the image represents is
also unclear. This same group used SPECT to examine TMS-related changes in
depressed subjects undergoing a treatment trial, and found TMS-induced
changes in limbic activity, especially in TMS responders [37].

Oxygen (1*0) PET has a shorter time frame (approximately 1min for
tracer uptake) than '8FDG PET (20-30min). Paus et al. [27] were the first to
publish a study combining 'O PET and TMS and found that intermittent fast
(10Hz) rTMS over the frontal eye fields for 1 min caused dose-dependent
increases in blood flow at the stimulation site and in the visual cortex. That is,
when they increased the number of 10-Hz trains within the minute, blood flow
increased. Surprisingly, when the investigators used the same rTMS parameters
in the same subjects but shifted the coil to the motor cortex, they found a dose-
dependent reduction in CBF [26]. In contrast, Fox et al. [38] found that slow
(1Hz) rTMS over the motor cortex caused increased CBE, although this was
only in 4 subjects. These paradoxical findings may imply that results seen at the
motor cortex cannot be applied to other brain regions. Alternatively, there may
be a large individual variation in TMS effects on blood flow either because of
differences in cortical excitability, direct TMS effects on blood vessel smooth
muscle, or differences in gyral anatomy. Again, these PET images are averages
of 1 min of activity where the researcher has been intermittently stimulating and
pausing. Obviously, the net picture is a combination of increases during TMS
and changes during rest.
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In a most interesting study, with potentially far-reaching implications for
using TMS in clinical treatment, Speer et al. [28] used O PET to scan
depressed patients before and after 10 days of prefrontal TMS treatment. Their
cohort had some patients who received 1 Hz each day, while others received
20 Hz. Twenty-hertz rTMS over the left prefrontal cortex was associated only
with increases in regional CBF (rCBF). Significant increases in rCBF across
the group of all 10 patients were located in the prefrontal cortex (L > R), the
cingulate gyrus (L >> R), and the left amygdala, as well as the bilateral
insula, basal ganglia, uncus, hippocampus, parahippocampus, thalamus, and
cerebellum. In contrast, 1-Hz rTMS was associated only with decreases in
rCBF. Significant decreases in flow were noted in small areas of the right pre-
frontal cortex, left medial temporal cortex, left basal ganglia, and left amyg-
dala. The changes in mood following the two rTMS frequencies were inversely
related (r = —0.78, p < 0.005, n = 10) such that individuals who improved
with one frequency worsened with the other. These data indicate that 2 weeks
of daily 20-Hz rTMS over the left prefrontal cortex at 100% MT induce per-
sistent increases in rCBF in bilateral frontal, limbic, and paralimbic regions
implicated in depression, whereas 1-Hz rTMS produces more circumscribed
decreases (including in the left amygdala). These data demonstrate frequency-
dependent, opposite effects of high- and low-frequency rTMS on local and dis-
tant regional brain activity that may have important ramifications for clinical
use of rTMS.

In another landmark study, Strafella et al. [39] used ligand PET and
showed that TMS over the motor cortex caused dopamine release in the ipsilat-
eral caudate nucleus. This study demonstrates the ability of focal electrical
stimulation to cause site-specific neurochemical changes in distant regions of
the brain.

A promising, but also technically challenging, imaging modality for TMS
is combining TMS and functional MRI (fMRI). Bohning et al. [40] first demon-
strated the capability of interleaving TMS and blood flow imaging [blood-
oxygen-level-dependent (BOLD) fMRI] with good spatial and temporal
resolution. This technique was initially thought impossible by many, due to
concerns about introducing a focal TMS magnetic field (1-2 T) inside a clinical
MRI scanner. This group found that this technique, with the right precautions,
is both feasible and safe. At least two research groups now have devised sys-
tems for interleaving TMS with fMRI, which is also feasible at higher MRI
scanner field strengths (2.0 and 3.0 T) [40-51]. Figure 4 shows a group map of
depressed subjects while being stimulated over the left prefrontal cortex, with
areas of TMS-induced activation superimposed in color. Note that as the TMS
machine is alternately triggered at 1 Hz for 7s and then is turned off, regional
brain activity changes both underneath the coil, and in deeper limbic regions.
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Fig. 4. Transverse images of MRI scans at different depths. Superimposed in color are
the brain regions that were significantly activated during left prefrontal TMS in 9 medication-
free depressed patients. Note the activation in the left (right-side of image) prefrontal cortex,
directly underneath the coil. Also note the increased activation in other connected areas,
including the orbitofrontal cortex and insula. Imaging studies such as this one demonstrate
that TMS has both an immediate local effect in the brain directly under the coil, as well as
secondary effects in connected regions (from Li et al. [82], reprinted with permission).

Work to date has shown that interleaved TMS/fMRI is sensitive enough to
detect subtle differences in brain blood flow response that result from changes
in TMS intensity [46, 52]. Additionally, directly comparing blood flow in the
motor cortex caused by TMS or by volition shows a similarity between TMS
and normal movement. For example, the peak area of blood flow change is the
same for TMS and normal movement (within 2 mm) [44]. Also, stimulating at
around 1 Hz and just at the MT activates roughly the same amount of brain tis-
sue, and to the same degree. Thus, although many have the perception that TMS
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is causing supraphysiologic changes in the brain, these fMRI studies imply that
TMS at these parameters is acting remarkably like normal physiology [53-55].

Thus, by combining TMS and imaging, the field of functional imaging can
now begin to directly address causal issues in the field of brain-behavior rela-
tionships. However, the distribution of functions within the brain is quite com-
plex and there may be only a few behaviors and even fewer regions where there
is a direct one-to-one necessary relationship. Our brain structure and function
developed incrementally through evolution and there are multiple redundant
circuits for many behaviors [56—59]. Thus, although combined TMS and imag-
ing will allow the field to ask the questions of direct necessary causation, it is
likely that many behaviors are modulated by multiple regions in circuits, and
that stimulation of one node in the circuit will cause complex changes both in
behavior and brain activity in other areas of the circuit. Nevertheless, combined
TMS/imaging will likely help understand the activity in distributed circuits as
well, although perhaps not with the same causal rigor.

How Do We Know What Is Due to Direct TMS, and What Is

Due to a Ripple Effect of the TMS on Other Brain Systems?

When TMS stimulates brain regions, they immediately send signals to con-
nected areas, and then behaviors occur that are due not to the immediate TMS
impulse, but secondarily to the induced effects. This thorny problem first pre-
sented itself with the initial TMS/fMRI studies described above. Some specu-
lated that the blood flow changes seen with TMS were not due to direct
stimulation, but were rather due to TMS causing the thumb to move, and then
sensory feedback back into the brain. Thus, some argued, the blood flow
changes attributed to TMS were really due to the TMS-induced sensation [48].
Through a series of elegant studies, it now appears that, in fact, the initial stud-
ies were correct and TMS alone causes a direct observable local increase in
brain activity [49, 50].

Can We Position the TMS Coil Based on Images of

Brain Structure or Function?

One of the major problems confronting TMS research, especially when
stimulating outside of primary motor or visual pathways, is trying to determine
exactly where one is stimulating in the brain [60—64]. In many TMS studies, the
placement of the TMS coil has been determined by referencing the stimulation a
certain distance from a functionally determined spot, such as the motor area for
the thumb, or by choosing an anatomical landmark (e.g. distance from the lateral
canthus of the eye), or by using a variant of the EEG electrode placement system
[65]. These techniques serve to standardize TMS placement, but it is well known
that different individuals have widely varying brain sizes and morphology. In
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addition to differences in brain structure, the functional location of behaviors
varies even more across different individuals, especially for behaviors other than
simple movement or vision. Thus in general, except for motor and visual studies
where external monitoring of TMS effects may be possible, researchers have
struggled to invent better methods for positioning the TMS coil.

There are currently several different systems for positioning a TMS coil
based on a subjects’ structural MRI scan. A widely used system is Brainsight,
developed at McGill University in Montreal, Canada [26, 66]. There are other
systems for performing this same function either in a clinical laboratory [67, 68]
or inside the MRI scanner [69]. Initially one might think that the ideal way to
determine where to place the TMS coil would be to invisibly peal away the scalp
and skull and directly position the TMS coil on specific gyri. In fact, most neuro-
surgery departments now routinely employ MRI-guided presurgical mapping
systems. These systems allow one to perform a brain MRI scan on a patient, with
markers in key areas, and then place the MRI scan in a computer workstation.
Next, with the subject sitting in a chair with a head holder, one can move an
attached stereotactic wand to a position on the skull that is directly over a brain
region. Conversely, one can position the wand on the skull and the system will
electronically display the brain regions under the wand on the computer terminal.
This method can reliably determine where stimulation will occur. However, it is
unclear at present how necessary this degree of coil positioning is for many TMS
research and clinical applications. As mentioned above, gyral anatomy and
morphology varies a great deal between individuals. Additionally, it is not trivial,
even with the brain fully exposed, to agree on specific gyri across individuals.
Finally, as noted above, even when the problems with structural differences are
resolved, the location of different functions within the brain also varies. So even
stimulating the same anatomical spot across individuals does not guarantee
that one is stimulating the same functional location or equivalent. A different
approach uses probabilistic coil placement. This adjusts for differences in skull
size and shape, but only loosely guarantees that the TMS coil is positioned over
the part of an individual’s brain involved in performing a task. Some systems
using this approach are relatively simple and straightforward to perform in a
clinical setting, and eliminate the need for a brain MRI scan [70].

Finally, the most sophisticated method involves having the person perform
a task within the scanner, and then determining the specific functional location,
and finally placing the TMS coil on the scalp location designed to stimulate this
region. However, it is not trivial to determine, within an individual, the precise
location involved in complex tasks [71]. Johnson et al. [71] scanned 25 right-
handed healthy men twice while they performed a working memory task and
discovered a large amount of within-individual variance over several scans.
Scientists should exercise caution in using individual maps of cognitive brain
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function for TMS targeting. With higher field strength MRI scanners, and
multichannel acquisition coils, there has been rapid progress recently in using
fMRI to determine an individual’s functional anatomy (e.g. see Kozel et al.
[72]) and the next few years should see improvements in this area for research
studies. Whether the clinical applications of TMS would require individual
MRI-guided application is still an unanswered question.

An additional important unanswered question to be addressed over the next
decade is whether there are specific regions of the prefrontal cortex that might
prove more effective in TMS as a treatment for depression. For example, one
would think that stimulation over a gyrus would be more clinically effective
than placement over a sulcus. Additionally important is whether stimulation
over particular Brodmann regions, or different aspects of the prefrontal cortex
(e.g. medial, lateral, anterior), is more effective than others. The current proba-
bilistic approach to coil placement for depression treatment was developed and
adopted initially in 1995 [22, 64]. Herwig et al. [70, 73] in Munich elegantly
demonstrated the limitations of this approach. They found that in some individ-
uals, particularly those with large skulls, or where their motor strip is posterior,
the 5-cm rule results in stimulation of the premotor and not prefrontal cortex. It
is likely that more sophisticated and flexible approaches to coil positioning and
individual adjustment will be needed to optimize TMS as a treatment for
depression and other neuropsychiatric illnesses. To accommodate such different
approaches in interleaved TMS/fMRI research applications, our laboratory has
developed an MRI-guided TMS coil positioner/holder [42]. This device uses
MR structural images acquired at the beginning of the study to determine the
correct settings of the device for TMS stimulation of a particular location in the
brain, based either on the subject’s brain anatomy, or a location corresponding
to the subject’s brain as seen in probabilistic space.

When We Position the Coil Over the Motor Cortex,

Where Exactly Are We Stimulating in the Brain?

An important background neuroscience question in attempting to validate
various TMS placement methods is whether TMS is stimulating the same brain
regions that are normally involved in carrying out a task. Numerous studies
have been done in a retrospective fashion comparing the skull locations where
TMS found an effect with the known structural neuroanatomy, or with changes
observed on a functional image. Several initial studies demonstrated that the
TMS-determined motor area for the thumb was close to the area that PET or
fMRI scanning also revealed was responsible for thumb movement [74, 75].
These studies were reassuring in that the optimal TMS scalp location that
caused thumb movement was located over the same cortex that was also impli-
cated by more conventional functional imaging. However, the actual story may
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be a bit more complicated. For example, using a specially designed MRI-guided
TMS coil positioner/holder [42] which allowed millimeter accuracy in coil
positioning, Denslow et al. [76] at the Medical University of South Carolina
assessed the variation in location and intensity of BOLD contrast associated
with movements induced by TMS or volition relative to TMS coil placement.
They scanned 11 healthy adults three times each at 1.5T. Interleaved with
fMRI, 1-Hz TMS was applied over the motor cortex and volition alternated
with TMS during the scans. The intrasubject standard deviations in BOLD loca-
tions ranged between 3 and 6 mm, allowing localization to subregions of the
motor strip. Interestingly, the placement of the TMS coil relative to the motor
cortex anatomy varied more than did the location of the BOLD response, with a
consistent anterior displacement of the coil compared to where one would have
predicted. There were no significant differences between TMS and volition
BOLD locations or intensities. The high repeatability of the location of TMS-
induced BOLD activation suggested that TMS-fMRI stimulation could be used
as a precise tool in the investigation of cortical mechanisms. The similarity
between volition and TMS suggests that TMS may act through ‘natural’ brain
movement circuits. Locations of the center of the TMS coil and its projection to
the cortex, calculated from settings on the TMS holder, showed that while the
locations were generally over the crown of the precentral gyrus, they clearly
tended to be anterior to the location of the majority of Brodmann’s area 4 on
the posterior bank of the central sulcus. These results demonstrate that TMS
stimulation, at 1 Hz and 110% MT for 21 s inducing twitch of the contralateral
thumb, leads to BOLD activation that varies little in anatomical location or
intensity over repeated scans. The level of variance in location observed in this
study sets a benchmark for what level of precision can be expected in the deter-
mination of anatomical sites of BOLD activity resulting from TMS.

The mean location of BOLD activation in the motor strip was approximately
10 = 4mm interior to the cortical surface, or about 5mm below the locations
found by others. These results also differ from the results of Epstein et al. [77]
who concluded that the point of stimulation occurs at a depth of about 6 mm.
Epstein et al. [77] did not measure a BOLD location but instead estimated the
stimulus site based on electric field strength patterns from different coils. These
differing results may imply that the point of initial triggering by the TMS-gener-
ated field is different than the point of maximum BOLD response. This situation
might occur if the form of the BOLD response region was at least partially depen-
dent on the particular arborization of the microvasculature and draining veins,
which are the source of the BOLD signal [78—80]. It is also reasonable to suggest
that TMS may initially trigger only axonal spiking depolarization rather than
synaptic activity. Axonal spiking requires only small amounts of energy and thus
may not produce a BOLD contrast increase. The signal from an initial spiking
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event might then activate more energy-intensive, synaptic activity in an area of
the motor cortex somewhat displaced from the initial location of depolarization,
or an entirely separate cortical, subcortical or spinal location.

Conclusion

By combining TMS with imaging one can both aid in understanding how
TMS is affecting the brain, as well as perhaps explain how the brain mediates
behavior. This field is advancing rapidly. All the necessary tools are in place now
for sophisticated functional imaging studies where TMS is used to clinch whether
a particular region is responsible for a behavior under study. MRI offers promise
with the proven ability to guide where to place the TMS coil, as well as to confirm
what the magnetic field is at any given spot, and then to image changes in brain
blood flow with stimulation. It is at least possible that in the near future a mod-
ified MRI scanner might be able to both image brain structure and function, and
then to also stimulate the brain, perhaps even reaching deep structures with a
combination of TMS coils in a deep array [7, 81]. This MRI/TMS machine would
have powerful research applications, and might even transform TMS therapeutics —
allowing one to tailor the stimulation within an individual to regions of hypo- or
hyperactivity. Before that dream can be realized, much work needs to be done
with all aspects of TMS and imaging. This area offers much promise.
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Abstract

For more than a decade, repetitive transcranial magnetic stimulation (rTMS) has been
investigated as therapeutic intervention in mental diseases. Depression was the first psychi-
atric disorder where rTMS was applied and is still a major application with more than 30
published placebo-controlled trials showing on average a moderate antidepressant efficacy.
Large multicenter trials have been published very recently or are still under way which will
finally answer many of the open questions in this field. It is important not to look at the
available data just in terms of general antidepressant efficacy, but to differentiate the effi-
cacy data regarding distinct applications as treatment of therapy-resistant depression, pri-
mary treatment of depression eventually combined with specific pharmacological and
nonpharmacological interventions, bipolar depression or situations where depression
occurs as comorbid disorder (e.g. after stroke). The application of rTMS in moderately ther-
apy-resistant depression is close to a general approval allowing the method to be introduced
into clinical practice, whereas other applications still require solid evidence of efficacy.
Moreover, future studies need to clarify how rTMS acts on the specific pathophysiology of
depression. The main mechanism of action is believed to be linked to neuronal networks
which are dysfunctional in depression and can be externally stimulated by focal prefrontal
rTMS. However, rTMS also exerts effects on various neurotransmitter systems. It leads to
striatal dopamine release and modulates serotonergic and glutamatergic neurotransmission,
and may influence hypothalamic-pituitary-adrenal axis activity. Future research will follow
these tracks by differentiating real and specific vs. real and nonspecific vs. placebo effects
associated with rTMS treatment. Finally, the huge potential of methodological development
(e.g. theta burst rTMS, deep rTMS) hopefully leading to optimized treatment protocols has
to be emphasized.

Copyright © 2007 S. Karger AG, Basel



Major goals of current research in affective disorders include treating
therapy-resistant patients, preventing chronic conditions and relapse of depressive
episodes in unipolar depression as well as manic or mixed episodes in bipolar
patients. This has recently generated tremendous interest not only in the spec-
trum of established pharmacological approaches including atypical antipsy-
chotics and anticonvulsants, but also in the proposal of novel principles of
pharmacological treatment, e.g. substance P antagonists or corticotropin-releasing
hormone (CRH) receptor antagonists, and nonpharmacological, biophysical
approaches such as transcranial magnetic stimulation (TMS) [1, 2], vagus nerve
stimulation (VNS) [3], deep brain stimulation (DBS) [4] and most recently
transcranial direct current stimulation [5].

Barker et al. [6] originally introduced TMS in 1985 as a noninvasive tool to
electromagnetically stimulate the primary motor cortex in humans. More
recently, repetitive TMS (rTMS) has become a powerful research tool in neuro-
physiology and cognitive neuroscience [1, 7]. Pilot studies have suggested a pos-
sible application of rTMS as a therapeutic tool in various neurological and
psychiatric disorders [1, 2, 8], based on the assumption that targeted stimulation
of dysfunctional corticosubcortical circuits are involved in the pathophysiology
of these conditions. Generally, two different rTMS modalities have been applied
in previous intervention studies: low-frequency (LF) rTMS with stimulation fre-
quencies =1 Hz and high-frequency (HF) rTMS with frequencies =5Hz. LF
and HF rTMS are proposed to exert opposite effects on cortical excitability, i.e.
LF rTMS reduces and HF rTMS increases excitability [9]. Thus, it is hypothe-
sized that rTMS allows to modulate regional cortical activity in the direction
intended to compensate temporary changes of brain activity in affective dis-
orders revealed by functional neuroimaging studies. This review attempts to
evaluate existing preclinical and clinical studies in answering the question of
whether rTMS may be a useful treatment in the spectrum of affective disorders.

Effects on Mood and Emotions

Marked emotional reactions observed in single patients and volunteers
participating in early single-pulse studies have triggered research on rTMS-
induced modulation of mood and emotions in healthy volunteers.
Theoretically, prefrontal rTMS could alter measures of mood and emotions in
a similar fashion as it may transiently influence experimental parameters in
neurocognitive paradigms. Three pilot studies demonstrated transient effects
of rTMS applied to the dorsolateral prefrontal cortex (DLPFC) on mood self-
rating [10—12]. These studies provided data supporting the so-called valence
model of emotions, i.e. the left hemisphere is believed to mediate positive, the
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right hemisphere to mediate negative emotions [13]. However, observed
changes in self-reported mood were generally subtle and only based on self-
rating. The majority of recent studies has failed to replicate such clearly later-
alized effects of both HF rTMS [14-18] and LF rTMS [19, 20]. Only Barrett et
al. [21] observed a decline in mood after left prefrontal HF rTMS; however,
this study was not sham-controlled. This means that the initial hypothesis of
lateralized mood effects induced by rTMS has not been substantiated to date.
Generally, individual emotional reactions strongly varied between individuals,
and occasionally impressive reactions to rTMS were observed, e.g. single sub-
jects developed hypomanic states [17]. It is not clear whether such effects are
genuine effects of rTMS on mood or rather based on the suggestive character
of these experiments. Thus, other brain regions and aspects of emotions need
to be investigated as recently done by Schutter and van Honk [22] who
observed a selective improvement of memory for happy faces after LF rTMS
of the left orbitofrontal cortex. Studies in healthy subjects have shown multi-
fold effects of prefrontal rTMS on more objective experimental paradigms
such as facial expression analysis, electroencephalogram and neuroendocrine
parameters, e.g. concentrations of the thyroid-stimulating hormone [15, 18,
23, 24]. Therefore, observational approaches and neurobiological measures
should be used in addition to measures of self-reported mood to explore suit-
able hypotheses in future studies.

Early Studies in Major Depression

In the 1990s, several independent groups from the USA, Germany, Austria
and Israel started simultaneously investigating rTMS as an antidepressant treat-
ment [25-29]. Single-pulse stimulators were used in the majority of initial stud-
ies, triggered at frequencies of 0.3 Hz or less, together with large circular coils
[25, 27-29]. Treatment was of short duration (5 days), and only one of these
studies included treatment under placebo conditions comparing a supra- and
subthreshold condition [29]. In this trial patients were only randomized to the
real rTMS groups and a placebo group was added later. Antidepressant effects
were assumed in most of these pilot studies, however, the effect sizes were not
impressive.

Proof of Concept and Antidepressant Efficacy

Considering the basic hypothesis that rTMS normalizes regional brain
activity at cortical sites which show changes in depressed subjects, one would
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Fig. 1. rTMS of the dorsolateral prefrontal cortex using standard figure-8 coils by
(a) Medtronic Inc. (courtesy M. Kienle, Medtronic GmbH) and (b) Magstim Ltd. In the majority
of studies rTMS has been applied in repeated sessions (1,000 to 3,000 stimuli/day) once daily
during working days and the total duration of treatment has varied between 2 and 6 weeks. The
most common coil position targets the left dorsolateral prefrontal cortex by measuring 5 cm
anterior (on the skull surface) to the optimal position for evoking a motor evoked potential in
hand muscles. ¢ A considerable variability occurs with this approach, as demonstrated applying
neuronavigated rTMS. The small black dots indicate the optimal sites for abductor pollicis
brevis muscle stimulation over the motor cortex, i.e. the region around the lateral edge of the
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expect that proof of concept studies are available supporting this notion.
However, very few studies compared rTMS of different cortex regions with oth-
erwise identical parameters. Figure 1 shows the typical stimulation position
applying a standard procedure for positioning the coil over the left DLPFC
which results in a considerable anatomical variability [30]. In other studies,
HF rTMS was applied over the right DLPFC resulting also in significant
antidepressant effects [31-35]. Thus, the two options of left prefrontal HF and
right prefrontal LF rTMS are usually discussed as complementary treatment
approaches based on the idea that regional brain activity within the left and
right prefrontal cortices is dysregulated in opposite directions. Few trials
[36-38] investigated whether rTMS-associated effects on depressive symptoms
vary as a function of baseline cortical activity at the stimulation site. Kimbrell
et al. [37] observed that response to both HF and LF rTMS indeed varied with
regional glucose metabolism of DLPFC at baseline, i.e. patients who showed a
reduced metabolism improved after HF rTMS and patients who showed an
increased metabolism improved after LF rTMS. Herwig et al. [38] investigated
whether rTMS directed to hypometabolic areas using a neuronavigation device
is superior to rTMS just applied over the prefrontal cortex and not directed
specifically. In this study, no difference was found between both strategies sup-
porting the primary hypothesis. Similarly, Garcia-Toro et al. [36] found no
additional advantage of focusing rTMS on functionally altered cortex regions
identified by single photon emission tomography. In both studies, however, the
sample size was far too small to exclude a type II error as reason for these nega-
tive findings. Thus, a ‘proof of concept trial’ in a larger sample is still clearly
needed.

To date, however, more than 30 individual randomized, placebo-controlled
clinical trials including over 900 patients suffering from major depressive
episodes have been conducted investigating the safety and efficacy of rTMS as
antidepressant intervention [31-34, 38—64]. In the majority of these trials, sig-
nificant placebo/real rTMS differences have been observed with antidepres-
sant effects ranging from modest to substantial. Due to the methodological
limitations of many of these trials such as rather small sample sizes, difficul-
ties in controlling placebo rTMS and short observation periods, the current
view about its efficacy is more sober after the initial enthusiasm has ceased.
Several meta-analyses (table 1) have been conducted [65—70] supporting the

hand knob. The larger dots indicate the rostral coil positions over the different Brodman areas:
red = BA 6, blue = BA 6/8 and 8, yellow = BA 8/9 and 9. Talairach coordinates before and
after ‘standard positioning’ of the coil are visualized in an individual surface rendered MRI of
the brain (white matter segmentation), which was transformed into Talairach space. Reprinted
from Herwig et al. [30] with kind permission from Elsevier Science.
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Table 1. Overview of meta-analyses of studies investigating rTMS in depression

Meta- Trials  Patients =~ Comparison Comparison Effect sizes Conclusions
analysis of ITMS of MD
parameters subtypes
McNamara 5 81 no no NNT = 2.3*  beneficial effects in
etal. [70] depression
Holtzheimer 12 ND yes (site) no WMD = real rTMS
et al. [68] 0.81/0.89% statistically superior
to sham rTMS
Burt et al. 16 377 yes (LF vs. no dpooled = statistically robust
[65] HF rTMS) 0.67* effect favoring real
rTMS, effect sizes
heterogeneous
Martin et al. 12 217 yes (site no SMD = low-quality trials,
[69] and —0.35% (left insufficient evidence
frequency) HF rTMS,
only after 2
weeks)
Couturier 6 91 only left no WMD = no significant
[66] prefrontal —1.1, n.s. difference between
HF rTMS, real and sham
no rTMS, low power of
trials
Herrmann 33 877 only left no dpooled = real rTMS more
and Ebmeier prefrontal 0.71* effective than sham
[67] HF rTMS, rTMS, great
yes (intensity, variability and no
frequency, significant predictors
number of either due to
stimuli) insufficient power or

to nonspecific
effects of rTMS on
depression

* = Statistically significant difference between real and sham rTMS; MD = major depression; ND = not determined;
NNT = number needed to treat; SMD = standardized mean difference; WMD = weighted mean difference.

antidepressant efficacy of rTMS, but clinical effects are not strong and the
clinical significance may be questionable. The most recent meta-analysis [67]
included 33 individual trials with 877 patients and found rTMS to be more
effective than sham rTMS, with a large effect size of 0.71 (fig. 2). The average
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Fig. 2. Forest plot of 33 rTMS treatment trials in depression. Reprinted from
Herrmann and Ebmeier [67], copyright 2006, Physicians Postgraduate Press, with kind
permission from K. Ebmeier, Oxford, UK and the publisher.

Efficacy and Safety of Prefrontal rTMS in Affective Disorders 59



Table 2. Potential applications of rTMS in affective disorders

Primary treatment of MDE: combined treatment with antidepressants or monotherapy

Treatment of therapy-resistant MDE: add-on or monotherapy

Treatment of subtypes of depression: e.g. bipolar depression and others (psychotic,
melancholic, atypical, SAD)

Treatment of comorbid depression: organic brain diseases, addiction, PTSD, schizophrenia

Treatment on mania

Treatment of patients ‘at risk” during pharmacotherapy (medical comorbidity, pregnancy)

Maintenance treatment, prevention of MDE and manic episodes

MDE = Major depressive episode; PTSD = posttraumatic stress disorder; SAD = seasonal
affective disorder.

reduction of depression scores after active rTMS was 33.6% compared to
17.4% after sham rTMS. As trials showed a substantial variability, it was not
possible to identify a particularly efficacious protocol. This was in contrast to
a previous critical review [71] that suggested several patient factors and treat-
ment parameters predicting a better clinical outcome of rTMS. The best pre-
diction of a clinical response was achieved when stimulation intensities =90%
of the resting motor threshold (MT) were applied [67].

Differential Use in the Affective Disorder Spectrum

It is important to emphasize that specific applications of rTMS in depressive
disorders need to be investigated by trials specifically designed for the respec-
tive hypotheses. Table 2 shows a list of such applications and the following
sections, as well as subsequent chapters of this book will address the specific
use in these conditions.

rTMS Combined with Antidepressant Pharmacotherapy

as First-Line Intervention

New antidepressant treatment strategies that promise to speed up and
increase primary response rates in depression are of great interest. Combining
rTMS with other antidepressant interventions, e.g. pharmacotherapy, psy-
chotherapy or sleep deprivation early in the treatment of a depressive
episode aims at this goal. Several studies have addressed this question in a
placebo-controlled manner and combined HF rTMS treatment with selective
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serotonin reuptake inhibitors, tricyclic antidepressants and novel-acting agents.
Garcia-Toro et al. [50] and Lisanby et al. [72] failed to show a significant dif-
ference between real rTMS and sham rTMS, each combined with sertraline for
a treatment period of 2 weeks. Similarly, Hausmann et al. [52] did not observe a
significant difference between different real rTMS approaches and sham treat-
ment combined with citalopram, milnacipran, mirtazapine or reboxetine for a
2-week period. More recently, Rumi et al. [64] successfully combined 5-Hz left
prefrontal rTMS with amitriptyline which was started 7 days prior to the course
of rTMS treatment in 46 patients. The total treatment was longer (4 weeks vs.
2 weeks) compared to previous studies. Rossini et al. [63] reported superior
efficacy of 15-Hz left prefrontal rTMS combined with venlafaxine, sertraline or
citalopram compared to sham rTMS. Very recently, the first multicenter trial
addressing this combined treatment approach has been conducted in Germany
and Austria [73]. One hundred and twenty-seven patients with moderate to
severe major depressive episodes were recruited at seven study sites. The
patients were newly started on antidepressant treatment with either mirtazapine
or venlafaxine following a standardized titration protocol. Simultaneously,
patients were randomized to active or sham rTMS (10 Hz, 110% MT intensity,
2,000 stimuli per day), and treated for 3 weeks with a 3-week follow-up period.
After 3 weeks, response rates in both treatment groups were about 31%. Only at
the follow-up visit real rTMS was slightly superior to sham rTMS (48% respon-
ders after real rTMS vs. 37% after sham rTMS) without reaching statistical sig-
nificance. Thus, the question is still not answered, whether rTMS may be
successfully used as primary treatment with or without other antidepressant
interventions. Nonpharmacological approaches are also of interest in this
respect; for example, rTMS has been reported to extend the treatment effects of
partial sleep deprivation for several days [74].

rTMS in Therapy-Resistant Depression

rTMS was originally regarded as a potential substitute for electroconvul-
sive therapy (ECT). Therefore, the majority of previous trials has been con-
ducted in rather pharmacotherapy-resistant or even refractory patients [39-43,
45,46, 48, 49, 51, 57-59, 75]. Treatment-resistant patients show lower response
rates, which is generally the case for antidepressant interventions including
other novel, nonpharmacological approaches, e.g. VNS [3]. It is however an
advantage in small controlled trials that placebo response rates are also lower,
thus making it easier to demonstrate differences between real and sham rTMS
with a small sample size.

Whereas in most studies investigators applied rTMS basically as an add-
on treatment to a stable medication [34, 39-43, 45, 48, 49, 56], few trials have
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only included medication-free patients who received rTMS monotherapy
[51, 58].

Aside from differences in patient characteristics, a major confounding
factor for the varying effect sizes could be the huge variation of stimulation
parameters across studies. Dosing parameters of rTMS include frequency,
intensity, stimulation site, number of stimuli, and duration of treatment. All of
these may influence the efficacy. Basically all studies were conducted using
different stimulation parameters. Several studies attempted to compare different
rTMS conditions [31, 39, 42, 43, 48, 51, 52, 76, 77]. However, larger dose-finding
trials for HF rTMS have not been conducted to date. Recently, Fitzgerald et al.
[35] compared two frequencies (1 vs. 2 Hz) in a sample of 130 subjects and did
not observe a difference in terms of therapeutic efficacy.

We have previously investigated whether stimulation intensity affects the
antidepressant efficacy of rTMS in 31 patients suffering from a medication-
resistant major depressive episode [43]. We randomly assigned patients to three
groups, who then underwent 10 sessions of 10 Hz rTMS over a 2-week period
under the following conditions: (1) MT intensity, (2) subthreshold intensity, and
(3) sham rTMS (MT intensity with the stimulation coil angled at 90°). Results
indicated that antidepressant efficacy increased in a linear fashion over all three
groups (best response after rTMS at MT intensity: 30% reduction of the
Hamilton Depression Rating Scale (HDRS) score from baseline). Thus, there is
preliminary evidence that the antidepressant efficacy of rTMS depends on the
stimulation intensity. This finding coincides with evidence from a recent fMRI
study [78] that demonstrates intensity-dependent effects on brain activity in
healthy volunteers and secondly, with research in elderly depressed patients
where a disproportionate frontal atrophy and the resulting decrease of the
magnetic field strength at the prefrontal cortex are associated with lower anti-
depressant efficacy [79, 80]. More recently, our findings were essentially con-
firmed by Rossini et al. [81] who compared rTMS with 100% MT intensity,
80% MT intensity and sham rTMS and observed a significant difference
between treatment groups favoring a higher stimulation intensity.

Fitzgerald et al. [31] were the first who directly compared left HF rTMS
and right LF rTMS with sham treatment. Both real rTMS groups improved
significantly over 2 weeks compared to the sham rTMS group and improve-
ment was continued if subjects underwent real rTMS during weeks 3 and 4.
Thus, this study provided first support for extending rTMS in order to increase
response and remission rates. Recently, Avery et al. [45] have reported data of
68 patients with medication-resistant major depression with a response rate of
31% (vs. 6% after sham rTMS) and a remission rate of 20% (vs. 3% after sham
rTMS) after 15 sessions of 10 Hz rTMS during a 4-week period. The difference
between real and sham rTMS groups reached the magnitude of verum placebo
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differences for response and remission rates in meta-analyses of antidepressnat
drug trials [82].

A very recent US multicenter trial compared real and sham rTMS in a
large sample of 325 outpatients (23 trial sites) suffering from a major depres-
sive episode [83]. Inclusion criteria were: HDRS score >20, item 1 > 2, treat-
ment resistance defined by failure to respond to at least 1 and no more than
4 antidepressant trials during the current episode (average 1.6 trials), and dura-
tion of the current episode =3 years. It was clinically appropriate to discontinue
the current antidepressant medication, i.e. patients were medication free during
the trial. Psychotic and bipolar patients were excluded. The treatment was con-
ducted using the Neuronetics Model 210B Therapy System investigational
device at aggressive stimulation parameters (120% MT intensity or highest tol-
erable dosage, 10Hz, 3,000 stimuli/day) and extended for 6 weeks. HDRS
scores rapidly declined already during the first 2 weeks and significantly dif-
fered after 4 and 6 weeks of treatment. Response (HDRS,,) rates were 19%
after 4 weeks of real rTMS (vs. 12% after sham rTMS; significant) and 24%
(vs. 15%; significant) after 6 weeks, and the respective remission rates
(HDRS,, score <11) were 9% (vs. 8%; not significant) after 4 weeks and 17%
(vs. 8%; significant) after 6 weeks. These data were compared to the results of
the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) trials
where similar baseline and outcome measures were applied in order to allow
further interpretation of rTMS efficacy in relation to antidepressant pharma-
cotherapy [84]. It was concluded that remission rates after rTMS compare to
those seen in equally treatment-resistant patients in the STAR*D reports.

Several groups investigated whether more intense stimulation protocols
show improved antidepressant efficacy in therapy-resistant patients [48, 52, 57].
Two of these studies [52, 57] failed to show an (improved) efficacy of bilateral
rTMS (left prefrontal HF combined with right prefrontal LF rTMS [52], bilateral
prefrontal HF rTMS [57]). In contrast, Fitzgerald et al. [48] found a clinically
meaningful effect of left prefrontal HF (10 Hz, 750 stimuli/day) combined with
right prefrontal LF (1 Hz, 420 stimuli/day) rTMS which was superior to sham
rTMS. However, there was no comparison with a standard unilateral rTMS.
Generally, longer treatment periods are currently suggested extending the 1- to
2-week treatment in the early studies to 4—6 weeks’ protocols [31, 48, 83, 85].

In summary, evidence from numerous small trials, meta-analyses and one
large randomized controlled trial support the use of rTMS in depressed sub-
jects who exhibit a moderate degree of treatment resistance. It is of interest
that the most robust body of evidence regarding the action of rTMS on neuro-
transmitter systems points to an action on the dopaminergic system resulting
in dopamine release in mesostriatal and mesolimbic regions. Very recently, our
group [86] observed a reduction of iodobenzamide (IBZM) binding to striatal
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Fig. 3. a Striatal dopamine release in a dynamic ['?*I] iodobenzamide (IBZM) single
photon emission computed tomography (SPECT) challenge paradigm modified from
Laruelle et al. [121]. ['#1]-IBZM is given as bolus injection immediately followed by a con-
stant infusion. Two hours after the radiotracer bolus injection an equilibrium is observed,
which represents a steady state between radioligand binding and dissociation in the presence
of endogenous dopamine. At this time-point the first baseline SPECT is performed. After the
first scan, an exogenous dopaminergic stimulation (challenge with amphetamine or rTMS) is
applied, followed by a second SPECT scan. After challenge a decrease of specific striatal
IBZM binding in the same subject for the six consecutive frames of each SPECT acquisition
pre and post challenge is observed (courtesy Dr. Walter Koch). b Single IBZM-SPECT scans
(transaxial slices) of a subject before and after dopaminergic challenge. ¢ After acute left pre-
frontal rTMS (10 Hz, 3,000 stimuli/session, 100% MT) a mean reduction of specific IBZM
binding by 9.6% was found (data of nine investigations in depressed patients).

D,/D; receptors in antidepressant-free depressed subjects following very simi-
lar stimulation parameters (10 Hz, 3,000 stimuli/session, 100% MT) as applied
in the US multicenter trial (fig. 3). This change reached the magnitude
observed after a single dose of 0.3 mg/kg a-amphetamine. These findings
converge with the recent discussion regarding the role of dopamine in major
depression and the use of dopaminergic agents (e.g. bupropion and aminep-
tine) in treatment-resistant depressive states.
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rTMS in Bipolar Depression

Management of depression in the context of bipolar disorders poses a
major clinical problem. Although antidepressant properties have been reported,
many mood stabilizers such as the anticonvulsants carbamazepine and valproic
acid are not particularly effective in bipolar depression. The use of antidepres-
sant medication during the depressed phase may counterproductively increase a
patient’s cycle frequency. In several studies investigating the efficacy of rTMS
in major depressive episodes also bipolar patients were included. However, sep-
arate data of these patients are not available and switches to manic states have
been reported [87].

In the first study of rTMS in bipolar depression, Dolberg et al. [47] com-
pared active and sham rTMS in 20 patients. Half of them received 10 sessions,
half of them 20 sessions as add-on intervention. In the real rTMS group, HDRS
scores decreased from 22 to 15.7 after 2 weeks and to 17.4 after 4 weeks. In the
sham group, HDRS scores dropped from 25.5 to 21.3 (2 weeks) and to 13.8
4 weeks). A significant difference between both groups was apparent after
2 weeks and lost after 4 weeks. Due to the lack of a more detailed description
of the patient sample and additional interventions, these data are difficult to
interpret.

Nahas et al. [61] investigated rTMS in 23 depressed bipolar patients
(12 diagnosed with bipolar I disorder in a depressed state, 9 with bipolar II disor-
der in a depressed state, 2 with bipolar I disorder in mixed states). In two
groups, patients were randomly assigned to receive either left prefrontal rTMS
(5Hz, 110% MT, 8s on, 22 s off, over 20 min) or placebo each weekday morn-
ing for 2 weeks. The patients tolerated the stimulation well, exhibiting no sig-
nificant adverse events and no induction of mania. There was no statistically
significant difference between the two groups regarding the number of respon-
ders and remitters and the mean change of the HDRS score from baseline over
2 weeks. Compared to sham rTMS, real rTMS produced a trend towards greater
improvement in daily subjective mood ratings after treatment. Interestingly,
7 patients of this acute study were followed during weekly maintenance treatment
with rTMS for up to 1 year [88]. Three subjects completed the full 1-year period
and preserved an average HDRS score of 13 during the whole period. Two of
these subjects had no relapses and 1 subject had once a relapse, but quickly
responded to a 2-week acute-phase treatment and recovered. The other 4 sub-
jects had multiple relapses despite weekly rTMS and were not able to complete
the full year of the maintenance study. Thus, there is preliminary evidence that
rTMS can also be used successfully as maintenance treatment in individual
patients. Though rTMS is an acute intervention compared to VNS or DBS,
maintenance rTMS may be clinically useful and should be differentially tested
in future trials.
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rTMS in Mania

An early pilot study compared right vs. left prefrontal 20 Hz rTMS and
found that right prefrontal treatment was superior to left prefrontal treatment
[89]. This finding reflects the valence hypothesis of emotional regulation
which has often been involved in early rTMS research [13]. However, the same
group of researchers failed to replicate their findings [90]. In the replication
study, no difference was observed between right prefrontal rTMS and sham
rTMS in 19 patients with moderate mania. Later, case reports and two open
trials were published reporting successful treatment of mania with rTMS
applied add-on to psychopharmacological treatment [91, 92]. Moreover, an
experimental model of amphetamine-induced mania-like behavior has been
investigated in animals and humans in order to further explore the antimanic
action of 20- to 25-Hz rTMS. In rats, Shaldivin et al. [93] found that 2 and 7
daily rTMS sessions significantly reduced the activity of amphetamine,
whereas twice-daily treatment for 7 days enhanced hyperactivity in this model.
In healthy volunteers, no change in the psychostimulant action of 0.15 mg/kg
amphetamine was observed after right prefrontal stimulation [94]. In sum-
mary, these findings do not support the use of rTMS for treating mania and
this approach needs to be carefully reconsidered based on changes of regional
brain function observed in bipolar disorders [95].

rTMS in Other Depressive Disorders

rTMS treatment might have a therapeutic benefit not only for major
depression, but also for depression associated with neurological disorders,
such as Parkinson’s disease (PD) and stroke. Although depression in neurolog-
ical conditions is associated with a significant impact on quality of life, it is
poorly managed and one of the main reasons is the lack of satisfactory
therapies as antidepressants are often inadequate due to side effects and drug
interactions.

There are two main advantages for using rTMS for the treatment of depres-
sion in neurological disorders: (1) rTMS is associated with few adverse events
(see review in Machii et al. [96]) and does not interact with drugs commonly
used for the treatment of neurological disorders — this is particularly important
for PD patients that usually take several medications that have drug interactions
with antidepressants. (2) rTMS may be applied to treat both the underlying
neurological disease and psychiatric symptoms. For instance, rTMS treatment
for depression in PD patients has been reported to improve mood and motor
function simultaneously [97]. Additionally, other techniques of brain stimula-
tion have shown concurrent effects on neurological and psychiatric symptomes,
such as ECT for PD patients with depression [98], and VNS for patients with
epilepsy and depression [99].
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Initial studies have been conducted to evaluate the antidepressant effects of
rTMS in PD [97, 100] and stroke [101], and, in addition, rTMS treatment could
be useful for depression in epilepsy and Alzheimer’s disease.

Two studies have explored the question of whether rTMS treatment for
depression in PD is effective. The first open trial by Dragasevic et al. [97]
showed that LF rTMS of the left and right prefrontal cortices results in a sig-
nificant improvement of depression and motor function. After this study,
Fregni et al. [100] performed a randomized, double-blind, controlled study to
evaluate the effects of HF rTMS on mood in patients with PD. This study
showed that 10 consecutive sessions of rTMS lead to a similar antidepressant
effect as that induced by fluoxetine lasting for at least 2 months. This study
also showed a cognitive improvement after treatment that was further explored
by Boggio et al. [102].

Similar positive results were obtained for the treatment of depression
in stroke. Jorge et al. [101] showed that 10 sessions of real rTMS (10 Hz,
110% of the MT), as compared with sham stimulation, significantly reduce
depressive symptoms and are associated with a trend toward a cognitive
improvement.

Finally, rTMS has been shown to decrease the frequency of seizures [103]
and to induce a significant improvement of some aspects of cognition in
patients with major depression [104]. Thus, it is conceivable to hypothesize that
this therapy might be suited to treat depression in epilepsy and in dementia syn-
dromes, such as Alzheimer’s disease. Further trials need to be performed to
evaluate the clinical utility of rTMS for the treatment of depression in these
neurological disorders.

Special Issues

Duration of Effects and Maintenance

It remains to be clarified, whether subsequent antidepressant treatment is
necessary to stabilize the clinical response after rTMS. A deterioration of
depressive symptoms within 3 weeks after 1 week of rTMS treatment was
reported by Pascual-Leone et al. [39].

We [106] conducted a follow-up study on drug-free patients participating
in an open rTMS trial over 2 weeks. They underwent 10 rTMS sessions (10 Hz,
left prefrontal stimulation at 100% MT intensity) and received subsequent
standardized antidepressant medication with mirtazapine (either monotherapy
or combined with carbamazepine or lithium) for an additional 4 weeks. The
interval between the last rTMS and the first day of pharmacotherapy varied
between 1 and 5 days. A significant increase in the HDRS score of rTMS
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responders was observed after treatment interruption following rTMS. The
length of the interval without treatment was correlated with the degree of dete-
rioration. However, during subsequent mirtazapine treatment this deterioration
subsided and the further clinical course was stabilized. This observation corre-
sponds with the outcome in the combined dexamethasone suppression/CRH
test, where no effect of rTMS on CRH-induced ACTH and cortisol release was
observed [107] which suggests a high risk for relapse after improvement of
depressive symptoms.

Maintenance treatment with rTMS has been used successfully in single
patients and open trials showing favorable long-term outcomes after maintenance
schedules of 0.5-2 rTMS sessions/week. However, this method has its draw-
backs, as it is more time-consuming for patients and psychiatrists than pharma-
cotherapy.

Predictors of Antidepressant Response after rTMS

A number of studies have demonstrated that rTMS induces a significant
antidepressant effect with few, usually mild adverse effects. However, other
studies fail to show such benefits of rTMS treatment in depressed patients. This
variability could be explained by the random variability of the ‘true’ rTMS
effect, particularly because most published rTMS studies to date are small and
lack adequate statistical power; or alternatively by different patient characteristics.
Therefore, it is important to recognize the predictors of the antidepressant
response to rTMS treatment.

In a recent study, Fregni et al. [108] pooled data from 6 clinical trials per-
formed at different institutions to investigate the predictors of the antidep-
ressant response to rTMS treatment based on patient and treatment
characteristics. A regression model was performed to analyze whether the
items of the HDRS, age, gender, psychiatric and drug history and rTMS para-
meters were associated with the antidepressant response as indexed by the
HDRS score.

The only variables that remained in the model were age, treatment refrac-
toriness, item 17 of the HDRS and gender. This model showed that only age and
medication refractoriness were significant predictors when the multivariate
analysis was performed. Moreover, these two variables were significant in
additional models and remained significant after adjusting for other potential
confounders. Therefore, younger and nonrefractory patients seem to respond
better to rTMS antidepressant treatment. Importantly, the significant variables
remained significant after adjusting for the study site. This is particularly
important as heterogeneity from different studies is expected.

These results are in accordance with previous studies which showed that
elderly patients had a poorer response to rTMS. In an open study with 56 patients,
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Figiel et al. [109] showed that the antidepressant response rate was higher for
younger (less than age 65) compared to older patients — 56 vs. 23%. In addition,
two other studies have reported that elderly patients less satisfactorily respond
to rTMS [58, 60]. Nahas et al. [110] hypothesized that this lack of effect in the
elderly is due to frontal atrophy and conducted a pilot study that showed that
rTMS treatment adjusted for prefrontal atrophy in terms of stimulation intensity
is more effective than standard rTMS.

Regarding the smaller effect in patients with more refractory depression,
this finding seems to be intuitive, as patients refractory to antidepressants
might have a more chronic form of depression and may be more resistant to
antidepressant interventions in general. In fact, medication resistance also
decreases the effect sizes of ECT [111]. Although we showed that age and
refractoriness are significant predictors of the antidepressant response, other
predictors such as depression subtype and depression severity should be fur-
ther studied in prospective large cohorts as our study included trials that used
different methodologies, such as differences in rTMS parameters and patient
populations.

Safety

The notion that rTMS is safe and well tolerated by patients within a range
of parameters defined according to a consensus [112] can be substantiated by
an extensive body of data. After 10 days of daily prefrontal rTMS in depressed
patients, there was no sign of structural changes on MR scans [113]. There was
no deterioration in neuropsychologic performance, no significant mean
changes in auditory threshold, and no significant electroencephalogram abnor-
mality after 2-4 weeks of rTMS shown in safety studies [32, 42, 45, 104,
114-116]. Table 3 provides a synopsis of neuropsychological findings in clini-
cal studies investigating rTMS in depressed subjects. Thus, there seem to be no
adverse effects on cognition as observed after ECT. If patients with contraindi-
cations are excluded (e.g. implanted electronic devices, previous history of
seizures), meaningful side effects include physical discomfort on the scalp dur-
ing and headache after rTMS. Moreover, rare single cases of rTMS-associated
seizures have been reported since 1998 when safety guidelines were published
limiting stimulation parameters [112, 117]. The risk of a seizure may be
increased by higher frequencies and intensities, longer train duration, short
intertrain intervals and concomitant medication. However, these cases have to
be regarded in the light of many thousands of subjects who have undergone
rTMS to date. A very recent overview of published rTMS trials also including
systematically collected safety data from a leading brain stimulation laboratory
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Table 3. Neuropsychological assessment in clinical studies investigating rTMS as treatment in major depressive episodes

Study n  Design Medication Stimulation Stimulus Measures Findings
site parameters
frequency intensity stimuli total number
Hz (MT%) perday of stimuli
Padberg 18 parallel, stable left 100r0.3 90 250 1,250 Verbal Significant
etal. [42] random-  medication DLPFC learning improvement in
ized, or drug-free task verbal memory
sham- after 10-Hz
controlled rTMS
Triggs 10 open drug-free  left 20 80 2,000 20,000 MMSE, No impairment,
etal. [122] DLPFC Hopkins significant
Verbal improvement in
Learning Test COWA test
digit span, scores after
COWA, BNT rTMS
Little 16 cross-over, drug-free left 1or20 80 800 8,000 Buschke No impairment;
etal. [123] random-  or mood DLPFC Selective improvement on
ized, stabilizers Reminding Test, list recall (p <
sham- memory cards,  0.05) 1 week
controlled COWA, CPT after rTMS
Loo 18 parallel, stable left 10 110 1,500 15,000~ MMSE, digit No impairment;
etal. [115] random-  medication DLPFC 20,000 span, RAVLT, no association
ized, or drug-free VPAL, COWA, between changes
sham- RT, AMI in neuropsycho-
controlled logic scores and
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clinical course;
no differences
between sham
and real groups

Speer 18 cross-over, drug-free or left 1 or20 100 1,600 16,000 Memory tests No major
etal. [77] random-  valproate or DLPFC (see Littleetal.  changes in test
ized, carba- [123] above), scores (for both
sham- mazepine CPT, COWA the 1-Hz and 20-
controlled Hz group);
improvement
trends on some
tests; no
correlation with
clinical
improvement
Moser 19 parallel,  drug-free left 20 80 800 4,000 Trial Making Higher digit
etal. [104] random- DLPFC Test A and B, symbol scores
ized, WAIS-R Digit after real rTMS,
sham- Symbol, Stroop  improvement in
controlled Test, COWA, Trail Making
BNT, sentence Test B
repetition, Rey
Auditory Verbal
Learning,
Judgement of
Line Orientation
Shajahan 15 parallel, stable left Sor10or20 80 500 5,000 Stress Arousal No
etal. [124] random-  medication DLPFC Inventory, changes
ized, Auditory Verbal
sham- Learning,
controlled Wechsler
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Table 3. (continued)

Study n  Design Medication Stimulation Stimulus Measures Findings
site parameters
frequency intensity stimuli  total number
Hz (MT%) perday of stimuli
Memory Scale,
Digit Symbol
Substitution
Test, Traffic
Light Test
Martis 15 open drug-free  left 10 110 1,000 4,000— Attention/mental No impairment;
etal. [116] DLPFC 20,000 speed, working  significant
memory/ improvement
executive (baseline-post)
function, in 3 of 4
memory, fine domains;
motor speed improvement not
related to clinical
change
Loo 19 parallel, stable left and right 15 90 1,800 27,000 MMSE, Improvement
etal. [57] random-  medication DLPFC measure of after sham rTMS
ized, (bilateral) psychomotor after sham rTMS
sham- retardation after real rTMS
controlled (CORE) in Tower of
Controlled Oral  London, no
Word differences
Association between groups

Test, Expanded




SIOPIOSI(] SATOPY UT SIALLI [BIU0Ija1d JO KJajes pue Kooty

€L

Paired

over time after

Associates Test,  correction for
Rey Auditory multiple
Verbal Learning, comparisons
Tower of
London, visual
learning, visual
paired
associates
learning
O’Connor 28 open drug-free  left 10 90 1,600 16,000 Rey Auditory Mild
etal. [125] (ECT vs. DLPFC Verbal Learning, improvement in
rTMS) Letter Number  Letter Number
Sequencing Sequencing
Task, Transient ~ Task and
News Events Transient News
Test Events Test
Hoeppner 30 parallel, stable left DLPFC 20 vs. 1 90 (20 Hz), 800 8,000 Motor Significant
et al. random-  medication (20 Hz), 110 (20Hz), (20Hz), Agitation and improvement
[53] ized, right (1Hz) 120 1,200 Retardation of slight motor
sham- DLPFC (1Hz) (1Hz) Scale, D2 test retardation after
controlled (1Hz) real rTMS
Hausmann 41 new left DLPFC 20 vs. 20 100 2,000 20,000 Miinchner Improvement in
etal. parallel,  antide- (20 Hz), plus 1 (20Hz), (20Hz), (20Hz), verbaler Stroop and Trail
[114] random-  pressant right 120 2,600 26,000 Gedichtnistest, ~ Making Test
ized, starting DLPFC (1Hz) (20Hz (20Hz Trail Making performance
sham- day 1 of (1Hz) plus 1 Hz) plus 1 Hz) Test, Stroop after real rTMS,
controlled rTMS Test, Verbal but no difference
Fluency Test between real

and sham rTMS
groups
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Table 3. (continued)

Study n  Design Medication Stimulation Stimulus Measures Findings
site parameters
frequency intensity stimuli  total number
Hz (MT%) perday of stimuli
Avery 68 parallel, stable left 10 110 1,600 24,000 MMSE, Rey No
et al. [45] random-  medication DLPFC Auditory Verbal differences
ized, or drug-free Learning, Digit  between real
double- Symbol Test, and sham rTMS
blind Digit Span Test,
Trail Making
Test, Controlled
Word
Association
Test, Color
Stroop Test,
Galveston
Orientation and
Amnesia Test
Schulze- 30 open stable left 10 100 400-600 mean: 10 MMSE, Trail rTMS superior to
Rauschenbach (ECT vs. medication DLPFC sessions Making Test, ECTin
etal. [126] rTMS) Digit span, anterograde
letter-number verbal memory,
span, word two retrograde
fluency, Auditory memory
Verbal Learning  parameters and
Test, Memory memory self-
for Persons assessment.
Test, Subject’s rating
autobiographical of memory
memory significantly
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interview, four-
card task of the
Rivermead
Behavioral
Memory Test,
Squire
Subjective
Memory
Questionnaire

improved after
TMS
(correlation with
self-rating of
depression)

Januel
etal. [32]

drug-free  right
DLPFC

27 parallel,
random-
ized,
double-
blind

1

90

120

1,200

Grober and
Buschke’s Test
(for verbal
memory), Stroop
Test, Trail
Making Test,
auditory and
visual attention
span,
Cardebat’s
fluency,
visuospatial
reasoning

No significant
differences after
rTMS in either

group

Kuroda

etal. [127]

fluvoxamine left
DLPFC

9 open

10

100

1,000

10,000

MMSE,
Wechsler
Memory Scale-
Revised, Trail
Making Test,
Everyday
Memory
Checklist

Improvement of
verbal memory
function

AMI = Autobiographical memory interview; BNT = Boston naming test; COWA = Controlled word association; CPT = Continuous per-
formance test; MMSE = Mini mental state examination; RAVLT = Rey auditory verbal learning test; RT = Reaction time; VPAL = Visual

paired associates learning; WAIS-R = Wechsler adult intelligence scale-revised; MT = Motor threshold.




in the USA concluded that rTMS to nonmotor areas appears to be safe with few,
generally mild adverse effects [96].

Particular attention, however, should be paid to the detection of psychi-
atric side effects and the possibility should be mentioned to the patients
before obtaining their informed consent for participation in rTMS studies.
Case reports showed that bipolar patients treated with rTMS for depression
may be at risk of switching to manic states [87]. We have reported the case of
a depressed patient who newly developed psychotic symptoms during left
prefrontal HF rTMS and who never had experienced such symptoms before
[118].

Conclusions and Perspectives

In addition to its importance as an experimental research tool in neuro-
science, rTMS has been established among novel nonpharmacological treat-
ment strategies for major depression. As supported by neuroimaging data,
long-term rTMS modulates neuronal circuits involved in the pathophysiology
of depression. Preclinical studies have shown dopaminergic and serotonergic
effects, among others, as well as an attenuation of the hypothalamic-pituitary-
adrenal response to stress, which is hypothesized to occur at hippocampal and
hypothalamic levels. The majority of clinical trials demonstrate significant anti-
depressant effects as compared to sham conditions, with optimal parameters yet
to be identified. Recent evidence from a large US multicenter trial supports the
antidepressant efficacy of rTMS in therapy-resistant depression and will pre-
sumably stimulate a wider use of rTMS in clinical practice. Other specific clin-
ical applications of rTMS require further testing either in specifically selected
patient populations or through the use of specific study designs. Moreover, a
wide range of methodological developments such as neuronavigated rTMS, a
new generation of powerful magnetic stimulators, novel stimulation protocols
(e.g. theta burst stimulation), new stimulation coils (e.g. H-coils) and the com-
bined application of rTMS together with transcranial direct current stimulation
will allow to further improve today’s rTMS interventions in the future [119].
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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a new technology which holds
promise as a treatment in neuropsychiatry. Drugs and psychotherapy are inadequate for
relieving depressive symptoms in a substantial portion of severely depressed patients. In that
patient group, neurostimulation techniques such as rTMS could be useful. Augmentation and
combination strategies are commonly employed to address this problem, but there are few
randomized, controlled studies to guide treatment choice. This article presents an overview
of currently available rTMS techniques for depression, including its use as an add-on therapy
reviewing also its efficacy and safety.

Copyright © 2007 S. Karger AG, Basel

Unipolar depression is one of the most burdening disorders worldwide [1].
While many effective treatments are available, this disorder is often underdiag-
nosed and undertreated. Primary care providers should strongly consider the
presence of depression in their patients; studies suggest a high prevalence of
affective disorders among patients seeking medical attention in the office set-
ting. Unipolar depression is a disorder with significant potential morbidity and
mortality, contributing as it does to suicide, medical illness, disruption in inter-
personal relationships, substance abuse, and lost working time. Depression
plays a role in 50-90% of the suicide attempts, dependent on applied criteria,
while the death rate from suicide among those with affective disorders can



exceed 15%. Studies also show that unipolar depression contributes to higher
mortality and morbidity in the context of other medical illnesses, such as
myocardial infarction, and that successful treatment of the depressive episode
improves medical and surgical outcomes [1-4].

Potential complications of depression may develop across the biopsy-
chosocial spectrum. Other adverse outcomes may arise from attempts at self-
injury, untreated medical conditions, or physical decline due to inanition.
Medical and surgical prognosis and recovery are also affected adversely by con-
current depression [1-4].

Regarding the psychosocial aspects, depression, particularly when chronic
or untreated, can contribute to unemployment or failure in school, social isola-
tion, substance abuse, and marital/family dysfunction [1-4].

The published success rates of pharmacological interventions for major
depression are less than ideal. Approximately 50% of depressed patients do not
respond to a trial of a particular antidepressant [5], and as many as 20% of
patients do not respond to any antidepressant medication [6]. Additionally, the
latency of onset of improvement has a marked clinical impact. When medica-
tion is augmented with psychotherapy, response rates range from about 45 to
90% at best [7-9]. The purpose of this review is to evaluate the role of
combined psychological and pharmacological therapies in minimizing relapse
and recurrence and to analyze the current status of other options recently
mentioned for the treatment of depression. It does not refer to the acute
response (see the review by Hollon et al. [8]) and for patients with treatment-
resistant depression, especially those with psychotic features or a high risk of
suicide, other therapeutic options must be considered and, if available, pursued
[7-9].

Challenges in Antidepressant Augmentation

Basically, the augmentation strategies have 3 main goals:
(1) acceleration of the drug efficacy and reaction if refractory to therapy;
(2) add-on therapy (adding a new mechanism of action);
(3) complementary therapy (enhancing the preexisting mechanism of action).
Medication for depression, or pharmacotherapy, usually requires a 4- to
6-week time frame. This allows for observation in order to find out if the anti-
depressant medication is appropriate, i.e. if it is working and does not have
unbearable unwanted side effects on a patient. Up to two thirds of depressed
patients receiving pharmacotherapy experience some form of improve-
ment. Many patients also experience dose-dependent undesired side effects
from these medications which may include: dizziness, sedation, peripheral
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anticholinergic side effects, weight gain, sexual dysfunction, neurological and
cardiovascular side effects, insomnia and anxiety among others [7].

It is a paradox of current clinical practice that some of the most common
augmentation strategies in depression are also those with the least controlled
evidence. Despite extensive data on the use of adjunctive lithium or thyroid hor-
mone in refractory depression, these approaches are not the most favored by
practitioners. The popularity and the use of adjunctive bupropion, psychostimu-
lants, atypical antipsychotics, modafinil, buspirone, lamotrigine, estrogen and
mifepristone as augmentors is supported by limited open and controlled evi-
dence, but is not yet fully substantiated by randomized, controlled studies.

Biological Treatments for Depression

Considering the scenario of depression mentioned above, safety and short-
or long-term tolerability issues regarding drug therapy, time to achieve response
and the imperious need to improve the results of the current pharmacological
treatments of depression, some new evolving therapeutic modalities, which hold
promise for patients with refractory depression, have been studied and tested in
order to augment the action of the antidepressant drugs generally employed.
These new therapeutic approaches are based on neurostimulation which is a
physical intervention that utilizes either electric current or magnetic field to
stimulate the brain. The various techniques used include electroconvulsive ther-
apy (ECT), repetitive transcranial magnetic stimulation (rTMS), magnetic
seizure therapy, vagus nerve stimulation and deep brain stimulation. Although
ECT has been in use for many decades, the technique is still being refined and
improved [9]. The other, more novel neurostimulation treatments have been
developed more recently and have efficacy profiles that are widely considered
less well established than that of ECT [9, 10]. Although the mechanisms of anti-
depressant action of ECT are unknown, recent data indicate that the production
of a generalized convulsion alone is not sufficient to treat depression; the quality
and thus the effect of the ECT seizure on regional brain function are also impor-
tant in determining the therapeutic benefit [11, 12]. These data are consistent
with evidence from functional neuroimaging studies that have implicated pre-
frontal, temporal, and limbic structures in depression.

Transcranial Magnetic Stimulation

TMS has been developed as a new tool to explore brain-behavior relation-
ships noninvasively for potential therapeutic application [13]. It involves placing
a copper winded coil on the scalp, which causes cortical neurons just below the
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skull to depolarize in response to a short pulse of electric current which
generates an electromagnetic field reaching the cortex. A single electromag-
netic pulse, which generates a field of approximately 1-2T 1-2 cm below the
coil, will cause a cluster of neurons to discharge and repetitive pulses can cause
neurons to repeatedly discharge [14]. At higher frequencies (>1 Hz), informa-
tion processing in the respective cortical region may be disturbed [15]. For
example, rTMS over frontotemporal areas may block speech production [16]
and over the left dorsolateral prefrontal cortex (LDLPFC) it may affect working
memory [17]. TMS, as observed by positron emission tomography, is supposed
to cause modifications in cortical metabolism and changes in regional cortical
blood flow and to interrupt the regional neural activity in the cortex [18, 19].
These phenomena are also observed at sites far from the stimulus, showing that
the effects of TMS propagate to other parts of the brain [19]. Besides modulat-
ing the response of the contralateral motor cortex (for instance the stimulus
over the left prefrontal cortex has been shown to increase the release of
dopamine in the ipsilateral caudate nucleus [19-21]), TMS might alter gene
expression patterns, for example the activation of c-fos expression in the thala-
mic paraventricular nucleus. This implies that the effect of TMS does not
depend on the direction of the magnetic stimulus or on the integrity of neural
circuits, suggesting that it might alter gene expression directly by a mechanism
independent of the generation of action potentials [18, 20].

TMS for Depression: Current Status

TMS as a Stand-Alone Therapy

Some findings supporting the clinical efficacy of excitatory rTMS to the
left prefrontal cortex and, although less well studied, inhibitory rTMS to the
right prefrontal cortex have provided a functional correlate to data from imag-
ing and lesion studies suggesting that lateralized alterations in brain activity
might play a role in depressive symptoms. Another important aspect is that
these data have been contributed for additional understanding of the physio-
logic effects of TMS and have provided clues to the pathophysiology of depres-
sion. Furthermore, evidence linking regional brain activity to treatment
responsiveness and the paradoxical response of some patients have allowed
research groups to identify two metabolically distinct populations that have dif-
ferent responses to excitatory and inhibitory treatment frequencies [20].

Antidepressant effects of fast r-TMS of the LDLPFC have been demon-
strated in the majority of previous controlled studies [21-27] although some
investigators found only marginal or no significant effects when compared with
sham rTMS [28-33]. Despite the range of stimulation intensities in prior studies,
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solid conclusions regarding the relationship between efficacy and intensity

were impeded by:

(1) the lack of a direct comparison between different intensities;

(2) the problem that studies widely varied with respect to other stimulation
parameters (e.g. frequency, number of stimuli) and clinical characteristics
of patient samples.

Previous trials demonstrated that short courses of rTMS produced a mod-
est benefit in groups of patients seen in the mean scores on the Hamilton
Depression Rating Scale (HDRS), although remission of depression in individ-
ual patients was rare. However, refinements in TMS methods have led to
improvements on these initial results. According to a review by Gershon et al.
[34], 41% of 139 patients treated with high-frequency rTMS (HF-rTMS) to the
left prefrontal cortex achieved either a 50% decrease in their HDRS scores or a
final score of 7 or less. More recent trials have pointed to the longer treatment
course (more than 10 days), more magnetic pulses (10,000—30,000), increased
field intensity (100—-110%) motor threshold (MT), the absence of psychosis,
younger age, and previous TMS responsiveness as likely contributors to treat-
ment success, even when rTMS is the only antidepressant therapy, and have
produced results with rTMS that are comparable to those of ECT.

The largest sham-controlled study to date of HF-rTMS, performed by
Avery et al. [35] as a treatment for medication-resistant depression, showed that
the response rates and remission rates are higher in the TMS group compared
with the sham group. The active TMS group had a significantly greater
response rate, i.e. 30.6% (11/35), compared with 6.1% (2/33) in the sham group
(Fisher’s p = 0.008, effect size = 0.69), as well as a significantly greater remis-
sion rate, i.e. 20.0% (7/35), compared with 3.0% (1/33) in the sham group
(Fisher’s p = 0.033, effect size = 0.58). The baseline clinical characteristics of
the 68 patients with major depression treated with TMS were as follows: 31%
received some concomitant antidepressant drug and 27% were included in the
sham stimulation group; however, different drugs were given, which could
result in various kinds of responses. A similar situation was reported for the
treatment with benzodiazepines. Sometimes such findings have been misinter-
preted because sham TMS, which was intended to be a placebo, might be par-
tially active. However, improved sham conditions that minimize physiologic
effects have been described lately. In most studies, and when the aggregate data
are tested, real rTMS is superior to sham TMS. These results are encouraging;
however, two important queries need clarification before including this promis-
ing empiric approach in our current therapeutic armamentarium. The first is
systematic investigation of better and adequate treatment parameters such as
intensity, duration, and the number of magnetic pulses. All of them should be
tested and analyzed separately. Methods to accurately target TMS on the basis
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of mapping of brain anatomy by MRI have been described [36]. It will be use-
ful to test whether anatomical accuracy really enhances clinical efficacy. Patient
parameters, both clinical and physiologic, are even less well explored and
deserve systematic investigation as well. Another priority is larger-scale studies
whose outcome measure is clinical remission. Large multicenter trials or
smaller ones that are sufficiently similar to permit meta-analysis could prove
(or disprove) the clinical efficacy of TMS. If data from such studies support the
clinical value of TMS, it would then be possible to define a clinical role for
TMS and to address the issues of whether TMS is most useful as an adjunct or
stand-alone therapy, whether it is as effective as current first-line therapies, and
whether maintenance TMS is beneficial.

Add-On Trials

There are some add-on studies in which the combination of rTMS with
antidepressants was investigated. These trials showed a greater improvement in
patients receiving additional rTMS, and this effect could be observed already
after the third rTMS session. Although these results are quite similar, caution is
needed in the evaluation and comparison of studies. In the trial by Conca et al.
[37] (n = 24), there was no sham group, and 5 different antidepressants were
used with a homogenous distribution of the serotonin selective reuptake
inhibitor between the groups (8 vs. 9) but with a preponderance of amitriptyline
in the add-on group (4 vs. 1). In addition, rTMS parameters differed from those
shown in the review by Gershon et al. [34] which are supposed to be more
effective than stimulation at 8 different sites, use of a circular coil, frequency of
0.17Hz at 1.9 T (corresponding to the maximal output of the device), 10 days of
treatment, and 400 total pulses.

Garcia-Toro et al. [38] reported that in patients (n = 40) suffering from
drug-resistant major depression real, but not sham, HF-rTMS was associated
with a significant decrease in the HDRS scores, but only 12 patients achieved a
decrease of more than 50%. They concluded that left prefrontal HF-rTMS was
effectively associated with antidepressant treatment, although the size effect
was small. However, the same authors found no effect of HF-rTMS compared
with sham rTMS in 22 patients (6 dropped out) treated during 10 days with ser-
traline among a group of 28 patients (12 were initially nonmedicated and 16
failed a trial with a single antidepressant) [30]. There are differences in techni-
cal parameters that have to be considered, i.e. shorter treatment with lower total
number of pulses, lower pulse intensity, and use as a sham rTMS of an active
coil angulated at 90°, which has been shown to have active properties [39].

Hausmann et al. [40] compared the effects of rTMS with sham rTMS in
41 patients with major depression (3 dropped out). Group Al (n = 12) received
unilateral active stimulation consisting of HF-rTMS over the LDLPFC and
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subsequent sham low-frequency (LF) rTMS over the right dorsolateral pre-
frontal cortex (RDLPFC). Group A2 (n = 13) received simultaneous bilateral
active stimulation consisting of HF-rTMS over the LDLPFC and LF-rTMS over
the RDLPFC. Group C (n = 13) received bilateral sham stimulation. All
patients were treated with different nontricyclic antidepressants. No significant
differences were found in the outcome among the three groups, although the
improvement in the rTMS groups was quantitatively superior to placebo in all
assessments. Besides technical differences between Hausmann et al. [40] and
the methodology suggested by Gershon et al. [34], such as the use of a lower
number of pulses and a shorter treatment period, the use of four different anti-
depressants makes comparison with other studies problematic.

Rumi et al. [41] evaluated 46 outpatients meeting the DSM-IV [42] criteria
for nonpsychotic depressive episode who were randomly assigned to receive
either rTMS (n = 22) or sham rTMS (n = 24) during 4 weeks over the
LDLPFC in a double-blind controlled trial. All patients were concomitantly
taking amitriptyline (mean dose 110mg/day). The rTMS group received 20
sessions (5 sessions per week) of 5-Hz rTMS (120% of MT and 1,250 pulses per
session). Sham stimulation followed the same schedule, however, using a sham
coil. The efficacy variables were the 17-item HDRS [43], the Montgomery-
Asberg Depression Rating Scale (MADRS) [44], a Visual Analogue Scale, and
the Clinical Global Impression. Tolerability was assessed by clinical examina-
tion and a safety screening of TMS side effects. rTMS had a significantly faster
response to amitriptyline. There was a significant decrease in HDRS scores,
already after the first week of treatment (p < 0.001 compared with baseline and
p < 0.001 compared with sham). The decrease in HDRS scores in the rTMS
group was significantly superior compared with the sham group throughout the
study (p < 0.001 at the fourth week). These contradictory findings reinforce
the necessity for standardization of rTMS parameters before definitive conclu-
sions about the efficacy of this approach can be drawn. It is important to note
the absence of seizures during rTMS treatment concomitant with tricyclic anti-
depressants and the use of a 120% MT intensity that is one of the highest inten-
sities used in known TMS studies.

Rossini et al. [45], in a 5-week, double-blind, randomized, sham-controlled
study, recruited 99 inpatients suffering from a major depressive episode
(DSM-IV criteria). The patients were randomly assigned to receive venlafaxine,
sertraline, or escitalopram in combination with a 2-week period of sham or
active 15-Hz rTMS on the left dorsolateral prefrontal cortex. The active rTMS
group showed a significantly faster reduction in HDRS scores compared with
the sham group (p = 0.0029). The response and remission rates were signifi-
cantly greater in the active rTMS group after the stimulation period (p = 0.002
and p = 0.003, respectively), but not at the endpoint. We found no significant
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difference in HDRS score reduction among the 3 drugs administered, either in
the active or in the sham group. These findings support the efficacy of rTMS in
hastening the response to antidepressant drugs in patients with major depres-
sive disorder. The effect of rTMS seems to be unaffected by the specific con-
comitantly administered drug.

However, paroxetine could not be augmented as the study by Poulet et al.
[46] revealed; 19 patients with nonresistant major depression were recruited and
randomly assigned to sham (coil at an angle of 45°, corresponding almost to a
real stimulation) or real rTMS over the LDLPFC at 10 Hz, 80% of MT intensity
for 10 days. The authors concluded that there is a similar action delay with both
rTMS and antidepressant medications. Both therapeutic strategies could impli-
cate an identical or analogous monoaminergic mechanism, and therefore, rTMS
could not to be a trigger for the drug action. Further studies including a third arm
with active rTMS and placebo paroxetine should help to solve this question.

A further study indicating a possible augmentation property of rTMS as an
add-on strategy was published by Su et al. [47]. A total of 30 medication-resistant
patients with DSM-IV major depressive disorder or bipolar disorder (most recent
episode depressed) completed 10 sessions of active or sham rTMS: 10 patients
at each of 2 frequencies, faster (20 Hz) or slower (5Hz), at 100% MT, and
10 patients at sham stimulation. Patients at both stimulation frequencies
demonstrated a superior reduction of depression severity compared to sham
stimulation (active = 55.7% vs. sham = 16.3%). The response rate for active
rTMS was 60%, in contrast to 10% for the sham treatment.

According to a congress report [48], a randomized double-blind sham-
controlled multicenter trial was performed in order to investigate the efficacy of
rTMS as add-on treatment in depression. One hundred and twenty-seven
patients with moderate to severe depressive episodes were included in seven
centers and randomly assigned to real or sham stimulation. Real stimulation
parameters were 10 Hz, 110% of MT, 2,000 stimuli per day on 15 working days,
above the LDLPFC. rTMS was performed as an add-on treatment to simultane-
ously started standardized antidepressant medication. Treatment outcome was
assessed with established depression rating scales (Beck Depression Inventory,
HDRS, and MADRS). In both, the real rTMS (n = 62) and the sham-stimulated
group (n = 65), the intent-to-treat response rate was 31% (p = 0.962, confi-
dence interval 0.5-2.2). The real/sham rTMS groups showed reductions of
the mean rating scores relative to the initial scores: Beck Depression Inventory
39%/32%, HDRS 43%/38%, and MADRS 38%/39%. The differences were not
significant. The presented multicenter trial does not support previous reports of
smaller samples indicating an antidepressant effect of rTMS in medicated
patients. Further exploration of the possible efficacy of other stimulation proto-
cols or within selected subpopulations of patients is necessary.
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Finally, considering rTMS as an add-on treatment in depression, the ques-
tion still remains as to which antidepressant drugs may work well with rTMS

[49].

Combination of Different rTMS Parameters as an

Augmentation Strategy

As mentioned in previous sections of this chapter, studies of rTMS in
depression have found antidepressant effects when HF-rTMS (=1Hz) is
applied over the left prefrontal cortex. A few studies have also reported success
with LF-rTMS to the right prefrontal cortex. Both HF-rTMS and LF-rTMS
have been reported to work better in areas with cerebral hypometabolism or
hypermetabolism, respectively. Based on this concept, Garcia-Toro et al. [50]
studied 30 medication-resistant patients with major depression who were ran-
domized into three groups. The first group received sham rTMS and the second
group received active rTMS (20-Hz rTMS to the left prefrontal cortex and 1-Hz
rTMS to the right prefrontal cortex). The third group, however, received active
rTMS that was focused on different regions of the brain after examination with
single photon emission computed tomography (20-Hz rTMS to an area of
relatively low activity and 1-Hz rTMS to an area showing relatively high
activation). This study demonstrated that combined 20- and 1-Hz rTMS was
effective, but no additional advantages were obtained by focusing rTMS on
areas identified by single photon emission computed tomography as showing
high versus low levels of functional activity.

Another trial performed by Conca et al. [51] investigated the augmentation
properties of rTMS combining low and high frequencies. Thirty-six depressed
medicated inpatients were recruited and assigned to three different rTMS treat-
ment modalities as an add-on strategy (each n = 12). In group 1, a stimulus inten-
sity of 110% of the MT was used with a frequency of 10 Hz over the LDLPFC.
The RDLPFC was stimulated in the same session with 110% MT at 1 Hz. In
group 2, the patients were stimulated only over the LDLPFC with alternating
trains of 110% MT at 10 Hz and trains of 110% MT at 1 Hz in the same session.
In group 3, high-frequency stimulation over the LDLPFC was performed as an
internal control group. None of the treatment modalities was superior but differ-
ent side effects were observed. The findings observed in this trial suggest that
rTMS, at varying frequencies and stimulation placements, evokes different psy-
choactive effects of clinical relevance. Similar results were found by Hausmann
et al. [40] in a trial performed with 41 medication-free patients with major depres-
sion suggesting that rTMS as an add-on strategy, applied in a unilateral and a
bilateral stimulation paradigm, does not exert an additional antidepressant effect.
Regarding its efficacy, other longer trials with larger sample sizes, and with dif-
ferent parameters combined together are needed to evaluate this new strategy.
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Besides possible advantages of combination strategies, there are also
potential side effects that cannot be overlooked. Side effects of rTMS in general
are seldom and weak such as cephalea and local pain. However, psy-
chotomimetic activities of rTMS, switching into mania phenomena and, in a
few cases, epileptic seizures have been reported [51-55].

Conclusion

According to all data seen to date, TMS is not ruled out as a new antide-
pressant treatment strategy. The contradictory findings, in some clinical trials,
stress the need for standardization of rTMS parameters, before definitive con-
clusions about the efficacy of this approach can be drawn. Systematic and
large-scale studies are needed to identify patient populations most likely to ben-
efit, and treatment parameters most likely to produce success. Regarding aug-
mentation studies and add-on studies, in particular, the question has been raised
as to which antidepressant drugs may work well with rTMS. Studies with fixed-
dose monotherapy and more homogeneity in clinical and demographic features
are needed in future clinical trials. In addition to its potential clinical role, TMS
promises to provide insights into the pathophysiology of depression through
research designs with the ability of TMS to alter brain activity [56—61].
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Abstract

In those patients who are refractory to or intolerant of psychopharmacotherapy, electro-
convulsive therapy (ECT) is often considered. A substantial number of depressed patients,
however, cannot tolerate, do not respond to or are unwilling to accept ECT. There is a clear
need to develop effective, better tolerated, better accepted, and less expensive therapies.
Several preliminary studies, as well as reviews and meta-analyses of clinical trials, support a
potential antidepressant effect with repetitive transcranial magnetic stimulation (rTMS). We
will briefly review the concept of rTMS, the current data comparing rTMS to ECT, and dis-
cuss its potential role in the treatment of more severe depression. Based on the preliminary
evidence, rTMS may be an alternative therapy for at least some depressed patients when used
as an intermediate strategy between antidepressants and ECT. It may also be a viable
augmentation strategy combined with medication or ECT for patients with more severe
depression.

Copyright © 2007 S. Karger AG, Basel

Transcranial magnetic stimulation (TMS) was initially utilized as a neuro-
physiological probe. In this context, it was found to produce mood elevation in
some patients [1]. Subsequently, several preliminary studies, as well as reviews
and meta-analyses of these clinical trials, supported a potential antidepressant
effect with repetitive TMS (rTMS) [2—-6]. Further, the recent completion of a
large multicenter trial comparing real to sham rTMS confirms that this device-
based therapy may provide a new alternative for the treatment of depression [7].



Current first-line treatments for depression include antidepressants, psy-
chotherapy or their combination. In those patients who are refractory to or
intolerant of psychopharmacotherapy, electroconvulsive therapy (ECT) is
often considered. A substantial number of depressed patients, however, cannot
tolerate, do not respond to or are unwilling to accept ECT [8]. Thus, there is
a clear need to develop effective, better tolerated, better accepted and
less expensive therapies. In this context, rTMS may be an alternate treatment
strategy. We will review the concept of rTMS, the current data comparing
rTMS to ECT, and discuss its potential role in the treatment of more severe
depression.

Concept of Transcranial Magnetic Stimulation

TMS is based on Faraday’s concept of electromagnetism. This device uses
an electromagnetic coil applied to the scalp producing an intense, localized,
fluctuating magnetic field that painlessly stimulates or inhibits a small area of
the cortex. These fields are produced by a large electrical current passed from
the stimulator through a line connected to the stimulation coil. The current
is turned off and on in a rapid fashion (e.g. on for 1 ms or less, off for several
milliseconds). Unlike electrical current, these electrically induced magnetic
fields pass through various tissues (e.g. scalp, skull) and enter the brain unim-
peded. Rapid (=1Hz) rTMS produces neuronal depolarization and slow
(<1Hz) rTMS produces inhibition of neuronal firing in a localized area (e.g.
1-3 ¢m in depth, 1-2 cm in diameter) under the stimulating coil. Rapid rTMS
temporarily increases metabolism and blood flow locally while also producing
distal effects in areas of the brain which subserve the emotional and behavioral
symptoms of depression [9, 10].

Transcranial Magnetic Stimulation Administration

There are several important stimulation parameters to consider when
applying rTMS for therapeutic purposes (table 1). A typical acute treatment
course in recent studies has been 2—-6 weeks, or 10-30 treatment sessions, usu-
ally given 5 times per week. When used to treat depression, one of the major
questions has been what constitutes an optimal set of TMS parameters. Existing
data provide information on the most effective approach and these parameters
have been refined over a series of trials, comparing real to sham rTMS or using
rTMS to augment ongoing antidepressant drug therapy. These issues are dis-
cussed in more detail elsewhere in this book.
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Table 1. TMS: critical parameters

Parameter Comment

MT Lowest intensity over primary motor
cortex to produce contraction of the
first dorsal interosseous or abductor
pollicis brevis muscle; visually or
electromyographically monitored

Stimulus coil location Most common
LDLPFC
Less common
RDLPFC
Vertex
Stimulus coil configuration Figure-eight, circular shape, crescent shape
Stimulus pulse(s) or train
Intensity 80-120% of MT
Frequency =1-20 (CPS or Hz)
Duration I ms
Interpulse interval 50-100 ms
Stimulus train duration 3-6s

Adapted from Janicak et al. [28].

Repetitive Transcranial Magnetic Stimulation versus
Electroconvulsive Therapy for Major Depression

Human and animal studies noted a number of similar effects induced by
rTMS, ECT (or electroconvulsive shock) and antidepressants on the endocrine
system, sleep parameters, and in certain behavioral and biochemical measures
that indicate potential antidepressant properties [9]. For example, antidepres-
sants, electroconvulsive shock, and rTMS all prolong effort in a forced swim
test. In animal models, TMS has also been reported to induce ECT-like changes
in brain monoamines. Despite these similarities, there are several important dif-
ferences in the treatment parameters utilized for ECT and TMS (table 2).

To our knowledge, 8 published trials have directly compared rTMS to ECT
for more severely depressed patients [11-18]. These trials are summarized in
table 3. Pridmore [19] has also reported that rTMS may be used in combination
with ECT to achieve the same efficacy with fewer ECT sessions.

In an open study design, Grunhaus et al. [12] randomly assigned 40 patients
with major depressive disorder (MDD) to either rTMS or right unilateral,
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Table 2. ECT versus TMS: comparison of important treatment parameters

Parameter ECT rTMS

Resistance and deflection high negligible

Pain yes minimal

Site of stimulation spread focal

Seizure necessary undesired

Schedule 2-3 times a week daily (Monday to Friday)
Depth diencephalus cortex

Wave form brief or ultra-brief pulse ultra-brief pulse

Pulse width 0.25-2.0ms 0.2-1.0ms

Cerebral induced current biphasic triphasic

Frequency 40-120Hz 0.1-30Hz

Current 0.5-0.9A 1,000 A (in the coil)
Duration of stimulus 0.5-8s 2 s to several minutes
Dosage parameter seizure threshold MT

Charge up to 500 mC upto2T

nondominant ECT (UL ECT). rTMS parameters were stimulation of the left
dorsolateral prefrontal cortex (LDLPFC) at 90% motor threshold (MT) at 10 Hz
for 2-second (n = 8) or 6-second trains (n = 12) with a total of 20 trains per
session for up to 20 sessions. In the ECT group, 8 patients were switched to
bilateral ECT because of insufficient response. The authors concluded that ECT
was more effective than rTMS for patients with MDD and psychosis. In
nonpsychotic MDD, however, the therapeutic effects of rTMS were similar to
those of ECT. A potential confound that could affect the interpretation of their
results was that those psychotically depressed patients receiving ECT were also
receiving antidepressants and/or antipsychotics. In contrast, rTMS patients
were not on similar concurrent medications. In addition, stimulus intensity (i.e.,
90% of MT) was lower than those reported to be most effective by George et al.
[20]. The authors also reported on a follow-up of responders in this trial. It was
encouraging that relapse rates (i.e., 20%) did not differ between the ECT and
rTMS groups at 3 and 6 months after an acute treatment course [21].

This same group published a second trial comparing rTMS to UL ECT for
acute depression without psychosis [14]. Using similar stimulation parameters
with rTMS, they reported that the two treatments were comparable in efficacy
with an overall response rate of 58% (i.e., 23 out of 40 subjects responded). In
the ECT group, 12 of 20 responded and in the rTMS group 11 of 20 responded.

Pridmore et al. [13] randomly assigned 32 patients with MDD who had
failed to respond to at least one course of medication to either rTMS or ECT.
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Table 3. Summary of rTMS versus ECT studies

Authors

Patients/design

Parameters

Comments

Grunhaus et al. [12]

40 MDD; random
assignment; UL ECT
or rTMS (8 patients
switched to BL ECT);
HDRS

LDLPFC; 10Hz; 90% MT;
2-second trains (n = 8);
6-second trains (n = 12); ITIs
not reported; 20 trains per
session; up to 20 sessions

rTMS = ECT in nonpsychotic MDD;
ECT plus meds > TMS in psychotic
MDD (psychotic patients in ECT
group were also on antipsychotics)

Pridmore et al. [13]

32 MDD; random
assignment; UL ECT or
rTMS; HDRS, BDI, VAS

LDLPFC; 20 Hz; 100% MT;
2-second trains; 28-second
ITIs; 30-35 trains per
session; 12 *+ 3.4 sessions
(mean *= SD)

rTMS = ECT; based on HDRS
percent change and remission rates

Janicak et al. [11]

31 MDD; random
assignment, with
crossover option for
nonresponders; rTMS
or BL ECT; HDRS

LDLPFC; 10Hz; 110% MT;
5-second trains; 30-second
ITIs; 20 trains per session;
14 * 3.4 sessions

(mean = SD)

rTMS = ECT; based on HDRS
percent change and a priori definition
of response

Grunhaus et al. [14]

40 nonpsychotic MDD;
random assignment;
rTMS or UL ECT

(7 patients switched to
BL ECT); HDRS, GAF

LDLPFC; 10Hz; 90% MT;
6-second trains; 30-second
ITIs; 20 trains per session;

up to 20 sessions

rTMS = ECT; based on HDRS
percent change and GAF =60

O’Connor et al. [15]

28 MDD; nonrandom
assignment; UL ECT
plus meds or rTMS
alone; HDRS, cognitive
battery

LDLPFC; 10 Hz; 90% MT;
8-second trains; 24-second
ITIs; 20 trains per session;

10 sessions

ECT plus meds > rTMS alone; based
on HDRS change; ECT greater
cognitive adverse effects. ECT group
had significantly higher HDRS
scores versus TMS group at baseline




Table 3. (continued)

Authors

Patients/design

Parameters

Comments

McLoughlin et al. [16]

BSOY/UI[ODIBIA/PMO(S[BITUR]

46 MDD; random
assignment; HDRS
(17-item); rTMS or BL
ECT; HDRS, BDI-II
(raters blinded)

LDLPFC; 10Hz; 110% MT;
5-second trains; 55-second
ITIs; 20 trains per session;
up to 15 sessions

BL ECT > rTMS; based on HDRS
percent change; patients continued
on medications

Both groups demonstrated
significant improvement from
baseline HDRS scores

Schulze-Rauschenbach
etal. [17]

30 MDD; nonrandom
assignment; UL ECT

LDLPFC; 10 Hz; 100% MT;
2-second trains; 5-second ITIs;

rTMS = ECT; based on: HDRS
percent change; rTMS superior to

plus meds or rTMS plus 20-30 trains per session; ECT for cognitive adverse effects
meds; HDRS 10.8 = 1.4 sessions
(mean *= SD)
Rosa et al. [18] 42 nonpsychotic MDD; LDLPFC; 10 Hz; 100% MT; rTMS = ECT; based on HDRS
random assignment; UL 10-second trains; 20-second percent change; VAS; CGI;
ECT alone (2 patients ITIs; 20 trains per session; no cognitive differences
switched to BL ECT) up to 20 sessions

or rTMS alone; HDRS,
VAS, CGI, cognitive
battery

BDI-II = BDI version II; BL ECT = bilateral ECT; CGI = clinical global impression; GAF = global assessment of functioning;

01

VAS = visual analog scale.




rTMS was applied to the left prefrontal cortex at 100% of MT, 20 Hz, 2-second
trains, 30-35 trains/day separated by 28-second rest periods. The rTMS group
had an average of 12 treatments (*3.4) and the UL ECT group had an average
of 6.2 (£1.6) treatments. While the ECT group had a significantly greater per-
cent improvement on the Beck Depression Inventory (BDI; 69 vs. 46%),
blinded raters found that on the Hamilton Depression Rating Scale (HDRS), the
rate of remission (i.e., a final score of =8) and percent improvement over the
course of treatment were the same for subjects receiving either ECT or rTMS.

McLoughlin et al. [16] presented and published an abstract from the results
of their randomized trial comparing rTMS to bilateral ECT (BL ECT) in
46 subjects with MDD. Blinded raters utilized the 17-item HDRS and the BDI as
outcome measures. Treatment sessions involved administration of rTMS over
the LDLPFC at 110% MT at 10Hz for 20, 5-second trains with a 55-second
intertrain interval (ITI). Subjects could receive up to 15 total sessions. Patients
continued on their medication regimens during this trial. Based on change
scores in the HDRS and BDI, they reported a significant reduction in baseline
HDRS scores in both groups. The ECT group, however, had a significantly
greater treatment response than the rTMS group (p < 0.001).

Recently, Rosa et al. [18] randomly assigned 42 patients with refractory,
nonpsychotic MDD to either rTMS or right UL ECT. rTMS parameters were
stimulation of the LDLPFC at 100% MT at 10 Hz for 10-second trains with a
total of 20 trains per session for up to 20 sessions. In the ECT group, 2 patients
were switched to bilateral ECT because of insufficient response. Response rates
were relatively low in both groups (ECT = 40% and rTMS = 50%), possibly
due to strict refractoriness criteria and severity of the disorder. Remission rates
were equally low (ECT = 20% and rTMS = 10%). No significant differences
were found between the two treatments.

Our results [11] (discussed later) are also consistent with these 5 studies.
Thus, 5 of 6 randomized trials support a potential role for rTMS in patients who
are considered suitable for ECT in clinical practice.

Two nonrandomized studies [15, 17] have also compared rTMS to UL
ECT. O’Connor et al. [15] reported that ECT plus medication was more effec-
tive than rTMS alone in 28 subjects with MDD. ECT, however, carried a greater
cognitive side effect burden. Schulze-Rauschenbach et al. [17] compared these
two therapies also focusing on cognitive adverse effects. In a sample of 30 sub-
jects with MDD, they reported response (=50% reduction in baseline HDRS
scores) rates of 46% in the ECT group and 44% in the rTMS group. Again,
rTMS was superior to ECT in terms of cognitive adverse effects. Limitations in
these trials, in addition to nonrandom assignment, were the use of concomitant
medications and less aggressive trials of rTMS (e.g. shorter treatment course
duration; lower stimulation intensities).
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Table 4. Mean HDRS scores in the pilot study

Baseline Final Percent change
rTMS (n = 17) 33 (%7.9) 15(£11.0) 51 (£36)
ECT (n = 14) 34 (+8.7) 11 (%9.0) 67 (+27)
Total (n = 31) 33 (x8.0) 13 (%£10.2) 58 (+£33)

d.f. =20;p =ns; t = 1.56.

Table 5. Treatment responders in the rTMS versus ECT groups

HDRS scores (=50% Response
decrease in baseline rate, %
score or final score =8)

responders nonresponders
rTMS (n = 17) 7 10 41
ECT (n =14) 6 8 50

Fisher’s exact test; p = n.s.

In a pilot trial, we compared rTMS to BL ECT in 31 subjects with MDD
(unipolar or bipolar; psychotic or nonpsychotic) who were clinically appropriate
for ECT [11]. Subjects were randomly assigned to rTMS or ECT with non-
responders to the initial treatment assignment having had the option to cross
over to the alternate arm. rTMS parameters included:

e 110% MT;

e 10-Hz frequency;

e 5-second train duration (i.e., 50 pulses per train);
e 30-second ITI;

e 20 trains per session;

e 10-20 sessions total, given 5 days per week.

These parameters resulted in 1,000 stimulations per treatment over 10—20
sessions. Thus, subjects received a minimum of 10,000 stimulations and a
maximum of 20,000 stimulations during a 2- to 4-week period. Those random-
ized to r'TMS received stimulations with the Magstim Rapid Stimulator using a
figure-eight insulated coil over the LDLPFC. Those randomized to ECT
received 4—12 treatments with bitemporal electrode placement.
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Table 6. Adverse effects associated with rTMS and ECT

rTMS ECT
Serious adverse effects None None
Mild adverse effects Facial twitching Short-term memory
impairment
Erythema at site of coil Drowsiness shortly after
placement treatment
Anxiety before and during Postictal and anesthesia-
treatment induced confusion

Localized to stimulation site:
e Mild pain or discomfort

e Feelings of warmth

* Tapping sensation

® Headache

The primary outcome measure was the 24-item HDRS [22]. Patients
received a minimum of 10 rTMS sessions or 4 ECT treatments and then ended
the trial if they met the criteria for response (i.e., a 50% or greater decrease in
baseline HDRS scores and a final score of § or lower). If they did not meet the
criteria, they continued in the trial for another week before reassessment with
the HDRS. If they still did not meet the criteria for response, they received one
more week of treatment and then ended the trial. Tables 4 and 5 provide the per-
cent change in the HDRS scores for the rTMS group, the ECT group, and the
total sample, as well as the number of patients in each group who met the
response criteria. While the trend favored ECT, there was no significant differ-
ence between these treatment groups. Further, the improvement in the ECT
group was comparable to that seen in the Consortium for Research in ECT tri-
als using a similarly matched group of patients [23]. Table 6 lists the adverse
effects observed in both treatment arms. Of note, we found no evidence of
cognitive adverse effects with rTMS [24]. The strengths of this trial included a
more severely ill, depressed sample; random assignment; relatively aggressive
rTMS and ECT treatment parameters, and the limited use of rescue medications
(i.e., lorazepam or zolpidem as needed). All other psychotropics were stopped
for 3 days before beginning treatment.

In summary, 5 of 8 published trials reported antidepressant equivalence
between rTMS and ECT; 1 trial reported UL ECT to be superior to rTMS;
1 trial reported BL ECT to be superior to rTMS, and 1 trial found UL ECT plus
medication superior to rTMS monotherapy in MDD with psychosis but compar-
able in efficacy to rTMS for MDD without psychosis. Participants were consid-
ered clinically appropriate for a course of ECT, usually due to treatment
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resistance or, to a lesser extent, medication intolerance. Six trials involved ran-

dom assignment to either modality and 2 did not. Stimulation intensities for

rTMS ranged from 90% to 110% MT and the number of sessions ranged from

10 to 20. There are several limitations to these trials, including:

e they are all pilot studies at single sites with small sample sizes;

e some included heterogeneous groups of depressed subjects (e.g. unipolar,
bipolar; psychotic, nonpsychotic);

e 6 of8trials used UL ECT,;

e most studies used concomitant medications;

e 2 trials used nonrandom assignment;

e most trials used nonblinded assessments!'.

What is now needed is a large, multisite, randomized, controlled trial to
ascertain the relative benefit of rTMS in comparison to ECT in this more
severely-ill depressed group. If found to be comparable, advantages of rTMS
over ECT include the absence of seizure induction and therefore no need for
anesthesia. Further, there is no evidence of cognitive disruption with rTMS. As
a result, patients remain completely alert and independent during and immedi-
ately after the procedure. While an inadvertent seizure can occur, this is a rare
event. The most common adverse effects with rTMS (e.g. local pain at the site
of stimulation; posttreatment headaches) are usually mild and generally well
tolerated. Presently, relative contraindications to the use of rTMS include
metallic implants in the head, cardiac pacemakers, pregnancy, and a history of
seizures. However, if determined to be effective, rTMS may be safer than med-
ication or ECT in certain clinical scenarios (e.g. pregnancy). As an important
social benefit, rTMS may engender less stigma than ECT.

Conclusion

We have reviewed the concept of rTMS for depression and current pilot
studies comparing rTMS to ECT. In conclusion, rTMS may be an alternative
therapy for at least some depressed patients when used as an intermediate strat-
egy between antidepressants and ECT. It may also be a viable augmentation
strategy combined with medication or ECT for patients with more severe
depression [25, 26]. Compared with ECT, rTMS has a much better adverse effect

IBlinded assessments are difficult when comparing these two kinds of treatment, espe-
cially because of different cognitive side effect profiles and ethical impediments of sham
ECT.
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Antidepressant e Prior response to ECT only
(if psychotic, consider AP as well) e Patient preference
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+ sequence with rTMS

--- = Proposed strategy
—— = Standard strategy

Fig. 1. The role of rTMS in a strategy for the treatment of more severe major depres-
sion (adapted from Dowd and Janicak [25]). AP = Antipsychotic.

profile including few, if any, cognitive adverse effects. It is also more efficient to
administer and more cost effective (e.g. no need for anesthesia induction, seizure
induction or operating room recovery monitoring). Anticipating the potential
role for rTMS in the treatment of major depression, we have developed a treat-
ment strategy that incorporates this modality (fig. 1) [25, 27, 28].
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Abstract

Repetitive transcranial magnetic stimulation (rTMS) has proven useful for the study
and treatment of schizophrenic symptoms. This chapter describes the clinical studies with
rTMS in schizophrenia identified by Medline search. There is evidence of an effect on posi-
tive symptoms of schizophrenia, using low-frequency (1 Hz) stimulation over the left tem-
poroparietal cortex. There is also some evidence regarding beneficial effects on negative
symptoms, mostly with high-frequency (8-20Hz) stimulation over the prefrontal cortex,
however including negative results. Overall, an effect of rTMS on positive symptoms of
schizophrenia could be found, with promising but conflicting results regarding the effect on
negative symptoms. There is also initial evidence of beneficial effects on other treatment-
resistant symptoms, such as visual and somatic hallucinations. The results of current studies
point to the importance of additional work focusing on frequency, number of stimuli applied
and the length of treatment, as well as to the need of maintenance therapy.

Copyright © 2007 S. Karger AG, Basel

Repetitive transcranial magnetic stimulation (rTMS) is a valuable, interest-
ing and still intriguing tool to study and modify mood, perception and behavior
in a noninvasive way, accompanied by very few side effects. It induces several
effects on brain metabolism, symptoms and behaviors, described in more detail
in other chapters of this book. This chapter describes major findings of thera-
peutic effects of rTMS in schizophrenia, and points to additional areas of
research. The neurobiological effects of rTMS in men and in animals are
described in previous chapters of this book.



The first part of the chapter deals with the clinical effects on brain areas and
circuits involved in schizophrenia, the second investigates the effects on positive
symptoms of schizophrenia, the third describes the changes of negative symp-
toms, and the last addresses areas where further research is needed. Clinical
studies were obtained from systematic Medline review using the terms ‘tTMS’,
“TMS’, ‘repetitive transcranial magnetic stimulation’ and ‘schizophrenia’.

The May 2006 Pubmed search identified 20 clinical trials and among
these, 12 randomized controlled trials from 1999 to 2006.

Biochemical Effects on Circuits Known to Be
Altered in Schizophrenia

Neuroimaging and lesion studies linked negative symptoms to prefrontal
cortex (PFC), limbic system, and basal ganglia dysfunction. The human PFC is
critical for integrating emotions, cognition and autonomic nervous system regu-
lation. Although such behaviors and symptoms have been most strongly associ-
ated with dopaminergic hypoactivity in the PFC, other neurotransmitters
including norepinephrine, serotonin, and the excitatory amino acids may also
play a role [1].

rTMS Studies in Humans

The early hypofrontality hypothesis in schizophrenia [2, 3] and positive
rTMS findings in depression stimulated the initial studies of rTMS in schizo-
phrenia. Overall evidence is accumulating about distributed effects of rTMS on
both hemispheres and structures from the PFC, Broca’s area, right and left tem-
poroparietal cortex, basal ganglia, anterior cingulate cortex, premotor cortex,
and hippocampus, with the most robust hypothesis related to local and distri-
buted changes in excitatory and resting neurotransmitters, covering different
brain circuits involved in schizophrenia.

Early Studies in Schizophrenia

Abarbanel et al. [4] used diagnostic TMS to measure parameters of cortical
excitability. This study found a decreased motor threshold (MT) in line with a
later study of Eichhammer and coworkers [5] indicating increased cortical
excitability after motor cortex stimulation by rTMS. This finding is consistent
with the theories of reduced y-aminobutyric acid activity and increased cortical
excitability in schizophrenia.

Geller et al. [6] applied low-frequency bilateral PFC rTMS (0.03 Hz, 2T,
15 pulses on each side) and observed transient improvement in 20% of schizo-
phrenic patients. Feinsod et al. [7] also observed improved anxiety and agitation
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in 70% of schizophrenic patients after 10 1-Hz right dorsolateral PFC (DLPFC)
rTMS sessions over 2 weeks in an open-label design. In contrast, a double-blind
controlled study by Klein et al. [8] failed to detect differences between active
and inactive slow right PFC stimulation.

Rollnik et al. [9], in another double-blind controlled study, described
reduced Brief Psychiatric Rating Scale (BPRS) scores after 2 weeks of left
DLPFC fTMS (20Hz) in 12 DSM-IV schizophrenic patients. A significant
reduction of psychotic symptoms as indicated by reduced BPRS scores was
reported, however no changes in depressive symptoms could be detected. Yu
et al. [10] investigated the association of 10-Hz LPFC rTMS, P300 and pro-
lactin levels in an open-label study of 5 medicated schizophrenic patients, and
observed a partial normalization of the last-mentioned parameters.

Repetitive Transcranial Magnetic Stimulation
Effect on Positive Symptoms

Increased metabolism in the left temporoparietal cortex (LTPC) and in
areas of speech perception [11] was identified during visual hallucinations.
LTPC 1-Hz rTMS induced changes in remote regions, presumably due to func-
tional connections with the temporal cortex and Broca’s area during speech per-
ception. Given this, decreased auditory hallucinations secondary to LTPC
stimulation could then reflect the propagation of the original stimulation
through the distribution network. Hoffman et al. [12] performed a double-blind
crossover design study with 3 patients with persistent auditory hallucinations
(2 with schizophrenia and 1 with schizoaffective disorder) using 8-day LTPC 1-Hz
rTMS, with almost total remission of hallucinations in 2 of them over 2 weeks.
Later, Hoffman et al. [13] performed a crossover double-blind study with 12
medicated patients (8 with paranoid schizophrenia and 4 with schizoaffective
disorder) using 4-day sham rTMS and 4-day active rTMS, with increased stimu-
lation from 4 to 16 min. There was a significant change in hallucination scores
in the active group (p < 0.006), with no difference in the Positive and Negative
Syndrome Scale (PANSS) scores. Additionally, treatment effect was reduced in
patients using anticonvulsive drugs.

In 2003, Hoffman et al. [14] published a randomized double-blind
placebo-controlled study with 24 medicated drug-refractory schizophrenic/
schizoaffective patients with persistent auditory hallucinations. rTMS was per-
formed over the LTPC at the mid level between T3 and P3 of the 10-20 inter-
national EEG system during 9 days at 1 Hz (90% MT), and inactive stimulation
was obtained with 45° inclinations from scalp surface. Auditory hallucinations
decreased in the active group, especially voice frequency and influence over
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behavior. Clinical global impression (CGI) decreased, with no change on the
PANSS subscales of delusions, negative symptoms or general psychopathology.
There was a large variability in the duration of effects, with 52% of patients
maintaining effects over at least 15 weeks. The extended sample of this study
[15] with 26 additional patients (n = 50) confirmed the effects on hallu-
cinations (p = 0.008), CGI (p = 0.0004) and frequency of hallucinations
(p = 0.0014). Franck et al. [16] applied the same protocol in a schizophrenic
patient that killed his mother under delusions, and observed a score reduction
from 73 to 31 on the Scale for the Assessment of Positive Symptom:s.

Similar results were reported by D’Alfonso et al. [17] in an open-label
study of 9 schizophrenic patients with drug-resistant auditory hallucinations
(7 were under clozapine and 1 under olanzapine). The protocol included 10 ses-
sions of 20 min using 1-Hz rTMS over the temporal cortex at 80% MT. Seven
out of 8 patients in the study reported a significant decrease of symptoms.
Combined rTMS and clozapine appeared to be safe and efficient, deserving
additional studies for further confirmation.

More recently, additional studies in Italy [18, 19], France [20, 21],
Australia [22] and Korea [23] using similar methodology reported discrepant
results of low-frequency rTMS for auditory hallucinations.

In detail, the randomized double-blind placebo-controlled study of
Chibbaro et al. [18] in 16 medicated schizophrenics with treatment-resistant
auditory hallucinations used a 45° inclination coil as control (1 Hz, 90% MT
over the LTPC with 4 sessions over 4 consecutive days, 15 min each application).
The scores on the Scale for the Assessment of Positive Symptoms and auditory
hallucinations were significantly reduced in both groups (active and sham), but
the effects persisted only in the active group (over 8 weeks).

Saba et al. [20] performed a randomized double-blind placebo-controlled
study in 18 treatment-resistant medicated paranoid schizophrenics (DSM-1V)
having prominent delusions and auditory hallucinations (1 Hz, 80% MT over
the LTPC, 5 series of 1 min each and 60-second intervals over 10 days). Both
groups had similar changes in symptoms, PANSS and CGI (p < 0.05), with no
significant differences between the two groups (p > 0.05), including auditory
hallucinations.

Poulet et al. [21] performed a randomized double-blind study with a
crossover design in 10 patients with treatment-resistant schizophrenia (5-day
sessions, 1 Hz at 90% MT, 1,000 stimuli/session, with a total of 10,000 pulses).
A 56% decrease in the scores on the Hoffman Scale of Auditory Hallucination
was observed with the active treatment, with the effect still present after
2-month follow-up.

In a subsequent study, Lee et al. [23] randomly allocated 39 schizophrenic
patients to active or inactive rTMS over the LTPC and right temporoparietal
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Table 1. Major studies of rTMS in schizophrenia: effect on positive symptoms (all 1-Hz LTPC rTMS)

Authors Year n Design Duration Stimuli MT Duration Outcome
min % days

Hoffman et al. [12] 1999 3 RCT COD 4-8-12-16 2,400 80 4/4 RAH

Hoffman et al. [13] 2000 12 RCT COD 4-8-12-16 2,400 80 4/4 RAH

Hoffman et al. [14] 2003 24 RCT SC 4-8-12-16 7,920 90 9 RAH

Hoffman et al. [15] 2005 50 RCT SC 8-12-16 7,920 90 9 RAH

D’ Alfonso et al. [17] 2002 9 OLS 20 12,000 80 10 RAH

Franck et al. [16] 2003 1 OLS 16 9,519 90 10 reduction in SAPS scores

Chibbaro et al. [18] 2005 16 RCT 15 3,600 90 4 reduction in SAPS scores

Mclntosh et al. [24] 2004 16 RCT COD 4-8-12-16 2,400 80 4/4 no difference in PANSS
scores (positive vs. general)

Saba et al. [20] 2006 16 RCT 5 3,000 80 10 no difference in PANSS
scores (positive vs. negative
vs. general)

Poulet et al. [21] 2005 10 RCT COD 16 10,000 90 10/10 RAH

Lee et al. [23] 2005 39 RCT 20 12,000 100 10 RAH (RTPC + LTPC)

Brunelin et al. [19] 2006 24 RCT 16 10,000 90 5 RAH

Fitzgerald et al. [22] 2005 33 RCT SC 15 9,000 90 10 RAH

Rosa et al. [25] 2006 11 RCT SC 16 9,600 90 10

AH = Auditory hallucinations; COD = crossover design; OLS = open-label study; RAH = reduction in auditory hallucinations;
RCT = randomized controlled trial; RTPC = right temporoparietal cortex; SAPS = scale for the assessment of positive symptoms; SC = sham

control.




cortex (inactive: 90° coil from the skull). Thirteen patients received active LTPC,
12 active right temporoparietal cortex rTMS, and 14 received inactive treatment
(7 on the right, 7 on the left side) according to the following protocol: 100% MT,
1 Hz, 20 min/day for 10 days over the LTPC (between T3/T4 and P3/P4 of the
10-20 international EEG system). Basal scores were similar among the three
groups. Time effect (intrasubject comparison) revealed a significant reduction of
auditory hallucinations, PANSS positive symptoms and CGI. Comparison
among the groups showed a difference in PANSS positive symptoms and CGI.
Post hoc analysis revealed superiority of right- and left-side rTMS compared to
sham treatment, with few and transient side effects: headache (2 patients), dizzi-
ness (1 patient) and problems of concentration (1 patient). There were no signif-
icant effects of rTMS on Hoffman Scale of Hallucinations (HSH) scores, but
CGI was significantly better in the active group and the mean and median
PANSS scores tended to be higher in the active (right and left) rTMS group.

In a study with similar selection criteria and with a slightly different rTMS
protocol (2 sessions/day), Brunelin et al. [19] observed significant improvement
on auditory hallucinations after 10 sessions with 1,000 stimuli on 5 days in 14
subjects compared to sham stimulation in 10 subjects. In contrast, Fitzgerald et
al. [22] and Mclntosh et al. [24] both failed to detect significant changes after
rTMS, although their protocols were somewhat different from each other.
Mclntosh et al. [24] performed a 4-day treatment, with daily duration escalating
from 4 to 8, 12 and 16 min, with 15 of rest after each minute; Fitzgerald et al.
[22] applied 10 1-Hz sessions of 15 min, and both made sham stimulation with
the coil placed at a 45° angle from the skull. The lack of effect could be due to
the type of sham procedure they used (45° placement of the coil), or the small
number of pulses in the study by MclIntosh et al. [24] (table 1).

Repetitive Transcranial Magnetic Stimulation
Effects on Negative Symptoms

There is now a large body of functional neuroimaging literature suggesting
an association of hypofrontality in schizophrenia with negative symptoms and
cognitive deficits [26]. Dolan et al. [27] showed an association of neuropsycho-
logical deficits in a group of schizophrenic patients demonstrating negative
symptoms and depression with decreased DLPFC metabolism. Additionally,
George and Belmaker [28] performed laterality studies during functional imag-
ing in schizophrenia and indicated an association of LPFC hypometabolism
with negative symptoms.

In line with these findings, several rTMS studies over the PFC were initiated,
similar to its application in depression. One of the first studies used bilateral
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PFC rTMS with 30 pulses (100% MT) [5] and evidenced a transient BPRS
score reduction in 2 of 10 medicated chronically schizophrenic patients.

Cohen et al. [29] was the first to demonstrate rTMS effects on negative
symptoms. They studied 6 patients with chronic schizophrenia under a stable
dose of neuroleptics. The treatment procedure consisted of 2-week rTMS at
80% MT (20 Hz, 10 sessions, 2-second series over 20 min). Their major finding
was a reduction of PANSS negative symptoms (p < 0.05). Despite a tendency
to neuropsychological improvement, no change in hypofrontality was observed
on repeated SPECT scans.

The use of rTMS to treat negative symptoms of schizophrenia is based,
among others, on the findings of Strafella et al. [3]. This study demonstrated
reduced linkage of ''C-raclopride to the DLPFC and subsequent dopamine lib-
eration in the ipsilateral caudate nucleus. Some studies demonstrated transient
improvement in schizophrenia after DLPFC stimulation [30]. Despite that,
this treatment did not receive a systematic investigation in treatment-resistant
schizophrenia.

A further study demonstrated a partial improvement in anxiety, tension and
inner restlessness in 7 of 10 schizophrenics after 10 sessions of rTMS over the
right PFC (1,000 pulses) [7]. BPRS scores decreased at the endpoint, with no
effect on delusions and hallucinations. A pilot study suggested improvement of
negative symptoms and cognition after high-frequency (20 Hz) rTMS in the
orbital PFC area (8,000 pulses) in 6 chronic schizophrenics [29]. One addi-
tional open-label study demonstrated improvement of the negative symptoms
on the Scale for the Assessment of Negative Symptoms after 5 days of 10-Hz
rTMS over the left DLPFC (3,500 pulses) in 10 schizophrenic patients [5]. EEG
frequency bands showed hemispheric and regional changes of brain activity,
decreases in the delta and beta band, increases in alpha activity in the right
frontotemporal area and decreases in beta activity in the left temporal and parieto-
occipital area. There was a 33% reduction of the PANSS negative scores after
1 month of 15-Hz rTMS (20 sessions, 90% MT, 35,000 pulses) in 4 patients
with a stable deficit syndrome [30].

In addition, Rollnik et al. [31] documented a case report with clear
improvement in BPRS scores (from 45 to 31 points) after a 20-day 2-Hz rTMS
at 80% MT over the left DLPFC in a patient with treatment-resistant schizo-
affective disorder. The switch to sham stimulation was followed by an increase
in BPRS scores (up to 40 points). After reswitching to active stimulation, BPRS
scores decreased again.

Based on the encouraging results of these case series, several randomized
double-blind placebo-controlled (sham-controlled) studies were conducted. Klein
et al. [8] performed the first; they applied low-frequency rTMS over the right PFC
at 110% MT (1,200 pulses) in 35 schizophrenic or schizoaffective patients, without
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an effect on negative symptoms. Studies using high-frequency rTMS (10 Hz and
20 Hz) over the left DLPFC revealed more success. Rollnik et al. [9] performed a
crossover study with active and sham rTMS treatment showing BPRS score
reduction after 10 sessions of 20-Hz rTMS over the dominant PFC using 80%
MT (8,000 pulses) in 12 schizophrenics. Unfortunately, the authors failed to dif-
ferentiate between positive and negative symptoms. There was no difference in
depressive and anxiety symptoms. In contrast, Cordes et al. [32] published a
study with 10-Hz rTMS over the left DLPFC (10 sessions in 2 weeks, 110% MT,
10,000 pulses) demonstrating superiority of active over sham stimulation in
PANSS negative scores. At last, Jin et al. [33] performed a randomized double-
blind placebo-controlled study with a crossover design (sham control) in
27 patients with prominent negative symptoms (8- to 13-HzrTMS over the DLPFC,
80% MT, compared to controls treated with 3- or 20-Hz rTMS and sham), with a
significantly higher therapeutic effect at the peak alpha frequency of EEG.

Nahas et al. [34] described a randomized double-blind placebo-controlled
study of 7 schizophrenic patients with prominent negative symptoms (20-Hz
rTMS, 100% MT, 40 pulses in 2-second intervals over 20 min, total of 1,600
pulses over the left DLPFC). rTMS reduced the negatives symptoms on the Scale
for the Assessment of Negative Symptoms, compared to placebo. Sachdev et al.
[30] performed an open-label study in 4 schizophrenics with a stable deficit syn-
drome (15-Hz rTMS, 90% MT in 20 sessions over the left DLPFC), showing a
significant reduction of the negative symptoms associated with functional
improvement, maintained at 1-month follow-up. Jandl et al. [35] also performed
an open-label study in 10 patients (10-Hz rTMS over the left DLPFC) during
15 days, with a 10% reduction of the scores on the Scale for the Assessment of
Negative Symptoms (from 49 to 44 points). Holi et al. [36], on the other hand,
failed to detect changes in the PANSS scores after a randomized controlled trial
of 10 days with 20 trains of 5 s each and 10-Hz stimulations. Novak et al. [37] also
found negative results with 20-Hz rTMS over 10 days, which indicates the need to
further investigate the therapeutic effects of rTMS on negative symptoms.

Taken together, 3 of 4 randomized double-blind placebo-controlled studies
using 10-Hz rTMS indicate a significant improvement of the negative symptoms
[5, 32, 33]. The other studies (1 with 1-Hz [8] and 3 with 20-Hz stimulation
[33, 34, 37]) failed to show this effect in schizophrenic patients. Regarding the
clinical and neurobiological results, there is increasing evidence of the efficacy
of 10-Hz rTMS treatment in negative symptoms, although stimulation parame-
ters varied slightly between the reviewed studies. High-frequency rTMS (espe-
cially 10-Hz stimulation) seems to be a promising technique to improve negative
symptoms in schizophrenia, although its efficacy has to be proven in random-
ized controlled trials with higher statistical power using larger sample sizes and
improved methodology to avoid systematic bias described in previous trials.
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Additionally, there is a recent study of Rosa et al. [25] in which 11 schizo-
phrenic patients (DSM-IV) experiencing auditory hallucinations were ran-
domly allocated to receive either 1-Hz rTMS (n = 6) or sham stimulation
(n = 5) on the LTPC (with concomitant use of clozapine). All patients were
required to be taking at least 350 mg of clozapine per day, for 6 months or more,
and they had to have failed in at least two adequate trials with standard antipsy-
chotic medication from two different pharmacological groups with a minimum
dose of 1,000mg of chlorpromazine equivalents. Age range was 18-50 years
inclusively. A total of 160 min of rTMS (9,600 pulses) was administered over
10 days at 90% MT using a double-masked, sham-controlled, parallel design.

No differences between groups were observed in baseline psychopathol-
ogy [Auditory Hallucination Rating Scale (AHRS), CGI, Visual Analog Scale,
PANSS]. Treatment was well tolerated and only 1 patient in the active group
complained of headache after each rTMS session (with spontaneous remission).
No other adverse effects were reported.

The active group demonstrated a time effect (within-subject comparison),
with a significant linear decrease in 6 of the 7 items of the AHRS, some of which
persisted during follow-up: reality (week 1: F; 4 = 4.44, p = 0.0412; week 2:
Fi 4 =9.37,p = 0.0039; week 6: F, 4, = 7.87, p = 0.0076); attentional salience
(week 1: F; | = 4.29, p = 0.0383; week 2: F, ;; = 10.31, p = 0.0013; week 6:
F 11 = 9.50, p = 0.0130); frequency (week 1: F, |, = 8.81, p = 0.0128; week 2:
Fy 11 = 6.26, p = 0.0294); length (week 1: F, ;; = 4.88, p = 0.0270; week 2:
Fy 11 = 829, p = 0.0040; week 6: F, |; = 4.36, p = 0.0367); number of voices
(week 2: F 1; = 14.69, p = 0.028), and distress level of hallucinations (week 2:
Fi 11 =19.17,p = 0.0011; week 6: F, ;; = 10.51, p = 0.0057).

The sham group did not show a significant decrease in reality, frequency and
length, but they did reveal a significant linear decrease on the items attentional
salience (week 2: F| | = 6.17,p = 0.0130); distress level (week 2: F; |; = 19.17,
p = 0.0057); number of voices (week 2: F; |; = 17.63, p = 0.0015), and loud-
ness (week 2: F; ;; = 13.11, p = 0.0003). During the follow-up (week 6), there
was a significant group effect (between-subject comparison) on the items real-
ity (fig. 1) and attentional salience (fig. 2) of the AHRS (F, 4, = 4.11,
p =0.0493 and F, ;| = 4.40, p = 0.0360).

Both groups showed a similar pattern of symptomatic changes on the
subitems negative symptoms, general psychopathology and total score of the
PANSS.

No differences across treatment modalities were observed in CGI and
Visual Analog Scale at any time. Despite the high refractoriness of the sample,
there was a reduction of hallucination scores in both groups that persisted dur-
ing the follow-up in the active group for the items reality and attentional
salience (table 2).
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Fig. 2. AHRS mean scores (*=SD) for ‘attentional salience’ over time [25].

Studies in Catatonia

There is only one study of rTMS in catatonia [38]. It was a case report study
of a 24-year-old female patient with a history of acute psychotic episode 1 year
before rTMS treatment. At baseline, she had stupor, automatic obedience,
mutism, negativism and flaxy rigidity. Her psychosis remitted with haloperidol
and catatonia persisted. r-TMS was performed over the right PFC (80% MT, 20-Hz
stimulation with a 2-second duration, 58-second intervals, 20 series/day over 10
days). Twenty-four hours after treatment, the patient woke up in the morning,
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Table 2.

Randomized double-blind sham-controlled studies (including crossover trials) on the treatment of

negative symptoms

Authors n Location Frequency, Hz MT, %  Stimuli p value
Klein et al. [8] 31 RPFC 1 110 1,200 n.s.
Nahas et al. [34] 8 LDLPFC 20 100 1,600 n.s.
Rollnik et al. [31] 12 DLPFC 20 80 8,000 BPRS, p = 0.015
Hajak et al. [5] 20 LDLPFC 10 110 10,000 PANSS NSS, p = 0.046
Holi et al. [36] 22 LDLPFC 10 100 10,000 n.s.
Jin et al. [33] 27 BLDLPFC 3,10 20 80 1,200, 4,000,  PANSS NSS,

8,000 p = 0.007 at 10 Hz!
Cordes et al. [32] 25 LDLPFC 10 110 10,000 PANSS NSS, p = 0.046
Novak et al. [37] 16 LDLPFC 20 90 20,000 n.s.

BLDLPFC = Bilateral DLPFC; LDLPFC = left DLPFC; n.s. = no significant difference; NSS = negative

subscale; RPFC = right PFC.
Individualized alpha frequency (8—13 Hz).

walked to the bathroom and talked with other patients about her fear of aliens.
Along the treatment, stupor, automatism and rigidity disappeared. The patient
initiated her personal care, engaged in ward activities and begun cooperating
with medical staff and family, keeping mutism over 1 additional month.

Effect on Visual Hallucinations

There is only one study of rTMS showing an effect on visual hallucina-
tions. Merabet et al. [39] described a case report of suppression of complex
visual hallucinations with 1-week 1-Hz rTMS over the occipital pole. Despite
methodological limitations, the study provides initial support for further inter-
ventions in these and other dimensions of psychopathology, deserving addi-
tional studies with an improved design.

rTMS in Somatic Hallucinations

There is no report of any intervention in somatic hallucinations, despite the
common occurrence of this kind of hallucinations in schizophrenia, and little is
known about its anatomy and physiology. Nevertheless, due to impairment and
personal suffering associated with these symptoms, there is a need for additional
investigation focusing on specific patterns of somatic hallucinations (stomach,
feet, hands, head, genitals); each one may be treated with a different protocol.
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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is being investigated as a treatment
of psychiatric disorders. This chapter reviews publications of the treatment of anxiety disorders:
obsessive-compulsive disorder (OCD), posttraumatic stress disorder (PTSD) and panic disorder
(PD). No definite conclusions can be reached as insufficient work has been completed. Many
reports are single-case or small case studies and there have been few blind studies. There is no
standardization of the site of stimulation or treatment parameters. OCD: there is some early evi-
dence that 10-Hz stimulation of the left dorsolateral prefrontal cortex and right dorsolateral pre-
frontal cortex, and 1-Hz simultaneous stimulation of the left and right supplementary motor area
may reduce symptoms. PTSD: one blind study suggests 10-Hz stimulation of the right dorsolat-
eral prefrontal cortex may reduce core symptoms (reexperiencing, avoidance and hyperarousal).
PD: 3 case studies have been published; 1 found that 1-Hz stimulation of the right dorsolateral
prefrontal cortex reduced symptoms and response to cholecystokinin tetrapeptide challenge.
Further work will clarify the role (if any) of rTMS in the treatment of these 3 disorders.

Copyright © 2007 S. Karger AG, Basel

Repetitive transcranial magnetic stimulation (rTMS) is a new technology
which is being investigated as a diagnostic and therapeutic option in psychiatry
(and other fields of medicine) in many centers around the world. Its potential in
the treatment of anxiety disorders was first reported by Greenberg et al. [1],
who examined 3 patients with various symptoms. While grouped together for cat-
egorical convenience as anxiety disorders, there is little evidence that obsessive-
compulsive disorder (OCD), panic disorder (PD) and posttraumatic stress



disorder (PTSD) are related pathophysiologically and they are better considered
as separate disorders.

Obsessive-Compulsive Disorder and Repetitive
Transcranial Magnetic Stimulation

OCD is characterized by intrusive thoughts and repetitive acts aimed at
reducing anxiety or distress caused by these thoughts. Significant psychosocial
impairment may occur, and resistance to treatment is observed in some cases.
Treatment usually includes antidepressant medication, mainly selective sero-
tonin reuptake inhibitors. Cognitive-behavioral therapy with exposure and
response prevention technique is also effective [2, 3].

Abnormal metabolism in subcortical structures and the orbitofrontal cortex
can be found in OCD patients [4—7]. Some of these findings can be normalized
after treatment [8—10]. Functional neuroimaging also revealed hypermetabolism
in regions of the prefrontal cortex in OCD patients [11].

A paired-pulse TMS study demonstrated increased cortical excitability in
OCD patients compared to controls [12]. Increased cortical excitability has
been observed in Tourette’s syndrome (TS) and focal dystonia, and may further
support a role for the dysfunction of subcortical structures in OCD [12].

Greenberg et al. [1] studied the effect of a single session of high-frequency
rTMS (20 Hz) to the left dorsolateral prefrontal cortex (LDLPFC), right dorso-
lateral prefrontal cortex (RDLPFC) and occipital cortex [13]. This was an open-
label study, with 12 OCD patients. Compulsive urges significantly decreased
for 8 h after RDLPFC stimulation. A modest, nonsignificant reduction in com-
pulsive urges lasting 30 min followed the stimulation of the LDLPFC. There
was no significant effect for obsessions. The authors identified the limitations
of their study and the need for further controlled studies.

An open-label study of the effect of rTMS in 12 patients with OCD was
conducted by Sachdev et al. [14]. These researchers provided 30 sessions of high-
frequency (10Hz) rTMS to either the RDLPFC or LDLPFC. Significant and
sustained clinical response was observed in about one quarter of the patients, with
Yale-Brown Obsessive Compulsive Scale (YBOCS) score reductions of over
40%. Both groups had a significant reduction in obsessions and compulsions, but
there was no statistical difference between the groups. The researchers also
observed a tendency towards continuous improvement in symptoms until the
fourth week of follow-up. However, the open design left doubts about a possible
placebo effect, even with this strong response in resistant patients.

Alonso et al. [15] conducted the only double-blind, placebo-controlled
study for OCD treatment with rTMS reported at the time of writing. Low-frequency

rTMS in the Treatment of OCD and Other Anxiety Disorders 125



(1Hz) rTMS was applied to the RDLPFC, using a circular coil (rather than
a figure-of-eight coil). Two intensities were employed: 110 and 20% motor
threshold (MT). The former was considered to be an active treatment
(10 patients) and the latter was considered to be sham (8 patients). Treatment
was provided 3 times per week for 6 weeks. Most patients were receiving
medication. No significant therapeutic effect was observed. Two patients (both
checkers) in the active treatment group responded (global reduction in the
YBOCS scores), as did 1 patient (sexual/religious obsessions) in the sham
treatment group. The many differences between this and other studies make
comparisons problematic. However, this was a double-blind trial and strongly
suggests that low-frequency rTMS using a nonfocal coil to the RDLPFC will be
of little benefit in OCD.

Due to the findings of deficient motor inhibition in patients with OCD and
TS, and the knowledge of the connectivity of the supplementary motor area
(SMA; cortical, thalamic and basal ganglia), Mantovani et al. [16] hypothesized
that low-frequency (1 Hz) rTMS to the SMA may improve the symptoms and nor-
malize the cortical activity of patients with these conditions. This was an open
study involving 10 patients with OCD and/or TS who were concurrently receiving
pharmacotherapy. A figure-of-eight coil was placed in the midline such that both
left SMA (LSMA) and right SMA (RSMA) were stimulated simultaneously. Ten
sessions of stimulation were provided on weekdays. Assessments were conducted
before treatment, at the end of weeks 1 and 2, using 9 scales including the
YBOCS, the Clinical Global Impression Scale (CGI) and anxiety, depression,
general psychopathology and social adjustment instruments. The CGI was com-
pleted at 1 and 3 months’ follow-up. As a measure of cortical activity, resting MT
was conducted bilaterally at baseline and after weeks 1 and 2.

Eight patients completed the study, with no dropouts due to side effects. At
the end of the second week, there was a statistically significant symptom reduc-
tion on all scales. Three of 5 ‘pure’ OCD patients gained clinically significant
improvement in OCD symptoms (YBOCS score reduction over 40%). Sixty
percent of the total sample demonstrated improvement on CGI at 3 months’
follow-up. The YBOCS changes were not correlated with changes in anxiety
and depression and appeared to be a specific effect of rTMS on OCD and TS.
In the OCD patients, at baseline, the resting MT was asymmetrical (R <L).
Following treatment, the resting MT of the right side had significantly
increased, such that this asymmetry disappeared. The study lacked a control
group, but the authors argue that the placebo response is low in patients with
OCD and TS, and that the normalization of cortical physiology and other fac-
tors point toward an actual (as opposed to a placebo) response.

An ongoing study in the Institute of Psychiatry at the University of Sao
Paulo, Brazil, is investigating high-frequency (10 Hz) rTMS in patients with
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resistant OCD who are receiving pharmacotherapy [Mansur et al., unpublished
data]. Thirty patients will be selected who have failed cognitive-behavioral ther-
apy which features exposure and response prevention. All patients are evaluated
prior to treatment with the YBOCS, Hamilton Anxiety and Depression Scales,
and the SF-36 Quality of Life Scale. Patients are randomized to active treatment
(delivered with a figure-of-eight coil) or placebo treatment (delivered with a
sham coil; stimulation at 110% MT, applied to the RDLPFC). All patients
receive 30 sessions of rTMS on weekdays (6 weeks). Assessments are con-
ducted at baseline, after week 2, on completion of treatment, and at follow-up
weeks 2 and 6. At the completion of treatment, those patients in the placebo
group are offered active treatment in an open fashion. At the time of writing,
11 patients have completed the study, no dropouts have occurred.

No difference between the groups (4 in the active treatment group, 7 in
the sham group) has been observed using any scale. However, spectacular clin-
ical improvement was observed in 1 patient under blind active treatment, who
became practically free of symptoms for at least 3 months. Three other patients
showed significant clinical improvement, engaging in activities which had
been long abandoned. One of these had received blind active treatment; the
other 2 had failed to respond to placebo treatment, but responded to open
active treatment. No sustained clinical improvement was observed in any
patient receiving placebo rTMS. While statistical analysis of data collected to
this point has shown no benefit from rTMS as an adjunctive treatment in resis-
tant OCD, the mentioned individual responses suggest benefit in a subset of
patients.

Table 1 summarizes the important studies to date. The situation has
changed little since the authoritative reviews of Martin et al. [17] and Dell’Osso
et al. [18], both of which found insufficient published data for confident con-
clusions. Most studies have been open using different methodologies. The blind
study by Alonso et al. [15] strongly suggests that low-frequency rTMS to the
RDLPFC will be of little benefit in OCD. However, these authors used a circu-
lar coil and ideally, the study could be repeated using a focused field. High-
frequency studies to the DLPFC show some promise [13, 14; Mansur et al., in
preparation]. The blind study of Mansur et al. [in preparation] is yet to be com-
pleted. To this point, there is no obvious advantage of active 10-Hz stimulation
of the RDLPFC. However, these authors have described some remarkable indi-
vidual responses, which may indicate that a subgroup of OCD patients may
benefit from this approach.

The open study by Mantovani et al. [16] is of interest as a new target site is
approached. This low-frequency study (1 Hz) suggests positive results (includ-
ing normalization of cortical dysfunction) after simultaneous stimulation of
both SMAs. Further studies are indicated.

rTMS in the Treatment of OCD and Other Anxiety Disorders 127



Table 1. rTMS studies in OCD

Author Site Rate (Hz) Design Comment
Greenberg LDLPFC 20 open, 12 patients, some
etal. [1] single session improvement
Sachdev LDLPFC 10 open, 12 patients, significant
etal. [14] RDLPFC 30 sessions; improvement
RDLPFC vs. LDLPFC with both
treatments
Alonso RDLPFC 1 blind, placebo- no significant
etal. [15] controlled, difference
18 patients,
3/week, 6 weeks
Mantovani RSMA 1 open, 10 patients significant
etal. [16] LSMA with OCD or TS, improvement
10 sessions
Mansur RDLPFC 10 blind, placebo- no significant
et al. [in controlled, difference so far
preparation] 10 patients so far,

30 sessions (6 weeks)

Posttraumatic Stress Disorder and Repetitive Transcranial
Magnetic Stimulation

PTSD is a disorder which follows a severe, usually life-threatening event
in which there is reexperiencing of the event, persistent avoidance of triggers,
numbing of responsiveness (feeling of engagement) and increased arousal
(including insomnia and exaggerated startle response). The pathophysiology
probably includes dysfunction of the hypothalamic-pituitary-adrenal axis. The
neurocircuitry is yet to be fully elucidated, but decreased hippocampal volume
has been described [19].

McCann et al. [20] were the first to investigate rTMS in the treatment of
people with PTSD. They reported 2 case studies. Low-frequency stimulation
(1Hz) was applied to the RDLPFC for 17 days over 3 weeks in 1 case and for
30 days over 6 weeks in the other. In each case, improvement of symptoms
was reported (modified PTSD symptom scale), which persisted for less than
1 month following cessation of treatment. A comparison of pre- and posttreat-
ment PET scans suggested a reduction in cortical metabolism, preferentially on
the right. However, the first PET studies were conducted months before the
experimental treatment, making firm conclusions difficult.
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Grisaru et al. [21] conducted an open-design single-session study of
10 patients with PTSD. Fifteen pulses of low-frequency (0.3 Hz) rTMS were
delivered to each motor cortex. General improvement was observed using the
CGI. There was also improvement in the core symptoms of avoidance (Impact
of Event Scale), and anxiety and somatization (Symptom Check List-90). These
effects lasted up to 7 days.

Rosenberg et al. [22] conducted an open study of 12 patients with PTSD
and depression. Ten sessions of rTMS were applied to the LDLPFC in two
groups of 6 patients, one receiving 1-Hz and the other 5-Hz stimulations.
Scoring instruments were: the SCID-C, Hamilton Depression Rating Scale,
Profile of Mood States, University of Southern California Repeatable Episodic
Memory Test, and the Mississippi Scale of Combat Severity. The responses of
the groups were not reported separately, as there were no differences. Overall,
there was improvement in mood, anxiety (Tension-Anxiety and Anger-Hostility
Subscales of the Profile of Mood States) and sleep, but no improvement in
PTSD core symptoms (intrusive memories, avoidance, and hypervigilance).
There was significant improvement on the Hamilton Depression Rating Scale,
which was sustained at 2 months’ follow-up. The authors concluded that 1- and
5-Hz rTMS to the LDLPFC appeared to be a useful adjunct in the treatment of
refractory PTSD. Stimulation of the LDLPFC is effective in the treatment of
primary depression and the associated sleep disturbance. This study provides
evidence suggesting that depression associated with PTSD is also responsive.
(The LDLPFC coil placement of this study was different to that used by
many others. Most place the coil 5 cm anterior to the point of maximal stimula-
tion of the thumb; Rosenberg et al. [22] placed the coil 4 cm anterior and 2 cm
laterally.)

Recently, Cohen et al. [23] conducted the first double-blind, placebo-
controlled trial of rTMS in the treatment of patients with PTSD. Twenty-
four patients were divided into 3 groups: sham, low-frequency (1 Hz), and
high-frequency (10 Hz) stimulation to the RDLPFC. Ten sessions were provided.
The 10-Hz but not the 1-Hz group showed significant therapeutic effects
compared to the sham group. At 2 weeks’ follow-up, a significant reduction in
core PTSD symptoms (reexperiencing, avoidance and hyperarousal) was
observed.

Table 2 summarizes the available studies to date. Rosenberg et al.
[22] have shown that 1-Hz rTMS to the LDLPFC (using their location) may be
useful in treating depression associated with PTSD. Only one blind study
has been conducted [23]. This suggests 10-Hz stimulation to the RDLPFC may
be of use in the treatment of the core symptoms of PTSD. Replication is
awaited.
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Table 2. rTMS studies in PTSD

Author Site Rate (Hz) Design Comment
McCann RDLPFC 1 case study, 2 patients transient improvement in PTSD
et al. [20] symptoms
Grisaru bilateral MC 0.3 open, 12 patients transient improvement in
etal. [21] avoidance, anxiety and
somatization
Rosenberg LDLPFC* 1 open, 12 patients with improved mood, anxiety and
et al. [22] 5 PTSD plus depression sleep, no change in intrusive
memories, avoidance and
hypervigilance
Cohen RDLPFC sham blind, sham-controlled, 10 Hz significantly superior
et al. [23] 1 24 patients to 1 Hz and sham in reducing
10 reexperiencing, avoidance and
hyperarousal

LDLPFC* = Atypical coil placement; MC = motor cortex.

Panic Disorder and Repetitive Transcranial
Magnetic Stimulation

PD is familiar to all psychiatrists. The pathophysiology is poorly under-
stood; noradrenalin, serotonin and GABA pathways have all been implicated.
The efficacy of rTMS in the treatment of PD has not been comprehensively
studied. Three case reports have been published.

Garcia-Toro et al. [24] treated 3 patients with PD using low-frequency
(1Hz) rTMS and later alternate applications of low- and high-frequency
(20Hz) rTMS, to the RDLPFC. Slight improvement in symptoms was
observed, but this was not clinically significant.

Zwanzger et al. [25] reported the treatment of a patient with PD with 10
sessions of low-frequency (1 Hz) rTMS to the RDLPFC. In addition to clinical
instruments, cholecystokinin tetrapeptide (CCK-4) challenge was delivered
before and after treatment and plasma cortisol and ACTH were determined.
After treatment, marked improvement in panic was reported. Moreover, com-
pared to the pretreatment CCK-4 challenge, the symptomatic, as well as the
cortisol and ACTH response to the posttreatment challenge was markedly
reduced. Symptoms remained reduced at 4 weeks’ follow-up.

Guaiana and Mortimer [26] reported the treatment of a case with a 10-year
history of PD. Low-frequency (1 Hz) stimulation was applied to the right frontal
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area for 9 sessions, with no benefit. High-frequency (20 Hz) was then applied to
the left frontal area 3 times per week for 20 sessions. Panic symptoms and ago-
raphobia were reportedly dramatically reduced by this second approach and
improvement was sustained for 6 months.

Conclusion

No definite conclusions regarding rTMS in the treatment of anxiety dis-
orders are possible as insufficient work has been performed. Many reports are
single-case or small case studies, and few are blind. There is no standardization
of the site of stimulation or treatment parameters.

While grouped together for categorical convenience, there is little evidence
that OCD, PTSD and PD are related disorders and they can be considered as sep-
arate entities. Most work has been done with OCD. There is some evidence [14]
that 10-Hz stimulation of the LDLPFC and RDLPFC may have beneficial effects.
So far, this has not been supported by Mansur et al. [in preparation], but their
work is proceeding. Mantovani et al. [16] have simultaneously stimulated both
LSMA and RSMA with 1 Hz, with encouraging results, including normalization
of cortical activity. This is an open study and a controlled study is now indicated.

PTSD has received some attention and a blind study by Cohen et al. [23]
suggests high-frequency (10 Hz) stimulation of the RDLPFC may reduce core
symptoms (reexperiencing, avoidance and hyperarousal).

PD reports include 3 case studies. These have all involved stimulation of the
RDLPFC or the right frontal area. One reported negative findings. Zwanzger
et al. [25] found that 1-Hz stimulation to the RDLPFC reduced symptoms and
reduced the response to CCK-4 challenge.

Further work is required to clarify the role (if any) of rTMS in the treat-
ment of these 3 disorders.
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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a potent tool for modifying
neural activities at the stimulated site and at a distance along functional anatomical con-
nections. Since various neurological diseases are associated with dysfunction of neural
pathways that include the cortex, therapeutic application of rTMS was considered, aiming at
favourably influencing previously altered neural circuitry. This review highlights the emerg-
ing potential of rTMS to produce measurable clinical effects in chronic neuropathic pain,
Parkinson’s disease, motor stroke recovery, and tinnitus. In all these domains, there is grow-
ing evidence that rTMS might alleviate, at least transiently, various symptoms or impair-
ments, depending on stimulus site or frequency. The optimization of the parameters of
stimulation for each application is the key point before using rTMS as a therapeutic tool in
daily neurological practice. Attempts to reach this objective benefit from functional
neuroimaging or cortical excitability studies, but remain based on empirical hypotheses.
Further insights into the mechanisms of action and controlled multicentre trials in large series
of patients are needed to confirm the rTMS potential in neurological diseases, since the
development of an alternative transcranial approach (direct current stimulation) or surgical
implantation of epidural electrodes is a serious challenge to the future therapeutic application
of rTMS.

Copyright © 2007 S. Karger AG, Basel

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive
technique that allows cortical activity to be transiently and focally modified.
The electrical field, which is induced in the brain, excites or inhibits neural
structures that are located under the coil or at a distance, functionally connected
with the stimulated area. By reversing activity changes in disturbed or lesioned
networks, rTMS has therapeutic potential for various neurological diseases.



Low-frequency rTMS (at a frequency around 1Hz) and high-frequency rTMS
(at 5Hz or more) are thought to produce long-term synaptic depression and
potentiation, respectively. Current developments of rTMS in neurological
settings include chronic neuropathic pain, Parkinson’s disease (PD), stroke
recovery and tinnitus.

Repetitive Transcranial Magnetic Stimulation in Pain

Considering the analgesic effects provided by chronic motor cortex stimu-
lation (MCS) with surgically implanted epidural electrodes [1], rTMS was
applied in patients with chronic neuropathic pain (table 1). Pioneering studies
were based on very low frequency of stimulation (0.2 Hz) [2, 3], compared to
the frequencies used in implanted chronic MCS (20-55 Hz) [1]. High frequen-
cies of stimulation (10 or 20 Hz) were subsequently used in most rTMS studies
performed in patients with neuropathic pain [4—10]. Pain relief requires focal
cortical stimulation (figure-of-eight coil) with a slightly different targeting
between rTMS and the implanted procedure of MCS. The best target is the
motor cortical area corresponding to the painful zone for epidural stimulation,
but an adjacent zone for rTMS. This may result from differences in the pattern
of the induced current flow between rTMS and epidural cortical stimulation and
the recruited populations of fibres [11].

Mechanisms and Sites of Action

The stimulation of the motor cortex was thought to affect the sensoridis-
criminative aspects of pain, as shown by improved sensory thresholds after
rTMS [12] or switching ‘on’ the implanted epidural MCS [13]. This influence
was specific for thermonociceptive signals conveyed by the spinothalamic tract,
precluding a mechanism of pain relief due to the reinforcement of the lemniscal
‘gate control’ over the nociceptive system.

MCS may also impact on intracortical motor circuitry. We found that
motor cortex rTMS restored defective intracortical inhibition assessed by a par-
adigm of paired TMS pulses in patients with neuropathic pain [14]. Motor cor-
tex inhibition is associated with the existence of 20-Hz cortical oscillations that
are abolished in the presence of pain [15] but could be restored by MCS.

MCS effects on pain also depend on the recruitment of fibres located
within the motor cortex but projecting to remote structures, such as the thala-
mus, insular cortex, and brainstem [16]. All these structures could mediate the
concomitant effects of MCS on spontaneous pain and innocuous thermal sen-
sory perception. For instance, MCS might reduce pain-related hyperactivity in
thalamic relays or interfere with abnormal thalamothalamic or thalamocortical
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Table 1. Effects of rTMS in patients with chronic pain

Authors

Pain origin

Target;
frequency;
intensity of
stimulation

Number and
duration of trains

Percentage of pain relief; comparison with
placebo condition; duration of the effects

Lefaucheur
et al. [4]

Thalamic (n = 6) or brainstem
(n = 6) stroke, brachial plexus
lesion (n = 6)

M1; 80% RMT;
0.5Hz/10Hz

1 train of 20 min/20

trains of 5's
(600/1,000 pulses)

10-Hz rTMS: 20%; 0.5-Hz sham rTMS:
4-7% (p = 0.001 vs. sham coil; 7 responders);
not determined

Lefaucheur
etal. [5]

Thalamic stroke (n = 7),
trigeminal nerve lesion (n = 7)

MI1; 80% RMT;
10Hz

20 trains of 5s
(1,000 pulses)

10-Hz rTMS: 30%; sham rTMS 0%
(p = 0.01 vs. sham coil; 8 responders);
around 1 week

Lefaucheur
etal. [7]

Thalamic (n = 12) or brainstem

(n = 12) stroke, trigeminal nerve
(n = 12), brachial plexus

(n = 12) or spinal cord (n = 12)
lesion

MI1; 80% RMT;
10Hz

20 trains of 5s
(1,000 pulses)

10-Hz rTMS: 21%; sham rTMS: 9%
(p = 0.0002 vs. sham coil; 39 responders);
not determined

Khedr
etal. [8]

Stroke (n = 24), trigeminal
nerve lesion (n = 24)

M1; 80% RMT;
20Hz

10 trains of 10s
(2,000 pulses);
5 sessions for

1 week

20-Hz rTMS: 45%; sham rTMS: 5%

(p < 0.001 vs. angled coil; 20-Hz rTMS: 22
responders, sham rTMS: 4 responders);

2 weeks at least after the last session

Hirayama
etal. [9]

Thalamic (n = 7) or brainstem
(n = 5) stroke, trigeminal nerve
(n = 3), brachial plexus (n = 2),
or spinal cord (n = 3) lesion

M1/S1/PMC/SMA; 10 trains of 10s

90% RMT; 5Hz

(500 pulses)

5-Hz rTMS, best cortical target (M1): 28%
(p < 0.01 vs. angled coil; 10 responders);
around 3 days
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André-Obadia

Thalamic (n = 8) or brainstem

M1; 90% RMT;

1 train of 26 min/20

Sham/1-Hz/20-Hz rTMS: 8/-2/11%

etal. [10] (n = 2) stroke, trigeminal nerve 1 Hz/20Hz trains of 4s (1,600 [p > 0.05 vs. angled coil (20 Hz);
(n = 1), brachial plexus (n = 1), pulses) sham rTMS: 4 responders, 1-Hz
nerve trunk (n = 1), or spinal rTMS: 1 responder, 20-Hz rTMS:
cord (n = 1) lesion 5 responders]; around 1 week
Lefaucheur Thalamic (n = 8) or brainstem M1; 90% RMT; 1 train of 20min/20  10-Hz rTMS: 33%; sham rTMS: 11%
etal. [14] (n = 2) stroke, brachial plexus 1 Hz/10Hz trains of 65 (1,200  (p = 0.002 vs. sham coil); not determined
(n = 4) nerve trunk (n = 4), or pulses)
spinal cord (n = 4) lesion
Irlbacher Thalamic (n = 3) or brainstem M1; 95% RMT; Unknown (500 Sham/1-Hz/5-Hz rTMS: 10/6/5% [p = 0.08
et al. (n = 7) stroke, spinal cord 1Hz/5Hz pulses); 5 sessions (1Hz)/0.06 (5 Hz) vs. sham coil; 2
[unpublished] lesion (n = 3), phantom limb for 1 week responders, whatever the type of rTMS];
pain (n = 14) not determined
Lefaucheur Thalamic stroke (n = 13), M1; 90% RMT; 1 train of 20min/20  10-Hz rTMS: 24%; 1-Hz sham rTMS:
etal. trigeminal nerve (n = 13), 1 Hz/10Hz trains of 65 (1,200 5-10% (p < 0.0001 vs. sham coil); not
[unpublished] brachial plexus (n = 10) or pulses) determined
spinal cord (n = 10) lesion
Lefaucheur Thalamic (n = 5) or brainstem M1; 90% RMT; 20 trains of 10 s 10-Hz rTMS, best cortical target: 27/37%
et al. (n = 4) stroke, trigeminal nerve 10Hz (2,000 pulses) (face/hand pain); 11 responders/8
[unpublished] (n = 14), brachial plexus (n = 4), responders; around 1 week

nerve trunk (n = 4), or spinal
cord (n = 5) lesion

Only studies performed with a figure-of-eight coil in patients with chronic neuropathic pain have been taken into consideration and case reports
have been omitted. M1 = Primary motor cortex; PMC = premotor cortex; RMT = resting motor threshold; S1 = primary sensory cortex.




oscillations. The low rate of rTMS efficacy in patients with brainstem stroke or
spinal cord lesion [7] could be explained by the involvement of these structures
in descending modulation of nociception.

MCS could also impact on structures that participate in the motivational-
affective aspect of pain, such as the cingulate/orbitofrontal cortex [16]. This
was correlated to the beneficial effects of motor cortex rTMS on capsaicin-
induced acute pain [17]. In addition, paired TMS pulses applied over the ante-
rior cingulate cortex reduced the perception of painful laser stimuli found in
normals [18], while rTMS applied over the right dorsolateral prefrontal cortex
(DLPFC) increased the tolerance to cold-induced pain [19]. Finally, in a depres-
sive patient suffering from drug-resistant facial pain due to teeth removal,
repeated sessions of 20-Hz rTMS delivered to the left DLPFC frankly
decreased pain scores, unrelated to mood changes [20].

Several rTMS cortical targets have been assessed for their ability to relieve
pain, including parietal targets [21]. Stimulation over the primary motor cortex
was found to produce significant analgesic effects, but maybe not on all the
aspects of chronic pain. Further work is awaited to better define the optimal tar-
get of cortical stimulation according to the multifaceted presentation of neuro-
pathic pain.

Duration of the Analgesic Effects and Predictive Factor

for Implantation

Following a single motor cortex rTMS session, the maximal analgesic
effect is delayed by 2—4 days and pain level can remain significantly reduced
for about a week [5]. This is consistent with the delayed clinical changes
observed for chronically implanted MCS at the time of programming.
Therefore, synaptic plasticity (long-term potentiation or depression) and
expression of secondary messengers are thought to explain this delay of action.

Following a single session, the analgesic effects are delayed, but also short-
lived and thereby incompatible with a durable control of chronic pain. Repeated
sessions on consecutive days are able to produce cumulative effects and to
extend the effects of a single session [8]. This can be valuable for pain control
during a limited period, e.g. while waiting for the surgical implantation of a cor-
tical stimulator [6]. However, it is worth implanting electrodes to make perma-
nent the analgesic effects that are transiently induced by rTMS.

Various studies suggested the use of TMS to predict the outcome of a sub-
sequent chronic epidural stimulation [2, 3, 6, 10]. We experienced that pain
decrease by more than 40% after a single, active rTMS session was always
associated with a good surgical outcome, whereas the absence of response to
rTMS did not indicate the result of the implanted procedure. Therefore, rTMS
could support but not exclude the indication of MCS implantation.
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The Place of rTMS in the Management of Chronic Pain

The place of rTMS as a therapeutic strategy in chronic neuropathic pain or
as a selection tool for surgical implantation will depend on methodological and
technical developments, e.g. changing pulse waveform or coil orientation, or
conditioning rTMS session with a previous short-duration rTMS train applied
at low intensity and high frequency (‘theta burst’) or a weak anodal or cathodal
transcranial direct current stimulation [22]. At present, rTMS effects on chronic
pain are quite low (from 20 to 45% relief of pain) and short-lived. To enhance
the analgesic effects induced by rTMS, it is probably helpful to repeat the ses-
sions and to increase stimulus frequency and intensity. Navigation systems ded-
icated to rTMS could also strengthen the reproducibility of cortical targeting,
and thereby make the clinical results more reliable [9]. In the future, non-
invasive transcranial cortical stimulation might be an alternative procedure to
surgical MCS in order to treat chronic neuropathic pain.

Repetitive Transcranial Magnetic Stimulation in
Parkinson’s Disease

Various clinical results gave evidences for the therapeutic potential of cor-
tical stimulation in PD. First in 1979, mapping the motor cortex with electrical
stimulation during neurosurgical operations, Woolsey et al. [23] induced a tran-
sient improvement of rigidity and tremor in 2 PD patients. More recently, MCS
applied to treat patients with chronic pain led to concomitant improvement of
motor disorders, mainly tremor, related to the underlying neurological lesion at
the origin of pain [24-26]. But more definitive arguments have been provided
by rTMS studies in PD patients (table 2), supported at present by the first clini-
cal results of chronically implanted cortical stimulation [27, 28].

Cortical Dysfunction in PD

Imaging studies showed that the supplementary motor area (SMA) and the
DLPFC were hypoactive in PD [29]. EEG studies were also consistent with
SMA hypoactivity [30—32] that could play a role in akinesia. Findings are more
controversial for the primary motor cortex (M1), which was found to be
hypoactive in patients with early, untreated PD, but hyperactive in advanced
parkinsonism [29]. These changes correspond to primary or compensatory
mechanisms related to treatment or to adaptive motor strategies.

Cortical excitability studies with single or paired TMS pulses revealed
an excessive corticospinal output at rest in PD patients, concomitant to or resu-
Iting from a reduced intracortical inhibition [33]. This excessive descending
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Table 2. Effects of rTMS in patients with PD

Authors Patients Stimulus Total pulse Results
frequency, Hz  number
Primary motor cortex stimulation
Pascual-Leone et al. [35] 6 5 - Movement and reaction time shortening
Siebner et al. [36] 12 5 750 Movement time shortening
Siebner et al. [37] 10 5 750 UPDRS-III improvement (reduced rigidity and bradykinesia
contralateral to the stimulation)

Khedr et al. [38] 36 (19 active, 5 2,000/day X UPDRS-III and walking speed improvement

17 sham) 10 days
Bornke et al. [39] 12 10 ? UPDRS-III improvement
Lefaucheur et al. [40] 12 10 2,000 UPDRS-IIT improvement (reduced rigidity and bradykinesia

contralateral to the stimulation)

Lefaucheur et al. [40] 12 0.5 600 UPDRS-III improvement (reduced rigidity bilaterally)
Dias et al. [60] 20 (10 active, 5 2,250 Speech improvement

10 sham)
Khedr et al. [41] 45 (35 active, 25 3,000/day X UPDRS-III, walking speed, key-tapping speed and

10 sham) 6 days self-assessment scale improvement
Khedr et al. [41] 20 (10 active, 10 3,000/day X UPDRS-III mild improvement

10 sham) 6 days
Supplementary motor area stimulation
Boylan et al. [42] 10 10 2,000 Increase in reaction time and deterioration of writing
Koch et al. [47] 10 5 2,500 No significant effect on time perception
Koch et al. [43] 8 5 900 No significant effect on dyskinesia and UPDRS-III
Koch et al. [43] 8 1 900 Reduced dyskinesia without effect on UPDRS-III
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Premotor cortex stimulation

Buhmann et al. [50] 10 1 1,200 Changes in motor cortex excitability, as assessed by a TMS
paired-pulse paradigm, depending on levodopa intake
Mir et al. [51] 10 5 1,500 Normalization of motor evoked potential amplitude in
on-drug patients, but no effect in off-drug patients
Dorsolateral prefrontal cortex stimulation
Fregni et al. [45] 42 (21 active, 15 3,000/day X Improvement of depression score similar to fluoxetine, with
21 sham) 10 days better results than fluoxetine on cognitive and motor scores
Koch et al. [47] 10 2,500 Time perception improvement
Boggio et al. [46] 25 (13 active, 15 3,000/day X Improvement in neuropsychological testing similar to
12 sham) 10 days fluoxetine
Dias et al. [60] 20 (10 active, 15 3,000 Improvement of depression score without speech effects
10 sham)
Fernandez del 13 (8 active, 10 450 No significant effect on motor performance
Olmo et al. [48] 5 sham)
Both motor and dorsolateral prefrontal cortex stimulation
Lomarev et al. [61] 18 25 1,200/day X Improvement in walking time and reduced bradykinesia for
8 days the right hand

Only studies performed with a figure-of-eight coil and based on clinical assessment (at least for primary motor cortex stimulation) have been
taken into consideration. UPDRS-III = Unified PD rating scale, motor score.




corticospinal drive could be associated with rigidity. During movement prepa-
ration or execution, intracortical or thalamocortical facilitatory inputs may fail
to activate correctly all the cortical areas involved in the intended movement,
leading to akinesia or bradykinesia [34]. These observations support the thera-
peutic potential of cortical stimulation for advanced parkinsonism.

Application of ¥TMS in PD

The first rTMS study in PD showed improvement of reaction and move-
ment times during M1 stimulation at high frequency (5Hz) [35]. Moreover,
improvement can last beyond the time of stimulation [36] and reach a signifi-
cant level on clinical motor scores after single or repeated rTMS sessions deliv-
ered at high frequency (5-25 Hz) over M1 [37-41].

When applied over the SMA, rTMS worsened motor performance of PD
patients at high frequency (10 Hz) [42], but improved apomorphine-induced dysk-
inesia at low frequency (1 Hz) [43]. At low frequency (0.5 Hz), DLPFC stimulation
was initially found to increase motor performance concomitantly with depression
relief [44]. However, subsequent studies showed that DLPFC stimulation induced
antidepressant and cognitive effects, but no motor effects in PD patients [45-48].
The premotor cortex was not yet targeted in a clinical study of PD patients,
although low-frequency premotor cortex stimulation was shown to enhance intra-
cortical motor inhibitory processes more efficaciously than direct M1 stimulation
in normals [49]. However, the premotor-motor interaction is absent in ‘off-drug’
PD patients and only partially restored by levodopa intake [50, 51].

The effects of rTMS on PD motor disturbances could be located within the
motor cortex [40], or in any hypo- or hyperactive remote structures that are
functionally connected with the motor cortex in corticobasal ganglia loops. In
PD patients as in normals, 10-Hz rTMS over M1 or DLPFC induced a focal
release of endogenous dopamine in the ipsilateral striatum (putamen, caudate
nucleus), probably via corticostriatal projections [52—54]. A single TMS pulse
delivered over M1 can also impact on neural activities in the subthalamic
nucleus [55]. The striatum and subthalamic nucleus receive major glutamater-
gic inputs from various cortical areas and the degenerative process leads to a
high level of oscillatory synchronization between the cortex and the basal gan-
glia in PD [56]. The generation of a stimulus-locked activity breaking the
abnormal synchronization in corticobasal ganglia loops might contribute to the
therapeutic efficacy of deep brain stimulation concomitantly with the restora-
tion of defective cortical inhibitory processes [57—59].

Therapeutic Perspectives of Cortical Stimulation in PD
Several points argue for the value of the cortical target in PD, such as the occur-
rence of bilateral effects in case of unilateral stimulation, or the improvement of
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speech when the stimulation is centred over the mouth cortical representation
[67]. In the management of PD, rTMS could be applied to select patients for
epidural stimulation, as proposed in chronic pain. In addition, repeated rTMS
sessions could have therapeutic potential by providing long-lasting effects [41,
61]. However, the respective value of transcranial and epidural cortical stimula-
tion remains to be determined, compared to deep brain stimulation, in daily
practice.

Repetitive Transcranial Magnetic Stimulation in
Motor Stroke Recovery

Many studies have documented the changes in cortical organization that
occur after motor stroke, particularly on the side of the lesion [62]. In addition,
there is a balance of function between the two hemispheres that is controlled by
interhemispheric inhibition. The stroke-affected hemisphere can be doubly dis-
abled, by the stroke itself and by an imbalanced inhibition from the non-stroke
hemisphere. In this model, increased activity in the affected hemisphere will
promote recovery of the paretic limbs, as well as decreased inhibition from the
non-stroke hemisphere.

The development of rTMS and transcranial direct current stimulation
allowed the imbalance of activity between hemispheres to be modulated for
enhancing stroke recovery. For instance, post-stroke motor performance
improved after inhibiting the unaffected hemisphere by low-frequency rTMS
[63—65] or cathodal transcranial direct current stimulation [66] or exciting the
affected hemisphere by high-frequency rTMS [67, 68] or anodal transcranial
direct current stimulation [66, 69]. Results provided by rTMS application are
summarized in table 3. A recent study also showed that high-frequency
epidural stimulation of the peri-infarct cortical region significantly promoted
recovery from motor stroke in combination with rehabilitative training [70].
The authors speculate that stimulation maximized functional plasticity of the
remaining connections from the damaged hemisphere.

Modulation of Neuroplasticity and Improvement of

Stroke Recovery by rTMS

One concept to improve recovery from stroke is to decrease the excitability
of the unaffected hemisphere and thereby to reduce its potentially detrimental
inhibitory effect on the affected hemisphere [62]. In healthy subjects, a
decrease in transcallosal inhibition from one hemisphere can increase the func-
tional abilities of the other hemisphere [71]. This reasoning is supported by
cases of stroke patients who improved after a subsequent disruption of the
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Table 3. Effects of rTMS in motor stroke recovery

Authors Patients Duration Site of Stimulus Number and Results
after stimulation frequency; duration of
stroke intensity trains
High-frequency rTMS applied over the affected hemisphere
Khedr et al. 52 hemiplegic Less than M1, affected 3 Hz;120% 10 trains of 10s Improvement on various disability
[67] (26 active, 26 10 days hemisphere RMT (300 pulses) X scales for stroke
sham) 10 sessions
Kim et al. [68] 15 hemiparetic 641 M1, affected 10Hz; 8 trains of 2's Enhanced movement accuracy
months hemisphere 80% RMT (160 pulses) and speed in motor task learning
Low-frequency rTMS applied over the unaffected hemisphere
Mansur et al. 10 hemiparetic Less than M1 or PMC, 1 Hz; 1 train of 10 min Improvement in reaction time and
[64] 12 months  unaffected 100% RMT (600 pulses) motor performance regarding the
hemisphere affected hand (better for M1 than
PMC stimulation)
Fregni et al. 15 hemiparetic At least 1 M1, 1 Hz; 1 train of 20 min Improvement in reaction time and
[63] (10 active and 5 year after unaffected 100% RMT (1,200 pulses) motor performance regarding the
sham) stroke hemisphere X 5 sessions affected hand that lasted for 2 weeks
Takeuchi 20 hemiparetic 6-54 Ml, 1 Hz; 90% 1 train of 25 min Improvement in pinch acceleration
et al. [65] (10 active, 10 months unaffected RMT (1,500 pulses) of the affected hand
sham) hemisphere

Only studies performed with a figure-of-eight coil have been taken into consideration and case reports have been omitted. M1 = Primary
motor cortex; PMC = premotor cortex; RMT = resting motor threshold.




healthy hemisphere by another stroke [72]. Similarly, the forced use of the
affected limb by immobilization of the healthy arm (‘constraint-induced
therapy’) can enhance motor stroke recovery in association with excitability
decrease in the healthy motor cortex and excitability increase in the affected
motor cortex [73]. Conversely, imaging studies revealed hyperactivation in the
unaffected hemisphere of patients with poor recovery [62] and TMS studies
showed increased transcallosal inhibition from the unaffected to the affected
hemisphere [74].

Mansur et al. [64] showed as a proof of concept that inhibition of the intact
motor cortex by rTMS applied at 1 Hz in 8 patients within a year of stroke
improved motor performance of the paretic hand. However, rTMS only pro-
vided short-lasting effects following a single session. As in depression [75], the
magnitude and duration of the clinical effects of rTMS increased with the num-
ber of rTMS sessions in stroke studies [63, 67]. Following 5 consecutive
sessions of low-frequency rTMS of the unaffected hemisphere in old stroke
patients, Fregni et al. [63] found significant motor improvement of the affected
hand that lasted for 2 weeks. Khedr et al. [67] showed that 10 consecutive days
of high-frequency rTMS applied at 3Hz on the affected motor area also
improved durably the clinical outcome in early stroke patients.

Mechanisms of Action of ¥rTMS in Stroke Recovery

It is well known that rTMS can affect synaptic long-term potentiation and
depression by modulating neurotransmitter availability and postsynaptic recep-
tor density in cortical layers underlying the stimulus site and among those con-
nected to them. In theory, this could mediate neuroprotection locally and
interfere with diaschisis at a distance [76].

Based on this concept, Khedr et al. [67] hypothesized that stimulating
around the infarct area would increase neuronal survival rate and facilitate clini-
cal recovery associated with physical therapy. Paus et al. [77] noted a positive
correlation between the regional cerebral blood flow around the ischemic area [as
measured by single photon emission computed tomography, or positron emission
tomography (PET)] and the number of TMS pulse trains at the stimulation site.
Lack of response to real rTMS in the patients who had the largest infarcts sug-
gests that the success of the technique may depend at least on the existence of sur-
viving neurons at the site of stimulation. In addition, Khedr et al. [67] employed a
relatively high stimulus intensity (120% of resting motor threshold) to increase
excitability of motor cortical regions adjacent to the infarct zone that may be
recruited during voluntary contraction to compensate the loss of function of the
damaged area. Actually, a stimulus of this intensity can induce a current in corti-
cal layers at a distance of 2-3cm from the stimulation site when applied in
healthy subjects. Thus, improvement of motor performance may occur because of
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Table 4. Effects of rTMS in patients with tinnitus

Authors Patients  Stimulus Number and duration Results
frequency; of trains
intensity

Brief rTMS trains applied at high frequency over various sites

Plewnia 14 10Hz; 1 train of 33 8 responders for left temporal/temporoparietal stimulation
et al. [83] 120% RMT (30 pulses)
Fregni 7 10Hz; 1 train of 3 s 3 responders for left temporal/temporoparietal stimulation
et al. [84] 120% RMT (30 pulses)
De Ridder 114 3-20Hz; 1 train of 10-66s 28 good and 32 partial responders to active rTMS, 38 responders to sham
et al. [85] 90% RMT (200 pulses) rTMS; rTMS applied over the auditory cortex contralateral to tinnitus;
positive correlation between tinnitus suppression and rTMS frequency
Londero 13 10Hz; 1 train of 3 s 1 responder for non-specific stimulation site
et al. [86] 120% RMT (30 pulses)
Long rTMS trains applied at low frequency over the auditory cortex located by functional neuroimaging
Eichammer 3 1Hz; 1 train of 33 min 1 responder for active but not sham-rTMS (sham coil system);
et al. [87] 110% RMT (2,000 pulses) X 1 responder and 1 non-responder for both active and sham-rTMS
5 days
Kleinjung 14 1Hz; 1 train of 33 min 8 responders for active rTMS, 5 non-responders, 1 worsened patient
et al. [89] 110% RMT (2,000 pulses) X
5 days
Londero 13 1Hz; 1 train of 20 min 5 responders for the auditory cortex target stimulation (effects
et al. [86] 120% RMT (1,200 pulses) delayed by several days), 1 responder for the control (occipital)

target stimulation

Only studies performed with a figure-of-eight coil have been taken into consideration and case reports have been omitted. RMT = Resting
motor threshold.




a direct effect of the stimulus on the underlying brain tissue or because of an
effect on its connections with other cortical/subcortical structures.

Recommendations for Future Studies

Many open questions remain to be settled. (1) For how long does the
improvement of function persist after rTMS interventions? (2) What is the opti-
mal time for starting the rTMS treatment after stroke? (3) Should electro-
encephalographic examination be performed to exclude those patients at
greater risk of developing seizures? (4) Could rTMS trials for stroke recovery
benefit from navigation systems dedicated to rTMS? To solve these questions,
further clinical controlled trials are needed based on large series of patients
with various times after stroke and long-term follow-up.

Repetitive Transcranial Magnetic Stimulation in Tinnitus

Tinnitus is a very common clinical condition, often related to a lesion of the
cochlea or auditory nerve, secondary to presbyacusis, Méniere’s disease, noise,
barotrauma, or drug ototoxicity, among other conditions [78]. There is evidence
for the contribution of peripheral auditory structures in tinnitus perception [79].
However, the fact that tinnitus may persist after total cochlear and auditory nerve
removal demonstrates that tinnitus is also a central phenomenon, probably due to
synaptic plastic changes within the auditory pathway resulting from the periph-
eral lesion [80]. In analogy to chronic pain, auditory deafferentation-induced
plasticity in subcortical or cortical structures might cause or perpetuate tinnitus,
associated with primary and secondary auditory cortex hyperactivation [81].
Limbic structures were also thought to play a role regarding the cognitive and
affective components of tinnitus [82].

The rate of failure of classical therapies applied in tinnitus leaves some
room to the development of new treatments. Taking into account tinnitus-
associated auditory cortex dysfunction, auditory cortex rTMS was considered
as a therapeutic application. Several studies have investigated the effects of
rTMS on tinnitus, with brief trains of high-frequency rTMS or prolonged trains
of low-frequency rTMS over the auditory cortex (table 4).

Clinical Effects of Low- or High-Frequency rTMS in Tinnitus

First, Plewnia et al. [83] applied brief trains of high-frequency TMS over
various scalp positions in patients with tinnitus, to interrupt tinnitus by cre-
ating a ‘virtual lesion’ of the auditory cortex. Stimulation applied to the left
temporoparietal cortex, corresponding to the secondary auditory cortical areas,
significantly, but temporarily, reduced tinnitus. This result has recently been

Pain, Parkinson’s Disease, Stroke, Tinnitus 147



confirmed [84], even in a large sample of 114 tinnitus patients [85], but not by
all authors [86].

The use of low-frequency rTMS appeared more consistent with the pur-
pose of treating tinnitus by reducing auditory cortex hyperactivity. Eichhammer
et al. [87] investigated 3 patients suffering from disabling tinnitus with 1-Hz
rTMS applied over the site of maximal auditory cortex activation shown by a
PET study. A neuronavigation system dedicated to rTMS targeting enabled to
stimulate more reliably the PET-defined target. In 2 patients, the active rTMS
session was followed by a clear improvement, which was sustained in 1 case
after a prolonged treatment period over 4 weeks [88]. This short case series was
followed by a sham-controlled study of 14 patients with chronic tinnitus using
the same rTMS procedure. A significant improvement in tinnitus severity was
found after the active rTMS sessions when compared to the placebo condition,
even 6 months beyond the time of stimulation [89]. Londero et al. [86] applied
rTMS in a series of 13 patients suffering from unilateral long-lasting disabling
tinnitus using an fMRI-defined target contralateral to the perceived tinnitus.
Low-frequency (1 Hz) stimulation of the fMRI target clearly relieved tinnitus in
half of the patients with a delay of several days. All these data indicate a poten-
tial use of rTMS for tinnitus treatment. Prolonged clinical improvement should
be considered on the basis of repeated rTMS sessions.

Mechanisms of Action and Shortcomings of rTMS in Tinnitus

The site of action of rTMS in tinnitus remains debatable. The deep location
of Heschl’s gyrus does not support a direct effect of rTMS on the primary audi-
tory cortex. However, rTMS-induced current in the superficial lateral superior
temporal gyrus could propagate to Heschl’s gyrus by functional connections
[90]. In addition, low-frequency rTMS over the left temporal cortex induced
functional changes not only in the stimulated cortical areas, but also contralat-
erally to the stimulation and in both thalami [91]. One may hypothesize that
rTMS could relieve tinnitus by acting on bilateral auditory corticothalamic pro-
jections, supporting the existence of thalamocortical dysrhythmia at the origin
of tinnitus.

The side of the stimulation is also questionable. Some authors applied
stimulation over the auditory cortex contralateral to the tinnitus [85, 86],
whereas others targeted the left hemisphere, whatever tinnitus lateralization
[83, 89]. The left predominance of auditory cortex hyperactivation may relate to
functional asymmetry in the processing of tonal frequency between the
auditory cortices [92]. Whether this interhemispheric difference in tonotopical
organization plays a role for the generation of tinnitus is debated.

Various methodological points should also be considered for rTMS studies
in tinnitus. First, the placebo condition must be optimal owing to the importance
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of the placebo effect in patients treated for tinnitus. Second, validated question-
naires should be developed to assess rTMS effects on sensoridiscriminative
aspects of tinnitus severity rather than on its consequences. Finally, in spite of
promising results, the optimal parameters of stimulation are not clearly defined.
In particular, imaging studies can provide large areas of activation within
the temporal cortex and it may be difficult to choose between several possible
targets.

Conclusions

In chronic neuropathic pain, PD, motor stroke recovery, and tinnitus, there
are growing evidences that rTMS might alleviate, at least transiently, various
symptoms or impairments. Nevertheless, the definition of the parameters of
stimulation remained rather empirical, except for stimulus frequency that
depends on the intention of inhibiting or rather exciting a targeted cortical
region. The optimization of the parameters of stimulation in each clinical indi-
cation is the key point before proposing rTMS as a therapeutic tool in daily neu-
rological practice. Further insights into the mechanisms of action of rTMS with
respect to the underlying disease-related cortical activity changes and well-
controlled multicentre randomized trials in large series of patients are still
needed to confirm the rTMS potential in neurological diseases. This is a serious
challenge to future therapeutic application of rTMS, because chronic epidural
cortical stimulation trials have been performed in all four conditions considered
in this review. In the future, the question is not to wonder whether some neuro-
logical diseases might benefit from cortical stimulation but rather to determine
the best target, parameters of stimulation and type of procedure (implanted vs.
transcranial).
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Abstract

Cognitive side effects limit the clinical utility of electroconvulsive therapy (ECT), the most
effective and rapidly acting treatment for severe depression. Studies suggest that prefrontal cor-
tical involvement may be important to preserving the efficacy of ECT, while seizure spread to
the medial temporal lobes may be related to its amnestic side effects. However, the scalp and
skull shunt the flow of electricity, limiting control over current spread with ECT. Magnetic fields
enter the brain unimpeded, allowing enhanced control over the site of stimulation and seizure ini-
tiation compared to ECT. Magnetic seizure therapy (MST) involves the induction of a seizure
under general anesthesia using high-frequency repetitive transcranial magnetic stimulation.
MST was developed to reduce the cognitive side effect burden of convulsive therapy through
focal seizure induction in the prefrontal cortex. Work to date supports the feasibility of MST in
the nonhuman primate and in patients with depression. Preliminary results indicate that seizures
induced with MST are more focal, result in less involvement of hippocampal and deep brain
structures, and have a better acute side effect profile than those induced with ECT. Future direc-
tions for the clinical development of MST technology are discussed.

Copyright © 2007 S. Karger AG, Basel

Electroconvulsive therapy (ECT) retains an important position in treatment
algorithms for major depressive disorder and bipolar disorder because it
remains the most effective and rapidly acting treatment available for treatment-
resistant depression (TRD) [1]. Despite advances in psychotherapeutic and psy-
chopharmacological interventions for major depression, a disturbingly large
proportion of depressed patients are not adequately treated with presently avail-
able strategies. The results of the Sequenced Treatment Alternatives to Relieve
Depression trial bring the magnitude of the problem presented by TRD into
sharp focus. Nearly 80% of the 2,876 Sequenced Treatment Alternatives to



Relieve Depression trial participants had chronic or recurrent major depression
at study entry, and 72% of the sample failed to remit following a standardized
trial of citalopram [2]. Even more alarming, approximately 75% failed to remit
with a second antidepressant trial [3]. ECT could be an effective treatment for
such patients with TRD who fail to respond to second-line and third-line phar-
macotherapy. Given the prevalence of depression worldwide, why is there an
apparent mismatch between the number of patients who could benefit from
ECT and those who receive it?

The well-documented and recognized cognitive side effects of ECT remain
an impediment to its widespread use. Concerns regarding the memory loss
associated with ECT among clinicians and patients alike frequently effectively
restrict its use in many cases to a last resort treatment, or prevent its use entirely.
Withholding ECT from patients who could benefit from it is unfortunate con-
sidering its unmatched efficacy, even in highly severe and treatment-resistant
cases. If there were an available form of convulsive therapy with a more favor-
able risk/benefit ratio, it would likely be used earlier in the course of illness and
could bring effective treatment to those suffering with the considerable morbid-
ity and disability associated with TRD.

Advances in the methodologies for focal brain stimulation using electro-
magnetic fields present new avenues for the study and potentially for the treat-
ment of mood disorders. These novel technologies include repetitive
transcranial magnetic stimulation (rTMS), magnetic seizure therapy (MST),
deep brain stimulation, vagus nerve stimulation, transcranial direct current
stimulation and modifications of ECT. While none of these technologies appear
remotely close to completely replacing ECT, they represent alternative strate-
gies that may expand the spectrum of available treatment options, and they are
likely to add important information regarding the pathophysiology of depres-
sion and the mechanisms of action of effective treatments.

This chapter reviews the current status of MST to improve the risk/benefit
ratio of convulsive therapy in the treatment of severe depression. By coupling the
therapeutic power of seizures with the focality of magnetic fields, MST holds the
promise of retaining the efficacy of ECT, but with fewer cognitive side effects.
This chapter critically reviews how close MST is to fulfilling that promise, and
presents a research agenda for further study with this novel intervention.

Definitions and Comparison with Repetitive
Transcranial Magnetic Stimulation

MST refers to the use of rTMS to induce a therapeutic seizure from a
focal region of the cerebral cortex [4—6]. Both MST and rTMS utilize rapidly
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alternating magnetic fields applied to the scalp. In the case of rTMS, the level
of stimulation is selected to be subconvulsive and administered to an alert,
unanesthetized subject. In the case of MST, the level of stimulation is designed
to intentionally induce a seizure in an anesthetized subject. Coupling the supe-
rior spatial precision of magnetic fields with the unparalleled antidepressant
action of seizures, MST was designed to be a more tolerable form of convulsive
therapy than ECT.

Since MST is more invasive than subconvulsive stimulation with rTMS,
MST is under development for those patients in whom subconvulsive rTMS is
inadequate to effectively treat their depression. As reviewed elsewhere in this
book, work with subconvulsive rTMS in depression has been promising [7, 8].
While rTMS has compared favorably with ECT in some head-to-head compar-
isons, those comparisons are necessarily limited by the lack of blinding of the
patients [9-11]. One recent study found ECT to be superior to rTMS in the
nonpsychotic subtype [12]. Further, most studies agree that ECT has a faster
speed of response and remains more effective than rTMS in the psychotic sub-
type of depression. The need for continued parallel development of both sub-
convulsive and convulsive methods to treat depression is supported by the
substantial heterogeneity in depression subtypes, severity and response
profiles.

Role of Convulsive Therapy in Current Psychiatric Practice

ECT has remained in continuous clinical use since its inception approxi-
mately 70 years ago due to its as yet unsurpassed efficacy in treating severe
acute depression. Today, ECT continues to play an important role in the treat-
ment of severe depression, catatonia, both the depressed and manic phases of
bipolar disorder, and resistant schizophrenia, especially for patients who cannot
tolerate or who have not responded to psychotropic medications [1]. Vagus
nerve stimulation was approved by the US FDA for the long-term adjunctive
management of TRD, but ECT remains the only somatic treatment with proven
efficacy in the acute management of TRD [13]. It is estimated that 1-2 million
individuals receive ECT each year worldwide, with utilization increasing. ECT
is uniquely suited for the treatment of the most severely ill depressed and psy-
chotic patients because of its fast onset of action, exceptionally high response
rate (especially in psychotic depression), and profound acute beneficial effect
on suicidality, a major source of morbidity and mortality from depression
[14, 16]. Were there a treatment modality that carried the efficacy of ECT without
its cognitive side effects, its usage could become much higher than the estimated
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100,000 patients/year who receive ECT in the USA and might more closely
match the percentage of patients estimated to suffer from TRD.

Despite the indisputable therapeutic advantages of ECT, its amnestic side
effects substantially reduce its tolerability and clinical utility. Retrograde
amnesia is the most persistent adverse effect of ECT [15-18]. Most patients
have gaps in memory for events that occurred close in time to ECT, but retro-
grade amnesia may extend several months or years. Memories of an autobio-
graphical nature are spared to a greater degree than memories of an impersonal
nature [15]. Nevertheless, loss of memory for one’s life is frequently cited
among the reasons patients offer when they reject a trial (or retrial) of ECT.
While retrograde amnesia frequently improves during the months following
ECT, recovery may be incomplete, with prolonged amnesia for events that
occurred close to the time of treatment [19]. Moreover, ECT possesses a high
relapse rate with some patients showing a return to illness within a few weeks
after completing acute treatment, highlighting the need for effective mainte-
nance strategies [20].

Rationale for Focal Seizure Induction as a Means of Reducing
Amnestic Effects of Convulsive Therapy

The literature suggests that focal seizure induction may be a strategy to
reduce the side effects of ECT while retaining its efficacy. If successful, focal
seizure induction could bring the most effective intervention yet available to
more patients earlier in the course of treatment. The rationale for focal seizure
induction with MST is built upon the finding that the efficacy and side effects
of ECT are largely determined by the site of seizure initiation and by the pat-
terns of seizure spread. Variations in the ECT technique (e.g. electrode place-
ment, pulse width, and electrical dosage) can lower its side effects substantially
[21-23]. Patterns of functional change in prefrontal regions are reported to be
associated with the antidepressant action, while functional changes in the
medial temporal lobe have been associated with the amnestic effects of ECT.
Specifically, ECT is associated with mossy fiber sprouting (MFS), the growth
of a new synaptic connection in the dentate gyrus (i.e. within the hippocampus)
[24-26]. Apparently not necessary for antidepressant action since MFS is not
observed with antidepressant medications, MFS seen in response to seizures is
thought to disrupt the normal functioning of the hippocampus in animal seizure
models [27]. Our data suggest that focal seizure induction from prefrontal
structures, avoiding temporal structures, is not associated with marked anatom-
ical changes in the hippocampus and thus may be a means of reducing the cog-
nitive side effects of ECT [28-30].
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Electrical versus Magnetic Means of Focal Seizure Induction

The relative advantages of using magnetic fields to induce focal seizures
rather than the direct application of electricity to the scalp derived from the
physics of brain stimulation. The scalp and skull impede the flow of electricity
applied directly to the scalp, resulting in broadly distributed fields that are dif-
ficult to focus and control [4, 31]. Individual differences in scalp and skull
anatomy will confound these factors, making standardization across individuals
difficult and perhaps in part contributing to the high degree of variability seen
across individuals in ECT seizure threshold [32]. Changing electrode place-
ment is clearly beneficial, as in the switch from bilateral to unilateral electrode
placement, but the resultant seizures are still bilaterally generalized. Novel elec-
trode configurations and pulse characteristics are under development, yet focal
seizure initiation will likely remain difficult to achieve reliably.

In contrast, MST has theoretical advantages relative to electrical approaches
because magnetic fields pass through tissue (including the scalp and skull) with-
out impedance and can be more precisely targeted [33]. Magnetic fields delivered
with TMS and MST penetrate only about 2—4 cm deep from the scalp (depending
upon coil configuration), which can be an advantage since it avoids direct stimu-
lation of deeper structures (like the hippocampus). In vivo measurements in non-
human primates support the hypothesis that MST-induced current and the
resulting seizures are more focal than typically seen with ECT [34]. This
enhanced control represents a means to focus the treatment to the cortical struc-
tures thought to mediate antidepressant effects and to reduce seizure spread to
medial temporal structures implicated in the amnestic side effects of ECT.

Magnetic Seizure Therapy Device Development

MST is delivered with rTMS devices that have been custom modified to
permit reliable seizure induction in anesthetized subjects (fig. 1). The anticon-
vulsant action of anesthesia has posed the greatest challenge to MST device
design, and can be reduced through proper selection of anesthetic agents with
less impact on seizure threshold and the action of rTMS (discussed below) [35].
Some of the factors to be taken into account in the design of MST devices
include the coil configuration, range of output parameters, heat tolerance,
power requirements for the device, and pulse characteristics.

Coil Selection
As aresult of their differing magnetic field distributions, different coil types
and scalp placements result in dramatically different effects on the topographical
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Fig. 1. Current MST devices. a Prototype MST device powered by four capacitor
chargers, in use for nonhuman primate studies. b Integrated MST device, in use for human
MST (Magstim Theta®).

spread of the resultant seizure. The relatively nonfocal round coil [both flat
(fig. 2a) and curved (fig. 2b) configurations] has been more efficient in induc-
ing seizures than the more focal double-cone (fig. 2c) and figure-of-eight
(fig. 2d) coil configurations [30, 36]. In addition to resulting in different seizure
thresholds, coils differ in the topography of the seizures that they induce. The
nonfocal round coil produces greater seizure activity across a wider region,
whereas the more focal double-cone coil produces more localized seizure
activity on the dorsal and frontal surfaces of the brain with its peak underly-
ing the intersection of the coil windings. This control of seizure onset and
spread enables the empirical testing of the relations among individual seizure
characteristics and clinical outcome. Such work should shed light on the mech-
anisms of action of ECT and guide the development of novel interventions for
depression.

Novel coil designs are under development to extend the depth of penetra-
tion and enable seizure induction from structures that may be deeper than the
outer surface of the cortex [37, 38]. Altering the rate of drop-off of field
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Fig. 2. Representative MST coils: flat round (a), curved round (b), double-cone (C),
figure-of-eight (d). The most efficient coils for MST have been the round coil (flat and
curved) and double-cone configurations.

strength as a function of distance through changes in coil design may be helpful
and should be explored, but it is considered theoretically impossible to focus
stimulation with rTMS at depth without any stimulation of overlying brain
structures [39, 40]. Other coil modifications include the use of metal cores to
intensify field strength and permit device operation at lower power require-
ments [41].

Parameters of Stimulation

Work with rTMS had already shown that rTMS can induce seizures inad-
vertently if given at sufficiently intense parameters of stimulation [42, 43].
Seizure risk with rTMS can be increased by increasing intensity above motor
threshold, increasing frequency, lengthening train duration, or by shortening the
intertrain interval [44]. The relative efficiency of these parameter modifications
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in increasing seizure risk has not been systematically examined, but the ECT lit-
erature suggests that lower levels of stimulus packing (which refers to the num-
ber of pulses per unit time) are more efficient [45]. This literature would argue
in favor of the ability to sustain long trains of stimulation in preference to
excessively high frequencies given for short durations. These considerations led
to the current MST device design that can sustain peak output for up to 10s,
which matches the longest trains of stimulation commonly delivered by the
modern generation of ECT devices.

The TMS literature suggests that intensity is a highly important parameter
of stimulation, due to the known drop-off of field strength with increasing dis-
tance from the coil [39]. Thus with MST it is important to provide sufficient
intensity to reach targeted structures at levels sufficient to induce neuronal
depolarization despite the anticonvulsant effects of anesthesia. All of the work
to date with MST has operated the device at maximal stimulator output, which
is approximately double the typical motor threshold, to ensure that intensities
were sufficient to overcome anesthetic effects.

The first monkey and human MST cases were treated at 40—50 Hz, com-
pared with 1-20Hz typically used for subconvulsive rTMS [30, 36, 46].
Current MST devices (fig. 1) deliver stimulation at 100 Hz, 100% intensity (2 T
at the coil surface) for trains lasting up to 10s.

Heating

Increasing output parameters will increase heating of the coil and device
components. Large and nonfocal coils experience less heating than smaller
focal coils. Proper material selection, precooling, and active cooling systems
can minimize these constraints. The magnetic pulse shape also affects coil heat-
ing. Briefer pulses use less energy to produce neuronal depolarization, and
result in less coil heating [47, 48].

It is not just the coils that heat up with high levels of rTMS, it is also the
EEG electrodes. Nonmetallic EEG electrodes are now available for use in the
fMRI environment that reduce the risk of scalp burns with MST.

Power Requirements

The higher output of the MST device introduces larger electrical supply
demands than standard rTMS devices, but design improvements have made the
present model more compact and feasible to implement in clinical settings. For
example, while the early MST devices required 8—16 separate 20-A rated cir-
cuits, the current model operates on only two 3-phase power sources. Further
reduction of power consumption could be possible by optimizing the coil
design and pulse shape [41, 47, 49].
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Pulse Characteristics

All MST devices generate biphasic sinusoidal magnetic pulses like those
used in conventional rapid-rate rTMS stimulators. Conventional biphasic pulses
induce electrical currents with similar magnitudes in both polarities, in contrast
to monophasic pulses that induce current with one preferential polarity. The
reason for the use of biphasic pulses is technical. Presently, biphasic devices
have substantially higher power efficiency and less coil heating than monopha-
sic devices [50].

An increasing number of studies have examined the relative effectiveness
of different pulse characteristics with rTMS [51-53]. A review of 1-Hz rTMS
studies in healthy subjects concluded that the stimulation site, duration, and
current direction play an important role in outcome, and that the pulse configu-
ration likely contributes as well [54]. Thus, pulse parameters could potentially
be optimized to enhance neuromodulatory effects. Similar considerations might
be expected to apply to MST as well.

Anesthesia for Magnetic Seizure Therapy

Since MST involves intentional seizure induction with the potential of gener-
alization to the motor cortex, the procedure is performed under anesthesia with the
medical and physiological monitoring procedures performed during standard ECT
(EKG, pulse oximetry, end-tidal CO,, blood pressure, EEG, and motor manifesta-
tions using the ‘cuff technique’). Anesthesia and the associated physiological mon-
itoring are not utilized with subconvulsive rTMS, where the risk of seizure is low
when safety guidelines are followed [43, 55]. The reason for employing anesthesia
during convulsive therapy (ECT and MST) is to protect the body from muscu-
loskeletal injury during motor convulsion through succinylcholine-induced mus-
cular paralysis. Ultimately, if truly focal seizure induction may be achieved such
that motor generalization reliably does not occur, then muscular paralysis may not
be necessary. However, procedures for preventing motor generalization are not yet
defined so the routine use of anesthesia is recommended for MST at present.

Anesthetic regimens differ in their impact upon MST. These considerations
are presented in depth in White et al. [35]. Briefly, it has been recognized that cer-
tain anesthetic medications, such as thiopental and propofol, increase seizure
threshold and shorten seizure duration with ECT. The same is true with MST, but
with MST the impact is more critical with the use of devices that are already close
to seizure threshold. Methohexital is widely considered an anesthetic of choice for
ECT [1], and has also been used successfully with MST [30, 36, 56]. Etomidate
has even less effect on seizure threshold than methohexital and has been useful in
lengthening seizures with ECT. We have had good success with etomidate during
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MST [57], but also note that etomidate-induced myoclonus must be carefully dis-
tinguished from the MST-induced seizure. Monitoring motor manifestations alone
may be inadequate to distinguish myoclonus from seizure. EEG monitoring is
essential for this differentiation and for accurate seizure detection with MST.

Finally, the appropriate timing of the duration of muscular relaxation dur-
ing MST is an important consideration. With MST, as with ECT, it is optimal
for the muscular relaxation to last throughout the induced seizures, but to
recover prior to the point when the patient regains consciousness. In the case of
ECT, it may take upwards of 30 min to an hour or more for the patient to regain
orientation. In the case of MST, orientation recovery is much faster [36].
Indeed, orientation recovery can be so fast that it precedes recovery from suc-
cinylcholine, which can result in patients becoming alert while still experienc-
ing some degree of muscular weakness. This risk can be minimized by reducing
succinylcholine dosage to the minimum necessary, and through the use of a
peripheral nerve stimulator to accurately time the MST delivery to coincide
with the peak action of succinylcholine. We found that because MST-induced
seizures were generally less robust than ECT-induced seizures in their intensity
of motoric expression, patients had lower succinylcholine dosage requirements
to achieve adequately modified seizures [35].

Animal Studies on the Physiological, Anatomical, and
Cognitive Effects of Magnetic Seizure Therapy

We performed the first MST procedure on a rhesus monkey because
seizure induction in smaller animals was prohibited by the technical considera-
tions of coil heating (discussed above) and the coil-to-brain size ratio that con-
strains the intensity of the electric field induced in the brain with TMS [5].
While working with other species would have the advantage of a greater num-
ber of readily available behavioral models of depression and antidepressant
action, the monkey provides the best homology to the human, and the broadest
and most sophisticated models of cognitive function with which to test the
hypothesis that MST will induce less amnesia than ECT.

We have now completed a study of 24 rhesus monkeys randomly assigned
to receive treatment with electroconvulsive shock (ECS; at 2.5 times seizure
threshold), MST (with a round coil positioned on the vertex at 2.5 times seizure
threshold), or anesthesia-alone sham. We are also midway through a new study
of similar design examining the effects of MST at 6 times seizure threshold.
Our work in nonhuman primates to date has provided support for the safety of
MST and ECS (using neuroanatomical, neuropathological, and stereological
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measures) [58—60], showed that MST and ECS differed in neurophysiological
[34] and neuroanatomical [6, 61] measures that may relate to their differing
cognitive profiles, and provided new data on hippocampal plasticity in response
to convulsive interventions.

The electric field induced in the brain by MST is less intense and more
confined to the superficial cortex than ECS, according to our intracerebral
recordings in rhesus monkeys [34]. We found MST-induced seizures to show
less robust ictal expression, less postictal suppression, less generalization to the
hippocampus and deeper brain structures, and result in a less robust serum pro-
lactin surge [62] and less immediate post-stimulus bradycardia. These physio-
logical and neuroendocrine differences are consistent with MST having less of
an impact than ECS on temporal lobe and diencephalic structures. These results
are also consistent with MST exerting less of an impact on parasympathetic
outflow that should, in turn, be associated with a lower risk of cardiac compli-
cations. This latter point could be especially relevant to older patients with
comorbid medical conditions.

We found no neuropathological changes associated with MST or ECS
upon careful and systematic neuropathological examination of the brains of
rhesus monkeys following chronic treatment [58]. Stereological cell counts of
3 regions of the prefrontal cortex and 2 regions of the dentate gyrus revealed no
treatment-related reductions in neuron or glial cell counts [63].

However, differences between MST and ECS in their effects on neuroplas-
ticity were apparent. Specifically, ECS, but not MST, robustly increased MFS
[61] in the dentate gyrus of rhesus monkeys [26]. A relative lack of physiologi-
cal and structural changes in the hippocampus with MST may relate to its supe-
rior cognitive profile. Consistent with this hypothesis, our nonhuman primate
model of the amnestic side effects of ECT revealed better outcomes with MST
than with ECS [56, 60].

Clinical Studies of Magnetic Seizure Therapy

Altogether 45 patients have received MST worldwide since the first patient
was treated in 2000 [30, 36, 46, 57]. In general, MST has been well tolerated
with no significant adverse events or unanticipated side effects.

Initial case studies demonstrated the feasibility of performing MST in
humans. The first depressed patient to receive MST experienced a 50% drop in
Hamilton Depression Rating Scale (HDRS,,) scores following 4 MST sessions.
MST at 40 Hz, 100% of maximal stimulator output, administered for 4s was
well tolerated with no significant side effects [30]. A second patient with med-
ication-resistant depression received 12 MST sessions at 50 Hz, for 8 s, at maximal
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output and experienced remission (with an 82% drop in HDRS,, scores and a
final HDRS,, score of 6) [46].

The first trial of MST in the USA contrasted MST and ECT in their acute
cognitive side effects [36]. This double-masked, randomized, within-subject
trial contrasted the acute cognitive side effects of MST with ultrabrief-pulse
right unilateral ECT (selected for its exceptionally low cognitive side effect bur-
den). We found MST to be well tolerated with fewer side effects than ECT and
faster recovery of orientation, a predictor of the magnitude of long-term retro-
grade amnesia [17, 36]. Masked neuropsychological assessments revealed
advantages of MST relative to ECT. As expected, MST and ECT did not differ
on tasks more heavily dependent on prefrontal lobe function (i.e. memory for
temporal order, verbal fluency), but MST showed clear advantages over ECT in
cognitive domains subserved at least partly by temporal lobe structures (i.e.
memory for recent events, new list learning, category fluency).

Although both ECT and MST seizures were generalized and resulted in
motor convulsion, marked differences in the nature of the seizures induced by
MST and ECT were seen [36]. Compared to ECT, MST seizures were shorter
and showed lower ictal EEG amplitudes and less postictal suppression. While
these EEG characteristics have been thought to relate to the antidepressant
activity of ECT, new evidence suggests that the relations with efficacy are
unclear when applied to novel forms of stimulation. For example, lower ictal
EEG amplitude and less postictal suppression are also seen with ultrabrief-
pulse right unilateral ECT, which has demonstrated equal antidepressant effi-
cacy with bilateral ECT [64].

Differences were also seen between MST- and ECT-induced seizures in
their degree of generalization to deeper brain structures, as indexed indirectly
by the seizure-induced surge in serum prolactin and vagally mediated post-
stimulation bradycardia [62]. Less intense ictal expression also has the added
benefit of requiring lower doses of succinylcholine to protect the body from the
motor convulsion [35].

Next, we conducted a randomized, double-masked, 2-center (New York
State Psychiatric Institute and University of Texas Southwestern Medical
Center) study comparing two forms of MST in their antidepressant properties
and side effects [57]. This study established the feasibility and tolerability of
MST in the clinical setting, and provided the first controlled data on the antide-
pressant efficacy of MST.

While the published reports with MST to date utilized a device that was
capped at 400 pulses, the newly available 100-Hz device now permits stimula-
tion with up to 1,000 pulses. This device has undergone testing in the rhesus
monkey, and preliminary evidence suggests that even higher dosages of MST
retain advantages in terms of amnestic side effects [65]. Initial human testing
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with this device has already demonstrated the feasibility of seizure induction
from the prefrontal cortex with MST.

Future studies will be needed to characterize the long-term side effect pro-
file and antidepressant efficacy of MST relative to ECT. These early studies are
promising and are being followed up with another multicenter trial.

Future Directions for Magnetic Seizure Therapy Development

The field of MST remains young. Results of ongoing preclinical and clini-
cal studies will undoubtedly inform the next generation of MST device.
Unanswered questions remain regarding optimal dosing strategies, coil type
and position, and patient selection.

Since dosage relative to seizure threshold is such an important predictor of
efficacy and side effects with ECT, this may also apply to MST, though these rela-
tionships have not yet been established for MST. Studies will need to contrast dif-
ferent dosing strategies in their efficacy and side effects. Currently available
devices now offer an expanded range of dosing options to facilitate that dose-
ranging work. While rTMS technology has extended beyond typical monoftre-
quency trains to examine the value of frequency combinations (such as priming
and theta burst) [66, 67], compound frequencies have yet to be explored for MST.

Given that focality of seizure initiation and limitation of spread are goals
of MST, the development of new coil designs (both winding patterns and mate-
rial selections) could facilitate these goals. In particular, novel strategies to
increase depth of penetration without excessively broadening the region of
superficial cortex affected may also be useful.

Another aspect of dosing of MST that remains to be studied is the number
of treatments per week. Presently, MST is conducted 3 times a week because
that is the standard in the USA for ECT; however, there are no empirical data to
guide the frequency of treatments. Given its more benign side effect profile,
more frequent treatments could be feasible and tolerable.

Once optimal dosing for an acute course is established, posttreatment
maintenance strategies will be needed — e.g. combination pharmacotherapy
and/or maintenance MST. The potential role of maintenance MST following an
acute course of ECT (or MST) has yet to be explored.

Concluding Remarks

Convulsive therapy retains an important role in psychiatry today as the most
effective treatment for the acute management of severe TRD and other conditions.
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Theories regarding the mechanisms of action of ECT have guided the develop-
ment of newer, more focal treatments such as MST to improve the risk/benefit
ratio of convulsive therapy and to expand its clinical utility. MST combines the
focality of magnetic fields with the unmatched therapeutic efficacy of seizures.
Work to date supports the feasibility and safety of MST. These results need to be
replicated in larger samples to test the generalizability of the findings. Studies are
under way to define its optimal dosing paradigm and determine its efficacy in
relation to ECT. MST provides a new tool with which to further define the mech-
anisms of action of ECT, since MST can be used to deliver focal stimulation at
specific brain sites and test hypothesized relations among the site of initiation and
the spectrum of clinical effects. The results of ongoing and future studies will be
helpful in determining the ultimate role of MST relative to other existing treat-
ment strategies in treatment algorithms for TRD and other conditions.
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Abstract

Brain stimulation with weak direct current has recently been reintroduced as a method
to elicit and modulate neuroplasticity of the human cerebral cortex. Transcranial direct cur-
rent stimulation (tDCS) generates modulations of excitability during as well as up to an hour
after the end of stimulation, depending on the duration of stimulation. While anodal stimula-
tion increases excitability, cathodal stimulation reduces it. The primary mechanism is a sub-
threshold modification of the neuronal resting membrane potential; however, the after-effects
are controlled by shifts in NMDA receptor strength. tDCS has been demonstrated to modify
perceptual and cognitive functions reversibly in healthy subjects. Moreover, the results of
first clinical pilot studies support its efficacy as a treatment in neurological and psychiatric
diseases that are accompanied by pathological shifts in cortical activity. It is shown here that
tDCS improves motor functions after stroke and reduces symptoms in tinnitus and depressed
patients.

Copyright © 2007 S. Karger AG, Basel

An important focus of current activities in brain research is the exploration
of the properties and foundations of neuroplasticity [1, 2]. Newly developed
tools such as functional imaging, sophisticated electroencephalographic and
transcranial stimulation techniques enable researchers to study neuroplasticity
not only in animal and slice models, but also in humans. In this context, brain
stimulation with weak direct current has been awakening renewed interest as a
potentially valuable tool for inducing and modulating neuroplasticity.

Some 40 years ago, the application of weak direct current was already
shown to result in neuroplastic modifications. In anesthetized rats, weak direct
current, delivered by intracerebral or epidural electrodes, induced activity and



excitability diminutions or enhancements of the sensorimotor cortex which were
stable for hours after the end of stimulation [3]. Subsequent studies revealed
that these effects were dependent on protein synthesis [4] and accompanied by
modifications of intracellular cAMP and calcium levels [5, 6]. Thus, they share
some features with the nowadays more commonly known neuroplastic phe-
nomena in animal experiments, namely long-term potentiation and long-term
depression. Furthermore, it was demonstrated that transcranial application of
weak direct current also induces an intracerebral current flow sufficiently large
to achieve the intended effects. In monkeys, approximately 50% of the transcra-
nially applied currents enter the brain through the skull [7] — and these results
have been replicated in humans [8]. In healthy subjects, it was found that direct
current stimulation changed EEG patterns and evoked potentials at the cortical
level [9]. Moreover, anodal stimulation of the motor cortex was reported to
optimize performance in a choice reaction time task [10, 11]. Although these
early experiments in humans included some cortical stimulation, most probably
the position of the electrodes used in most of the respective experiments pri-
marily resulted in brain stem stimulation.

In the intervening years, non-invasive stimulation of the human brain via
transcranial application of weak direct current was nearly forgotten. This might
have been due to the lack of methods available to probe its effects on a non-
phenomenological level. In the last few decades, transcranial electric and mag-
netic stimulation (TES, TMS), as well as functional imaging methods such as
functional magnetic resonance tomography and positron emission tomography,
have evolved as suitable tools to monitor changes of brain activity and excitabil-
ity. Direct current stimulation has been re-evaluated and developed into a
method that reliably induces and modulates neuroplasticity in the human cere-
bral cortex non-invasively, transcranially and painlessly in order to induce focal,
prolonged — but yet reversible — shifts of cortical excitability [12—14]. This review
offers an overview of the basic and functional effects of weak direct current stimu-
lation in healthy subjects and patients suffering from neuropsychiatric disorders.

Modes of Action of Transcranial Direct Current Stimulation

Basic Features

It has now been shown in a multitude of studies that tDCS of the cerebral
cortex in humans produces polarity-dependent excitability shifts during and
after stimulation. Anodal tDCS enhances excitability, while cathodal stimula-
tion diminishes it [12—14]. The efficacy of stimulation to induce the effects
depends on stimulation duration, the current strength applied in relation to elec-
trode size (and thus current density), and the orientation of the current flow
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Fig. 1. tDCS of the human motor cortex modulates TMS-elicited MEP amplitudes
after stimulation for up to an hour, depending on stimulation duration. Anodal stimulation (&)
enhances, while cathodal stimulation (b) diminishes cortical excitability. Note that 57 min
of stimulation results in short-lasting after-effects, while prolonged tDCS increases the dura-
tion of the after-effects overproportionally [13, 14]. Filled symbols indicate significant devi-
ations of the MEP amplitudes relative to baseline. (With permission of Neurology and
Clinical Neurophysiology).

relative to the stimulated neurons: at a current strength of 1 mA (and an elec-
trode size of 35 cm?), at least 3 min of tDCS are needed to induce after-effects.
Conversely, if stimulated for 5 min, the minimum current strength required to
induce after-effects is 0.6 mA. Prolongation of stimulation duration or increase
in current strength augment the duration and strength of the after-effects [12],
which can outlast the stimulation by about 1h in healthy subjects [13, 14]
(fig. 1). Moreover, as shown for the human motor cortex and for the rat hip-
pocampus, only specific electrode positions effectively induce direct current-
related shifts of excitability. Current flow along the longitudinal axis of a
neuron is needed to achieve a relevant effect [12, 15].
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Mechanisms of Action, as Revealed by Pharmacological and

Neurophysiological Studies

The primary mechanism of tDCS for inducing cortical excitability shifts is
a subthreshold modulation of the neuronal resting membrane potential. This was
first shown directly in animal experiments. Here, anodal stimulation results in a
subthreshold depolarization, while cathodal stimulation hyperpolarizes neuronal
membranes [16, 17]. Pharmacological studies support the existence of a similar
effect in humans, since here ion channel block with the voltage-dependent
sodium channel blocker carbamazepine or the calcium channel antagonist
flunarizine reduced the excitability-enhancing effects of anodal tDCS during
stimulation, but did not influence the cathodal tDCS-generated excitability stim-
ulation. During a short tDCS, which elicits no after-effects (stimulation duration
of about 4s), synaptic mechanisms are not involved, as shown by the absent
effect of NMDA receptor antagonists, the GABA agonist lorazepam and the
monoamine reuptake blocker amphetamine on the tDCS-induced excitability
changes under these conditions [18—20]. Furthermore, the after-effects are not
due to reverberating electrical circuits or other purely electrical phenomena, as
shown in early animal experiments [4]. They depend on modifications of NMDA
receptor efficacy, since these are blocked by the NMDA receptor antagonist
dextromethorphan, but prolonged by the partial NMDA receptor agonist
D-cycloserine [18, 21]. This tDCS polarity-dependent shift of NMDA receptor
function seems to be initiated by the respective membrane potential shift and
probably by the accompanying cortical activity modification, because it is pre-
vented by the sodium channel blocker carbamazepine. Intraneuronal calcium
concentration also contributes, since antagonism of calcium channels does elim-
inate the excitability-enhancing after-effects of anodal tDCS [18]. Similar to
results obtained in animal experiments with regard to the effects of neuromodu-
lators on neuroplasticity, the monoaminergic enhancer amphetamine consoli-
dates the tDCS-driven excitability enhancement, probably due to 3-adrenergic
effects [20]. Conversely, dopaminergic (predominantly D,) agonists seem to
consolidate cathodal tDCS-generated excitability diminutions [22]. The
GABAergic system is able to modulate the tDCS-induced after-effects on
excitability, since at least the anodal tDCS-induced intracortical enhancement of
facilitation and reduction of inhibition is abolished by lorazepam [19].

Some efforts have been made — beyond the use of pharmacology — to char-
acterize the neuronal populations affected by tDCS. These studies have so far
largely focused on motor cortical function. By comparing the size of motor-
evoked potentials (MEPs) elicited by TMS with those evoked by TES, intracor-
tical modifications can be separated from direct effects on pyramidal tract
neurons. Responses to TES are dominated by direct stimulation of corticospinal
axons whereas those evoked by TMS are dominated by transsynaptic activation
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of corticospinal neurons [23]. For the after-effects of tDCS, it has been demon-
strated that TES does not modify MEPs when applied at moderate intensity — in
contrast to the effect on the TMS-generated MEP amplitudes [12—14]. Thus,
a predominantly intracortical effect of tDCS seems plausible. However, in
another study, an impact on the TES-evoked MEP was reported for the after-
effects of cathodal tDCS [24]. Since low-intensity TES, as applied in this experi-
ment, is thought to influence the proximal aspect of pyramidal tract axons, this
might be an indication for an additional membrane effect of tDCS on corti-
cospinal neurons. Active and resting motor thresholds (MT) and input/output
curves (/O curves) resemble global measures of corticospinal excitability
[25, 26]. Because within the MT paradigm TMS intensity is at threshold level
by definition, the excitability of a central core region in the cortical muscle rep-
resentation field is monitored here. The 1/O curve serves as an index of the
excitability of larger neuronal populations. Here, the slope of MEP amplitudes
resulting from increased TMS intensity reflects the recruitment of neuronal
populations. Active and passive MTs were not modified during anodal and
cathodal tDCS or for the after-effects in one study [27]. However, they were
found to be increased for the after-effects of cathodal tDCS in another study
[24], probably caused by a higher current density applied in this study. For the
I/O curve, anodal and cathodal tDCS influence the recruitment of neurons by
TMS applied during direct current stimulation as well as during the after-
effects: anodal tDCS enhances, while cathodal stimulation diminishes recruit-
ment [27]. Thus, these results essentially confirm those obtained with
single-pulse TMS. The selective effect of tDCS on the I/O curve is most proba-
bly caused by the greater population of neurons tested by this technique. The
sensitivity of the I/O curve in detecting cortical excitability changes may be
superior as compared to MT changes, especially because the tDCS electrodes
cover a relatively large cortical area. For exploring the intracortical effects of
tDCS, motor cortical inhibition and facilitation were studied [27] by a double-
stimulation paradigm [28]. It was found that during tDCS intracortical facilita-
tion is diminished by cathodal tDCS. For the after-effects of tDCS, cathodal
tDCS additionally enhances inhibition, while anodal stimulation results in
reversed effects [27]. However, in another study, no effect of long-lasting after-
effects of tDCS on intracortical inhibition/facilitation was described [29]. It is
difficult to compare the results of the two studies, since TMS test pulse ampli-
tude, which is important for the amount of inhibition and facilitation achieved
[30, 31], was not adjusted in the latter experiment, and a higher intensity of the
conditioning pulse applied in that study may have led to ceiling or bottom
effects. Indirect waves (I-waves) are corticospinal waves generated by motor
cortex stimulation, which evolve after the first or direct corticospinal volley (direct
or D-wave) and are likely under control of intracortical neuronal circuits [32].
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I-wave facilitation was not influenced during short-lasting tDCS. For the after-
effects, the first [-wave peak was enhanced by anodal and cathodal tDCS, while
peak 4 was facilitated solely by anodal direct current stimulation [27]. The lack
of a tDCS effect on I-wave facilitation by tDCS protocols which do not elicit
after-effects (intra-tDCS condition) fits well with the assumption that the
excitability modulation generated by tDCS in this case depends primarily on
membrane polarization, while I-wave facilitation depends on synaptic mecha-
nisms. The facilitatory effect of anodal and cathodal tDCS on the first [-wave
within the long-lasting after-effects is surprising. Anodal stimulation may have
caused an enhanced I-wave peak amplitude by increasing cortical facilitation.
For the cathodal tDCS condition, this result could have been caused by a deac-
tivating effect from inhibitory interneurons controlling the first I-wave peak, as
was suggested as an explanation for the reduction of transcallosal inhibition by
cathodal tDCS [33]. Alternatively, it cannot currently be ruled out that cathodal
tDCS increases the excitability of subpopulations of excitatory interneurons,
which influence the MEP amplitude within the first [-wave.

Taken together, the results suggest that the net corticospinal excitability
modulation induced during tDCS, which elicits no after-effects, critically
depends on membrane polarization. This is demonstrated by the results of the
pharmacological studies and by the trend towards an increased slope of the I/O
curve achieved by anodal tDCS and the reduced slope brought about by catho-
dal tDCS — but also by the little or no effect of tDCS on intracortical inhibition,
facilitation and I-wave facilitation. For the after-effects of tDCS, the shift of the
latter parameters suggests a prominent involvement of intracortical synaptic
mechanisms in the resulting excitability modulations. Here, anodal tDCS
increased not only the slope of the I/O curve, but also increased intracortical
facilitation, diminished intracortical inhibition and increased I-wave peaks,
whereas cathodal tDCS resulted in the reverse effects, with the exception of
I-wave facilitation. These effects are most likely explained by tDCS-generated
modifications of NMDA receptor efficacy. I/O curve, intracortical inhibition
and facilitation, as well as I-wave facilitation are thought to be at least partly
controlled by these receptors.

Safety Aspects

For the safety of tDCS, only limited knowledge is available so far. In gen-
eral, the combination of strength of current, size of stimulated area and stimula-
tion duration are the relevant parameters that determine the efficacy of
electrical brain stimulation [34]. A formula representing these parameters is
total charge [current strength (A)/area (cm?) X stimulation duration (s)] [35].
This formula was originally developed for suprathreshold electrical stimula-
tion, but it seems to also be appropriate for weak subthreshold direct current
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stimulation, because different current intensities per area will result in different
amounts of neuronal de- or hyperpolarization, and it has been shown that dif-
ferent stimulation durations result in different time courses of the induced
excitability shifts [3, 12]. Preliminary limits for a safe total charge of stimula-
tion have been given [35]. Currently applied tDCS protocols are well below this
threshold. These protocols (current strength typically 1-2mA, electrode size
between 25 and 35 cm?, stimulation up to 20 min) should be regarded as safe, as
shown by behavioural measures, EEG, serum neuron-specific enolase concen-
tration, and diffusion-weighted and contrast-enhanced MRI measures [13, 14,
36, 37]. However, electrode positions above cranial foramina and fissures
should be avoided because these could increase effective current density, and
thus safety of stimulation may no longer be guaranteed.

Functional Effects of Transcranial Direct Current Stimulation

Impact of tDCS on Perception and Elementary Behaviour

In the occipital lobe, tDCS is known to be able to induce bidirectional
excitability shifts of the primary visual cortex (V1). Visual cortex excitability
can be monitored by determination of phosphene thresholds. Phosphenes are
subjective light sensations, which are elicited by single- or double-pulse TMS
of the visual cortex [38]. The phosphene threshold is the lowest TMS intensity
which reliably induces phosphenes. Anodal tDCS was shown to decrease the
threshold for phosphenes, while cathodal stimulation resulted in effects in the
opposite direction [39]. Thus, like in the motor cortex, anodal tDCS enhances
V1 excitability, while cathodal stimulation diminishes it. Likewise, it has been
shown that cathodal tDCS of V1 increases contrast perception threshold [40]. In
this study, anodal tDCS failed to have any effect on contrast perception, most
probably due to a ceiling effect caused by the already optimum perceptual per-
formance of the subjects without stimulation.

For the somatosensory cortex, anodal tDCS, when applied over the motor
cortex representational area of the hand motor area, increases the amplitudes of
somatosensory-evoked potentials (P25/N33, N33/P40) for at least 60 min after
the end of stimulation [41]. Cathodal tDCS was without effect in this protocol.
However, cathodal tDCS delivered over C4 — and thus perhaps more directly over
the somatosensory cortex — impaired the tactile discrimination threshold [42].

With regard to elementary motor cortex function, it was demonstrated
that anodal stimulation improves performance in choice reaction time tasks
[10, 11, 43]. Moreover, tDCS with both polarities reduced training-induced
changes of motor cortical excitability patterns and re-established the pre-use dom-
inant pattern [44]. The most parsimonious explanation for the latter result is a
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deactivation of transiently, use-dependently activated networks by cathodal
tDCS and a reactivation of transiently use-dependently inhibited networks by
anodal tDCS. Thus, both tDCS conditions would shift the focus of excitability
back to the pre-use dominant one. Furthermore, these results imply that the
functional effects of tDCS may depend on task characteristics.

tDCS Affects Cognitive Performance

Since learning requires functional changes in the cortical architecture that
involve excitability modulations, the induction of neuroplastic changes by weak
direct current stimulation is an interesting potential tool to modulate these
processes. Indeed, it was shown in some early experiments that learning processes
are influenced by direct current stimulation: in monkeys, anodal stimulation of
the dorsolateral prefrontal cortex improved performance in a delayed reaction
time task, while cathodal stimulation of the same region worsened it [45]. The
same pattern of results was found by Albert [46] and Morrell and Naitoh [47] for
a conditioned avoidance task in the rabbit. Thus, an externally induced increase in
cortical excitability seems to be beneficial to learning processes, while decreas-
ing it results in a more negative outcome. This is in accordance with current opin-
ions that long-term potentiation, which could be enhanced by an excitability
elevation and diminished by a respective reduction of excitability, is the crucial
mechanism for the formation of memory traces [48].

For humans, it has been shown that specifically anodal stimulation of the
primary motor cortex improves implicit motor sequence learning in its acquisi-
tion phase, while stimulation of other areas, like premotor and prefrontal cor-
tices, was without effect [43]. Likewise, anodal stimulation of the left V5, a
motion-sensitive cortical area, improved learning in a visuomotor coordination
task. Interestingly, cathodal tDCS of the same region improved performance of
the same task in an overlearned state [49, 50]. It was speculated that different
effects of tDCS on different learning phases might be due to phase specificity
of neuroplastic modifications: while during learning an excitability enhance-
ment should increase the strengthening of task-relevant synaptic connections,
the benefit of suppressing task-irrelevant or distractive neuronal connections
may be superior during performance of an overlearned task by shaping the task-
relevant activation pattern. For implicit semantic memory processing, left fronto-
polar tDCS was examined. Here, anodal stimulation improved performance in
a probabilistic classification learning task [51], while cathodal stimulation
tended to worsen it [52].

Declarative memory can also be improved by tDCS: repetitive bilateral
anodal tDCS of the dorsolateral prefrontal cortex over 30 min of total stimula-
tion duration with a stimulation pattern of alternating 15 s on and off, applied
via small electrodes with a relatively high current density, improved verbal
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declarative memory performance, when applied during slow-wave sleep [53].
Similarly, a significant increase in word fluency was reported after 20 min of
anodal tDCS of the left dorsolateral prefrontal cortex, while cathodal stimula-
tion decreased it mildly [36]. This effect was apparent only with a current
strength of 2mA, but not with 1 mA, which argues for a stimulation intensity-
dependent effect of tDCS on the dorsolateral prefrontal cortex, in addition to
that already demonstrated for the primary motor cortex [12].

Working memory is also influenced by tDCS. Fregni et al. [54] report
improved performance in a three-back sequential-letter working memory task
during anodal stimulation of the left dorsolateral prefrontal cortex. However,
bilateral repetitive anodal and cathodal tDCS of the dorsolateral prefrontal cor-
tex resulted in deficits of response selection and preparation in the Sternberg
working memory paradigm [55]. These opposing results might be due to task
characteristics, since the Sternberg paradigm demands more complex informa-
tion processing than the three-back letter task, but might also be caused by the
different stimulation protocols used in both studies.

Taken together, the studies undertaken so far show perceptive and behav-
ioural effects of tDCS in relatively simple, but also complex cognitive para-
digms. Although in most paradigms tested, anodal tDCS seems to improve
performance, the effects depend critically on stimulation parameters (e.g. elec-
trode position, electrode size, stimulation intensity), but also on task characteris-
tics like complexity and learning phase. Altogether, tDCS has evolved as a useful
tool to explore task-related information processing in the human cerebral cortex.

Clinical Applications

For the clinical application of tDCS, at least two main fields of interest can
be identified: (a) the exploration of pathological alterations of neuroplasticity in
neurological and psychiatric diseases, and (b) the evaluation of a possible clini-
cal benefit of tDCS in these diseases. Both lines of research are still in their
early days.

Pathological alterations of neuroplasticity can be studied by testing the
inducibility of prolonged excitability shifts by cathodal or anodal tDCS.
Moreover, combining tDCS and repetitive TMS (rTMS) might furthermore
deliver information about the pathology of metaplasticity in certain neurolog-
ical and psychiatric diseases. Pathology of metaplasticity was explored in
patients with focal hand dystonia. In this disease, the excitability of inhibitory
circuits is reduced at multiple levels of the sensorimotor system, including the
hand area of the primary motor cortex. This might be caused or accompanied by
a deficient function of homeostatic mechanisms, which keep cortical excitability
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within a normal physiological range. This hypothesis was tested by application
of the homeostatic plasticity protocol introduced by Siebner et al. [29] in the
respective group of patients. Here, 10 min of anodal or cathodal tDCS of the
primary motor cortex are followed by 1-Hz rTMS (intensity 85% of resting
MT) of the same area. In healthy subjects, anodal tDCS enhances, while catho-
dal tDCS reduces excitability, and this effect is reversed by subsequent rTMS.
In the patients with focal hand dystonia, however, 1-Hz rTMS failed to convert
the excitability enhancement induced by anodal tDCS into a clear inhibition.
Moreover, cathodal tDCS did not result in a significant inhibition, nor did it
modify the effect of 1-Hz rTMS on excitability [56]. Thus, homeostatic mech-
anisms reducing high-level cortical activity might be deficient in focal hand
dystonia. The failure of cathodal tDCS alone to induce clear inhibition in this
patient group might be taken as evidence for an additional, generally reduced,
ability to establish inhibitory neuroplasticity.

For the evaluation of clinical benefits from tDCS-induced neuroplasticity
for patients with neurological and psychiatric diseases, a limited number of
pilot studies have been performed. In chronic stroke patients with paresis,
motor rehabilitation can be hampered by a kind of maladaptive plasticity called
‘learned non-use’ [57]. Prolonged inactivity of the paretic extremity reduces its
motor cortical representation and excitability, and thus compromises motor
function. This may partly be caused by a contralateral motor cortex hyperactiv-
ity, which increases transcallosal inhibition of the lesioned hemisphere. Thus,
enhancing excitability of the lesioned motor cortex by anodal tDCS, as well as
reducing excitability of the non-lesioned contralateral one by cathodal stimula-
tion, might improve motor function of the paretic extremity after stroke. Indeed,
it was shown in chronic stroke patients with paresis of the upper limb that
20 min of anodal stimulation of the hand area in the primary motor cortex of the
lesioned hemisphere improved performance with regard to fine motor skills, as
evaluated by the Jebsen Taylor test [58]. In another study, it was demonstrated
that 20 min of cathodal stimulation of the hand area situated within the non-
leisoned cortex is equally effective [59]. The impact of short-lasting tDCS on
tinnitus was tested by applying 3-min anodal, cathodal or sham stimulation to
the left temporoparietal area [60]. In the motor cortex, this stimulation duration
results in after-effects lasting for about 1 min after stimulation. Similar to high-
frequency rTMS, anodal tDCS decreased tinnitus immediately after stimulation.

In psychiatric patients, some studies were conducted in the 1960s with a
bilateral frontopolar electrode montage, and the reference electrode positioned
at the knee. It was speculated that this stimulation protocol primarily stimulates
the brain stem. Using this stimulation protocol, it was found that excitability-
enhancing anodal stimulation diminished depressive symptoms [61], while
excitability-reducing cathodal stimulation reduced manic symptoms [62].
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Fig. 2. Mean score changes (%) after treatment, according to the HAM and the BDI, in
depressive patients treated with active tDCS (black column) and sham tDCS (white column).
There was a significant improvement in depression scores measured by the HAM and the
BDI after treatment only in the active tDCS group. Error bars are standard errors.
Significance level (*) was assessed by the paired Student t test (comparison between the
HAM and BDI scores at baseline and after treatment for both groups). Statistical signifi-
cance refers to a two-tailed p value <0.05 (with permission by Fregni et al. [67]).
BDI = Beck depression inventory; HAM = Hamilton depression rating scale.

Unfortunately, these results could not be replicated in all follow-up studies, pos-
sibly because of different patient subgroups, measures of changes or other fac-
tors that were not controlled for systematically (for an overview, see Lolas
[63]). In schizophrenic patients, this stimulation protocol did not produce clear
effects in the only study conducted [64]. In recent years, it has become increas-
ingly clear with functional imaging methods that in depressed patients the left
dorsolateral prefrontal cortex is hypoactive, while activity of the right prefrontal
cortex might be increased [65]. Consequently, non-invasive stimulation tech-
niques were applied to determine whether a normalization of prefrontal activity
could diminish clinical symptoms. Indeed, activity-enhancing rTMS of the left
prefrontal cortex was found to improve the clinical status of depressed patients
[66]. The ability of tDCS to produce similar effects has recently been tested in a
double-blind, sham-controlled pilot study [67]. Excitability-enhancing anodal
tDCS of the left dorsolateral prefrontal cortex, combined with cathodal stimula-
tion of the right frontopolar cortex, was applied for 5 alternate days in a group
of patients suffering from major depression. Compared to baseline values and
the sham tDCS control group, depression scores, as recorded by the Beck
Depression Inventory and the Hamilton Depression Rating Scale, were signifi-
cantly reduced in the treatment group (fig. 2). In view of this, tDCS could
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evolve as a promising new complementary method to treat depression in the
future.

Although research activities with regard to clinical applications of tDCS
are still in their infancy, the results obtained so far show (a) that tDCS, e.g. in
combination with TMS or rTMS, could evolve as a valuable technique to study
neuroplasticity as well as metaplasticity in neurological and psychiatric dis-
eases, and (b) the possibility of using tDCS to treat diseases of the central ner-
vous system which are accompanied by pathological alterations of cerebral
excitability can be derived from the results of the aforementioned studies.
However, these studies were performed mainly to prove the principle that tDCS
can reduce symptoms. Thus, the stimulation durations in most cases were rela-
tively short, stimulation intensities weak, and the effects were — perhaps with
the exception of the depression study — mostly subclinical. Future studies need
to show if prolonged, repetitive or stronger stimulation protocols, for which
safety has to be assured, could evolve into clinically relevant improvements.
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Abstract

It has proved possible in experimental animals to manipulate synaptic efficiency using
direct electrical stimulation. The introduction of transcranial methods of non-invasively stim-
ulating the human brain raised hopes that similar effects could be produced in humans, with
the potential for eventual therapeutic application in disease states. However, human subjects
often require lengthy conditioning with traditional repetitive transcranial magnetic stimula-
tion (rTMS), and even then effects are often weak, variable and have only mild benefits in a
therapeutic setting. To address some of these concerns, we developed novel rTMS para-
digms, which can swiftly produce relatively strong and controllable long-term changes in the
excitability of cortical circuits after only a few minutes of conditioning. They are based on
theta burst stimulation (TBS) patterns of neuronal firing occurring in the hippocampus of
animals and use low-intensity (80% of active motor threshold) stimulation to produce long-
term depression-like and long-term potentiation-like effects on the motor system of con-
scious humans. These can be measured at an electrophysiological and behavioural level as
effects that outlast the period of stimulation by over an hour. In particular, we have found that
the pattern of delivery of TBS (continuous versus intermittent) is crucial in determining the
direction of change in synaptic efficiency.

Copyright © 2007 S. Karger AG, Basel

The nervous system has a remarkably flexible organisation that allows it to
analyse, store, and react to changes inside or outside the body in an efficient
and appropriate manner throughout life. This kind of complex adaptation,
termed (neural) plasticity, seems to be present to a greater or lesser extent from
the embryo to late life [1]. It is widely accepted that long-lasting changes in the
efficiency of synaptic transmission, including long-term potentiation (LTP) and
long-term depression (LTD), form the basis of neural plasticity. In the past,



attention focussed on the role of plasticity in development but more recently
interest has focussed on the possible role of neural plasticity in reacting to and
compensating for chronic injury or neurological disease.

There are many ways of inducing plasticity naturally or artificially in ani-
mal preparations. Among them, repetitive electrical stimulation of neural path-
ways first introduced by Lemo, Bliss and others in the late 1960s to early 1970s
is the most efficient way of achieving plasticity, and is still the most commonly
used protocol. One of the most effective patterns of stimulation for producing
LTP is the ‘theta burst’ paradigm [2], which was developed to mimic the normal
pattern of neural firing in the hippocampus of rats during exploratory behaviour
[3]. It consists of very short bursts of high-frequency stimulation at 100-200 Hz
which are repeated at 5 Hz (the theta range of frequencies in EEG terminology)
for a period of around 2s. For example, theta burst stimulation (TBS) of
Schaffer/commissural projections to the CA1 field of the rat induced LTP last-
ing more than 1h in the hippocampus. LTD, in contrast, is often induced by
slow-frequency (<10 Hz) stimulation [4], although in some systems continuous
high-frequency stimulation may have a similar effect if the membrane potential
of the postsynaptic neurone is changed, for example by concurrent synaptic
activity or by artificial polarisation of the membrane [5].

The development of repetitive transcranial magnetic stimulation (rTMS),
as a technique for non-invasive and painless stimulation of the human brain, led
to the expectation that effects similar to those observed in animal models could
be produced in conscious humans. If this were possible, it was reasoned that
rTMS might have potential therapeutic applications by offering a non-invasive
method of inducing plasticity in conscious humans that could be used to treat
brain diseases due to hyper- or hypoexcitability in the brain.

However, the results of traditional paradigms of rTMS have been disap-
pointing, and often weak and inconsistent. There are several possible reasons
for the previous disappointing results. First, even in animal experiments, it has
been difficult to demonstrate LTP/LTD in the cortex of awake and freely mov-
ing animals without the use of extended or repeated sessions of stimulation [6].
Second, concerns over safety have limited many studies on humans to the use of
relatively low frequencies of stimulation of 25 Hz or (usually) below. This type
of stimulation can certainly produce effects on neural systems in humans that
outlast the period of stimulation, and which have some characteristics that are
similar to those seen in animal studies [7]. However, conditioning with low fre-
quencies of stimulation is slow, and in human studies the ratio of the time taken
to apply the stimulation to the duration of the after-effect is only about 1:1,
which is clearly not practical for a therapeutic application. In addition, the
effect observed after rTMS in humans is subject to notable interindividual vari-
ability [8], and behavioural effects have been elusive [9] without the use of
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complex experimental paradigms [10]. Third, only protocols with regular fre-
quency have been tried in rTMS, while successful paradigms in animal studies
often use patterned stimulation, for example, theta burst stimulation (TBS). In
addition, TMS in humans is relatively non-focal, and therefore cannot be used
to target spatially specific neural connections. In response to these problems,
we developed TMS paradigms based on TBS patterns: i.e. patterned, high-
frequency stimulation using relatively low intensities.

The Effect of a Short Burst

As a preparatory investigation prior to the introduction of TBS in humans,
we explored the effect of applying a single short burst of high-frequency rTMS
to the human motor cortex in order to document its effects on corticospinal
excitability. The safety guidelines for rTMS [11] do not extend to frequencies
above 25Hz, so we were deliberately conservative in the intensities that we
applied at 50 Hz. Due to safety concerns and the availability of the equipment,
we decided to use intensities of up to 80% of active motor threshold (AMT)
given at 50 Hz with up to 15 pulses per burst.

We first tested the effect of burst length and intensity. In this part, we
examined the changes in amplitude of motor-evoked potential (MEP) and
short-interval intracortical inhibition (SICI) that occurred 20 ms after bursts at
50 Hz with different lengths and different stimulus intensities. The paradigms
that test SICI in humans are thought to monitor excitability in local intracortical
circuits involving GABA ,ergic connections [12, 13]. We delivered a short burst
at three different stimulus intensities: 50, 70 and 80% of AMT. Both 5- and 15-
pulse bursts were given at each stimulus intensity. Figure 1 shows the effect on
MEP amplitude and SICI. At the intensities we used, both 5- and 15-pulse
bursts had the same effect on MEP and SICI. Post hoc comparison of the com-
bined data from the 5- and 15-pulse bursts with the control MEP amplitude
showed that bursts at 70 and 80% AMT increased the amplitude of MEPs by
approximately 38 and 48% [14], respectively, whereas they decreased the
amount of SICI from 58 to 78% control and from 62 to 85% control [14],
respectively. There was no effect on MEP and SICI with stimulation at 50%
AMT. In addition, we also showed that H-reflex in the contralateral flexor carpi
radialis was not affected by a 5-pulse burst at 80% AMT [14].

Interpreting the reduced percent SICI at 20 ms after a burst of 5 pulses is
difficult because the MEP was also facilitated at that time. Although SICI is
usually more prominent the larger the MEP [15], facilitation of the response
might also increase the effective amplitude of the conditioning stimulus. Given
that there is a ‘U’-shaped dependence of SICI on conditioning intensity [13], it
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Fig. 1. The effect of bursts at 50 Hz on MEP amplitude (a) and SICI (b). SICI is
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group data. Error bars refer to the standard error of the measurements [14].
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Fig. 2. The effect of a 5-pulse burst at 50 Hz and 80% AMT on the amount of SICI
using different intensities of the conditioning pulse (x-axis). SICI is expressed as a percent-
age of the unconditioned MEP in each subject [14].

is possible that increasing the effectiveness of the conditioning stimulus would
decrease SICI. In order to overcome this problem, we investigated whether the
threshold for producing SICI was changed by a conditioning burst of 5 pulses at
80% AMT. SICI was tested at both 10 and 20 ms after the end of the burst, and
5 different intensities of the conditioning stimulus were used to evoke inhibi-
tion: 60, 70, 80, 90, and 100% AMT. The results (fig. 2) at 10 and 20 ms did not
differ from each other but each differed from the control data in which no burst
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Fig. 3. Comparison of the effect of a single-pulse (bars) and a 5-pulse burst at 50 Hz
(symbols and lines) both at an intensity of 80% AMT. a The time course of the effect on the
MEP amplitude. b The time course of the effect on SICI presented as a percentage of uncon-
ditioned MEP. The x-axis represents the interval between the single pulse or the last pulse in
the conditioning train and the time of the test MEP [14].

had been given in advance. There was significantly more inhibition in the con-
trol data at all intensities of stimulation [14].

We also checked the influence of a S-pulse burst on the resting motor
threshold (RMT) or AMT at 20 ms after the end of the burst. The RMT was sig-
nificantly reduced from 53 = 19% to 46 = 15% by a burst of 5 pulses at 80%
AMT, whereas the AMT was not significantly changed [14].

In a second stage, we looked in more detail at the effects of 5-pulse bursts
delivered at 50 Hz and 80% AMT on MEP amplitude and SICI at a wider range
of intervals between 20 and 300 ms after the end of each burst. We found that 5-
pulse bursts at 50 Hz could produce short-lasting after-effects that were larger
and longer in duration than those seen after application of a single conditioning
stimulus of the same intensity (fig. 3) [14]. A single conditioning stimulus at
80% AMT had no effect on the amplitude of subsequent test MEPs at intervals
of =20 ms. However, a burst of 5 pulses increased test MEPs at 20 and 40 ms
after the end of the burst. As noted above, the low intensity of the stimuli in the
burst is unlikely to have produced any descending activity in the corticospinal
tract and therefore this increase in excitability is likely to be cortical in origin.
The mechanism is unclear, although it is interesting to note that Valls-Sole et al.
[16] also saw facilitation of test MEPs at about 50 ms after a single, larger, con-
ditioning stimulus. One possibility is that the stimuli in the burst were at around
the threshold intensity for intracortical facilitation (ICF) [17]. In this case, the
first stimulus of the burst might have produced a subthreshold period of ICF
which was still present when the second pulse of the burst was applied 20 ms
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(i.e. 50 Hz) later. This could continue for the remaining 3 pulses of the burst and
result in a period of cortical facilitation resembling that seen after a single
larger conditioning stimulus.

As with the MEP, a burst of 5 pulses had a stronger effect on SICI than a
single pulse of the same intensity. However, the time course of the effect on
SICI was longer than that on the MEP, suggesting that (at least at intervals of
150 and 200 ms) they were mediated by two separate mechanisms. There have
been two previous studies of the effects of a single conditioning stimulus on
SICI in the motor cortex, but the intensity of the stimulus and the interval at
which SICI was tested were different to those used here. Sanger et al. [18]
found that SICI was decreased 100ms after a suprathreshold stimulus;
Bestmann et al. [19] found that a stimulus which produced no SICI when given
alone could increase SICI at intervals of 4 ms or less. The present data appear to
show that a single stimulus of 80% AMT had no significant effect on SICI
when tested 20200 ms later.

The increase in the effect on SICI of a 5-pulse burst is not unexpected and
implies some form of facilitation of the effects of each single pulse when given
at a frequency of 50 Hz. However, the interpretation of the effect on SICI is
complicated by the fact that the burst also increases the amplitude of MEPs.
There are two possible confounding factors. First, the amplitude of the test
MEP in the SICI paradigm is increased by rTMS. However, this is usually asso-
ciated with a small increase in the amount of SICI [15] rather than the reduction
we saw in the present experiments. In addition, we still observed a significant
decrease in SICI in 3 subjects in whom we adjusted the test intensity to main-
tain the amplitude of the test MEP following a burst at 1 mV [14]. The second
confounding factor is that previous work has shown that SICI is maximal at par-
ticular conditioning intensities (about 80—-100% AMT at an SICI interval of
3 ms), and is smaller at intensities above and below that value. The 50-Hz burst,
by analogy with its effect on the MEP, could have increased the effectiveness of
the conditioning pulse and hence decreased SICI. This seems unlikely to have
happened since we found that the 50-Hz burst increased the threshold for pro-
ducing SICI and reduced the amount of inhibition at all intensities of condition-
ing stimulus. Finally, it should be noted that the threshold for SICI was
expressed relative to AMT, and that control experiments confirmed that this
was not affected by rTMS. We therefore conclude that the 50-Hz burst effect on
SICI was not secondary to an effect on the excitability of the test or condition-
ing pulse used to measure SICI.

The 5-pulse burst of 50 Hz reduced SICI for about 200 ms. It is possible
that the reduced SICI at long intervals (e.g. 150 and 200 ms) is linked to the
observations of Sanger et al. [18] of a similar reduction at the same intervals
after a single suprathreshold pulse. Perhaps 5 pulses of low intensity at 50 Hz

Huang/Rothwell 192



can summate leading to this same mechanism. Sanger et al. [18] explained their
effect as being due to an interaction between long-interval intracortical inhibi-
tion and SICI. If the 50-Hz burst were inducing this effect, it might be a useful
method of invoking long-interval intracortical inhibition without the preceding
MEP evoked by a single large conditioning stimulus.

The results of the short-burst study confirm that it is safe and possible to
condition the human motor cortex with short bursts of 50-Hz rTMS using very
low intensity pulses. We therefore felt confident to apply longer-lasting theta
burst conditioning to the human cortex to study long-term after-effects at corti-
cal synapses in a similar way as it has been so successfully applied in animal
experiments.

Theta Burst Stimulation

The basic TBS pattern of rTMS is a burst containing 3 pulses of 50-Hz
magnetic stimulation at 80% AMT given every 200 ms (i.e. at 5 Hz). We have
investigated the effects of two different stimulation paradigms (fig. 4a). The
first paradigm, which we have called intermittent theta burst stimulation
(iTBS), mimics the TBS stimulation that has long been used for producing LTP
in animal preparations [2, 20]. We gave the basic pattern in a short train lasting
2 s (i.e. 10 bursts), repeated every 10 s for 20 cycles (a total of 600 pulses). The
second paradigm, which we have called continuous theta burst stimulation
(cTBS), delivers the basic pattern in a continuous train lasting 40 s (cTBS600;
i.e., 200 bursts and a total of 600 pulses) or 20 s (¢cTBS300; i.e., 100 bursts and
a total 300 pulses). We assessed the consequences of these different stimulation
paradigms by assessing the time course of changes in MEP size elicited from
the contralateral first dorsal interosseous muscle by a single pulse of TMS
delivered at a set intensity (the intensity required to produce an MEP of 1 mV)
before and after conditioning. RMT and AMT were also measured before and at
10 min after the end of cTBS300.

We have not observed, and subjects have not reported any serious adverse
effects in any of the TBS experiments so far. There was also no problem with
overheating of the stimulation coil with this low intensity of stimulation. When
the stimuli were given in the iTBS pattern, MEPs were facilitated after 190 s of
stimulation for about 19 min (fig. 4b) [21]. This parallels the LTP phenomenon
induced by TBS in animal preparations. However, when we gave all the bursts
continuously without a pause, i.e. cTBS, to enhance the facilitatory effect, we
surprisingly saw totally opposite results. MEPs were dramatically suppressed
for about 60 min after cTBS600 (fig. 5b), even though the protocol uses the
same number of stimuli as iTBS. When the ¢cTBS was shortened from 40 to
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Fig. 4. Paradigms of TBS and their effects on MEPs. a Graphical illustration of the two
stimulation paradigms of TBS. Each paradigm uses a TBS pattern in which 3 pulses of stim-
ulation are given at 50 Hz, repeated every 200 ms. In the iTBS pattern, a 2-second train of
TBS is repeated every 10s for a total of 190 s (600 pulses). In the cTBS paradigm, a 20-sec-
ond or 40-second train of uninterrupted TBS is given (300 or 600 pulses). b The time course
of changes following conditioning with iTBS (d) or cTBS600 (f). There was a significant
facilitation of MEP size following iTBS lasting for about 15 min, and a significant reduction
of MEP size following c¢TBS lasting for nearly 60 min. ¢ Comparison of the effects of cTBS
given for 20's [300 pulses; cTBS300 (y)] with the same paradigm given for 40 s [600 pulses;
c¢TBS600 (f)]. There was a significant effect of duration of ¢cTBS conditioning on the time
course of the effect [significant TIME X DURATION interaction (Fy4 |, = 2.24,
p < 0.05)] with the effect of cTBS300 lasting about 20min compared to the effect of
c¢TBS600 which lasted about 60 min (modified from Huang et al. [21]).

20s, i.e. cTBS300, the suppression lasted for more than 20 min (fig. 4c) [21].
Our different TBS paradigms have large effect sizes and acceptable interindi-
vidual variability compared with traditional rTMS paradigms. Thus, the mean
percentage change of the MEP size in the period where the maximum effect
occurred (i.e. 7-14min after cTBS300, 1540 min after cTBS600, 1-10 min
after iTBS) was —45.0% (SD = 8.9%), —42.2% (SD = 24.0%) and 75.7%
(SD = 40.9%), respectively. These effect sizes and variability compare well
with traditional rTMS paradigms, such as those explored by Maeda et al. [§],
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Fig. 5. The changes in choice reaction time following ¢cTBS. a A graphical illustration
of the choice reaction time task. Electrodes were attached to the ulnar side of the hands.
Electrical stimuli were delivered through these electrodes in a random sequence. Subjects
were instructed to press the button with the index finger of the hand stimulated as quickly as
possible, when they felt a stimulus. In addition, they were asked to press the button with a
certain force. Visual feedback as to the accuracy of the force with which they pressed the but-
ton was given on a screen in front of the subject. b There was a significant lengthening of
reaction time in the conditioned hand 10 min after cTBS [F(2, 16) = 4.30, p < 0.05], and
a significant shortening of reaction time in the unconditioned hand 30 min after cTBS
[F(2,16) = 7.82, p < 0.005]. Modified from Huang et al. [21].

where a much larger number of rTMS pulses (1,600) produced mean effects of
—34.03% (SD = 37.87%) after 1 Hz and 37.87% (SD = 53.59%) after 10 Hz.
In addition, we found that cTBS300 increased the RMT from 49.0 = 8.9% to
51.0 £ 9.7% of maximum output of the magnetic stimulator, while AMT
stayed unchanged [21].
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Given the very low intensity of the individual pulses (80% AMT), it is
highly unlikely that TBS produced any activity in descending corticospinal
fibres, and therefore that there were any direct effects of TBS on the excitabil-
ity of circuits in the spinal cord. However, as a further test of this, we compared
the effect of cTBS300 on MEPs evoked in forearm flexor muscles with that on
the spinal H-reflex evoked in the same muscles. MEPs were suppressed to
76.5% of control size in these muscles following cTBS300, but the H-reflex
was not significantly affected [21].

We have therefore demonstrated that stimulation over the motor hand area in
healthy subjects using frequencies of -TMS based on theta burst patterns can pro-
duce rapid changes in the function of the motor system that outlast the period of
stimulation by over 60 min. These long-lasting, consistent and significant effects
were produced despite very short periods of conditioning (20—192 s) and very low
stimulus intensities (80% of AMT). This is in contrast to many previous para-
digms of rTMS in humans, which have required much longer periods of condi-
tioning at higher stimulus intensities to have an effect of similar duration [7].

The data show that the effects on the motor system depend on the pattern
of stimulation and state of the motor system when the TBS is applied. Thus,
c¢TBS for 20 s (cTBS300) reduces corticospinal excitability, as indicated by the
decline in MEP amplitudes, whereas the same number of pulses applied at
15 Hz for the same period of time has no effect [21]. However, TBS applied in
an intermittent pattern (iTBS) can increase corticospinal excitability, indicated
by the increase in MEP amplitudes after this type of conditioning.

Furthermore, cTBS300 produced clear changes in a two-choice reaction
task in which subjects had to press buttons with the left or right hand in
response to an electrical stimulation [21]. This is the first time that a behav-
ioural effect on such a simple task has been shown with methods of condition-
ing the motor cortex. In this experiment, cTBS was applied to the left
hemisphere and reaction times were measured in the right (conditioned) and left
(unconditioned) hands to electrical stimuli applied randomly to each hand (fig.
5a). The reaction time of the conditioned hand was slowed by cTBS by around
10% for at least 10 min, while the reaction time of the unconditioned hand
remained unchanged. In addition, a decrease in reaction times 30 min after
c¢TBS300 was noticed (fig. 5b) [21]. The finding of a significant slowing of
reaction time following just 20s of cTBS is notable, as a clear behavioural
effect on such a simple task has been difficult to produce previously with other
kinds of rTMS [9]. It seems likely that the significant shortening of reaction
time that was observed in the unconditioned hand 30 min after conditioning is a
learning effect. A similar effect was not observed in the conditioned hand,
perhaps indicating that conditioning with ¢cTBS not only affected reaction time,
but also motor learning. It is also possible that the hypofunction of the left
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hemisphere caused by TBS produced a reciprocal hyperfunction of the right
hemisphere, facilitating motor responses in the unconditioned hand via a simi-
lar mechanism to that observed in human subjects following unilateral stroke
[22]. However, further experiments are needed to address these possibilities
directly.

Mechanisms of Theta Burst Stimulation

MEPs evoked in the forearm flexor muscles by a standard pulse of TMS
were smaller after cTBS, whereas spinal H-reflexes in the same muscle were
unaffected. The simplest explanation for this is that spinal motoneurones and
the synaptic input from the H-reflex are unaffected by cTBS, and that changes
in MEP are due to changes in the excitability of circuits in the cortex. Since
MEPs evoked in hand and forearm muscles by TMS pulses are produced by
transsynaptic excitation of corticospinal projection neurones [23], this would
imply either an increase in the effectiveness of that synaptic input or an increase
in the baseline excitability of the corticospinal neurones that receive it. A lack
of effect of TBS on spinal circuits would also be consistent with the very low
intensity (80% AMT) of the pulses we employed for TBS: well below the
threshold for evoking any direct corticospinal effects. However, it is possible
that the population of spinal motoneurones tested by the H-reflex is different
from that activated by the MEP, so that a small spinal component to the MEP
change may exist.

As further evidence that TBS has an effect on the excitability of intrinsic
cortical circuits, we measured SICI and ICF before and after iTBS and
c¢TBS300 using a standard paired-pulse paradigm. We assessed SICI at inter-
stimulus intervals of 2 and 3 ms using a conditioning intensity of 80% AMT,
and ICF at interstimulus intervals of 10 and 15 ms with a conditioning intensity
of 90% AMT. Because cTBS increased the RMT but keeps AMT the same, we
adjusted the intensity of the test stimuli while assessing SICI and ICF after TBS
to maintain the amplitude of test MEPs at approximately 1 mV. We found that
SICI was significantly increased following iTBS, while ICF remained the same.
In contrast, cTBS reduced the amount of SICI and ICF (fig. 6) [21].

The paradigms that test SICI and ICF in humans are thought to monitor
excitability in local intracortical circuits, some of which involve GABA ,ergic
connections [12, 13]. This makes it highly likely that a change in SICI and ICF
is due to an effect on the excitability of connections in these circuits. It is inter-
esting to note that, like the MEP data, effects of TBS depend on the pattern of
stimulation. Thus, both SICI and ICF are suppressed following ¢TBS. The
effects of iTBS are less pronounced, with the only significant effect being an
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Fig. 6. The effect of iTBS and ¢TBS on SICI and ICF. SICI was significantly increased
following iTBS [F(4, 24) = 5.01, p < 0.005] (a), but was reduced following cTBS [F(5,
30) = 3.75, p < 0.01] (c). ICF was not significantly altered following iTBS (b), but was sig-
nificantly reduced at 10 min following ¢TBS [F(2, 12) = 7.40, p < 0.01] [21] (d).

increase in SICI after iTBS. The fact that there does not appear to be a clear
relationship between the effects on inhibitory and facilitatory circuits and the
effect on MEPs suggests that different circuits are involved in each. This is also
supported by a study of cortical volleys before and after cTBS [24].

Cortical volleys were tested before and after cTBS300 in subjects who had
cervical epidural electrodes implanted chronically for control of pain [24].
Single-pulse TMS over the primary motor cortex can activate a direct response
(D-wave) followed by a number of periodic indirect responses (I-waves). The
D-wave is probably produced by stimulating the proximal internodes of the
axon of cortical pyramidal cells, while the I-waves are produced by activating
excitatory synaptic inputs to the pyramidal cells. The latter is consistent with
the fact that the I-waves disappear when the grey matter of the brain is removed
[25], suggesting the source of these responses is within the cortex. One possible
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source is the network of cortical interneurones that synapse on pyramidal
neurones. Another source might be the axon collaterals of other pyramidal
neurones that run in layers III and V of the cortex. The results demonstrated
c¢TBS300 pronouncedly suppressed the first [-wave (I1-wave), while it affected
later I-waves much less. In the subjects in whom the D-wave could be identi-
fied, cTBS did not alter the D-wave [24]. This suggests that cTBS does not
directly affect the excitability of the corticospinal neurones, but instead specif-
ically affects I1-wave inputs. Together with the concept that I1-wave is pro-
duced by a monosynaptic input to corticospinal neurones due to its short
latency, we believe that cTBS produces LTD at the excitatory synapse between
the I1-wave input and the corticospinal neurone.

The Opposite Effects of Theta Burst Stimulation

It is interesting to find that the pattern of delivery of TBS (continuous vs.
intermittent) is crucial in determining the direction of change in synaptic effi-
ciency. A TBS protocol in which the bursts were applied in short trains (2s;
iTBS) induced facilitation, whereas a protocol in which the bursts were applied
in a single continuous train (cTBS) induced inhibition. At first sight, the oppos-
ing effects of different patterns of TBS are surprising. However, a similar disso-
ciation has been noted in previous work on animal preparations: patterns of
1TBS similar to our iTBS paradigm are routinely used to facilitate synaptic con-
nections [20], whereas a small number of studies have used longer trains of a
TBS-like paradigm to produce suppression [26, 27]. To investigate the crucial
role of the length of bursts and gaps, we tested the effect of a paradigm contain-
ing trains and gaps that are both longer than in iTBS but shorter than in ¢TBS.
In this paradigm, which we have called intermediate theta burst stimulation
(imTBS), we gave a train lasting 5s (i.e. 25 bursts), repeated every 15s for 8
cycles (a total of 600 pulses). As expected, we found imTBS had no effect on
MEP [21].

We therefore hypothesise that a mixture of prolonged excitatory and
inhibitory effects is induced after conditioning with TBS in our experiments.
The overall effect on cortical excitability is determined by the dominant effect.
We explored this further by comparing the short-term effects on the amplitude
of MEPs after applying just a single train of either the iTBS or the imTBS par-
adigms (i.e. a train of 10 bursts of TBS or 25 bursts of TBS). A train of 10 bursts
(i.e. the individual component of the iTBS pattern) had a purely facilitatory
effect on MEPs (fig. 7a), whereas MEPs were initially facilitated after a train of
25 bursts (the component of the imTBS pattern), but then suppressed at 10s
before returning to baseline at 15s (fig. 7b). [21]. The results support the
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Fig. 7. The effect on MEP size of a short burst of TBS given for either 2 or 5s. MEP
size was measured at baseline and then at 1, 5, 10 and 15 s following the end of stimulation.
a Following a 2-second train of TBS, there was a significant facilitation of the MEP size
[F(4, 16) = 6.99, p < 0.005]. b In contrast, a 5-second train of TBS produced an initial sig-
nificant facilitation of the MEP size at 1 s after the end of stimulation (p < 0.05) followed by
a significant suppression of the MEP size at 10s (p < 0.05) [21].

hypothesis and suggest that in humans TBS produces a mixture of facilitatory
and inhibitory effects on synaptic transmission, with facilitation building up
faster than inhibition.

There is also indirect evidence in support of this hypothesis from previous
animal studies. When Larson et al. [2] first developed the TBS pattern, they
actually found that the LTP effect produced by stimulation was considerably
smaller when 20 bursts were used compared with 10 bursts. Beierlein et al.
[28] have reported an initial facilitation followed by depression during a train
of stimulation at frequencies higher than 20 Hz, compatible with the theory
that a shorter train of stimulation is excitatory while the longer train is
inhibitory.

At a synaptic level, LTP induction appears to be associated with phos-
phorylation of calcium/calmodulin-dependent protein kinase II, while LTD
induction is associated with dephosphorylation of the cyclic-AMP-dependent
protein kinase site [29]. A key factor in determining the occurrence and amount
of phosphorylation/dephosphorylation is calcium. Calcium can therefore influ-
ence the direction of change in synaptic efficiency depending on the concentra-
tion and time course over which it is released [30, 31]. In other words, it is not
impossible that calcium influx induces concurrent phosphorylation and dephos-
phorylation that occur in different sites, and that the balance between them is
influenced by the pattern of TBS.
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Conclusion

We have demonstrated that rTMS given in bursts at high frequency and low
intensity is capable of producing consistent and controllable electrophysiological
and behavioural changes in the function of the human motor system. These par-
adigms appear to be safe, and effects are seen after only seconds or a few min-
utes of rTMS conditioning, which is much quicker than other non-invasive
methods of inducing long-term changes in cortical excitability in conscious
humans. In particular, we have found that the pattern of delivery of TBS (contin-
uous versus intermittent) is crucial in determining the direction of change in cor-
tical excitability. We have interpreted these changes in excitability and behaviour
as being caused by changes in transmission at cortical synapses, and refer to
them as ‘cortical plasticity’. However, this needs further testing, perhaps with
drugs that are known to modify NMDA receptors in the human brain.

The findings have implications for both the use of rTMS in the study of
human motor physiology, and the use of rTMS in the treatment of disorders of
motor plasticity. Traditional methods of delivering rTMS require lengthy periods
of conditioning to produce lasting effects, and the stimulus intensities necessary
to do so can be uncomfortable for the subject, and technically difficult due to
coil overheating in subjects with high motor thresholds. The effects of such stim-
ulation have been found to have a high interindividual variability, and to be
weak, in particular on a behavioural level. The results of studies using traditional
methods of rTMS to treat disorders such as Parkinson’s disease and dystonia
have so far been relatively disappointing. The method of stimulation presented
here appears to provide a powerful, controllable and consistent effect on the
motor system with very brief periods of conditioning delivered at a low intensity.
This TBS-style stimulation might have additional advantages in therapeutic
applications both in terms of conditioning time to effect time ratio, the consist-
ency of the effect, and the ease of giving repeated sessions of stimulation.
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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is an established technique for
noninvasive brain stimulation and widely used in basic and clinical neurophysiology. Yet,
brain stimulation using traditional rTMS systems is limited to superficial, i.e. mainly corti-
cal brain sites laying at the outer cerebral or cerebellar convexity and deeper structures are
only modulated by transsynaptic effects primarily stimulated regions exert. Here we report
recent developments in extending rTMS to deep brain regions. The Hesed coils (H-coils)
are a novel development in rTMS, designed to achieve effective stimulation of deeper neu-
ronal regions without inducing unbearable fields cortically, thus broadly expanding the
potential feasibility of TMS for research and treatment of various neuropsychiatric disor-
ders. The construction principles and design of the H-coils and phantom measurements and
clinical studies are presented comparing the penetration depth of the H-coils and traditional
rTMS coils. Using this approach, transcranial stimulation of subcortical white matter tracts,
neurons in the mesial temporal lobe and the ventromedial prefrontal cortex together with
the adjacent cingulate gyrus will become available. Moreover, the threshold for neuronal
activation depends on the duration of the TMS perturbation through a strength-duration
curve. Thus, it may theoretically be possible to exploit the temporal characteristics of the
neuronal response, in order to improve dramatically the efficacy and focality of the stimula-
tion of deep brain structures, potentially enabling focused stimulation of deep regions with
no activation of cortical brain regions. These considerations will be of particular interest for
future treatment options in affective disorders, schizophrenia and drug addiction among
others.
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Transcranial magnetic stimulation (TMS) is a noninvasive technique used
to apply brief magnetic pulses to the brain. The pulses are administered by
passing high currents with a stimulator through an electromagnetic coil placed
upon the patient’s scalp, inducing electric currents in the underlying cortical tis-
sue, thereby producing localized axonal depolarizations. Neuronal stimulation
by TMS was first demonstrated in 1985 [1], when a circular coil was placed
over a normal subject vertex and evoked action potentials from the abductor
digiti minimi. Since then, this technique has become a major research tool in
basic and clinical neurophysiology, and has been applied to studying nerve con-
duction, excitability [2], and functional connectivity in the brain and peripheral
nerves. In addition, in recent years, repetitive TMS (rTMS) has become a poten-
tially promising treatment option for various neurobehavioral disorders span-
ning a wide age range [3-6].

The capacity of TMS to elicit neuronal response has until recently been
limited to the cerebral cortex. The coils used for TMS (such as round or figure-
of-eight coils) induce stimulation in cortical regions mainly just superficially
under the windings of the coil. The intensity of the electric field drops dramati-
cally deeper in the brain as a function of the distance from the coil [7-10].
Therefore, to stimulate deep brain regions, a very high intensity would be
needed. Such intensity cannot be reached by standard magnetic stimulators,
using the regular figure-of-eight or circular coils. Stimulation of regions at a
depth of 3—4 cm, such as for the primary motor area of the leg, may be achieved
using coils such as the double-cone coil [11-13], which is a larger figure-of-
eight coil with an angle of about 95° between the two wings. However, the
intensity needed to stimulate deeper brain regions effectively would stimulate
cortical regions and facial nerves over the level that might lead to facial pain,
facial and cervical muscle contractions, and may cause epileptic seizures and
other undesirable side effects.

The difficulty of efficiently activating deep neuronal structures using TMS
emerges from physical properties of the brain, and from physical and physio-
logical aspects of the interaction of a TMS system with the human brain. The
purpose of this chapter is to demonstrate how the TMS system, including both
the TMS coils and the stimulator, may be optimized for effective stimulation of
deeper brain regions. The subsequent section provides neuroanatomical consid-
erations, followed by a section on the basic principles of TMS, a section that
describes the construction principles and design of TMS coils for deep brain
stimulation, and gives results of clinical studies and phantom measurements
obtained with some exemplary coils, and finally a section, in which we outline
a method and a TMS system which enable to exploit the temporal characteris-
tics of the neuronal response, in order to improve dramatically the efficiency
and focality of stimulation of deep brain structures.
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Neuroanatomical Considerations

In the brain, TMS acts on neuronal activity within a three-dimensional
neuronal network. Looking at the cortical level, the cytoarchitecture varies
between different brain regions, and even the single cerebral lobes, e.g. the
frontal lobe, consist of regions with distinct structural differences: e.g. the pri-
mate’s prefrontal cortex is a homotypical isocortex, clearly laminated, with a
well-developed internal granular layer (IV) that differentiates it from the rest of
the frontal cortex [14]. This layer becomes thicker and more distinct on
approaching the frontal pole, although the cortex as a whole becomes thinner.

Another issue to be considered is the orientation of the magnetic field in
relation to the cortical folding. The coil position in relation to the individual
gyri and sulci matters for stimulation effects as demonstrated for the primary
motor cortex where the orientation of the current flow in relation to the central
sulcus changes the amplitude of motor evoked potentials [15]. Moreover, TMS
of the motor cortex can evoke D-waves, representing direct stimulation of the
corticospinal axon, as well as I-waves that arise from transsynaptic activation of
corticospinal neurons [16, 17]. Thus, both corticospinal neurons and interneu-
rons may be stimulated simultaneously. D-waves may be predominantly elicited
in corticospinal fibers running horizontally in the primary motor cortex in a
direction at right angles to the central sulcus. Accordingly, for intrinsic hand
muscles, the motor cortex is excited most readily by coil currents running at
right angles to the axis of the precentral gyrus [17]. Presumably, the excitation
occurs at the site where the corticospinal fibers bend down into the central sul-
cus [18]. Therefore, neuronal stimulation will depend on the position of the
TMS coil placed tangentially on the skull in relation to the neuronal layer and
its main fiber system, i.e. it will probably make a difference whether the target
region lays on the outer convexity of a gyrus or the part descending into the sul-
cus. This assumption may be applicable to both cortical and subcortical regions.
To date, however, it is not feasible to target TMS to certain neuronal populations
or cortical layers or even to differentially stimulate grey matter and white mat-
ter tracts. That means that stimulation effects in the network represent sum or
net effects of neuronal and axonal stimulation.

For the motor cortex, a threshold for stimulation effects has been defined,
i.e. the resting or active motor threshold which varies interindividually and is
also applied to define stimulation intensity at nonmotor sites. Similar thresh-
olds can also be assumed for other cortex regions, e.g. the threshold for eliciting
phosphenes over the visual cortex. However, these are not equal to the motor
thresholds and not necessarily correlated with them. These threshold measures
are specific to neurophysiological phenomena and sum thresholds of compo-
nent thresholds representing neuronal subpopulations and intracortical, as well
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as cortico-subcortical networks. As the intensity is increased, a larger volume of
the neuronal network is activated above a given threshold and further neuronal
populations in the same volume are additionally depolarized. This may be the
background for recruitment curves at primary motor sites and intensity-
efficacy relationships observed with prefrontal TMS using clinical, neurophys-
iological or neuroimaging paradigms [19-21].

Similar considerations are important when we turn to deep TMS
approaches. However, the situation is even more complex, as the target regions
show greater variance in terms of cytoarchitecture compared to neocortical
areas and regions or nuclei with fundamentally distinct functions are located in
close vicinity to each other. There are particularly interesting deeper brain
regions for therapeutic interventions: the anterior cingulate cortex may be a
putative target region for the treatment of major depression and schizophrenia,
the hippocampus for the treatment of schizophrenia, depressive disorders and
dementia, the amygdala for anxiety disorders and depression, the orbital frontal
cortex for obsessive-compulsive disorder, the nucleus accumbens/ventral stria-
tum for addiction, obsessive-compulsive disorder and depression, and the basal
ganglia for movement disorders. Actually, each specific application may require
a different TMS coil design which has to be based on physical calculations and
anatomical considerations tested in clinical practice. However, it is important to
emphasize the basic principles of specific coil designs which are described in
this overview.

Basic Principles of Transcranial Magnetic Stimulation

The Basic TMS Circuit

The TMS circuit consists of a high-voltage power supply that charges a
capacitor or a bank of capacitors, which are then rapidly discharged via an elec-
tronic switch into the TMS coil to create the briefly changing magnetic field
pulse. A typical circuit is shown in figure 1, where low-voltage AC is trans-
formed into high-voltage DC, which charges the capacitor. A crucial compo-
nent is the thyristor switch, which has to traverse very high current at a very
short time of 50-250 ws. The cycle time depends on the capacitance (typically
10-250 wF) and on the coil inductance (typically 10-30 wH). Accepted ranges
of peak currents and voltages may be 2,000-10,000 A (typically 5,000 A) and
500-3,000V (typically 1,500 V), respectively.

The first TMS stimulators produced a monophasic pulse of electric cur-
rent. Currently, it is accepted to use stimulators with biphasic pulses, for two
reasons: (a) a considerable part of the energy returns to the capacitor at the end
of the cycle, thus shortening the time for recharging and enabling to save
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Fig. 1. A schematic TMS circuit, including a DC-AC transformer and amplifier, a
capacitor C, high current switch S, resistor R and stimulating coil L.

energy; (b) it was found that the threshold for neuronal activation is generally
lower with biphasic compared to monophasic pulses.

During the discharge cycle, the TMS circuit behaves like an RCL circuit,
where R, C and L are the total values of the resistance, capacitance and
inductance, respectively, in the circuit. The duration 7 of one pulse cycle is
approximately:

7= 2m(LC) 1

The importance of the pulse duration for neuronal activation will be dis-
cussed later in this chapter.

Physical and Spatial Factors Affecting Neuronal Activation by TMS

In principle, two related parameters may be relevant for neuronal activa-
tion: the electric field strength, and the spatial derivative of the electric field.
While the activation of peripheral nerves depends mainly on the derivative of
the electric field along the nerve fiber [18], where we deal with neuronal tissue
having relatively short axons with bends and branches, such as the brain, it was
predicted theoretically [22, 23], and clearly demonstrated experimentally
[24-26], that the absolute magnitude of the electric field is the biologically rel-
evant parameter for neuronal stimulation. The electric field is proportional to
the rate of change of the current (dl/dt) in the stimulating coil. The brief strong
current generates a time-varying magnetic field B. An electric field E, is gen-
erated in every point in space with the direction perpendicular to the magnetic
field, and the amplitude proportional to the time rate of change of the vector
potential A(r).

Since brain tissue has conducting properties, while the air and skull are
almost complete insulators, the vector potential will induce accumulation of
electric charge at the brain surface. This charge is another source for an electric
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field, Eg, in addition to E,. The influence of the electrostatic field Eg, is in gen-
eral to oppose the induced field E, and consequently to reduce the total field E.
The amount of surface charge produced and hence the magnitude of Eg
depends strongly on the coil configuration and orientation. This issue will be
elaborated in the following section.

As shown by Heller and Van Hulsteyn [27], the three-dimensional maxi-
mum of the electric field intensity will always be located at the brain surface,
for any configuration or superposition of TMS coils. It is possible, however, to
increase considerably the penetration depth and the percentage of electric field
intensity in deep brain regions, relative to the maximal field at the cortex. The
next section will outline the construction principles for efficient deep brain
stimulation, and will demonstrate several examples of TMS coils designed to
accomplish this goal.

Deep Transcranial Magnetic Stimulation Coils

Design Principles

As mentioned above, neuronal stimulation occurs when the electric field
magnitude reaches a certain threshold. This threshold, though, depends on the
orientation of the induced field. Physiological studies indicate that optimal acti-
vation occurs when the field is oriented in the same direction as the nerve fiber
[15, 24, 28-33]. Hence, in order to stimulate deep brain regions, it is necessary
to use coils in such an orientation that they will produce a significant field
in the preferable direction to activate the neuronal structures or axons under
consideration.

The construction of deep TMS coils should meet several goals:

(a) high enough electric field intensity in the desired deep brain region

that will surpass the threshold for neuronal activation;
(b) high percentage of electric field in the desired deep brain region rela-
tive to the maximal intensity in the cortex;

(c) minimal adverse side effects such as pain and activation of facial muscles.

These motivations have led to the development of the Hesed coil (H-coil),
a new design of TMS coils, enabling effective stimulation of deep brain regions
without inducing an unbearable field in cortical regions [34]. The ability of the
H-coil to stimulate deep brain regions was demonstrated using mathematical
simulations as well as measurements performed in a phantom brain model [34].
The efficacy of the H-coil in activating distant brain structures was demon-
strated clinically in a recent study, where the motor cortex was activated at a
distance of 5—6 cm in healthy volunteers, compared to 1.5 cm with a standard
figure-of-eight coil [35].
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The geometrical features of each specific design are mainly dependent on
two goals: (a) the location and size of the deep brain region or regions intended
to be activated; (b) the preferred direction or directions of stimulation.

The design of a specific coil is dictated by these goals. Nevertheless, all
deep TMS coils have to share the following important features.

(1) Base complementary to the human head. The part of the coil close to
the head (the base) must be optimally complementary to the human skull at the
desired region. In some coils, the base may be flexible and able to receive the
shape of an individual patient, and in other coils it may be more robust, i.e.
arcuated in a shape that fits the average human skull at the desired region. In
this last case, there may be a few similar models designed to fit smaller and
larger heads. This feature guarantees that all the wires in the base will be tan-
gential to the head. This configuration maximizes both the intensity and the
penetration depth of the electric field induced by the base in the brain.

(2) Proper orientation of stimulating coil elements. Coils must be oriented
such that they will produce a considerable field in a direction tangential to the
surface, which should also be the preferable direction to activate the neuronal
structures under consideration.

(3) Summation of electric impulses. The induced electric field in the desired
deep brain regions is obtained by optimal summation of electric fields, induced
by several coil elements with common direction, in different locations around
the skull. The principle of summation may be applied in several manners.

(a) One-point spatial summation. In this kind of summation, coil elements,
leading current in the desired direction, are placed in various locations around
the head, in such a configuration to create high electric field intensity in a spe-
cific deep brain region, which at the same time is a high percentage of the max-
imal electric field at the brain cortex.

(b) Morphological line spatial summation. The goal of this summation is
to induce an electric field at several points along a certain neuronal structure.
This line should not be straight and may have a complex bent path. The appli-
cation of diffusion tensor imaging in MRI for fiber tracking is an evolving field,
which may significantly improve the efficacy of TMS treatment. If, for exam-
ple, we know the path of a certain axonal bundle, a coil shall be designed in a
configuration that will produce a significant electric field at several points
along the bundle. This configuration may enable the induction of an action
potential in this bundle, while minimizing the activation of other brain regions.
For example, the TMS coil may be activated in an intensity that will induce a
subthreshold electric field at most brain regions, which will not cause an action
potential, while the induction of a subthreshold field along the desired path may
produce an action potential in this bundle, thus increasing the specificity of the
TMS treatment.
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(4) Minimization of nontangential components. Coil construction is
meant to minimize wire elements leading current components which are non-
tangential to the skull. Electric field intensity in the tissue to be stimulated and
the rate of decrease of electric field as a function of the distance from the coil
depend on the orientation of the coil elements relative to the tissue surface. It
has been shown [8—10, 34] that coil elements which are nontangential to the
surface induce accumulation of surface charge, which leads to the cancellation
of the perpendicular component of the induced field at all points within the tis-
sue, and usually to the reduction of the electric field in all other directions. At
each specific point, the produced electric field is affected by the lengths of the
nontangential components, and their distances from this point. Thus, the
length of coil elements which are not tangential to the brain tissue surface
should be minimized. Furthermore, the nontangential coil elements should be
as small as possible and placed as far as possible from the deep region to be
activated.

(5) Remote location of return paths. The wires leading currents in a direc-
tion opposite to the preferred direction (the return paths) should be located far
from the base and the desired brain region. This enables a higher absolute elec-
tric field in the desired brain region. In some cases, the return paths may be in
the air, i.e. far from the head. In other cases, part of the return paths may be
adjacent to a different region in the head which is distant from the desired brain
region.

(6) Shielding. Feature 5 enables the possibility of screening. Since the
return paths are far from the main base, it is possible to screen all or part of their
field by inserting a shield around them or between them and the base. The
shield is comprised of a material with high magnetic permeability, capable of
inhibiting or diverting a magnetic field, such as mu-metal, iron or steel core.
Alternatively, the shield is comprised of a metal with high conductivity which
can cause electric currents or charge accumulation that may oppose the effect
produced by the return portions.

Specific deep TMS coils for stimulating different deep brain regions are
described below.

Examples of Deep TMS Coils

The biological efficacy of the H-coil was tested [35], using the right
abductor pollicis brevis (APB) muscle motor threshold as a measure of a bio-
logical effect. The rate of decrease of the electric field as a function of the dis-
tance from the coil was measured by gradually increasing the distance of the
coil from the skull, and measuring the motor threshold at each distance. A com-
parison was made to a standard figure-of-eight coil. A sketch of the H-coil ver-
sion used is shown in figure 2.
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Fig. 2. Sketch of the H-coil version used for activation of the APB, placed on a human
head.

The percentage of stimulator output required for APB activation by the
H-coil and by a figure-of-eight coil is plotted in figure 3 as a function of the
distance from the ‘hot spot’ on the scalp. It can be seen that the efficacy of
the H-coil at large distances from the scalp was significantly greater as compared
to the figure-of-eight coil. When using the maximal stimulation power output,
the figure-of-eight coil can be effective (reach the stimulation threshold) up to
2 cm away from the coil, while the H-coil can be effective at 5.5 cm away from
the coil. Thus, the rate of decay of effectiveness as a function of the distance
from the coil is much slower in the H-coil relative to the figure-of-eight coil.

The following example is an H-coil designed for stimulation of deep pre-
frontal regions [unpubl. data]. Medial prefrontal and orbitofrontal cortices and
their connections to deeper brain sites are known to be associated with reward
processes and motivation [36—42].

The H-coil version used, termed the H1 coil, was designed for effective
activation of cortical and subcortical prefrontal and orbitofrontal neuronal
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Fig. 3. Intensity needed for APB stimulation at different heights above the scalp.
Resting motor threshold (rMT) of the APB was measured at different distances above the
‘hot spot’ when using either the H-coil or the figure-of-eight coil. The percentage of stimula-
tor power needed to reach the resting motor threshold versus the distance of the coil from the
‘hot spot’ on the skull is plotted. The points represent means and SDs of 6 healthy volunteers.

structures, with a preference for the left hemisphere. A sketch of the H1 coil
version is shown in figure 4.

The electric field distribution produced by the H1 coil was measured in a
brain phantom filled with 0.9% weight/volume saline, and compared to a stan-
dard Magstim figure-of-eight coil with an internal loop diameter of 7 cm, and a
Magstim double-cone coil. The double-cone coil is considered to be able to
stimulate deeper brain regions compared to other coils [11-13].

The penetration depth of the coils was tested by measuring the electric
field along the up-down line beneath the center of the most effective part of the
coil, at 100% output of the Magstim Rapid stimulator. In H1, the most effective
part was under strip 8 (lower third of A-I 8 segment in fig. 4), where the probe
is oriented in an anterior-posterior direction. In the double-cone coil and the
figure-of-eight coil, the most effective part was the junction at the coil center,
where the probe is oriented in an anterior-posterior direction. Plots of the total
electric field as a function of distance are shown in figure 5.

Figure 6 shows the electric field as a function of distance, relative to the
field at a distance of 1 cm, for the three coils.
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Fig. 4. Sketch of the H1 coil used for effective activation of prefrontal brain regions,
placed on a human head.

It can be seen that the total electric field induced by the double-cone coil,
and by the figure-of-eight coil, using the maximal output of the stimulator, is
markedly greater than the field produced by the H1 coil at a short distances of
1-2cm. Yet, at distances of above 5cm, the field of the HI1 coil becomes
greater, due to its much slower rate of decay. In figure 6, it can be seen that the
percentage of depth for the H1 coil is greater than for the two other coils
already at a 2-cm distance, and this advantage becomes more prominent with
increasing distance. The field produced by the H1 coil at a 6-cm depth is about
63% of the field 1 cm from the coil, while the fields of the double-cone coil and
the figure-of-eight coil attenuate to 8—10% at this distance.

In summary, it was demonstrated that the H-coils enable to achieve effective
stimulation of deep neuronal regions without inducing an unbearable field in
cortical regions. Yet, using H-coils with available TMS stimulators enables effec-
tive activation of deep brain regions, but not focal activation. In order to obtain a
focused stimulation of deep brain regions, and to considerably enhance the stim-
ulation efficiency, novel TMS systems are required, which account for the tem-
poral properties of neuronal structures. This is the subject of the next section.
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Fig. 5. Phanton measurements of the electric field along an anterior-posterior axis, plot-
ted as a function of distance, for the H1 coil, the double-cone coil, and the figure-of-eight coil.

Fig. 6. Electric field relative to the field 1 cm from the coil, as a function of distance,
for the H1 coil, the double-cone coil and the figure-of-eight coil, according to the phantom
brain measurements.

Novel Deep Transcranial Magnetic Stimulation Systems
Based on the Time Summation Principle

Temporal Factors Affecting Neuronal Activation by TMS

In addition to the electric field strength, the neuronal response also
strongly depends on the duration of the pulse.

Figure 7 demonstrates the electric field pulse produced by a figure-of-
eight coil, as measured by a two-wire probe in a brain phantom filled with
saline solution at a physiologic concentration. In rTMS, several such pulses are
administered in a train of between 0.2 and 100 Hz, and typically between 1 and
20 Hz.

The longer the pulse duration, the smaller the electric field required to
reach neuronal threshold E;.. The dependence of E;,, on pulse duration is given
by a strength-duration curve [43] of the form:

Eqr = b(1 + ¢/7) 2)

The biological parameters determining neural response are the threshold at
infinite duration, termed the rheobase (b, measured in V/m), and the duration at
which the threshold is twice the rheobase, termed the chronaxie (c, in ws), which
is related to the time constant of the neuronal membrane. The chronaxie and
rheobase depend on many biological and experimental factors, such as whether
the nerves are myelinated or not (hence peripheral and cortical parameters
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Fig. 7. The induced electric field of a figure-of-eight coil versus time over a TMS
pulse cycle. The time scale is 100 p.s.

should be different), the pulse shape (i.e. biphasic or monophasic), or train fre-
quency in rTMS, which in general reduces the threshold for stimulation.

In figure 8, a strength-duration curve is shown reflecting the average of
4 subjects, using eight different coils with inductance L of between 6 and 148 pH.

As can be seen from equation 1, the duration of a TMS pulse can be
extended in two ways: by increasing the capacitance C, or by increasing the coil
inductance L. In regular available stimulators, C is constant. Increasing L is not
desired, since it leads to increased power and energy consumption.

Figure 9 shows pulses produced by TMS coils having inductances of
13 and 70 wH. The amplitudes represent the threshold electric field according
to points 1 and 2 in the strength-duration curve shown in figure 8. The plots are
for resistance and capacitance of R = 0.1 and C = 165 wF, respectively.
It can be seen that when the pulse duration is longer, the required threshold
electric field is smaller.

When we want to produce focused activation of deep neuronal structures in
the brain, regular TMS stimulators have significant limitations. In available
stimulators, the capacitor (or bank of capacitors) is discharged through a single
switch to a single coil, hence the current flows simultaneously through all coil
elements, and the electric field is produced simultaneously in all brain regions.
Thus, the electric field induced in cortical brain regions close to coil elements
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Fig. 8. A strength-duration curve obtained for the hand motor cortex of 4 subjects,
using variable coil inductance. Points 1 and 2 represent results obtained with coils having an
inductance of 13 and 70 wH, respectively.

will be in general larger than the field induced in deeper brain regions. In the
following part, we describe the time summation principle and suited TMS sys-
tem, which may enable to overcome this difficulty.

Principles of Time Summation Multichannel TMS Systems

The principle of time summation is that various TMS coils may be stimu-
lated consecutively and not simultaneously. As shown in figure 8, the neuronal
activation threshold depends on both electric field intensity and the stimulation
duration. When we want to stimulate a specific deep brain region, various coils,
or alternatively various coil elements connected in parallel, may be scattered
around the desired region or path, so that passing a current in each coil will pro-
duce a significant field at the desired deep brain region. Each coil may be con-
nected to a separate TMS channel. In such a case, the coils may be activated
consecutively, so that at each time period only a certain coil or a group of coils
are activated. This way, a significant electric field will be induced in the desired
deep brain region at all time periods, while in more cortical regions a signifi-
cant field will be induced mainly at certain periods, when proximate coils or
coil elements are activated. This will enable stimulation of the deep brain struc-
ture while minimizing stimulation of other brain regions, and specifically of
cortical regions.

The novel TMS systems require several capacitors, which are discharged in
different channels through different switches into different TMS coils or differ-
ent elements of coil connected in parallel. A control unit should control the
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Fig. 9. The electric field pulse produced by two TMS coils with inductances of 13 and

70 wH, as a function of time.

times of charging and discharging of the different capacitors, and the delays
between operation times of sequential coils. Various coils or coil elements may
be operated sequentially, with delays of between 0 and 1 ms. The relevant time
scale for neuronal response is usually on the order of 10—100 ws. In each
operation, one TMS cycle is induced through a certain coil or several coils. The
number of different coils or coil elements may be different in different applica-
tions. In some cases, the delays between consecutive operations of coils will be
the same, while in other cases they may be different between different opera-
tions and different coils.

A schematic example of a block diagram of a multichannel TMS system
that enables to apply the time summation principle is shown in figure 10.

In the example shown in figure 10, there are five channels. The system
may include an AC-DC converter, which converts the AC voltage of the elec-
tricity mains to a DC voltage. In each channel, there may be a charging circuit,
one or more capacitors, and a high current fast switch through which the capacitor/
capacitors is/are discharged.

The operator will be able to control the delays between the operation times
of the different coils, the number of different channels and coils operated con-
secutively, the number of times each coil will be activated and the timing of
each activation, the polarity of the current in each coil, the frequency of opera-
tion (i.e. number of pulses in seconds), the train duration, the number of trains
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Fig. 10. A schematic diagram of a multichannel TMS system, having 5 channels.

and intertrain intervals, and the power output of operation of each coil. The abil-
ity to control the delays between operations of the different coils and the current
polarity in each coil enables various kinds of time summation. Several exam-
ples are given below.

Examples of Time Summation

Figure 11 shows the electric field pulses induced in a deep brain region and
in two cortical regions, where the pulse of the coil close to the second cortical
region lags the pulse of the coil close to the first cortical region by a full cycle.
In each coil, one pulse cycle is induced, and the switch is disconnected at the
end of a cycle when the current is zero. In this and in the following examples,
the field intensity in the deep brain region is 50% of the intensity induced in the
cortical region close to the equivalent coil (this percentage is realistic with the
H-coils), while the field intensity in one of the cortical regions during operation
of the coil close to the second cortical region is 5%. Hence in the deep brain
region a significant electric field is induced during all the consecutive pulses,
while in each of the cortical regions a significant field is induced only during
one cycle.

Obviously, the same principles may be applied with more than two coils,
and/or with several or all of the coils operated more than once.
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Fig. 11. An example of time summation where the time delay between consecutive
pulses is a full cycle. Shown are the electric field pulses induced in cortical regions close to
each coil (continuous and dashed curves) and in a deep brain region (dotted curve).

Figure 12 shows the electric field pulses induced in a deep brain region and
in three cortical regions, where the delay between two consecutive pulses is half
a cycle, and the current polarity in the second pulse is opposite to the polarity in
the first and third pulses. In each coil, one pulse cycle is induced, and the switch
is disconnected at the end of a cycle when the current is zero. In this example,
there is an extension of the duration at which the deep brain region is exposed
to a significant field, and in addition there is an increase in intensity after each
half cycle. Note that the absolute value of the maximum at the beginning of
each pulse is higher than the next maxima due to the decay factor o = R/2L,
hence at the beginning of the second pulse the relation between the field in the
deep brain region and the field in the first cortical region will be higher with
higher circuit resistance R, and with lower coil inductance L.

Figure 13 shows the electric field pulses induced in a deep brain region and
in three cortical regions, where the current polarity in the second and third
pulses is opposite to the polarity in the first pulse. The delay between the first
and second pulses is close to 3/4 of a cycle, and the delay between the second
and third pulses is about 1/8 of a cycle. In each coil, one pulse cycle is induced,
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Fig. 12. An example of time summation where the time delay between consecutive
pulses is half a cycle, and the current polarity in the second pulse is opposite to the polarity
in the first and third pulses. Shown are the electric field pulses induced in cortical regions
close to each coil (dashed, dot-dashed and continuous curves) and in a deep brain region
(dotted curve).

and the switch is disconnected at the end of a cycle when the current is zero. In
this example, there is an extension of the duration of the positive half cycle in
the deep brain region, and an increase in intensity. Obviously, the same princi-
ples may be applied with more than three coils, and/or with several or all of the
coils operated more than once. In different applications, more than one pulse
may be induced in part or all of the coils. This way, the time duration at which
the deep brain region experiences a significant induced field may be extended.
Thus, the stimulator power output required to activate neuronal structures in
this deep brain region may be lowered, and the ability to activate the deep brain
region without activating cortical regions — or with minimally activating corti-
cal regions — may be improved.

The efficiency and focality of stimulation of deep brain regions using the
time summation principle with a multichannel TMS system depend on the pen-
etration depth of the electric field induced by the TMS coils of the various
channels. Where we have better penetration depth, it is easier to obtain neuronal
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Fig. 13. An example of time summation where the current polarity in the second and
third pulses is opposite to the polarity in the first pulses, and there is an extension of the dura-
tion of the positive half cycle in the deep brain region, and an increase in the intensity. Shown
are the electric field pulses induced in cortical regions close to each coil (dashed, dot-dashed
and continuous curves) and in a deep brain region (dotted curve).

stimulation in the desired deep brain region without activating superficial
regions. The H-coils are optimized to achieve both maximal absolute field
strength at depth, and a high percentage of field relative to the cortex. Hence
the usage of coils designed according to the construction principles of the
H-coils, as the stimulating coils of the various channels, is predicted to be
advantageous in terms of efficiency, focality, flexibility, and energy and power
consumption.
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