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Preface

Depression is widely recognised as a common and significant problem that has a
major impact on patients, their families, the health-care system and society in
general. It is also widely recognised that the treatments available to date for depres-
sion have been insufficient to meet the needs of a considerable percentage of patients
with this problem.

In this context, repetitive transcranial magnetic stimulation (rTMS) has been
developed as a further treatment option. Considerable research efforts, undertaken
by academic psychiatrists around the world for over 15 years, have clearly estab-
lished the therapeutic efficacy of this treatment. Although considerable questions
still need to be addressed in regard to the mechanism of action of rTMS and how
best it should be applied, it clearly is able to substantially relieve depression for
many patients who undergo this therapy.

In recent years, rTMS has progressively been approved for use in the treatment
of depression in a substantial number of countries, and its use in clinical practice is
now dramatically escalating. Clinicians throughout Europe, the USA, Canada and a
number of other countries are increasingly utilising rTMS treatment in clinical
practice across a variety of settings. However, only limited resources are currently
available to support the widespread clinical utilisation of rTMS. There is a large and
substantive academic literature exploring the use of this treatment, but this is not
necessarily accessible in a timely manner to busy clinicians wishing to offer rTMS,
or who, when using this treatment, are faced with new clinical problems.

This book is designed to address this gap. We aim to provide an accessible guide
for clinicians in the use of rTMS treatment in clinical practice. The book aims to
both summarise the scientific literature supporting the questions addressed, but also
to provide succinct, accessible and clinically relevant information. The initial
chapters provide background to aid the reader in understanding the science
underpinning the use of rTMS treatment. We then consider in some depth specific
aspects to do with the application of rTMS treatment of depression, including the
safety of treatment and its potential side effects. We then describe both the evidence
base for its use in the treatment of depression and the clinical considerations relevant
to the selection of treatment parameters and identification of appropriate patients.
In the final chapters, we address practical issues in treatment provision in the
application of rTMS in other disorders.
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This book is primarily written for clinicians who are considering providing rTMS
treatment in clinical practice, or who are already doing so. However, we hope it will
also provide a useful primer for researchers considering undertaking academic study
in this area. As is illustrated in the pages of this book, considerable questions still
need to be addressed as regards the optimisation of rTMS treatment in clinical
practice. We are hopeful that academic exploration of this therapy will continue to
address this important area.

We would like to thank Sally Herring for her invaluable assistance with editing
and putting together this book. Paul Fitzgerald would like to acknowledge the
support of an NHMRC Practitioner Fellowship and Jeff Daskalakis would like to
thank CIHR for their Clinician Scientist Award. We would both very much like
to thank our families for their support and encouragement: Elle, Jake, Sian, Stella,
Taso and Elly!

Melbourne, VIC, Australia Paul B. Fitzgerald
Toronto, ON, Canada 7. Jeff Daskalakis
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An Introduction to the Basic Principles
of TMS and rTMS

1.1 Introduction

Transcranial magnetic stimulation (TMS) is a unique experimental tool that allows
researchers to non-invasively stimulate and study the cortex in healthy and diseased
states [1] (Fig. 1.1). It has been used both as an investigational tool to measure a
variety of cortical phenomena including cortical inhibition and plasticity [2, 3], as a
probe to explore cognitive mechanisms [4] and as a treatment tool in illnesses such
as depression and schizophrenia [5, 6]. This chapter will review the physical prin-
ciples of TMS and repetitive transcranial magnetic stimulation (rTMS) and the neu-
ronal structures activated by the techniques.

1.2  Overview of TMS Technology

In 1831 Michael Faraday demonstrated that a current was induced in a secondary
circuit when it was brought in close proximity to the primary circuit in which a
time-varying current was flowing. Here, a changing electrical field produces a
changing magnetic field that, consistent with Faraday’s law, causes current to flow
in a nearby conducting material. With TMS, electrical charge is stored in capacitors.
Periodic discharge of this stored energy from the capacitors and through a conduct-
ing coil produces a time-varying electrical field. This electrical field produces a
transient magnetic field that will cause current to flow in an appropriately located
secondary conducting material, such as neurons. If this current induced in the brain
is of sufficient strength, it will produce depolarisation of the conducting neural tis-
sue located just under the coil.

As described, electrical fields that are applied to neurons can excite these cells.
The electrical field will produce a current in the intracellular and extracellular space.
This causes cell membranes to become depolarised. An action potential is initiated
when this depolarisation is of significant magnitude. Electrical fields experience
resistance because of scalp and skull and other intermediary tissue. Magnetic fields,

P.B. Fitzgerald, Z.J. Daskalakis, Repetitive Transcranial Magnetic Stimulation 1
Treatment for Depressive Disorders, DOI 10.1007/978-3-642-36467-9_1,
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2 1 AnIntroduction to the Basic Principles of TMS and rTMS

Fig. 1.1 A figure-of-8 Magstim coil held over the head in a custom-built stand. Electromyography
(EMG) electrodes are placed to record muscle activity induced by stimulation of the motor cortex

by contrast, experience absolutely no resistance from the above-mentioned struc-
tures. The magnetic field strength, however, is significantly reduced in relationship
to the distance between the stimulation target and the magnetic source. The circuit
involved in TMS includes a capacitor, a thyristor switch and a coil. Charge and
discharge of the capacitor are coordinated by the thyristor switch which acts as a
gate for conduction of the electrical field through the coil. The field that is subse-
quently produced is either monophasic or biphasic. This difference depends on the
properties of the circuit that is used.

Commercially available stimulators produce two pulse types: a biphasic pulse or
a monophasic pulse. A biphasic pulse is sinusoidal and is generally of shorter dura-
tion than a monophasic pulse, which involves a rapid rise from zero, followed by a
slow decay back to zero. In commercially available stimulators, several types of
coils are typically used. These include circular and figure-of-eight-shaped coils. In
general, figure-of-eight-shaped coils produce a stronger more focused magnetic
field with better spatial resolution of activation compared to circular coils [7]. In
contrast, circular coils tend to produce larger and deeper fields. This may be pre-
ferred when the neuroanatomic target is not precise. Iron-core coils are advanta-
geous in that they tend to require less power to produce strong magnetic fields and,
as a corollary, generate less heat [8]. By contrast, more traditional round or figure-
of-eight copper coils generate significant heat that increases as more pulses are
delivered. Two methods are used to dissipate this heat. Air can be used to effectively
dissipate heat and many commercially available stimulators are indeed air-cooled.
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One drawback to air cooling is the loud noise of the air compressor. Liquid cooling
can also be used. In this method the liquid helps dissipate the heat by surrounding
the coil, allowing for rapid heat exchange from the copper wiring to the liquid which
is contiguous but not in direct contact with the coil. The H-coil is a much newer type
of coil with multiple coil windings developed to generate greater depth of penetra-
tion. For example, whilst conventional figure-of-eight coils lose 50 % of their mag-
netic field strength when the target is more than 2 cm from the stimulator, the H-coil
is able to generate sufficient field strength at 6 cm [9]. This may be advantageous
given the role of deeper cortical structures (e.g. the dorsal anterior cingulate and
subgenual cingulate) in the pathophysiology of depression.

By and large, in small figure-of-eight-shaped coils, neurons are activated in a
cortical area of approximately 2-3 cm? and to a depth of approximately 2 cm [10].
In most studies, figure-of-eight coils are held over the cortex flat and at about 45°
from the midline position, perpendicular to the central sulcus. This induces a cur-
rent from posterior to anterior direction, perpendicular to descending pyramidal
neurons and parallel to interneurons, which modulate pyramidal cell firing [11]. It
is the orientation between the coil and underlying neural tissue that allows research-
ers to selectively activate different groups of neurons providing useful information
regarding neuronal inhibition, excitation and connectivity.

1.3  Overview of Repetitive TMS (rTMS) Technology

Repetitive transcranial magnetic stimulation (rTMS) involves stimulation of the
cortex by a train of magnetic pulses at frequencies between 1 and 50 Hz, in contrast
to single-pulse TMS in which the frequency of stimulation is <1 Hz [12]. Higher
frequencies can be achieved because the bipolar stimulus, as opposed to a unipolar
stimulus, is shorter and requires less energy to produce neuronal excitability. Thus,
capacitors can charge and discharge rapidly, thereby achieving high stimulation
rates. It is the ability to achieve such high stimulation rates that has made rTMS a
valuable tool in investigation and treatment of many neuropsychiatric disorders.

Repetitive TMS can either activate or inhibit cortical activity, depending on stimula-
tion frequency [13]. Low-frequency (~1 Hz) stimulation for a period of approximately
15 min induces a transient inhibition, or a decrease in activity, of the cortex [14]. The
mechanisms behind such inhibition is unclear, although there are similarities to long-
term depression, a cellular experimental phenomena where repeated low-frequency
stimulation reduces activity in individual synapses [14]. In contrast, stimulation at fre-
quencies above 1 Hz has been shown to induce increased cortical activation [15]. The
mechanisms by which such activation occurs are also unclear, although some authors
suggest that it may be due to a transient increase in the efficacy of excitatory synapses
[16]. It has also been argued that the orientation between the coil and underlying neural
tissue that allows researchers to selectively activate different groups of neurons may be
key to understanding the principles mediating its therapeutic efficacy. That is, by virtue
of the fact that TMS activates neurons transsynaptically [17] (i.e. activation of interneu-
rons), neuronal stimulation can selectively activate or inhibit the cortex.
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Stimulating at high frequencies has been shown to produce transient ‘func-
tional’ lesions in cortical areas receiving stimulation [4, 18]. Therefore, rTMS
may be used as a neurophysiological probe to test the functional integrity of
different cortical regions by either activating these regions or inhibiting them. It
has been postulated that stimulation at high frequencies can also facilitate plas-
ticity: the way in which the brain adapts to stimulation or environmental
change.

Potentiation of plasticity may also represent a mechanism through which rTMS
exerts its therapeutic effects in depression. Plasticity in the cortex involves an adap-
tive rewiring of neurons in response to environmental change. Synaptic plasticity
has long been conceptualised as a cellular substrate of learning and memory. As
theorised by Hebb in 1949 [19], synaptic plasticity is represented by changes in
synaptic strength in response to coincident activation of coactive cells, which mani-
fest as long-term potentiation (LTP) or long-term depression (LTD). LTP depends,
in part, on activation of a double-gated NMDA receptor that serves as a ‘molecular’
coincidence detector. These calcium-permeable glutamatergic receptors are able to
provide a long-term augmentation of postsynaptic signal once activated by an input
sufficient to depolarise postsynaptic membrane and relieve tonic Mg?* inhibition
[20, 21]. rTMS can cause neurons in the cortex to generate repeated and consistent
firing of coactive cells, thereby producing plasticity in the cortex. Modifying plas-
ticity has been regarded as a downstream mechanism through which serotonin
reuptake inhibitors result in depression treatment [22]. rTMS therefore may exert its
antidepressant effects by potentiating plasticity in the cortex.

1.4 Sham Stimulation

Double-blind placebo or sham-controlled rTMS trials are the best methods
through which the clinical effects of rTMS can be optimally derived. Sham
stimulation can involve lifting the coil off the person’s head, thereby generating
sound but no tactile sensation. It may be hard to ensure the adequacy of blinding
with this form of sham control which is now rarely used. Another method
through which sham rTMS can be applied is by tilting the coil at either 45° or
90° or stimulating with material between the coil and surface of the head. These
methods may produce noise and some scalp sensation without generating
sufficient field strength to activate the cortex. A criticism that has been levied
with this approach is that the scalp sensation is very weak and, therefore, also
easy to differentiate from active TMS despite the fact that subjects who partici-
pate in these trials are, for the most part, rTTMS naive. George et al. [23] reported
on a novel and very effective method by which to generate sham stimulation. In
this method, ‘active’ sham stimulation is produced through an electrical field
being generated by a peripheral nerve stimulator to produce scalp sensation at
the stimulation site. Through these methods, the ability to predict active versus
sham stimulation was reduced to chance [23].
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1.5 Noise

A loud clicking noise is heard when stimulator is discharged. This clicking noise is
generated by internal stress that is caused by the rapid alternating electrical field that
is produced in the capacitor, cables and the stimulating coil. The clicking sound that
is generated is between 120 and 300 dB. As such, it is always advised that both
operators and subjects wear hearing projection throughout the treatment.
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The History of TMS and rTMS Treatment
of Depression

2.1 Introduction

The application of electricity and magnetic fields in medicine has a long and not
always distinguished history. Reports of the use of electrical techniques in medicine
date back at least to the Roman Empire where in 46 AD Scribonius Largus, physi-
cian of the emperor Tiberius, described the use of torpedos (aquatic animals capable
of electrical discharge) for medical applications [1, 2].

The live black torpedo when applied to the painful area relieves and permanently cures
some chronic and intolerable protracted headaches ... carries off pain of arthritis ... and
eases other chronic pains of the body.

For any type of gout a live black torpedo should, when the pain begins, be placed under
the feet. The patient must stand on a moist shore washed by the sea and he should stay like
this until his whole foot and leg up to the knee is numb. This takes away present pain and
prevents pain from coming on if it has not already arisen. In this way Anteros, a freedman
of Tiberius, was cured.

(Compositiones Medicae, 46 AD)

The notion that electricity could be used for therapeutic purposes was carried
through the Middle Ages and during the Renaissance gained particular attraction. In
the 1600s in England, William Gilbert, physician to Queen Elizabeth, published De
Magnete, in which he described the use of electricity in medicine. Gilbert described
that when certain materials are rubbed, they will attract light objects. He coined the
name ‘electricity’ from the Greek ‘electron’ for amber [3].

During the 1700s the use of electricity for the treatment of paralysis was sug-
gested by Krueger, a Professor of Medicine in Germany, and Kratzenstein published
a book on electrotherapy. Kratzenstein described a method of treatment which con-
sists of seating the patient on a wooden stool, electrifying him by means of a large
revolving frictional glass globe, and then drawing sparks from him through the
affected body parts.

The development of the field diverged in several significant directions in the com-
ing centuries, in parallel with the expansion of knowledge in the physical sciences.
These will be briefly described in turn.

P.B. Fitzgerald, Z.J. Daskalakis, Repetitive Transcranial Magnetic Stimulation 7
Treatment for Depressive Disorders, DOI 10.1007/978-3-642-36467-9_2,
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First, heralding the development of the science of electrophysiology, in 1780 in
Italy, Luigi Galvani, Professor of Anatomy at the University of Bologna, first
observed the twitching of muscles under the influence of electricity (prepared from
the leg of a frog) [4]. Alessandro Volta subsequently demonstrated that the ‘gal-
vanic’ effect did not require contact with the animal (and also contributed to the
development of the battery) [4]. Another Italian, Carlo Matteucci, was able to show
that injured tissue generates electric current [4].

During the same time, the notion of magnetism, in particular that of ‘animal
magnetism’, became widely known due to the work of Anton Mesmer. The concept
was first described by Paracelsus (1530) but considerably popularised by Mesmer
through his various works including the Propositions Concerning Animal Magnetism
in 1779 and his doctoral thesis De influxu planetarum in corpus humanum produced
in 1766 [4]. Mesmer’s concept, however, related to magnetic properties only by
analogy as he described the response of the human body to heavenly bodies and the
bodies’ reciprocal interaction with the environment as analogous with the properties
of a physical magnet. Mesmer initially constructed physical apparatus (the baquet)
that was used to effect the animal magnetism of a subject but latter disposed of the
use of metallic objects altogether. Mesmer’s ideas became very popular in certain
European countries (especially Germany, Russia and Denmark) but were progres-
sively discredited, and Mesmer eventually closed his Paris clinic. Although
Mesmer’s ideas were widely disproved, especially through a series of scientific
commissions in Paris, the notion that imagination (rather than magnetism) could
have physical effects took hold and substantially contributed to the development of
the field of hypnosis [4].

In a different direction, the notion of ‘magnet therapy’ became widely popular
through several centuries. This was based upon the presumption that electrical or
magnetic stimulation could be a ‘nutrient’ to the body that was thought of as elec-
tric. Examples of this movement include the establishment of an ‘electrical therapy’
department which was established in the mid-1880s at Guy’s Hospital in London
under Dr. Golding Bird. Various ‘therapeutic’ devices, including ‘electrical belts’,
were widely popular through the early part of the twentieth century.

2.2  Early Attempts to Develop TMS-Like Approaches

The modern concept of TMS could not be envisioned prior to the early 1800s due to
lack of knowledge until that time of the properties of magnetic fields and their rela-
tionship to electrical currents. It was Michael Faraday who first outlined the prin-
ciple of mutual induction in 1831 (e.g. as later described in his Lectures on the
Forces of Matter, given at the Royal Institution of Great Britain, December 1859)
[5]. This principle states that a current can be induced in a secondary circuit when
its relationship to a primary circuit is altered in several specific ways, including that
the primary current is turned on or off or the primary current is moved relative to the
secondary current. Faraday described that this effect was mediated through the
magnetic flux created by the changing circuit and that alterations in the magnetic
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flux would induce an electrical field [5]. The line integral of this electric field is
referred to as the electromotive force, and this force is responsible for the induced
current flow. The magnitude of this effect can be quantified and mathematically
described. Importantly, the magnitude of the force is proportional to the rate of
change in the magnetic flux.

Nikola Tesla in the USA in the latter part of the nineteenth century was experi-
menting with the physiological effects of high-frequency currents [5]. He con-
structed a variety of flat, cone- and helix-shaped coils that were used to produce
physiological effects. Tesla coils or Oudin resonators consisted of primary and
secondary large coils used to produce an ionisation of the air between the coils.
A patient would sit between the coils and experience a sensation described by Tesla
as like the ‘bombardment of miniature hail stones’. These coils formed the basis for
the latter development of diathermy that was propagated by Tesla and the Frenchman
d’ Arsonval. Tesla also contributed significantly to the development of X-ray [5].

D’ Arsonval was also the first person to develop ideas that could be considered
equivalent to modern TMS technology. He reported the effects of cranial stimula-
tion with a large magnetic coil producing a 110-V current at 42 Hz. The coils util-
ised by d’Arsonval were similar to those developed by Tesla but without the
secondary coil [4]. He described numerous physiological responses to his coil
including the development of dilation of blood vessels, vertigo, syncope and phos-
phenes. Phosphenes, or visual flashes of light, are produced with modern TMS
stimulation of the occipital visual cortex, and it is possible that this was the source
of the experiences produced in the experiments of d’ Arsonval, although from knowl-
edge of the capacity of technology of the day, it seems more likely that they were
the result of direct retinal stimulation.

As these reports were published in French, they were not widely read in the
English- and German-speaking scientific communities. Independent reports of a
similar nature were made by Beer in 1902 [6], and a device designed for use in the
treatment of depression and other neuroses was actually patented by Pollacsek and
Beer in Vienna. Widespread use of this device did not follow, and one can reason-
ably assume that the induced fields would have been insufficient to be likely to have
therapeutic effects. The report of Beer inspired several other investigators. Thompson
produced a large 32-turn coil in which a subject’s head was to be placed which pro-
duced some sight and taste sensations [7]. Dunlap reported a controlled experiment
designed to test the veracity of the reports of the sensations produced with these
devices ‘controlling’ for the noise produced [8]. Visual sensations were associated
with the alternating current, but he was unable to confirm other sensations.
Magnusson and Stevens produced two elliptical coils, which were used to produce
visual sensations including flickering and a luminous horizontal bar [9].

For several decades after, little research was published in this area. In 1947
Barlow described the use of a small coil to produce visual sensations through stimu-
lation at the temple but not the occiput. The conclusion was drawn that the site of
this stimulation was retinal [10].

The field of magnetic stimulation of brain tissue did not significantly advance for
the greater part of the twentieth century. Through this time, variations on electrical
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therapies continued to remain popular. For example, Lakhovsky working in Paris in
the 1920s developed his ‘multiple wave oscillator’, a device designed to produce a
broad-spectrum electromagnetic field between two large circular electrodes [11].
The patient would sit between two of these coils and have disturbances of cellular
function corrected. The therapeutic properties of devices generating fields of this
type have not been established, although this marginal field of medicine still has its
proponents to this day. In recent years there has been a resurgence of interest in the
role of pulsed weak electromagnetic fields in the treatment of disease states includ-
ing multiple sclerosis, although controlled trials are lacking [12].

The direct electrical stimulation of the unexposed cortex was first attempted in
the 1950s [13], but this proved to be painful for its routine use. The field was further
developed in the early 1980s with attempts to alter the electrical stimulation to
enhance the effect and lessen discomfort, but additional problems with painful jaw
contraction were encountered [14, 15]. Electrical stimulation has gained some use
in experimental electrophysiology but has been largely, but not completely [16],
replaced by magnetic stimulation.

2.3 The Development of Modern TMS

Modern TMS has a relatively brief history. Barker first started investigating the use
of short-pulsed magnetic fields to stimulate human peripheral nerves in the 1970s
[17]. The first device capable of generating cortical activity was developed by
Barker and others in Sheffield, England, and first described in 1985 [18]. Stimulators
first attracted the attention of neurologists and neurophysiologists due to their capac-
ity to be applied in the testing of nerve activity from the cortex to the periphery. The
first therapeutic reports of the use of TMS were in the treatment of mood disorders,
which emerged around the same time as reports of the capacity of TMS to alter the
mood of healthy control subjects. The initial studies in healthy controls suggested
that rTMS applied to the left dorsolateral prefrontal cortex (DLPFC) could induce a
mild increase in self-reported sadness. rTMS applied to right DLPFC could improve
self-rated positive mood [19, 20]. Mood effects across these and other studies were
relatively inconsistent and produced with differing TMS parameters. Later studies
did not necessarily confirm that mood changes could be produced reliably in healthy
control subjects. However, initial studies in depressed patients were also being
undertaken around the same time. The very first studies utilised stimulation over the
vertex and, in general, reported inconclusive results, especially as they were usually
open label studies in small samples [21-23]. In 1994 it was proposed that the pre-
frontal cortex (PFC) might be a more effective target for TMS [24]. This idea was
based upon the evidence of a link between the response to electroconvulsive therapy
(ECT) and changes in PFC function [25] as well as imaging studies reporting abnor-
malities in the PFC in depressed patients [26].

The first published studies using focal stimulation of the prefrontal context fol-
lowed and appeared in 1995 and 1996. In the first of these studies, George et al.
reported the treatment of six medication-nonresponsive patients with 20 Hz TMS
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applied to the left PFC [27]. This was followed with a double-blind study of 2 weeks
of treatment applied with a sham control in a crossover design [28]. Around the
same time Pascual-Leone et al. reported a sham-controlled crossover study with 5
days of 10 Hz treatment [29]. The results of these two studies were sufficient to
arouse the interest of researchers around the world in the use of high-frequency
rTMS applied to the left DLPFC. Studies since that time have substantially extended
the dose of stimulation applied, both in regard to the number of treatment sessions
and to the number of pulses applied per session. However, many of the basic aspects
of treatment used in these initial studies, for example, the methodology for coil
placement, have not really advanced substantially since the mid-1990s. Some
researchers have developed new, alternate ways to utilise rTMS. For example, Klein
etal. in the late 1990s developed the approach of using low-frequency rTMS applied
to the right DLPFC [30], an approach which has subsequently proven to be of simi-
lar efficacy to standard left-sided high-frequency rTMS.
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The Mechanism of Action of rTMS

3.1 Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive method of
stimulating nerve cells in cortical regions of the brain [1] which can also produce
significant therapeutic effects in a number of neurological and psychiatric disorders.
However, the mechanisms through which such treatment effects occur is uncertain.
Generally speaking, it has been proposed that the effects of high-frequency rTMS in
depression occur through an increase of activity in the left DLPFC, which is pro-
posed to be underactive in patients with depression. Low-frequency right-sided
rTMS is proposed to reduce right-sided DLPFC activity which is proposed to be
overactive in patients with depression. However, rTMS has a complex series of
effects on the brain, and research has not necessarily consistently demonstrated
these relationships.

In this chapter, we will review the brain mechanisms postulated to be altered by
TMS and how they may relate to the treatment of depression.

3.2 Effects of rTMS Assessed in the Motor Cortex

The majority of research into the effects of rTMS has occurred in the motor cortex,
where there are easily available means to study alterations in cortical activity. In
particular, single and paired pulses of TMS applied to the motor cortex can be util-
ised to index aspects of cortical excitability and inhibition, providing a ready mech-
anism to study the effects of repetitive rTMS stimulation. In this regard, rTMS has
been shown to result in changes in several physiological parameters in the motor
cortex, including in excitability, evidenced in motor threshold (MT) and motor-
evoked potential (MEP) alterations; in cortical inhibition and facilitation, evidenced
in silent period (SP) and paired pulse inhibition and facilitation (ppTMS) changes;
and in alterations in cortical plasticity. These changes appear to be rTMS frequency
and intensity dependent.

P.B. Fitzgerald, Z.J. Daskalakis, Repetitive Transcranial Magnetic Stimulation 13
Treatment for Depressive Disorders, DOI 10.1007/978-3-642-36467-9_3,
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3.2.1 Effects on Motor Cortical Excitability

Low-frequency rTMS (1 Hz or less) has been shown to decrease corticospinal excit-
ability (see review in [2]). For example, Chen et al. [3] demonstrated that a 15-min
train of suprathreshold 0.9 Hz rTMS applied to the motor cortex reduced MEP size.
This reduction lasted at least 15 min after the end of the stimulation train. Siebner
et al. [4] found a similar reduction in MEP size in healthy controls, but not in patients
with writer’s cramp when 1 Hz rTMS was applied over the left primary motor hand
area. These findings have been confirmed in more recent studies. Subthreshold 1 Hz
stimulation for 4 [5] or 10 [6] min both resulted in significant reduction in MEP size.
Muellbacher et al. [7] found that 1 Hz suprathreshold TMS for 15 min increased the
motor threshold and reduced MEP amplitude. Notably, the degree of these effects has
been shown to be dependent on stimulation parameters such as intensity [8].

Effects of 1 Hz stimulation may also be seen at sites not directly targeted for
stimulation. Gerschlager et al. [9] used a considerably lower stimulation intensity
than previous studies (90 % active motor threshold (AMT) which approximately
corresponds to 60—70 % of resting motor threshold (RMT)). They demonstrated that
prolonged 1 Hz stimulation of the premotor cortex, but not the primary motor, pari-
etal or prefrontal cortex, resulted in MEP suppression for at least 15 min. These
authors suggest that the effects of premotor cortex stimulation is due to its rich con-
nection to the primary motor cortex and that such stimulation can suppress primary
motor cortex excitability even more so than stimulation of the motor cortex itself.
Wassermann et al. [10] found that 1 Hz rTMS reduced the excitability of the con-
tralateral, non-stimulated motor cortex as demonstrated by a reduction in the slope
of the MEP recruitment curve. Thus, low-frequency stimulation of a cortical area
may evoke cortical inhibition in interconnected areas [11]. Reduction of cortical
excitability with low-frequency rTMS is clearly relevant to the treatment of depres-
sion, with low-frequency stimulation evaluated as an antidepressant strategy when
applied to the right DLPFC [12].

High-frequency rTMS appears most likely to have effects opposite to that of low-
frequency rTMS and to result in increased motor cortical excitability when applied
to the motor cortex (see [2]). For example, Pascual-Leone et al. [13] demonstrated
a pattern of facilitation of MEPs produced by a train of rTMS that varied with
stimulus intensity and frequency. With 5 Hz rTMS at 150 % RMT, there was clear
facilitation of MEPs. At 10 and 20 Hz rTMS with lower intensities (110 % RMT),
there was also a consistent pattern of facilitation. In contrast, with 150 % RMT at 10
and 20 Hz rTMS, an alternating pattern of MEP inhibition and facilitation was dem-
onstrated. Several other studies have also demonstrated that MEP size increases
with high-frequency rTMS (>1 Hz) [14-16]. Modugno et al. [17] reported that
20 stimuli of 5, 10 and 20 Hz applied to the motor cortex at 100 % RMT resulted in
brief MEP suppression that lasted for about 1 s after rTMS. This suppression in the
post-train interval was prolonged with longer trains or higher frequencies. Increasing
the intensity of the rTMS to 130 and 150 % of RMT resulted in facilitation rather
than suppression of the MEP, consistent with previous findings [15]. Therefore,
high-frequency rTMS at low intensity may cause inhibition for 1-2 s after the r-TMS
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train, whereas at higher-intensity, high-frequency rTMS consistently produces facil-
itation. The mechanisms by which altered excitability occurs in the cortex are
unclear. However, it has been suggested that decreased excitability is related to the
synaptic process of long-term depression [3], whereas increased excitability has
been related to long-term potentiation [18].

The relevance of these studies to understanding the mechanism of action of
rTMS in depression is uncertain. Clearly, individual high-frequency rTMS trains
applied to the motor cortex increase excitability. However, what is less clear is an
understanding of the effects of cumulative stimulation trains over a long treatment
session and the accumulation of changes in cortical excitability with daily rTMS
sessions over a matter of weeks as is applied in treatment protocols.

3.2.2 Effects on Motor Cortical Inhibition and Facilitation

rTMS can also induce changes in cortical inhibition and facilitation. These changes
can be assessed using single- and paired pulse TMS paradigms including (1) short-
interval intracortical inhibition (SICI) (i.e. paired pulse TMS (ppTMS) at inhibitory
interstimulus intervals (ISIs) of <5 ms) [19], (2) long-interval intracortical inhibition
(LICI) [20, 21] and (3) silent period (SP) [22] methods (see Fig. 3.1). These inhibi-
tory paradigms may measure different subtypes of inhibitory GABAergic neurotrans-
mission [23]. Cortical facilitation can be measured using paired pulse TMS with
interstimulus intervals between 10 and 20 ms, referred to as intracortical facilitation
(ICF) [19]. ICF may be mediated by glutamatergic neurotransmission [24].

3.2.2.1 Silent Period (SP)

The effects of rTMS on the SP have been investigated in several studies examining the
effects of pulse number, stimulation frequency and intensity. A silent period is mostly
believed to assess activity of the GABA, receptor. Berardelli et al. [25] demonstrated
lengthening of the SP with 3 and 5 Hz rTMS at 110 and 120 % of the RMT. Romeo
et al. [26] tested rTMS frequencies of 1,2, 3, 5, 10 and 15 Hz at intensities just above
the RMT. They found that trains delivered at >2 Hz resulted in a prolongation of the
SP, whereas trains delivered at 1 Hz had no effect. In both studies, the authors sug-
gested that the SP was prolonged because rTMS activated cortical inhibitory interneu-
rons. Fierro et al. [27] explored the effects of 1 and 7 Hz rTMS at intensities of 100,
115 and 130 % of the RMT. They found that 1 Hz rTMS applied to the motor cortex
near or above the motor threshold reduced the SP. This was interpreted as a decrease
in cortical inhibition. In contrast, 7 Hz rTMS resulted in an inconsistent pattern of
smaller and larger values for the SP. The authors concluded that rTMS applied at low
1 Hz frequency decreases the excitability of inhibitory interneurons.

Therefore, it appears the effects of rTMS on the SP are dependent on frequency
and intensity of stimulation. High-frequency rTMS (>1 Hz) results in lengthening
of the SP, whereas low-frequency rTMS (~1 Hz) results in shortening of the SP.
Moreover, at high frequencies, increasing the stimulus intensity results in further
lengthening of the SP [28]. For example, frequencies ranging from 1 Hz to priming
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Fig. 3.1 Tllustration of the assessment of the measures of short and long intracortical inhibition
(SICI and LICI), cortical facilitation (CF) and the cortical silent period (SP). In the measurement
of CF, SICI and LICI, the motor-evoked potential (MEP) response to a single test stimulus (a) is
compared to the MEP response produced by a conditioning and test stimulus (b, ¢). When the
conditioning stimulus is provided at a very short interval prior to the test stimulus (1-4 ms), the
MEP produced is substantially reduced in size (as illustrated in b) which is SICI. CF is produced
when the interstimulus interval is between 10 and 15 ms and the MEP size is increased over the
baseline measure (c). LICI is produced when the interstimulus interval is extended to 100 ms (not
shown). The SP measure is demonstrated in d. The TMS pulse is applied when the corresponding
muscle in the contralateral hand is undertaking a tonic muscle contraction. A period of suppression
of tonic muscle activity is produced following the MEP, and this is referred to as the silent period

(i.e. 6 Hz followed by 1 Hz), 10 and 20 Hz stimulation resulted in a prolongation of
the SP. 20 Hz stimulation resulted in greatest prolongation of the SP. As the silent
period was reported to be shortened in depression [29], this finding could help to
identify the stimulation parameters needed to optimally treat depression. In fact,
treatment with ECT in depression was associated with significant lengthening of the
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Fig. 3.2 Proposed mechanism for the role of GABAergic potentiation in the treatment of MDD.
Cortical stimulation through treatments such as electroconvulsive therapy (ECT) results in rhyth-
mic activation of pyramidal neurons with concurrent spike and wave complexes on electroen-
cephalography (EEG). Subsequently, GABA interneurons are activated via feedback loops which
attenuate cortical seizure activity, suppress EEG activity and potentiate GABA inhibitory neu-
rotransmission. Repetitive transcranial magnetic stimulation (rTMS) may exert therapeutic effects
by transsynaptic facilitation of GABAergic neurotransmission in an analogous manner

SP [30]. It is possible that both ECT and rTMS share similar mechanisms of action.
For example, in Fig. 3.2 we illustrate how ECT induces seizures through direct
activation of pyramidal neurons. Seizures terminate, in part, through activation of
recurrent collaterals which activate GABAergic interneurons which could account
for the SP prolongation seen with ECT. By contrast, rTMS activates interneurons
transsynaptically [31], and this could result in a direct effect on GABAergic interneu-
rons without causing a seizure.

3.2.2.2 Paired Pulse Inhibition and Facilitation (ppTMS)

The effects of rTMS on cortical inhibition and facilitation have also been evaluated
through ppTMS. SICI assessed with ppTMS is widely believed to assess activity at
the GABA , receptor. Pascual-Leone et al. [32] demonstrated SICI was significantly
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reduced with 1,600 subthreshold rTMS stimuli applied at 10 Hz to the motor cortex.
In contrast, the same number of subthreshold stimuli applied at 1 Hz had no effect
on SICI. Similarly, Peinemann et al. [33] demonstrated that 5 Hz TMS applied to
the motor cortex at 90 % RMT caused a significant reduction in SICI but no change
in ICFE. SICI was significantly reduced after only 30 stimuli of 120 % RMT at 5 Hz
[34]. Similarly, SICI was reduced at a stimulation frequency of 15 Hz, whereas ICF
was increased. Romero et al. [6] found that subthreshold stimulation with 1 Hz for
10 min significantly decreased ICF, without a concomitant change in SICI. These
authors suggest that these effects occur through cortical disfacilitation. As ICF may
be associated with activity of excitatory glutamatergic circuits [24], disfacilitation
may result in decreased cortical excitation. Therefore, these studies suggest that
high-frequency rTMS decreases SICI and, perhaps, increases ICF. Conversely, low-
frequency rTMS may decrease ICF without concomitant change in SICI.

The result of this series of studies exploring the effect of rTMS on SP and SICI
suggests that rTMS modulates activity at both GABA receptor subtypes.

3.2.3 Effects of rTMS on Motor Cortical Plasticity

Repetitive TMS has also been shown to affect cortical plasticity. In this context,
plasticity refers to the reorganisation of the central nervous system (CNS) through
changes in internal connections, representational patterns and/or neuronal properties
[35]. Ziemann et al. [35] demonstrated that the deafferented motor cortex becomes
modifiable by inputs that are normally subthreshold for inducing plastic changes.
Their findings suggest that rTMS can modulate plasticity and may potentially be
used to enhance cortical plasticity when it is beneficial and suppress it when it is
detrimental. In a subsequent study [36], lorazepam (which enhances GABA  ergic
neurotransmission) and lamotrigine (which blocks voltage-gated Na* and Ca®* chan-
nels) were found to abolish the increase in MEP size and decrease in SICI associated
with concurrent ischemic nerve block and rTMS to the contralateral motor cortex.
Conversely, dextromethorphan (NMDA receptor antagonist) suppressed the changes
in SICI but had no effect on MEP. These results provide evidence that the increase in
MEP size induced by rTMS and deafferentation involve both GABA-related inhibi-
tory circuits and voltage-gated Na* or Ca?* channel-mediated mechanisms. Also,
rTMS-induced reduction in SICI appears to involve NMDA receptor activation.

The importance of these motor plasticity findings to the understanding of the
mechanisms of rTMS in the treatment of depression is not fully clear. However,
depression is a disorder associated with neural mechanisms putatively associated
with plasticity impairments. For example, Levinson et al. [29] demonstrated that
patients with depression had SP deficits, whilst patients with treatment-resistant
depression had both SICI and SP deficits. These findings imply that depression is
associated with deficits in GABAergic inhibitory neurotransmission and that more
treatment-resistant depression is associated with even more marked GABAergic
inhibitory deficits. Further, several dimensions of depressive symptoms (e.g. memory
deficits) may be associated with dysfunctional plasticity. Dysfunctional plasticity
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may also be a corollary to excessive NMDA receptor activation from chronic stress
[37]. Additionally, deficits in brain-derived neurotrophic factor (BDNF) in depres-
sion may result in plasticity deficits, as BDNF serves to facilitate plasticity in the
brain [38]. It may be possible that one of the mechanisms through which rTMS
results in enhanced plasticity is the repetitive stimulation of neurons resulting in
synchronous firing and long-term potentiation. That is, by repetitively stimulating
neurons, neuronal output is strengthened and, over time, may translate into meaning-
ful and more functional patterns of activity in depression.

3.3 Effects of rTMS Assessed with EEG

Assessment of immediate and direct rTMS-induced alterations in cortical activity
cannot only be assessed by electromyography (EMG) methods as described in pre-
vious chapters, but also by electroencephalography (EEG). The use of the combina-
tion of TMS and EEG methods in the investigation of TMS mechanisms is
particularly relevant for studies of working memory (WM) in depression.
Abnormalities of WM have been repeatedly found in patients with MDD as well as
a range of other psychiatric disorders. As discussed, rTMS over the motor cortex
has been shown to enhance Gamma (y)-aminobutyric acid (GABA)-mediated inhib-
itory neurotransmission in healthy individuals [28]. Gamma oscillatory activity dur-
ing higher cognitive tasks is an area of great interest and has recently been shown as
a key neurophysiological mechanism underlying WM.

Commonly defined as the ability to maintain and manipulate information over
short periods of time [39], WM is often argued as the essence of all prefrontal
functions due to its importance in everyday complex cognitive tasks such as lan-
guage, comprehension, learning and reasoning [40, 41]. Moreover, the dorsolat-
eral prefrontal cortex (DLPFC) is consistently reported to mediate WM processes,
revealed through enhanced blood oxygen level-dependent (BOLD) activity in
functional magnetic resonance imaging (fMRI) studies [42, 43]. It has been
proposed that GABA inhibitory interneurons in the DLPFC contribute to the
generation and synchronisation of pyramidal neurons necessary for optimal WM
performance [44, 45].

Investigating this issue, we previously conducted a study measuring the effect of
20 Hz rTMS applied to the DLPFC on y-oscillatory activity across WM load (i.e. 0-,
1- and 2-back conditions) in healthy controls. Active rTMS significantly increased
y-oscillatory activity compared to baseline (pre) and sham stimulation. Moreover,
active rTMS caused the greatest change in y-oscillatory activity in the n-back condi-
tions with the greatest cognitive demand, an effect that was limited to frontal brain
regions. Finally, active rTMS had no effect on other frequency ranges (i.e. 8, 6, c,
B). suggesting a selective effect to oscillatory activity in the y-frequency range.
Collectively, these results suggest that active rTMS applied to DLPFC significantly
increased frontal y-oscillatory activity which was most pronounced at n-back condi-
tions of greatest difficulty. Therefore, it is possible that the effects of rTMS on
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DLPFC activity in depression may occur through modulation of high-frequency
oscillations, and modulation of these oscillations may occur through alterations in
the GABAergic neurotransmitter system.

3.4 Neuroimaging Studies of the Effect of rTMS

Part of the allure for studying the motor cortex is that outcome variables can be eas-
ily assessed with surface EMG. Exploring non-motor regions, however, requires the
combining TMS with other methods of measurement (e.g. EEG, positron emission
tomography (PET), near-infrared spectroscopy (NIR) or magnetic resonance imag-
ing (MRI)). A substantial series of studies have utilised brain imaging methods to
study either the direct effects of rTMS stimulation (in a variety of cortical regions)
or the effects of rTMS treatment in patients with depression.

3.4.1 Imaging of rTMS Effects

Studies directly imaging the effects of rTMS on brain regions have demonstrated
that local activation of the cortex results in changes in distributed brain regions. For
example, Paus et al. [46] stimulated the frontal eye fields with 10 Hz rTMS at an
intensity of 70 % of the maximum stimulator output, whilst PET scans were
acquired. They found significant positive correlation with regional cerebral blood
flow (rCBF), as measured with *O-labeled H,O PET over the same cortical regions,
as well as concomitant excitation in the visual cortex of the superior parietal and
medial parieto-occipital regions. In an alternative approach, Nahas et al. [47] used
1 Hz rTMS to stimulate the prefrontal cortex, whilst functional MRI (fMRI) scans
were conducted. This was done in an effort to measure connectivity and clarify the
intensities that are required to produce activation in this cortical region. Previous
studies measuring activation in non-motor cortical areas based intensities on those
required to produce activation to the motor cortex [48]. Given the cytoarchitectural
differences between these regions [49] however, such parameters may not be accu-
rate. As such, the prefrontal cortex was stimulated with a range of intensities (e.g.
80, 100 and 120 % of RMT). Nahas et al.’s results can be summarised into four main
findings: (1) greater intensities produced greater local and contralateral activation,
(2) stimulation of the left prefrontal cortex resulted in bilateral effects, (3) rTMS of
the left prefrontal cortex produced greater activation on the right side than the left
side, and (4) stimulating at 80 % of the RMT for 20 s failed to produce significant
prefrontal activation.

An additional imaging approach used to study rTMS effects has utilised meta-
bolic imaging with PET. With this method, Strafella et al. [SO] demonstrated that
rTMS applied to mid-dorsolateral prefrontal cortex resulted in dopamine release in
the striatum of the human brain, indicating that rTMS applied to the cortex can
induce neurochemical change in subcortical brain regions.
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The most relevant conclusions from direct neuroimaging studies of rTMS to
understanding the mechanism of action of rTMS treatment of depression are clearly
that rTMS produces changes locally and at distant brain sites within connected cir-
cuitry. This suggests the possibility that rTMS treatment may work through local
effects, distal effects or a combination of both. It is also quite plausible that the
mechanism of action of rTMS may involve changing the strength of connections
between areas in these brain circuits.

3.4.2 Imaging of rTMS Effects in Depression

Of more direct relevance to understanding the mechanism of action of rTMS treat-
ment in depression are a series of studies that have examined brain activity pre- and
post-rTMS treatment. Several existing lines of evidence suggest that MDD is more
commonly associated with hypoexcitability over the left prefrontal cortex and/or
hyperexcitability over the right prefrontal cortex. The strongest evidence in support of
this relates to the much higher rates of depression in patients with left-sided strokes
(the anatomic equivalent of hypoexcitability) than in the general population. Moreover,
patients with right-sided strokes (the anatomic equivalent of hyperexcitability) experi-
ence manic symptoms at much higher rates than in the general population [51].

Imaging studies have also demonstrated that MDD may involve dysregulation of
cortical activity, with lower activity in the left dorsolateral prefrontal cortex and
higher activity in the right dorsolateral prefrontal cortex [52, 53]. Further, rTMS
treatment in MDD has been directly shown to be associated with a normalisation of
hypoexcitability over the left prefrontal cortex and normalisation of hyperexcitability
over the right hemisphere [54]. This is consistent with the finding that rTMS applied
at high frequencies (e.g. 10 Hz) increases excitability in the cortex [55], whilst rTMS
applied at low frequencies (e.g. 1 Hz) decreases excitability in the cortex [3].
Specifically, Kimbrell et al. [54] reported that 13 patients with depression responded
differently to 1 Hz versus 20 Hz rTMS. There was a significant negative correlation
between change in HAMD scores and each frequency they were treated with. That
is, responders to one frequency (i.e. 1 or 20 Hz) tended to deteriorate when the other
frequency was applied (i.e. 20 or 1 Hz). Overall, however, there was a greater response
to 1 Hz rTMS compared to 20 Hz rTMS. Additionally, in 11 patients who received
PET scans, change in HAMD scores in response to rTMS was related to baseline
glucose metabolism measures. Two weeks of 20 Hz rTMS was correlated with
baseline global metabolism, with improved response associated with greater baseline
global hypometabolism. Conversely, baseline global hypermetabolism was more
closely associated with greater HAMD change scores following 1 Hz rTMS. The
results suggest that brain metabolic biomarkers may be an effective way of optimis-
ing or personalising rTMS treatment response.

In addition to this initial PET research, studies have used a number of other
methods to explore brain activity pre- and posttreatment. Research using functional
magnetic resonance imaging (MRI) has indicated that high-frequency left-sided
TMS produces a bilateral prefrontal increase in task-related activation [56].
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Interestingly, in the same study, successful response to low-frequency right-sided
stimulation was associated with bilateral reductions in prefrontal activity. These
bilateral changes suggest that successful response to rTMS treatment is not related
to a simple rebalancing of left-right activity and that response to treatment may
involve alternative mechanisms. Interestingly in this context, recent studies have
suggested that response to rTMS may be related to changes in white matter path-
ways in prefrontal-subcortical circuitry [57]. This research suggests that rTMS
response does not necessarily relate to local changes in cortical activity but arises
through strengthening of cortical-subcortical circuitry. Strengthening of these con-
nections could potentially allow executive prefrontal cortical regions to exert greater
regulatory control over abnormally active subcortical mood circuitry.

3.4.3 Studying Brain Effects of rTMS with Near-Infrared
Spectroscopy

An alternative mechanism of exploring the effects of rTMS stimulation on brain
activity is through the use of near-infrared spectroscopy (NIRS). NIRS is a tech-
nique for measuring blood oxygenation (HbO) that can be used in combination with
rTMS and repeatedly over time. Initial research using NIRS to study the effects of
single-pulse TMS demonstrated quite consistently that higher-intensity TMS results
in a drop in HbO, both at primary motor cortex (M1) and at prefrontal cortex (PFC)
(e.g. [58, 59]). Subthreshold single-pulse TMS results in a more recognisable
increase in HbO than would be expected to be seen during normal brain activation.
More recent studies have found that the decrease in HbO that results from high-in-
tensity TMS stimulation can also be seen with paired TMS pulses [59] and rTMS
[60]. For example, we recently demonstrated that prolonged trains of 1 Hz rTMS at
suprathreshold intensities produced a prolonged and sustained reduction in HbO not
seen with subthreshold stimulation [61]. This pattern of substantial HbO reduction
appears to be an ‘unnatural’ pattern of brain activation, differing from what would
be expected for normal brain activation or engagement in a cognitive task [58, 59,
61, 62]. Speculatively, it is possible that the brain’s response to this unnatural pat-
tern of brain activation, such as a change in vasomotor activity, may in some way
underlie the therapeutic action of rTMS.

3.5 Studying Brain Effects of rTMS
with Electroencephalography

EEG methods have been used relatively extensively to study aspects of rTMS treat-
ment of depression. Initially EEG was used to investigate whether there were safe-
ty-related issues with rTMS treatment. More recently, a series of studies have
investigated whether EEG markers can be used to predict successful response to
rTMS treatment (e.g. [63, 64]). Of most relevance, however, are studies that have
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investigated changes in EEG activity associated with successful antidepressant
treatment. For example, Spronk et al. evaluated the effects of rTMS applied over the
DLFPC on quantitative EEG (QEEG) and the oddball ERP in patients with depres-
sion [65]. They reported that QEEG measures did not change with treatment, with
the exception of an indirect right frontal increase in delta power. By contrast, i TMS
resulted in an increased positivity in ERPs over the left frontal cortex. Specifically,
the P2 amplitude was significantly increased in left frontal regions. There was also
a treatment-related increase in N1 and N2 ERP components. These results suggest
that rTMS can alter conventional neurophysiological markers of plasticity in the
cortex. Such measures may ultimately serve as biomarkers of treatment response
and help tailor or personalise rTMS treatment.

3.6 Effects of rTMS on BDNF

Given the postulated role of neurotrophic factors, including BDNF, in the aetiology
of depression and the mechanism of action of antidepressant medication, studies
have increasingly explored whether the antidepressant effects of rTMS are modu-
lated through rTMS-induced changes in BDNF. These studies have occurred both in
animal models and in human experimental settings.

For example, high-frequency rTMS was shown to produce a substantial increase
in BDNF levels in rats when stimulation was applied in awake animals, an effect not
seen with low-frequency stimulation [66]. In a second study, three weeks of high-
frequency stimulation was also shown to produce increases in BDNF levels along
with changes in hippocampal cell proliferation [67]. In humans, Bocchio-Chiavetto
et al. [68] reported that 5 daily sessions of rTMS administered to 16 patients with
MDD resulted in significantly improved depression (average improvement by
HAMD of 23.60 %; p=0.0003) with a concomitant increase in serum BDNF levels
(baseline 29.73+8.02 ng/mL; posttreatment 32.63+7.59 ng/mL; p=0.022).
However, the clinical relevance of these findings is uncertain as the authors reported
the increment in the neurotrophin levels was not associated with rTMS efficacy.
Additional evidence from Lang et al. [69] also failed to detect an association of
BDNF with clinical improvement following 10 rTMS treatments of 14 patients suf-
fering from treatment-resistant major depression.

The relationship of the BDNF system to rTMS response has also been explored
in human subjects by considering the relationship between clinical response to
treatment and BDNF genotype, specifically the effect of the valo6met BDNF poly-
morphism. In a study of 36 patients where 31 had a diagnosis of major depression
and the remainder five of bipolar disorder (depressive phase), five daily sessions of
TMS improved patient HAMD scores (baseline 23.19+5.12; post-rTMS
17.50+6.91; average=25.29 %). The val/val homozygotes (32.36+21.23 %
improvement in HAMD) experienced a much greater improvement than met carri-
ers (16.45+19.90), indicating a role for this polymorphism in the improvement of
depressive symptoms with rTMS treatment [68].
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Conclusions

In summary, this chapter focused on rTMS mechanisms potentially associated with
therapeutic improvement in depression. Treatment effects may relate to potentia-
tion of excitatory and inhibitory cortical mechanisms. It is possible that rTMS
responses relate to local changes in cortical activity but also that response relates to
an alteration of connections between prefrontal and subcortical brain regions rele-
vant to depression. In addition, evidence suggests that rTMS may modulate plastic-
ity in the cortex. Finally, both BDNF and dopaminergic increases have been
reported, both of which have been related to the therapeutic mechanisms of rTMS.
Future studies aiming to closely associate changes in these brain mechanisms to
changes in symptomatic response may help clarify the physiological basis for the
therapeutic effects of rTMS and potentially lead to optimised treatments.
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Acute rTMS Treatment for Depression

4.1 rTMS in Depression: High-Frequency Stimulation

When TMS was first used in the treatment of depression, single pulses were applied,
often to the vertex, with minimal therapeutic benefit (e.g. [1]). However, it was not long
before a more substantive and rational application of rTMS was developed. This appli-
cation, which involved the stimulation of left dorsolateral prefrontal cortex (DLPFC)
with high-frequency rTMS pulses (Fig. 4.1), has persisted until current times.

The rationale for high-frequency stimulation to the left DLPFC arose from the
observation that patients with MDD exhibit a reduction in resting activity in the left
DLPFC on positron emission tomography (PET) imaging [2]. A reduction in left
prefrontal activity was also proposed to underlie the increased risk of depression
following left anterior strokes, and there was also a suggestion of left right anterior
cerebral imbalance in electroencephalography studies. Early neurophysiological
studies where rTMS was applied to the motor cortex had demonstrated that high-
frequency stimulation would increase local cortical activity, usually assessed as an
increase in the evoked motor activity. Therefore, initial rTMS research was pro-
posed that high-frequency stimulation applied to the left DLPFC could increase
local cortical activity and therefore ameliorate depression.

Initial studies using this technique in the mid-1990s produced considerable thera-
peutic benefit, despite the brief nature of the trials and relatively low dose of stimula-
tion applied (e.g. [3, 4]). Subsequently, a very large number of open-label and
sham-controlled trials have been conducted to explore the efficacy of left prefrontal
rTMS (see Table 4.1). At least 30 trials have been sham controlled. Over time, there
has been a progressive increase in the dose of rTMS stimulation applied during treat-
ment research. This has manifested in changes in a number of stimulation parame-
ters. First, the intensity of stimulation has progressively increased. Initial trials
frequently applied stimulation at 90 or 100 % of the resting motor threshold (RMT),
whereas recent trials have used up to 120 % of the RMT. The RMT is a measure of
motor cortical excitability (see Fig. 4.2 and Sect. 6.2). Second, the number of stimu-
lation trains applied in each treatment session has progressively increased. Initial
studies provided 10 or 20 stimulation trains per session. Recent studies have applied

P.B. Fitzgerald, Z.J. Daskalakis, Repetitive Transcranial Magnetic Stimulation 29
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Fig. 4.1 A fluid cooled MagVenture A/S coil localised over the prefrontal cortex in the custom
built stand

75 trains per session with some trials even exceeding this. Finally, the total number
of stimulation sessions has also progressively increased. Treatment was initially pro-
vided over 1 or 2 weeks. In recent years, treatment trials of 6 weeks duration have
been conducted, with some studies exceeding even this period [23]. However, this
has not been completely consistent, with some recent studies using stimulation char-
acteristics most commonly applied in the early 2000s.

Few studies have systematically addressed whether dose is directly related to clinical
response. An inference has been made that the progressive increase in dose over time
has been associated with an increase in efficacy reflected by greater effect sizes in later
clinical trials [24]. However, it is possible that this increase has resulted from other fac-
tors, including changes in selection criteria for patients in clinical trials. Until systematic
research that randomises patients to different dosage conditions is conducted, it is impor-
tant to note that it remains an assumption that higher doses are associated with better
clinical response. It is also worthy of note that the possible range of techniques that can
be utilised in the application of rTMS have evolved considerably, for example, with the
development of a variety of neuronavigational strategies for more accurately targeting
prefrontal cortical regions. However, the vast majority of studies have generally used
similar techniques to those developed in the mid-1990s. For example, the majority of
studies localised DLPFC by the measurement of 5 cm forward from the motor cortex in
a sagittal plane.
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Fig. 4.2 Assessing the resting motor threshold using a hand held coil during stimulation of the
motor cortex

The vast majority of clinical trials conducted investigating the efficacy of iITMS
have been independently funded and conducted by individual research groups.
However, several larger-scale multisite sham-controlled trials have now been pub-
lished. The first of these studies was sponsored by an equipment manufacturer who
had patent protection over a modified rTMS coil design. This study involved the
randomisation of over 300 medication-free patients to either active or sham stimula-
tion [21]. Treatment was provided on a daily basis for 6 weeks which could be
continued during a 3-week taper period. Seventy-five trains at 10 Hz were provided
daily at a relatively high intensity. A non-identified sham stimulation coil system
was used to ensure the blinding of both patients and clinicians. This trial demon-
strated an antidepressant effect of active treatment compared to sham. However, this
was not consistently found on all of the outcome measures, including the a priori
nominated primary outcome measure. A substantial difference in antidepressant
effect was seen depending on the degree of treatment resistance: patients who had
notresponded to only one antidepressant medication in the current episode responded
to a substantially greater degree than those with a greater degree of treatment fail-
ure. Treatment was generally very well tolerated in this trial with no major adverse
events. The results of this trial were used by the manufacturer, Neuronetics Ltd, to
achieve device registration approval in the USA in 2008.

A second multisite US trial was funded independently by the National Institute
of Mental Health [25]. One-hundred and ninety-nine patients were randomised to
either active or sham stimulation which involved 3,000 10 Hz pulses applied on a
daily basis for 3 weeks, with a possible 3-week extension for partial responders.
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Similar methods were used to those applied in the Neuronetics Ltd-sponsored study.
Active stimulation produced a greater percentage of patients who achieved remis-
sion of depressive symptoms than sham stimulation, although the overall rates of
remission in both groups were low (14.1 versus 5.1 %). Treatment was also toler-
ated well in this study with a low dropout rate and no major adverse events.

A different approach was adopted in a third large trial conducted in Europe across
multiple centres [26]. In this study, active or sham rTMS was concurrently com-
menced with antidepressant medication. No difference between active and sham
stimulation was seen although it is possible that clinical benefits of rTMS were
masked by the confounding co-administration of medication. Whilst this trial does
not speak to the overall efficacy of rTMS, it does strongly suggest that there is lim-
ited value in concurrently commencing treatment with rTMS and medication.

We have been involved in the conduct of a series of large non-sham-controlled
multisite trials investigating various rTMS stimulation parameters (e.g. [27, 28]).
In these studies, when rTMS is applied in a relatively heterogeneous but treat-
ment-resistant sample of patients, we have generally found a response rate of
approximately 50 %.

4.1.1 Meta-Analysis

The results of a large number of studies exploring the efficacy of rTMS treatment
in depression have been explored and summarised in a number of meta-analyses.
The most recent of these were published in 2009 and 2010 and so have not included
all of the latest research. The meta-analysis conducted by Schutter et al. [29]
involved 30 trials and 1,164 patients. The authors of this study found that there was
a highly significant effect of active treatment compared to placebo, indicated by the
average reduction in depression severity scores (p<0.00001) with a moderate
effect size (0.39). Interestingly, the degree of pre-existing medication resistance
and the intensity at which rTMS was applied did not affect outcomes. The authors
of this study carefully evaluated the possibility of publication bias influencing
analysis outcomes. There was no evidence of such a bias (non-publication of nega-
tive trials in the statistical analysis or the funnel plot). The authors concluded that
approximately 270 unpublished negative studies would be required to counteract
the positive results seen.

The most recent meta-analysis conducted by Slotema et al. found similar results
[30]. Thirty-four studies were analysed comparing rTMS to sham stimulation (total
n=1,383). The effect size was 0.55 (p<0.001) and over 18,000 unpublished nega-
tive trials would be required for these results to have been produced by publication
bias. Importantly, these authors found significant differences when rTMS was
applied under different medication conditions. The overall effect size when rTMS
was applied as a monotherapy was substantially higher (0.96, p<0.001) than when
'TMS was concurrently applied with medication (0.51, p<0.001). The effect size
was lowest when r'TMS was started simultaneously with medication treatment (0.13,
p>0.05).
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4.1.2 rTMS Versus ECT

In addition to trials exploring the efficacy of rTMS compared to sham stimulation,
a number of trials have also compared high-frequency rTMS to ECT [15, 31-35].
The majority of these studies report that rTMS has produced a similar degree of
efficacy to ECT. However, these studies have not typically provided power analyses
to indicate whether the studies have sufficient sample size to detect between group
differences.

The first of the rTMS/ECT comparison studies did demonstrate a difference
between the treatments. In this trial, patients with psychotic depression showed
greater benefit with ECT [33] although no differences were seen in patients without
psychosis. A second more recent study also reported greater beneficial effects of
ECT [36]. The overall results of these studies have been summarised using meta-
analysis. This analysis included six studies (n=215). It was found that ECT pro-
duced a greater clinical benefit with an effect size of 0.47 (p=0.004).

Interpretation of studies comparing ECT to rTMS is somewhat problematic. All
of these studies have compared a fixed number of unilateral rTMS treatments to a
flexible course of often uni- and bilateral ECT. The number of rTMS treatments
provided has often been relatively low in number compared to recent studies. In
addition, no studies have allowed patients not responding to left-sided rTMS to
cross over to right-sided or bilateral treatments, potentially the equivalent of con-
verting from unilateral to bilateral ECT.

The question has also been raised as to whether comparing rTMS to ECT is
really a substantially meaningful comparison [37]. We have argued that rTMS is
more likely to be a complementary treatment provided to patients who do not
require an urgent clinical response, which would suggest a need for immediate
ECT, or in whom ECT is considered not suitable for safety or other clinical rea-
sons. It is likely that rTMS will most frequently be offered to patients who are at
early stages of treatment resistance or who have not quite the same degree of ill-
ness severity.

4.1.3 Summary

A substantive series of single-site and multisite research trials have comprehen-
sively established that rTMS applied at high frequency to the left DLPFC has anti-
depressant efficacy greater than sham. The major continuing concern about this
literature is whether studies have demonstrated a clinically relevant and sufficiently
substantial clinical effect. One way to address this is to compare the effect sizes seen
in trials to equivalent effect sizes seen with antidepressant medication strategies.
O’Reardon et al. in their pivotal industry sponsored clinical trial calculated that the
number needed to treat (NNT) (number of patients needed to treat to get one
responder) for rTMS was 12 at 4 weeks and 9 at 6 weeks [21], not dissimilar to the
NNT for antidepressant medications [25] calculated from a large data set [38]. It is
worthy of note that a considerable number of rTMS trials have been conducted in
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patients with high rates of treatment resistance. Rates of remission with medication
treatment in patients who have failed to respond to more than two antidepressants
are very low, as demonstrated in the large STAR*D study, most likely substantially
less than 20 % (e.g. [39]).

4.2 Low-Frequency Right-Sided rTMS

High-frequency rTMS applied to the left DLPFC is not the only form of rTMS that
has been systematically explored. Low-frequency stimulation (usually 1 Hz)
applied to the right DLPFC has also been evaluated across a series of randomised
controlled trials. In the first of these, conducted back in 1999, Klein et al. applied
two relatively brief trains (1 min each), 3 min apart to the right DLPFC [17].
Patients were randomised to active or sham stimulation. Active stimulation was
provided with a circular coil and generated a substantially greater improvement
compared to sham stimulation. Since that time, a series of mostly relatively small
studies have compared low-frequency right DLPFC stimulation to sham. These
have used relatively divergent methods with some trials limited to the 120 pulses
applied by Klein et al. but others extending up to 1,600 and 2,000 pulses per treat-
ment session. Most trials have utilised standard figure of eight shape coils. The
majority of these studies have shown positive antidepressant effects. This finding
has been confirmed in a recent meta-analysis which demonstrated an effect size of
0.634 for active compared to sham stimulation [40]. This result appears robust as
approximately 120 negative studies would be required to render the effect
significant. Notably, within this analysis, the author compared the effect size appar-
ent with low-frequency right-sided stimulation to that found in a previously con-
ducted meta-analysis of left-sided high-frequency stimulation [29]. No differences
were found, suggesting similar clinical effects. This is consistent with the findings
of studies directly comparing the clinical effects of these forms of stimulation (e.g.
[11]). Response to one type of rTMS does not seem to exclude the possibility of
response to the other [41]. It is also possible that there are differences in the patients
who would respond to either type, such that treatment could be individualised, but
this has not been systematically investigated.

It is worthy of note that low-frequency stimulation should be safer than high-
frequency stimulation as it reduces rather than increases cortical excitability, limit-
ing further the risk of rTMS-related seizure induction [42]. As such, this might
prove to be a useful therapeutic option in patients with increased risk of rTMS-re-
lated seizures. In our experience, across the conduct of the large number of clinical
trials including both low- and high-frequency stimulation, generally low-frequency
stimulation is better tolerated, associated with less scalp discomfort and fewer head-
aches. Occasionally patients who cannot continue with high-frequency stimulation
have been able to receive a successful full course of low-frequency stimulation
applied to right DLPFC.
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4.3 Bilateral rTMS

A third possibility that has been explored is the application of rTMS in a bilateral
fashion. This has been driven both by the observation of the efficacy advantage of
bilateral ECT and a motivation to take advantage of the efficacy of both right- and
left-sided treatment approaches. The first study that explored bilateral rTMS applied
simultaneous high-frequency stimulation to both sides of the brain [18]. No
significant differences during 3 weeks of treatment were seen between active and
sham stimulation in this study.

The majority of subsequent bilateral trials have utilised the combination of low-
frequency right-sided rTMS with high-frequency left-sided rTMS applied in a
sequential fashion (sequential bilateral rTMS). The first study of this sort compared
bilateral rTMS to high-frequency left-sided rTMS and a condition with high (10 Hz)-
and low (1 Hz)-frequency rTMS both applied to left DLPFC [8]. No difference was
found between the groups. However, this study was small, with a short 5-day period
of treatment. A second study also showed no difference in response between bilat-
eral and left-sided rTMS, but rTMS commenced concurrently with antidepressant
medication treatment [16]. In a study where sequential bilateral rTMS was directly
compared to sham condition over a 6-week treatment period, a substantially greater
response to active stimulation was seen compared to sham [10]. In this study, almost
50 % of patients met response criteria and 36 % met criteria for clinical remission.

However, despite the positive effects seen in this latter study, subsequent reports
have not convincingly demonstrated a consistent benefit of bilateral over unilateral
treatment. One sham-controlled randomised study showed a greater response to
bilateral compared to sham stimulation [43] but a similar sized study had exactly the
opposite outcome [44]. In a much larger but not sham-controlled comparison, we
found no difference between unilateral right-sided low-frequency rTMS and bilat-
eral rITMS [27]. A second smaller study found an advantage of right over bilateral
stimulation [45].

4.4  Other Approaches
4.4.1 Priming

There are potentially a variety of other approaches to the treatment of depression,
some of which have been subject to limited evaluation. For example, although
low-frequency stimulation has predominately been applied to right DLPFC, sev-
eral studies have suggested that low-frequency stimulation applied to the left
DLPFC may have antidepressant effects [9, 22, 46]. We have also demonstrated
that bilateral 1 Hz stimulation appears to have antidepressant activity [27]. One
study has also investigated the effects of low-frequency stimulation applied to the
right parietal cortex and suggested that this novel approach does have antidepres-
sant effects [47].
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Another approach that may have value is the use of a ‘priming’ stimulation
sequential combination. Priming stimulation involves the administration of a num-
ber of low-intensity high-frequency rTMS trains (usually subthreshold 6 Hz stimu-
lation) prior to standard low-frequency rTMS [48]. The 6 Hz stimulation is proposed
to ‘prime’ the cortex and enhance the reduction in excitability produced by
low-frequency stimulation. One study has shown that right-sided priming stimulation
may be more effective than low-frequency right-sided stimulation applied alone [49].
Priming with 6 Hz was suggested on the basis of physiological experiments.
However, there may be other and potentially more effective methods of priming
stimulation that have yet to be explored.

4.4.2 ThetaBurst Stimulation (TBS)

Theta burst stimulation is a form of patterned TMS. It typically involves the applica-
tion of very short (e.g. 3 pulses) high-frequency bursts, usually at 50 Hz. These
bursts are repeated at theta frequency (usually 5 Hz). During continuous TBS
(cTBS), stimulation is continued for 40 s in a single train. During intermittent TBS
(iTBS), 2 s trains are repeated with 8 s intervals for a total time of typically 190 s.
These forms of stimulation have opposite effects with iTBS producing an increase,
and cTBS a decrease, in cortical excitability.

Studies using TBS in the motor cortex have shown that it can produce changes in
cortical excitability with much briefer stimulation periods than with traditional rTMS
[50]. Preliminary data suggest that TBS may have antidepressant effects, but substan-
tial controlled trials have not yet been conducted [51]. The very brief periods of stimu-
lation required during TBS are very attractive in regards to clinical applications. There
certainly appears to be significant capacity to produce greater effects whilst still main-
taining moderate treatment times. However, it may not be possible to substantially
increase clinical effects by changing stimulation doses. One study has found that dou-
bling the duration of iTBS results in a decrease in cortical excitability rather than an
increase [52]. The same study found that increasing the length of stimulation with
c¢TBS also reversed its effects. Considerable work is required to establish optimal TBS
paradigms for clinical applications and to evaluate these in patients.

4,5 Other rTMS Methodological Issues
4,5.1 Treatment Targeting

The vast majority of clinical trials conducted with rTMS have utilised a relatively
simplistic method for localising DLPFC. This method involves localising the motor
cortical site for hand muscles and then measuring 5 cm anterior in a parasagittal line
over the scalp surface (5 cm method) (see Chap. 7) [53]. However, research has
demonstrated that this is likely to be inaccurate in a significant percentage of patients
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[54]: in fact, a majority of patients may not receive stimulation in true DLPFC using
this approach.

Several other localisation alternatives are possible, most using various forms of
neuronavigation. Neuronavigational techniques most typically require the co-
registration of the location of an individual’s head to some form of digitised brain
scan. Several hardware approaches to this form of co-registration are available
which track the location of the head in three-dimensional space using either mag-
netic fields, infrared or other forms of optical localisation. The procedure is under-
taken whereby an individual’s head in three-dimensional space is co-registered to a
previously obtained brain scan, usually an MRI. The hardware is then used to loca-
lise a site on the scalp surface that corresponds to the location on the MRI scan that
the operator wishes to target for rTMS treatment.

Although research has clearly indicated that the 5-cm method is suboptimal for
the targeting of rTMS stimulation to DLPFC, few studies have directly investigated
the value of alternative approaches. One factor that restricts this capacity is knowing
exactly where in DLPFC one should actually target stimulation.

4.5.1.1 Possible Anatomical Localisation

One approach would be to base stimulation targeting on the known structural neu-
roanatomy of a relevant target area. In regard to structural neuroanatomy, the bound-
aries of DLPFC were originally described by Brodmann during the dissection of a
single brain in the 1900s (areas 9 and 46). These regions are relatively expansive
across the superior, middle and inferior frontal gyri. A more recent redefinition of
areas 9 and 46 based on the dissection of multiple brains produced a more narrowly
defined area [55]. Area 9 is predominately contained within the superior frontal
gyrus across an expanse of approximately 2.5 cm. Area 46 is localised over the
middle portion of the middle frontal gyrus with an anterior—posterior extension of
approximately 2 cm. The total volume of DLPFC based on this definition exceeds
the area that is likely to be stimulated by standard TMS coils: however, stimulation
over the junction of these two regions is likely to produce stimulation of a significant
proportion of DLPFC as defined in this way.

4.5.1.2 Functional Localisation

Given that DLPFC is a relatively extensive area, a second neuronavigational
approach would be to target stimulation based on knowledge from functional imag-
ing of the regions within DLPFC that are known to be abnormally active in depres-
sive states. A considerable range of functional neuroimaging studies using positron
emission tomography (PET) and functional magnetic resonance imaging (fMRI)
have explored brain regions involved in depression — regions that change with suc-
cessful medication treatment and regions activated by various emotional and cogni-
tive tasks. Unfortunately, these studies have produced a relatively diverse range of
results that are somewhat hard to integrate. Studies have attempted to quantitatively
integrate the results of these studies to better identify a target within DLPFC
for rTMS treatment but have not clearly identified one unique and clearly superior
target [56]. A second approach using neuroimaging is not to look for a global target
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but to utilise neuroimaging scans in individual subjects to choose stimulation sites
for each individual patient.

4.5.1.3 Assessment of Neuronavigational Approaches

Only one study has substantially explored the value of treatment targeting based on
structural landmarks using a neuronavigational tool [57]. In this study, all subjects
underwent the 5-cm localisation procedure as well as an MRI-based neuronaviga-
tional process identifying the site of the junction between Brodmann area 9 and 46
as defined by Rajkowska et al. [55]. They were then randomised to have treatment
at one or other of these sites. Depression improved in both patient groups but to a
significantly greater degree in the patients receiving treatment at the neuronaviga-
tional site. Notably, the neuronavigational site was more anterior and somewhat
more lateral than the site identified using the 5-cm method.

In regard to functional neuroimaging, several studies have attempted to target
treatment based upon areas of hypometabolism on PET scanning [58, 59]. These
studies have generally not found an improved treatment response based on PET
metabolism data although [59] did support the notion of targeting DLPFC based on
structural neuroimaging. Finally, one study has indicated that a more anterior and
lateral coil location is associated with better antidepressant response [60].

Although there is a suggestion in this research that neuronavigational approaches
may improve treatment response, it is possible that enhanced outcomes may be
achieved just by changing the site of stimulation, rather than having to individually
identify the target with neuronavigation. A number of these neuronavigation studies
have suggested that the optimal site of stimulation is likely to be more anterior and
perhaps more lateral to that typically identified by the 5-cm method. The 5-cm method
clearly also does not take into account variation in individual head size. These limita-
tions may be overcome by an approach that takes head size into account and produces
a more anterior stimulation target but does not require scanning of every subject. An
example of this would be the use of EEG localisation sites, such as the use of specific
EEG points [61, 62]. This approach would be relatively easy to adapt into clinical
practice but does require specific assessment prior to its widespread use.

Neuronavigational Coil Localisation

A number of systems are commercially available for the neuronavigational
localisation of TMS stimulation, although most have been predominately devel-
oped for research applications and are not necessarily set up for easy transla-
tional use in clinical practice. These systems typically map the position of the
head (and hence the brain) to a reference MRI image. Once this mapping has
occurred, the software will represent the relationship of a sensor, or TMS equip-
ment the sensor is attached to, to the MRI image of the brain. This allows the
user to identify accurately where the TMS coil is to be placed in reference to the
brain scan rather than just the scalp surface. Some systems will then allow for
the position of the coil and its orientation to be tracked during stimulation.
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4.5.2 Altered Coil Design and Profile of Stimulation

Initial rTMS studies used large round coils that produced an area of stimulation that
was difficult to target. The vast majority of rTMS depression clinical trials have
utilised standard figure of eight coil designs that produce stimulation of approxi-
mately 1-2 cm? of tissue but limited cortical penetration. More recently, technology
has been developed to produce substantially deeper stimulation, for example, of the
more orbital medial, cingulate or insula cortical regions. This so-called deep TMS
is done with a novel coil design that produces more widespread cortical stimulation
with substantial penetration into deeper brain regions [63, 64]. Preliminary data
appears promising [65] and controlled trials are underway. A recent paper reported
an open-label study which included 4 weeks of acute treatment and 18 weeks of
continuation treatment [66]. The remission rate at the end of the initial 4 weeks was
only 27 %, but this had improved to over 70 % at the end of the study.

4.6 Issues with the Conduct of Clinical Trials of rTMS

One of the main issues with the conduct and interpretation of clinical rTMS trials
from the outset has been the methodology of sham or placebo stimulation. All of the
earlier rTMS trials used some variation of a method whereby a standard rTMS coil
is placed on the head but angled away such that the majority of the produced mag-
netic field was not oriented in towards the brain. If the coil is angled correctly, some
degree of scalp nerve stimulation may be produced mimicking in part the sensation
produced with active TMS. The most common variations of this technique involved
one of the two wings of the coil touching the scalp with the coil angled away from
the scalp at either 45° or 90°. Studies investigating the capacity of this type of stimu-
lation to act as an effective placebo were conducted in the early 2000s. For example,
Lisanby et al. showed that tilting the coil away from the scalp from one wing would
markedly attenuate the magnetic stimulation produced in the brain [67], and this
method was widely adopted. They also demonstrated that tilting the coil forward
across both wings did not substantially reduce the degree of intracortical stimula-
tion; this approach should clearly be avoided.

In more recent years, a variety of new approaches have been developed and
adopted. Neuronetics Ltd developed an active and sham coil system for their pivotal
registration trial, which involved the use of a known active coil for the measurement
of motor thresholds followed by the randomisation to either one of two coils, one of
which was active and one of which was sham, for the provision of clinical trial treat-
ment. The active and sham coils were identical in appearance in an attempt to main-
tain the blind of treaters as well as patients. Another approach has been the
development of combined TMS and electrical stimulation systems. In this approach,
electrical stimulation of the scalp would be used to produce scalp sensation during
sham TMS stimulation [68, 69]. Systems utilising this approach are now commer-
cially available, for example, from MagVenture A/S.
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Variation in the quality of sham stimulation used in rTMS trials has led to some
concern about interpretation of the results of many of these. Regardless of the form
of sham stimulation utilised, the greatest reassurance about the quality of sham stim-
ulation adopted can come when efforts are made to formally assess whether blinding
has effectively been maintained. Studies are increasingly utilising methods to assess
whether patients have successfully remained blind although future research should
also include adequate assessment of the blinding of raters and potentially treaters.

Conclusions

A variety of methods utilising rTMS treatment for depression have been devel-
oped over the last 15 years. An extensive series of studies have evaluated the use
of high-frequency stimulation applied to the left dorsolateral prefrontal cortex.
This research clearly demonstrates the short-term efficacy of this technique.
There is also good evidence for the efficacy of low-frequency stimulation applied
to the right DLPFC, although this form of rTMS has not been the subject of
large-scale sham-controlled multisite trials. A variety of new approaches, includ-
ing theta burst stimulation, deep TMS and neuronavigationally targeted TMS,
may potentially offer significant advances on standard techniques but require
further evaluation.
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Clinical Indications and Patient Selection

5.1 Stage of lliness and Treatment Resistance

There are a variety of times during the evolution of depressive illness when patients
may potentially present for rTMS treatment. This could include during the initial
episode of depression, during depressive relapse, during a period of persistent treat-
ment-resistant depression or possibly when well, in regards to maintenance therapy.
There is varying depth in the data that informs the use of rTMS across differing ill-
ness stages. It is reasonable to extrapolate potential efficacy across these stages, but
sensible decisions about the likelihood of response should be based upon the bal-
anced judgement of the accumulated experience of rTMS treatment in the stage of
illness being considered.

There are a variety of established treatment options for patients with depressive
disorders. Approximately 40 % of patients with an index episode of depression will
respond to a single course of an antidepressant treatment, an additional 30 % to
multiple antidepressants and augmentation strategies [1]. Systematic, equivalent
data on response rates to psychological treatments is not available. However, it is
reasonable to assume that a substantial proportion of individuals will not be suitable
for these approaches or will continue to experience depressive symptoms despite
adequate therapy. These groups of patients are typically regarded as having treat-
ment-resistant depression (TRD).

Patients with treatment-resistant depression have been the focus of a substantial
bulk of the rTMS antidepressant research. However, there is considerable variation
in methods used to define TRD [2] and this has affected the consistency and clarity
of the definition of patient populations across treatment trials. Some trials have
considered treatment-resistant patients as those who have failed as few as two anti-
depressant medication trials. Stricter definitions expand the number of failed trials
and/or require these to have come from at least two separate medication classes.
Tools such as the Antidepressant Treatment History Form (ATHF), the Thase and
Rush staging model (TRSM) and the Massachusetts General Hospital staging model
(MGH-S) have been developed to assist in the characterisation of individuals as
treatment resistant but have differing psychometric properties [3]. However, any of
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these are likely to provide assistance in the process of the assessment of patients for
rTMS treatment. It is important to gain information on a series of clinical features
of past treatment failure as part of this process (see Box 5.1).

Box 5.1. Characteristics of Previous Biological Treatment Trials

. Number of medication trials in current episode

. Number of lifetime failed trials

. Duration of each trial

. Degree of clinical response (absent/partial/complete)

. Maximal dose of medication prescribed in relation to therapeutic and
maximally recommended doses

. Number of drug classes covered by medication trials

. Number of augmentation strategies utilised

8. Characteristics of ECT courses: laterality, stimulation location, pulse

parameters, number of treatments, seizure characteristics

W B W =

~N

Despite a large number of rTMS trials having been conducted in patients who
have failed a substantial number of medication trials, registration for rTMS in the
USA was based on data from a comparison of antidepressant response between
TMS and sham stimulation in patients who had failed to respond to only one anti-
depressant medication. There is certainly a suggestion in the literature that a lesser
number of failed medication trials are a positive predictor of likely antidepressant
response (e.g. [4, 5]). However, several large studies have failed to confirm this
relationship (e.g. [6]). On the basis of this literature, although it would seem to be
favourable to make rTMS treatment available relatively early in the course of a
treatment history, patients should not be excluded or dissuaded from treatment when
they have failed a greater number of treatment episodes. In our experience, we have
seen patients who have failed large numbers of medication trials respond to rTMS.
We have also seen patients respond following a failed course of ECT, something
that we thought initially was unlikely to be the case. The mechanisms of action of
rTMS and ECT are likely to vary significantly, and at this stage, there is no indica-
tion of any degree of overlap in the patients likely to respond to either. Therefore, a
course of rTMS should still be considered, especially as once patients have failed
ECT, they have few other treatment options.

It is also inevitable that as rTMS becomes increasingly available questions will
arise as to whether it should be presented as a first-line treatment option. Clearly no
comparative data has been obtained as to the relative efficacy, or the efficacy com-
pared to sham, in this early population. rTMS is a more involved, time-consuming
and most likely more expensive procedure than antidepressant medication, and as
such the market for it as first-line treatment is likely to be limited. However, there is
a significant percentage of the population who are resistant to the idea of taking
medication for the treatment of depression, and for some of these patients, rITMS



5.2 lliness Type: Unipolar and Bipolar Depression 51

may be an attractive option. In addition, it is possible to speculate that early
intervention with a non-medication treatment such as rTMS may avoid medication-
related complications and enhance brain plasticity in a way that ultimately improves
long-term outcomes for patients with depression.

5.1.1 Clinical Recommendations

It appears reasonable for rTMS to be available as an option to patients with varying
degrees of failure to respond to antidepressant strategies. However, response rates
are likely to be higher in patients with lesser degrees of treatment resistance. It is
possible that earlier intervention with rTMS may enhance longer-term outcomes,
but further research, particularly focused on medication naive subjects, is required
to establish this.

5.2  Illiness Type: Unipolar and Bipolar Depression

Most clinical trials investigating the effectiveness of rTMS have predominately or
exclusively enrolled patients with unipolar major depressive disorder. For example,
the two largest multisite sham-controlled rTMS studies conducted to date excluded
patients with bipolar disorder [7, 8]. Some studies, however, have included both
patients in the depressive phase of bipolar disorder and those with unipolar depres-
sion. Within these trials, no analyses have suggested that a bipolar diagnosis is a
negative predictor of the likelihood of clinical response. In one study of low-
frequency stimulation applied to the right prefrontal cortex, patients with bipolar
disorder had a substantially higher response rate (almost 70 %) than the overall
group (51 %) [6]. However, most studies do not provide this sort of separate analy-
sis to allow sufficient inferences to be made about the relative efficacy of rTMS
subtypes in bipolar disorder. There is also a considerable lack of studies that have
directly explored the antidepressant efficacy of rTMS in bipolar disorder alone.

In the first of these few studies, 20 patients were randomised to active or sham
stimulation provided over 20 treatment sessions [9]. There was a significant improve-
ment in depression with active but not sham stimulation. A second small study
enrolled 23 patients and provided 5 Hz stimulation to the left DLPFC but failed to
find a significant benefit of active stimulation over sham [10]. A third study, this
time open label, provided low-frequency stimulation applied to the right DLPFC
[11]. Six of 11 patients responded and four achieved remission. A number of the
patients with a greater degree of response remained well over a 12-month follow-up
[12]. A more recent study included 19 patients with bipolar disorder who received
open-label active rTMS using a novel coil providing deeper brain stimulation [13].
A significant improvement in depression was seen with a response rate greater than
60 %. Of note, one patient experienced a generalised seizure during this trial.

A number of reports have described switching to mania in patients receiving
rTMS treatment for bipolar depression (e.g. [14—17]). However, the overall risk of
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this appears to be low, and potentially no higher than that seen with sham stimulation
[18]. No studies have systematically investigated whether the co-prescription of
mood stabilisers reduces the possibility of a manic switch. However, in the absence
of evidence that these medications can affect the efficacy of rTMS treatment, provi-
sion of mood-stabilising medication would be sensible in any patients who have
previously experienced substantial manic symptoms. This would particularly include
patients whose past symptoms required hospitalisation or resulted in significant risks
to the individual or others. The degree to which the patient can be monitored through-
out the treatment course should also be taken into consideration. rTMS treatment
should be withheld when manic symptoms are first evident during a course of treat-
ment or when there is a dramatic shift in the level of mood symptoms.

Early research did investigate the possible treatment of mania with rTMS. In a
small early study, manic symptoms appeared to be preferentially reduced with the
provision of high-frequency rTMS to the right DLPFC compared to the left DLPFC
[19]. Two subsequent case series showed promising results with right-sided high-
frequency stimulation [20, 21], but when right DLPFC rTMS was compared to
sham stimulation, no differences were seen [22]. More recently and in contrast to
this earlier research, a larger sham-controlled study of 41 patients has shown a sub-
stantial anti-manic effect of right-sided high-frequency stimulation [23].

5.2.1 Clinical Recommendations

The vast majority of rTMS research has focused on the treatment of unipolar major
depression. However, there is reasonable support at this stage for the use of rITMS
in the treatment of patients with bipolar depression, especially given the clinical
challenges with the management of this condition. The use of concurrent mood
stabiliser medication should be carefully considered in patients with a history of
substantial manic episodes and all patients monitored for the emergence of manic
symptoms during treatment. The use of rTMS to treat mania is an area that requires
further research before conclusions can be drawn on its clinical utility.

5.3  Elderly Patients with Depression

Depression, and especially treatment resistance, is clearly an important issue in the
elderly [24]. Treatment resistance is more common in elderly patients with depres-
sion, and there are increasing complications with the use of other antidepressant
modalities, including drug-to-drug interactions [25]. However, this importance has
not been reflected in rTMS research, with only a minimal body of work investigat-
ing the usefulness of rTMS in this patient population. Studies conducted to date
consist only of several open case series and several small underpowered and prob-
ably ‘underdosed’ clinical trials. In the former category, 49 elderly patients (mean
age 69 years) received left- or right-sided rTMS. Treatment dose was quite variable
and sometimes low (in some patients at 80 % of the RMT) [26]. However, there was
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a significant overall reduction in depression symptoms, and nine patients achieved
response criteria. Conversely, a small randomised trial specifically conducted in
elderly subjects (mean age 60 years) failed to show differences between active and
sham stimulation [27]. However, treatment was only provided for 5 days and, based
on pulse number and intensity, at very low dose. A second small trial provided treat-
ment for 10 days but again at relatively low dose and in a small sample of only 24
patients. No differences between active and sham stimulation were found [28].

Based on an initial observation that elderly patients may not respond to rTMS to
the same degree, it has been hypothesised that compared with younger patients, the
elderly have a greater scalp-to-cortex distance in frontal areas relative to motor cor-
tex. This would result in a lower degree of magnetic stimulus penetration. One
approach to address this involves the measurement of scalp-to-cortex distance on
MRI scanning in DLPFC and motor cortex. An adjustment of stimulus intensity is
then made to take into account differences in motor cortex and frontal cortex scalp-
to-cortex distance. Nahas et al. investigated this approach in 18 treatment-resistant
elderly subjects (mean age 61 years) [29]. The applied intensities ranged up to
141 % of the RMT. Five of the 18 patients responded to the adjusted treatment, but
no comparison was made with non-adjusted rTMS. In an open-label trial, 6 out of
20 patients (mean age 66.8 years) responded to 2 weeks of treatment [30].

Some information about the potential benefit of rTMS treatment in the elderly
may come from the analysis of age effects in larger treatment samples. In several
large studies we have conducted, there has been no relationship evident between age
and a poorer response to rTMS treatment (e.g. [6, 31]). In a recent open-label study
of 130 patients treated in a naturalistic setting, there was also no relationship found
between clinical response and age [32]. Anecdotally, we have treated patients with
depression across the elderly spectrum including patients in their late 80s and early
90s. Treatment has been well tolerated, with no substantial difference in patient
experiences or response compared with younger subjects. No adjustment for scalp-
to-cortex distance was made in any of these larger studies.

5.3.1 Clinical Recommendations

Treatment-resistant depression in the elderly is common and other treatment alter-
natives can be frequently difficult to administer. r-TMS should be considered as a
treatment option in this age group although efficacy is not yet supported by substan-
tial randomised trials. Further research is required to understand whether dose
adjustments based on scalp-to-cortex distance enhance clinical outcomes.

5.4 Adolescent Depression
A very limited literature has explored the potential use of rTMS in the treatment of

depression in adolescents. The first published paper described the treatment of three
adolescent patients and four 18-year-olds with 2 weeks of high-frequency stimulation
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applied to the left DLPFC [33]. A relatively low dose of stimulation was used (1,600
pulses per session). Two of the three adolescent patients improved with treatment.
A subsequent report evaluated treatment efficacy in two adolescent patients pro-
vided with a slightly higher dose of rTMS treatment (2,000 pulses per day) with
clinical response seen in both patients [34]. A third case series included five subjects
younger than 18 [35]. Each patient received 14 treatment sessions (400 pulses per
session). Three of the five patients had a significant reduction in depressive symp-
toms. No major adverse events were reported in any of the patients described in this
case series. However, a recent report described the development of a generalised
seizure in a 16-year-old female patient during the first session of a planned course
of rITMS treatment [36]. The patient had no predisposing factors for the develop-
ment of a seizure but was receiving 100 mg of sertraline per day at the time. The
authors of this case report do not describe a clear progression of tonic—clonic activ-
ity, and it is possible that the event was a syncopal seizure. Notably, the dose of
rTMS provided in this case was quite low (4 s 10 Hz trains at 80 % of the motor
threshold). It has been proposed that the seizure threshold may be lower in this age
group, extrapolating from the situation with ECT [37]. However, this has not been
systematically studied. Over 1,000 subjects under 18 have received single- or paired
pulse TMS in investigative studies without the report of any seizures [38]. However,
two adolescents receiving TMS in a stroke study were reported to have experienced
a syncopal event [39], and practitioners should be aware of this possibility, espe-
cially where there is a history of syncope with other procedures such as injections.

5.4.1 Clinical Recommendations

Limited systematic research has explored the use of rTMS in the treatment of
depression in adolescents. Practitioners should be aware of the possibility of syn-
cope and potentially a lower seizure threshold. rTMS presents as a potentially prom-
ising way to avoid the early use of medications treatments but should not be adopted
until evaluated adequately.

5.5 Pregnant or Breastfeeding Patients

The presentation of patients with depression in the antenatal or postnatal period often
poses significant management challenges. There are frequently concerns about the
potential impact of antidepressant medications during these periods, and ECT is
often avoided during pregnancy due to concerns about the anaesthetic and the seizure
itself. Given that the magnetic field produced with a TMS device is very localised, it
is unlikely that a foetus would experience significant exposure to a substantial mag-
netic field if rTMS was applied during pregnancy. There are clearly no child safety
issues with postnatal rTMS provision. As such, i TMS treatment appeals as an alter-
native option for the treatment of depression presenting in the antenatal and postnatal
periods. However, limited research to date has explored the use of rTMS applied at
these times, and the rTMS option should be evaluated carefully for each individual.
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In regard to pregnancy, a number of case reports have been published since 1999,
with no evidence of major adverse events (e.g. [40]). A more recent report described
a case series of 10 patients treated during the second or third trimester [41]. These
patients received low-frequency right-sided rTMS in up to 20 treatment sessions
with seven experiencing clinical response. No adverse maternal or foetal outcomes
emerged. One recent study has explored the potential acceptability of rTMS treat-
ment to pregnant women [42]. Researchers surveyed 500 pregnant women and a
second sample of 51 women who were exposed to an educational video providing
information about rTMS treatment. rTMS was not considered acceptable in the first
study but was considered acceptable by 15.7 % of the second sample after provision
of the information video.

A similarly narrow range of research has explored the use of rTMS in postpartum
depression. One case report described the use of rTMS in the successful postpartum
management of a patient with bipolar disorder where rTMS was used for both the
treatment of mania and depression [43]. One case series has described the manage-
ment of nine antidepressant-free women with postpartum depression treated with
high-frequency left DLPFC rTMS over 4 weeks [44]. Eight patients achieved remis-
sion of depression during acute treatment. Seven of these remained in remission
after 6 months without further psychiatric treatment.

Despite these promising initial findings, rTMS treatment in pregnancy or the
postpartum period should proceed cautiously. Although it is unlikely that an unborn
foetus would be exposed to substantial magnetic fields, it is possible that hormonal
changes induced by rTMS could have adverse effects, and this will require system-
atic research. rTMS could also induce changes in the hormonal profile of breast
milk. In addition, provision of rTMS during pregnancy may require the more care-
ful monitoring of motor thresholds and rTMS dose as hormonal fluctuations may
affect cortical excitability over time.

5.5.1 Clinical Recommendations

Limited research has evaluated the use of rTMS in pregnancy or the postpartum period
to date. However, there are strong reasons to avoid other biological treatments during
these times. This is likely to lead to the consideration of the use of rTMS in spite of the
limited evidence available for its use. Provision of rTMS under these circumstances
should include a careful assessment of the risks and potential benefits of both rTMS
and other treatment alternatives. Further research is clearly required in this area.

5.6 Concurrent lliness: Neurological Disease

A small literature has begun to explore whether rTMS is safe and has efficacy in the
treatment of patients with depression in the context of substantive comorbid neurologi-
cal conditions. Depression is a commonly occurring comorbidity in several neurological
illnesses. For example, depression is common in the context of the development and
persistence of Parkinson’s disease [45]. In the first -TMS study to address this clinical
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group, Dragasevic et al. provided low-frequency frontal rTMS to ten depressed sub-
jects producing a significant reduction in depression despite a low dose of stimulation.
A second open-label study also reported a significant reduction in depression, this time
with high-frequency stimulation applied in 14 patients [46]. A small (n=22), sham-
controlled study of 5 Hz prefrontal DLPFC rTMS also supported the antidepressant
effects of r'TMS in depression in patients with Parkinson’s disease [47].

In a similar manner, open-label data has been collected on the use of rTMS in the
treatment of vascular depression or depression that presented following stroke.
Jorge et al. randomised 92 patients with depression and substantive vascular disease
to active or sham left DLPFC rTMS [48]. Substantial antidepressant effects were
seen with active treatment in two dose groups compared to sham. In the first trial in
post-stroke depression, antidepressant effects greater than sham were seen in a small
group of patients receiving 10 Hz stimulation to the left DLPFC [49]. These findings
were confirmed in a subsequent double-blind study, which compared 1 Hz rTMS,
10 Hz rTMS and sham stimulation in patients with post-stroke depression [50].
High-frequency stimulation resulted in improved depression scores although no
cognitive improvements were evident.

A third condition that is beginning to be explored is the presentation of depres-
sion subsequent to a brain injury. This appears to be a relatively common occur-
rence, but a history of dramatic head injury has frequently been an exclusion
criterion in rTMS treatment trials. No clinical trial data has yet been published in
this area, although a case report described promising early results [51].

5.6.1 Clinical Recommendations

The presence of an underlying or comorbid neurological disease such as stroke or
Parkinson’s disease does not appear to prevent the possibility of successful response to
rTMS treatment. The use of rTMS treatment under these circumstances should be bal-
anced against any potential increased risks of seizure induction related to the underlying
disease entity with the substantial potential benefits if clinical response is achieved.

5.7 Other Factors

There are a number of other factors that may influence the likelihood of a successful
course of rTMS treatment. There are clearly some individuals who for physiological
or personality reasons are substantially more sensitive to pain or discomfort and will
struggle to tolerate a course of rTMS treatment. Likewise, there are individuals who
are more likely to experience headaches resulting from rTMS treatment and have
difficulty tolerating this. These issues are probably more likely in patients with a
history of significant pain problems and caution should be taken when initiating
treatment in individuals with a history of substantial pre-existing headaches.
In individuals like this, a slowly increasing stimulus intensity should be considered
and low-frequency right-sided rTMS may be a sensible treatment option.
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Pre-existing neck pain can also complicate a course of rTMS treatment. Patients
are required to sit still for a significant period of time, and unless the neck is ade-
quately supported, this may lead to significant discomfort. Under these circum-
stances, care should be taken to ensure that the patient is in a comfortable position
at all times. The patient may need to have brief breaks during each treatment session
to minimise the development of muscle spasm.

The presence of significant psychiatric comorbidity may also limit the likelihood
of treatment response although this has not been systematically evaluated in many
studies. In our clinical experience, comorbid anxiety symptoms may improve with
the successful resolution of depression treated with rTMS, but this is not always the
case. When anxiety symptoms persist this is likely to have a long-term negative
impact on the patient’s mood and contribute to earlier depressive relapse. In our
experience, comorbid obsessive-compulsive symptoms are typically not success-
fully alleviated with standard rTMS depression protocols.
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Practical Issues in Treatment Provision

6.1 Introduction

At the commencement of a treatment course, the prescribing practitioner is
required to determine a variety of parameters for treatment provision. The choice
of these should be made on an individual patient basis but may be influenced or
largely determined by local policies or established protocols. Each of the following
parameters must be explicitly prescribed for each patient or made clear in local
protocols:

* Intensity of stimulation

* Frequency of stimulation

e Duration of each stimulation train

* Total number of stimulation trains provided in each treatment session
 Inter-train interval

 Site of stimulation

* Coil orientation

6.2 Dosing and Motor Threshold

The intensity of stimulation provided during rTMS treatment is typically defined as
a percentage (usually between zero and 100 %) of the total machine output provided
by the rTMS device being used. The intensity for each patient is individualised; it is
typically determined relative to that individual’s resting motor threshold (RMT).
The RMT is an estimate of an individual’s level of motor cortical excitability, estab-
lished by the application of single TMS pulses to the motor cortex. The lowest
stimulation intensity required to consistently induce a motor response in a periph-
eral muscle is determined, usually in the abductor pollicis brevis (APB) in the con-
tralateral hand. This sets the RMT (see Boxes 6.1 and 6.2).
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Box 6.1. Assessment of the Resting Motor Threshold (RMT): Theory

Typically, the RMT is defined as the minimum machine stimulator intensity

required to produce a pre-specified motor response. Most commonly, this is a

defined number of motor twitches observed on a certain number of occasions

(e.g. on 3 out of 5 or 5 out of 10 stimulations).

The RMT is determined by a number of factors. These include intransient fac-
tors such as the distance between the stimulation coil in the cortex and variable
factors such as medication status and sleep deprivation. Critically, the resting
motor threshold is also sensitively dependent on the absence of any muscle activ-
ity. If the patient has a background level of motor activity during measurement,
the RMT measured is likely to be considerably lower than the true value.

The type of motor response can be assessed in one of two ways:

1. The visual observation of a muscle twitch in the contralateral hand from
the site of stimulation.

2. The measurement of a motor evoked response of a specific size in the con-
tralateral hand. This is achieved using electromyographic equipment
(EMG): a significant motor response is usually defined as an EMG devia-
tion (motor evoked potential) of greater than 50 uV peak to peak.
Assessment of the RMT with visual observation is simple and does not

require the knowledge needed to set up EMG monitoring. However, EMG mon-

itoring does give reassurance that the patient is maintaining an adequate level of
muscle relaxation. In the absence of this, considerable effort should be given to
ensure the patient is as relaxed as possible throughout assessment of the RMT.

It is likely that assessment based on EMG or visual observation methods
generate a similar figure within individuals although studies investigating this
are not completely consistent [1, 2]. The EMG is capable of detecting non-
visible motor twitches but will only detect activity in a single muscle. This
increase in sensitivity is typically balanced by the fact that when visualising
muscle activity, it can be considered in one of a number of muscles. If RMT is
measured in this way, it is likely to be of similar sensitivity to the EMG method.

The RMT can potentially be quantified in several ways. As described above,
one approach is to define the RMT as a minimal intensity at which a certain
number of motor evoked responses are invited out of a predetermined number
of pulses: for example, the minimal intensity of which five motor responses
are seen during ten stimulation pulses. However, more recently, several soft-
ware algorithms have been developed that estimate the RMT from the size
and presence of motor responses at varied stimulation intensities (e.g. as used
in [3] and [4]), although there remains some debate about the relative advan-
tages and disadvantages of some of these [5]. Variation in the method for
measurement of RMT does further complicate the comparison of outcomes of
various clinical trials. However, improvement in RMT estimation methods is
likely to restrict the variability of measurements recorded rather than result in
a systematically higher or lower threshold used for stimulation.

It is notable that the RMT is a measure of motor cortical excitability, not a
measure of excitability of the prefrontal cortex where depression treatment is
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typically applied. Methods to quantify thresholds in prefrontal regions have
yet to be developed. The use of the RMT as an estimate for prefrontal treat-
ment has support from the clinical trials of rTMS depression treatment in
which few safety concerns, including only minimal incidences of seizure
induction, have arisen.

Box 6.2. Assessment of Resting Motor Threshold (RMT): Techniques

A number of methods have been described for the estimation of the RMT. The
basic procedure is presented here for measurement of the RMT and
quantification using a simple counting method.

1.

2.

Place the coil with its centre approximately 2 cm lateral and 5 cm anterior in a
parasagittal plane from the vertex. This will be approximately in line with the ears.

Position the coil to be on an approximately 45° angle from the midline (see
Fig. 6.1).

Place your other hand gently yet firmly on the other side of the subject’s
head. Take care not to press too hard with that hand, or to press down too
firmly on the coil.

Beginning with the intensity low (30-35 %), commence single-pulse stim-
ulation with pulses every 3—5 s. Slowly move the coil around the estimated
location of the motor cortex, applying one or two pulses at each site.

If no movement/twitch is observed in the contralateral hand, then the RMT
for that person is higher than the current TMS output setting. Therefore,
increase the output in steps of 5 %, testing the response at a number of sites
at each step.

If a hand and/or wrist movement is observed, then the applied intensity is
close to RMT. Test responses at a number of areas and mark the site on the
scalp which appears to produce the greatest motor response.

With the intensity set at a level that produces a small but regular muscle
twitch, establish the scalp location that produces the optimal response. To
do this, test the response to two or three pulses over an imaginary grid of
points surrounding the site which you have marked (see Fig. 6.2). Mark the
optimal location.

Providing stimulation with pulses of approximately 0.2 Hz at the optimal
location (no more frequent than one pulse every 5 s), now establish the
motor threshold by your chosen method (algorithm or counting). Note, if
higher frequencies of stimulation are used, this may in itself affect cortical
excitability confounding RMT assessment.

If using a counting method, apply pulses at a slightly suprathreshold intensity:
if three muscle movements are observed during five pulses (or 5 out of 10),
consider this level above threshold and reduce the intensity by 1 %. Repeat
this procedure until 3 (or 5) responses are not seen. The RMT is 1 % higher
than this level. The same procedure can be undertaken with EMG where a
50-uV motor evoked potential response is considered above threshold.
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Note: You may often see a thumb movement/twitch from the very first pulse
at any given intensity level but then no observed movement following further
stimulation: the response is typically greater to a first rather than subsequent
pulse. A failure to get consistent responses indicates that you are below RMT.

Fig.6.1 Coil orientation at
45° to parasagittal plane

45°

Fig. 6.2 Grid of sites: in the
localisation of the optimal
site for motor cortical
stimulation, a series of points
around the estimated optimal
site should be systematically
stimulated at a fixed intensity
to establish the optimal site
of stimulation
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Across time there has been considerable variation in stimulation intensity used
within rTMS treatment trials for patients with depression. Initially, trials used inten-
sities below the RMT (80-90 %). However, in more recent years, trials have more
typically used suprathreshold intensities of 110-120 %. The intensity used for stim-
ulation has implications potentially for efficacy and definitively for safety and toler-
ability. In regard to efficacy, it has been proposed that the progressive increase in
stimulation intensity in treatment trials over time may have contributed to greater
treatment effects in more recent studies [6]. However, a substantial number of other
factors have also changed over time, including the duration of treatment courses,
and little direct data has evaluated the relative efficacy of treatment based on inten-
sity relative to RMT. Higher intensities do have significant implications for safety
and tolerability. Patient discomfort and pain during treatment, and the development
of posttreatment headache, are certainly more common at higher treatment intensi-
ties. In addition, higher intensities are related to a greater risk of seizure induction.
The risk of seizure induction is dependent on stimulation intensity, the duration of
stimulation trains and the inter-train interval. According to established safety guide-
lines, when rTMS is applied in high-frequency trains, stimulation can safely be
applied up to 120 % of the RMT if the stimulation train duration is limited to 4.2 s
[7]. Little research has explored the safety implications of the interval between
trains: with 10 Hz trains, some authors have proposed that the interval should be at
least twice the duration of the actual train itself. At lower frequencies, the train can
be extended safely to longer durations (see Table 7.1). Note, however, that the safety
guidelines have only been established for stimulation in the motor cortex: no equiv-
alent data has been obtained in regard to safety for stimulation in frontal areas used
in depression treatment.

Although a specific frequency may be prescribed for a course of treatment, local
practice may determine that the intensity be varied depending on factors such as
patient tolerability. This may be done in one of two ways: first, the prescribed treat-
ment intensity can be applied and the intensity lowered if this is not tolerated by the
patient. Second, the patient may be commenced at a lower treatment intensity which
is then progressively increased depending on tolerability. In our experience, the latter
approach is preferable. If patients experience significant pain at an initial high inten-
sity, they are more likely to be dissuaded from continuing treatment or be hypervigi-
lant during subsequent treatment trains. Hypervigilance may increase scalp muscle
contraction, further increasing the unpleasant experience of treatment. In contrast,
if a positive experience of treatment is established on a low treatment intensity,
intensity may be gradually increased to levels that may not otherwise have been
well tolerated. Some idea of the individual patient’s tolerance to treatment may be
estimated during measurement of the RMT. In more sensitive patients, we would
recommend commencing treatment between 40 and 50 % of the RMT and progres-
sively increasing depending on tolerability. Although it would seem desirable to
achieve maximal prescribed intensities (e.g. 120 % of the RMT), brain effects of
r'TMS are clearly apparent at much lower levels (e.g. 90 % of the RMT). It may be
preferable to have a patient receive a treatment course at a lower intensity than to
drop out of treatment altogether due to lack of tolerability of high-intensity stimulation.
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This is certainly the case given that the existing clinical data does not strongly sug-
gest a linear relationship between stimulation dose and efficacy.

As indicated previously, the RMT can be influenced by a number of patient
specific factors such as medication status. Medications that suppress cortical excit-
ability, such as benzodiazepines, are likely to increase the RMT. Importantly, with-
drawal of benzodiazepines, or withdrawal of other CNS depressant medications
such as alcohol, is likely to increase cortical excitability and substantially lower the
RMT. If patients change CNS active medications or drug use during a course of
treatment, the RMT should be reassessed and the intensity of stimulation adjusted if
it is considered safe to continue with treatment.

There is also individual variation in the RMT across hemispheres. Although one
study found no significant group average differences between left and right RMT in
depressed patients [8], for individual patients, RMT levels can vary by up to 10 %
across hemispheres. Therefore, measurement of the RMT in the hemisphere in
which treatment stimulation is to be provided is recommended.

It is also possible that the RMT varies significantly across time even in the absence
of changes in external factors such as medication dose. A small number of patients in
a 2-week trial of rTMS experienced a significant shift in RMT level that could justify
recalibration of treatment dose, although no significant group variation was found [8].
A decision to remeasure RMT over time should be influenced by considerations as to
whether the patient is close to safety thresholds in the baseline dose applied. The
baseline RMT level does not appear to influence the outcome of treatment [9].

Note: The intensity of stimulation will vary substantially between different
brands of rTMS equipment and between different TMS coil types. It is also possible
that it will vary significantly when the same machine but different coils are being
used. If an individual patient is to be treated with more than one device or coil, it
should be established prior to treatment if there is any variation. The easiest way to
do this is to measure the resting motor threshold with the different device/coils on
several patients to establish the consistency of the measures obtained.

6.2.1 Clinical Recommendations

Although there are limitations in the applicability of RMT measures to prefrontal
areas, at this stage, rTMS dosing should be based on individual measurement of the
RMT. There are a variety of methods for RMT assessment, a number of which are
likely to be equivalent in practical implementation. The most important consider-
ation is that each prescribing clinician is trained in and familiar with the method that
he or she is able to apply consistently. RMT should be assessed at the start of each
acute course of treatment to determine dosing based on safety and efficacy consid-
erations in the hemisphere to which stimulation will be applied. The RMT should
be reassessed when patients alter their consumption of CNS active drugs. The RMT
should also be periodically reassessed when patients have extended treatment
courses or maintenance rTMS over time.
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6.3  Selection of Treatment Type and Parameters

As discussed in Chapter 4, a considerable body of research has evaluated a variety
of methods of rTMS application including high-frequency stimulation applied to
the left DLPFC, low-frequency stimulation applied to the right DLPFC and varia-
tions of bilateral stimulation. Clearly, the vast majority of research has established
the efficacy of high-frequency stimulation applied to the left DLPFC, most com-
monly at 10 Hz. This data includes the pivotal Neuronetics Ltd-sponsored clinical
trial that led to device registration in the USA. As such, it is likely that high-
frequency stimulation applied to the left DLPFC is likely to be the initial rTMS
treatment option selected for most patients.

6.3.1 Considerations with Left-Sided High-Frequency rTMS

6.3.1.1 Frequency

Although there are antidepressant studies of the effect of frequencies such as 5
and 20 Hz, the vast majority of studies have been conducted with 10 Hz
stimulation. This includes the two main large randomised multisite rTMS trials
[3, 10]. There are no studies showing any particular advantage of stimulation at
other frequencies. Given the depth of research that has focused on this particular
frequency, unless evidence emerges to the contrary, most treatment should be
provided at 10 Hz.

6.3.1.2 Train Duration and Intensity

As discussed previously, there is a relationship between train duration and intensity
in regard to the safety of rTMS administration. If trains are to be provided at an
intensity of 120 % of the RMT, train duration should be limited to 4.2 s. Longer
trains, most commonly 5 s in duration, can be safely administered at lower intensity,
for example, 110 % of the RMT.

6.3.1.3 Train Number

Seventy-five trains of 10 Hz stimulation were applied in the two large multisite
rTMS trials conducted to date [3, 10]. This was considerably in excess of the
number of trains used in most trials until that time, with previous studies often
applying only 20-30 trains. Given that the remission rates in both of these trials
were fairly modest, it is not clear whether this increase in train number resulted
in substantially greater efficacy than had been seen previously. Specific research
is urgently required to determine whether there is a direct relationship between
treatment dose (pulse number) and clinical response. In the absence of this data,
the provision of 75 trains per treatment session is becoming a de facto standard
treatment approach.
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6.3.2 Use of Right-Sided Low-Frequency rTMS

There are a number of potential advantages of low-frequency right-sided rTMS that
could lead to its potential consideration as first-line treatment or alternatively as an
approach in circumstances where high-frequency stimulation cannot be tolerated or
may be considered potentially unsafe. Low-frequency stimulation, especially as it is
known to reduce cortical excitability rather than increase cortical excitability, is
likely to be associated with a substantially lowered risk of seizure induction.
Therefore, there may be circumstances in which the risks associated with a trial of
low-frequency stimulation may be considered appropriate where high-frequency
stimulation raises too high a risk of seizure induction. This could be because an indi-
vidual patient has a risk factor for seizure induction or heightened cortical excitabil-
ity. It could also be because the risk of actually experiencing a seizure may be
considered too high, for example, in somebody with compromised cardiac function.
It should be noted, however, that the risk of seizure induction with low-frequency
stimulation is not zero but is likely to be less than with high-frequency stimulation.

Another circumstance in which low-frequency right-sided stimulation may be
considered as an alternative is where high-frequency stimulation is not tolerated by
individual subjects. The vast majority of patients will find low-frequency stimula-
tion more tolerable than the intense bursts of high-frequency stimulation although
this is not universal.

Finally, right-sided stimulation may be considered as a treatment option in patients
who have failed to respond to high-frequency left-sided rTMS. Studies which have
compared the two approaches have generally found equivalent efficacy. Little
research has explored rates of response to one treatment in the event of failure of the
other. We previously found that a minority of patients will respond to a trial of high-
frequency left-sided rTMS if they had failed to respond to low-frequency right-sided
rTMS. However, no systematic research has explored crossover in the opposite direc-
tion. However, given the low risks associated with right-sided low-frequency stimu-
lation, this could be considered a treatment alternative in some patients.

6.3.2.1 Dosing of Right-Sided Low-Frequency rTMS

Early studies of right-sided low-frequency rTMS applied a small number of 60 s
trains, usually with a 30 or 60 s inter-train interval. More recent studies have com-
monly used a single 15 min train (900 pulses) in each treatment session. This dosing
remains much lower than the common dosing with 10 Hz stimulation (3,750 pulses
across 75 trains per session), but no studies have explored higher low-frequency
doses. Based on the existing data, a single 15 min treatment session at 120 % of the
RMT appears a conservative and sensible approach.

6.3.3 Sequential Bilateral rTMS

At this time, it is not clear whether bilateral rTMS has a role in clinical practice.
Although some studies of sequential bilateral rTMS were promising [11] and at
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least one study has found superior efficacy than unilateral treatment [12], a number
of studies have found equivalent or inferior responses to bilateral compared to uni-
lateral rTMS (e.g. [13]). Based on this research, there are no clear indications for
bilateral rTMS at this time.

6.3.3.1 Clinical Recommendations

At this stage, under most circumstances, first-line rTMS treatment is likely to entail
10 Hz stimulation applied to the left DLPFC. Under most circumstances, a dose of
75 four second trains applied at up 120 % of the RMT is recommended. It is likely
that many patients, especially those with a RMT of greater than 50 %, will benefit
from a progressive increase in treatment intensity over the course of one or more
treatment sessions until the target dose is achieved. When practitioners measuring
the RMT have limited experience, dosing at 110 % of the RMT is sensible to ensure
that there is a margin of safety in case of minor errors in RMT estimation. Low-
frequency right-sided stimulation is a good option for patients who have trouble
tolerating left-sided treatment, who have additional risk factors for seizure induc-
tion or when left-sided treatment has failed to produce therapeutic effects.

6.4 Treatment Scheduling and Duration

The vast majority of rTMS studies have provided treatment 5 days per week, Monday
to Friday. Two studies have explored whether this frequency of treatment is required
for adequate efficacy. In the first study, one group of patients received treatment 5
days a week for 2 weeks, and the second received three treatments in week 1 and two
treatments in week 2 [14]. No significant differences between the groups were seen
in outcomes although the sample size in this study was relatively small. In a more
recent study, 77 patients were randomised to receive either rTMS 5 days a week for
4 weeks (20 treatments) or treatment 3 days a week for 6 weeks (18 treatments) [15].
When assessed at 4 weeks, the patients who received daily treatment had improved
to a greater degree. However, similar efficacy was achieved by the two groups when
end-of-treatment assessments were compared. This indicated that more widely
spaced treatment resulted in a slower response, but a response of a similar degree of
efficacy. We have some limited experience in the provision of treatment 7 days per
week. The patients treated in this way mostly have not been noted to respond more
quickly and on several occasions have actually required further treatment sessions
such that the overall treatment duration remained approximately 4 weeks. Limited
research has explored the use of twice-daily rTMS [16]. Although this appears as
effective, we lack studies comparing twice daily to once daily rTMS. Overall effect
sizes seen do not seem to be greater than that seen with standard treatment.

Trials to date have varied considerably in how they have dealt with missed treat-
ment sessions or extended session breaks, for example, over long weekends. In our
experience, treatment can successfully proceed when patients have missed individ-
ual treatment sessions, but it would seem sensible to try and provide at least three
treatment sessions within each week period and to limit protracted breaks.



70 6 Practical Issues in Treatment Provision
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In regard to the duration of rTMS treatment courses, these have varied across
time from 1 week in initial studies to 6 weeks or longer in studies published in
recent years. One method of analysis has suggested that better clinical responses
have been seen in more recent clinical trials than earlier studies; it is possible that
the increasing duration of treatment is a factor in this improvement [6]. There does
appear to be a progressive improvement in mood across time during treatment
implying that longer courses of treatment are likely to result in better clinical out-
comes. For example, there was a clear reduction, week by week, in depression
severity across a 6-week period of time in the active treatment group in a trial of
sequential bilateral rTMS conducted by our group (see Fig. 6.3) [11].

It is not clear, however, whether there is an optimal period of treatment. In a
series of open-label clinical trials we have conducted, substantial response and
remission rates have been achieved with 4 weeks of treatment. However, a subpopu-
lation of patients does require a longer period of treatment to achieve substantial
response. Although most patients will initially report some improvement during
either week 2 or week 3 of treatment, occasionally patients do not experience mood
shifts until considerably later. Four weeks seem to be a reasonably balanced mini-
mal duration of adequate treatment. Unless patients have previously responded to a
course of rTMS, we would rarely recommend continuing beyond 4 weeks if no
clinical improvement has been achieved to date. A trial of right-sided treatment or
another type of non-rTMS therapy should be considered under those circumstances.
However, when patients have achieved partial response by the 4-week time point,
extending treatment beyond this is clearly warranted and justifiable.

It can also be unclear when to cease treatment when a patient has responded
clinically. Generally, patients should continue treatment whilst they are improving,
but once clinical response has reached a plateau at an adequate level, we typically
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recommend cessation of treatment. However, we frequently also recommend several
more treatment sessions to potentially consolidate the gains achieved. It is notable
that patients may continue to demonstrate some further improvement after the ces-
sation of treatment, although it is unclear whether this is a neural/brain or psycho-
social effect.

There is no evidence of the accumulation of adverse events or side effects with
the extension of a course of treatment beyond 4 weeks. Patients tolerating a course
of treatment will usually continue to do so. However, limited research has explored
the overall safety of longer courses of rTMS treatment.

6.4.1 Clinical Recommendations

rTMS treatment should typically be provided five times per week to achieve efficacy
at least equivalent to that seen in clinical trials. However, patients should not be
excluded from treatment if they have missed treatment sessions: treatment at slightly
reduced frequency, for example, three or four times per week, may be more accept-
able to some patients and still maintain reasonable clinical results. Treatment at
greater frequency, for example, twice daily or 7 days per week, cannot be justified
at this stage.

A minimum duration of adequate treatment with rTMS provided on a daily basis
would be 4 weeks, although some patients may require a longer course of treatment
to respond. Extension of treatment beyond 4 weeks is clearly justifiable when
patients have previously responded to rTMS or have had a partial improvement but
continue to experience symptoms after 4 weeks.

6.5 Concurrent Treatments

There are two potential issues with the consideration of concurrent medication treat-
ment: whether there is a possibility of an impact on treatment efficacy, either favour-
able or not, and whether concurrent medication treatment increases the risk of
adverse events such as seizure induction.

In regard to efficacy, a large number of clinical trials of rTMS in depression have
included patients receiving antidepressant and often other forms of psychotropic
medication. Several of the larger multisite trials (e.g. [3]), however, have been con-
ducted in medication-free patients. When patients on medication have been enrolled
in trials, it has been common to include only those who have failed to adequately
respond to medication and where the dose of medication has been unchanged for a
significant period of time prior to rTMS treatment, often 4 weeks. From the results
of these trials, it appears that rTMS is effective in both medication-free and concur-
rently medicated patients.

The situation is not as clear, however, when we consider the concurrent com-
mencement of medication and rTMS treatment. Trials investigating this approach
have generally found little difference between active and sham treatment, perhaps
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because the possible effects are more limited when concurrent treatment is com-
menced (e.g. [17]). Concurrently commencing treatment also raises a simple practi-
cal clinical issue: if a patient responds under these circumstances, it is not possible
to know whether it was the medication, rTMS or the combination, which resulted in
clinical improvement. This uncertainty is likely to have implications for future rec-
ommendations regarding treatment options if the patient experiences a relapse.

One trial in another disorder did suggest that medication could potentially under-
mine rTMS response. This early study of the effect of rTMS treatment for auditory
hallucinations in patients with schizophrenia found that patients responded more
poorly when receiving rTMS concurrent with a mood stabiliser [18]. However, this
has not been replicated in other hallucination studies, and analyses in substantial
depression samples have not found this effect. In fact, analyses in depression sam-
ples have not found a moderating effect of any of the medication classes
investigated.

In regard to safety considerations, the main concern is that concurrent medica-
tions may alter cortical excitability and contribute to a greater risk of seizure induc-
tion (Table 6.1). However, if medication is present at the time of the measurement
of the RMT and the dose does not change over time, the effect on cortical excitabil-
ity is likely to be at least partially controlled for in this initial measurement. However,
changes in medication dose during treatment may result in an uncontrolled altera-
tion of excitability increasing risk. Therefore, if substantial changes in medication
doses are made, RMT levels should be remeasured and the prescribed rTMS inten-
sity adjusted accordingly.

Of note, the greatest concerns in regard to safety of medication during rTMS
treatment are likely to arise with medications known to predispose to seizures or
alter excitability. Caution is warranted with clozapine, bupropion, tricyclic antide-
pressants and stimulants such as amphetamine derivatives. However, a number of
studies have included clozapine-treated patients in trials without complication, and
we have treated depressed patients concurrently taking medication from all antide-
pressant classes. We have also treated without incident a number of patients receiv-
ing stimulants. However, given the short duration of action of many of the
medications in this class, we will often treat at a time of trough plasma levels. We
also typically ensure that the measurement of the RMT and the provision of treat-
ment occur at approximately the same time following medication dosing, for exam-
ple, between 4 and 5 h after the morning or most recent dose.

6.5.1 Clinical Recommendations

There do not appear to be any adverse implications for the commencement of rTMS
treatment in patients who are receiving a stable dose of psychotropic medication.
Patients who have experienced a partial response to medication should not be
weaned off this medication to undergo rTMS treatment unless for other specific
reasons. There is no sensible rationale for the concurrent commencement of rTMS
treatment and antidepressant medication, and this should be avoided. Careful monitoring
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of the RMT and adjustment of treatment dose is required if medication is altered
during treatment, especially when patients are receiving medications known to
effect cortical excitability or the RMT.

6.6  Coil Positioning and Location

The vast majority of studies that have evaluated the efficacy of rTMS treatment in
depression have utilised the standard ‘5-cm method’ for coil localisation (see
Box 6.3). This method is dependent on the accurate localisation of the optimal site
for stimulation of muscles in the hand contralateral to the site of stimulation. This
typically occurs during the measurement of the RMT allowing a smooth transition
to the measurement of the site of stimulation after this task has been undertaken.
Although it was originally proposed that the 5-cm method would result in localisa-
tion of the stimulation coil over the dorsolateral prefrontal cortex (DLPFC), consid-
erable doubt has been raised as to whether this occurs in most patients. DLPFC is
typically defined by areas 9 and 46 in the Brodmann classification system. Some
time ago, research demonstrated that the 5-cm technique would result in localisation
of stimulation in DLPFC in only a minority of subjects [19]. In the majority of sub-
jects, localisation was more posterior and occasionally more medial than the
DLPEFEC. It is possible that DLPFC stimulation would result from the extension of
the stimulation field into DLPFC from the more posteriorly located sites, but the
intensity of this stimulation would be quite limited. Despite these concerns, clearly
stimulation using the 5-cm technique has resulted in clinical efficacy in previous
clinical trials. However, it may be possible to achieve greater clinical efficacy by
modification of this technique.

In planning an approach that would potentially result in enhanced efficacy, the first
consideration must be to define the area most likely to achieve beneficial clinical out-
comes. The original target, DLPFC defined as Brodmann areas 9 and 46, is a quite
large area of lateral prefrontal cortex overlapping superior, middle and parts of inferior
frontal gyri. These Brodmann regions were characterised from analysis of a single
post-mortem brain, and as such there is likely to be considerable error if directly
applied to a broader range of subjects. A modern post-mortem study remeasured the
site of areas 9 and 46 on multiple brains, producing a significantly more constrained
area focused mainly on the superior frontal gyrus (area 9) in the middle frontal gyrus
(area 46) [20]. One possibility is to try and anatomically target these regions. Another
approach is to try and target a region based upon an identification of DLPFC abnor-
malities in the neuroimaging literature. However, a quantitative meta-analysis of neu-
roimaging changes in DLPFC in patients with depression did not suggest a clearly
uniform target [21]. Given these concerns, few clinical studies have attempted to
improve on the use of the 5-cm method. One study, using MRI-based neuronaviga-
tion, compared response to treatment localised using the 5-cm method to treatment
localised to the junction of areas 9 and 46 based on the multiple-brain definition of
these regions [22]. Promisingly, the study found enhanced clinical response with neu-
ronavigationally targeted treatment to this site which was considerably more anterior
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Box 6.3. 5-cm Method for Location of rTMS Treatment Site

1. Locate the cortical site for the optimal stimulation of hand muscles in the
contralateral side (see Box 6.2 above).

2. Mark this site on the scalp.

3. Using a flexible measuring tape, measure 5 cm forward (or more as defined
by protocol) from the motor site in a sagittal plane (see Fig. 6.4).

4. Mark the subsequent site.
Measuring the distance between this site and several anatomical landmarks

(e.g. the preauricular and nasion points) will allow the remeasurement of this

site without the localisation of the RMT on subsequent days.

and lateral than the site typically identified using the 5-cm method. However, these
results have not been replicated to date.

If we do accept the results of this comparison, does it imply that neuronavigation
is required to achieve enhanced treatment outcomes? It is possible that a similar
improvement in outcome may be achieved with a more simple method that also
results in more anterior and lateral treatment localisation and potentially also takes
into account variation in head size, a clear deficiency of the 5-cm technique. One
possibility that meets these criteria is the use of the system of measurement used for
the 10-20 EEG system. The methods for establishing cortical sites with this system
are relatively widely understood, and EEG coordinates can be reliably correlated
with underlying cortical areas [23]. A site such as the F3 EEG point is known to
relate to DLPFC and is likely to be more anterior than a 5-cm localised treatment
point in most subjects. A simple guide for the measurement of the F3 site has been
recently published [24] (see Fig. 6.5 for an overview of the standard method). It is
also possible that enhanced clinical responses may be seen with a simple modification
such as measuring 6 or 7 cm anterior to the motor site. Although such an approach
still does not take into account individual differences in head size, it will ensure that
treatment application does not differ too substantially from that used in clinical tri-
als. This is a sensible approach until further studies establish the efficacy of more
advanced methods of DLPFC localisation.

6.6.1 Clinical Recommendations

The typical approach to localise rTMS treatment is to target a point 5 cm anterior to
the optimal site of stimulating hand muscles on the contralateral side. However, this
does not allow for individual variability in head size. A sensible alternative is to
extend this distance, possibly to 6 or 7 cm, especially in subjects with average to
above average head circumference. The use of the F3 (and F4 on the right) EEG
points as locations for treatment is also a sensible and conservative modification to
this technique that could be adapted for clinical use.
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Fig. 6.4 The measurement of the 5-cm method for treatment site localisation
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1. Measure the distance from the
nasion to the inion along the midline

NASION through the vertex.

2. Mark points at 20 and 40 % of the
total nasion to inion distance along
the middle from Cz toward the
nasion. These are Fz and FPz
Respectively.

3. Measure the distance from the pre-
auricular point to the pre-auricular
point (i.e. A1-A2)

4. Mark points at 20 and 40 % of the
total pre-auricular to pre-auricular
distance to the left of CZ. These
are C3 and T3 respectively.

5. Measure the distance between FPz
and T3. Mark points at 20 and 60%
of this length from FPz towards T3.
These are FP1, F7 respectively

6. Mark the position of F3 such that it
ts equidistant from C3 and FP1 and
equidistant from Fz and F7.

Fig. 6.5 Method for the measurement of the site of the F3 EEG point

References

1. Pridmore S, Fernandes Filho JA, Nahas Z, Liberatos C, George MS (1998) Motor threshold in
transcranial magnetic stimulation: a comparison of a neurophysiological method and a visual-
ization of movement method. J ECT 14(1):25-27

2. Hanajima R, Wang R, Nakatani-Enomoto S, Hamada M, Terao Y, Furubayashi T et al (2007)
Comparison of different methods for estimating motor threshold with transcranial magnetic
stimulation. Clin Neurophysiol 118(9):2120-2122, Epub 2007/07/24

3. O’Reardon JP, Solvason HB, Janicak PG, Sampson S, Isenberg KE, Nahas Z et al (2007)
Efficacy and safety of transcranial magnetic stimulation in the acute treatment of major depres-
sion: a multisite randomized controlled trial. Biol Psychiatry 62(11):1208-1216

4. Qi F, Wu AD, Schweighofer N (2011) Fast estimation of transcranial magnetic stimulation
motor threshold. Brain Stimul 4(1):50-57, Epub 2011/01/25

5. Awiszus F (2011) Fast estimation of transcranial magnetic stimulation motor threshold: is it
safe? Brain Stimul 4(1):58-59, Epub 2011/01/25

6. Gross M, Nakamura L, Pascual-Leone A, Fregni F (2007) Has repetitive transcranial magnetic
stimulation (rTMS) treatment for depression improved? A systematic review and meta-analysis
comparing the recent vs. the earlier rTMS studies. Acta Psychiatr Scand 116(3):165-173

7. Wassermann EM (1998) Risk and safety of repetitive transcranial magnetic stimulation: report
and suggested guidelines from the International Workshop on the Safety of Repetitive Transcranial
Magnetic Stimulation, June 5-7, 1996. Electroencephalogr Clin Neurophysiol 108(1):1-16

8. Navarro R, Zarkowski P, Sporn A, Avery D (2009) Hemispheric asymmetry in resting motor
threshold in major depression. J ECT 25(1):39-43, Epub 2008/06/27

9. Dolberg OT, Dannon PN, Schreiber S, Grunhaus L (2002) Magnetic motor threshold and
response to TMS in major depressive disorder. Acta Psychiatr Scand 106(3):220-223, Epub
2002/08/29



References 79

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

George MS, Lisanby SH, Avery D, McDonald WM, Durkalski V, Pavlicova M et al (2010)
Daily left prefrontal transcranial magnetic stimulation therapy for major depressive disorder:
a sham-controlled randomized trial. Arch Gen Psychiatry 67(5):507-516, Epub 2010/05/05
Fitzgerald PB, Benitez J, de Castella A, Daskalakis ZJ, Brown TL, Kulkarni J (2006) A ran-
domized, controlled trial of sequential bilateral repetitive transcranial magnetic stimulation for
treatment-resistant depression. Am J Psychiatry 163(1):88-94

Blumberger DM, Mulsant BH, Fitzgerald PB, Rajji TK, Ravindran AV, Young LT et al (2012)
A randomized double-blind sham-controlled comparison of unilateral and bilateral repetitive
transcranial magnetic stimulation for treatment-resistant major depression. World J Biol
Psychiatry 13(6):423-435, Epub 2011/07/09

Fitzgerald PB, Hoy K, Gunewardene R, Slack C, Ibrahim S, Bailey M et al (2010) A random-
ized trial of unilateral and bilateral prefrontal cortex transcranial magnetic stimulation in treat-
ment-resistant major depression. Psychol Med 1-10. Epub ahead of print, 2010/10/12
Turnier-Shea Y, Bruno R, Pridmore S (2006) Daily and spaced treatment with transcranial
magnetic stimulation in major depression: a pilot study. Aust N Z J Psychiatry 40(9):759-763,
Epub 2006/08/17

Galletly C, Gill S, Clarke P, Burton C, Fitzgerald PB (2012) A randomized trial comparing
repetitive transcranial magnetic stimulation given 3 days/week and 5 days/week for the treat-
ment of major depression: is efficacy related to the duration of treatment or the number of
treatments? Psychol Med 42(5):981-988, Epub 2011/09/14

Loo CK, Mitchell PB, McFarquhar TF, Malhi GS, Sachdev PS (2007) A sham-controlled trial
of the efficacy and safety of twice-daily rTMS in major depression. Psychol Med 37(3):
341-349, Epub 2006/12/21

Herwig U, Fallgatter AJ, Hoppner J, Eschweiler GW, Kron M, Hajak G et al (2007)
Antidepressant effects of augmentative transcranial magnetic stimulation: randomised multi-
centre trial. Br J Psychiatry 191:441-448

Hoffman RE, Hawkins KA, Gueorguieva R, Boutros NN, Rachid F, Carroll K et al (2003)
Transcranial magnetic stimulation of left temporoparietal cortex and medication-resistant
auditory hallucinations. Arch Gen Psychiatry 60(1):49-56

Herwig U, Padberg F, Unger J, Spitzer M, Schonfeldt-Lecuona C (2001) Transcranial mag-
netic stimulation in therapy studies: examination of the reliability of “standard” coil position-
ing by neuronavigation. Biol Psychiatry 50(1):58-61

Rajkowska G, Goldman-Rakic PS (1995) Cytoarchitectonic definition of prefrontal areas in
the normal human cortex: II. Variability in locations of areas 9 and 46 and relationship to the
Talairach Coordinate System. Cereb Cortex 5(4):323-337

Fitzgerald PB, Oxley TJ, Laird AR, Kulkarni J, Egan GF, Daskalakis ZJ (2006) An analysis of
functional neuroimaging studies of dorsolateral prefrontal cortical activity in depression.
Psychiatry Res 148(1):33-45

Fitzgerald PB, Hoy K, McQueen S, Maller JJ, Herring S, Segrave R et al (2009) A randomized
trial of rTMS targeted with MRI based neuro-navigation in treatment-resistant depression.
Neuropsychopharmacology 34(5):1255-1262, Epub 2009/01/16

Herwig U, Satrapi P, Schonfeldt-Lecuona C (2003) Using the international 10-20 EEG system for
positioning of transcranial magnetic stimulation. Brain Topogr 16(2):95-99, Epub 2004/02/24
Beam W, Borckardt JJ, Reeves ST, George MS (2009) An efficient and accurate new method
for locating the F3 position for prefrontal TMS applications. Brain Stimul 2(1):50-54, Epub
2009/01/01

Lee KC, Finley PR, Alldredge BK (2003) Risk of seizures associated with psychotropic medi-
cations: emphasis on new drugs and new findings. Expert Opin Drug Saf 2(3):233-247, Epub
2003/08/09



rTMS-Associated Adverse Events,
Safety and Monitoring

7.1 Introduction

rTMS treatment is generally very well tolerated. It is notable that the overall discon-
tinuation rate is markedly lower than that usually seen in depression treatment trials,
especially trials of medication. For example, in the two large multisite rTMS trials,
the withdrawal rate in the active groups was 12 % and <10 % [1, 2]. It is often less
than 5 % in single site studies (e.g. [3]). However, there are some clear contraindica-
tions to, important safety considerations for and side effects of rTMS treatment.

7.2 Contraindications

The major contraindications to rTMS treatment fall into two categories:

1.

Conditions that raise the risk of seizure induction

These conditions include epilepsy or another seizure disorder or other forms of
active brain illness such as a recent cerebral vascular accident, or a medical con-
dition that substantially raises cortical excitability. In addition, alcohol or drug
withdrawal, including withdrawal from benzodiazepines, can substantially
increase seizure risk.

. The presence of material that could interact with the induced magnetic field

rTMS may potentially interact with implanted material through the induction of
currents (especially in circular wires), through heating, through the induction
of movement in magnetically active material or through changing the parameters
of magnetically programmed devices.

An implanted cochlear implant, pacemaker or other form of magnetically pro-

grammable device may be affected by the magnetic field generated with rTMS treat-
ment. Although studies have not investigated the interaction of rTMS with a cochlear
implant, these implants contain looped antenna where induced currents are likely to
be substantial. rTMS stimulation has been shown outside of the body to induce only
small currents in deep brain stimulation electrodes (e.g. [4, 5]). However, only local
currents, not currents between the electrode and the pulse-generating case, were

P.B. Fitzgerald, Z.J. Daskalakis, Repetitive Transcranial Magnetic Stimulation 81
Treatment for Depressive Disorders, DOI 10.1007/978-3-642-36467-9_7,
© Springer-Verlag Berlin Heidelberg 2013



82 7 rTMS-Associated Adverse Events, Safety and Monitoring

investigated; these latter currents may be greater. rTMS applied close to the pulse
generator can produce substantial damage to the device [4]. Researchers have con-
cluded that TMS may be safely applied in the presence of other forms of pulse
generators (such as vagal nerve stimulation, cardiac pacemakers and spinal cord
stimulators) as long as a substantial distance is maintained between the implanted
wires/pulse generator and where the TMS coil is discharged [6]. Padding (such as
a lifejacket) may be put in place to prevent accidental stimulation close to the pulse
generator [7].

TMS could also potentially interact with medically implanted metal compo-
nents in the skull or brain. Skull plates are most commonly made from titanium
which is non-ferromagnetic and has low conductivity, lessening the likelihood of
significant interaction [8]. Aneurysm clips are frequently cited as a contraindica-
tion to rTMS treatment, though one study has calculated that the energy imparted
on aneurysm clips would move these minimally in a manner unlikely to produce
clinical problems [9].

A further area of relative contraindication to rTMS treatment is the presence of
medical problems that could be destabilised if a seizure induced by rTMS was to
occur. For example, the presence of substantial ischaemic cardiac disease could be
a concern as a patient may not have the necessary cardiac reserve to tolerate the
physiological stresses associated with a seizure. However, the potential benefit of
'TMS treatment needs to be weighed against this concern, especially as the risk of
seizure is quite low.

7.3 Adverse Events
7.3.1 Syncope

The major safety concern with rTMS treatment has been related to the potential for
seizure induction (see below). However, syncope (‘fainting’) is another mechanism
through which patients may lose consciousness during a medical procedure such
as rTMS, and it is possible that this occurs more commonly than seizure. Syncopal
reactions are relatively common following medical procedures such as blood taking,
and there appears to be a group of individuals susceptible to this type of reaction.
Syncopal reactions are brief and have no long-term consequences. However, it
can be difficult to distinguish these from rTMS-induced seizures. This diagnostic
problem arises if patients display behavioural manifestations whilst unconscious
that might be attributed to seizure activity. Seizure-like activity including muscle
jerks and tonic muscle activity can occur during syncopal episodes. However, tongue
biting or incontinence is infrequent during syncopal episodes and is more likely to
indicate seizure activity. Syncopal episodes are frequently preceded by a patient
experiencing light-headedness, a need to lie down, nausea and a sensation of heat.
Notably, patients will recover consciousness fully within seconds, in a much more
rapid manner than would be expected following a seizure, where full consciousness
may take several minutes to re-establish. There is no definitive test to permit the
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delineation of these two types of episodes: prolactin may be elevated following a
generalised seizure but does not have adequate specificity to be relied on clinically.

The immediate management of a patient who has lost consciousness during TMS
does not depend on whether the diagnosis of syncope or seizure is made at the time.
Regardless, the patient should be assisted to lie in a prone position on one side and the
airway protected as required. Movement of the subject undergoing a tonic—clonic seizure
should not occur until motor activity has ceased. Evaluation following the event is likely
to involve neurological review, including the possibility of the conduct of an EEG.

7.3.2 Seizure Induction

The major risk with rTMS treatment is the induction of seizure activity [10, 11].
A number of seizures were reported with TMS prior to the delineation of safety
guidelines defining safe stimulation parameters [11]. Since that time, rTMS use
has expanded rapidly, and large numbers of subjects have undergone stimulation
protocols across a variety of psychiatric and neurological disorders. Despite this
marked increase in use, there have only been sporadic published reports of seizure
induction and mainly in conditions other than depression. All of the reported
seizures occurring with rTMS treatment have been during or immediately after
stimulation trains. There is no evidence that rTMS produces changes in brain
activity that predispose individuals to experience seizures some time following the
end of stimulation. In addition, where seizures have occurred, there is no evidence
that individuals have developed a propensity to experience seizures in the future, or
have experienced ongoing adverse consequences.

Box 7.1. Stimulation Parameters and Seizure Risk

For over 15 years, it has been recognised that the likelihood of seizure induc-
tion is related to several aspects of stimulation characteristics: stimulation
frequency, train duration, intensity and the duration of time between rTMS
trains. Safety guidelines have been published describing what are known to be
safe combinations of these parameters. For example, when stimulation is
applied at 10 Hz, 5 s is considered a safe train duration when stimulation is
applied at up to 110 % of the resting motor threshold (Table 7.1). This train
duration is reduced to 4.2 s at 120 % of the RMT and 2.9 s 130 % of the RMT.
It should be noted that the vast majority of research that has informed these
guidelines has been conducted with stimulation of the primary motor cortex.
It is not clear whether the same guidelines should directly translate to other
non-motor brain areas. However, providing stimulation in experimental and
treatment studies within these guidelines has not resulted in a substantial rate
of seizures. Therefore, in the absence of alternative data, these guidelines
should be followed unless a clear rationale is provided and informed consent
obtained with an awareness of the novelty of stimulation parameters.
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Table‘7.1 Established Intensity (% of RMT)

SRR Frequency 90 100 110 120 130

parameters for individual

- >1,800 >1,800 <1,800 >360 >50
5 >10 >10 >10 >10 >10
10 >5 >5 >5 4.2 2.9
20 2.05 2.05 1.6 1.0 0.55
25 1.28 1.28 0.84 0.4 0.24

Adapted from [6]

The maximum established safe train duration for motor cor-
tical stimulation based on varying frequencies and intensi-
ties. Stimulation in excess of the safe train duration may
result in the development of seizures or seizure-like brain
activity. Durations marked with a >’ are the maximal tested
durations

A number of the seizures reported since the publication of safety guidelines in
1998 [11] have occurred when stimulation was provided outside of safety guidelines.
For example, a generalised seizure was reported following stimulation with 10 Hz
trains of 10 s duration in a patient with chronic pain (at 100 % of the RMT) [12].
A second generalised seizure occurred in a patient with major depression during
15 Hz stimulation provided via 10 s trains at 110 % of RMT [13].

However, there have been several events reported as seizures where stimulation
was provided within the 1998 guidelines [11]. In one patient with bipolar disorder, a
generalised seizure was induced during single-pulse TMS measurement of the RMT
[14]. Notably, this patient had a family history of epilepsy and was concurrently tak-
ing chlorpromazine and lithium. A second seizure was reported during RMT assess-
ment, but this time in a patient with multiple sclerosis [15]. A generalised seizure
was reported in a patient with tinnitus receiving rTMS treatment at 1 Hz [16],
although the possibility that this was syncopal has been raised [17]. A single seizure
has also been reported using continuous theta burst stimulation, an experimental
paradigm involving repeated application of three train pulses at 50 Hz [18].

It is notable that even in patients with a substantial risk for seizure induction,
rTMS-related seizures are rare. A review of the safety of rTMS in patients with
epilepsy found that less than 2 % of patients have experienced an event during rTMS
(4 of 280 patients) [19].

Monitoring of EEG during rTMS treatment does not appear to provide informa-
tion likely to be useful in the prevention of seizure induction. As evident in a recent
review [6], multiple studies have explored the induction of transient epileptiform
activity during rTMS treatment. This is occasionally detectable in patient groups but
does not appear to be of use in monitoring treatment [6].

A number of conditions increase the risk of seizure induction necessitating avoid-
ance of the rTMS procedure, or use with considerable caution. These include a past
history of epilepsy or seizures or a currently active brain disorder. The presence of
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unstable cardiac disease also requires caution due to the increased demands that
could be placed on the cardiovascular system in the event of a seizure. A history of
ongoing problematic alcohol misuse is a contraindication, especially given the
increased risk of seizures during withdrawal stages of use. Patients taking benzodi-
azepines should be advised not to discontinue their use during treatment due to the
increased risk of seizure during benzodiazepine withdrawal.

7.4  Other Potential Safety Concerns
7.4.1 Impairment of Cognition

The potential for rTMS treatment to produce cognitive impairment has been a con-
cern since the initial development of the procedure. Given the cognitive side effects
that complicate the use of ECT, it is a reasonable concern. Clearly, if rTMS is able
to produce lasting brain changes sufficient to ameliorate depressive symptoms,
it could potentially also produce brain changes with negative implications.
Indeed, transient disruption of cognition is a well-recognised effect of stimulation
at certain brain sites (e.g. [20]), though enhanced function is reported in other
domains [21-23].

The main question is therefore whether deleterious effects of rTMS on cognition
persist after stimulation or develop with repeated applications of rTMS during a
treatment course. Fortunately, neither appear to be the case. A range of studies have
investigated cognitive function in patients with depression, before and after a course
of rTMS. For example, in an early study, Little et al. tested 16 cognitive measures
after 1 week of 1 Hz and 1 week of 20 Hz rTMS at 80 % of the RMT in a crossover
design and reported no adverse effects. No deterioration in cognitive function was
also reported in an open study of 2 weeks of 20 Hz rTMS administered at 80 % of
the RMT [24]. Loo et al. analysed cognitive outcomes across 39 clinical studies
[10]. Although in three studies deterioration on one or more cognitive tests was
reported, a substantially greater number of studies reported cognitive improvement,
and no specific pattern of cognitive deterioration was apparent across the trials. An
analysis of potential cognitive side effects of rTMS was also included in the pivotal
Neuronetics Ltd-sponsored clinical trial [3]. In this study, up to 216,000 pulses were
applied to patients, typically 3,000 pulses per day over an hour, each day, for 6-9
weeks at 120 % of the RMT. No cognitive deterioration was noted across the Mini
Mental State Examination, the Autobiographical Memory Interview or the Buschke
Selective Reminding Test.

The conclusion that is most appropriately drawn from these studies is that there
is no current evidence that rTMS as applied in its standard clinical forms for the
treatment of depression produces cognitive side effects. However, as rTMS dosing
and modes of application change over time (e.g. with the introduction of theta burst
stimulation), cognitive safety will require continued reappraisal. The potential
capacity of rTMS to produce enduring changes in brain function should also be
considered when rTMS is being used in an off-label manner.
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7.4.2 Hearing Impairment

When an rTMS machine produces its magnetic field, a substantial sound is gener-
ated by the deformation of the stimulating coil. At times this sound may exceed
what is considered to be safe for direct exposure to the ear, with sound levels of up
to 140 dB [25]. In early studies, some changes in auditory thresholds were reported
in individuals exposed to rTMS stimulation, although these reports were not of per-
manent changes (e.g. [26]). A persistent decrease in auditory thresholds was reported
in a patient stimulated with a deep TMS (H-coil) who was not using hearing protec-
tion during the procedure [27]. A series of more recent studies have reported no
changes in hearing thresholds, when rTMS is provided with appropriate hearing
protection (e.g. [2]). This has led to the recommendation that therapeutic use of
r'TMS should be accompanied by the use of appropriate hearing protection includ-
ing either earplugs or earmuffs. Hearing safety of rTMS in children has not been
fully established [6].

7.4.3 Potential Histotoxicity or Other Brain Changes

It is possible that rTMS stimulation could produce damage to brain tissue either
through heating effects, effects mediated through the produced magnetic field or to
the effects of the induced electrical fields. In regard to the former, heating effects
induced by TMS stimulation appear to be minimal and are likely to be limited by
the dissemination of heat through natural brain perfusion. There are no known
mechanisms through which the induced magnetic field produced during TMS stim-
ulation could generate biological adverse effects in the absence of extraneous
implanted metal in the skull or brain. Magnetic forces on ferromagnetic objects
such as metallic brain implants could produce displacement of these objects. Skull
plates are most commonly titanium which is non-ferromagnetic. One report has
shown minimal heating of titanium skull plates with 1 Hz rTMS [8].

Studies of the effects of the induced electrical fields on brain tissue take a num-
ber of approaches. Animal studies using direct electrical stimulation have produced
pathological changes in brain tissue, but only after extensive periods of stimulation
at charge levels markedly in excess of that induced with rTMS stimulation [28].
Animal experiments investigating more standard TMS stimulation have failed to
clearly demonstrate evidence of induced pathological changes. However, the inter-
pretation of these studies is considerably confounded by inequities in the applica-
tion of rTMS across animal and human situations [10]. One animal study reported
microvacuolar changes with stimulation intensities equivalent to three times motor
threshold, but this finding has not been replicated in at least four other studies that
have shown no adverse changes (for review see [29]).

Studies have also looked at potential effects of rTMS on various brain parameters
in human subjects. These have shown no adverse effects on the blood-brain barrier
[30], no changes in gross brain structure (with MRI) [31] and no adverse effects on
EEG, ECG and neurohormonal levels [32]. One human pathological study revealed
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no adverse changes in the brains of two patients with epilepsy who underwent rTMS
prior to surgery [33].

A further consideration is whether exposure to the magnetic field generated dur-
ing r'TMS has potential adverse consequences. This is especially relevant consider-
ing the ongoing debate regarding potential health and safety concerns with exposure
to pulsed electromagnetic field (EMF) from mobile phones and other sources. Given
the average duration of the TMS magnetic pulse and the number of pulses in treat-
ment courses, it has been calculated that the typical treatment course would provide
exposure of only short duration (e.g. 5 s) [10]. Presumably, this would increase with
higher doses and longer courses of rTMS as are now currently being evaluated.
However, exposure duration would still remain very short compared to other sources
of EMF. The nature of the exposure also varies significantly from other sources:
TMS-related exposure is high intensity and pulsed for brief duration, compared to
the low-intensity but continuous exposure potentially related to other devices. The
implications of this variation are unclear, but to date there has been no evidence of
any safety-related concerns or complications arising in regard to EMF exposure and
rTMS treatment. Although it is typically assumed that there are no direct brain
effects of the magnetic field produced during TMS other than those of the secondary
electrical field, it is possible that this is not the case. Neurones do contain material
that is potentially magnetically manipulable [34]. However, the implications of this
manipulation potential to the actions of rTMS remain completely unknown.

7.4.4 Pregnancy: Breastfeeding

As discussed in Sect. 5.5, the use of rTMS in pregnancy has only been described in
a limited number of case series (e.g. [35]). No adverse events or negative foetal
outcomes have been documented to date. However, the accumulated number of
patients treated to date is clearly inadequate to make firm conclusions about safety.
The consent of patients for treatment who are pregnant should reflect this in addi-
tion to other risk—benefit-associated issues.

A similar conclusion can be made about the use of rTMS in the treatment of
patients who are postpartum and breastfeeding. Although rTMS treatment could
potentially induce changes in hormonal secretion, changing breast milk composi-
tion, there is no evidence of this or associated harmful effects. In addition, hormonal
fluctuations associated with breastfeeding may change cortical excitability elevat-
ing the risk of seizure induction. These risks are likely to be small.

7.4.5 Children and Adolescents

Data collected on the use of rTMS in children and adolescents has been extremely
limited to date, although large numbers of subjects under 18 have participated in
single-pulse and paired pulse experimental protocols. One seizure in a 16-year-old
female patient has been reported with relatively low-dose stimulation parameters.
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This could indicate a the possibility of a higher rate of seizure induction in this
population, given that the total number of adolescent patients reported as having
received treatment in the literature is very low. However, making inferences from a
single case is significantly problematic. Adolescent patients may also be at a higher
risk of experiencing syncopal episodes.

7.5 Safety of Operators

As r'TMS becomes increasingly utilised in clinical practice, the safety of operators
is likely to become the focus of increasing concern. To date, it is not an area to
which substantial consideration has been addressed. One study has explored the
exposure of staff applying rTMS to magnetic fields, comparing measured and
extrapolated fields to European safety guidelines [36]. The authors propose that
staff should maintain a distance of at least of 0.7 m from the coil whilst treatment is
underway. However, testing was conducted with only one rTMS device, at a limited
range of stimulation parameters.

Given that all rTMS treatment coils currently available can be held in place with
a holding arm system, it seems sensible to ensure that these are always used when
treatment is underway. The operator of the rTMS equipment can then be standing
or seated at least 1 m from the coil during treatment, except when making brief
checks of coil positioning. We would also recommend that staff administering
r'TMS wear appropriate ear protection due to the prolonged and repeated exposure
to rTMS-related noise.
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Side Effects of rTMS Treatment

8.1 Introduction

r'TMS is generally very well tolerated. The most commonly reported side effects of
rTMS treatment are the occurrence of discomfort or pain during stimulation and the
development of a headache during or after treatment. Inductions of psychiatric
symptoms, muscle tension or seizure are also possible.

8.2  Site or Regional Pain

Treatment-related discomfort or pain is usually experienced directly beneath the
TMS coil. However, it can also be experienced in the forehead, the region of the
upper eyelid or even in the upper jaw teeth. Pain is most likely to relate to trigeminal
nerve stimulation and direct muscle contraction. It is also possible that head fixation
during treatment sessions will produce pain through neck discomfort.

The experience of discomfort or pain is highly variable between individuals; it
may be strongly influenced by coil location or orientation as well as the intensity
and frequency of stimulation. When the rates of pain and discomfort in sham con-
trolled studies were analysed, 39 % of patients receiving active treatment reported
pain or discomfort compared to 15 % with sham rTMS [1]. Despite this relatively
high rate, discontinuation due to discomfort is infrequent in rTMS treatment trials.

A variety of methods have been explored to reduce treatment-related discomfort.
Researchers have used topical or locally injected anaesthetic agents or inserted air-filled
or foam pads between the coil and the scalp surface. A substantial beneficial effect was
seen with local anaesthetic injection but not with the other techniques in a pilot study [2].
The commercially available Neuronetics Ltd-manufactured rTMS device has a single-
use disposable attachment designed to reduce local discomfort. However, no systematic
studies have been published exploring whether this attachment has clinical benefit.

Stimulation-related discomfort may be reduced in several practical ways. First,
small modifications of coil position or orientation may lessen the sensation pro-
duced with stimulation. Given the inherent inaccuracy with standard methods of
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coil localization, although it has not been systematically assessed, there is no reason
to believe that small coil modifications would substantially affect treatment efficacy.
Second, a decrease in stimulation intensity will reduce discomfort in most patients.
Given that there seems to be a relationship between stimulation intensity and
efficacy, this decrease should be limited. However, antidepressant effects of rTMS
have been seen from 90 to 120 % of the RMT and may well still be produced if
intensity is decreased from the higher stimulation levels.

Anxiety also appears to be a factor determining the intensity of rTMS-related
discomfort. Therefore, in most patients it is sensible to begin treatment at a low
stimulation intensity that is likely be tolerable to allow patients to become comfort-
able with the sensation. Stimulation intensity can then be progressively increased
over one or several sessions. In our experience this is a more sensible approach than
starting stimulation at full intensity and reducing if required. This later approach
may establish a strong negative expectation and association with treatment that may
be long lasting. It is important to note that discomfort may well lessen over several
treatment sessions with consistently applied intensity [3, 4]. In one study, a substan-
tial reduction in pain occurred in the first few days with a steady progressive reduc-
tion continuing throughout 3 weeks of treatment [4].

Strategies to Minimise Scalp Discomfort and Pain
e Shift coil 0.5-1.0 cm towards the midline.

* Shift coil 0.5-1.0 cm posterior.

¢ Rotate handle of coil ~20° towards midline.
* Reduce stimulation intensity.

8.3 Headache

Headache is the other common side effect experienced with rTMS treatment. It has
been reported in about 28 % of patients provided with active treatment compared to
16 % with sham across clinical trials [1]. Headache can be reported during stimula-
tion or afterward treatment. On occasion this does require the use of analgesic
medication.

8.4  Psychiatric Complications

The major potential psychiatric complication of rTMS treatment for patients with
mood disorders is the induction of mania. This has been documented across a num-
ber of case studies (e.g. [5-7]), which include treatment even in patients with bipo-
lar disorder. Some researchers suggested that switch rates may not substantially be
greater than with sham treatment left-sided rTMS, low-frequency right-sided rTMS
and bilateral stimulation. Manic induction has been reported predominately in
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patients with bipolar disorder but also in several patients with unipolar depression
[7, 8]. Xia et al. in 2008 summarised the literature on manic induction finding only
13 cases across over 50 randomised trials [9]. The reported rates of manic switch
with active treatment were only marginally greater than that seen with sham rTMS
(0.84 versus 0.73 %) and low compared to what would be expected without treat-
ment. This suggests rTMS may not elevate manic switch rates. Whatever the rela-
tionship between rTMS treatment and mania induction, it seems sensible to warn
patients undergoing treatment of this possibility, particularly those with bipolar dis-
order. It would be reasonable to advise patients who have experienced substantial
manic episodes in the past, especially episodes compromising their well-being, to
take a mood stabiliser during their course of rTMS treatment.

In one case reported by George et al. [§], manic symptoms resolved when treat-
ment scheduling was reduced from daily to every second day. We have had similar
experiences with several patients who have been able to be successfully treated by
reducing the intensity of treatment scheduling, despite early emerging manic
symptoms.

A second, but less well-validated, concern is the potential induction of psychotic
symptoms during rTMS treatment. The development of persecutory delusions was
reported in a single case study of a non-psychotically depressed subject. In this
instance, a causative relationship was suggested due to a close temporal relationship
with treatment [10], and the possibility that it resulted from subcortical dopamine
release has been raised. Regardless, if the induction of psychotic symptoms is
related to rTMS treatment, it seems a highly infrequent possibility given the large
number of rTMS patients who have undergone treatment in recent years without
further reports.

8.5 Seizure Risk and Other Considerations

There are no other side effects consistently reported in randomised trials as occur-
ring at greater frequency with active stimulation compared to sham. Muscle twitch-
ing was reported in 20 % of the subjects in the Neuronetics Ltd-sponsored pivotal
trial, but it was not specified whether this occurred only during stimulation or
whether it was a persistent effect posttreatment [11]. Muscle twitching in the con-
tralateral arm during rTMS treatment can occur through the inadvertent placement
of one wing of a figure of eight coil close enough to the motor cortex to cause neu-
ronal depolarisation in this brain region. When muscle twitching occurs during
rTMS treatment, it is important to try and differentiate whether it is arising through
direct stimulation of the motor cortex or whether it could be occurring via spreading
neuronal excitation from prefrontal to motor areas. The latter may be the precursor
of a seizure event.

With direct motor cortex stimulation, twitching will occur during the stimulation
train and cease immediately at the end of the train. Twitching should also be sub-
stantially reduced in magnitude or cease altogether with forward movement or rota-
tion of the coil such that the posterior wing is less adjacent to the motor cortex.
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Motor cortical stimulation due to spreading excitation will result in muscle twitching
that persists beyond the end of the stimulation train. If this is noted to occur, treat-
ment should cease until review. At a minimum, the review should entail remeasure-
ment of the motor threshold to ensure that the subject is not being treated at
excessively suprathreshold intensity. If spreading excitation is noted at standard
stimulation doses following remeasurement of the RMT, strong consideration
should be given to stopping rTMS and looking at other treatment alternatives.
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Maintenance and Continuation
Treatment

9.1 Introduction

To date, in the significant majority of settings in which rTMS has been used in the
treatment of depression, it has been applied as a time-limited treatment for a defined
depressive episode. However, depression is clearly a relapsing illness, and the
majority of patients who have responded to rTMS are likely to need some form of
treatment to minimise the chances of experiencing relapse and/or maximise the
duration of time until this occurs. In the event that relapse occurs, retreatment with
rTMS may be a useful option.

9.2  Rates of Relapse Following rTMS Treatment

Unfortunately, there appears to be a relatively high relapse rate in the 6-12 months
following a successful course of rTMS. This is a situation analogous to that follow-
ing a successful treatment of depression with ECT, where relapse rates are known to
be high and are frequently reported as up to 50 % within 6 months [1, 2].

One of the first studies to explore rTMS relapse rates compared relapse rates fol-
lowing successful rTMS or ECT and showed similar rates [3]: 20 % of 41 patients
in the overall study relapsed over a 6-month period, 4 in each of the ECT and rTMS
groups.

The largest and most substantive study of post-rTMS relapse involves the ret-
rospective analysis of the outcomes of 204 patients who had undergone rTMS
treatment. All patients had achieved remission of depression with a Hamilton
Depression Rating Scale (HAMD) score of less than eight and were followed for
6 months. Relapse was defined as an increase in HAMD score above 8§, a very
conservative figure as patients could be defined as having relapsed with only very
minor depressive symptoms. Nonetheless, approximately 25 % were categorised
as having relapsed at 2 months, 40 % at 3 months and 80 % by 6 months, obvi-
ously a very high figure [4]. An additional study has reported the follow-up of
patients who received rTMS treatment in a large multisite trial. Patients who had
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at least a 25 % reduction in HAMD scores during acute rTMS treatment were
tapered onto antidepressant medication and followed up over 6 months. Relapse
was defined as a recurrence of symptoms sufficient to meet DSM-IV criteria for
major depression over two consecutive weeks. Ten of 99 (10 %) patients relapsed
fully over 24 weeks and a total of 38.4 % had substantial symptom deterioration
of sufficient severity to justify reintroduction of rTMS treatment (an increase of
at least one point on the Clinical Global Impression-Severity (CGI-S) scale for
two consecutive weeks) [5]. Fifteen patients experienced a second period of
symptom recurrence following an additional course of rTMS and five patients a
third period of symptom recurrence within the 6-month period all justifying fur-
ther rTMS treatment.

Our centre has conducted over 700 patient treatment courses in multiple clinical
trials over the past 10 years. In these trials we have observed a relapse rate of
approximately 20-30 % within 3 months of treatment, increasing to a 50-60 %
relapse rate during the 12 months following treatment (unpublished data). This is
despite the vast majority of these patients (>95 %) being on maintenance antide-
pressant medication, often in conjunction with additional augmentation agents such
as lithium and other mood stabilisers.

9.3  Approaches to Minimise Relapse

The first step in minimising relapse is the identification of those likely to experience
it. Although there has been minimal systematic research in this area, there are likely
to be clinical variables that predict the chance of early relapse. For example, the
presence of persistent depressive symptoms despite a significant improvement in
overall depression severity is likely to be related to early deterioration once treat-
ment finishes. The presence of substantial ongoing life stressors, marital or work-
related conflict and the presence of substantial axis II or substance related
comorbidity would all seem to be potential predictors of early relapse.

Given the importance of these factors, it is critical to assess each patient towards
the end of the course of rTMS treatment for factors that are likely to undermine
longer-term outcomes. A direct approach to tackling comorbid issues or social stres-
sors should commence prior to the cessation of active treatment. For example,
patients with a history of comorbid substance use problems should be engaged in
appropriate therapeutic programmes as early as feasible. In the context of ongoing
relationship difficulties, family or marital therapy should be considered and poten-
tially commenced prior to the end of rTMS treatment. This will allow issues that are
likely to undermine progress to be identified, relevant others to be engaged and a
temporary plan put in place to provide adequate support to the patient whilst longer-
term changes can be undertaken.

Along with the consideration of these factors, an active maintenance plan should
be instituted, involving the strategies to be adopted for each individual patient.
Maintenance treatment may include antidepressant medication, psychotherapy and/
or further treatment with rTMS.
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9.3.1 Medication Treatment

There is clearly established efficacy for the use of antidepressant medication in the
prevention of relapse following initial response to medication. However, little sys-
tematic research has investigated whether the recommencement of antidepressant
treatment or continuation of antidepressants during and after rTMS treatment will
reduce subsequent relapse rates. One study has addressed these issues, although
unfortunately only over a very short period of time and in an atypical sample. In this
trial, patients with treatment resistant vascular depression were provided acute treat-
ment with rTMS. After rTMS patients were given 20 mg/day of citalopram and
evaluated at 3, 6 and 9 weeks. Thirteen of 33 patients responded to rTMS and sub-
sequently received 9 weeks of medication. During this 9-week period, four relapsed
and nine remained well [6]. In a second study, a small group of patients with bipolar
disorder whose depressive episode had responded to rTMS were followed whilst
continuing antidepressant medication [7]. Of six rTMS responders, four remained
well over a 12-month period of time. Of the other responders, one relapsed and
another partially relapsed after 6 months.

In considering the role of antidepressant medication post-r'TMS, some informa-
tion may be extrapolated from trials of medication treatment post-ECT as this is also
a time-limited episodic treatment. Even if patients had previously failed to respond
to medication treatment, antidepressant medication may have a role in the prevention
of relapse. For example, a small study showed that imipramine substantially reduced
ECT relapse rates compared to placebo in medication-nonresponsive patients [8].
However, antidepressant medication alone may produce suboptimal benefits com-
pared to combination treatment. Sackiem et al. demonstrated that lithium combined
with nortriptyline, a tricyclic antidepressant, produced a substantially lower relapse
rate and longer time to relapse compared to the antidepressant alone or placebo [9].
A second study has also more recently supported the notion that adding lithium to an
antidepressant treatment may reduce relapse post-ECT [10]. In the context of the
research, it would be sensible to suggest that where pharmacotherapy is the mainstay
of maintenance treatment post-rTMS, a combination of an antidepressant and lithium
should be considered. No studies have been published exploring the use of new anti-
depressant agents such as serotonin or serotonin noradrenaline reuptake inhibitors as
maintenance therapy in conjunction with lithium. The choice of medication is likely
to be influenced by factors such as previous tolerance and partial or complete nonre-
sponse to different medication classes. Certainly in patients who relapse after rTMS
with continued antidepressant treatment, the addition of lithium should be strongly
considered during subsequent maintenance periods.

9.3.2 Psychotherapy
An alternative approach to the prevention of relapse post-rTMS treatment is engage-

ment in a form of psychotherapy. Cognitive behavioural therapy (CBT) and its
variations are increasingly being utilised in the treatment of depression and in the
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prevention of depressive relapse. CBT is widely accepted and provided as a first-line
treatment for depression and there are a number of meta-analyses supporting its
efficacy (e.g. [11]). Although rates of treatment response to CBT seem to be similar
to antidepressant medication, CBT appears to have distinct advantages over medica-
tion in terms of relapse prevention, with patients relapsing at a lower rate after the end
of CBT treatment [12—14]. The success of CBT in maintaining treatment benefits has
led to it being used as a specific relapse prevention intervention following other acute
treatments. Fava et al. [15] used a sequential trial design in which the acute phase of
depression was treated with antidepressant medication, with responders then tapered
off medication and randomised to receive either a course of CBT or routine clinical
management. After 2 years, the patients receiving CBT showed a relapse rate of
25 % compared to 80 % in the control group. After 6 years, the difference was 40 %
versus 90 %, respectively [15]. Another trial found that the combination of CBT
with maintenance antidepressant medication following acute episode recovery was
superior to maintenance antidepressant medication alone in preventing relapse [16].
This observed advantage persisted several years later [17].

Subsequent trials have refined the delivery of CBT during the recovered phase by
integrating CBT for depression [18] with mindfulness training to create an efficient
8-session course specifically targeting depressive relapse. Mindfulness training is
used to develop attention control skills which help the person to more effectively
recognise and disengage from patterns of depressive thinking (e.g. hopelessness,
guilt, rumination) as they re-emerge, preventing them from escalating. The efficacy
of MBCT in minimising relapse has been established in four randomised controlled
trials which have found reduced rates of relapse in people with a history of recurrent
depression (3 or more episodes), compared with routine clinical management alone
[19, 20]. A meta-analysis of these four studies found an average rate of relapse over
12 months of 32 % for MBCT compared with 60 % for clinical management [21].
A further trial has found that the post-therapy relapse prevention effects of MBCT
when antidepressants are withdrawn are at least as effective as continuing mainte-
nance antidepressant medication [22]. Furthermore, there is strong evidence that the
relapse-preventing effects of MBCT are mediated by changes in processes targeted
by the intervention [23].

Unfortunately, no research to date has assessed the value of CBT or MBCT in the
prevention of relapse post-rTMS. One small initial open-label study has explored
the role of CBT in the prevention of relapse following ECT [24]. CBT post-ECT
was feasible and appeared to enhance duration of persistence of response. There is
no intrinsic reason why these forms of psychotherapy would not be practically use-
ful in the prevention of relapse post-rTMS and should be actively considered.

9.4 Maintenance rTMS Treatment

The final possibility is the use of maintenance rTMS to prevent relapse. This has
face validity given the response to active treatment in the individual patient.
However, maintenance rTMS has only been studied in a very limited way and there
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are no sham controlled studies supporting its efficacy to date. The most commonly
reported maintenance model has been the provision of weekly or fortnightly single
'TMS sessions, often with a progressive decrease in session frequency over time.
This is often done with maintenance ECT. For example, in a small open-label fol-
low-up study, Isserles et al. provided weekly TMS sessions to 11 patients who had
remitted in a trial of a form of deep TMS [25]. Ten patients remained in the study
and in remission for the 4 weeks, whilst one withdrew due to persistent insomnia.
Earlier, O’Reardon et al. reported the treatment of 10 patients who received mainte-
nance treatment once or twice a week for between 6 months and 6 years [26]. They
described seven of the patients as having experienced substantial benefit, with three
of the seven not requiring medication treatment. Li et al. reported the maintenance
treatment of seven patients with bipolar disorder who were provided with weekly
TMS for up to a year [27]. Three patients completed a full year’s treatment without
substantial relapse.

Another possibility is the more intensive provision of multiple sessions. Over a
number of years, we have provided maintenance rTMS by administering five indi-
vidual treatment sessions over a 3-day period, usually over a weekend, once per
month, in patients who have had several depressive episodes successfully treated
with rTMS (unpublished data). Patients enrolled in this programme had experienced
a relapse within 3 months of the end of their initial course of rTMS. On response to
a second course of rTMS, they were entered into maintenance treatment. In an anal-
ysis of 37 patients who were enrolled in this programme, 21 experienced a relapse
after a mean treatment duration of 10.5 months. Six patients continued until study
end without relapse (mean of 12 months) and eight withdrew following an average
of 6.2 months maintenance treatment without having experienced relapse.

A final possibility for maintenance rTMS is the use of a targeted intermittent
strategy. For example, if a patient has been noted to relapse regularly 6 months post-
rTMS, initiating maintenance 5 months after acute treatment and continuing for
several months may be a potentially useful approach. Similarly short periods of
maintenance treatment could be used every 6 months or so. Alternatively, on dem-
onstration of early signs of relapse, patients could be rapidly re-engaged in a main-
tenance treatment course of shorter duration. This strategy, however, may not be
suitable for a significant proportion of patients who deteriorate rapidly.

9.5 Repeated rTMS Treatment

If patients have successfully responded to rTMS treatment and experience a relapse,
they are frequently likely to be keen to engage in a further acute course of treatment.
Several studies have described populations who have been engaged in retreatment
during depressive relapse. The majority of these studies suggest that most patients
will successfully respond to treatment when it is applied on a second or subsequent
occasion [5, 28, 29]. For example, in a study by Janicak et al., 38 patients were
retreated during 24 weeks of follow-up and 32 (84.2 %) subsequently improved [5].
We have previously described the treatment of 19 patients over a course of 30



100 9 Maintenance and Continuation Treatment

episodes of depressive relapse, where the vast majority of subsequent courses
resulted in treatment response [29]. This response pattern has continued into the
repeat treatment of now more than 100 patients, some on more than five rTMS treat-
ment occasions. However, we have noted that a failure to respond to treatment can
occur at any subsequent treatment course.

9.6 Summary

All patients who have responded to a course of rTMS should have an individually
developed maintenance treatment plan. For many patients, especially following an
initial response to rTMS, this is likely to involve addressing factors that may con-
tribute to relapse, continuing antidepressant treatment and considering psychotherapy.
However, if relapse occurs despite maintenance medication and/or psychotherapy,
maintenance r'TMS following a subsequent treatment course may be considered.
Although there is a substantial lack of systematic evidence for the use of mainte-
nance r'TMS, it is likely that a significant proportion of patients having successfully
responded to rTMS but not other treatment modalities are likely to be motivated to
engage in maintenance treatment. The use of maintenance rTMS under these cir-
cumstances seems clinically reasonable but should be accompanied by a systematic
attempt to collect efficacy data, at least on an individual patient basis, to justify
ongoing treatment.
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The Use of rTMS in Other Psychiatric 1 0
Disorders

10.1 Introduction

As has been described in previous chapters, rTTMS can have powerful effects on the
brain. These effects can be neurophysiological (e.g. altering inhibition and plastic-
ity), clinical (e.g. improvement of symptoms in patients with treatment-resistant
depression) and cognitive (i.e. transient cognitive lesions, cognitive enhancement).
As well as the development of rTMS methods for depression, in the last two decades
there has been significant investigation into the treatment of numerous other psychi-
atric and neurological disorders. Whilst a comprehensive review of all of these
findings is beyond the scope of this chapter, we will focus on psychiatric disorders
in which initial evidence exists for the clinical utility of rTMS approaches or in
which there has been particular therapeutic interest.

10.2 Mania

Due to the promising therapeutic effects of rTMS in depression, interest in the
use of the treatment for mania developed early. In an initial study, 16 patients
were randomised in a controlled trial of right versus left high-frequency (20 Hz)
prefrontal stimulation [1]. Greater therapeutic benefits were seen with right-
sided stimulation compared to left-sided stimulation, an observation that has
been subsequently used to support notions of left and right-sided laterality activ-
ity differences in depression and mania. The therapeutic possibilities with high-
frequency right-sided stimulation were also supported in two subsequent case
series [2, 3].

However, data from sham-controlled trials is not consistent. In the first of
these studies involving 25 patients, no difference between active and sham stim-
ulation was seen [4]. However, in a recent study of 41 patients, a significant
benefit of active over sham 20 Hz stimulation was seen with stimulation over
a 10-day period [5].
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10.2.1 Summary

A limited body of research suggests that high-frequency stimulation applied to the
right DLPFC may have some anti-manic effects, but this treatment needs to be more
systematically evaluated.

10.3 Anxiety Disorders
10.3.1 Obsessive-Compulsive Disorder (OCD)

There is a compelling argument for evaluating the use of rTMS in obsessive-
compulsive disorder (OCD). OCD can be highly disabling and patients with OCD
often respond poorly to psychotherapy and/or serotonergic antidepressants, the
standard forms of treatment. Moreover, unlike MDD which responds well to ECT,
there is little to no evidence for therapeutic improvement of OCD with ECT. There
is also a compelling mechanistic link between treatment mechanisms linked to
rTMS and those mechanisms that are aberrant in OCD. For example, rTMS has
been reported to potentiate GABAergic neurotransmission, particularly at high fre-
quencies [6, 7]. rTMS can also modulate NMDA neurotransmitter mechanism [8]
both of which have been associated with dysfunction in OCD [9, 10]. As such, not
only is there an urgent need for newer treatments in OCD, but rTMS may target
putative mechanisms in the cortex that are associated with OCD pathophysiology.

Greenberg et al. initially explored the efficacy of rTMS for OCD [11]. Twelve
patients received 20 Hz rTMS at 80 % of the motor threshold to the right or left
lateral prefrontal cortex or a control site. Right prefrontal stimulation decreased
compulsions and improved mood to a greater degree than left-sided stimulation or
control site stimulation. Several studies that have subsequently explored high-
frequency stimulation applied to the left DLPFC have reported disappointing results
[12, 13], but follow-up studies exploring high-frequency right-sided stimulation
have not been systematically conducted.

Several studies have explored low-frequency approaches, generally without pos-
itive effects. For example, Alonso et al. reported the effects of 1 Hz rTMS applied
to the right DLPFC over eighteen 20-min daily sessions [14]. There were no
significant effects on obsessions or compulsions reported. Prasko et al. also used
1 Hz stimulation but applied to the left DLPFC [15]. They also failed to find thera-
peutic effects. One final study did suggest therapeutic effects of 1 Hz stimulation but
applied in this case to the left orbitofrontal cortex [16]. Sixteen patients received
active stimulation and seven patients received sham stimulation. They reported a
significant difference between active and sham treated for up to 10 weeks after
rTMS was completed.

A novel and promising approach has adopted a significantly different target, the
bilateral supplementary motor area. An open and a second controlled study con-
ducted by Mantovani et al. has suggested the possible therapeutic value of 1 HzrTMS
applied bilaterally to this site [17, 18]. The supplementary motor area is strongly
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connected to the anterior cingulate, a cortical region that was previously reported to
be closely associated with the pathophysiology of OCD [18]. However, one subse-
quent study combining both 1 Hz stimulation of the right DLPFC and 1 Hz stimula-
tion of the supplementary motor area failed to find positive results [19].

10.3.1.1 Summary

Research has not supported the initial contention that DLPFC stimulation may have
therapeutic benefits in OCD although high-frequency right-sided stimulation has
not been systematically adequately evaluated despite initial promise. The supple-
mentary motor area or orbital frontal cortex appears promising targets, but more
detailed research is required to establish efficacy of stimulation at these sites.

10.3.2 Post-traumatic Stress Disorder

A series of relatively inconsistent studies have explored the potential application
of rTMS in post-traumatic stress disorder (PTSD). The first of these explored the
application of very low-frequency stimulation (0.3 Hz) applied to both the left
and right motor cortex, producing a reduction in PTSD symptoms [20]. However,
this was an uncontrolled study. Subsequently, studies have investigated a variety
of stimulation paradigms including low- and high-frequency stimulation applied
to the left DLPFC and low- and high-frequency stimulation applied to the right
DLPFC [21-24]. Right-sided high-frequency stimulation has shown the greatest
therapeutic promise in two studies which have evaluated stimulation to both
hemispheres or compared different frequencies of stimulation applied to the right
DLPFC [22, 23]. Given that neuroimaging-based models of PTSD have sug-
gested that hypoactivity of the DLPFC is associated with hyperactivity of the
amygdala and underlying illness symptoms and that right-sided changes are pre-
dominant in PTSD, a high-frequency approach to right-sided stimulation has
some therapeutic rationale [25].

10.3.2.1 Summary

High-frequency stimulation applied to the right DLPFC appears to be the most
promising rTMS approach to the treatment of PTSD but requires further
evaluation.

10.3.3 Panic Disorder and Generalised Anxiety Disorder

Following several case reports, two randomised controlled trials have explored the
use of rTMS in panic disorder, both investigating 1 Hz stimulation applied to the
right DLPFC. In the first study, no significant difference was seen between active
and sham stimulation in 15 medication-resistant patients [26]. The second study, in
a slightly larger sample size (n=25), did find significant differences in response
between active and sham stimulation [27].



106 10 The Use of rTMS in Other Psychiatric Disorders

Only one study has explored the possible use of rTMS in generalised anxiety
disorder (GAD). This was an open-label study where 1 Hz stimulation was applied
to the right DLPFC with the site determined by an fMRI activation scan [28]. Six
out of ten patients met remission criteria for reduction in anxiety symptoms within
this study.

10.3.3.1 Summary

Only limited research has explored the application of rTMS in panic disorder and
GAD. There appears to be a possibility of therapeutic value of 1 Hz stimulation
applied to the right DLPFC, but at this stage this has very limited empirical
support.

10.4 Schizophrenia

Despite some advances in pharmacotherapy over the last 20 years, a significant
percentage of patients with schizophrenia experience disabling refractory symp-
toms. Furthermore, side effects are common with current pharmacotherapy for
schizophrenia resulting in high rates of early treatment discontinuation [29]. Thus,
researchers and clinicians have sought novel treatments to target refractory symp-
toms. rTMS has been relatively extensively investigated as a treatment for schizo-
phrenia vis-a-vis positive (e.g. hallucinations and delusions) and negative symptoms
of schizophrenia, as well as cognitive dysfunction.

Increasingly schizophrenia researchers consider this disorder to be highly het-
erogeneous. Therefore, it follows that specific treatment of individual subcompo-
nents of the syndrome, such as the negative symptoms or hallucinations, may yield
greater success than non-specific treatments applied to all patients. It is unlikely that
a brain stimulation technique that targets one brain region would be likely to improve
multiple dimensions of the illness but may have specific value in ameliorating par-
ticular symptoms.

In this regard, rTMS protocols for treatment-resistant schizophrenia have
targeted two main cortical areas with differing aims. Dysfunction in the prefrontal
cortex is thought to underlie some of the positive and negative symptoms in
schizophrenia. Initial treatment protocols targeting the DLPFC in schizophrenia
were inspired by treatment protocols used for major depression. Analogous to
the situation in depression, hypoactivation in prefrontal regions is thought to
correlate with negative symptoms [30]. Thus, it was hypothesised that high-
frequency rTMS applied to the DLPFC may improve negative symptoms by
increasing cortical activity [31]. The other main cortical region targeted in rTMS
studies has been the temporoparietal cortex (TPC). Although there are some con-
tradictory findings, a number of studies have suggested that the pathophysiology
of auditory hallucinations is related to hyperactivity in the left TPC [32, 33].
Based on this understanding, Hoffman et al. developed a low-frequency rTMS
protocol applied to the left TPC to modulate the overactive state underpinning
auditory hallucinations [34, 35].
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10.4.1 Prefrontal Stimulation in Schizophrenia

Early r'TMS studies in schizophrenia targeted the DLPFC as a non-specific treatment.
The first published study used only 30 single rTMS pulses applied openly in a single
treatment session and described some short-lived therapeutic effects [36]. In a sec-
ond small open study, a statistically significant decrease in Brief Psychiatric Rating
Scale (BPRS) scores was observed after ten sessions of 1 Hz stimulations applied to
the right DLPFC [37]. The improvement was primarily seen in non-specific symp-
toms, such as anxiety and tension, rather than in the core symptoms of schizophre-
nia. A larger, controlled study with similar stimulation parameters failed to confirm
any significant improvement in schizophrenia symptoms when rTMS was compared
to a sham control [38].

High-frequency stimulation to the DLPFC as a treatment for positive symptoms
was first studied in a small crossover design comparing left-sided active versus
sham stimulation [39]. A significant reduction in BPRS scores was seen with active
but not sham stimulation. However, three other studies of high-frequency stimula-
tion of the left DLPFC have failed to demonstrate an improvement in positive symp-
toms [40-42]. A recent meta-analysis concluded that high-frequency stimulation of
the DLPFC has failed to show improvement in positive symptoms as assessed by the
positive and negative symptom scale-positive symptom score (PANSS-P) or the
scale for the assessment of positive symptoms (SAPS) [43].

In contrast to the negative results found when targeting positive symptoms with high-
frequency rTMS to the DLPFC, the treatment of negative symptoms with this approach
has yielded somewhat more encouraging results. There have been a series of small paral-
lel design trials. In several studies, there were no differences between active and sham
groups [40, 44, 45]. However, four studies have shown a significant advantage of active
over sham stimulation [42, 46—48]. Three of these studies [42, 46, 47] used higher stimu-
lation intensity (>100 % of the standard resting motor threshold) and one of the studies
used a longer treatment duration (15 days) than the negative studies (10 days) [46]. One
of these two positive studies also carefully controlled for the possible confound of
improved depressive symptoms using scores on the Calgary Depression Scale for
Schizophrenia as a covariate: improved depression did not account for the observed
improvement in negative symptoms [42]. Another study compared 20 Hz stimulation to
stimulation provided at the patient’s individual a-frequency with a sham condition [49].
o-Frequency stimulation was calculated as the patient’s peak o-frequency from five fron-
tal EEG leads. The rationale for enhancing activation by using the patient’s own o-
frequency was based on the hypothesis that a deficiency in oscillation at this frequency is
related to the underlying pathophysiology of negative symptoms. Stimulation at the
patient’s a-frequency resulted in a significantly greater reduction in negative symptoms
than the other three conditions. Two studies investigating the use of bilateral high-
frequency stimulation have both reported no improvement in negative symptoms [50, 51].

Overall, the studies targeting refractory negative symptoms that used high-fre-
quency stimulation targeted to the DLPFC have produced mixed results. The out-
come of the studies may have been hindered by the short duration of treatment
typically applied and low doses of rTMS used.
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Until recently, no studies have specifically investigated the effect of rTMS
applied to the DLPFC on cognition in patients with schizophrenia. Impaired cogni-
tion has been increasingly recognised as a primary deficit in schizophrenia [52].
Recent data suggests that high-frequency rTMS applied to DLPFC can improve
performance on higher-order cognitive functions and selectively modulate y-oscillations
in frontal regions [53]. Given the prominence of cognitive deficits in patients with
schizophrenia and the potential relationship of aspects of cognition such as working
memory to high-frequency EEG oscillations, it seems worthwhile to investigate the
effect of high-frequency rTMS of the DLFPC on cognition. Recently Barr et al.
reported that bilateral rTMS applied at 20 Hz and targeted to the DLPFC could
improve working memory deficits in schizophrenia in a study including 27 patients
[54]. Working memory was assessed using the N-back task. rTMS significantly
improved 3-back accuracy to targets compared to sham. There was also a trend
towards significance for the effects of rTMS on the 1- versus 3-back suggesting that
r'TMS was more effective on working memory performance as difficulty increased.
This small study suggests that rTMS should be investigated further as a possible
treatment option for cognitive symptoms in schizophrenia.

10.4.2 Temporoparietal Cortex rTMS and Auditory Hallucinations

The most extensively investigated application for rTMS in schizophrenia has been the
use of low-frequency stimulation applied to the left TPC (see Fig. 10.1), in an effort to
ameliorate auditory hallucinations (AH). Initial studies were of a relatively short
duration, but they still demonstrated a decrease in the frequency and intensity of AH
[34, 35]. A larger, controlled study of 9 days of low-frequency left-sided (LFL) stimu-
lation of the TPC found a substantial and significant reduction in AH compared to
sham. Furthermore, this improvement was sustained in more than half of the improved
subjects at 15 weeks posttreatment [55]. In an even larger controlled study, the efficacy
finding was confirmed and the treatment demonstrated an excellent safety and toler-
ability profile (a consistent finding across subsequent studies) [56].

Several investigators have attempted to replicate and extend these findings using
open, crossover and parallel randomised controlled designs with mixed results [S7-68].
Of note, however, is an open study that correlated response to treatment with reduction
in cortical metabolism (as measured by PET imaging) beneath the site of stimulation,
substantiating the theoretical rationale for this treatment [65]. The mixed results
likely relate to heterogeneity in the duration and intensity of treatment. Interestingly,
two of the randomised controlled studies have found significant reduction in frequency
and intensity of AH with less than 10 days of treatment [57, 58].

An initial meta-analysis of all acute rTMS treatment studies of AH found an
effect size of 0.76 (95 % CI=0.36-1.17) for LFL rTMS applied to the left TPC,
despite variation in the duration and methods of stimulation [69]. Two recent meta-
analyses confirmed the finding of a medium to large effect size [43, 70]. The authors
point out that there is a large degree of heterogeneity in these studies. Heterogeneity
issues included: protocol duration and intensity, differing placebo controls, lack of
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Fig. 10.1 The localization of
the TMS coil over
temporoparietal junction

adequate control of medications and inadequate assessment of treatment resistance.
Furthermore, these authors comment about the need for better follow-up and the
need for studies of maintenance treatment in patients that respond to an acute course
of rTMS.

In an attempt to optimise efficacy, investigators have started to explore bilateral
and right-sided TPC stimulation. Another approach taken to optimising efficacy has
been the utilisation of MRI and fMRI to more specifically target the neuroanatomi-
cal structures involved in auditory hallucinations. The first study found no specific
benefit of rTMS or of MRI-based localization [71]. A second study found an overall
benefit with rTMS, but again no improvement with fMRI-based localization [72]. In
another study, LFL rTMS was applied to a series of sites activated on fMRI scan for
eight intermittent hallucinators or to a series of sites functionally coupled to
Wernicke’s area in eight patients with continual hallucinations [73]. Stimulation at
the left TPC site resulted in a greater rate of reduction in auditory hallucination
severity compared to stimulation at other sites. A novel imaging and treatment pro-
tocol in a case report has recently been published [74]. The investigators identified
the area of highest activation during a language task using fMRI. The area corre-
lated with the left superior temporal gyrus. They theorised that high-frequency
stimulation (20 Hz) may reduce AH based on work showing disruption in higher
cognitive functions such as speech production [75]. A follow-up study with rTMS
targeted to the site identified on individual fMRI scans, in a group of 11 patients,
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demonstrated decreased global severity and frequency of AH in 8 of 11 patients,
with a large effect size after only 2 days (2,600 pulses) of treatment [76]. This is a
striking finding that warrants further investigation with a randomised controlled
study. The improvement was present 10 days after treatment in the whole sample
and sustained for a mean of approximately 2 months. However, the cost of fMRI
localization may be prohibitive for application to the wider population of patients
experiencing refractory AH. Therefore, refinements in defining an optimal TPC site
that can be found by approximation are necessary.

Beyond some follow-up data provided in a minority of studies, there is minimal
data on the longer-term implications of treating AH with rTMS [56]. Fitzgerald
et al. reported the successful retreatment of two patients who had relapsed following
successful rTMS treatment, one of them on two occasions [77]. There is a report of
maintenance rTMS in a patient for 6 months with some decrease in severity but no
delay in relapse [78] and a second case where maintenance treatment was successful
over an 8-month period [79]. One further case report described a patient who expe-
rienced improvement in AH after 1 week of treatment (twice daily low-frequency
stimulation to the left TPC) and also in the second occasion following relapse 6
months later. After the relapse, the patient had sustained improvement over 1 year
with once monthly treatment [80].We have treated a number of patients with
repeated courses of rTMS for relapse of hallucinations and achieved consistent
responses over time. We have also successfully utilised a clustered maintenance
schedule (5 treatment sessions over 3 days every 4 weeks) in a small sample of
patients with particularly difficult to treat symptoms and frequent relapse.

10.4.3 Summary

Evidence currently does not support the clinical use of rTMS in the treatment of neg-
ative symptoms or cognitive dysfunction in patients with schizophrenia. However,
studies using longer-term and high-dose treatment are required to establish whether
rTMS is effective for negative symptoms. Treatment of cognitive dysfunction with
rTMS is a promising but new area of research. A more substantial research base has
indicated that low-frequency rTMS applied to the left temporoparietal cortex appears
to have some therapeutic benefits in ameliorating auditory hallucinations. Given the
often disabling nature of these symptoms, clinical use of this technique could be
justified in certain cases although overall response rates are not likely to be high.

10.5 Pain

Due to the long-standing and often disabling nature of chronic pain, rTMS and other
novel approaches using brain stimulation techniques have been investigated over a
number of years.

Approaches to the treatment of chronic pain with rTMS have focused on sev-
eral different cortical sites. The main site for investigation, however, has been the
primary motor cortex. Studies since 2001 have utilised high-frequency stimulation
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applied to the motor cortex to try to transiently or persistently ameliorate chronic
pain. In the first study of this sort, investigators applied 10 Hz stimulation to the
primary motor cortex of patients with intractable neurogenic pain. Pain relief was
achieved with a single session of stimulation, but this was short lasting and of mod-
est effect [81]. A similar effect was seen in a second study investigating 10 Hz
stimulation applied in patients with unilateral complex regional pain syndrome type
I of the hand [82]. Subsequent studies have explored longer periods of stimulation.
For example, Picarelli et al. randomised 23 patients with complex regional pain syn-
drome type 1 in the upper limb to commence standardised pharmacological treat-
ment and either active or sham rTMS delivered in ten sessions at 10 Hz to the motor
cortex contralateral to the affected side [83]. It was found that rTMS reduced pain
intensities, particularly with ten treatment sessions, in a manner that was related to
positive affective aspects of pain.

However, the analgesic effects of rTMS have not been consistent across studies
with a number of negative studies reported (see review in [84]). Low-frequency
rTMS appears to be less effective than high-frequency [85] and response appears to
be dependent on the type of pain syndrome with facial pain, especially trigeminal
neuralgia, appearing to respond better than other types of pain syndromes [84].
A recent Cochrane review, including 19 rTMS studies, concluded that there was
evidence for short-term analgesic effects of single rTMS sessions, but limited evi-
dence at this stage of longer-term treatment benefit [85].

A second site for potential treatment of chronic pain with rTMS is the dorso-
lateral prefrontal cortex (DLPFC) due to its role in top-down modulation of pain.
Tolerability of experimentally induced pain has been shown to be modulated both
by high-frequency stimulation of the left DLPFC [86] and low-frequency stimula-
tion of the right DLPFC [87], both antidepressant rTMS paradigms. Early studies
have begun to explore the potential of this form of stimulation in patients with
chronic pain. For example, Borckardt et al. found analgesic effects of high-
frequency left DLPFC stimulation in a small group of patients with neuro-
pathic pain [88]. In contrast, 1 Hz stimulation applied to the right DLPFC may
produce benefit in patients with pain related to fibromyalgia [89]. Notably, both of
these approaches appeared to produce therapeutic effects that persisted over time
and interestingly unilateral stimulation was able to achieve bilateral effects, some-
thing not seen with primary motor cortical stimulation. These characteristics make
the potential applicability of prefrontal rTMS potentially greater than that of
motor cortical stimulation. Interestingly, we have occasionally seen a reduction in
chronic pain in patients receiving prefrontal rTMS treatment for depression with
improvement in pain not necessarily correlated with improvement in depression
severity

10.5.1 Summary
Promising initial research suggests that rTMS may be able to modulate chronic

pain. Prefrontal stimulation appears to have considerable potential for clinical appli-
cability but requires ongoing research.
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11.1  TMS Equipment

There are currently a progressively increasing number of TMS equipment
manufacturers. However, the accessibility of equipment for the provision of rTMS
treatment will vary greatly country by country, limited by local regulatory approval
and the availability of local distribution.

Beyond these obvious practical issues, a number of factors should be taken into
account when selecting TMS equipment for clinical application. One of the most
important is the capacity of stimulators to provide stimulation in the manner required
for particular treatment protocols. There is variation across stimulation devices in the
ranges of frequencies and intensities able to be provided, especially at stimulation
frequencies greater than 20 Hz. A common and critical consideration is whether the
coil being utilised for stimulation will provide an adequate number of pulses without
overheating. There is considerable variation in the systems used to provide long peri-
ods of stimulation without coil overheating across device manufacturers. These
include the development of iron core coils, the integration of fluid cooling systems and
fan-based cooling systems. Prior to the selection of a stimulator and coil, potential
users should ensure that a sufficient number of pulses at high intensity can be provided
for each individual treatment session but also that individual treatment sessions can be
provided consecutively with only short between patient intervals if required.

It is also important to confirm that the system is provided with adequate acces-
sories to ensure the smooth operation of treatment sessions. Coil stands and locali-
sation positioning systems vary substantially across equipment manufacturers and
should be evaluated prior to equipment purchase. The software system to control
stimulation protocols should also be evaluated: these are progressively improving
but some systems are not very end user-friendly.

A final but critical consideration is the availability of timely on-site equipment
support. 'TMS equipment is technically complex and utilises high electrical volt-
ages. As such, equipment malfunction should be expected to occur occasionally and
local technical staff may not be qualified to service and repair equipment. As most
equipment is quite heavy and bulky, shipping back to a device manufacturer for
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repair can be expensive, slow and problematic. In establishing a clinical service,
thought may be given to ensuring the availability of backup equipment to prevent
the interruption of clinical programmes should equipment fail. It seems sensible and
financially viable to ensure the local availability of backup coils; however, resourc-
ing local backup stimulators may well be more problematic. Questions should be
asked of distributors as to whether replacement devices on loan are available during
equipment repair.

The following is a brief description of a number of currently available TMS
devices and manufacturers:

11.1.1 MagVenture

MagPro TMS stimulators have been produced since the early 1990s by Tonica
Elektronik in Denmark and over time sold under the brands of Dantec, Medtronic
and currently MagVenture. Several MagPro devices are currently available, servic-
ing both clinical and research TMS communities. For the treatment of depression,
the most commonly utilised devices are likely to be the MagPro R30 and the MagPro
R100. These machines are very similar in design and utilise the same stimulation
coils. The main difference is the frequency/intensity at which stimulation can be
provided: The MagPro R30 is effectively limited to below 30 Hz, whilst the MagPro
R100 can provide stimulation at up to 100 Hz. In the routine treatment of depression
utilising protocols in the 1-20 Hz range, this difference is insignificant and a MagPro
R30 is likely to suffice. If there is a need for more experimental protocols, for exam-
ple, considering theta burst and higher stimulation intensities, a R100 device may be
considered appropriate.

The MagPro R30 device is relatively compact and is sold with optional acces-
sories including a coil stand, stimulator trolley and device for displaying EMG data
during the assessment of resting motor thresholds. There are a number of coils
available. The most useful coil for clinical applications is a ‘dynamically’ cooled
figure-of-eight coil, which is sold with a separate fluid-based cooling system. In our
experience, this allows long stimulation protocols without any substantial coil over-
heating during or between closely spaced patient sessions. The MagPro systems
have been CE approved in Europe for ‘treatment of Major Depressive Disorder in
adult patients who have failed to achieve satisfactory improvement from two prior
antidepressant medications, at or above the minimal effective dose and duration in
the current episode’.

11.1.2 Magstim

Magstim has also been selling TMS systems for many years for a variety of research
and clinical applications. There are several Magstim systems available that are suit-
able for clinical use. These include the Magstim Rapid2, the Super Rapid and Super
Rapid Plus. These three units essentially vary only in the stimulation frequencies
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and intensities that are able to be applied during stimulation protocols. A choice
between these devices, like the choice between the MagPro R30 and R100, will be
predominately driven by user needs. A series of different coil types are available for
the Magstim systems. These include a cooled coil using a fan mounted close to the
coil itself. Coil stands and other accessories are also available.

11.1.3 Neuronetics

Neuronetics is an American company that has developed and commercialised the
NeuroStar TMS treatment system, which has been commercially available in the
USA since 2008. The system was approved by the FDA for the treatment of major
depressive disorder in patients who had failed to receive benefit from antidepressant
therapy based on a large multisite trial conducted across a number of countries. The
device is sold as an integrated system with stimulator, coil, coil positioning system
and software for assisting in estimation of the motor threshold. The commercial
devices can only operate with a single use disposable ‘SenStar’ device in place,
which is proposed to ensure adequate coil functioning and localisation. There is a
significant cost for each of these devices, and they cannot be reused across treatment
sessions even within an individual patient’s course.

11.1.4 Other

Brainsway is an Israeli company that is in the process of commercialising a system
for deep TMS using a proprietary ‘H-coil’. In April 2012, the company announced
positive results from a clinical trial evaluating deep TMS treatment of 233 patients
across 14 sites. CE marks for marketing and sale of deep TMS systems in Europe
have been granted for a number of psychiatric indications including major depres-
sion and bipolar disorder.

Nexstim is a Finnish company that manufacturers a TMS device that is predomi-
nately marketed for use in neurosurgical planning due to its integration with neu-
roimaging capacity. Cervel Neurotech is a venture capital-backed start-up company
that is currently attempting to develop a system for deeper rTMS stimulation for
clinical applications. Several other TMS manufacturers are producing devices in
other countries, for example, in China and Russia.

11.2 Treatment Programme Establishment

There are potentially a number of models for the provision of an rTMS clinical
service, and the appropriateness of these to local clinical and organisational needs
should be considered. It is possible that rTMS could be provided within the office-
based practice of an individual psychiatrist or small group of clinicians. However,
this type of approach may prove problematic if insufficient patients are regularly in
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treatment to justify the employment of an individual to actually provide treatment.
Alternatively, rTMS treatment centres may be established on a local or regional
basis, receiving referrals from a network of referring doctors and providing rTMS
treatment only. This model may provide a more sensible concentration of expertise,
but issues relating to the separation of rTMS from other forms of clinical care will
need to be managed.

The set-up of TMS programmes will by necessity have to follow the local regula-
tory frameworks, including for the credentialing of TMS clinic staff. Issues to be
considered and clearly articulated include the establishment of referral pathways
and processes for routine and emergency clinical review. The degree to which the
provision of treatment with TMS is integrated with the referred patient’s overall
treatment programme is something that can be established on a patient-to-patient
basis but should be at least in part determined by local policy. For example, when a
patient is referred to a TMS clinical programme, a clinician within the programme,
preferably a psychiatrist, will need to make ongoing decisions about TMS provi-
sion: for example, whether a sufficiently adequate course has been tried, should
stimulation parameters change, when treatment should stop and whether mainte-
nance treatment should be considered.

However, simultaneously, decisions may need to be made in regard to altering
other forms of treatment such as antidepressant or other medication. Regardless of
whether these decisions are made by the TMS programme psychiatrist or the
patient’s original treating psychiatrist, communication is essential to ensure that
problems do not eventuate. For example, motor threshold may need to be reassessed
if medications are changed. In establishing a TMS programme, thought should be
given to establishing protocols to determine how these relationships are managed.
In addition, it should be clear to the patient who is responsible for routine review of
their mental state and for responding to psychiatric emergency such as an escalation
of suicidal ideation.

In addition, formal protocols should be developed for emergency responses dur-
ing r'TMS provision. These will include a seizure response protocol and a protocol
for response to other forms of loss of consciousness such as syncope. Documentation
is required for the prescription of rTMS treatment and recording of all aspects of
stimulation provided (see examples in the following chapter).

11.3 Patient Information and Consent

As with all significant medical procedures, patients should be provided with
sufficient verbal and written information as to the nature of rTMS treatment, its
risks and its potential benefits to allow them to provide informed consent. This
information should include a discussion of the short-term nature of the research tri-
als from which rTMS treatment has evolved, the potential risk of seizure induction
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and the possibility of side effects such as treatment-related discomfort, pain and
headache. Patients should be informed in advance of the need to disclose any
changes in medical status or medication treatment and drug or alcohol consumption
during the course of rTMS therapy. Ideally they should also be informed as to the
processes for emergency responses during the course of rTMS treatment and the
roles of clinicians with whom they will have contact.
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