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Preface

This book describes several aspects of transcranial magnetic stimulation (TMS) in neuropsy-
chiatry. The first chapter opens the book with some basic information. The second chapter is
focused on the research of inhibitory and excitatory mechanisms of the human brain and the
use of TMS in the research and treatment of cognitive disorders. The third chapter explores
the possibilities of research and therapeutic application of TMS aimed at the cerebellum. The
fourth chapter discusses the effect of TMS on impulsivity in attention deficit hyperactivity
disorder and borderline personality disorder. The fifth chapter describes the use of repeti-
tive TMS (rTMS) in the treatment of tinnitus, and the sixth chapter looks at the current
knowledge of its efficacy in the treatment of obsessive-compulsive disorder. The seventh
chapter is focused on the role of non-invasive brain stimulation methods (including rTMS)
in the treatment of pain, and the eighth chapter discusses the treatment of chronic headache.
Last but not least, the ninth chapter discusses the safety of rTMS for staff.

I would like to thank all the authors and Miss Kristina Kardum from IntechOpen for their
cooperation in the preparation of this book. We hope that it will help to expand the knowl-
edge of TMS.

Libor Ustohal, M.D., Ph.D.

Department of Psychiatry

Medical Faculty of Masaryk University and University Hospital Brno
Brno, Czech Republic

Central European Institute of Technology (CEITEC MU)
Masaryk University
Brno, Czech Republic






Chapter 1

Introductory Chapter: Introduction to Transcranial
Magnetic Stimulation in Neuropsychiatry

Libor Ustohal

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78689

1. Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive neurostimulation (or neuromodu-
lation) method. The principle of TMS is based on the Faraday’s principle of electromagnetic
induction. Around the primary coil, through which a time-varying current is flowing, a
changing magnetic field is created, which is able to induce a secondary current in conduc-
tors (including human brain) within its reach. It was not until 1985 when Barker and his
collaborators developed a device that could generate a magnetic field of sufficient intensity
to depolarize cortical neurons. The generated magnetic field lasts approximately 100-300 ms,
and its intensity usually ranges from 1.0 to 2.5 T. Secondary current induces depolarization
or hyperpolarization of cortical neurons—only neurons up to 1.5-2.0 cm from the stimulation
coil can be influenced directly, but deeper parts of the brain can be influenced via transsynap-
tic connections. TMS causes activation of neurons, metabolic, hemodynamic, and behavioral
changes [1].

TMS pulses can be administered individually —single-pulse TMS, in pairs few milliseconds
apart— paired-pulse TMS, or repeatedly in a sequence (called usually train) lasting from sec-
onds to minutes—repetitive TMS (rTMS). The first two types are usually used for research
or diagnostic purposes (e.g., to assess the physiology of the human motor system, including
cortical excitability), rTMS is used in the treatment because it can modulate cortical excit-
ability and connectivity by inducing long-term potentiation-like or long-term depression-like
plastic changes outlasting the stimulation period [2, 3].

The main indication of rTMS is the treatment of major depressive disorder. This method
was approved in this indication by the Food and Drug Administration (FDA) in 2008; the
approval was obtained in the European Union, too. Meta-analyses confirm the efficacy of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



2 Transcranial Magnetic Stimulation in Neuropsychiatry

high-frequency (usually 5-25 Hz) rTMS of the left dorsolateral prefrontal cortex (DLPFC),
low-frequency (<1 Hz) of the right DLPFC, or bilateral stimulation (combination of high-
frequency and low-frequency stimulation) [4, 5]. Other indications of rTMS are more or less
experimental. They include the treatment of schizophrenia—either auditory hallucinations
(low-frequency rTMS of the temporoparietal cortex) or negative symptoms (high-frequency
rTMS of the left DLPFC) [3]. Another promising indication is the treatment of substance
addiction, especially nicotine addiction by the decrease of craving (high-frequency rTMS of
the left DLPFC). Tinnitus is another experimental indication with some promising results as
well as the treatment of the obsessive compulsive disorder (OCD). Some positive results were
published in the treatment of posttraumatic stress disorder (high-frequency or low-frequency
r'TMS of the DLPFC). TMS seems to be effective also in algesiology —especially in the treat-
ment of neuropathic pain (high-frequency rTMS of the contralateral M1 area) or maybe of
complex regional pain syndrome type L. The list of possible indications of rTMS includes
Parkinson’s disease (high-frequency rTMS of the M1 area), epilepsy (low-frequency focal
stimulation), postictal rehabilitation, cognitive disorders (mild cognitive impairment and
Alzheimer’s disease), attention deficit hyperactivity disorder (ADHD), borderline personality
disorder, eating disorders (especially bulimia nervosa), and some others [1, 4].

The advantage of rTMS is its good tolerability and safety. An only absolute contraindica-
tion is a metallic object in close contact with the stimulation coil. Relative contraindications
include personal history of epilepsy (high-frequency rTMS); various (vascular, traumatic,
tumoral, infectious, or metabolic) lesion of the brain; administration of drugs that can lower
seizure threshold (without anticonvulsant medication); sleep deprivation, alcohol addiction;
implanted brain electrodes; pregnancy (but several case studies and case series of the safe
administration of rTMS in pregnant women were published), and severe or recent heart dis-
ease [6, 7]. The most serious side effect is the induction of seizure. However, this risk is very
low. Other side effects include pain at the stimulation site and headaches. They are more
frequent than seizures but usually mild. As for mental side effects, several cases of shift into
mania in patients with bipolar disorder were reported, and several times positive symptoms
of schizophrenia occurred after the stimulation for negative symptoms [1].

This book describes several aspects of TMS in neuropsychiatry. Hopefully, it will help to
enhance the knowledge of TMS and its role in this developing discipline.

Author details
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Transcranial Magnetic Stimulation and Cognitive
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Abstract

With transcranial magnetic stimulation (TMS), the motor system in neuropsychiatric dis-
orders has extensively been investigated, and effects of certain pharmacological agents
have been monitored. The most consistent finding in neuropsychiatric disorders is a
significant reduction of short-latency afferent inhibition (SAI). SAI provides a reliable
biomarker of cortical cholinergic dysfunction in neuropsychiatric disorders. Cortical
hyperexcitability and asymptomatic motor cortex functional reorganization in the early
stages of neuropsychiatric disorders have been demonstrated by TMS. Together with
high-density EEG TMS and paired-associative stimulation, TMS showed impaired corti-
cal plasticity and functional connectivity across different neural networks in neuropsy-
chiatric disorders. Neuromodulatory techniques, especially as repetitive TMS (rTMS),
hold promise as a therapeutic tool for cognitive rehabilitation because rTMS can enhance
cognitive functions in neuropsychiatric disorders.

Keywords: repetitive transcranial magnetic stimulation, cognitive impairment, cortical
plasticity, neuromodulation, neurorehabilitation

1. Introduction

Transcranial magnetic stimulation (TMS) allows non-invasive investigation and modula-
tion of brain cortical excitability and brain function [1]. Alternating magnetic fields induce
cortically electric currents in specific brain regions. Cortical excitability may be increased or
decreased by different stimulation parameters, and the induced changes may be transient
or long lasting. Different changes in behavior can be induced with regard to the stimulated
region, the stimulation parameters, and the physiology of the stimulated cortical tissue. These
effects can be enhancement or can interfer with cognitive functions [2, 3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN



6 Transcranial Magnetic Stimulation in Neuropsychiatry

The chapter reviews studies reporting about applications of TMS in neuropsychiatric dis-
orders. Most reports have applied TMS to characterize important neurophysiologic and
pathophysiologic aspects of neurodegenerative diseases. Several studies using TMS have
demonstrated abnormalities in cortical excitability, plasticity and functional connectivity
between the motor cortex and other cortical regions. Other studies aimed to evaluate and
monitor the effects of certain pharmacological agents.

Long-term neuromodulatory effects applying repetitive TMS (rTMS) can be induced with
promising therapeutic potential in neuropsychiatric disorders. These applications can
improve our understanding of brain plasticity mechanisms, the basis for the development of
new therapeutic strategies in neuropsychiatric disorders.

2. TMS parameters in clinical application

2.1. Central motor conduction time

The so-called central motor conduction time (CMCT) can be calculated by subtraction of the
peripheral conduction time from spinal cord to muscles from the conduction time of responses
evoked by cortical stimulation. Demyelination of motor pathways increases CMCT, while low
amplitude MEPs with little delay or absence of responses are rather suggestive of neuronal
or axonal loss [4, 5].

The amplitude of the MEP reflects the integrity of the corticospinal tract and the excitability of
motor cortex and spinal level, as well as the conduction along the peripheral motor pathway
to the muscles [4, 5].

TMS also allows cortical mapping procedures, with single TMS pulses applied on several
scalp positions overlying the motor cortex, exploring the site of maximal excitability (hot-
spot) and the “center of gravity” of motor cortical output [6].

2.2. Motor threshold

The resting motor threshold (RMT) is by definition the minimum stimulus intensity that
produces a motor evoked potential (MEP) greater than 50 uV in 50% out of 10 trials at the
completely relaxed tested muscle. RMT provides information about a central core of neurons
in the muscle representation in the motor cortex, and reflects both neuronal membrane excit-
ability [7-9] and non-N-methyl-D-aspartate (NMDA) receptors’ [8, 9] glutamatergic neuro-
transmission. The minimum stimulus intensity that produces a MEP (about 200 uV in 50%
of 10 trials) during isometric contraction of the tested muscle at about 10% maximum defines
the active motor threshold (AMT). AMT provides a measure of corticospinal excitability with
greater dependence on the spinal segmental level excitability [4, 5].

2.3. Short-latency afferent inhibition

Short-latency afferent inhibition (SAI) refers to the suppression of the amplitude of a MEP pro-
duced by a conditioning afferent electrical stimulus applied to the median nerve at the wrist
approximately 20 ms prior to the TMS pulse to the hand area of the contralateral motor cortex [10]
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SAl reflects the integrity of central cholinergic neural circuits. It is reduced or absent by the musca-
rinic antagonist scopolamine in healthy subjects [11]. SAI may also be dependent on the integrity
of circuits linking sensory input and motor output [12]. Cholinergic transmission underlies also
the neuromodulation of other neurotransmitters.

2.4. Cortical silent period, paired pulse intracortical inhibition and facilitation

Single-pulse TMS delivered during voluntary muscle contraction produces a period of EMG
suppression known as the cortical silent period (cSP). TMS can also investigate the intra-
cortical facilitatory and inhibitory mechanisms that influence motor cortical output. Paired
pulse TMS techniques involve paired-stimuli based on a conditioning-test paradigm [13].
Stimulation parameters such as the intensity of the conditioning stimulus (CS) and test stimu-
lus (TS) together with the time between the two stimuli (interstimulus interval, ISI) determine
interactions between stimuli. When the conditioning stimulus is below and the test stimulus
is above the MT, the conditioning stimulus decreases the MEP to the test stimulus at inter-
stimulus intervals from 1 to 5 ms (short-latency intracortical inhibition, SICI), while the con-
ditioning stimulus induces a facilitation of the response to the test stimulus at interstimulus
intervals from 6 to 20 ms (intracortical facilitation, ICF).

Short latency intracortical inhibition reflects to a large extent GABA ,-mediated intracortical
inhibitory synaptic activity [14]. The early part of the silent period originates from spinal inhi-
bition, while the later part is caused by a long-lasting cortical inhibition mediated by GABA
primarily in the motor cortex [15]. The intracortical facilitation with interstimulus intervals
from 6 to 20 ms reflects motorcortical excitatory neurotransmission primarily mediated by
NMDA receptors [15].

2.5. Cortical connectivity and plasticity measures

Combined measures of EEG and TMS (EEG) [16-18] can provide real-time information on
cortical connectivity and distributed network dynamics.

Several other TMS techniques are currently used to modulate noninvasively the excitability
of the cerebral cortex. Cortical responses to rTMS and paired-associative stimulation (PAS)
provide information about different aspects of cortical plasticity [4, 15, 19]. TMS can influence
brain function if delivered repetitively. RTMS is a technique that delivers single TMS pulses
in trains with a constant frequency and intensity for a given time. Depending on the stimula-
tion parameters, particularly the frequency of stimulation, cortical excitability can be modu-
lated and rendered facilitated or suppresses. The modulation induced by rTMS can induce
significant and long-lasting changes in focal and non-focal neural plasticity. Generally, low-
frequency rTMS (stimulus rates of 1 Hz or less) induces inhibitory effects on motor cortical
excitability allowing creation of a reversible ‘virtual lesion’ [20], while high-frequency rTMS
(520 Hz) usually promotes an increase in cortical excitability [21, 22].

PAS involves repeated pairs of electrical stimulation of a peripheral nerve (usually the
median nerve) followed by TMS applied over the contralateral hand area of the motor cortex
[23]. PAS induces a lasting increase in corticospinal excitability, which can be considered
a marker of motor cortical plasticity, with long-term plasticity-like mechanisms thought to
play a major role [23].
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3. Cortical excitability, connectivity and plasticity

3.1. Motor threshold

Most of the studies found significantly reduced RMT in neuropsychiatric disorders as com-
pared with healthy subjects [24-36], while other reports have found a tendency toward a
reduced RMT without statistical significance [37-44]. One study noted no difference in RMT
between patients with Alzheimer disease (AD) and controls [45], while [46] found increased
RMT in AD patients. It can be hypothesized that, in the early stages, mechanisms related to
RMT are preserved [45], or that RMT changes reflect functional damage of cortical motor
neurons. As the disease progresses, the decrease in RMT might be compensatory to the loss
of motor cortex neurons [36, 39]. In a combined TMS-MRI study [47], it was reported recently
that motor cortex excitability did not correlate with the cortical thickness in AD subjects. It can
be hypothesized that a protective mechanism of hyperexcitability on the sensorimotor cortex
may counteract the loss of cortical volume. This protective mechanism was not found in the
patients with mild cognitive impairment (MCI). Lahr et al. [48] could show in MCI patients
with the TMS technique of paired-associative stimulation (PAS) that there is no difference
in synaptic long-term potentiation (LTP)-like plasticity between MCI patients and healthy
controls [48]. Another study with transcranial magnetic stimulation addressed mild cogni-
tive impairment in the elderly [49]. About 10 Hz rTMS everyday enhanced memory in the
elderly MCI patients after 10 sessions. Thus, rTMS might be effective in cognitive therapy
for MCI patients. In a recent study, Nardone et al. [50] found a normal short-latency afferent
inhibition (SAI) in 20 subjects with subjective memory impairment [50]. An abnormal SAI
was reported in amnestic multiple domain mild cognitive impairment patients. Therefore,
SAI holds promise to be a useful biomarker for differentiating individuals with subjective
memory complaints those in whom cholinergic degeneration has occurred.

There are a few studies that have assessed AMT in AD patients; only two found significant
decreases in AMT when compared with healthy subjects [31, 36]. Therefore, the excitability of
spinal projections seems to be relatively preserved during early course AD.

The increased excitability to TMS in AD patients may be the functional correlate of an abnor-
mal glutamatergic system. This hypothesis has been supported by a study demonstrating an
altered response to rTMS in AD patients [32].

In contrast with AD patients, patients with dementia with Lewy bodies (DLB) present a nor-
mal excitability to single-pulse TMS [29, 51]. This finding suggests that the glutamatergic sys-
tem is not involved in DLB patients. However, cortical excitability to visual stimuli of lower
visual areas (V1-3) as measured by TMS appears to be normal in DLB. TMS-determined phos-
phene threshold and fMRI-related visual activation shows a positive relationship in controls
but a negative one in DLB that suggests a loss of inhibition in the visual system in DLB, which
may predispose individuals to visual dysfunction and visual hallucinations [52].

Patients with vascular dementia (VD) have decreased RMT [29, 53]. This increased excitability
could represent a functional consequence of the vascular lesions. RMT was recently found
to be significantly lower in patients with subcortical ischemic VD, but not in patients with
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subcortical ischemic disease without dementia [54]. In a study of Guerra et al. [55], there is
evidence for common compensatory mechanisms in subcortical ischemic vascular dementia
as it is known from Alzheimer’s disease [55] supporting the idea that cortical hyperexcitabil-
ity can promote cortical plasticity. These results indicate that motor cortex hyperexcitability is
a common finding in different dementing illnesses, subcortical or cortical in origin.

3.2. Motor evoked potential amplitude and central motor conduction time

Most studies found no significant differences in MEP amplitude between patients with AD
and healthy subjects [25, 27, 31-33, 38, 45, 46], while significant increases in MEP amplitude
in AD patients were detected in fewer studies [24, 26, 36]. Interestingly, the center of grav-
ity of motor cortical output shows a frontal and medial shift in patients with AD, without
changes in the hot-spot location [39]. This finding may indicate functional reorganization,
likely including the dysregulation of the inhibitory frontal centers [39].

MEP amplitude was found to be larger in patients with subcortical ischemic VD with demen-
tia than in patients with subcortical ischemic disease without dementia [54].

None of the studies that examined CMCT in AD [24, 26, 27, 40-42, 46] found statistically sig-
nificant differences between patients and healthy age-matched subjects. These results confirm
that the integrity of the corticospinal tract is not compromised at least in mild to moderate
stages of AD.

In contrast, Di Lazzaro et al. [30] found that cortical excitability to single-pulse TMS was
impaired in 5 out 20 patients with frontotemporal dementia (FTD). In three patients, MEPs
were absent, and a very small MEP was obtained only at maximum stimulator output in two
patients. In agreement with these results, patients with FDT are more likely than patients
with AD to have motor abnormalities. This finding suggests that TMS may reveal subclinical
central motor pathways involvement in patients with FID. Paired pulse TMS applying the
parameters SICI, ICF and SAI can also distinguish AD from FTD with a sensitivity of 91.8%
and specificity of 88.6% [56]. AD patients show an impairment of SAI, while FTD shows a
remarkable dysfunction of SICI and ICF parameter.

3.3. Cortical silent period, intracortical inhibition and facilitation

A significant reduction of SICI was found by some authors [35, 40, 42, 45], but most studies
did not find differences in SICI between AD patients and control subjects [27-29, 31, 36, 37,
41]. In a study, the amount of disinhibition was found to correlate with the severity of AD [40].
Most studies by [25, 27, 32, 40], but not all [24, 46] studies failed to find any significant dif-
ferences in the cSP duration between AD patients and healthy controls. Taken together, these
findings do not support impairments in GABAergic inhibitory circuits in AD. On the other
hand, dysfunction of GABAergic circuits has not been demonstrated, and the GABA system
seems to be relatively spared in AD [57].

DiLazzaroetal. found animpairment of SICIin 16% of patients with VD [29]. One study showed
a decrease in cortical benzodiazepine receptors in patients with VD due to leukoaraiosis [58],

9
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thus the abnormality of SICI in some VD patients might be related to the disruption of inhibi-
tory GABAergic circuits. However, a study provides evidence of functional changes also in
excitatory cortical circuits in patients with subcortical ischemic vascular disease and cognitive
impairment (but no dementia) [59].

Alberici et al. [37] found that patients with FTD were comparable with healthy subjects and
AD patients for SICI and ICF. In contrast, patients with corticobasal degeneration (CBD) pre-
sented significantly reduced SICI at ISI 3 ms, the selective impairment of intracortical inhibi-
tion in CBD may help in distinguishing among the FTD clinical spectrum.

None of the previous studies has found significant changes in ICF in patients with AD as
compared to healthy controls [27, 35-37, 40-42, 45]. These findings seem to point to a nor-
mal NMDA receptor-dependent glutamate excitatory activity in AD, as tested by this corti-
cal excitability measure. However, other studies suggest that abnormalities of glutamatergic
neurotransmission might play an important role in AD. The glutamatergic hypothesis of AD
has been proposed as an auxiliary mechanism to the cholinergic hypothesis [39] and this may
be due to an imbalance between the non-NMDA and NMDA neurotransmission [39, 60-63].

3.4. Short-latency afferent inhibition

The most consistent finding of abnormal cortical excitability in AD patients regards SAIL In
fact, all studies reported significant reductions of SAI in patients with AD as compared to
healthy individuals [27, 29-31, 34, 41, 42, 44, 60, 64, 65]. SAI was also found to be negatively
correlated with performance in abstract thinking [29, 31] and long-term memory [29]. SAI
testing may be a useful marker of central cholinergic dysfunction even in early stages of AD
[66], while it was found to be not significantly reduced in subjects with MCI [44]. However,
in this study the diagnosis of MCI was based on criteria proposed by Petersen in 1999 instead
of the revised ones [67] and the relationships to the different MCI subtypes was not defined.
In a more recent study, a reduced SAI was found in amnestic MCI-multiple domain patients,
while SAI was not significantly different in amnestic MCI-single domain patients and in non-
amnestic MCI patients [68].

SALI is significantly reduced also in adults with Down Syndrome (DS) and Alzheimer-type
dementia [51] the values correlated with the patient’s age and the score on Dementia Scale for
DS. This technique may thus represent an additional tool for the diagnosis of Alzheimer-type
dementia in subjects with DS.

Nardone et al. [51] described this putative marker of cholinergic activity in patients with DLB
and showed a clear tendency toward a reduced SAI These authors performed SAI testing
without randomization of different conditions and the diagnosis of DLB was based on criteria
proposed in 1996 instead of the revised ones [69]. Di Lazzaro et al. [29] examined 10 patients
with a clinical diagnosis of DLB according to the NINCDS-ADRDA criteria [69] and found a
significantly reduced SAI in these patients. Interestingly, SAI correlates with hallucinations
in DLB patients and with euphoric manic state and disinhibition in AD patients [70]. SAI
investigation may also be useful in the distinction between DLB and Parkinson’s disease (PD),
because SAI is normal or even enhanced in PD [12, 71].
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SAI was evaluated in 20 patients with FTD and compared data with those from 20 patients
with AD and 20 control subjects [30]. SAI was normal in FTD, whereas it has been reduced in
AD. SAI may thus represent an additional tool to discriminate FTD from AD. These findings
are consistent with post-mortem studies showing central cholinergic deficits in AD [72-74]
but not in FTD [75].

A reduced SAI has been found in patients with VD, but not to the same extent as AD. Nardone
et al. [66] reported that SAI responses in patients with subcortical ischemic VD varied widely,
ranging from normal to markedly reduced values. In another TMS study, significant SAI
abnormalities were disclosed in 3 out of 12 patients with VD [29]; SAI was strongly correlated
with neuropsychological measures of long-term memory and other cognitive functions. In
patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leuko-
encephalopathy (CADASIL), the amount of SAI was found to be significantly smaller than
in normal subjects [76]. This finding supports the hypothesis of a central cholinergic system
impairment in CADASIL. Interestingly, Mesulam [77] demonstrated that pure white matter
infarcts, similar to those seen in subcortical VD, can cause cortical cholinergic denervation.

It should be considered that AD and VD are not mutually exclusive conditions; VD patients
with SAI abnormalities could have concomitant neuropathological changes of AD and thus
represent the percentage of patients with a mixed form of dementia.

In contrast to AD where the major features of the cholinergic neuropathology show few inter-
individual variations, VD may show considerable interindividual variation in the location of
subcortical infarcts and, therefore, in the distribution and magnitude of the resultant cortical
cholinergic deficits. In contrast to AD, where there are a few interindividual variations in the
pattern and extent of the cholinergic neuropathology, VD may show considerable interindi-
vidual variation in the location of subcortical infarcts and, therefore, in the distribution and
magnitude of the resultant cortical cholinergic deficit.

3.5. Cortical plasticity and functional connectivity

Some studies have examined non-invasively motor cortical plasticity and functional con-
nectivity in AD. Inghilleri et al. [32] investigated the effects of modulation of cortical motor
areas induced by suprathreshold high-frequency (5 Hz) rTMS. Whereas in control subjects
5 Hz-rTMS elicited normal MEPs that progressively increased in size, in AD patients the
amplitude of MEPs progressively decreased during the training. These results suggest an
altered cortical plasticity in excitatory motor cortical circuits in AD. Conversely, 5 Hz rTMS
induced an increase in cSP in both groups, thus indicating a normal plasticity of the corti-
cal inhibitory circuits. Battaglia et al. [38] studied LTP-like plasticity of the motor cortex
in AD patients and healthy subjects by employing PAS with interval between peripheral
nerve stimulation and TMS set at 25 ms (PAS25); they also performed biochemical analyses
in brain slices of amyloid precursor protein (APP)/presenilin-1 (PS1) mice, an AD animal
model. PAS-induced plasticity has been significantly reduced in AD patients; moreover,
4-4.5-month-old APP/PS1 mice exhibited deficits of NMDA receptor-dependent neocor-
tical and hippocampal long-term potentiation (LTP), and a marked alteration of NMDA
receptor activity.
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Julkunen and co-workers [33] have investigated functional connectivity between the motor
cortex and other cortical regions. Fifty single TMS pulses 3 s apart were delivered to the motor
cortex to evaluate spreading of navigated TMS-evoked EEG responses throughout the brain.
Significant motor cortical differences from averaged left and right hemispheres in AD patients
were observed. Using real-time integration of TMS and EEG, the authors also demonstrated
prominent changes in cortical connectivity. The TMS-evoked response at 30-50 ms decreased
significantly over multiple brain regions in patients with AD compared to both healthy elders
and subjects with MCI. In particular, a significant reduction has been seen in the ipsilateral
parietal cortex and contralateral fronto-central areas. In addition, a significant decrease in
the N100 amplitude in the MCI subjects when compared with the control subjects has been
found. In a subsequent study, Julkunen et al. [78] found that the TMS-EEG response P30
amplitude correlated with cognitive dysfunction and showed high specificity and sensitivity
in identifying healthy individuals from MCI or AD patients.

4. Therapeutic interventions

4.1. Neuromodulatory techniques

RTMS is capable of modulating cortical excitability and inducing lasting effects [79, 80]; both
have been shown to have potential therapeutic efficacy in cognitive neuroscience [81]. RTMS
has been proven to influence cortical excitability and the metabolic activity of neurons. TDCS is
another simple and powerful tool to modulate brain activity, which delivers constant low-inten-
sity current (below the perceptual threshold, 1-2 mA) over the scalp via two large electrodes.
The resulting constant electrical field penetrates the skull and influences neuronal function.

rTMS can be applied as continuous trains of low-frequency (1 Hz) or bursts of higher fre-
quency (= 5 Hz) rTMS [81]. In general, low-frequency rTMS reduces, and high-frequency
r'TMS enhance excitability in the targeted cortical region.

The physiologic impact of both neuromodulatory techniques involves synaptic plasticity,
specifically LTP and LTD.

4.2. Repetitive transcranial magnetic stimulation

Three studies have dealt with rTMS effects on naming and language performance in AD
patients. In two crossover, sham-controlled, single-session studies [82, 83], rTMS was applied
to the dorsolateral prefrontal cortex (DLPFC) during the execution of naming tasks. In the
first study, a significantly improved accuracy in action naming, but not in object naming,
was observed after high-frequency rTMS of both the left or right DLPFC [82]. In the second
study [83], the results of the previous study were obtained only in patients with mild AD
(Mini-Mental-State-Examination (MMSE) > 17/30), while in patients with moderate to severe
AD (MMSE <17/30) both action and object naming were facilitated after rTMS over both left
and right DLPFC. In a later study, Cotelli et al. [84] investigated whether the application of
high-frequency rTMS to the left DLPFC may lead to a facilitation of language production and/
or comprehension in patients with moderate AD. Ten patients were assigned to one of two
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groups in which they received either 4-week real rTMS or 2 weeks of sham rTMS followed by
2 weeks of real rTMS stimulation. No significant effects were found on naming performance,
while a significant effect was detected on auditory sentence comprehension after 2 weeks
of real rTMS sessions. Two additional weeks of daily rTMS sessions resulted in no further
improvements, while a significant beneficial effect on auditory sentence comprehension was
still observed 8 weeks after the end of the rTMS intervention. An important finding was the
absence of any effects on memory and executive functions.

Rektorova et al. [85] examined whether one session of high-frequency rTMS applied over
the left DLPFC or over the left motor cortex (MC) would induce any evaluable cognitive
changes in seven patients with cerebrovascular disease and MCI. Patients improved in the
Stroop interference results after stimulation of the DLPFC but not MC, and in the digit sym-
bols subtest of the Wechsler adult intelligence scale-revised regardless of the stimulation site.

Recently, Cotelli et al. [84] found that rTMS of the left parietal cortex increased accuracy in
an association memory task in a patient with amnestic MCI, and the improvement was main-
tained for 24 weeks.

In another study, Ahmed et al. [86] aimed to compare the long-term effects of high- versus
low-frequency rTMS, applied over the DLPFC of both hemispheres, on cortical excitability
and cognitive function of AD patients. All patients received one session daily for five con-
secutive days. The high-frequency rTMS group improved significantly more than the low-
frequency and sham groups in all assessed rating scales (MMSE, Instrumental Daily Living
Activity Scale and the Geriatric Depression Scale). The improvement was still significant
24 weeks after stimulation began.

Since cognitive training (COG) is known to improve cognitive functions in AD, Bentwich et al.
[87] aimed to obtain a synergistic effect of rTMS interlaced with COG (rTMS-COG,). Eight patients
with mild or moderate probable AD were subjected to daily rTMS-COG sessions (5/week)
for 6 weeks, followed by a maintenance phase (2/week) for additional 3 months. Broca’s and
Wernicke's areas, right and left DLPFC, right and left parietal somatosensory association cortex
were stimulated, and COG tasks were developed to fit these brain regions. Alzheimer Disease
Assessment Scale (ADAS)-Cognitive and Clinical Global Impression of Change improved sig-
nificantly after both 6 weeks and 4.5 months of treatment. MMSE, the ADAS-Activities of Daily
Living, and the Hamilton Depression Scale improved, but without statistically significant differ-
ences. In a recent single case study [88], a patient with initial AD was treated by rTMS over the left
DLPEFC for 10 stimulation sessions over 2 weeks. Cognitive improvements occurred especially
in tests of episodic memory and speed processing, and were still evident 1 month after the last
stimulation. In a recent study, Rabey and Dobronevsky could prove that rTMS combined with
cognitive training is a safe and effective modality for the treatment of Alzheimer’s disease [89].

5. Discussion

This chapter intended to review the most relevant studies using non-invasive brain stimula-
tion in dementias. A number of studies showed that several TMS techniques might represent
a useful additional tool for the functional evaluation of patients with dementia. Among the
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studies focusing on motor cortical excitability measures, a particularly consistent and impor-
tant finding is the significant reduction of SAI in AD patients. Abnormal SAI has also been
reported in DLB [29] a form of dementia that responds to cholinergic medications [90]. In con-
trast, SAI was found to be normal in FTD [30], a non-cholinergic form of dementia. Therefore,
SAI testing can be used as a non-invasive test for the assessment of cholinergic pathways in
patients with dementia and may represent a useful additional tool in the differential diagno-
sis between the cholinergic and the non-cholinergic forms of dementia. Furthermore, TMS can
thus be used to monitor AD progression and response to treatment [64]. It remains relatively
unclear, how early in the course of the disease neurochemical and neuropathological altera-
tions occur. However, neurobiological changes should be examined earlier in the disease pro-
cess, when presumably they are more relevant for the pathogenesis of AD. Therefore, the
findings that SAI abnormalities can be observed in patients with early diagnosis of AD [41]
and even in patients with amnestic MCI-multiple domain may have potential diagnostic and
therapeutic implications. Identification of SAI abnormalities that occur early in the course of
the disease will allow earlier treatment with cholinergic drugs, and may be useful in identify-
ing MCl individuals at increased risk of conversion to AD.

The second most frequent cause of dementia following AD is VD. It was suggested that cholin-
ergic mechanisms play a role also in the pathogenesis of VD; however, the role of the cholin-
ergic system in the development of cognitive impairment is still under discussion in VD, also
because previous studies failed to found significant SAI abnormalities in most VD patients.

Interestingly, the cumulative effect of micro bleeds (MBs) on cognition appears to be indepen-
dent of coexisting ischemic cerebrovascular disease, in particular of the severity of ischemic
subcortical VD as assessed by magnetic resonance imaging (MRI) white matter changes [68].
T2-weighted gradient echo-MRI may thus be a helpful adjunct to standard MRI in clarify-
ing the mechanism of cognitive impairment in patients with cerebrovascular risk factors.
Anyway, TMS studies in patients with VD and other dementias have some limitations. First,
only post-mortem histology allows confirmation of the precise nature of dementia. Moreover,
a simple visual evaluation of MRI was employed and not more advanced neuroimaging tech-
niques, such as voxel-based morphometry, that could contribute to the identification of dif-
ferent forms of dementia.

The combination of TMS and EEG also enables the exploration of neural plasticity and con-
nectivity across different neural networks. Encouraging findings, showing impaired cortical
plasticity and functional connectivity between motor and non-motor brain regions in AD,
have been obtained. This method may provide a novel tool for examining the degree and
progression of dementia.

Overall, several issues should be more carefully addressed in future studies. The impact
of TMS depends on the distance between targeted cortex and scalp, as the magnetic field
decreases with distance [91]. Since regional cortical thinning has been observed in AD [92],
brain atrophy can substantially alter the effect of TMS [81]. Volumetric studies of white matter
volume and cortical thinning should thus be included in future studies in order to ameliorate
the interpretation of TMS results in patients with cerebral atrophy and dementing illnesses.

On the other hand, the motor cortex does not seem the best cortical area to assess in AD patients,
especially in the earlier stages of the disease. In fact, neuropathologic and neuroimaging
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studies suggest that non-motor cortical regions, for example, temporo-parietal and frontal
association cortices, are profoundly and early affected in AD.

It should be noted that most of the TMS findings show considerable variability between stud-
ies. In addition to TMS methodological issues, age at disease onset and duration of disease,
genetic factors may also represent a possible cause for such variability. It has been demon-
strated that the Val66Met nucleotide polymorphism of the brain derivate neurotrophic factor
(BDNF) gene differentially modulates brain plasticity and the response to transcranial stimula-
tion [93]. In addition, the presence of Apolipoprotein E (APOE) and its &4 allele is known to dis-
tinctively modulate the clinical phenotype of AD, as revealed by functional neuroimaging [94].
Therefore, the presence of BDNF-Val66Met polymorphism and of the APOE-¢4 may influence
cortical excitability and plasticity as assessed by TMS. Moreover, it has been reported [95] that
levels of total tau (t-Tau) detected in CSF of AD patients mediates abnormal excitatory activity,
as measured with 1 Hz rTMS; CSF t-Tau may thus impact mechanisms of cortical plasticity.

The novel techniques of non-invasive neurostimulation have begun to be used to improve
cognitive performances in AD. rTMS appears to be safe in patients with AD, even if long-term
risks have not always been thoroughly evaluated. For all future studies a careful experimen-
tal design is needed and patient selection aspects, stimulation parameters, as well as clinical,
cognitive and behavioral assessment tools should be considered. In fact, cognitive decline is
not homogeneous across patients with AD and pathological features might affect neural net-
works differently. Of great importance would also be a careful choice of uniform and validate
outcome measures, also to enable comparison across studies. Therefore, appropriately pow-
ered studies with more comprehensive outcome measures and sound blinding procedures
are needed to confirm the effectiveness of rTMS in patients with dementia. On the other hand,
the assumption that cortical plasticity enhancement is needed for the improvement of the
cognitive status of patients with AD may be incorrect [96]. Even if TMS studies point to corti-
cal hyperexcitability in AD, the employed techniques aimed at increasing cortical excitability.
For this reason, the cortical physiology should be appropriately tested before and after thera-
peutic brain stimulation. In addition, high-frequency rTMS may not lead to an enhanced cor-
tical excitability in AD. Indeed, rTMS effects are dependent on the baseline cortical activation
state at the time of stimulation [97].

Finally, multiple-target stimulation protocols are necessary in order to overcome the wide-
spread cognitive impairment in AD, especially in the more advanced stages of the disease [96].
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Abstract

The cerebellum is linked to motor, cognitive and affective functions. Anatomically, the
cerebellum is part of an interconnected network including a wide range of other brain
structures. This chapter reviews ways in which non-invasive stimulation has been used
to activate or inhibit these circuits and how this has contributed to our understanding
of cerebellar function in both motor and non-motor domains. The utility of non-invasive
stimulation of the cerebellum in the treatment of neurological and psychiatric diseases
(Parkinson’s disease, cerebellar ataxia, stroke, depression and schizophrenia) is discussed.
The chapter concludes with consideration of the challenges that must be overcome if non-
invasive cerebellar stimulation is to be adopted in a wider clinical setting.

Keywords: cerebellum, tDCS, tACS, TMS, motor learning, emotion and cognition

1. Introduction

The mammalian cerebellum is a highly folded structure at the back of the brain, which con-
tains the majority of all neurones within the central nervous system (approximately 80% in
humans and other species [1]). It has long been known to play a key role in movement control,
regulating a range of motor functions (both reflexive and voluntary) [2, 3].

There is now also growing evidence that cerebellar contributions to behaviour are not
restricted to motor control but also extend to the cognitive domain (for a review, see [4]).
There is a high degree of interconnectivity between the cerebellum and almost all other brain
regions, with connections from cerebrum to the cerebellum primarily through the pontocer-
ebellar tract, and reciprocal connections to the cerebral hemispheres primarily from the lateral
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cerebellum via the dentato-thalamo-cortical tract [5]. Other cerebellar output pathways origi-
nate from its paravermal and vermal compartments and these are known to play significant
roles in motor and non-motor functions [6, 7].

Given the interconnectivity between the cerebellum and other structures such as hippocam-
pus [8, 9], and prefrontal cortex [10-12], a role in higher order information processing is per-
haps unsurprising. Indeed, there is now a substantial literature based on functional imaging
and reports of cerebellar patients linking the cerebellum with cognitive functions such as
verbal working memory, attention and emotion [13-18].

However, a comprehensive understanding of the way the cerebellum makes its contribution
to behaviour (motor and non-motor) remains unresolved. Two major classes of theory domi-
nate current thinking. On the one hand are those that suggest that the cerebellum acts to learn
associations between stimuli (learning hypotheses), and on the other, those that suggest the
cerebellum acts as a timing device (timing hypotheses).

Learning hypotheses stem from Marr’s original theoretical proposal [19] and typically centre
on the plasticity of synaptic inputs to the principal neurones of the cerebellar cortex—the
Purkinje cells (for a review of cerebellar anatomy, see [3]). The numerous synaptic inputs to
each Purkinje cell, via the mossy fibre-granule cell pathway, are thought to transmit senso-
rimotor information during movement. When a behavioural error occurs (thought to be a
mismatch in the sensory consequences of the predicted movement) this is signalled to the
Purkinje cells, via their powerful synaptic input from climbing fibres (originating from the
inferior olive). This teaching signal induces plasticity mechanisms in the mossy fibre-granule
cell synaptic connections to the same Purkinje cells, modifying synaptic weights and thereby
adjusting the pattern of sensorimotor integration performed by Purkinje cells [20].

By contrast, timing hypotheses generally propose that the olivocerebellar circuit (made up of a
feedback loop between inferior olive neurones, cerebellar cortical Purkinje cells and the output
of the cerebellum, the cerebellar nuclei) is able to generate rhythmic and synchronised activ-
ity, to drive timing and spatial organisation of motor sequences [21], and other functions [22].

While studies of the cerebellum have generally considered its function in the context of either
learning or timing hypotheses, they have been discussed together with the view that the two
hypotheses are not mutually exclusive [23].

In order to further our understanding of cerebellar function, non-invasive methods of neuro-
stimulation have been used to manipulate cerebellar function in humans. This chapter will
focus on studies of non-invasive techniques to alter cerebellar activity in both health and dis-
ease—however it is by no means an exhaustive account of current literature. We will begin by
outlining basic research involving direct (invasive) stimulation of the cerebellum, and high-
light how manipulation of cerebellar activity can lead to changes in a wide variety of behav-
iours. Research using the two major forms of non-invasive stimulation (transcranial magnetic
stimulation (TMS) and transcranial direct current stimulation (tDCS)) will then be discussed,
including possible mechanisms of action. We will then discuss the use of these techniques as
potential therapeutic methods to treat neurological and psychiatric conditions, including both
motor and affective disorders. The chapter will conclude with a consideration of the chal-
lenges facing the use of non-invasive stimulation of the cerebellum.
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2. Basic research

2.1. Direct cerebellar stimulation

Neurophysiological investigations of the cerebellum have long utilised manipulation of neu-
ronal activity to explore its function. Of interest to this review is the use of direct cerebellar
stimulation to alter behaviour.

Direct electrical stimulation of fastigial nucleus afferents and cerebellar nuclei have been
shown to activate groups of muscles leading to multi-joint movements [24-26], suggesting
that the cerebellum is able to directly shape complex movements. Stimulation of the cerebellar
nuclei has also been shown to affect autonomic physiology such as cardiovascular and respi-
ratory control and gut motility, but also integrated responses related to emotional behaviour
(reviewed in [6, 27]).

Clinically, chronic stimulation of cerebellar cortex in epileptic patients was observed to
improve not only motor symptoms, but cognitive and affective symptoms (increased alert-
ness, attention, and suppression of rage reactions) [28]. However, whether the latter effects
were due to the direct cerebellar stimulation or were a secondary effect of relief from the
epileptic seizures and debilitating motor symptoms remains unclear.

Recent findings in mice have also shown that electrical stimulation of the cerebellar cortex
and dentate nucleus are able to moderate dopamine release in the prefrontal cortex, consis-
tent with a cerebellar role in cognition [29]. In addition, optogenetic stimulation of cerebello-
thalamic projections in a mouse model of frontal schizophrenia has been shown to rescue
timing performance deficits in an interval timing task [30]. In relation to epilepsy, optogenetic
stimulation of a subtype of Purkinje cells in a mouse model of temporal lobe epilepsy led to
the suppression of either seizure duration, or seizure occurrence, depending on specific cer-
ebellar target [31]. Overall, a growing body of evidence therefore points toward the cerebel-
lum playing an important role in a myriad of physiological and pathophysiological processes,
with direct stimulation of the cerebellum capable of manipulating these processes.

In contrast to animal studies, direct stimulation of neural tissue in humans is restricted by the
availability of patients with implanted electrodes, especially in the cerebellum. The advent of
non-invasive methods has therefore provided a valuable alternative approach to manipulate
cerebellar activity in humans, in both healthy and disease states.

2.2. Non-invasive stimulation of the cerebellum

Typically, transcranial electrical stimulation (direct or alternating current) of the cerebellum is
achieved with an active electrode, usually a 20-35 cm? saline soaked sponge, placed over the
back of the skull approximately 2-3 cm left or right of inion for activating the cerebellar hemi-
sphere of interest. Note that the cerebellum exhibits mainly ipsilateral control for motor related
tasks. The opposing polarity electrode (often referred to as the ‘return’ electrode) is usually
placed over a deltoid/buccinator muscle or at a frontal-supraorbital location. Such an arrange-
ment is thought to help draw current flow primarily through the cerebellar cortex and away
from other structures so that any observed effects are due mainly to manipulations of cerebellar
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activity. Magnetic stimulation methods do not have the same issue, however careful consider-
ation of coil geometry is needed as this affects the targetability of the induced fields [32].

Modelling studies for both electric and magnetic stimulation show that it is possible to target
predominantly cerebellar tissue, albeit with some spread of stimulation into occipital areas
[33-36]. However, selective sub-cerebellar structure targeting (vermis versus hemispheres)
has so far not been clearly demonstrated. As such, although some reports in the literature sug-
gest the targeting of certain cerebellar areas, without further validation of electrical currents
via either direct measurement or modelling techniques, this should be taken with caution. It
is likely that future advances in our understanding of stimulation parameters and electrode
montages/geometries, will lead to further specificity of stimulation. However, it is generally
accepted that it may be possible to selectively target the cerebellum with non-invasive stimu-
lation techniques when careful attention is given to stimulation parameters and electrode
placement.

2.2.1. Motor-learning

Since the original demonstrations that transcranial direct stimulation (tDCS) over the motor
cortex was able to elicit motor evoked potentials, investigations of motor learning in humans
have relied extensively on non-invasive stimulation methods [37, 38].

Typically, TMS and tDCS have been used in combination to show a dissociation in temporal
involvement of the cerebellum and primary motor cortex during motor learning. Such studies
infer an effect of non-invasive stimulation on cerebellar activity of functional connectivity by
measuring changes to the amplitude of motor evoked potentials elicited by a TMS pulse deliv-
ered to the motor cortex after TMS stimulation of the cerebellum (cerebellar brain inhibition,
CBI). It has recently been shown that CBI is reduced during early phases of motor skill acquisi-
tion, whereas motor cortex plasticity may be restricted to later learning phases [39]. A significant
reduction of CBI was restricted to early learning (returning to baseline levels during later test
sessions), and the magnitude of these changes were proportional to the level of individual skill
acquisition. Conversely, measurements of plasticity states in the primary motor cortex revealed
that plasticity in the primary motor cortex was occurring in later, but not early learning phases,
and was proportional to skill retention on subsequent days, suggesting a role in consolidation
of a newly learned motor memory. In a separate study, reduction in CBI was also shown during
sensorimotor adaptation in early stages of an abruptly imposed perturbation, but not in either
later stages, or when the perturbation was introduced gradually [40], further suggesting that
the cerebellum is involved in the early stages of in motor learning.

tDCS has also been used to show a similar dissociation between the cerebellum and motor
cortex [41]. Anodal stimulation over the cerebellum increased the rate of reduction of behav-
ioural errors when a rotation transformation was imposed onto a computer based reaching task
(visuomotor adaptation—see [42]), whereas motor cortical stimulation led to improved reten-
tion of the previously learned rotation on repeated exposure, with no effect on the learning rate.

In summary, studies using non-invasive stimulation methods provide evidence that the cere-
bellum is involved in the initial phases of motor learning (when behavioural errors are large).
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This involvement declines when this initial adaptive period is complete. Further research is
needed to investigate whether the temporal dissociation of the cerebellum and motor cortex
in motor adaptation represents either different learning mechanisms, or a transfer of infor-
mation from the cerebellum to the motor cortex about the new relationship between motor
programs and sensory consequences for long term storage and use. The picture is, however,
by no means clear cut. As will be discussed in the final section of this chapter, there are con-
flicting reports of effectiveness of non-invasive stimulation of the cerebellum to affect motor
behaviours.

2.2.2. Cognition and emotion

Non-invasive stimulation methods have also contributed to our understanding of cerebellar
involvement in higher order functions. For example, cathodal tDCS stimulation to the right
cerebellum in healthy participants improved performance during two cognitive tasks of vary-
ing difficulty (Paced Auditory Serial Addition Task and Paced Auditory Serial Subtraction
Task) [43]. Improvements in attention and working memory performance following cerebel-
lar stimulation were proposed to result from task dependent dis-inhibition of prefrontal cir-
cuitry, with greater disinhibition during the more difficult task.

EEG based studies determined that theta-burst cerebellar TMS modulates oscillatory activity
in both M1 and posterior parietal cortex (PPC), further demonstrating the widespread effect
of cerebellar stimulation [44]. Modulatory effects in both time and frequency domains were
dependent on the stimulation protocol. Specifically, continuous theta burst TMS (three 50 Hz
pulse bursts repeated every 200 ms, for 600 total pulses) over the cerebellum increased the
magnitude of TMS induced evoked potentials (~100-200 ms post stimulation) over both M1
and PPC at 10 minutes after the TMS protocol. Conversely, intermittent theta-burst TMS
(2 s trains of pulses, repeated 20 times, every 10 s for a total of 600 pulses) decreased the
magnitude of TMS evoked potentials in these frontal areas.

EEG recordings over the prefrontal cortex of healthy participants, with TMS over the cerebel-
lar vermis, revealed increased theta band oscillations compared to a sham stimulation proto-
col [45]. Frontal theta oscillations (specifically septo-hippocampal circuits) have been related
to cognitive processes such as working memory maintenance and also anxiety states [46, 47],
suggesting a cerebellar role in regulation of cognitive and emotional processes. Other studies
have suggested that cerebellar influence on frontal theta oscillations are fundamental to tem-
poral processing (interval timing) and synchronisation of multiple brain regions [48], which
may subserve a role in working memory. Indeed, a cerebellar role in verbal working memory
has been demonstrated via deficits in a task based on the Sternberg Task induced by a TMS
‘virtual lesion’ [49] and in a digit span task using cathodal tDCS [50].

In agreement with the wider literature on a cerebellar role in timing, TMS studies have
directly tested its role in timing perception. In a series of experiments requiring subjects to
discriminate whether test tones resemble a long or short template tone, repetitive TMS of the
right lateral and medial cerebellum disrupted tone perception of sub-second durations, but
not durations longer than one second [51]. Similar results were observed using a task requir-
ing participants to reproduce specified stimulus durations [52]. Specifically, repetitive TMS to
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the left lateral cerebellum resulted in participants overestimating the duration of short (up to
600 ms) tone durations, but had no effect on tone durations longer than 1600 ms [52]. Together
these experiments provide evidence that the cerebellum plays an important role in maintain-
ing the perception of rhythmic time intervals when such intervals are short (sub-second),
but not necessarily at longer intervals. In support of this view, Purkinje cell simple spike dis-
charge have been shown to be consistent with a predictive timing role, in relation to operation
of an internal model of a target’s motion, with operating ranges of at least 200-300 ms [53].

In summary, these studies demonstrate how non-invasive stimulation of the cerebellum has
been utilised to investigate functional connectivity between the cerebellum and other brain
structures associated with cognition, complementing anatomical and neuroimaging based
studies [10, 54]. Such an approach also has the potential to be used to influence higher cogni-
tive processing in both health and disease.

3. Clinical studies

Notwithstanding the challenges that will be discussed later, non-invasive stimulation meth-
ods promise a useful avenue for clinical therapy of many neurological and psychiatric con-
ditions. Such an approach is attractive because of the ease of use, suitability for high-risk
populations (elderly, overweight, and those who elect against surgical interventions), low
cost (especially in the case of tDCS), and good safety record, with only mild, transient side
effects [55, 56]. The cerebellum is well placed to be a target for treatment of a number of clini-
cal impairments [57].

3.1. Parkinson’s disease and essential tremor

A number of TMS protocols have indicated that targeting the motor cortex with non-invasive
stimulation can lead to short term improvements in Parkinsonian symptoms, most commonly
motor aspects, but also depression [58]. Parkinson’s has classically been associated with the
degeneration of the dopaminergic pathways of the basal ganglia, leading to both motor and
affective symptoms. Recent studies propose however that the disease mechanism(s) may be
better understood as a dysfunction of a basal ganglia-cortical-cerebellar network [59], and
evidence for a role of the cerebellum has been building [60]. Indeed there are Parkinsonian
symptoms (particularly resting tremor) in populations with spinocerebellar ataxia type 3 [61],
which support a cerebellar link in such symptoms.

Compared to a sham protocol, low frequency repetitive TMS over the cerebellum in early
stage Parkinson’s patients has been shown to improve gross upper limb motor function
(around a 10% improvement), but a non-significant decrease in fine finger control [62].
Significant decreases in fine motor control have also been noted in healthy participants [63].
The beneficial effect on gross motor function is thought to be mediated by a reduction in the
tonic inhibitory influence of the cerebellum on the motor cortex, however the opposing effects
on fine motor control remain unexplained. Since it may be undesirable to modestly improve
gross motor functions at the detriment of fine motor control, further studies are needed to
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resolve the mixed results of this TMS protocol before it can be considered a reliable clinical
intervention for early stage Parkinson’s.

Cerebellar targeted theta burst repetitive TMS over a 2-week period in Parkinson’s patients
who had developed levodopa-induced dyskinesia, resulted in improvements in dyskinesia
symptoms up to 4-weeks after the stimulation period [64]. By contrast, a 15 minute, 1 Hz
repetitive TMS stimulation over the supplementary motor cortex has been reported to have
no long term effect [65]. A recent report revealed that cerebellar (as well as motor cortical)
tDCS may also provide positive therapeutic outcomes in levodopa-induced dyskinesia [66].
The mechanisms of action remain poorly defined, but one possibility is the overall increase in
CBI (see above). Overall, the cerebellum may therefore provide a promising target for manip-
ulating network activity underlying motor symptoms of Parkinson’s disease.

3.2. Cerebellar ataxia

Studies utilising TMS over motor cortex have shown abnormal motor cortex excitability in
cerebellar ataxic patients, attributed both to direct cerebellar influence [67], and compensatory
motor cortical mechanisms [68]. The heterogeneous origins of individual ataxias (with degen-
eration possible in both cortical, and peduncle locations) likely means that this is not strictly
the case for all patients [69]. Indeed, cerebellar ataxia may not be explained solely by disrup-
tion to motor cortical excitability, but disruption of the cerebellum’s role in co-ordinating
multiple muscle groups to produce smooth, accurate movements [70].

Despite the limited literature on the use of therapeutic non-invasive cerebellar stimulation in
patients [71], cerebellar TMS has shown the potential for therapeutic use, successfully alleviat-
ing ataxic symptoms [72, 73] through facilitation of motor cortex excitability [74]. Conversely,
a study testing the effects of anodal cerebellar tDCS on grip force in both ataxic patients and
healthy controls did not reveal any effects in either group [75]. Regardless of the unresolved,
and probably heterogeneous causes of motor disability in ataxic patients, cerebellar TMS stim-
ulation may be well placed to rescue cerebellar function in cases of partial cerebellar degen-
eration, but is unlikely to benefit those with substantial dysfunction of cerebellar structures.

3.3. Cerebral stroke

Cerebral stroke can affect motor, cognitive, and/or emotional abilities depending on the size
and location of the insult. Non-invasive stimulation procedures over the motor cortex have
been investigated, however the effectiveness of targeting the motor cortex has been ques-
tioned [76]. As detailed above, cerebellar stimulation can modulate a wide range of behav-
iours in healthy subjects, and so has the potential to influence symptoms suffered by stroke
patients. Certainly, a few small scale studies have shown success in improving post-stroke
symptoms, such as greater recovery of language and spelling abilities with multiple sessions
of cerebellar tDCS combined with spelling therapy compared to therapy alone [77].

A prevalent outcome of stroke is the development of depression [78]. Repetitive TMS of fron-
tal sites has been shown to have some beneficial effect, although questions still remain over
the longer term success [79]. Direct stimulation of the cerebellar fastigial nucleus alleviates
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some depression-like symptoms in rat, including weight loss, reduced sucrose preference,
and reduced locomotor activities [80]. However, translating these results to non-invasive
human stimulation will be challenging; particularly as non-invasive techniques have so far
been limited to modulating cerebellar cortex.

Another common consequence of cerebellar stroke is the inability to swallow effectively
(post-stroke dysphagia) [81]. Although the precise mechanisms leading to dysphagia are
unresolved, non-invasive brain stimulation techniques have been explored as potential tools
for the management of dysphagia [81]. The cerebellum has been implicated in effective swal-
lowing [6], and repetitive TMS of the cerebellum has been shown to improve swallowing
mechanisms (reviewed in [82]), as measured by an increase in pharyngeal motor evoked
potential following stimulation.

Taken together these findings therefore suggest that non-invasive stimulation of the cerebel-
lum may be a useful method for the treatment of a range of post stroke symptoms.

3.4. Major depression and schizophrenia

The majority of interest in using non-invasive brain stimulation methods to treat psychiatric dis-
orders has focussed on cerebral targets [83]. However, in a rodent model of schizophrenic defi-
cits in interval timing tasks, optogenetic stimulation of cerebellar projections at 2 Hz resulted in
a return of control level performance in an interval timing task, which correlated with a return
of medial-frontal delta (14 Hz) oscillations, not observed in unstimulated animals [30]. In addi-
tion, a study in schizophrenic patients has shown the potential utility of non-invasive cerebel-
lar stimulation to alleviate some of the symptoms of the disorder; such as reduced depression
(measured on the Calgary Depression Scale), and fewer omissions in working memory tasks
[84]. Given the growing understanding of the brain-wide networks involved in these types of
disorder, the cerebellum is clearly a potential target for further investigation [57].

4. Challenges and the future of non-invasive cerebellar stimulation

Since the revival of interest in non-invasive stimulation techniques about 2-3 decades ago, there
have been clear advances made in both their use as research tools—advancing our knowledge
about neurophysiological processes—and as therapeutic interventions. However, the literature
is still awash with many uncertainties about the efficacy of the techniques, and there is typically a
high degree of variability in the results. For example, a recent attempt to replicate an experiment
dissociating the roles of the cerebellum and M1 in motor adaptation [41] was unsuccessful in a
like-for-like experiment [85]. The study went further and pooled data across several experiments
(varying some parameters of the design). The pooled data re-captured the effects of the original
experiment, however the effect size was reduced. The authors concluded that some publications
may be overestimating the effects of tDCS, possibly because of underpowered experiments.

Although changing, many studies assume that the electrical fields induced in the underlying
brain tissue are uniform—or at least quasi-uniform —and so the stimulation delivered to the



Non-invasive Stimulation of the Cerebellum in Health and Disease
http://dx.doi.org/10.5772/intechopen.73218

local circuitry of the target area can be considered homogenous. However, it is now recog-
nised that this is almost certainly an oversimplification. Even in the localised space of a single
cerebral cortical gyrus or cerebellar folium, neurones can be hyperpolarised or depolarised
by the same field because of differences in the orientation of the cellular compartments (see
Figure 1), and differences in the geometry of current flow [86-88]. Consequently, small inter-
individual variations in brain morphology, or inaccurate electrode/coil placements could lead
to significant differences in the polarisation of the target tissue. Given the much greater level
of cortical folding in cerebellar folia compared to cerebral areas, this is likely of greater influ-
ence on cerebellar circuitry than cerebral circuitry. Certainly, data collected from cerebral
tissue may not accurately reflect patterns of polarisation in cerebellar tissue.

Such issues can be investigated directly in animal models which allow investigation of neu-
rophysiological mechanisms at the cellular level. Different compartments of individual neu-
rones (dendritic vs. somatic) have been shown to exhibit opposing polarities in an electric
field in ex vivo preparations of rodent cerebral tissue [89-91], and turtle cerebellar tissue [92].
How such effects translate to the whole living brain remains an open question, and further
in vivo studies are needed in animals [93-96].
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Figure 1. Representation of non-uniform Purkinje cell polarisation in a uniform electric field. Schematic showing
cerebellar folia with Purkinje cells polarised in a uniform electric field. Inset shows cerebellum in sagittal plane, with
location of expanded region shown in dotted box. Direction of the electric field E shown by arrow. This field orientation
will generate hyperpolarisation (-) in dorsal cell compartments and depolarisation (+) in ventral cell compartments. Note
how the orientation of Purkinje cells in different locations affects the relative polarisation of the soma and dendrites.
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An additional consideration not commonly controlled for in non-invasive stimulation (par-
ticularly electrical stimulation) studies are factors such as individual skull thickness [87], gen-
der [97], time of day [98], and brain network state [99]. With electrical stimulation, variability
can also result from the specific arrangement (montage) of electrodes used —influencing the
intensity, and focality of stimulation [56, 87, 100] —while for magnetic stimulation, coil geom-
etry has been shown to alter the effectiveness of TMS [32], and positioning of the coils will
clearly affect the focus of stimulation.

Stimulation intensity is also an important variable. In the case of electrical stimulation,
a current of between 1 and 2 mA is typically used. The consensus is that these levels of
current are well below any thresholds that will lead to neuronal damage [101, 102]. Large
scale systematic studies testing the effects of increasing stimulation intensities (remaining
within safety limits) would establish if there is a relationship between stimulus intensity
and effect size/consistency. Advances in the use of modelling induced electric fields and
the availability of individualised computational models to predict these fields would help
electrode/coil placement for optimal targeting in individual subjects [86]. Furthermore, a
large proportion of TMS research utilises MRI based registration methods to aid target-
ing. Perhaps more widespread adoption of MRI registration techniques in tDCS research
to aid electrode placement might further benefit standardised targeting of tDCS. Careful
choice of stimulation montages, and clear reporting of stimulus parameters would also be
helpful.

In conclusion, a growing body of evidence suggests that the cerebellum is an important node
in brain networks, associated with a wide range of motor and cognitive functions; and non-
invasive stimulation of the cerebellum can manipulate these circuits. However, a greater
understanding of the neurophysiological effects of such stimulation are needed in animal
models. This could lead to more consistent approaches across human studies. As a result,
the cerebellum may prove to be a useful and reliable target in altering brain activity in both
health and disease.
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Abstract

The need for novel treatment approaches that target impulsivity symptoms in neuropsy-
chiatric disorders is clear. Repetitive transcranial magnetic stimulation (rTMS) allows
selective neuromodulation of regions involved in the functional neuroanatomy of neuro-
psychiatric disorders. This chapter presents impulsivity in psychiatry, especially in bor-
derline personality disorder (BPD) and attention-deficit hyperactivity disorder (ADHD),
its neural underpinnings, and its possible treatment by rTMS. We reviewed available
studies on rTMS in impulsivity in BPD and ADHD published before August 13, 2017,
systematically searching in the PubMed, Web of Science, and Scopus databases. The
results are discussed in the context of the latest neuropsychological models of impul-
sivity and their underlying functional neuroanatomy. rTMS treatment of impulsivity in
BPD and ADHD seems to be a plausible approach. The functional neuroanatomy of pro-
cesses related to impulsive behavior and decision making in these disorders is linked
with abnormalities in the fronto-limbic structures that can be targeted and modulated by
rTMS. Although limited evidence is available, rTMS seems to be a safe and potentially
effective method of impulsivity treatment in patients with BPD and ADHD. However,
more studies are needed to determine the most efficient cortical location and design for
rTMS treatment of impulsivity.

Keywords: transcranial magnetic stimulation, rTMS, impulsivity, inhibition, decision
making, reward processing, emotion regulation, borderline personality disorder,
ADHD
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1. Introduction

Impulsivity is a heterogeneous construct; problems with self-control can include impairment
in different neural processes, such as behavioral inhibition, reward processing, and emotion
regulation. This chapter shows that various frontal cortical regions have been found to under-
lie impulsivity. Therefore, repetitive transcranial magnetic stimulation (rTMS) is a potential
treatment option since the key brain areas for impulsivity are easily accessed by TMS. So far,
only a few studies have used rTMS for impulsivity reduction, or in other words for improving
self-control, mainly in patients with BPD and ADHD. A proper theoretical justification based
on impulsivity neuroimaging studies should precede the rTMS target selection and treatment
design. However, the heterogeneous nature of impulsivity has led to find differences in the
methodology of these studies. Several different tasks are used for measuring impulsivity and
for neuroimaging, and these tasks also differ in their parameters across studies. We provide a
review of impulsivity dimensions, measures, processes, and their neural substrates in the first
part of this chapter. We then review the neural correlates of impulsivity and existing studies
on rTMS of impulsivity in patients with BPD and ADHD. We conclude by suggesting future
directions in rTMS treatment of impulsive behavior.

2. Impulsivity

Impulsivity can be broadly defined as a premature or unwanted behavior or act on the spur
of the moment without considering consequences. Increased impulsivity can be frequently
observed in patients with various neuropsychiatric diseases, especially borderline personality
disorder (BPD) and attention-deficit/hyperactivity disorder (ADHD). Impulsivity is a diagnos-
tic criterion for both BPD and ADHD according to DMS-V. Moreover, difficulties with self-
control are commonly observed in a number of otherwise different neuropsychiatric disorders,
including substance abuse disorders and addiction [1], eating disorders [2], bipolar disorder
[3], antisocial personality disorder [4], schizophrenia [5], and Parkinson’s disease [6]. Increased
impulsivity significantly worsens the quality of everyday life, complicates treatment, and
can have serious consequences. Impulsivity is manifested by a wide range of risky and (self)
destructive behavior, such as drug abuse, dangerous sexual behavior, reckless driving, gam-
bling, binge eating and buying, aggression, and self-harm, including suicidality. Both pharma-
cologic and psychotherapeutic approaches are used to treat impulsivity; however, psychiatry
lacks effective impulsivity-focused treatment.

2.1. Dimensions of impulsivity

Theoretical conceptions of impulsivity are each closely related to different forms of measure-
ment. In the personality approach, impulsivity is considered to be a personality trait, which is
measured by self-report questionnaires. The most commonly used impulsivity questionnaires
are the Barratt Impulsiveness Scale (BIS) [7] and the UPPS-P! Scale [8, 9]. Whereas the validity

‘The name of the scale was derived from first letters of the scale dimensions: (Negative) Urgency, (Lack of) Premedita-
tion, (Lack of) Perseverance, Sensation Seeking, Positive Urgency.
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of the BIS has been recently questioned [10-13], the UPPS-P Scale currently constitutes the most
complex up-to-date self-report measure of impulsivity and can be recommended for impulsiv-
ity treatment evaluation. The behavioral approach to impulsivity is more relevant for rTMS
treatment. Under this view, impulsive behavior follows from the impairment of a neurobio-
logical function, namely behavioral inhibition, leading to Impulsive Action, with reward pro-
cessing leading to Impulsive Choices. Different behavioral tasks are used for measuring and
neuroimaging of these functions. In the current literature, authors use different labels for the
same impulsivity dimensions, which can complicate understanding of the topic. Impulsivity
facet specification should always stem from the task that has been used for its measurement.

2.1.1. Behavioral inhibition and Impulsive Action

Behavioral models of impulsivity can be divided into two areas. The first area is based on behav-
ioral inhibition impairment, and the second is based on reward processing impairment. Behavioral
inhibition can be defined as the ability to control one’s behavior, namely to inhibit, postpone,
or interrupt one’s undesired or premature actions. Impairment in behavioral inhibition leads to
Impulsive Action [14] (or Rapid-Response Impulsivity [15], etc.). Impulsive Action can be fur-
ther distinguished into Waiting Impulsivity and Stopping Impulsivity [16]. Waiting Impulsivity is
the ability to withhold one’s own unwanted actions, whereas Stopping Impulsivity is the ability
to interrupt one’s own already ongoing actions. The most commonly used tasks for measuring
behavioral inhibition are the Go/No-Go Task (GNG) [17] for Waiting Impulsivity and the Stop
Signal Task (SST) for Stopping Impulsivity [18, 19].

2.1.2. Reward processing and Impulsive Choice

Reward processing is crucial for decision making, and its impairment leads to a decreased
ability to postpone immediate rewards or gains even at the expense of negative future con-
sequences. Immediate rewards preference can be associated with hypersensitivity to hedonic
stimuli [20] or, on the other hand, general hyposensitivity to both positive and negative feed-
backs [21, 22]. Impairment in reward processing leads to so-called Impulsive Choice [14] (or
Choice Impulsivity [15], etc.). Manifestations of Impulsive Choice include decreased tolerance
for waiting for a reward, preference of immediate rewards without considering future conse-
quences, and even decreased ability to learn from negative consequences.

The most commonly used task for measuring Impulsive Choice is the Delay Discounting (DD)
[23]. In DD, subjects make a series of choices between a higher, but delayed, reward (usually
monetary), and a lower and immediate, reward, resulting in a discounting parameter that
expresses how quickly the present value of a reward to the subject declines with a delay of
its delivery. Other tasks related to Impulsive Choice focus on decision making using rewards
and punishments (Ilowa Gambling Task) or risk-taking (e.g. Balloon Analog Risk Task).

2.1.3. Emotion requlation and emotional impulsivity

The influence of emotions on impulsivity was neglected in impulsivity models for a long time.
However, some patients have a significant tendency to act impulsively under the influence of
both negative and positive emotions, known as Negative and Positive Urgency [8, 9]. Other
authors refer to cold and hot (i.e. emotional) impulsivity [24]. For example, patients with BPD
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show more pronounced behavioral inhibition impairment under the influence of stress [25],
while in emotionally neutral situations, they might not show any difference in behavioral
inhibition from healthy people [26, 27]. Moreover, emotional impulsivity in patients with
BPD is often manifested by (self) destructive behaviors such as self-harm, suicidal behavior,
aggression, substance abuse, and other dangerous impulsive behavior [28]. We hypothesize
that impulsive behavior can occur as an attempt to handle the emotional tension that the
person is unable to regulate by more adaptive means. In other words, behavioral inhibition
impairment and impulsive decision making can occur as a result of insufficient emotion-
regulation abilities. Impulsive, most often self-destructive behavior (getting hurt, taking drugs,
etc.) can lead to momentary relief but almost always has negative consequences, including
remorse, (self-)harm, and social condemnation. Thus, emotional impulsivity is a very dan-
gerous phenomenon to which we should pay attention and which we should try to prevent
in patients. In the treatment of patients with high emotional impulsivity, it is necessary to
address not only behavioral inhibition or decision making, but also emotion-regulation skills.

Regarding the measurement of emotional impulsivity, the UPPS-P questionnaire includes
dimensions of Negative Urgency and Positive Urgency. Previously mentioned, behavioral tests
can be used in emotional variants, e.g. after stress induction or using emotional stimuli instead
of neutral stimuli.

2.2. Neural correlates of behavioral inhibition

In neuroimaging studies of behavioral inhibition, a neuroimaging method is used while sub-
jects perform a behavioral inhibition task. Studies using functional magnetic resonance imaging
(fMRI) of behavioral inhibition are the most important for rTMS target selection. Swick et al.
[29] performed a large meta-analysis of fMRI studies using Go/No-Go Tasks (GNG; 48 papers)
and Stop Signal Tasks (SST; 21 papers) in healthy people. The authors found that the No-Go
condition in GNG is associated with increased activity in the fronto-parietal network including
the superior, middle, and inferior frontal cortical areas, including the dorsolateral prefrontal
cortex (DLPFC), insula, dorsal medial frontal cortex including the (pre-) supplementary motor
area (SMA/pre-SMA), and the inferior parietal lobule (IPL). All the largest clusters were bilateral
but predominantly right-sided. Other activations included the right precuneus, left putamen/
claustrum, posterior cingulate cortex, superior temporal cortex, and right inferior occipital cor-
tex. In SST, the Stop condition was associated with a similar activation pattern, but compared
to GNG, the activation was more pronounced in the left insula extending to the thalamus and
putamen and the thalamus and posterior cingulate cortex. GNG activation was generally more
right-sided and the maximal overlap between activations from the two tasks was found in the
right insula and the SMA/pre-SMA. The important finding of this meta-analysis is that GNG
and SST apparently do not measure the same processes, and thus the results from the two tasks
cannot be combined. The authors further discuss that the SMA/pre-SMA could be the criti-
cal area for behavioral inhibition specifically, whereas the DLPFC could reflect more generally
attentional executive control or top-down cognitive control, even though the previous literature
on behavioral inhibition was mainly focused on the right DLPFC or inferior frontal gyrus (IFG).

Another two meta-analyses [30, 31] explored the hypothesis that the DLPFC and IFG are more
related to attentional cognitive control than to behavioral inhibition itself. Simmonds et al. [30]
reviewed 11 studies and compared activations between GNG tasks with stable No-Go stimulus
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and variable No-Go stimulus, with the variable stimulus putting higher demands on cognitive
control components such as attention, stimulus recognition, and working memory. The authors
found that the IFG and DLPFC, as well as the insula and IPL, were more activated in more
cognitively demanding tasks. On the other hand, common activations in all tasks were found in
the SMA and the left fusiform gyrus. A second meta-analysis [31] reviewed 30 studies and com-
pared activations from simple and complex GNG tasks. Simple tasks should include only one
invariable Go and No-Go stimulus and an even ratio of Go to No-Go stimuli; complex tasks are
more complicated and cognitively demanding. Activations only in complex tasks were found
in the right IFG, right DLPFC, right SMA/pre-SMA, insula, and right IPL. Common activa-
tions in both tasks were found in bilateral DLPEC, left IPL, and right superior temporal gyrus.
The authors of the meta-analyses hypothesize that regions activated commonly in all tasks
are related specifically to behavioral inhibition, but areas activated only in complex tasks are
related to cognitive control. However, the results of the two meta-analyses differ substantially.

To summarize, the most commonly activated frontal regions during inhibition tasks are the
right DLPFC and IFG and the SMA/pre-SMA. However, the specific role of the different regions
remains unclear. Recent studies have importantly revealed that neural activity associated with
behavioral inhibition is task related.

2.3. Neural correlates of reward processing

The most important network for performance in Delay Discounting according to the current
literature is the cortico-striatal loop, including the prefrontal, cingulate, and posterior parietal
cortex in the cortical part and the nucleus accumbens/ventral Striatum (NAcc/VS) and amyg-
dala in the striatal part. Within this network, the NAcc/VS and amygdala are thought to be
related to reward processing and reward learning; the prefrontal cortex (PFC) is associated
with decision making and conflict resolution [32]. Amygdala activity was found to be associ-
ated with immediate (i.e. more impulsive) choices [33], while PFC region activity is associated
with delayed (i.e. less impulsive) choices [34]. Another approach to studying the neural corre-
lates of Delay Discounting distinguishes hard choices, in which two options have subjectively
similar values for the subject, and easy choices, in which one option has a subjectively much
higher value for the subject. The idea is that in hard choices, people should engage in deci-
sion making with greater effort because they should consider the pros and cons of each of the
possibilities more precisely. Existing studies [35-39] show that regardless of population type,
hard choices, in comparison to easy choices, are associated with higher activity in the fronto-
parietal network, including the DLPFC and/or ventro-lateral prefrontal cortex (VLPFC), the
anterior cingulate cortex (ACC), the IPL, and the intraparietal sulcus. Moreover, more impul-
sive individuals tend to show lower activity in these regions during DD, suggesting insuf-
ficient effort or decision-making ability engaged in more difficult choices.

2.4. Neural correlates of emotion regulation

Impaired emotion regulation can be found frequently among psychiatric patients with different
diagnoses and is often associated with dangerous impulsive behavior. Studies on humans and
animals have largely established the amygdala as a key region in emotion processing. The amyg-
dala was found to be involved in emotional implicit learning, memory, social perception, emotion
inhibition, and emotion regulation [40, 41]. The amygdala activity during emotion processing is
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regulated by a prefrontal-limbic negative coupling which represents top-down cognitive emo-
tion control. Specifically, the decrease in amygdala activity has been shown to be associated
with increases in various lateral and medial PFC areas [42—45]. Patients with emotion-regulation
deficits show exaggerated amygdala response to emotional stimuli and disrupted amygdala-
prefrontal connectivity [46-49]. Further, real-time fMRI neurofeedback studies showed that
successful regulation of amygdala activity increases connectivity between the amygdala and
DLPFC or VLPFC [50, 51], representing an increase in cognitive emotion-regulation abilities.

2.5. Possible targets for rTMS treatment of impulsivity

According to existing literature on neural correlates of impulsivity, the most suitable targets
for rTMS impulsivity treatment seem to be the right lateral PFC areas, mainly the DLPFC or
VLPFC. High frequency (HF) rTMS is used over these regions with the aim of the treatment
should be to promote activity in the prefrontal areas. Lateral PFC activity, especially in the right
hemisphere, has been consistently shown to be associated with successful behavioral inhibi-
tion, less impulsive decision making, and better emotion regulation. All of the areas mentioned
could be improved through the application of HF rTMS treatment over the (right) DLPFC or
VLPFC. Another promising candidate for rTMS application is SMA/pre-SMA that appears to
be a crucial area for behavioral inhibition.

3. Transcranial magnetic stimulation in borderline personality
disorder

According to DSM-V, BPD is characterized by a pervasive pattern of instability in interper-
sonal relationships, self-image, and affects, and marked impulsivity that begins by early
adulthood and is present in a variety of contexts. BPD patients also have a high risk of mor-
tality due to suicidal behavior. Up to 10% of BPD patients commit suicide; this rate is almost
50 times higher than in the general population [52]. BPD symptoms severely reduce patients’
quality of life and impair their psychosocial functioning [49, 53]. The median prevalence of
BPD is estimated from 1.6% up to 5.9% in the general population, up to 10% in psychiatric
outpatients, and up to 20% in psychiatric inpatients [28, 54, 55]. BPD is about five times more
common among first-degree biological relatives of those with the disorder than in the general
population and it is also diagnosed predominantly (about 75%) in women [55]. One of the
core elements of BDP is impaired emotion processing and impulsivity. BPD patients have
impaired emotion-regulation abilities combined with emotional vulnerability characterized
by marked sensitivity to emotional stimuli (low threshold) and unusually strong reactions
(high amplitude) that abnormally slowly return to baseline (long duration) [56]. As men-
tioned earlier, impulsivity in BPD patients often appears under the emotional influence and
usually manifests in various dangerous and (self-) destructive behavior.

3.1. Neurobiology and neurophysiology of impulsivity in BPD

BPD patients show impairment across various frontal regions and fronto-limbic connections
crucial for behavioral inhibition, decision making, and emotion regulation. Functionally, patients
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with BPD show increased amygdala reactivity and altered PFC responses including in the
DLPFC and ACC and sensorial processing areas, including the superior temporal gyrus in
face processing and the visual cortex in response to emotional stimuli, as compared to healthy
people [49, 56-58]. Anatomically, patients with BPD were found to have reduced gray mat-
ter volume in the amygdala, insula, DLPFC, and orbitofrontal cortex (OFC) compared with
healthy controls [49, 59]. Positron Emission Tomography (PET) studies have revealed altered
baseline metabolism in the prefrontal regions in BPD patients [60-62]. Disinhibited impulsive
aggression in BPD patients has been associated with serotonergic neurotransmission, which
is also affected by the PFC [62]. In conclusion, neuroimaging studies indicate that hyperac-
tivity in the amygdala could be a consequence of weak inhibitory control of limbic emotion
reactivity by PFC areas.

Some studies tried to use TMS for assessing cortical neurophysiology in BPD, including cortical
excitability and inhibitory and excitatory mechanisms [63]. From this point of view, impulsiv-
ity could stem from increased or decreased excitability in some brain structures. BPD patients
were found to have shorter cortical silent periods (CSP) in the right hemisphere than healthy
controls [64, 65]. It is assumed that CSP measures GABA, inhibitory activity [66]. A similar
reduction of CSP was also found in ADHD [67] and in patients with tic disorder [68]. Some
authors hypothesized that the GABA neurotransmitter is the main inhibition neurotransmitter
and the reduction of GABA activity could result in impulsive behavior and affective instabil-
ity [64]. Another hypothesis is that intracortical inhibition is more linked with shifts in cor-
tical glutamate and glutamine concentrations than with GABA neurotransmitter levels. But
glutamate probably specifically interacts with GABA, receptors, so the higher glutamate and
glutamine concentrations seem to be linked to the higher levels of receptor activity revealed by
proton magnetic resonance spectroscopy [69]. Further studies to examine these neurophysiol-
ogy markers in BPD and how they could be used for therapeutic rTMS would be appropriate.

3.2. Review of rTMS treatment studies in BPD

We searched for relevant studies through the PubMed (http://www.ncbinlm.nih.gov/
pubmed/), Web of Science (https://apps.webofknowledge.com/), and Scopus (https://www.
scopus.com/) databases published before August 13, 2017. The following terms were used
to search for publication titles: (borderline OR BPD) AND (TMS OR rTMS OR “transcranial
magnetic stimulation”). We found seven (PubMed), six (Web of Science), and seven (Scopus)
publications. After excluding duplicates and nonrelevant contributions (e.g. theoretical arti-
cles), five studies were included in the review [70-74].

The first rTMS study in BPD [70] was a case report published in 2013. A 22-year-old female
BPD patient received high frequency (HF) 10 Hz stimulation over her left DLPFC at 100% of
her individual motor threshold (MT). The trains lasted 5 s and intertrain intervals were 55 s;
the whole protocol had 10 sessions (1500 pulses per session, one session per day). The results
revealed a decrease in depression levels (Beck Depression Inventory score from 20 to 7 to 2),
negative affect experiences (Positive and Negative Affect Schedule score from 38 to 36 to 22),
impulsivity (Barratt Impulsiveness Scale score from 71 to 67 to 61), and BPD symptom score

*The effects are presented from before the stimulation, immediately after the stimulation, and 1 month after the
stimulation.
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(SCID-II score from 13 to 11 to 6) directly after the treatment and 1 month after the treatment,
respectively. Reassessment after 3 months showed regression in the symptoms. According to
the patient’s reports, the rTMS therapy led to decreased sleep duration, increased emotional
control and stability, behavioral self-awareness, increased motivation for change, sociability,
self-esteem, happiness, attention to the behavior of others, and planning ability.

Cailhol et al. [71] performed a randomized controlled stimulation of 10 BPD patients by HF
10 Hz rTMS over the right DLPFC. Five patients received active stimulation, and five patients
received sham stimulation. One patient was excluded. The right DLPFC was targeted as 6 cm
anterior to M1, stimulation was done at 80% intensity of individual MT, trains lasted 5 s and
intertrain intervals lasted 25 s (2000 per session, 10 sessions in total). The response rate was
defined as a 30% reduction in the Borderline Personality Severity Index (BPDSI) after the stim-
ulation; this was reached by two patients from the active group and one patient from the sham
group. BPDSI scores were significantly lower for the active rTMS group than for the sham
stimulation group after 3 months of affective instability and anger. Performance in the Tower
of London test improved only in the rTMS active group. The stimulation was well tolerated
without any adverse events. The authors hypothesized that PFC activity could be increased
by rTMS neuromodulation and thereby downregulate the subcortical structures. The effect of
r'TMS on anger and affect instability in BPD patients could be explained by this hypothesis.

Another stimulation design was presented by De Vidovich et al. [72], who stimulated the left
cerebellum in BPD patients. This cerebellar stimulation was used based on cerebellar projec-
tions to the PFC through the ventrolateral thalamic nucleus (VL), which was observed in animal
studies [75, 76]. Further, one tractography study in humans found that about 40% of fiber tracts
from the cerebellum through the superior cerebellar peduncle actually reach the PFC through
the VL [77]. In the study itself, eight patients with BPD and eight healthy controls received 1 Hz
stimulation on 80% of MT for 10 min over the left lateral cerebellum (1 cm inferior and 3 cm
left to the union). The effect of the rTMS was measured by the Affective Go No-Go task (AGN),
using two categories of words (positive/negative and fruits/insect). The first and second block
of the task included only the first category; the third and fourth part included both categories.
BPD patients generally scored worse than healthy controls in AGN, especially in the latter cat-
egory before the stimulation. After rTMS, their performance became equivalent to the healthy
control performance. The stimulation was well tolerated, with no adverse events. These data
support previous findings that inhibition performance in BPD patients is impaired when cogni-
tive demands are high, and the situation requires complex associative capacities [78, 79]. The
results suggest that LF cerebellar rTMS could have a facilitating effect on the PFC.

Feffer et al. [73] stimulated three women (39, 32, and 42 years old) with BPD and depres-
sion comorbidity. The severity of depression symptoms was measured by Beck Depression
Inventory II (BDI-II). Two patients received bilateral intermittent (iTBS) stimulation of the
DMPEC targeted by neuronavigation; the stimulation had 20 sessions (1 session per day),
1200 pulses per session (600 pulses to each hemisphere). The BDI-II score of the first patient
was reduced from 56 to 16 points; the score of the second patient was reduced from 20 to 12
points. The third patient received 20 sessions (1 session per day) of 20 Hz bilateral stimula-
tion to the DMPFC localized by neuronavigation. The duration of the train was 2.5 s and the
duration of the intertrain interval was 10 s. Stimulation of each hemisphere contained 1500
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pulses in one session. The BDI-II score of the third patient was reduced from 29 to 10 points.
The stimulation was well tolerated without any adverse events. Two of the patients described
a mild headache at the point of stimulation. All three of them subjectively described better
control of emotional and behavior impulses and better emotional regulation.

The last study is from Reyes-Lopez et al. [74]. They stimulated 29 BPD patients divided into two
groups with two stimulation designs. One stimulation group received 1 Hz stimulation to the
right DLPEC (15 patients), 900 pulses per session. The second group received 5 Hz stimulation
to the left DLPFC, trains lasted 10 s, intertrain intervals were also 10 s, 1500 pulses per session (14
patients). The whole stimulation had 15 sessions (1 session per day); the DLPFC was targeted as
5 cm above the maximum stimulation point in the motor area and patients were stimulated on
100% of their individual MT. There was a significant reduction in the Clinical Global Impression
Scale for BPD (CGI-BPD) score from baseline after rTMS, with a 29.4% change for 1 Hz group
and 28.7% for 5 Hz group. The Borderline Evaluation of Severity over Time (BEST) scores were
also reduced for both groups (1 Hz group: 20.4% reduction from baseline; 5 Hz group: 36.9%
reduction from baseline). Scores in BIS were also reduced significantly (1 Hz group: 18.96%
reduction from baseline; 5 Hz group: 11.83% reduction from baseline). The reduction in BDI
scores was 49% for 1 Hz group and 60% for 5 Hz group. Lastly, the Hamilton Anxiety Rating
Scale (HAM-A) score was also reduced by 60.3% for 1 Hz group and by 58.7% for 5 Hz group.
These results show that both stimulation protocols were effective in reducing BPD symptoms,
such as fear of abandonment, impulsivity, emotional instability, and anger.

3.3. Conclusions and future directions of rTMS treatment paradigms in BPD

Most existing studies used rTMS targeted to the left or right DLPFC or DMPFC; one study
targeted the cerebellum. Both high and low-frequency protocols were used. Many authors con-
nected the BPD symptoms with hypometabolism in the prefrontal regions and hyperactivation
of the amygdala. Current studies have reported various effects of rTMS treatment, mostly after
HF treatment in BPD patients, including improved self-control, emotion regulation, mood,
anxiety, and executive functions. Some studies also reported effects after sham stimulation.
Consequently, it is difficult to make any recommendation regarding rTMS targeting and proto-
col parameters. We might also speculate that targeting any PFC region by rTMS could improve
BPD symptoms thanks to the rich cortico-cortical and cortico-limbic projections from the pre-
frontal regions. The low-frequency stimulation of the cerebellum could be also used to reduce
BPD symptoms based on the cerebellothalamocortical tracts. One question is the laterality of
rTMS treatment in BPD patients. Neuroimaging studies of impulsivity usually find a greater
association with action control with the right prefrontal regions. Differences in the CSP between
patients with BPD and healthy controls were found, especially in the right hemisphere [64].
However, current studies show effects for both right and left prefrontal stimulation protocols.

Another question was raised by the study by Reyes-Lépez et al. [74]. They used low-fre-
quency rTMS in the right DLPFC and found similar effects as after high-frequency rTMS
over the same area. These findings contradict previous findings and theoretical underpin-
nings about hypometabolism in PFC in BPD patients and about the effect of low-frequency
rTMS. For example, low and high-frequency rTMS over the left DLPFC in depressed patients
have been found to have opposite effects [80].
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3.4. Summary of rTMS treatment in BPD

The existing studies suggest that r'TMS is a well-tolerated treatment in patients with BPD
and is a potentially highly useful tool for reducing BPD symptoms including impulsivity
and emotion regulation. There is a lack of double-blind randomized controlled studies with
sufficient sample sizes. Current studies differ substantially in both rTMS cortical targets and
stimulation protocols. Most studies have found an effect of high-frequency rTMS over the
right DLPFC, but there are also studies that found low-frequency DLPFC, left-sided DLPFC,
and cerebellar rTMS effective. More double-blind placebo-controlled studies and studies
directly comparing different stimulation protocols in BPD are needed, and the duration of the
therapeutic effects should be assessed.

4. rTMS in attention-deficit/hyperactivity disorder treatment

ADHD, in the ICD-10 represented by hyperkinetic disorder, is one of the most common mental
disorders among children, with a prevalence of 3-7% [81]. ADHD was long viewed as a child-
hood diagnosis; however, many studies in the last decades have demonstrated that symptoms
persist to adulthood in up to 80% of patients [82]. The latest revision of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-V) reexamined the diagnostic criteria and allowed
the classification of ADHD as a lifelong disorder with the condition of onset before the 12th
year of life [55]. ADHD symptom heredity is considered to be as high as 75% [83]. Like many
neuropsychiatric disorders, ADHD seems to be a result of the complex interplay of genetic and
environmental factors and has been recently viewed as a neurodevelopmental disorder [81].

The three typical symptoms of childhood ADHD —attention deficit, hyperactivity, and impul-
sivity —are partially modified during the lifespan. In adulthood, feelings of internal restlessness,
disorganization, and unrestrainability, and some behavioral difficulties, including impaired
executive functions, prevail [84]. The treatment of ADHD in children as well as in adults is an
ongoing topic in psychiatry. There are several possible treatment options in ADHD therapy.
Treatment guidelines for both children and adult patients recommend using drugs such as
methylphenidate and atomoxetine. However, about 20-50% of patients are considered non-
responders due to insufficient symptom reduction or severe side effects. Moreover, combining
pharmacotherapy with psychotherapy (cognitive behavioral therapy, education, and focused
complex programs) and other nonpharmacological methods is recommended in all cases [85].

4.1. Neurobiology and neurophysiology of impulsivity in ADHD

Neuroimaging studies indicate that ADHD might be a neurobiologically heterogeneous cat-
egory of diseases. This would mean that there are several different disorder patterns which
manifest by similar clinical symptoms or that dysfunctions in different functional systems
could lead to similar symptoms. Data-mining techniques suggest three clusters of neuropsy-
chological abnormities in ADHD: cognitive-behavioral management, time processing, and
motivation. These clusters did not significantly overlap between individual subjects [86].
Similarly, a systematic review of the findings in executive function areas suggests that not all
ADHD patients are impaired in the same region [87].
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ADHD is characterized by a delay in cortical maturation, which is most substantial in the pre-
frontal regions [88]. Earlier neuroimaging studies described structural and functional abnor-
malities in patients with ADHD, suggesting a hypofunction of catecholamine projection from
the basal ganglia into the PFC. This dysfunction manifests as a relative hypoactivity of the
cortical dopamine system with a relative hyperactivity of striatal dopamine [89]. A meta-
analysis of functional studies showed hypoactivity in the frontal regions (DLPFC, inferior
PFC, OFC), anterior cingulum, superior parietal regions, caudate nucleus, and thalamus [90].
Duerden et al. [91] also observed that adolescents with ADHD had a significantly greater cor-
tical thickness in the pre-supplementary motor area (SMA) than controls. Further, impaired
functional connectivity between the frontal and parietal cortex and between the frontal and
cerebellar cortex have been found in patients with ADHD during interference control tasks
and time discrimination tasks [92] associated with interference control, activity timing, and
time predictions. Striatal hypoactivation in ADHD can lead to the insufficient detection of
behaviorally important stimuli, inability to orientate one’s activities to long-term goals, and
insufficient feedback effect from behavioral modification [93-95].

Several studies used TMS to investigate neurophysiological parameters in ADHD. A meta-
analysis by Dutra et al. [96] identified no significant differences between ADHD and control
groups in CSP, resting MT, and motor-evoked potential. However, there was a consistent find-
ing in reduced short intracortical inhibition (SICI) in both children with ADHD [97-100] and
adult ADHD patients [67]. SICI is a subthreshold conditioning stimulus followed by a supra-
threshold test stimulus with an interstimulus interval of 1-6 ms. The motor-evoked potential
which was evoked by the second suprathreshold stimulus should be reduced by 50-90% [101].
The SICI is described as probably measuring GABA ,-mediated cortical inhibition [66, 102]. A
study by Hasan et al. [103] also reported increased intracortical facilitation (ICF) in adult ADHD
patients compared to healthy controls when considering an interstimulus interval of 7 ms
between paired pulses applied to the left hemisphere. ICF is measured by TMS when the mag-
netic evoked potential generated by the suprathreshold is usually facilitated at an interstimulus
interval of 8-30 ms [101]. However, there are too few studies to make a more robust conclusion.

4.2. Review of rTMS treatment studies in ADHD

We searched for relevant studies through the PubMed (http://www.ncbinlm.nih.gov/
pubmed/), Web of Science (https://apps.webofknowledge.com/), and Scopus (https://www.
scopus.com/) databases published before August 13, 2017. The following terms were used to
search in the publication titles: (ADHD OR “attention deficit hyperactivity disorder”) AND
(TMS OR rTMS OR “transcranial magnetic stimulation”). We found 20 (PubMed), 32 (Web of
Science), and 25 (Scopus) articles. After excluding duplicates and nonrelevant contributions
(e.g. theoretical articles), seven studies were included in the review.

Current studies examining the treatment of ADHD by rTMS use two main protocols. The first
protocol is the low-frequency (LF) stimulation of the SMA, intended to suppress motor symp-
toms of hyperactivity. The other protocol uses HF rTMS over the DLPEC, intended to facilitate
dopaminergic neurotransmission in the PFC and induce the release of endogenous dopamine in
the nucleus caudate nucleus and NAcc [104]. This kind of stimulation could improve the symp-
toms of ADHD mostly in the cognitive domain (deficit of attention and impulsive cognitive style).
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In his pilot study, Niederhofer [105] presented a case study of an adult ADHD patient. This
study used LF 1 Hz rTMS protocol over the SMA in order to reduce the symptoms of hyper-
activity. The results describe a significant improvement that lasted for at least 4 weeks. Three
years later, Niederhofer repeated the same protocol with a 42-year-old female ADHD patient
on a 20 mg daily dose of methylphenidate (MPH). After 21 days of 1 Hz rTMS (1200 pulses
per session, each session lasting 1 h) over the SMA, the daily MPH dose was lowered to 10 mg;
simultaneously, the 10 hyperactivity-associated items of the Conners scale improved from the
initial 25 to 17 points (measured during the therapy and a week after the termination). The
attention items did not show any difference [106].

The largest study was conducted by Bloch et al. [107]. They performed a randomized, cross-
over, double-blind pilot study in 13 adult ADHD patients. They applied a single session of
HF stimulation (42 x 2 s, 20 Hz stimuli at 100% of individual MT intensity, with a 30 s inter-
stimulus interval) over the right DLPFC (located by measuring 5 cm anterior to the motor
threshold). One patient dropped out of the study because the stimulation was painful, the
other 12 completed the treatment and reported no side effects. The result of the study was a
significant improvement in self-reported attention with no effects on mood or anxiety [posi-
tive and negative affect schedule (PANAS), visual analogue scales (VAS), and Cambridge
neuropsychological test automated battery (CANTAB) were used]. No difference was found
in the attention score when comparing the pre- and post-sham rTMS results. The limitation
of that study was the fact that the symptoms were evaluated only before the treatment and
10 min after; therefore, no claims can be made about the long-term effects of this therapy.

Ustohal et al. [108] used a similar design in their own pilot study. They treated a 36-year-old
male subject who was diagnosed with ADHD in childhood and experienced three major depres-
sion episodes in adulthood. The authors used HF 10 Hz frequency in 120% intensity of indi-
vidual MT (10 s train, 30 s inter train interval, 1500 pulses per session). The study was divided
into three sections, each lasting 1 week. In the first week, sham stimulation was applied; in the
second week, the left DLPFC was stimulated; and in the third week, the right DLPFC was stim-
ulated. In the first week, there was already a significant improvement in the d2 test of attention
(from the initial 86.4 percentile to 98.2 percentile) and a small reduction on the depression scale
(from MADRS 14 to 12). In the second week, there was a further reduction on the depression
scale (MADRS score decreased to 7) and improvement in the d2 test of attention (98.9 percen-
tile). On the first session of the third week, the patient described serious side effects —dyspho-
ria, hypobulia, and increased tension. The MADRS score increased significantly (21 points).
Therefore, the authors changed the target to the left DLPFC, which led to improved symptoms,
reduced depression scale score (MADRS =9), and improvement in the d2 test of attention (99.2
percentile). The authors discussed that these side effects may be related to the fact that LF rTMS
of the right DLPFC is used in the treatment of depression [109] and, on the contrary, HF rTMS
of this area has been used in patients with mania [110].

In another study, Weaver et al. [111] stimulated nine adolescents and young adults diagnosed
with ADHD. They targeted the right DLPFC (located by measuring 5 cm anterior to the motor
threshold) and used HF stimulation (10 Hz, 4 s trains, 26 s inter train interval, 2000 pulses per
session) with 100% intensity of individual MT. This study had a double-blind design and each
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of the patients was stimulated for 2 weeks (10 sessions). Results showed an overall significant
improvement in the clinical global impression-improvement (CGI-I) and the ADHD-IV scales
in both groups combined (P <0.01); no significant differences between active and sham stimu-
lation were described. The study also described no negative side effects of the stimulation.

In another study [112], 25 children with ADHD underwent rTMS treatment. The primary
motor cortex (M1) was stimulated using LF 1 Hz rTMS at low intensity —80% of the indi-
vidual MT. This study did not evaluate the clinical effect of the stimulation, it only measured
the effect of r'TMS on electrophysiological parameters of the cortical excitability by EEG. The
result of this study was a significant decrease of the N100 which was evoked by rTMS and
lasted for at least 10 min after the stimulation. EEG source analysis indicated that the TMS-
evoked N100 change reflected rTMS effects in the stimulated motor cortex and therefore the
TMS-evoked N100 could represent a promising candidate marker to monitor rTMS effects on
cortical excitability in children with ADHD. No serious side effects of the stimulation were
described; three patients reported a mild headache.

Another study with child ADHD patients was conducted by Gémez et al. [113]. The aim of
the study was to evaluate the tolerability and safety of LF rTMS in children with ADHD. The
study group included 10 children aged from 7 to 12 years. These patients received 1 Hz stimu-
lation (a total of 1500 stimuli in each session) over the left DLPFC (the site for stimulation
was defined by the F3 electrode position (10/20 International System)) for 5 consecutive days,
the intensity was set to 90% of the individual MT. The assumption was that 1 Hz stimulation
over the left DLPFC could be as effective as 10 Hz stimulation to the homologous right area.
Seventy percent of the patients reported a mild headache or a local discomfort lasting for few
minutes as the most frequent side effect, 20% reported also a mild neck pain. Their parents
and teachers were asked to fill out the symptoms checklist (SCL) for ADHD from DSM-1V,
before and 1 week after completing the rTMS sessions. There was improvement in inattentive-
ness symptoms at school (score dropped from 16.7 to 8.6) and in hyperactivity/impulsivity at
home (score dropped from 30.8 to 11.4).

None of these studies reported any severe side effects of rTMS; the only common side effect
was a temporary and mild headache. Theoretically, there is a higher risk of paroxysmal reac-
tion on rTMS in child patients due to their lower seizure threshold, but so far no study has
reported such a side effect. If the personal history, entry EEG exam, and safety limits are per-
formed properly, the risk of provoking a paroxysmal reaction is very low [114].

4.3. Conclusions and future directions of rTMS treatment paradigms in ADHD

Using rTMS in treating ADHD symptoms is still a relatively unexplored area. However, cur-
rent studies suggest it might be a promising nonpharmacological approach or it could be used
in combination with pharmacotherapy. The benefit of using rTMS in ADHD treatment is the
minimal occurrence of side effects among current studies, none of which is a serious side
effect. Studies have explored the effect of rTMS in only small numbers of patients using differ-
ent methodology, including different stimulation parameters and application targets. Current
studies focus mostly on reducing inattention and impulsivity by stimulating the DLPFC. The
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most widely used stimulation is high frequency rTMS over the right DLPFC. However, a study
by Ustohal et al. [108] showed that this protocol can have a negative effect on patient’s depres-
sion symptoms and suggests another stimulation site, such as left DLPFC, at least for patients
with a personal history of depression. However, this side effect has only been observed in a
single patient. Another treatment protocol to consider is low frequency rTMS over the left
DLPFC, which could possibly have a similar effect. Hyperactivity symptoms of ADHD could
also be reduced by using low frequency rTMS over the SMA; however, only two patients have
been stimulated by this protocol, and further research is needed. There is a lack of reliable data
on the duration of the therapeutic effect. Further understanding of the neurophysiological
mechanisms of the effect and assessment of adequate stimulation parameters are required.

4.4. Summary of rTMS treatment in ADHD

Studies suggest that r'TMS is a well-tolerated treatment in patients with ADHD and poten-
tially a highly useful tool for reducing ADHD symptoms including impulsivity, motor hyper-
activity, and reduced attention. There are not yet double-blind randomized controlled studies
with sufficient sample sizes. The current studies differ substantially in both rTMS cortical
targets and stimulation protocols. Most studies suggest stimulation over the right DLPFC
by high frequency rTMS; another potentially promising protocol in ADHD is low frequency
r'TMS over the SMA. More double-blind placebo-controlled studies and evidence about the
therapeutic effect of rTMS in ADHD patients are needed.

5. Conclusion

The most important application of rTMS for impulsivity reduction in BDP and ADHD seems
to be stimulation over the left or right DLPFC, the SMA, or the cerebellum. However, it should
be stressed that the neural activity associated with impulsivity differs according to the task
parameters used during neuroimaging. This applies for studies of behavioral inhibition,
Delay Discounting, and emotion regulation. This problem might be overcome by navigat-
ing r'TMS individually according to functional fMRI from a specific task administered to the
patients before stimulation. rTMS seems to be well tolerated without any adverse events in
BPD and ADHD patients. The results of rTMS impulsivity treatment studies are promising,
but double-blind studies with larger active and sham group sizes are needed to optimize the
treatment results.
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Abstract

Tinnitus is a disturbing noise that is heard without any hearing stimulus, affects the quality
of life of the individual, and leads to psychosocial problems. Its prevalence characteristically
increases with aging. It is seen in 33% of the general population. Pathophysiology of tinnitus
known to accompany nearly all disorders in auditory system has not been fully understood;
therefore, there are some difficulties in evaluation and treatment thereof. Despite the restric-
tive factors of tinnitus treatment, progress in auditory neuroscience provides a positive view
of tinnitus treatment. Transcranial magnetic stimulation (TMS) is a method based on the
stimulation of neuronal tissue without depending on the transfer of electrical current by
means of electrodes or the skin. TMS is used in the treatment of various diseases with
developing neuroscience. In the recent years, the number of studies on TMS application
with repetitive low frequency for the treatment of tinnitus has increased, and most of these
studies have given successful results. Repetitive use of TMS in tinnitus is very novel;
however, it is commonly used in psychiatric disorders, especially in the treatment of drug-
resistant depression. The chapter shows that low-frequency repetitive TMS (rTMS) is useful
in the treatment of chronic tinnitus.

Keywords: tinnitus, transcranial magnetic stimulation, tinnitus handicap inventory,
rTMS, THI

1. Introduction

1.1. Tinnitus

Along with the development of technology and urbanization, there are some additional bur-
dens along with the convenience of our lives. Increasing traffic with urbanization, increasing
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use of mobile phones from early ages, and listening to loud music with headphones cause our
life to become more loud and tense.

Tinnitus is a symptom thought to be heard without a voice stimulus. The presence of tinnitus
also affects the quality of life of individuals and causes psychosocial problems. It is characteristic
that it becomes more common with aging. It is present in one third of the general population [1].

Forty-sixty million people in the United States have a tinnitus on one occasion, and according
to most of them, this does not pose any problem for any treatment. Only 1-5% of individuals
with tinnitus have severe and uncomfortable ear tinnitus [2, 3].

Tinnitus occurs with 30-dB hearing loss at the rate of 75%. As the hearing level decreases, its
incidence increases. It was detected that exposure to high sound or noise increases tinnitus
prevalence.

Pathophysiology of tinnitus known to accompany nearly all disorders in auditory system has
not been fully understood; therefore, there are some difficulties in evaluation and treatment
thereof. Tinnitus is still a subject of research on neurotology. However, the etiology and
physiopathology are not well known. Therefore, tinnitus treatment has not yet been clarified.

Tinnitus can also have a large economic effect. The lack of standardization of tinnitus diagnosis
and treatment management increases the cost of health care [4]. Tinnitus reduces the concen-
tration of the person, restricts their participation in professional activities, thus reducing the
work efficiency of the person [5-7].

Despite the restrictive factors of tinnitus treatment, progress in auditory neuroscience provides
a positive view of tinnitus treatment.

Transcranial magnetic stimulation (TMS) is a method based on the stimulation of neuronal tissue
without depending on the transfer of electrical current by means of electrodes or the skin. TMS is
used in the treatment of various diseases with developing neuroscience. Good news is coming
from recent studies on TMS application with repetitive low frequency in tinnitus treatment. TMS
inhibits abnormal cortical activities in the affected area. Tinnitus treatment is applied to auditory
cortex. Positive results have been revealed during the studies [8, 9].

This chapter is devoted to evaluate the effects of transcranial magnetic stimulation (TMS) on
the treatment of subjective tinnitus.

1.1.1. Tinnitus pathophysiology

The auditory system is a complex system and contains a large number of central nuclei that
provide the cortical organ peripheral fibers in the spiral laminates, multiple afferent and
efferent delivery channels, and complex integration in the upper centers of the central nervous
system [10-12]. The pathologies that occur anywhere in these regions cause an increase in the
perception of sound through unknown mechanisms. Researchers have tried to explain the
formation and perception of tinnitus with many different mechanisms.
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¢ Damage to inner and outer hair cells

¢ Jon imbalance in the cochlea

¢ Dysfunction in the cochlear neurotransmitter system

*  Heterogeneous activation in the cochlear efferent system

*  Heterogeneous activation in type I and II cochlear afferents
*  Cross links between the eight nerve fibrils [13]

Every nerve fiber has an electrical discharge even at rest. This is called the spontaneous activity
of that nerve. There is an increase in spontaneous activity in patients with tinnitus. All of the
assumptions put forward to explain the pathogenesis of tinnitus are based on this spontaneous
activity increase [1, 14]. Recent studies suggest that tinnitus is an event based on hyperactivity
of the auditory system, which is temporarily adjusted by TMS [15]. Theories about pathophys-
iology of tinnitus can be grouped as follows:

According to Moller, some of the adjacent nerve fibers are damaged for some reason, resulting in
artificial synapse between the nerve fibers, and these synapses between the fibers cause patho-
logical transmissions. This results in increased spontaneous activity and tinnitus [1, 14, 16].

Jastreboff and Hazell note that when the temporal cortex is reduced in hearing impulses, there
is an increase in neuronal sensitivity in the subcortical centers. For this reason, a tinnitus
patient with normal hearing is thought to be associated with subcortical centers, which we
hear as weak voices in auditory cues (e.g., in quiet rooms) [13].

Tonndorf states that tinnitus can originate from all levels of the auditory system. If tinnitus is
acoustically masked, it is originated from peripheral auditory system, whereas if tinnitus
masking is not present, it is originated from central auditory system. There is a chemical
imbalance between the tinnitus cell membrane and the stereocilia. This leads to hyperactive
flickering hair or hyperactive nerve fibers. For this reason, even very low spontaneous activi-
ties are perceived by these shaky hair or nerve fibers. This condition could be likened to
postamputation phenomenon [1, 14, 17, 18]. In 1965, Melzack and Wall proposed the door
control theory for chronic pain. Tonndorf proposed this theory for tinnitus [19, 20]. The balance
of the impulse that comes from the afferent inner hair cell and the outer hair cell to brainstem,
respectively, seems to shift unilaterally when one or more of the hair cell’s subsystem is
damaged. Tonndorf suggests that this imbalance of warning may cause tinnitus.

Salvi and Ahroon reported that spontaneous neural activity in the area of the cochlea lesion
leads to tinnitus, that acoustic trauma affects cochlea when exposed to noise, and that sponta-
neous discharges more frequently occur in the high-frequency region of cochlea than in other
regions. This increase in spontaneous activity level is expressed as tinnitus [21, 22].

According to Kiang, there are abnormal stereocilia. In the transition between normal and
abnormal stereocilia, the suppression of normal cells is lost. This leads to increased spontane-
ous activity. This leads to tinnitus [14]. Sellick et al. argued that the displacement of the
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membrane towards to scala tympani causes hyperactivity. It is thought that tinnitus occurs in
this way [14].

In 1984, Eggermont assumed that there was hypersensitivity in stereocilia. This may be due to
a reduction in the inhibition applied by the central route. Thus, nerve fibers perceive sounds
that would normally not be heard. That said, tinnitus may be the cause [1, 14, 23]. In addition,
Eggermont suggested in 1990 that the balance between stereocilia activities and nerve fiber
activities could have contributed to tinnitus [24].

Although inner ear damage occurs and the eighth cranial nerve is cut, the continuation of
tinnitus in some patients supports the concept of ‘central tinnitus.” Peripheral tinnitus may be
localized in one or two ears, while central tinnitus is usually not localized at one point. The
major causes of central tinnitus are occupied lesions, inflammations, and vascular anomalies,
and often masking does not succeed. Auditory brainstem response (ABR) is helpful in the
diagnosis of central tinnitus [25].

Tinnitus can be defined as objective or subjective. Objective tinnitus can be detected by another
person or physician.

Objective tinnitus usually has a pulsatile or rhythmic quality. Table 1 lists common causes of
objective tinnitus.

Objective tinnitus can be caused by auditory and nonauditory disorders such as Ménieére’s
disease, Eustachian tube disorders, intracranial hypertension, middle ear diseases etc [26].

Objective tinnitus treatment depends on the underlying disease. This subject will not be discussed
in this chapter.

Pulsatile

b Venous etiologies
®  Venous hum
o Hypertension
®  Pseudotumor cerebri
®  Sigmoid sinus and jugular bulb anomalies
®  Arterial etiologies
Paraganglioma (glomus tympanicum or jugulare)
Persistent stapedial artery
Intratympanic carotid artery
Arteriovenous fistula or malformation
Increased cardiac output (pregnancy and thyrotoxicosis)
Carotid artery stenosis
Vascular compression of cranial nerve VII
Intraosseous (Paget disease and otosclerosis)
®  Tensor tympani or stapedial muscle myoclonus
Palatal myoclonus

Nonpulsatile

Patulous Eustachian tube
L Spontaneous otoacoustic emission
®  [diopathic stapedial muscle spasm

Table 1. Objective tinnitus subtypes.
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1.1.2. Subjective tinnitus

The most common form of tinnitus is subjective tinnitus. Unlike objective tinnitus, subjective
tinnitus cannot be heard by anyone else. The prevalence of subjective tinnitus is estimated
between 8% and 30% and tinnitus should be defined according to the population of the study,
the severity of tinnitus, and the evaluation of the methodology [2, 27, 28].

The most important cause of tinnitus is exposure to sound. The main problem in most patients
is unknown [29].

Subjective tinnitus most commonly occurs due to sensorineural hearing loss (SNHL), which is
caused by the presbycusis and acoustic trauma, conductive hearing loss, endolymphatic
hydrops, and cerebellopontine angle neoplasia, which are more rare causes of tinnitus. Subjec-
tive tinnitus is the most common form that affects adults, and it is the focus of this chapter.
Tinnitus subtype classification schemes can be useful to identify forms of tinnitus that are
responsive to specific targeted treatment programs. Table 2 lists common causes of subjective
tinnitus.

1.1.2.1. Hearing loss

Urbanization and industrialization are accompanied by increased hearing loss due to noise.
Noise-induced hearing loss (NIHL) is a significant and increasing health problem. Unfortunately,

®  Otologic factors
®  Presbycusis
i Noise-induced hearing loss
®  High-frequency hearing loss
®  Outer hair cell dysfunction
o Méniere’s disease
o Somatic tinnitus
i Temporomandibular joint syndrome
Typewriter tinnitus
Psychological factors
o Anxiety
i Depression
o Pharmacological factors
i Aspirin compounds
®  Nonsteroidal anti-inflammatory drugs
i Aminoglycosides
®  Heavy metals
®  Metabolic factors
®  Hypothyroidism
o Hyperthyroidism
®  Hyperlipidemia
o Vitamin deficiency
M Neurologic abnormalities
o Multiple sclerosis
®  Meningitic effects
®  Skull fracture or closed head trauma

Table 2. Subjective tinnitus subtypes.
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many people do not care about industrial noise, fire alarms, listening to music loudly and other
noises, or how unaware they are. According to a study conducted, 61% of people who went to
the concert found hearing loss and temporary ringing of ears after the concert [30]. The preva-
lence of chronic tinnitus associated with NIHL is 50-70% [31].

Presbycusis is a sensorineural hearing loss that occurs with aging. Personal and environmental
factors play a role in the development of presbycusis, but it mainly involves complex genetic
factors. The best-known environmental factor is noise, and hearing is better protected in
elderly people who are not exposed to high sound.

1.1.2.2. Somatic tinnitus

Somatic tinnitus can be modulated by maneuvers or stimulation of the head and neck region.
Patients with temporomandibular joint (TM]) disorder had higher incidence of tinnitus com-
pared to control groups [32]. When tinnitus occurs in association with disorders of the head
and neck such as TMJ dysfunction, unilateral facial pain, otalgia, and occipital or temporal
headache, successful tinnitus alleviation may be possible using interventions that target the
somatic dysfunction [17].

1.1.2.3. Typewriter tinnitus

This type of tinnitus may be confused with tinnitus that arises from a muscular source, such as
spasm of the tensor tympani or stapedius muscles, or palatal myoclonus. Typewriter tinnitus is
defined, as its name implies, by the characteristic sensation of a staccato quality to tinnitus,
similar to a typewriter tapping, popcorn popping, or Morse code signaling. Typewriter tinni-
tus is distinct from these somatic sources, as illustrated by a patient with typewriter tinnitus
that failed to respond to tensor tympani and stapedius resection [33].

1.1.2.4. Psychological factors

Emotional distress and disturbance of sleep are often associated with severe tinnitus. Stress often
increases the perception of tinnitus severity, and depression frequently accentuates the com-
plaint. In some cases, tinnitus itself may be the cause of the psychological disorder. Depression
is common in patients with tinnitus, but it is not always clear whether depression is primary or
secondary.

1.1.2.5. Pharmacological factors

The pharmaceutical industry has developed in the last 50 years. Despite the developing world,
rational drug use is not yet fully established. Almost every medication can be considered as a
possible cause for tinnitus. The main ones responsible are listed in Table 3.

The aim of tinnitus treatment is to reduce or, if it is possible, to eliminate the voice that disturbs
the patients [22]. Symptomatic treatment options are important because etiologic causes are
detected in 5% of the cases [34, 35].
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Nonsteroidal anti-inflammatory drugs

Ibuprofen
Indomethacin
Naproxen
Phenylbutazone
Sulindak

Amikacin
Aminoglycoside antibiotics

Streptomycin
Neomycin
Gentamycin
Tobramycin

Aspirin and aspirin-containing compounds

Darvon
Percodan
Ecotrin
Bufferin

Heterocyclic antidepressants

Nortriptyline
Amitriptyline
Trazodone
Amoxapine
Doxepin
Trimipramine

Table 3. Medications that cause tinnitus.

1.1.3. Examination and tests

In order to be able to treat patients with tinnitus or to improve the effectiveness of treatment,
detailed evaluation of the patients and the investigation of the etiology are required. We have not
created a successful standard protocol for evaluating tinnitus until now. Assessment of tinnitus is

medically and audiologically interpreted and is used to make individual plans for tinnitus
treatment [36]. The transactions to be made in the evaluation can be listed as follows:

1.

History: the major importance in the evaluation of tinnitus patients is anamnesis [37, 38]. A
detailed history of the patient should be taken. Age at which tinnitus began, audiovestibular
symptoms (hearing loss and dizziness), the nature of tinnitus (intensity and frequency) and
daytime changes, family history, history of exposure to noise, smoking, alcohol use, systemic
diseases, head trauma, ototoxic drug use, epilepsy, otosclerosis, and past meningitis must be
questioned.

Physical examination: after obtaining a complete history of the patient with tinnitus,
clinical management should begin with a general medical evaluation followed by a com-
plete head and neck examination. All tinnitus patients should undergo neurological exam-
ination including a detailed ENT examination, temporomandibular joint examination and
diapason tests, general medical evaluation, and cranial nerve examination [10, 11].

Audiologic evaluation: pure audio audiometry, speech audiometry, percentage of speech
discrimination, disturbing auditory height, impedance metric evaluation, otoacoustic
emission (OAE), and auditory brainstem response (ABR) can be performed [39-42].
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4. Laboratory tests: complete blood cell count and extensive biochemical examinations
should be performed routinely. If the patient is suspected of any metabolic or medical
condition, more detailed examination should be performed.

5. Radiological evaluation: temporomandibular joint disease should be excluded by radio-
logical evaluation. In patients with unilateral hearing loss, radiological evaluation may be
needed to exclude posterior fossa tumors. Computed tomography (CT) is sufficient in the
evaluation of most tumors and anomalies. MRI should be performed to exclude vestibular
schwannoma or other cerebellopontine angle sister neoplasms if there is a clinical suspi-
cion for patients with nonpulsatile tinnitus [43].

1.1.4. Tinnitus and audiologic findings
1.1.4.1. Pure sound audiogram

It has been reported that 13% of tinnitus cases have transmission-type hearing loss and 39%
have sensorineural-type hearing loss. Hearing loss was more frequent in the high-frequency
range of the sensorineural hearing loss group [37].

1.1.4.2. Otoacoustic emissions (OAE)

It is thought that OAE is a special evaluation method for cochlear auditory dysfunction in the
light of the studies performed and objectively confirms cochlear dysfunction in patients with
normal audiogram and tinnitus complaints [44].

Tyler and his colleagues reported that only one of their 25 patients had spontaneous OAEs and
found no connection between spontaneous OAEs and tinnitus curtain or severity [45]. Penner
and Burns investigated whether the SOAE measurement would be of an objective value in
terms of tinnitus correlation, but they could not find a relationship [46]. As a result of some
studies on the relationship between SOAE and tinnitus, only a small group of patients has been
identified [45, 47]. Studies are underway to investigate the relationship between distortion
product otoacoustic emissions (DPOAE) and tinnitus. In these studies, it was revealed that
there is a significant relationship between the frequency of tinnitus emergence and DPOAE
responses [48].

1.1.4.3. Auditory brainstem response (ABR)

It is a diagnostic measure to help determine the type of tinnitus. There was no difference in the
ABR test of the tinnitus patient group in the study of all normal hearing individuals [49].

1.1.5. Evaluation of findings

There are many questionnaires to evaluate the severity of tinnitus and its negative impact on
the patient. A standard assessment is needed to document and report the results of clinical
trials. Tinnitus, which is defined and graded on this scale, is standardized, and the common
denominator in the treatment approach is unified.
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Various methods can be used to evaluate the findings of the patients. Tinnitus handicap inven-
tory (THI) is an easily applicable test that is not affected by age, sex, and hearing loss of the
patient [50]. A confidence interval of 95% for THI is 20 points, which suggests that a difference in
scores of 20 points or greater represents a statistically and clinically significant change.

1.1.6. Tinnitus treatment strategies

Tinnitus is a complex, multifactorial problem with many potential options that can help the
patient cope with the condition. You cannot cure tinnitus without understanding tinnitus. We
try to approach some treatment modalities for subjective tinnitus after excluding organic
causes. Currently, there are some treatment options for patients with tinnitus. Based on the
2014 tinnitus guidelines, the treatment options are shown in Table 4 [26].

1.1.6.1. Education and counseling

Patient education should instead emphasize that tinnitus itself is a symptom and not a dan-
gerous disease, and a comprehensive assessment can exclude any associated medical condi-
tions that require prompt treatment.

When counseling the patient, it is absolutely necessary to explain the importance of avoiding
noise. The relationship between noise and tinnitus should be reminded.

1.1.6.2. Sound therapy

Acoustic stimulation has an important place in the treatment of tinnitus. Sound therapy can
decrease the subjective loudness of tinnitus, which can significantly decrease the annoyance,
but this may require weeks to months of daily application. Acoustic stimulation can be
achieved in many ways. Masking of tinnitus is based on the principle of suppressing the inner
voice from the outside. Masking can be applied with various methods such as hearing aids,
tinnitus instruments, and maskers.

A hearing aid is a simple method that can be used in patients with hearing loss who have
tinnitus. The hearing aid reduces tinnitus by masking the annoying sound the patient per-
ceives by increasing the volume of the sound coming from the outside.

The tinnitus instrument is a device that includes both the properties of the hearing aid and the
masking device. Hearing aid input and masking device input are independent of each other,

Education and counseling

Sound therapy

Cognitive behavioral therapy
Medical therapy

Dietary supplements
Acupuncture

Transcranial magnetic stimulation

Table 4. Tinnitus treatment options.
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which can only increase the masking volume at night or in quiet environments where tinnitus
is intensified. Masking is only a substitute solution for tinnitus and not a cure.

1.1.6.3. Cognitive behavioral therapy (CBT)

Cognitive behavioral therapy has been shown to be effective in the treatment of tinnitus-
related disorders. In many patients, stress or depression is a major factor in the intensity and
severity of their complaints. Cognitive behavioral therapy (CBT) is a psychotherapy based on
identification and modification of maladaptive behaviors using therapist-mediated cognitive
restructuring techniques. Andersson and Lyttkens analyzed 18 studies of psychological treat-
ments for tinnitus and concluded that CBT was more effective than behavioral treatments
alone [51].

1.1.6.4. Medical therapy

With the development of the pharmaceutical industry, in the last 50 years, pharmacological
treatment for tinnitus has come to the forefront. Drugs used in the treatment of tinnitus are
used as useful medicines in terms of improving the emotional state of the patient, reducing
anxiety, and improving sleep. Anesthetics (lidocaine, tocainide, and mexiletine), anticonvul-
sants (carbamazepine and gabapentin), and tranquilizers (diazepam, clonazepam, and oxaze-
pam) have been investigated as tinnitus treatments.

At this time, there are no medications approved by the US Food and Drug Administration
(FDA) for treatment of tinnitus.

1.1.6.5. Dietary supplements

Tinnitus appears to be a disease that is unlikely to be treated for most patients. This situation
forces the physicians and patients to try other treatment methods. Ginkgo biloba and melatonin
are the products of recent use that is increasing. G. biloba extract contains multiple compounds
with vasotropic, potential neuroprotective, and antioxidant effects. Several other dietary sup-
plements have been used for tinnitus, including lipoflavonoids, garlic, homeopathy, traditional
Chinese/Korean herbal medicine, honeybee larvae, and other various vitamins and minerals.
Evidence for efficacy of these therapies for tinnitus does not exist.

Further study is needed to investigate the side effects that may occur in the use of G. biloba,
melatonin, or dietary supplements, as well as the use of such products in the treatment of
patients with primary tinnitus.

1.1.6.6. Acupuncture

Acupuncture is a form of alternative medicine in which thin needles are inserted into the body.
It is a key component of traditional Chinese medicine. The role of acupuncture in tinnitus
patients is still controversial. Although unblinded studies have suggested positive results, they
have not been reproduced in blinded studies [52]. There is general consensus that acupuncture
is a relatively safe treatment when administered by well-trained and experienced practitioners
[563-58].
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The objective of the current chapter is to evaluate the effect of TMS on the treatment of
subjective tinnitus, so you can find detailed information about other treatments of tinnitus in
the literature.

2. Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) is a method based on the stimulation of neuronal
tissue without depending on the transfer of electrical current by means of electrodes or the
skin. Magnetic stimulation causes transient disturbances of neural activity in different regions
of the cortex. The depth of penetration is limited to less than 2 cm [59]. With stimulation, it
forms a temporary lesion in the region. This reversible lesion allows the investigator to provide
information about whether the cortical region contributes to a particular perception or behav-
ior [60]. To better understand motor responses and corticospinal mechanisms to deep brain
stimuli in Parkinson’s patients [61, 62], phantom muscle contractions were used for cortical
silent period studies [63]. In 1980, Merton and Morton have shown that motor neurons can be
stimulated by a single, high-voltage, short-duration electrical stimulus applied to a rigid scalp
with an electrical stimulator [64]. In 1985, Barker and colleagues began to use transcranial
magnetic stimulation, which is transmitted through tissues like the same electrical stimulator
and applied with a magnetic stimulator that stimulates the cerebral motor cortex and is more
painless [65]. Since then, transcranial magnetic stimulation became widely used in areas such
as clinical neurophysiology, neurology, and psychiatry. In the following years, transcranial
magnetic stimulation became widely used in the evaluation of many other cerebral functions
as well as studies in the developing peripheral nerves and muscles that stimulate magnetic
stimulation producing coils to stimulate a small area of the cortex [66—68]. Today, advanced
TMS machines can deliver up to 60 stimuli.

The magnetic field affected by a single pulse is measured for milliseconds for a short time.
Repeated stimuli cause superficial cortex to change from a few seconds to a few minutes of
neuronal depolarization. Repeated stimuli produce different responses depending on the
frequency of the region. The application of repetitive stimuli is termed repetitive TMS (rTMS).
Low-frequency (<1 Hz) repetitive TMS decreases cortical excitability [69], whereas high-
frequency (5-20 Hz) repetitive TMS increases cortical excitability [70]. 1 Hz or slower is called
slow rTMS; faster than 1 Hz is called fast rTMS. In the practice of TMS, when the head piece
was placed on the scalp corresponding to the projection of the motor cortex and stimulated,
the opposite extremities were seen to move painlessly [65]. The diameter of the electrodes used
for magnetic stimulation is the most important factor affecting the magnetic field configura-
tion. Electrodes are divided into “circular” or “butterfly” type. Those in butterfly type are
called “double shape” or “eight shaped.” Their difference from the circular types is that the
maximum current intensity is below the center point. These electrodes are more suitable for
selective excitation by producing more localized currents [71, 72]. A magnetic exciter consists
of a high-capacity series capacitor and a copper winder. With the discharge of the capacitor, a
sudden and high-power (1-4.3 T) magnetic field exchange occurs around the coil. With this
effect, ion currents emerge in the neural tissues adjacent to the region where it is placed on the
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coil and stimulate the neural tissue. If enough magnitude and a rapidly changing magnetic
pulse are generated at a sufficient depth, this pulse will cause a secondary ion current in the
neuronal tissue [68]. This leads to depolarization of the membrane in the stimulated region of
the neuronal tissue. Magnetic stimulation reaches the neuronal tissue without being hindered
by intervening tissues such as skin and bone, which does not cause any obvious pain because it
does not stimulate the surrounding tissues [73].

The therapeutic response of magnetic stimulation has been observed to be more pronounced
with frequent repetitive stimulation (repetitive magnetic stimulation) and studies have shifted
to this direction. For this purpose, it was most commonly used in psychiatric disorders [74]. In
drug-resistant depressions, repetitive transcranial magnetic stimulation resulted in improve-
ments of 40-50% [75]. TMS has been studied and is still being studied in psychiatric disorders
such as schizophrenia, obsessive-compulsive disorder, posttraumatic stress disorder, and
mania even though it is not the same size as depression. TMS is one of the safest and painless
methods used in the evaluation of the nervous system and in the treatment of the mentioned
psychiatric disorders [76-79]. It is not recommended to be applied in patients who have clips
with neurosurgical operation and patients with heart pace because they can stimulate an
epileptic seizure on the stroke [80, 81]. Although the use of repetitive TMS (rTMS) in tinnitus
is very recent, there are many studies on the efficacy [8, 9, 82]. TMS has opened a new vision
into investigating the causes and associations of tinnitus-related cortical activity, and it may
provide an effective tinnitus therapy for some patients.

Imaging methods can show asymmetric metabolic activity in the hearing cortex of patients
with tinnitus. Functional magnetic resonance imaging and fluorodeoxyglucose positron emis-
sion tomography provide it [83, 84]. The fact that rTMS has an inhibitory effect on the area it is
applied to suggests that it may also be effective in the treatment of tinnitus [8, 9, 85].

2.1. TMS in the treatment of tinnitus

Tinnitus is still a subject of research on neurotology; however, recent studies in literature are
not sufficient enough to enlighten the etiology or pathophysiology of tinnitus, and because of
this uncertainty, treatment options are limited. Success rate of medical treatment of tinnitus
according to the literature is between 30 and 80%, and most of these studies underline the
effectiveness of placebo [86, 87]. TMS application for tinnitus treatment is a relatively new
subject, studies are providing very little information, but the results seem promising.

It is important to determine the frequency and loudness of tinnitus because these are correlated
with affects of tinnitus on the patients’ life [88, 89]. Tinnitus is present in 65% of the population
with hearing problems, and tinnitus in 50% of them is a serious problem [90]. According to one
study, tinnitus is a serious problem for 2.6% of the local population [91].

The probability of tinnitus is increasing in patients with hearing loss [92]. If external hair cell
damage is not up to 30%, the hearing thresholds do not get affected. This could explain
tinnitus in patients who do not have hearing loss [20]. The loudness and frequency of tinnitus
must be determined for rehabilitation [93]. In Yilmaz et al.’s study, the mean (SD) scores in the
TMS group before the treatment was 7.069 (1.42) and 7.073 (1.52) points in the placebo group,
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and these results were higher when compared with the literature [44, 50]. In general literature,
THI is used in the evaluation of tinnitus before and after the treatment [16, 50, 94-96].

Detection of the frequency at which tinnitus is occurring is almost always difficult [93]. It has
been determined that the frequency of tinnitus changes in 60% of cases according to the studies
[97]. According to general opinion, tinnitus frequency is above 2000 Hz and mostly at 4000 Hz
[86]. In Yilmaz et al.’s study [50], the mean (SD) frequency of tinnitus in the TMS group before
the treatment was 7234 (2818) and 5626 (2494) Hz in the placebo group. The mean frequency of
tinnitus of all patients before the treatment was 6450 Hz.

Good news is coming from recent studies on TMS application with repetitive low frequency in
tinnitus treatment. TMS inhibits abnormal cortical activities in the affected area. Tinnitus
treatment is applied to the auditory cortex. Positive results have been revealed during the
studies [8, 9]. Animal models and functional human brain imaging studies, which were
designed to investigate the pathophysiology of tinnitus, suggest that there is increased signals
and activity in the central auditory pathways and also nonauditory brain areas [98].

Many studies suggested radiological findings were used to determine the coil positioning in
order to increase efficacy. One suggested method is using positron emission tomography (PET)
to determine the hyperactive auditory cortex [99]. Electroencephalography (EEG) also
suggested resting state auditory gamma activity as a marker for tinnitus [100]. However, no
association was demonstrated between tinnitus loudness and auditory gamma band. Also
Langguth’s study showed no superiority of EEG over PET, and this study could not demon-
strate PET-guided coil positioning’s superiority over standard-positioned coils [101]. Anatom-
ical magnetic resonance imaging (MRI) is used as a guide in recent studies to position the coil
to the primary auditory cortex [102-104]. Functional MRI activity could demonstrate tinnitus-
matched sounds’ effect on specific cortex areas, but evidence of this kind of navigation for
tinnitus is not available [105]. Noh et al.’s recent study showed that there was no significant
difference between EEG-guided or neuronavigation-guided coil placement [106].

Functional magnetic resonance imaging and F-18 fluorodeoxyglucose positron emission
tomography have shown asymmetric metabolic activity in the hearing cortex of patients with
unilateral or bilateral tinnitus [83]. Coactivation of prefrontal areas was detected in imaging
studies. This may be related to the affective compacts of tinnitus [107-109]. Frontothalamic
gating system may be formed by limbic and paralimbic structures for tinnitus [110]. James
et al’s study demonstrated with functional MRI that left superior dorsolateral prefrontal
cortex had a greater role in predicting tinnitus awareness [111]. Combined prefrontal and
temporal cortex rTMS was found to be more effective than temporal cortex rTMS alone
[101, 112-114].

r'TMS’s antiapoptotic mechanism was demonstrated in Yoon et al.’s recent animal model [115].
Repeated stimulation induces neuroplastic changes. Single session effects seem to be short and
immediate, and daily treatment over 4 weeks seem to have longer results that last over months
to years [116-118].

Kleinjung et al. reported that, after rTMS application to the patients with chronic tinnitus, the
mean score of tinnitus decreased at the rate of 7.5% [8]. De Ridder and colleagues found
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positive results in half of the patients with rTMS in unilateral tinnitus treatment in 114 patients
[9]. Kleinjung and colleagues found that application of low-frequency rTMS for 5 days had
significant effects on tinnitus treatment [8]. In another study, 3 patients were treated with 1 Hz
rTMS (2000 stimulus/day) for 5 days and 2 of the patients had a positive result [99]. In
Langguth et al.’s study, 28 patients were treated with 1 Hz rTMS (2000 stimulus/day) for
10 days and 67.8% of the patients had a positive result [119]. Folmer et al.’s study demon-
strated that 1 Hz rTMS for chronic tinnitus is an effective treatment method. The application of
rTMS daily for 10 days had significantly better outcomes of chronic tinnitus patients [120].

In order to suppress tinnitus, various stimulation patterns have been reported as effective such
as 1 Hz, 10 Hz, and burst stimulation [82, 103, 121-124].

A new TMS protocol was introduced by Huang et al. in 2008 [125]: the protocol named theta
burst stimulation [TBS], which is a repeated application of triplets of 50 Hz pulses with 200 ms
(5 Hz; theta) pulse interval [125]. Huang et al. suggested that this protocol is superior to tonic
r'TMS [125]. However, literature findings are controversial. De Riddler et al., Lorenz et al., and
Poreiz et al. showed the efficacy of TBS but Chung et al.’s and Plewnia et al.’s studies did not
find the same efficacy [103, 126-130]. Many studies showed low-frequency 1 Hz rTMS to be
effective for tinnitus. Khedr et al. suggested that 10 or 20 Hz stimulation could also be effective
[123]. James et al.’s study demonstrated that 1 Hz rTMS seemed to significantly decrease the
awareness, loudness, and annoyance of tinnitus, but 10 Hz stimulus seemed to decrease only
the awareness of tinnitus [111].

Kreuzer et al’s study suggested that individualized rTMS sessions’ outcomes were better,
since tinnitus is a personal symptom and hard to generalize [131]. In Yilmaz et al.’s study,
THI score decreased by 8 points after the application of low-frequency rTMS, and also a
statistically significant decrease was observed in tinnitus loudness and subjective score after
the application of rTMS [50]. Park et al. studied the difference between 6000 pulse and 12,000
pulse rTMS to temporal and prefrontal cortex. Patients who received 12,000 pulses of rTMS
seemed to have better outcomes. This study seems to be the first in literature that underlines
the importance of pulse rate, at least 12,000 pulses of rTMS seems to achieve a favorable
outcome [132].

The chapter showed that low-frequency rTMS is useful in the treatment of chronic tinnitus.
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Abstract

Introduction: Obsessive compulsive disorder (OCD) is a common disabling condition, which
greater than 40% of patients do not respond to the available treatment options. Imbalances in
the cortical-striatal-thalamic-cortical circuits have proven to be useful psychosurgical treat-
ment targets making this circuit disorder an optimal target for intervention with TMS.

Methods: PubMed and clinicaltrials.gov were reviewed for sham-controlled therapeutic
rTMS studies for OCD.

Results: Eighteen relevant studies are presented in a narrative fashion along with rel-
evant methodological details, and distinctions.

Conclusions: High and low frequency stimulation to lateral prefrontal cortices does not
appear to have consistent efficacy in the small studies done to date. Several small stud-
ies with non-blinded operators suggest that low frequency high intensity rTMS to the
supplementary motor area with a figure-8 coil reduces OCD symptoms. A fully blinded
multicenter center study is warranted to confirm this finding. A promising pilot study
and a subsequent multicenter study of high frequency high intensity deep rTMS with the
HAC/HY coil to the bilateral prefrontal orbitofrontal and anterior cingulate cortices were
completed with positive results. Many areas of uncertainty remain, such as the optimal
state of the circuitry during stimulation and identifying a priori biomarkers for respond-
ers and non-responders to specific protocols.

Keywords: rTMS, dTMS, TMS, OCD, ACC, SMA, OFC, obsessive compulsive disorder

1. Introduction

The DSM 5 criteria for obsessive compulsive disorder (OCD) are specific. Patients can have
either obsessions, compulsions or both. Obsessions are defined as unwanted thoughts, images
or urges. Compulsions are repetitive behaviors or mental acts that are done in response to an
obsession or a rigid rule with the aim of reducing anxiety. However, the extent of the compulsion
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is either unrealistic or excessive. Obsessions and/or compulsions must take up at least 1 h a day,
and though it may relieve their anxiety, it should not be pleasurable to the patient. In addition to
the time component, the obsessions-compulsions should cause significant impairment in social
or occupational functioning. The OCD symptoms should not be due to a substance or another
disorder. Specifiers for OCD in the DSM 5 include the degree of insight (good, fair, poor, absent,
delusional beliefs) and tic related [1].

2. Epidemiology

The 12-month prevalence of OCD in the United States is 1.2%, with similar prevalence inter-
nationally (1.1-1.8%). Females are affected at a slightly higher rate than males in adulthood;
although males are more commonly affected in childhood. The mean age at onset of OCD is
19.5 years and 25% of cases start by 14 years old. Onset after 35 years is unusual but does occur.
Males have an earlier age of onset than females; nearly 25% of males have onset before the age of
10. The onset of symptoms is typically gradual; however, acute onset has also been reported [1].

If OCD is untreated, the course is usually chronic, often with waxing and waning symptoms.
Some have an episodic course and a minority has a deteriorating course. Without treatment,
remission rates in adults are low (i.e. 20%). Onset in childhood or adolescence can lead to a
lifetime of OCD. However, 40% of individuals with childhood or adolescent onset of OCD
may experience remission by early adulthood. The course of OCD is often complicated by the
co-occurrence of other disorders. Compulsions are more easily diagnosed in children than
obsessions, because compulsions are observable. However, most children have both [1].

2.1. Prognostic factors

Greater internalizing symptoms, higher negative emotionality, and behavioral inhibition in
childhood are possible temperamental risk factors. Physical and sexual abuse in childhood and
other stressful or traumatic events have been associated with an increased risk for developing
OCD. Some children develop the sudden onset of OCD symptom:s after streptococcal infection,
and subsequently it is not distinguishable from OCD for the duration of their lives. In others, it
has more motor symptoms and is amenable to antibiotic treatment if it is treated immediately.

2.2. Comorbidities

Most OCD patients (76%) have a lifetime history of another anxiety disorder. Specifically,
63% have lifetime history of mood disorder, 41% have major depressive disorder, 23-32% has
comorbid obsessive-compulsive personality disorder, 29% have lifetime history of tic disor-
der, and 12% have schizophrenia. Additional common diagnoses include bipolar, anorexia,
bulimia and Tourette’s [1].

2.3. Heritability

OCD may be the most heritable psychiatric condition, with a monozygotic twin concordance
rate of 0.52 and a dizygotic concordance rate of 0.21, with overall heritability for OCD estimated
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to be 48% [2]. The overall recurrence rate (another first degree family member getting OCD) is
about 50%, which is higher with Tourette’s and tics as well as childhood onset. It is lower with
pure OCD of adult onset [3].

3. Current available treatment options for OCD

At the present time, exposure and response prevention should probably be the first line treat-
ment for non-comorbid OCD. Pharmacologic interventions with significant evidence for
efficacy, specifically with 8-12 weeks of medication results with greater than 30% improve-
ment for 40-60% of OCD patients include several selective serotonin reuptake inhibitors:
Fluoxetine, Paroxetine, Fluvoxamine and Sertraline in the USA; Citalopram and Escitalopram
in Europe; and the tricyclic, Clomipramine.

Neurosurgery has shown promising outcomes where 58-67% of patients showed marked
improvement in numerous studies even for patients who have refractory OCD (failed three
medications and had 6 months of exposure and response prevention). The primary ablation
anatomical targets are the fiber tracts that connect the cortex to thalamic nuclei, the anterior
limb of the internal capsule and the cingulate gyrus. Nevertheless, neurosurgical procedures
also yield reports of transient and persistent adverse effects [4].

Deep brain stimulation (DBS) has several advantages over ablation. Surgeons using DBS can
potentially achieve a clinical effect without producing an irreversible lesion. The efficacy of
ablative lesions appears to be similar to DBS.

4. Why do we need TMS for OCD?

Over 1% of the population has no improvement from current approved treatments. Even the 1%
that benefits from current approved treatments is actually still quite affected by their OCD. We
use improvement criteria in OCD trials rather than response and remission, similar to schizophre-
nia. Schizophrenia affects 1% of the population, and there are over 20 antipsychotics available in
most countries. OCD affects 2.3% of the population, and there are only 5 approved medications.

5. OCD as a circuit disorder

Several inclusive models have been suggested to explain the neurobiology of OCD. One is
an executive dysfunction model, where there are deficits in impulse control and inhibition of
behaviors. Another is a modulatory control model, where the main dysfunction is in regulat-
ing socially appropriate behaviors. A recent model proposes OCD as an uncertainty disor-
der where there is an imbalance between input and input suppression [5]. Regardless of the
model, there is abnormal activity in a region of the cortical-striatal-thalamic-cortical circuits.
These are multiple parallel interconnected loops between cortical and subcortical areas whose
role is to screen out which actions are selected and which are considered maladaptive and
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ignored. These regions include the dorsolateral prefrontal cortex (DLPFC), orbitofrontal cor-
tex (OFC), medial prefrontal cortex (mPFC), cingulate cortex, caudate nucleus, striatum and
thalamus. An abnormality in the functioning of this pathway results in impulsivity, compul-
sivity, obsessivity, uncertainty, deficits in attentional allocation, sensory-motor gating, modu-
lation of motor activity and more [6, 7].

The greatest evidence for OCD as a circuit disorder comes from the success of circuit inter-
ventions at various locations along the pathway. Specifically, circuit interventions have
demonstrated efficacy at the striatum, globus pallidus interna, substantia nigra, thalamus,
subthalamic nucleus, anterior cingulate cortex (ACC), OFC and anterior capsulotomy [5].

6. TMS systems for OCD

6.1. Coil types

Transcranial magnetic stimulation (TMS) uses magnetic pulses to induce electrical current in
the underlying neuronal tissue. There are a variety of different TMS coils on the market, and
they differ primarily with the orientation and flexibility of the wire windings in the coil. Several
types of coils have been used in sham-controlled OCD studies. The first is a rigid circular coil.
These are typically large and very non-focal as the induced current is identical in intensity
anywhere under the wire. The orientation of the current in relation to the neurons is important.
The coil can be reoriented 180° to switch the direction of the current under one side of the coil,
but the other side of the coil will still have an effect. The second is a figure-8 or butterfly shaped
coil. This is a rigid coil, usually in a 180° plane, which induces the strongest current beneath the
center of the two circular coils. However, the field decays relatively rapidly. The manufacturer
for most of the research figure-8 systems is Magstim, but Magventure (formerly Medtronic)
makes a double-blind figure-8 system as well. Approximately 20 companies make active fig-
ure-8 coils. An option not yet used is a bent or double cone coil, which is also a rigid coil, but it
is larger and bent at a 120° fixed angle. It is capable of reaching a greater depth than a figure-8
coil. To date, it has never been used in an OCD clinical trial, but it is made by many companies
similarly to the figure-8 coil. The newest coil on the market is the H7 or HAC-coil. It has flexible
windings that run along the skull and sum at depth, and these windings are tightened to the
head. It can reach 3 cm beneath the cortex at high frequency and high intensity; additionally,
the magnetic field decays slowly. The H-coil has gaps between the central groups, which make
the field different from the fixed denser distribution of the bent or double cone coil. The H7/
HAC coil had the largest and only multicenter sham-controlled OCD study to date.

6.2. Cooling systems

When TMS is done repetitively (rTMS), especially at high frequencies for long periods of time,
the coils will heat up. To prevent this from occurring, the coils are cooled using one of three
methods; fan cooled with room temperature air (Magstim), liquid cooled (Magventure or Mag
and More), or fan cooled with a forced cooled air system (Brainsway). The figure-8 coil and bent
coil are available liquid cooled or fan cooled. The H-coil uses a forced air conditioning system.
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6.3. Blinding system

Clinical trials with TMS ideally should include blinding for the patient, rater and operator.
However, in order for the operator of the TMS device to be blinded a unique research TMS
system is required. Because of this many TMS studies do not have a blinded TMS operator
and the sham arm has the operator rotate the coil 90° against the scalp delivering cutaneous
stimulation with the identical sound. Magventure manufactures a double-blind coil, which
is in one device; then, the computer tells the operator which side of the coil to use for the
patient. Magstim has separate active and sham coils. When conducting a clinical trial, one can
use coil A or coil B, as well as a third coil to determine the motor threshold. Both the Magstim
and Magventure, require a cutaneous nerve stimulator to induce a superficial sensation dur-
ing the sham train. Some single-blind studies do not even create a cutaneous sensation at all.
Brainsway has the most practical approach, since the H-coil is in a helmet both the active and
sham coil is in the same helmet. The subject is assigned a card that interacts with the stimula-
tor and coil through an interface module. The motor threshold is determined with an opera-
tor card; then the coil is advanced to the treatment position, and the subject card is inserted,
which selects whether the sham or active coil is activated. The sham coil is made of conical
windings that do not penetrate the cortex; so, the identical sound and a superficial sensation
are felt, but no neuronal stimulation is induced.

7. Detailed review of sham-controlled trials using TMS for treatment
refractory OCD

In the following paragraphs, the sham-controlled or multi-arm therapeutic studies of TMS for
OCD are described in detail. For an overview, please see Table 1.

In 2001, Pino Alonso published a sham-controlled TMS study whereby 18 OCD patients were
administered active (N =10) or sham (N = 8) rTMS for 18 sessions (3 times a week for 6 weeks).
Active and sham treatments were administered using low frequency rTMS (1 Hz, 1200 pulses)
to the right prefrontal cortex (PFC) using a 70 mm circular coil. The active group was admin-
istered 110% of the left hand resting motor threshold (MT) and the sham group was adminis-
tered 20%MT. Raters and patients were blinded, and operators were unaware of the expected
effects of the prescribed intensity. Neither the sham nor active treatment groups had signifi-
cant reduction in their OCD symptoms following 18 sessions of low frequency rTMS over the
right PFC with a circular coil for 6 weeks [8].

Sachdev et al. randomly designated 12 treatment-resistant OCD subjects to right (n = 6) or
left (n = 6) prefrontal rTMS treatment groups. Both groups were administered a figure-8 coil
for 10 treatments over 2 weeks at 10 Hz for 1500 pulses at 110% MT. An independent rater
evaluated progress once a weekly during treatment then at the 1 month follow up. In both
groups, there was a significant improvement after 2 weeks and at the 1 month follow up
in the obsessions, compulsions, and total scores on the Yale-Brown Obsessive Compulsive
Scale (Y-BOCS). There was not a significant difference between left and right-sided high
frequency rTMS [9].
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In 2006, Prasko conducted a sham-controlled study of 30 OCD patients, half were assigned to
sham and half to active low frequency rTMS. Ten treatments over 2 weeks were administered
of low frequency rTMS to the left DLPFC (1 Hz, 110% MT, total pulses not available to this
author). The active group did not have any greater benefit than the sham group [10].

In 2007, Perminder Sachdev published the results of a 2-week sham-controlled study for OCD
in which the patients and raters were blinded; but the operators were not. Ten subjects were
randomized to active and eight to sham. High- frequency (10 Hz, 5 second train, 25 second
inter-train interval, 30 trains, 1500 total pulses, at 110% of resting right hand MT) rTMS was
administered to the left DLPFC in 10 sessions over 2 weeks with a figure-8 coil. Patients were
offered to extend treatment up to 20 sessions. No significant difference was found between
the treatment groups in YBOCS or Maudsley Obsessive-Compulsive Inventory scores after 10
sessions. There was a significant difference in YBOCS after 20 treatments; however, it was not
significant after controlling for depression [11].

In 2009, Chiara Ruffini published the results of a single-blind left OFC rTMS study of 23
patients with medication resistant OCD. Using a figure-8 coil, he administered low frequency,
subthreshold rTMS (1 Hz, 80% MT, 600 pulses) to the left OFC (fp1 on EEG system) with the
coil parallel to the scalp for the 16 subjects randomized to active. The coil was positioned
perpendicular to the scalp for the seven subjects randomized to sham. There was a significant
difference between active and sham low frequency stimulation of the left OFC which lasted
until 10 weeks after rTMS ended. Only one of the seven patients had a placebo response, and
of the 16 active patients, four had a greater than 35% reduction in the YBOCS from baseline.
It is not clear (to this writer) why no one replicated the results of this study on a larger scale,
longer treatment duration in double blinded format [12].

In 2010, Antonio Mantovani published the results of a 4 week double blinded study of 1HZ
r'TMS to the bilateral pre supplementary motor area (SMA) at 100%MT of the thumb for 1200
pulses in 18 medication and cognitive behavioral therapy (CBT) resistant OCD patients with
a figure-8 coil. The operators were not blinded, and they used a sham coil with a mu shield;
but the patients and raters were blinded. On average at 4 weeks, the active TMS group had
a 25% reduction in YBOCS compared to a 12% reduction in the sham group. Patients who
subsequently continued an additional 4 weeks of open label treatment generally had an addi-
tional three-point decrease in their YBOCS. The results were promising but the active group
only had nine completers [13].

In 2011, Carlos Gustavo Mansur published the results of a sham-controlled study of high fre-
quency, high intensity right DLPFC rTMS for OCD using a figure-8 coil. In this study, operators
were not blinded but the patients and raters were blinded. Thirteen patients received active and
14 patients received sham. rTMS was administered at 110% of resting left hand MT, 10HZ, 5 sec-
ond trains, 25 second intervals, 40 trains, 2000 total pulses for 30 treatments over 6 weeks. There
was no difference in any of the outcome measures between the active and sham groups [14].

In 2012, Pablo Vinicius Oliveira Gomes randomized 22 patients with moderate OCD into
active (n = 12) or sham (n = 10) groups. The study was blinded to the subjects and raters;
however, the TMS operators were not blinded. Patients received 10 rTMS treatment sessions
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over 2 weeks utilizing a figure-8 coil with low frequency (1 Hz), 1200 pulses at 100% MT over
the bilateral pre SMA. They were assessed 3 months after completing TMS. At the 2 week and
14 week assessments, the active group had a significant reduction of 35% in YBOCS scores
compared to the sham group who had a 6.2% reduction [15].

In 2014, Xiaoyan Ma published a randomized single-blind sham-controlled study that enrolled 46
subjects with moderate to severe OCD. The study’s goal was to determine the treatment effect of
using the patient’s individualized alpha electroencephalogram (aEEG)-guided rTMS («TMS) in
OCD patients. Treatment was administered with a 9 cm circular coil placed over the midfrontal
region. Twenty-five OCD patients received aTMS at 80% resting MT of the hand, 4 seconds stim-
ulation, 56 seconds interval, 20 minutes stimulation daily, total pulses varied by patient’s alpha
between 648 and 872 pulses per day for 10 treatment sessions over 2 weeks. Twenty-one patients
received sham stimulation using an unplugged coil with acoustic effects from another coil at
a distance. At the end of treatment and the 1 week follow up, the obsession component of the
YBOCS was significantly reduced in the active treatment group compared to the sham group [16].

In 2015, Mohammad Haghihagi published the results of a single blinded crossover trial of 21
OCD patients. Stimulation was administered at 20 Hz, 100% resting right hand MT, 1.5 sec-
ond train, 25 trains, totaling 750 pulses, 5 days a week for 2 weeks. Sham stimulation was
done with the coil angled away from the skull. After 2 weeks, patients switched conditions for
an additional 2 weeks. In both groups, the patient’s YBOCS improved after the active rTMS
condition and not during the sham condition [17].

In 2016, Khaled Elbeh randomized 45 patients into a trial to evaluate the effects of different
rTMS frequencies over the right DLPFC at 100% resting left hand MT using a figure-8 coil.
Fifteen patients received low frequency (1 Hz), 15 high frequency (10 Hz), and 15 received
sham. The operators were not blinded. All groups were administered 10 sessions over 2 weeks
of 2000 pulses each at 100% MT; then, patients were followed for 3 months post rTMS. The
low frequency group but not the high frequency group’s YBOCS was significantly different
than sham. The effects did not last 3 months [18].

In 2016, Emily Hawken published a two-site randomized, placebo-controlled clinical trial for
patients with refractory OCD using low frequency rTMS to the bilateral SMA. Ten patients
received active and 12 patients were in the placebo group, where the operators rotated the coil
away from the skull. rTMS was administered at 1HZ, 110% of resting hand MT, 1200 pulses
for 25 sessions over 6 weeks with a figure-8 coil. Active TMS recipients obtained significant
reductions in their YBOCS compared to sham. Benefits were maintained for 6 weeks after
treatment [19]. This is the third small sham-controlled study showing the benefits low fre-
quency figure-8 rTMS over the SMA.

In 2016, Ho Jun Seo published a 3-week single-blind study of low frequency rTMS to the right
DLPFC with a figure-8 coil (Tamas, Remed). Fourteen patients received active and 13 patients
received sham rTMS, 1 Hz, 1200 pulses, 100%MT of the left hand 5 days a week for 3 weeks.
The active group had a significant YBOCS reduction compared to sham [20].

In 2016, Stefano Pallanti published the results of an open-label trial with 50 patients with SSRI
refractory OCD. Patients were randomized into either the TAU (treatment as usual) (n = 25)
or r'TMS (n = 25) groups. The TAU group was treated with antipsychotic drugs. In the rTMS



TMS forOCD 99
http://dx.doi.org/10.5772/intechopen.73594

group, patients were administered 15 sessions of rTMS over 3 weeks with a 70 mm Figure 8
coil at 1 Hz, 1200 pulses, 100%MT over the SMA. One quarter of the refractory OCD patients
who were treated with antipsychotics responded compared to the subjects treated with rTMS
where two thirds were responders [21].

In 2016, Antoine Pelissolo published the results of a randomized double-blind study of 40
SSRI treatment-resistant OCD patients. Subjects were randomized into active (n = 16) or sham
(n = 15) groups. The patients and raters were blinded; however, the operators were not. Both
groups were administered rTMS with the 70 mm figure-8 coil at 1 Hz for 1500 pulses, 100%MT
to the pre-SMA for 4 weeks. The sham coil utilized a mu-metal shield over the figure-8 coil.
The active group did not have a significant reduction in YBOCS compared to sham [22].

In 2017, Mehran Shayganfard published the results of a single-blind crossover study of high
frequency rTMS to the left DLPFC of 10 OCD patients using a figure-8 coil. Stimulation was
administered at 20 Hz, 100% resting right hand MT, 1.5 second train, 25 trains, totaling 750
pulses, 5 days a week for 2 weeks. Sham stimulation was done with the coil angled away
from the skull. After 2 weeks, patients switched conditions for an additional 2 weeks. In both
groups, the patient’s YBOCS improved after the active rTMS condition and not after the sham
condition [23, 24]. This was the second single blinded study this group did with the same
crossover after 2 weeks [17, 23]. Methodologically, they should do a double-blind non-cross-
over study, and at a significantly later date offer the sham patients active treatment.

Between 2012 and 2014, a feasibility study used an H-coil designed to target the medial
prefrontal cortices and anterior cingulate cortices (ACC) bilaterally (HAC or H7 coil) in 41
treatment-resistant obsessive-compulsive-disorder (OCD) patients with moderate to severe
symptoms. Treatments were administered after the patient’s individual symptoms were
provoked, and improvements were measured using the YBOCS. Initially the study had four
arms, a high frequency arm of 20 Hz, a sham 20 Hz arm, a low frequency arm of 1 Hz and
a sham 1 Hz arm. Because the interim analysis showed no difference between the sham and
1 Hz arms, the study was continued with just high frequency and sham. At the end of the
study, the response rate in the 20 Hz arm was much greater than in the sham group and the
improvements were still present a month after treatments ended [25, 26].

Subsequently, from 2014 to 2017 94 patients with moderate to severe treatment-resistant OCD
were randomized in a multicenter double-blind study to either 20 Hz active or sham dTMS, at
100% resting MT of the foot, 2 second trains, 20 second inter train intervals, 2000 total pulses per
day. Treatments were administered daily for 29 days over 6 weeks after the patient’s individual
symptoms were provoked, with a follow up at week 10. Although the study has been com-
pleted with a public announcement of positive results, the details have not been published yet.

8. Conclusion-key results

OCD is uniquely suited for intervention with TMS. However, rTMS interventions in OCD that
focus on the lateral prefrontal cortices in both high and low frequency are not consistently
efficacious. Most of the small sham-controlled studies treating the SMA, left DLPFC, and right
DLPFC with low frequency as well as high frequency showed benefit. This is consistent with
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the results of a recently published meta-analysis. The meta-analysis noted the right DLPFC
had a greater therapeutic effect than other treatment locations [27]. The next step should be a
fully blinded (including the operators) sham-controlled multicenter study of low frequency
rTMS to the SMA (the pre-SMA is the anterior portion of the SMA, and it is a midline region
so it is always treated bilaterally even with a figure-8 coil). Two high frequency, high intensity
studies using the HAC/H7 deep rTMS coil showed efficacy for OCD including a multisite
study for FDA clearance. We await the detailed presentation of those results.

Further directions for the field include optimizing stimulation parameters for greater efficacy.
What state should the circuitry be in during the stimulation? Does the treatment have durability
or is maintenance necessary? If children and adolescents are treated early will it change the tra-
jectory of their illness? Does the same protocol work for OCD related disorders such as hoard-
ing, trichotillomania and body dysmorphic disorder? Does this work for OCD without insight
or with delusions? Does it help with tics? What happens to the neural circuitry of the OCD
patients responding to TMS? Can non-responders benefit from an individualized protocol? Can
we predict responders from non-responders before we go through an entire treatment course?
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Abstract

Non-invasive brain stimulation (NIBS) is increasingly proposed as a therapeutic interven-
tion for many neurological and psychiatric disorders, including pain, depression, obsessive
compulsive disorder, and anxiety. While neuromodulation as an intervention for pain relief
has a well-established scientific basis, evidence is largely restricted to invasive stimulation
that targets the spinal cord. Novel non-invasive methodologies instead predominately
target cortical processing of pain and thus raise interesting questions about how the most
effective pain relief can be achieved. Functional magnetic resonance imaging (fMRI) stud-
ies show a widespread and distributed activation of brain areas during pain. This diverse
activity is often referred to as the “pain neuromatrix” and can lead to the proposal for
different possible target areas for pain relief. Neuromodulation could target brain regions
of pain processing areas responsible for sensorimotor processing or alternatively regions
responsible for the affective and evaluative aspects of the subjective pain experience. The
chapter addresses the different approaches currently taken in the use of non-invasive neu-
romodulation for altering pain both in an experimental setting and the challenges involved
in the translation of these techniques to a diverse range of chronic pain conditions.

Keywords: pain, neurostimulation, transcranial magnetic stimulation, transcranial
direct current stimulation, quantitative sensory testing

1. Introduction

The International Association for the Study of Pain (IASP) defines pain as “an unpleasant
sensory and emotional experience associated with actual or potential tissue damage or
described in terms of such damage” [1]. Nociception is an indispensable survival mechanism
designed to minimize tissue injury, observed across species from the simplest invertebrate
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model systems. Its critical function as a sense for survival is reflected by its emergence early
developmentally. In all animals, the characteristic perception of nociceptive stimuli is rapid
reflexive movement away from the source of the noxious stimulus (nocifensive behavior) and
autonomic responses that optimize the ability to escape from threats [2]. In humans, pain
encompasses not only these sensorimotor responses but critically also the cognitive evaluative
component, and the IASP definition encompasses the subjectivity of the pain phenomenon.

Chronic pain represents a significant health burden worldwide with over 1.5 million people
suffering from chronic pain globally [3]. Nearly 20% of those in Europe are believed to be in
chronic pain, and lifetime prevalence of chronic pain worldwide has been put as high as 55.2%
of the population [4, 5]. The experience of pain is known to have a substantial detrimental
impact on an individual’s quality of life and mental health status. Extensive research has docu-
mented the high correlation between pain and mental health difficulties, not just within clinical
cohorts but also in community-based studies [6]. Pain can therefore be seen as an important risk
factor for the development of psychiatric conditions, for instance, depression. Furthermore,
there is a reciprocal nature to the interaction, with depression likely to exacerbate the indi-
vidual’s experience of pain [7]. Overall, the consequence is not just on the individual but also
the societal economic burden of pain will be further compounded by the economic burden of
the concomitant mental health difficulties of those experiencing it chronically.

2. Pain and pain processing

Noxious stimuli are detected by the free endings of pseudounipolar neurons (Ad or C fibers)
which project to the dorsal horn of the spinal cord to synapse with second-order neurons in
laminae I-II and V-VII [2]. Type I small-diameter thinly myelinated Ao fibers respond to strong
mechanical stimuli; type II Ad nociceptors respond to noxious thermal stimuli; unmyelinated
C-fiber nociceptors respond to thermal, mechanical, and chemical stimuli [2]. Neurons of lami-
nae I and V relay signals along the spinothalamic and spinoreticulothalamic tracts to supra-
spinal sites including the thalamus, parabrachial nucleus, and amygdala and to higher cortical
centers such as the primary somatosensory cortex (S1), secondary somatosensory cortex (52),
dorsolateral prefrontal cortex (DLPFC), and primary motor cortex (M1). Taken together, the
combined activity of both cortical and subcortical regions that form a distributed brain network
associated with pain processing is referred to as the pain “neuromatrix” [8]. The ventropos-
terior lateral and medial nuclei of the thalamus, S1 and S2 are concerned with the sensory-
discriminative component of pain, encoding location, and duration of pain, whereas the medial
nuclei of the thalamus and anterior cingulate cortex (ACC) are regions suggested to underlie
the cognitive-evaluative aspect of pain, including pain-related learning [2]. Descending path-
ways pass through the periaqueductal gray matter (PAG), which has been long established as
important in the endogenous modulation of pain via early electrical stimulation studies [9].
The PAG is part of a central circuit that controls nociceptive transmission at the level of the
spinal cord dorsal horn via a relay in the rostral ventromedial medulla (RVM) [10]. The PAG
receives direct projections from a number of medial prefrontal cortical areas, including the
ACC, the amygdala, and the hypothalamus [11-14], with a primary output to the RVM critical
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to descending pain modulation. The PAG-RVM system’s critical role in the central control of
nociception has been demonstrated by lesion studies [15]. Taken together, these studies indicate
that the intensity of pain will be the consequence and composite of interactions between ascend-
ing nociceptive inputs and descending antinociceptive controls. Dysregulations in any aspect
of these networks may underlie vulnerability factors for the development of chronic pain [16].

2.1. Pain and the chronification of pain

While acute pain is highly functional to survival and an adaptive sense that is protective against
tissue damage, the mechanisms behind the development from this protective function to the
maladaptive disease of chronic pain in a proportion of individuals remain elusive. Chronic
pain is defined as pain that persists for 3-6 months after the initial nociceptive stimuli [17].
Methodologies that have potential to predict individual patients with pain who are at risk of
developing chronic pain would be particularly valuable at helping to understand the physi-
ological mechanisms behind this very detrimental disease process. Recent research suggests that
the use of computational machine learning methods to analyze large data sets of medical and
demographic characteristics collected from patients who develop chronic pain patients may aid
understanding of the risk factors underlying chronification and a possible chronic pain pheno-
type [18]. This is an interesting concept, though ultimately dependent on the relevant predictors
of pain chronification being in the analyzed data set. For instance, while there has been recent
interest in the use of quantitative sensory testing to characterize individual differences in pain
sensitivity, thorough assessment of pain thresholds across a variety of modalities, this is by no
means standard. That limitation aside, greater understanding of pain chronification is essential
for the development of interventions for chronic pain and increased understanding of how to
effectively disrupt the transition into a disease state. In the future, the inclusion of larger data sets
will inevitably increase the predictive value of this emerging technique.

Chronic pain is characterized by increases in neuronal excitability leading to increased pain
perception. These increases in excitability are believed to occur both peripherally and cen-
trally, factoring into the overall elevated perceived pain. To date, research has predominately
focused on spinal cord mechanisms. This perhaps is somewhat related to availability of
appropriate animal models and the existing strong scientific basis. However, it is well estab-
lished that spinal cord excitability can be modulated by descending pathways. Given the role
of descending pathways in modulating excitability in the spinal cord, the input and impact
of a wide range of cortical areas in perceived pain should be systematically considered and
characterized. These cortical areas will not just include those directly related to sensorimotor
processing but also encompass those areas important for the cognitive evaluative and emo-
tional response to pain. NIBS techniques may provide a tool that can enable further insight
into the mechanisms of pain processing from periphery through to cortex that may in turn
reveal potential therapeutics for the treatment of chronic pain conditions.

Further, pain is categorized by the IASP as either neuropathic or nociceptive [19]. Neuropathic
pain is a pain that is caused by a disorder of the somatosensory system and typically leads
to symptoms that include hyperalgesia, allodynia, and pain in the absence of stimulation.
Nociceptive pain is a pain that arises from damage to non neural tissue via the activation of
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nociceptors. Another consideration is that although there is a broad distinction into neuro-
pathic and nociceptive pain, there can be overlap in the two forms of pain, as well as the fact
that pain can arise from a vast range of different underlying pathologies.

3. Neurostimulation for pain modulation

The use of electricity to alleviate pain has a long history, with the reported use of the electric
emissions from the Nile catfish for pain relief in 3100 BC. Although there has been use of elec-
trical stimulation continually, the groundbreaking gate control theory of Melzack and Wall
published in 1965 changed the field and provided a strong basis for the design of appropriate
interventions [20]. The theory proposes that the balance of activation between small- and
larger diameter fibers determines the level of pain signaled. Small-diameter C fibers will open
the “gate,” and AP fibers (that signal innocuous touch), having a larger diameter, will close
the “gate.” Due to differences in the threshold of activation of these fibers in response to
imposed electrical stimulation on a mixed nerve, a simple intervention to shift the balance of
activation is possible. Neuromodulation of pain through electrical stimulation of implanted
electrodes has substantial supportive evidence since its initial introduction in spinal cord
stimulation (SCS) in 1967 [21] and is accepted as a standard form of treatment for intractable
chronic neuropathic pain. Many of these implantable neurostimulation devices were adapted
from the design of cardiac pacemakers, and their design and stimulation parameters have not
changed substantially since their initial introduction. However, differences do exist among
SCSs; for instance, some are based on tonic stimulation, whereas others on burst stimulation,
and the stimulation frequency can be varied.

Other invasive stimulators have targeted pain pathways in the brain to alleviate pain, often
utilizing the knowledge of role of the thalamus as having a critical role in sensory process-
ing. Deep brain stimulation (DBS) has been applied to different thalamic nuclei, including
the ventral posteromedial sensory nuclei and ventral posterolateral sensory nuclei and the
centromedian-parafascicular intralaminar region. There is widely varying reports of the effec-
tiveness of DBS of the thalamus but with the strongest response believed to be in patients
with neuropathic pain [22]. DBS has also included stimulation of the ACC, with the aim of
reducing the affective component of chronic pain, and this has been shown to be effective
within small studies [23].

The primary motor cortex (M1) was the first cortical target that was proven to be efficacious in
chronic pain treatment [24]. Motor Cortex Stimulation (MCS), where epidural electrodes are
implanted has been shown to be a particularly useful intervention for neuropathic pain that
is not responsive to pharmacological interventions [25, 26]. The primary motor cortex (M1)
is somatotopically arranged and receives inputs from three main sources. These are [1] the
peripheral body via the thalamic relay nuclei-somatosensory cortex system, from the premo-
tor cortex and from the sensory association areas of the cortex; [2] the basal ganglia; and [3]
from the cerebellum. Therefore, there is considerably overlap with motor processing areas
and those associated with the pain neuromatrix. It is believed that cathodal MCS is associated
with an indirect stimulation of pyramidal neurons via interneurons, whereas anodal MCS is
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associated with a direct stimulation of pyramidal neurons. The indirect activation is believed
to be optimal for MCS analgesia.

Invasive neuromodulatory devices have been the subject of research for much longer non-
invasive neuromodulatory techniques, including randomized controlled trials. By reason of
their very invasive nature, and obvious ethical constraints, the effectiveness and consequences
of SCS, MCS, and DBS have only be assessed in patients and not experimentally investigated
in healthy volunteers, which may have limited the development of different stimulation proto-
cols. Therefore, unlike these invasive stimulators, NIBS techniques potentially enable another
important distinction to be considered, the difference in response to neuromodulation in
chronic pain patient groups compared with healthy individuals exposed to experimental pain
or experiencing acute pain.

4. Functional magnetic resonance imaging (fMRI) and chronic pain

Functional magnetic resonance imaging (fMRI) was first used in the area of pain in order to
demonstrate the brain areas responsible for pain perception and part of the pain “neuroma-
trix” [28]. Subsequently, differences in the structure and function of pain patients compared
with healthy controls have been observed through fMRI of experimental pain in both groups
[29]. Chronic pain patients show similar activation but with a decrease in thalamic and ACC
activation. Activity in the prefrontal cortex (PFC) typically shows an increase in clinical pain
conditions. This preferential activation of PFC in chronic pain conditions advocates that
chronic pain states have stronger cognitive-evaluative aspect of pain [16].

As well as functional changes, structural changes have been observed through MRI in
patients experiencing long-term pain. Chronic pain patients are found to show neuronal loss
in significant pain pathways including the thalamus and the lateral prefrontal cortex [30].
Fibromyalgia, a patient group with a particularly complex range of sensorimotor symptoms,
shows gray matter loss in the DLPFC [31], and this is believed to be consistent across dif-
ferent chronic pain patient groups. For instance, patients with chronic lower back pain also
show reductions in gray matter in distributed regions of the pain “neuromatrix,” including
DLPEFC. This decrease in gray matter also occurs in prolonged pain states in the general popu-
lation as well as clinical groups [32], and on resolution of persistent pain, for instance when a
patient with knee osteoarthritis (OA) undergoes knee arthroplasty, gray matter levels increase
in parallel.

fMRI has also been used to demonstrate the effectiveness of neuromodulatory interventions,
as well as the scope of the effect of stimulation. For instance, functional connectivity changes
were observed in a group of neuropathic pain patients who had undergone SCS. After
implantation, decreased connectivity was found between somatosensory and limbic areas of
the brain, showing how central changes can be mediated by SCS [28]. Studies using combined
NIBS/fMRI may provide interesting insights on the effect of neuromodulation protocols on
changes in functional connectivity of the pain neuromatrix as has been done in other treat-
ment interventions [33].
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5. Noninvasive brain stimulation: Investigative and therapeutic uses

NIBSis well established as a tool to study the physiology of the CNS, elucidate functional anatomy
of specific brain regions and explore brain network organization and plasticity [34]. However,
currently the application of NIBS to pain research is much more recent, although this is a rapidly
expanding field [35]. The most commonly used forms of NIBS that aim to modulate neuronal
plasticity are repetitive transcranial magnetic stimulation (rTMS) and transcranial direct cur-
rent stimulation (tDCS), with the techniques rapidly expanding to variations on these methods.
Transcranial alternating current stimulation (tACS) is a particularly exciting new method where
an alternating current is applied with the aim of enhancing network oscillations at frequencies
close to the stimulation frequency [36]. Therefore, the rationale behind the tACS technique is that
it may lead to pain modulation via the alteration of specific rhythmic activity known to be associ-
ated with pain processing [37], but currently, there are only a few experimental studies applying
this technique to experimental or clinical pain. For all of these methodologies, the noninvasive
nature, relatively low cost, and well-established safety and tolerability make these neuromodula-
tory techniques potentially important tools both for neurophysiological studies and to aid the
development of long-term therapeutic interventions [38].

5.1. Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) has both neuromodulatory and neurostimulatory
properties. The technique, first introduced in 1985, has subsequently been widely used as a tool
to study cortical brain areas, particularly motor cortex. The technique involves a stimulating coil
of wire positioned over the desired brain target area, with a brief pulse of current passed through
the coil, so generating a magnetic field which penetrates through the skull with negligible attenu-
ation. The rapidly changing magnetic field induces a secondary current in the subject’s brain, thus
stimulating neural tissue via the depolarization of neurons [34]. Thus the technique overcame
many of the problems associated with electrical stimulation, where the skull provides a barrier.
With an appropriate figure of eight coil [39], TMS can be used to stimulate precise regions, such
as the hand area of the motor cortex (C3). The motor cortex is a particularly good target for TMS
usage in the absence of neuronavigation software packages that guide coil positioning over the
appropriate brain target area as single-pulse TMS eliciting motor evoked potentials (MEPs) that
can be recorded using electromyography (EMG), which enable the determination that the correct
cortical area has been stimulated. MEPs are further used to determine the stimulation intensity
required in an experimental protocol via the measurement of motor threshold and the quantifica-
tion of changes in corticospinal excitability [34, 40, 41].

Repetitive transcranial magnetic stimulation (rTMS) refers to the application of a train
of pulses and dependent on the frequency acts to suppress or facilitate the activity in an
underlying brain area. The stimulation of the motor cortex with low frequencies (1 Hz or
less) is associated with a decrease in corticospinal excitability, whereas higher frequencies
(20-50 Hz) have been associated with an increase in excitability [42]. It has been noted that
these effects are somewhat inconsistent, thereby limiting its therapeutic applications [43]. A
possible reason behind this is that rTMS is dependent on stimulation parameters other than
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frequency, and baseline corticospinal excitability of the targeted brain area is a critical param-
eter in determining the consequence of rTMS [44].

5.2. Pain modulation through repetitive transcranial magnetic stimulation of
motor cortex

Given the known efficacy of MCS for pain relief, the primary motor cortex was an obvious
initial choice of target for NIBS interventions. Further given the corticospinal tract is known
to have non-motor functions, that include a role in nociception, the stimulation could have an
effect on this pathway [45].

High-frequency rTMS of the motor cortex has been shown to be efficacious in the treatment of
pain [35, 43, 46, 47]. Significant reductions in pain ratings occur following high-frequency stimu-
lation and these stimulation effects lasting from several minutes up to 8 days and even longer
after multiple rTMS sessions. Stimulation of the motor cortex with high-frequency rTMS showed
significantly increased pain thresholds with regard to cold thermal stimuli, meaning rTMS
reduced the temperature at which the cold sensation became painful [40]. This demonstrates that
rTMS not only can modulate chronic pain, but also experimentally induced acute pain.

Evidence for M1 rTMS for pain relief is mounting, but there is still a shortage of large studies,
and the duration of the neuromodulatory effect is not well established. Technical consider-
ations with coil positioning may alter the effectiveness of rTMS as an intervention for pain
relief which may not be completely controlled for in different studies. In rTMS, the coil is typi-
cally placed over M1 in an anteroposterior orientation which is associated with transsynaptic
activation of pyramidal neurons, and this placement is believed to be optimal for analgesic
effects compared with the placement of the coil in a lateromedial orientation, similar to find-
ings with MCS [27]. Further, there is evidence that when the electrodes are placed over the
somatotopic M1 region of the painful area, that optimal analgesic effect can be obtained [27].

The mechanisms behind M1 rTMS-facilitated analgesia are still not established. Previous
research on implanted MCS has suggested that the modulation of pain is related to the inhibi-
tion of thalamic activity. M1 rTMS could modulate the pathways from the insula and orbi-
tofrontal cortex to the posterior thalamus in order to upregulate these pain thresholds [48].
The modulation of pathways from the insula could be particularly significant, given recent
research suggesting that the insula act as the cortical generator of pain perception, integrating
sensory and affective components of pain [2].

The neurochemical mediation of the neuromodulation is still uncertain. There is evidence that the
endogenous opioid system may be responsible. Additionally, the activation of GABA (gamma-
Aminobutyric acid)-ergic and glutamatergic pathways may be critical. For instance, high-fre-
quency rTMS is believed to restore defective intracortical inhibition, a measure associated with
impairments in GABAergic neurotransmission in patients with chronic pain [47]. Glutamate
N-methyl-D-aspartate (NMDA)-receptors are also thought to be involved in r'TMS neuromodu-
latory effects, in that there was observed a decrease in analgesic effects after the administration
of the NMDA antagonist, ketamine [49]. This supports the ability of rTMS to induce synaptic
plasticity via long-term potentiation (LTP) and long-term depression (LTD) like mechanisms.
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5.3. The dorsolateral prefrontal cortex

A second cortical target that has been investigated by NIBS is the DLPFC [50] The DLPFC is
connected to the orbitofrontal cortex and to other areas of the pain “neuromatrix,” in particu-
lar the thalamus and dorsal caudate nucleus. Evidence from multimodal studies, including
neuroimaging, TMS, and tDCS, suggests that DLPFC is important in the affective modula-
tion of pain [51-55]. The DLPFC has shared connectivity with regions associated with senso-
rimotor processing and monitoring of motor performance. This connectivity highlights the
potential importance of the DLPFC as a target for neurostimulation for the modulation of
pain [56]. Further, in addition to its possible ability to modulate the sensory-discriminative
aspects of pain perception and experience, DLPFC has reciprocal networks within the ven-
tromedial prefrontal cortex supporting the integration of memory and stimulus characteris-
tics. Additionally, it has been found that increased activity in the DLPFC is associated with
decreased pain intensity and unpleasantness.

High-frequency rTMS of the DLPFC has been shown to alleviate neuropathic pain in patient
groups [57]. Experimentally, the effects of low-frequency rTMS on both left and right DLPFC
have also been reported where it was found that stimulation inhibited placebo analgesia, and
so increased heat pain ratings [51]. This finding related to placebo analgesia highlights some
of the difficulties involved in assessing the efficacy of NIBS interventions.

Differing mechanisms have been proposed for the alleviation of pain through increased activ-
ity in the DLPFC, one is that it is able to activate descending modulatory pathways through
the periacqueductal gray, whereas an alternative mechanism was via modulation of thalamic
activity as has been proposed by fMRI studies [58]. There is also a proposed role for the DLPFC
in terms of the anticipation of pain, which could provide some explanation for placebo-related
alternations in pain thresholds. One of the difficulties that arises in the comparison of active
treatments to placebo is the possibility of an analgesic response to the placebo itself, which
may be mediated by endogenous opioids [59, 60]. With this in mind, the ability of NIBS to
modulate the placebo effect is in itself interesting.

5.4. Neurophysiology of tDCS

tDCS is a non-invasive technique, where weak direct current (<2 mA) is applied on the scalp for
10-20 mins using large saline-soaked sponge electrodes. In contrast to TMS, tDCS is neuromod-
ulatory rather than neurostimulatory and as such influences spontaneous neuronal activity by
modulating resting membrane potentials [61]. Animal studies have demonstrated that anodal
tDCS depolarizes membrane potentials and increases neuronal firing rates and excitability,
whereas cathodal stimulation hyperpolarizes membrane potentials, leading to decreased excit-
ability [62]. Modeling techniques suggest that these short-term effects may be mediated by glia,
with tDCS modulating glial transmembrane potential that may in turn alter glial regulation of
potassium or glutamate homeostasis [63]. Due to technical difficulties, experimental evidence
to examine the precise effect on glia is limited. Both anodal and cathodal long-term effects have
been attributed to N-methyl-D-aspartate (NMDA)-receptor activation; the NMDA-receptor
antagonist dextromethorphan has been reported to suppress the aftereffects of anodal and
cathodal tDCS [64, 65]. Further, studies using magnetic resonance spectroscopy have reported
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that anodal stimulation inhibits neurotransmission by the inhibitory neurotransmitter GABA
[66], whereas cathodal stimulation inhibits neurotransmission by the excitatory neurotransmit-
ter glutamate [67, 68]. While the precise mechanisms remain elusive, recent research in animal
models suggest that weak electrical stimulation acts as a modulator, rather than an inducer of
synaptic plasticity with its effects highly dependent on endogenous synaptic activity [69].

5.5. High-definition transcranial direct current stimulation

High-definition transcranial direct current stimulation (HD-tDCS) is a technique used to
increase the spatial focality of tDCS by using <12 mm diameter ring electrodes [70]. As an
investigative tool, HD-tDCS holds several advantages over conventional tDCS. Neuroimaging
and modeling studies have demonstrated that conventional parameters induced neuromodu-
lation extends outside the area covered by the target electrode [2, 71]. In addition, the larg-
est current densities for conventional tDCS may not be produced directly under the target
electrodes [70]. In comparison to the diffuse effects of conventional tDCS, HD-tDCS enables a
more targeted approach to neurostimulation, potentially avoiding modulation of confound-
ing brain regions and permitting isolation of certain pain processing pathways [72].

The predominant montage for HD-tDCS is a 4x1 array configuration consisting of five ring
electrodes: 1 “active electrode” placed over the target area surrounded by a ring of 4 “return”
electrodes placed equidistant from the central electrode [71]. This 4x1 montage increases
intensity and focality of the stimulation, with peak stimulation situated under the central
electrode. Further, the montage also allows for depth, focality, and intensity of stimulation to
be titrated depending on the ring diameter [73]. In addition to improved focality, HD-tDCS
has lower observed adverse effects, including less itching and scalp discomfort and with the
further advantage of a longer duration of neuromodulatory effects [3]. Recent multidimen-
sional electrode arrays are now available but, thus far, very little research has been conducted.

5.6. Pain modulation using transcranial direct current stimulation

Multiple types of experimental pain have been used to study the effects of NIBS on nociceptive
signaling in healthy human subjects [74]. tDCS of M1 produces sustained analgesia in chronic
migraine, fibromyalgia, and orofacial pain [38]. Currently, the level of evidence for the use of
tDCS in neuropathic pain is currently lower than that for rTMS [17, 75]. Similar to the effect of
r'TMS on DLPEC, there is also evidence that tDCS of the DLPFC modulates pain. For instance,
anodal tDCS of the left DLPFC has been shown to increase electrical pain thresholds [76]. There
are currently fewer studies targeting DLPFC, but future work on this area is of clear interest.

The mechanisms by which tDCS modulates pain processing have not yet been fully elucidated
and likely differs between target brain regions. Anodal M1 tDCS increases cortical excitability
[62] that may result in disinhibition of glutamatergic M1 neurons that activate sensory gating
mechanisms in the thalamus via corticothalamic projections, reducing incoming nociceptive
information to somatosensory cortex [77]. Alternatively, stimulation of M1 may stimulate
GABAergic neurons to restore functional intracortical inhibition in chronic neuropathic pain
[47]. In addition, tDCS of M1 may directly increase opioid release [46, 78].
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5.7. Transcranial direct current stimulation priming of repetitive transcranial
magnetic stimulation

The physiological connectivity and neuronal plasticity of the M1 are two important factors
that have been overlooked in the development of NIBS pain modulation protocols in the past.
The use of tDCS-primed/preconditioned rTMS stimulation has been suggested as a more
robust form of intervention [79, 80]. When tDCS was used to augment background motor
corticospinal excitability, the cortical plastic changes induced by subsequent rTMSs were
standardized. It has been demonstrated that weak 1 mA tDCS reversed the usual effects of
rTMS on corticospinal excitability [81]. That is, preconditioning using a session of cathodal
tDCS modified the expected suppressive effect of low-frequency rTMS and led to an overall
cortical excitation, whereas anodal tDCS resulted in an overall motor cortical inhibition. This
manipulation of effects is based on the conceptual form of brain plasticity, “homeostatic plas-
ticity” [82]. This protocol has been applied to the modulation of pain, and weak tDCS (1 mA)
was used to “precondition” the brain to enhance the effects of subsequent stimulation via
low-frequency rTMS (1 Hz) on the modulation of thermal sensation, thermal pain thresholds,
and pressure pain thresholds, thereby producing a form of analgesia [83, 84].

5.8. Dose effects of neuromodulatory interventions

The physiological mechanism underlying the effects of tDCS remains controversial. Unlike
pharmacological interventions for pain relief, where the appropriate dosage is carefully
considered, the issue of “dosage” of neurostimulation has been somewhat neglected in the
literature [85, 86]. Recent research has been working toward establishing factors responsible
for variability in tDCS effects; such as the positioning of the electrodes on the scalp as well as
the intensity and duration of the stimulation. This is best demonstrated in studies regarding
application to the human motor cortex, where they attempt to direct the current to strictly
follow the orientation of axons and/or dendrites in the induced electrical field [61]. Recent
studies employ current flow models with defined montages [86] and use improved electrode
positioning through the use of caps based on the international 10-20 positioning system [84].

Interestingly, there is evidence that when the electrodes are placed over the somatotopic M1
region of the painful area, optimal analgesic effect can be obtained [27]. This could potentially
explain some of the differences in treatment efficacy reported in rTMS studies in pain patients
where the exact target of the stimulation in relation to the painful area is not controlled for or
appropriately selected. A further complication to this is the variation in chronic pain condi-
tions as to the extent of spatial localization of the perceived pain.

TMS has a much longer history of research than other NIBS techniques. However, there has
been only slow development in stimulator design. An interesting recent development has
recently occurred in TMS that may improve future therapeutic interventions. Until recently,
there has been a complete lack of complete experimental control over the stimulation pulse
shape in TMS. It will be interesting to see the emerging literature as new devices develop
that examine the differential impact of altering stimulation pulse widths and waveforms via
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controllable TMS (c-TMS) [87]. These devices may be critical in optimizing TMS to maximize
analgesic effects.

5.9. Combining neuromodulation with pharmacological interventions

In addition to independent efficacy, it may be that NIBS can work in a synergistic fashion
with pharamacological interventions for pain relief. This question has been examined with
regard to stroke recovery in large randomized control trials in an extensive research network.
A number of recent studies have combined drug interventions with rTMS in rehabilitation in
patients after stroke [88]. Interesting questions can be raised as to whether drug action can
prime the brain and enhance the effect of TMS or vice versa. The same approach should be
systematically carried out in patients with chronic pain conditions (27).

6. Challenging issues and inconsistencies in NIBS

NIBS is rapidly emerging as an intervention proposed for wide-ranging neurological and
psychiatric disorders. However, tDCS studies have recently been scrutinized due to reported
high degree of variability in effectiveness in published studies to date [89]. Evidence on the
therapeutic use of both tDCS and newer methodologies like tACS are currently very limited,
and the optimal parameters for use have yet to be fully elucidated. Many have suggested
that there is a currently a general lack of understanding of the mechanisms by which these
interventions are effective. However, tDCS has several advantages compared to the better
investigated rTMS including ease of use, portability, and reduced expense [90], which sup-
port further investigation into the potential of tDCS in the treatment of pain.

Despite this, there is increasing evidence that NIBS are effective in the modulation of experi-
mentally induced pain [91] as well as chronic pain conditions although the caveat to this is
that there is reported variability in responsiveness across studies and individuals in both
experimental and clinical studies. This efficacy of NIBS for experimental pain challenges
the previously held understanding that neurostimulation devices act solely by interfering
with the long-term maladaptive plasticity associated with chronic pain. Instead, it points
toward a general lack of sufficient mechanistic understanding as to how NIBS modulates
pain and how this modulation differs across individuals [92]. Moves toward characterizing
differing individual “pain phenotypes,” based on a battery of quantitative sensory testing,
may provide insights into why some individuals respond to NIBS [7]. The use of protocols
designed to give insights into an individual’s endogenous descending modulation such as
conditioned pain modulation (CPM) [93] may also be useful in conjunction with NIBS, in
the same way that these protocols have been used when differentiating groups that respond
to pharmacological treatment interventions. Another possible reason for the variability of
the effects of rTMS on acute pain could be differential effects on each pain modality. For
example, it is possible that rTMS may influence A- d —fiber-mediated and C-fiber-mediated
pain differently [94].
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7. Is optogenetics the future of noninvasive brain stimulation?

Optogenetic techniques, where light-activated ion channels from microbial opsins are expressed
in neurons enabling their activity to be controlled remotely by light, are rapidly increasing our
understanding of neural circuits [95, 96]. In animal models, the technique has been used to inves-
tigate pain processing pathways; for instance, optogenetic activation of the prefrontal cortex has
been found to lead to antinociceptive effects. This study highlighted the importance of a previously
unexplored prefrontal to nucleus accumbens pathway that may in the future provide insights
into treatment interventions for intractable pain [97]. As the field expands, optogenetic techniques
are likely to lead to substantial increases in our understanding of pain processing by their use in
animal models. In addition to the contribution to basic science, optogenetics has been predicted to
have translational potential as a therapeutic neuromodulatory intervention for neurological disor-
ders. One of the current limitations of the use of this technology in humans will be in how to safely
deliver the channelrhodopsin (ChR2) gene to the targeted neuronal population. Nonetheless, it is
likely that progress will occur very rapidly in this field due to its vast therapeutic potential [98].

8. Conclusion

The use of the NIBS for the relief of pain is a relatively new field and provides an exciting
opportunity for neuromodulatory interventions to move to targeting cortical areas rather
than traditional spinal cord stimulation. NIBS opens up the opportunity to fully probe the
contributions of the widespread brain areas that are thought to be associated with pain pro-
cessing in the pain neuromatrix. With the associated risk factor of mental health difficulties
in chronic pain patients, this is particularly interesting as NIBS introduces the possibility of
targeting cognitive-evaluative aspects of pain. Further NIBS allows experimental studies in
healthy participants, as well as patient intervention, allowing the investigation of the neuro-
modulation of pain processing in health and disease. Taken together, these studies provide
the potential for greater understanding of the role of descending modulation in pain percep-
tion and how this modulation is influenced by chronic pain. There is a clear need to look
toward NIBS for future therapeutic interventions for chronic pain as there are currently a
number of challenging chronic pain syndromes that are often refractory to conventional phar-
macological therapy [3]. With the increasing numbers seeking treatment to pain associated
with chronic disease and injury, the development of safe and effective forms of treatment is
crucial in terms of both public health and the economy.
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Abstract

The immense majority of patients with chronic headaches can be controlled with medi-
cal treatments. However, there is a subset of them with poor response, and it is for those
patients that new therapeutic strategies are being designed. Neuromodulation has been
used for chronic pain management in many areas for the past 50 years. The applica-
tion of these techniques to the treatment of the most refractory chronic headache disor-
ders has offered hope to these patients. There is a large variety of different techniques,
each of them particularly suitable to specific types of chronic headaches. The surgically
implanted devices are still in use in some particularly recalcitrant cases. Nevertheless,
new percutaneous devices allow new treatment strategies. Percutaneous devices do not
always show the same effectivity as surgically implanted stimulating devices, but they
are user friendly and have no serious adverse effects. Thus, they are becoming the treat-
ment of choice once the pharmacological means are no longer effective. In case of failure,
the surgical procedures would still be available as a last resort.

Keywords: chronic headache, chronic migraine, cluster headache, neuromodulation,
neurostimulation

1. Introduction

Chronic headache is one of the most frequent pain syndromes, affecting 3% of the population.
It can be rather disabling [1, 2], particularly for young people who are most affected by it.
The International Classification of Headache subdivides headaches into 300 different entities
[3], each of those with a different pathophysiology and involving different anatomical struc-
tures. Pain can originate from the central nervous system, the cranium or the cervical area [4].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Primary headaches like tension headache, migraine (CM) or trigeminal autonomic cephala-
gias (TACs) show the highest incidence. TACs are particularly incapacitating [5]. Most cases
can be controlled with medication and physiotherapy. Abuse of medication is common with
these patients, via the dose, the drugs or both [6]. When the pharmacological and conservative
treatments fail, surgery may be considered. In the past, ablative surgical techniques have been
applied. These techniques have been replaced by neuromodulation techniques. In them, the
anatomical structures are not lesioned, but instead, the electric impulses block the nervous struc-
tures in a reversible fashion [7]. These techniques can be subdivided into two broad categories:
noninvasive and invasive [1]. The noninvasive options include transcranial stimulation either
electric [8-10] or magnetic [11-13] and transdermal stimulation of occipital [14, 15], supraorbital
[9, 14-19] or vagus [20-23] nerves. Invasive procedures include stimulation of occipital [5, 17,
24, 25-35], supraorbital [19, 31, 36], infraorbital [31] or greater auricular [37] nerves as well as
sphenopalatine ganglion [38—44], cervical spinal cord [45-48] or hypothalamus [4, 25, 27, 49-52].

Noninvasive neuromodulation techniques are user friendly and have low costs and few and
minor side effects [8-15, 19-23]. Unfortunately, their effectivity is lower than their invasive
counterparts. Invasive neuromodulation is reserved for the most refractory cases, as they are
associated with increased aggressiveness, more severe adverse events (AE) and higher costs [7].

All costs have to be taken into consideration. The full cost of neuromodulation would include
the disability grants, as well as further possible treatments for AEs [33, 34, 53].

Taking the net expenditure into consideration, some have reported that the reductions in cost
are evident at 5-year postimplantation [53]. In any case, invasive neuromodulation must only
be used in the most refractory cases and only after all other medical and noninvasive treat-
ments have failed [46]. This is particularly important due to the high incidence of AEs and the
possibility of new surgical procedures to solve them [29, 33]. A trial of temporary stimulation
is required to evaluate the possible response of a definitive implant [45, 46, 54] to avoid wast-
ing time and resources.

These techniques present promising new treatment strategies. The available evidence will be
analysed, describing the possible future trends.

2. Historical aspects of neuromodulation

Electricity to treat chronic headaches was first used in ancient Rome [55], but it was not until
the 1950s that neuromodulation was used in the treatment of chronic pain disorders [55, 56].
Thalamic stimulation to treat chronic headaches was introduced in 1976 [57] and percutane-
ous peripheral nerve stimulation a year later [58]. At the beginning of the 1990s, hypothalamic
deep brain stimulation (hDBS) was applied to the treatment of some chronic headache syn-
dromes and particularly in TACs [59]. The first report of occipital nerve stimulation (ONS) to
treat occipital neuralgia was in 1999 [60]. In the year 2000, the hypothalamic stimulation was
applied in the treatment of drug-resistant cluster headache (CH) [61]. The first two cases of
supraorbital nerve stimulation (SONS) were reported in 2002 [62]. The first cases of hDBS in
the treatment of CH were reported in 2003 [61]. In 2004, the ONS was applied in the treatment
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of CM [63]. The first case reported with cervical spinal stimulation (SCS) in the treatment
of CH was in 2008 [64]. The first report on stimulation of the sphenopalatine ganglion was
presented at 2009 [38]. Ever since, there has been an explosion of reports on the effectiveness,
indications and AEs of all these techniques. Simultaneously new devices that allow percuta-
neous stimulation have reached the market, allowing new solutions to old problems.

3. Indications for neuromodulation

The first step is to diagnose the patient and select an appropriate treatment by an experienced
team that is familiarised with all available treatments. Neuromodulation techniques are indi-
cated in cases that have failed all other medical treatments available for this specific headache
type. It is also recommended that patients receive a psychological assessment.

The next step is to attempt noninvasive neuromodulation techniques particularly useful in
this type of chronic headache. Should all fail, a period of temporary trial stimulation is suit-
able [33]. Patients showing no response are not implanted and are redirected to other forms
of treatment. This temporary stimulation also helps to predict the results to be expected if the
definitive implant is attempted [32, 46].

4. Classification of the different techniques

4.1. Noninvasive procedures
4.1.1. Transcranial electric stimulation (TES)

This technique involves applying a low amperage continuous electric stimulation directly
to the scalp [10]. In most cases, the electric stimulus spreads out of the area covered by the
electrodes [10]. AEs have been moderate, such as skin burns due to inadequate electrode skin
contact, fatigue or local prickling and burning sensation during the stimulation [8, 10]. Its
effectivity and experience are limited [8, 10].

4.1.2. Transcranial magnetic stimulation (TMS)

A magnetic field is applied to the head, inducing depolarization and electrical activity of the
underlying brain cortex [65, 66]. Most have applied it to the left frontal motor area [11, 67, 68],
but some have done it to the occipital region, particularly in migraine patients [69]. In chronic
headache related to mild posttraumatic head injury (MTHI-H), it has shown >50% improve-
ment in pain intensity and frequency in 58.3% of the patients [11]. In migraine, some have
reported a reduction of 31.2% in pain frequency and 37.8% in attack duration [70] in two-third
of the patients [66]. The acute variant, with or without aura, seems to have a better response
than the chronic one [67-72]. There seems to be a cumulative effect, so that the longer this
treatment modality is applied, the greater is the attack duration reduction [69]. In migraine
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patients, a randomised study comparing transcranial magnetic stimulation versus placebo
showed a 76.6% versus 27.1% pain improvement [75], but these data were not confirmed by
others [68]. Another study in this same disease compared this treatment modality with botu-
linum toxin injection, finding that although both treatment modalities provide pain relief,
the last one is more effective [76]. In atypical facial pain, trigeminal neuropathic pain and
cluster headache, it has shown >30% pain reduction in 73% of the patients [77]. Interestingly,
enough older age and longer treatment duration were associated with a better response, while
the type of facial pain showed little influence [77]. It has been applied to pregnant migraine
patients with no untoward side effects [69]. Complications are rare and include a case of
induced trigeminal autonomic cephalalgia that ceased after stopping the transcranial mag-
netic stimulation [78]. Some patients have reported transient drowsiness [75]. A continuous
application is required for the effects to be persistent [69].

4.1.3. Transcutaneous supraorbital-supratrochlear stimulation

This technique involves a special equipment that looks like a pair of glasses, which has to be
worn on the forehead. It provides a 50% chronic headache pain reduction, including CM [14,
16, 18]. When used for CM prevention, it reduces the number of attacks but not their intensity
[16, 18]. In episodic CM, patients induced a 50% headache frequency reduction in 38.2% of the
patients [18]. Although not very effective, the only side effects are local discomfort, redness or
temporary skin irritation [16].

4.1.4. Transcutaneous vagus nerve stimulation (VNS)

The first reports entailed electrodes implanted surgically around the vagal nerve in the neck
[79]. However, it never gained acceptance because the procedure was invasive and the results
are limited. In 2013, a percutaneous VNS device was introduced, showing promising results
in the treatment of chronic CM (CM) [20, 23]. Its best advantage is that it is applied directly to
the neck by the patient him/herself [21, 23]. Its main drawback is its low effectiveness (22%)
[22, 23, 80]. It is well tolerated with minor side effects like neck twitching, raspy voice or red-
ness at the application site [22, 23, 81].

In CH, it is helpful in the episodic but not in the chronic type [80, 81]. In the episodic type, it
induces a positive response in 26.7% of the cases [80]. Some have used it in the acute treat-
ment of the chronic variant of this disease with a higher than 50% pain reduction in 40% of
the patients [81]. In CM, it provides a 50% or more pain reduction in 22-56.3% of the patients,
which is better in the episodic than in chronic variant [20, 22, 82]. It has been helpful in a single
case of hemicrania continua (HC) unresponsive to indomethacin [83].

4.2. Invasive procedures
4.2.1. Sphenopalatine ganglion stimulation (SPGS)

The sphenopalatine ganglion has been a target in the treatment of chronic headaches for over
a century. Initially, destructive lesions were applied [84], but since 2009, neuromodulation is
also available [38]. It is effective in two thirds of episodic CH cases, preventing at least 50% of
attacks, showing a decrease in intensity of at least 50% or both [38, 4143, 73, 74].
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SPGS is both preventive and therapeutic in acute phases [85, 87]. About 30% of the patients
can stop the medication [85, 87]. A transoral technique has been described with a remote
powering system that avoids extension leads and the need to replace the batteries [86], where
patients switch-on the stimulation with a handheld remote controller when the pain attack
starts [85]. This markedly reduces the incidence of AEs [86]. Some patients use the stimula-
tion continuously to reduce the attack incidence [85]. Bilateral stimulation is more effective
than unilateral [39], but it is not so effective in the chronic variant of this disease [85]. AEs are
uncommon and mild, including sensory loss in the maxillary region (81%) [87], that may last
over 1 year (2-28%), epistaxis (13%), facial numbness (25%), and local pain (4%) [86]. SPGS
has also been used successfully in CM [44].

4.2.2. Occipital nerve stimulation (ONS)

ONS s the stimulation of the distal branches of C, and C, nerve roots (greater and lesser occip-
ital nerves). The electrodes (one at each side) can be inserted either through a 2 cm midline
skin incision at C, level and tunnelled subcutaneously through a bent Touhy needle inserted
laterally from the mastoid area or alternatively from a lateral approach with a bilateral mas-
toid area skin incision and the electrodes inserted from a lateral to medial direction with the
Touhy needle [14, 60, 88]. As ONS only covers 85% of the head leaving the forehead uncov-
ered, some have combined it with SONS [15, 89, 90]. Percutaneous ONS is recommended to
foresee the results of a permanent implantation [91]. In any case, a temporary external stimu-
lation must be performed before definitive implantation [35]. Those with no positive response
are referred to other treatment modalities.

ONS has been used in chronic CH [5, 24-26, 28, 29, 32-35, 40], CM [29, 32, 33], TACs [5],
hypnic headache (happening regularly sleep) [92], SUNCT/SUNA [93, 94], and occipital neu-
ralgia [32]. In chronic CH, it reduces the attack incidence in over 50% in 70% of patients [5,
24, 25, 28, 33, 40]. In CM, its average success rate is 65.4% in 67.9-80% of the cases [29, 95]. In
SUNCT/SUNA, bilateral ONS induced a 69% pain improvement in 77% of the patients [93,
94]. In idiopathic intracranial hypertension, it has been used to treat the associated headache
and the residual headache once the intracranial hypertension is resolved, with higher than
75% pain improvement [89], but it requires bilateral stimulation [89].

AEs plague 33-70% of the cases [24, 25, 29, 33, 96]. Among them are lead erosion [19, 89], local
infection [29, 33], electrode emigration [96, 97], lead breakage [28, 30, 33], hardware-related
discomfort [98], hardware/stimulation dysfunction [25], and early battery depletion related to
high energy consumption [25, 33]. Some technical modifications have been devised to reduce
the chance of lead migration [97] that in some series reaches 24% [99]. These include using
silicone glue with silicone anchors [100], 2-point anchoring stimulator leads with a tension-
relief loop [26], narrow paddle electrodes [101] and to insert the impulse generator as close
as possible to the leads (i.e., supraclavicular area) [96]. Unfortunately, solving the AE entails
additional surgical procedures in 26-40.7% of the cases [25, 29].

Simultaneous ONS and SONS in CH provide more than 50% pain reduction in over 70%
of patients [14]. This dual stimulation has also been successful in HM [15] and TACs [19].
Although the results are promising, the number of cases is too small to draw any statistically
significant conclusions.
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4.2.3. Great auricular nerve stimulation (GANS)

Pain relief was reported using this technique in a single case of persistent MTHI-Ha 90% [37].
Further studies are needed.

4.2.4. Supraorbital nerve stimulation (SONS)

The first case was reported in 2009 in the treatment of CH [36]. In this disorder, SONS pro-
duced more than 50% pain reduction in 71% of the patients [19, 36, 90]. In a series of five
patients with TACs, it improved the pain in all of them, but the series is too short to draw any
conclusions [19]. It can be used alone or associated with ONS [14, 15, 19, 90].

4.2.5. Cervical spinal cord stimulation (SCS)

The electrode is introduced in the epidural space at the upper thoracic level and advanced
to the cervical spinal cord until its distal tip is at the C, level. One or two electrodes are
inserted. The leads are connected to a subcutaneous impulse generator inserted at the infra-
clavicular area [46].

SCS has been used in CM [46, 47], SUNA [54], CH [45, 64], and MTBI-HA [48], reducing
the headache frequency and/or intensity by >50% in 71% of the patients [45-47]. In CM, it
improves the headache by >30% in 50% of the cases [46, 47, 102]. The AEs are frequent (71%)
and usually require system explant and replacement in a second surgery [102]. Among these
AEs are infections (13%) and lead rupture or migration (17%) [45-47, 89].

4.2.6. Hypothalamic deep brain stimulation (hDBS)

hDBS was introduced in 2000 to treat drug-resistant CH [61]. It is useful in many types of
chronic headache disorders like HC, CH, SUNCT/SUNA, and in TACs [4, 50]. In chronic
CH, it results in reduction of 250% of the attacks in 60% of the patients [5, 40, 50, 52]. The
response rate in HC and SUNA is 82% [49]. In TACSs, the improvement rate is >50% in 69.9%
of patients [50].

AEs include incision site pain, subcutaneous dislodgement of the impulse generator, tran-
sient gaze disturbance (oscillopsia, diplopia), autonomic disturbances, myosis, dizziness,
wound infection, cervical dystonia, intracranial haemorrhage, and lead disconnection
or rupture [40, 49, 52]. Many of these complications require system explant [49]. hDBS is
reserved for those very few cases, in which everything else has failed as death has been
reported [50].

The target was initially in the posterior hypothalamus [103, 104], but other areas have also
been used like the mesencephalic grey substance, the red nucleus, the fasciculus retroflexus,
the dorsal longitudinal fasciculus, the ansa lenticularis, the medial longitudinal fasciculus or
the medial thalamus superficialis [104]. In the latest years, the ventral tegmental area is used
to decrease the chance of haemorrhages [49, 52].
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5. Indications and results for specific chronic headache disorders

5.1. Cluster headache (CH)

CH consists of bouts of unilateral periorbital pain lasting between 15 minutes and 3 hours
that follow an annual pattern [105]. It is considered as the most painful headache type, with
0.12% prevalence. About 10% of the cases cannot be controlled with medical treatment [34].
CH has two variants: chronic and episodic [106]. In the episodic, headache periods alter-
nate with others of remission, and the attacks last between 7 days and 1 year with a pain
free period lasting at least 1 month [105]. The chronic variant represents 10-15% of the cases
[34, 86] and has free pain periods shorter than 1 month or attacks that are present nonstop
through at least 1 year [105].

Percutaneous VNS has been used in the acute treatment of the chronic variant of CH with a
higher than 50% pain reduction in 40% of the patients [33, 42, 81, 107]. Although not univer-
sally effective, it is minimally invasive and with very minor and reversible AEs.

Both ONS [25, 26, 34] and SPGS [40-43, 73] are the first options among the invasive tech-
niques [5, 86]. About 70% of patients respond to these treatments with 48% of excellent
responders [25, 34]. ONS together with SONS has been applied with >50% pain reduction
in 71% of the patients [90]. Cervical SCS has also been used with some success [102]. hDBS
should be left as the very last resource as its complications are more severe and potentially
life threatening [5, 52].

5.2. Hemicrania continua (HC)

It is a continuous and unilateral headache (it only affects one side of the head), associated
autonomic symptoms and episodes of increased headache intensity [105]. Indomethacin is the
drug of choice, but some patients do not tolerate it due to side effects like hypertension, gas-
trointestinal problems (particularly when combined with aspirin), vascular events, or bron-
chial spasms [83]. In a single case, it was found to respond to noninvasive percutaneous VNS
[83]. Others tried repetitive sphenopalatine ganglion block [108]. The data are not statistically
significant, and no definite conclusions can be drawn.

5.3. Chronic migraine (CM)

CMis described as having migraine headaches 15 or more days in every month [99]. Worldwide,
it is the seventh cause of disability [109]. It affects 2-5% of the adult population [3, 105, 110].

The transcranial stimulation has contradictory results, so no recommendations can be
offered [9]. The cervical percutaneous VNS shows promising but moderate results, better
in the episodic than in chronic variant [20, 111]. Transcutaneous SONS reduces the num-
ber of attacks but not its intensity [18, 111]. Much more efficient is the ONS via implanted
electrodes [5, 24, 29, 46], with a success rate of 65.4% in 67.9-80% of the cases [29, 95].
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Unfortunately, 70% of the patients suffer AEs, 40.7% of which require a new surgical proce-
dure [29]. Some have combined the ONS with the SONS with >50% pain reduction in >70%
of the patients [14]. The SCS has also been applied with 30% pain reduction in 50% of the
cases [46].

5.4. Hemiplegic migraine

It is a very severe migraine variant, refractory to most known therapies and that often evolves
to a very debilitating state. It has been treated with combined SONS and ONS with a 92%
average decrease in the number of attacks [15]. The number of cases is limited, so further
studies are needed.

5.5. Trigeminal autonomic cephalalgias (TACs)

TAC is a group of headache disorders characterised by unilateral headache accompanied
by cranial autonomic symptoms. Although SONS has been attempted [19], ONS is the first
option [27], reserving the hDBS to the most recalcitrant cases [49, 50, 52].

5.6. Short-lasting unilateral Neuralgiform headache attacks with autonomic
symptoms (SUNA) and short-lasting unilateral neuralgiform headache attacks with
conjunctival injection and tearing (SUNCT)

These consist of primary headache attacks associated with cranial autonomic dysfunction.
In refractory cases, bilateral ONS induced a 69% pain improvement in 77% of the patients
[93, 94]. Deep brain ventral tegmental area stimulation achieved a 78% headache rate
improvement in almost all patients but with frequent AEs that at times required to explant
the system [49].

5.7. Mild traumatic head injury-related headache (MTHI-H)

MTHI-H represents about 4% of the chronic headaches [112]. Transcranial magnetic stimula-
tion has shown a 57% improvement in the intensity and frequency in this disorder [11-13].
SCS or GANS [37] stimulation has been used, stimulating the left prefrontal cortex [11]. In
both cases, there was a 90% headache frequency reduction. Unfortunately, only two case
reports exist, and no conclusions can be drawn.

6. Availability and usefulness of ambulatory techniques that can be
practiced at home

All noninvasive procedures can be safely practiced at home. Their only drawback is low effec-
tiveness, but they induce no harm in those in whom no beneficial results are obtained. Further
studies are necessary. The AEs are minor and completely reversible once the device is no
longer used. The biggest problem may arise from the economical point of view, as health
providers could choose not to pay for treatments that show moderate response.
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7. Conclusions

Although the immense majority of chronic headache disorders can be controlled with phar-
macological means, there is a subset of patients that are refractory to all of them. A thorough
diagnosis of the specific headache subtype is essential to provide an effective treatment. For
those few refractory patients to the current available drugs, there are other treatment possibil-

ities. We have now a wide array of noninvasive techniques that can be tried as a first attempt.
In case of failure, surgically implanted stimulating systems can be of help. We should choose
the more suitable option to the specific headache variant, keeping in mind the effectivity pos-
sible incidence of AEs of each treatment. hDBS should be considered the very last resource, as
it is associated with some serious AEs and potentially to death.

Appendices and nomenclatures

AE
CH
CM
GANS
HC
hDBS
HM
MTHI-H
ONS
SCS
SONS
SPGS
SUNA

SUNCT

TACs
T™MS
tSNS
VNS

Adverse event

Cluster headache

Chronic migraine

Great auricular nerve stimulation
Hemicrania continua

Hypothalamic deep brain stimulation
Hemiplegic migraine

Mild traumatic head injury-related headache
Occipital nerve stimulation

Spinal cord stimulation

Supraorbital nerve stimulation
Sphenopalatine ganglion stimulation

Short-lasting unilateral neuralgiform headache attacks with autonomic
symptoms

Short-lasting unilateral neuralgiform headache attacks with conjunctival
injection and tearing

Trigeminal autonomic cephalagias
Transcranial magnetic stimulation
Noninvasive transcutaneous supraorbital neurostimulation

Vagus nerve stimulation
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Abstract

Transcranial magnetic stimulation (TMS) is used both as a diagnostic instrument and
for therapy, available only at some psychiatric clinics for treatment of depression and at
clinical neurophysiology where TMS is used for diagnosis of nerve damage. The Swedish
National Board of Health and Welfare issued a referral edition about the use of repetitive
TMS as an alternative treatment for depression. This may lead to a major increase in the
application of TMS to treat depression. TMS is based on induction of an electric (E) field
inside the brain by application of an external magnetic field with rapid rise and fall time.
The E field in the brain has been calculated when different coils were used for the treat-
ment. The reported E fields are of the order of tens to hundreds of volts per meter and the
induced current density is estimated at tens of A/m? This field can depolarize neurons or
modulate cortical excitability by selecting the appropriate parameters for stimulation and
the duration of the treatment session. The mechanisms of action of neurostimulation still
remain incompletely understood.

Keywords: staff, EU directive, health risk, precautionary principle

1. Introduction

Transcranial magnetic stimulation (TMS) is used primarily in research and treatments of cen-
tral nervous diseases, such as recurrent depressions, and has been used for several years.
The non-invasive stimulation of the cortical cortex is accomplished through the application
of pulsed magnetic fields generated by coils in different arrangements. The effects on major
depressive disorder in adults have been reviewed by Perera et al. [1] and the Clinical TMS
society, and they state that following the clinical recommendations given in their document it
should result in continued safe and effective use of the TMS.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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However, it is not yet so widespread, and today in Sweden and Norway, TMS equipment is
available only at some psychiatric clinics for treatment of depression and at clinical neuro-
physiology where TMS is used for diagnosis of nerve damage. The Swedish National Board
of Health and Welfare has issued a referral edition about the use of repetitive TMS as an
alternative treatment for depression. The method is new, but it has been used with positive
effects on persons with medium-to-severe depression. This may lead to a major increase in the
application of TMS to treat depression.

However, although TMS have been reviewed several times, the potential exposure to the ther-
apeutic staff has been neglected. The magnetic pulses can be targeted to selected cortical areas
through the design and placement of the different coils used.

Occupational exposure limits have been recently revised in Europe and are given in the new
EU directive [2] and the ICNIRP guidelines [3]. For the exposure experienced during TMS
treatment, the limits are set to avoid stimulation of nerves. Studies by Karlstrom et al. [4] and
Mollerlokken et al. [5] investigated the therapeutic staff exposure to pulsed magnetic fields
during TMS/rTMS treatments in relation to the occupational exposure limits given and found
that these limits may be exceeded close to the coil and safety measures are needed. In this
paper, we will look closer into this exposure.

2. Different coil design

The magnetic pulses can be targeted to selected cortical areas through the design and
placement of the different coils used. Lu and Ueno [6] have recently reviewed different coil
configurations and how the induced electric field in the brain is distributed. Figure 1 from
their publication shows some of the most common designs. Most commonly used is a pair
of coils arranged in the form of the figure-8. The pulsed magnetic field will induce elec-
tric currents in the cerebral tissue, and the effect will be strongest in the areas close to the
coil. The treatment is non-invasive and therefore to prefer compared to electro-convulsion
therapy.

2.1. Measurement

Figure 2 shows a typical position of a patient receiving treatment with a figure-8 coil posi-
tioned with a fixed position on the head.

The current in the coils can reach some kA in strength and the waveform is sinusoidal with
frequency around some kHz. The magnetic flux density generated by TMS equipment can
reach the order of 1 Tesla. Since the duration is only about 0.05-0.4 ms, this give rise to a time
derivative of the field of the order of tens of kT/s. This then induce an electric field in the tissue
that can reach the threshold for localized axonal depolarization of more than 100 V/m. For fur-
ther information on this, we refer the reader to Deng et al. [7], Bottauscio et al. [8] and Lu and
Ueno [6]. Since the limit for occupational exposure for the frequencies used in TMS is around
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Figure 1. Realistic head model with coils. (a) Double cone coil, (b) H-coil, (c) HCA coil, and (d) Figure-8 coil. Reproduced
from Lu and Ueno [6] with permission.
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Figure 2. Position of a “patient” received TMS treatment with a figure-8 coil. The schematic drawing shows the induced
electric field in tissue. Photo: Kjell Hansson Mild, drawing courtesy of Shoogo Ueno, Tokyo.

1 V/m, it is not surprising that staff can be at risk for overexposure if working too close to the
coil when in use. This is something they often need to be because either the coil moves out of
position or the patient needs assistance. In addition, many of the coils are designed so that the
trigger-button for the pulse is placed on the coil itself. This button is used in the beginning of
the treatment sequence to establish what power is needed to place the coil in the correct posi-
tion. Such work makes it impossible for the operator to not be in close contact with the coil
and therefore in risk of overexposure.

We have measured the magnetic field from some TMS machines. We used a system with an
electrically shielded circular coil with 2.5 cm radius, calibrated. The induced voltage was
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registered with a Tektronix TDS 1012 digital storage oscilloscope. With this equipment, we
pick up the time derivate of the magnetic field, dB/dt. An example of the single pulse can
be seen in Figure 3. Figure 4 gives an example of the series of pulses delivered in treatment
sessions.

The system we have looked at is: MagVenture rTMS system with a magnetic coil type Cool-B65
(MagVenture A/S, Inc., USA). The Cool-B65 coil is a figure-8 coil with partially overlapping
coils, and a MegPro unit with a magnetic coil transducer model, and MC-B70 (Medtronic
Synectics AB, P.O. Box 265, SE-177 25 Jarfalla, Sweden; http://www.synectics.se).

At some distance, depending on power setting and coil design, the distance from the coil
where the action levels of the EU directive are exceeded is from some decimeter to almost
a full meter. For the MagVenture system, the limit distance was 0.4 m and for the MegPro
0.7 m.

In the EU guideline [9] for how to implement the new EU directive measurements and dis-
cussion about the TMS exposure to staff are given. They found that at a typical hand position

10,0

-10.0

-ﬁ,SD? -0,307 0,193 0,693 1,193 1,693 2,193 2693 3,193 3693 4,193
ms Pico-teknologi  www.picoauto.com

Figure 3. Recording of dB/dt in a single pulse from the MagVenture system. The frequency of the pulse was found to be
about 2.5 kHz and practically sinusoidal.
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Figure 4. The system can be set to deliver a single pulse or a series pulses. In the rTMS, a pulse train with 20 pulses within
some second is repeated with a frequency of some Hz. This is then applied for up to 15 min per session.

holding the hand piece with the coil the magnetic flux density exceed by 5,600% the limit for
the limb. The team realized that the clinician was highly likely to exceed the action levels,
and therefore a computer model was applied. From the computer calculation of the induced
electric field, they found that the exposure limits could be exceeded up to 35,700% with the
coil 15 cm from the torso.

2.2. Implants

The magnetic field pulses can exert attractive forces on ferromagnetic objects and repulsive
forces on non-ferromagnetic objects. Therefore, it is of importance to screen the patients before
treatment for metallic objects, such as cochlear implants, and other implanted objects in the
scalp, such as deep brain stimulators and epidural electrode arrays for cortical stimulation.
According to a review by Rossi et al. [10], it appears that TMS can be safely applied to patients
with implanted stimulators of CNS and PNS when the coil is not in close proximity to the
internal pulse generator. However, the information about the safe use in these cases is sparse,
and therefore Rossi et al. [10] state that TMS should only be done in patients with implanted
stimulators if there are scientifically or medically compelling reasons justifying this.
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2.3. Discussion

It was clear from the measurements that the worker’s exposure limits for the magnetic field
pulses are transgressed at distances of about 0.7 m from the surface of the transducer’s coils
during normal patient treatment conditions. The coil handle, which is located in the plane of
the figure-8 coils, is about 20 cm long, and this results in a short distance between the source
of the field and the hand and forearm of the operator. The TMS transducer can in this case
be seen as a single dipole with decay as the inverse of the cube of the distance, 1/r°. The head
and trunk of the operator is at most an arm-length apart from the source, and since the basic
restrictions are based on induced current in the head and the trunk for frequencies up to
10 MHz [2, 3], limiting exposures to the head and trunk are necessary. Different designs of
TMS devices should be further studied to bring deeper insight in the issue of at what distance
the limits in terms of induced electric field on the staff are exceeded from the surface of the
transducer’s coils during normal patient treatment conditions.

To avoid risks of overexposure to magnetic pulses, a recommendation that is valid for both
single coil and figure-8 transducers, the equipment should be used with a mechanical arm
holding the transducer in the right position for the patient. The staff operating the TMS equip-
ment need to be educated and trained to operate the equipment in a safe way. EU guide-
line also states [9] that it is necessary to prohibit pregnant workers and workers with active
implanted medical devices (AIMD) from operating the equipment or remaining in the room
during treatment. Treatment should not be given to patients fitted with AIMD.

Unnecessary over-exposure to pulsed magnetic fields of this magnitude may cause negative
health effects for the therapeutic staff. From the exposure guidelines, it is known that the
rationale for limiting exposure is the well-defined biological responses ranging from percep-
tion of the fields to annoyance and stimulation of central and peripheral nervous tissue. Our
studies were not designed to investigate health effects among the therapeutic staff, this is
needed in the future, and neither did we investigate other possible risk factors for health com-
plaints in this working environment, such as indoor climate, noise, and treatment lengths.

In conclusion, staff working with patient treatment with TMS/rTMS can become exposed to
magnetic field levels exceeding both EU directive and ICNIRP guidelines; therefore, it is rec-
ommended that procedures are developed to avoid unnecessary exposure of staff. Information
about the risks associated with the application of the strong magnetic pulses is necessary, and
a training programme for the staff would be advisable.
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