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Foreword

Non Invasive Brain Stimulation in Psychiatry and Clinical Neurosciences, edited by
Bernardo Dell’ Osso and Giorgio Di Lorenzo, and published by Springer, is a timely
and authoritative text and a rare combination of a cutting-edge and user-friendly
guide to TMS and tDCS. It includes seminal contributions from world renowned
experts in this emerging field. Building on a foundational understanding of the
mechanism of action of brain stimulation techniques, the book then translates these
insights into clinical applications across a fascinating range of neuropsychiatric
conditions. It carefully weighs the efficacy and safety of these approaches. These
new treatments may be especially promising for depression and anxiety disorders,
OCD, ADHD, addiction, as well as developmental disorders and dementia. This
work spearheads the development of novel clinical neuroscience treatments based
on the emerging understanding of underlying neural circuits and human behavior.

Eric Hollander

Albert Einstein College of Medicine,

Psychiatric Research Institute at Montefiore-Einstein
The Bronx, NY, USA



Foreword

This volume provides updated, cutting-edge information about the different brain
stimulation technologies and lays out the neuroscience beyond NIBS. It brings
essential guidance to clinicians on how to use NIBS in different diagnoses, includ-
ing depression, psychosis, OCD, ADHD, Tourette, addictions, dementia, and anxi-
ety. The Editors and the Contributors summarize in a clear, yet scientifically accurate
and clinically useful, manner the state of the art of this exciting development in
psychiatry in recent years. The Reader will come up with both an understanding of
the neuroscience basis and how to clinically use those important tools that are cur-
rently available. This volume is an important addition to the bookshelves of every
professional who is interested in understanding and treating disorders of the brain.

Joseph Zohar

Chaim Sheba Medical Center
Tel HaShomer, Israel
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NIBS 2020: How TMS and tDCS
Acquisitions Have Set New Standards
in Clinical Neuroscience

Bernardo Dell'Osso and Giorgio Di Lorenzo

At the beginning of the millenium, not many neuroscientists and even less patient
treating doctors could have predicted such a massive development in the field of non-
invasive brain stimulation—otherwise known as “NIBS”—which became an innova-
tive tool for neurophysiologic research, psychological and cognitive investigation,
and, ultimately, clinical treatment of a wide spectrum of neuropsychiatric conditions.
Indeed, transcranial magnetic stimulation (TMS) and transcranial direct current stim-
ulation (tDCS)—the main NIBS techniques—have become the mainstay of transla-
tional neuroscience as research tools for understanding cognitive and behavioral
states. In addition, their efficacy has been acknowledged within guideline-
recommended algorithms for the treatment of different neurological conditions and
psychiatric disorders [1-3].

There are many reasons regarding the unprecedented growth of preclinical and
clinical investigation with NIBS techniques. One of these is represented by their
accessibility and possibility to be associated with other research methodologies and
clinical devices, including structural and functional neuroimaging, electroencepha-
lography, genetics, and epigenetics investigation. This has permitted our increased
understanding of the network activity underlying both healthy human brain

B. Dell’Osso (P4)
Department of Biomedical and Clinical Sciences ‘Luigi Sacco’, University of Milan, ASST
Fatebenefratelli-Sacco, Milan, Italy
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functions as well as connectivity changes associated with dysfunctional states char-
acterizing neuropsychiatric disorders.

On the other hand, as the acronym “NIBS” literally indicates, TMS and tDCS
are considered safe and well-tolerated interventions for the investigation of neu-
rophysiology, cognitive, affective, and other behavioral domains in healthy con-
trols, as well as for the treatment of patients affected by different neuropsychiatric
disorders. Indeed, the use of NIBS in neuroscience research not only allows us to
investigate cortical excitability, cerebral connectivity, and neuroplasticity [4, 5]
but, in relation to the clinical use of NIBS as therapeutic interventions, TMS and
tDCS are considered by many clinicians and patients better tolerated than many
psychotropic drugs, in light of their lack of systemic side-effects, including weight
gain and sexual dysfunctions, which are often responsible for poor therapy com-
pliance and treatment withdrawal in medicated patients. The favorable safety and
tolerability profile of NIBS, however, is not to be claimed at the expense of the
clinical efficacy of these interventions. For instance, since 2008, the American
F.D.A. approved four different TMS devices for the treatment of Major Depressive
Disorder with poor response to standard antidepressants. Lastly, NIBS techniques
may also serve as adjuvants to support therapeutic activities across various disci-
plines, including re-learning or rehabilitative approaches, with encouraging
results from field studies.

On this basis, the present book was conceived as a compendium of the latest
acquisitions in the evolving field of NIBS, through the valuable contributions of a
series of international experts in the areas of brain stimulation and neurophysiology,
clinical psychology, neurology, and psychiatry. Across three sections, respectively,
focused on (1) basic mechanisms of actions and rationale for the application of
NIBS techniques in clinical neuroscience; (2) efficacy and safety of TMS; and (3)
tDCS for the investigation and treatment of neuropsychiatric conditions and behav-
ioral alterations, we sought to present a comprehensive and updated state of the art
for NIBS in the aforementioned fields.

Because the unprecedented development of NIBS opened new ways for neuro-
science by allowing researchers to validate their correlational theories through the
direct manipulation of brain function for the first time [6], and for clinicians to
safely approach difficult-to-treat conditions, we firmly believe that it deserves a
place of priority in the modern education and wealth of knowledge of neuropsychia-
trists, neurophysiologists, clinical psychologists, and other professionals involved
in the study of neural mechanisms underlying emotions, cognition, and behavioral
alterations.

Whether NIBS research in clinical neuroscience will contribute to the identifica-
tion of biomarkers for specific diseases in the future still represents one of the great-
est challenges; however, clinicians are currently focusing their efforts in identifying
the best candidates and predictors of response to TMS and tDCS, optimizing stimu-
lation parameters and anatomical targets. Notably, we have already been noticing
the use of NIBS as therapeutic interventions for conditions that have been tradition-
ally considered poor targets for psychotropic medications like, for instance, addic-
tive behaviors and eating disorders with remarkable results [7].
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Under these premises, we hope the present book will succeed in representing
the uniqueness of NIBS as a translational research tool in clinical neuroscience
through the peculiar capacity of TMS and tDCS to embrace different clinical and
preclinical disciplines advancing their mutual understanding of brain functioning
and alterations.
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Neurophysiological Bases
and Mechanisms of Action
of Transcranial Magnetic Stimulation

Vincenzo Di Lazzaro and Emma Falato

2.1 Introduction

Transcranial Magnetic Stimulation (TMS) is a neurophysiological technique that
allows a noninvasive, painless stimulation of the human brain through the
intact scalp.

Different brain areas can be targeted by TMS, depending on the position of the
coil. TMS effects on motor areas have been better characterized compared to non-
motor areas since the output produced by the stimulation of the primary motor area
of one side can be easily recorded from muscles of the contralateral side of the body.

The application of noninvasive TMS to the human brain for assessing central
motor pathways was described for the first time in 1985, in the Lancet journal, by
A.T. Barker, R. Jalinous and I.L. Freeston, from the University of Sheffield [1].

The new TMS technique had a unique potential and some advantages compared
to noninvasive transcranial electrical stimulation (TES), which was developed in
1980 by P.A. Merton and H.B. Morton [2]. Compared to TMS, TES requires high
current densities to overcome the skull and to generate action potentials, resulting in
painful and low tolerable stimulation.

The interest in TMS raised during the years and a consistent number of studies
on this topic have advanced our knowledge of the human brain [3], even if many
limitations exist due to the artificial nature of the stimulation. So far, many protocols
of TMS stimulation have been tested and described, and different cortical circuits
activated by TMS have been characterized [4, 5]. TMS can be used alone or in com-
bination with other techniques in order to test corticospinal and cortico-cortical con-
nectivity and brain plasticity, to map brain functions, and study specific cortical
functions by inducing a “virtual lesion” in a targeted area [6-8].

V. Di Lazzaro (<) - E. Falato

Unit of Neurology, Neurophysiology and Neurobiology, Universita Campus Bio-Medico,

Rome, Italy

e-mail: V.DiLazzaro @unicampus.it
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A milestone in TMS history has been the demonstration that protocols based on
repetitive TMS (rTMS) can induce prolonged effects, which outlast the period of
stimulation [9, 10]. This evidence opened exciting research and clinical scenarios in
which rTMS protocols are used for neuromodulatory/therapeutic purposes.

To date, TMS has a recognized role in the clinical and research settings.
Stimulation protocols have been standardized, and safety limits of TMS stimulation
have been established [11, 12]. Indeed, specific rTMS protocols received Food and
Drug Administration (FDA) approval for the treatment of drug-resistant unipolar
major depression.

In this chapter, we will review the evidence and the hypotheses on the neuro-
physiological bases and on the mechanisms of action of TMS, focusing on TMS
application to the primary motor cortex.

2.2 How TMS Is Delivered

TMS is based on the Faraday's principle of electromagnetic induction, according to
which a time-varying magnetic field will induce an electric current [13]. In TMS, a
brief electric current is delivered through a capacitor to a coil, made of loops of cop-
per wire embedded in a plastic case. Perpendicularly to the coil plane, a focal mag-
netic field is induced, which penetrates the scalp and the skull without attenuation
and generates an electric current. If sufficiently strong, the induced electric current
will change the electrical potential of the conductive superficial neuronal mem-
branes leading to an action potential [14, 15].

The most widespread TMS devices can provide monophasic or biphasic pulse
shapes with a determined width. More recently, TMS devices with controllable
pulse parameters have been introduced [16].

Different types of coil exist, for superficial and deep targets of stimulation, and
their effects have been modelled [17, 18]. Among the most frequently used coils,
there are the figure-of-eight coil (which induces a more focal stimulation) and the
circular coil (which induces a nonfocal stimulation of the brain) [4].

Focal coils can be oriented so as to induce currents in the brain with different
directions: more commonly, the coil is kept perpendicularly to the central sulcus,
and a posterior-to-anterior (PA) directed current is induced in the brain.

TMS spatial resolution and corticospinal output vary depending on several fac-
tors, including the shape of the stimulating coil, its position above the scalp, coil
orientation, stimulation intensity, pulse waveform, ongoing voluntary muscle con-
traction, and other variables [19-22].

2.3  Single-Pulse TMS

The responses that can be recorded at the muscular level after TMS are named as
motor-evoked potentials (MEPs) [1, 23-25] (Fig. 2.1). The optimal scalp location
to evoke MEPs in the targeted muscle is defined as “hot-spot”, while the minimum
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TMS caoil

TMS-EEG:
TMS-evoked potentials
(TEPSs)

Epidural recordings:

D wave and I-waves

Surface
electromyography (EMG):
Motor evoked potentials
(MEPs)

Fig. 2.1 TMS-induced responses at different recording levels

TMS stimulation intensity able to elicit consistent MEPs (with peak-to-peak ampli-
tudes of at least 50 pV in each trial) in at least 5 out 10 consecutive TMS stimuli at
rest is defined as resting motor threshold or RMT [12]. For each MEP, objective
measures such as onset latency, peak latency, amplitude, and area can be obtained
(Fig. 2.2). MEP amplitude, usually measured peak-to-peak, has an intrinsic vari-
ability of multifactorial origin [26, 27]. The mechanisms through which primary
motor cortex TMS produces MEPs are partially understood due to the complexity
of cortical circuits and the difficulty in assessing the interactions between the
induced current in the brain and the neural networks, which are composed of dif-
ferent cell types, with different orientations and sizes. The physiological effects
produced by motor cortex stimulation have been characterized first in animals,
using direct electrical stimulation of the motor cortex together with the direct
recording of the evoked corticospinal activity from the high cervical cord. These
recordings revealed that a single electrical stimulus delivered to the motor cortex
could produce a high-frequency (>600 Hz) repetitive discharge of corticospinal
axons originating both from direct and indirect activation of corticospinal cells
[28-30]. The earliest wave that is still recordable after cerebral cortex ablation was
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MEP
—_—
TMS artifact
'—‘—u
| peak-to-peak
L amplitude

0,5mV

2,5ms ' |
onset latency

T
peak latency

Fig. 2.2 Motor-evoked potential (MEP) elicited by single-pulse Transcranial Magnetic
Stimulation (TMS) at 110% resting motor threshold (RMT) intensity, recorded from superficial
electromyography (EMG) at the level of the contralateral first dorsal interosseous muscle

thought to originate from direct activation of the corticospinal axons and has there-
fore been termed the “D” wave [29]. The following waves that require the integrity
of the cerebral cortex were thought to originate from indirect, trans-synaptic, acti-
vation of corticospinal neurons and were termed “I” waves. They were numbered
in order of their appearance (I1, 12, I3, ...). The interval between I-waves is about
1.5 ms, which corresponds to a discharge frequency of about 600 Hz. The same
high-frequency corticospinal activity was subsequently recorded in humans after
motor cortex TMS through epidural high cervical electrodes implanted for the
treatment of chronic pain. This unique setting has provided relevant insight [31].
Indeed, it has been shown that also in humans the TMS-induced corticospinal
descending activity is made by multiple descending high-frequency waves. Several
studies showed that the composition of the corticospinal volleys in terms of D- and
I-waves is influenced by the parameters of stimulation (stimulation intensity, coil
type, and coil orientation) and by changes in cortical excitability (e.g., changes
induced by voluntary contraction) [31, 32]. When the stimulating coil is aligned to
induce a current perpendicularly to the line of the central sulcus (approximately
posterior—anterior in the brain; PA), TMS evokes the earliest trans-synaptic
response that, in analogy with animal recordings, is termed I1-wave. At higher
intensities, this wave is followed by later waves numbered in order of their appear-
ance (12, 13, etc.) [31]. Only at very high stimulus intensity, a short-latency D-wave
is evoked. When the induced current flows parallel to the line of the central sulcus
(approximately lateral-to-medial in the brain; LM), only a D-wave is preferentially
recruited. If the orientation of the induced current is kept perpendicular to the line
of the central sulcus, but it is reversed (approximately anterior—posterior in the
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Fig.2.3 Epidural recordings from the cervical cord of descending volleys evoked by lateromedial
(LM), posterior—anterior (PA), anterior—posterior (AP), or biphasic (PA-AP) transcranial magnetic
stimulation (TMS) at low and high intensity in patients with cervical epidural electrodes. At lower
intensities of stimulation, the different orientations of the induced current evoke different cortico-
spinal activities: LM TMS evokes D-waves; PA TMS elicits three I-waves; AP TMS evokes a dis-
persed activity, and no clear waves can be identified; biphasic TMS (PA followed by AP) evokes
longer latency and lower frequency I-waves. At high intensity, all the directions of the induced
current only evoke the high-frequency I-waves

brain; AP), the evoked activity is less synchronized, with some later peaks of laten-
cies compared to those of the [-waves evoked by PA stimulation [31]. Similar find-
ings have been obtained with biphasic stimulation (a PA-induced current followed
by an AP-induced current): using biphasic TMS discharges, a corticospinal activity
with a frequency that is half of that of the I-waves (about 330 Hz) has been recorded
in some patients [4] (Fig. 2.3). These findings suggest that motor cortex TMS may
activate not only the corticospinal neurons responding with a high-frequency dis-
charge at [-wave frequency, but also different populations of corticospinal neurons
responding at lower frequencies. However, these activities are usually not evident
in volleys recorded at the epidural level because, as in animals, these volleys are
dominated by fast conducting axons whose discharge is larger and more synchro-
nous, particularly at high stimulation intensity. Only at lower intensities, different
corticospinal outputs can be detected. Indeed, at high intensities of stimulation, the
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high-frequency I-waves represent the only output that is recorded with all the
directions of the induced current in the brain and by both focal and nonfocal coils
[4, 31] (Fig. 2.3).

Thus, the direct recording of corticospinal activity in humans and in animals
demonstrates that different activities can be produced by transcranial stimulation,
suggesting the presence of multiple independent cortical circuits within the motor
cortex projecting to the lower motor neurons [4].

Interestingly, the simultaneous recording of TMS and electroencephalography
(EEG), known as TMS-EEG, is emerging as a very useful clinical tool to assess
cortico-cortical connectivity together with corticospinal connectivity. In this case,
the TMS-evoked responses are recorded through the EEG electrodes as positive and
negative deflections in the EEG signal and are called TMS-evoked potentials
(TEPs) [33].

24 Paired-Pulse Stimulation

In paired-pulse TMS protocols, pairs of stimuli are delivered using two connected
TMS stimulators. Depending on the interstimulus interval and stimulus intensity,
the interaction between pairs of stimuli delivered to the primary motor cortex can be
inhibitory or facilitatory, as assessed by MEP amplitude.

Specific paired-pulse TMS protocols have been described. Among the most fre-
quently used in research, for their proposed role as an indirect measure of interneu-
ronal function, there are the short-interval intracortical inhibition (SICI) and the
intracortical facilitation (ICF) protocols. SICI and ICF are elicited by pairing a sub-
threshold conditioning stimulus and a suprathreshold test stimulus, delivered at
1-5 ms (SICI) or 8-30 ms (ICF) interstimulus interval (ISI), respectively. The result
is a suppression (SICI) or a facilitation (ICF) of MEP amplitude [34, 35]. SICI has
been mainly related to the activation of GABA-A receptors and to a reduction of late
I-waves [36-38], while ICF has been in part attributed to glutamatergic NMDA
receptor activation, even if it is less well understood [39, 40]. Other paired-pulse
protocols are the short-interval intracortical facilitation (SICF) and the long-interval
intracortical inhibition (LICI) (for more details see [4]).

Several other TMS protocols are used in research, being TMS a very versatile
tool. These protocols include the interhemispheric inhibition (IHI), in which two
TMS coils (one for each hemisphere) are used, and the very interesting protocols in
which TMS is paired with peripheral electrical stimulation: short-latency afferent
inhibition (SAI), long-latency afferent inhibition (LAI), and paired associative stim-
ulation (PAS). For a more comprehensive list and description of TMS protocols, see
[12]. Interestingly, epidural recordings in humans have shown that inhibitory proto-
cols only suppress the later components of the corticospinal volley with no effect on
the I1-wave [4]. This observation provides further support to the existence of inde-
pendent cortical circuits producing different corticospinal activities with only some
of them under a GABAergic inhibitory control.
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25 Repetitive TMS (rTMS)

In rTMS, a repetitive stimulation, with biphasic or monophasic stimuli, is delivered
over the scalp. rTMS targeting primary motor area showed to be able to induce pro-
longed effects on corticospinal excitability, which outlasted the stimulation from sev-
eral minutes to some hours [9, 41]. The mechanisms underlying rTMS effects are still
largely unknown. rTMS application on motor areas is commonly studied through the
analysis of MEPs size before and after rTMS stimulation. In contrast, rTMS effects
over nonmotor areas have more indirect outcome measures, including EEG and MRI
connectivity measures and behavioral tests, whose interpretation requires more caution.

To date, existing evidence suggests that rTMS might induce changes in cortical
and subcortical neurotransmitter release, with consequent prolonged changes in
synaptic activity [42, 43].

r'TMS applied to the dorsolateral prefrontal cortex (DLPFC), as in the treatment
of depression, is thought to act not only on the stimulated area but also in distant
regions, which are anatomically and/or functionally connected [44, 45].

r'TMS classical protocols include low-frequency (LF) rTMS (<1 Hz) and high-
frequency (HF) rTMS (>1 Hz). Other popular rTMS protocols are the continuous
theta-burst stimulation (cTBS) and the intermittent theta-burst stimulation (iTBS)
(Fig. 2.4). Classically, LF rTMS and cTBS were considered inhibitory protocols,
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Fig. 2.4 Protocols of repetitive Transcranial Magnetic Stimulation (rTMS). Cf. text for details
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able to induce long-term depression (LTD)-like plasticity, whereas HF rTMS and
iTBS were considered excitatory protocols, able to induce long-term potentiation
(LTP)-like plasticity [9]. However, it is now known that their effect is mixed and it
depends on many variables, including the number of stimuli [46, 47], the intensity
of stimulation, and the baseline cortical activation state [9, 48]. The after-effects of
the different rTMS protocols are commonly described in terms of the changes that
are produced in threshold or size of evoked MEPs, and the different protocols are
simply classified as inhibitory or facilitatory, assuming that the physiological basis
of all the inhibitory and of all the excitatory protocols are similar. However, epidural
recordings in humans, performed before and after different rTMS protocols, have
shown that, even though most protocols selectively modulate the late components of
the corticospinal volleys, some of them could selectively modulate the earliest com-
ponent or the inhibitory cortical circuits [25]. Thus, epidural recordings revealed
that the effects of different protocols on cortical circuits are not homogeneous and
that distinct protocols can modulate specific neural elements in distinct layers of the
cortex. Different patterns of modulation have been demonstrated: (1) the most com-
monly observed change after rTMS is a selective modulation of late I-waves with no
change in the amplitude of the Il1-wave (i.e., inhibition is obtained after low-
frequency rTMS (1 Hz), while a selective enhancement of late I-waves with no
change in the amplitude of the I1-wave is observed after iTBS). This pattern indi-
cates a more pronounced effect on cortico-cortical interneurons projecting on corti-
cospinal cells with no change in the excitability of corticospinal cells; (2) after
high-frequency rTMS (5 Hz), all the volleys are enhanced including the D-wave.
This pattern highlights how that the excitability of corticospinal neurons is enhanced;
(3) the cTBS protocol suppresses the I1-wave selectively, while later I-waves are
much less affected. This suggests that cTBS has its major effect on a single source
of inputs to corticospinal cells, which is responsible for the I1-wave production; (4)
a very low-intensity and high-frequency stimulation has no effect on corticospinal
volleys but suppresses intracortical inhibitory activity, as evaluated with paired-
pulse stimulation, suggesting that this form of stimulation selectively modulates the
excitability of GABAergic inhibitory networks in the motor cortex [25]. Thus, epi-
dural recordings have shown that it might be possible to modulate specific cortical
circuits using rTMS, and this could be extremely relevant because neural circuits
that are differentially affected in various neuropsychiatric disorders can be targeted
quite selectively with rTMS.

Extensive evidence supports the potential therapeutic applications of rTMS in
specific neurological and psychiatric disorders [9].

The main clinical application of rTMS is drug-resistant unipolar major depres-
sion, for which r'TMS received FDA approval in 2008. The optimal stimulation
parameters for a safe and effective administration of rTMS in the treatment of
depression have been recently reviewed [49]. The standard rTMS protocol used for
the treatment of depression is the 10 Hz stimulation (trains of 4-second duration,
with an intertrain interval of 26 seconds) delivered through a figure-of-eight coil,
over the left DLPFC at an intensity of 120% relative to RMT. The total number of
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pulses per session is 3000. Each session lasts about 37 minutes. The total number of
sessions is 20 (5 working days/week for 4 consecutive weeks).

In 2018, arandomized noninferiority trial, which included more than 400 patients
(the largest trial of brain stimulation ever done), demonstrated that iTBS effective-
ness is noninferior to that of the 10 Hz treatment, with very similar tolerability and
safety profiles [50].

Since one iTBS session has a duration of about 3 minutes, approximately 10
times shorter than the standard 10 Hz rTMS session, the new protocol is advanta-
geous in practical terms. However, the total number of sessions tested in the trial is
still 20, which requires high patients” compliance.

Systematic clinical studies are still needed to define all the clinical indications of
therapeutic rTMS and to identify effect predictors. Further research is also needed
to clarify the mechanisms of action and to optimize the stimulation parameters.
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3.1 Overview

Transcranial Direct Current Stimulation (tDCS) of the brain has emerged in the past
two decades as a novel, noninvasive, cheap, and safe technique to modulate cortical
excitability in humans, both in health and disease. Clinical applications ranged from
post-stroke recovery [1] and movement disorders [2] to pain syndromes [3] and
neuropsychiatric diseases [4, 5]. Recently, tDCS has also been proposed for pediat-
ric use, showing promising results for the treatment of cerebral palsy [6, 7], refrac-
tory epilepsies [8], and Attention Deficit Hyperactivity Disorder [9].

tDCS commonly uses subthreshold currents (1.0-2.5 mA), too weak to induce
neuronal activity independent from afferent input, but sufficient per se to alter both
the excitability and spontaneous neuronal firing rate.

Despite a growing body of literature, putative mechanisms of action remain to be
completely elucidated, both at molecular and cellular levels (see Fig. 3.1). Moreover,
some questions are still unanswered: (1) whether tDCS can interfere with gene
expression and protein folding; (2) how neuronal activity is modulated during and
following tDCS (online effects versus offline aftereffects); and (3) how long neuro-
nal and subsequent behavioral changes persist. In this chapter, we encompass the
current knowledge about tDCS action in humans, suggesting novel mechanisms
underlying its use in neuropsychiatric disorders and strengthening the importance of
neurophysiological monitoring in human diseases.
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3.2 Basic tDCS Effects

Overall, tDCS effects are cumulative, nonlinear, and polarity-dependent [10-14].
From a molecular point of view, tDCS shows both short- and long-term effects; the
first ones usually outlast the end of stimulation for only a few minutes and involve
nonsynaptic mechanisms, comprising changes in membrane polarity, migration,
and steric conformation of transmembrane proteins; conversely, the long-term after-
effects are mainly mediated by synaptic modifications (Fig. 3.2). In particular,
among synaptic changes, anodal and cathodal tDCS seem to have similar effects on
different brain neurotransmitters: while anodal tDCS reduces GABA and increases
myoinositol, cathodal tDCS decreases glutamate levels [15, 16], respectively, driv-
ing long-term potentiation and depression-like phenomena (LTP, LTD).
Nonetheless, the relationship between inhibition and stimulation is not so linear
as previously described; the intra- and interindividual variability of tDCS action
also depends on genetic polymorphisms [13], as well as on the preexisting excit-
ability state of the cortex, a phenomenon referred to as “metaplasticity” and primed
by N-methyl-pD-aspartate receptors [17, 18]. In healthy humans, the existence of
“metaplasticity”” has been demonstrated by using neurophysiological methods, both
in the primary motor [17] and visual cortex [18]. This kind of plasticity could
explain, at least in part, some paradoxical effects, in that anodal tDCS can actually
lead to dampened excitability when the stimulation time is increased [19], and cath-
odal tDCS can sometimes increase excitability when intensity is improved [20].
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Fig. 3.2 tDCS and nonsynaptic effects. Active tDCS (anodal) over the right frontal lobe induces
an increase in myoinositol (ml) content in healthy humans, as proved by the analysis of MRS
spectra; given that tDCS alters biophysical properties of the membrane, it influences phospholip-
id’s metabolism and, in turn, ml concentration (modified from Rango et al., 2008, with permission)

From a cellular perspective, both synaptic and nonsynaptic effects of direct
polarization ultimately lead to changes in phenotypic and functional aspects, such
as morphology, orientation, migration, and cellular growth, as recognized for nearly
a century [21]. The possibility to interfere with cells” migration is of particular inter-
est for the development of nonneural cells (e.g., microglia) and for the modulation
of immune responses in the human brain, even in adulthood, as discussed below in
more detail.

Finally, although tDCS has been primarily studied for its cortical effects, recent
animal data have suggested that direct polarization (1-4.16 A/m?) may also affect
subcortical white matter structures, such as the red nucleus, medial longitudinal
fascicle [22, 23], and thalamus, likely through changes in regional blood flow and
cerebral vasomotor reserve [24, 25].

3.3  Nonsynaptic Mechanisms

tDCS exerts nonsynaptic mechanisms of action. These effects involve changes at
different levels, as proved in humans by historical neurophysiological evidence
[11]. One of these is the ability to modify neuronal membrane polarity and its
threshold for action potential generation, likely affecting the spike timing of indi-
vidual neurons receiving suprathreshold inputs [26-28]. This effect critically
depends on the orientation of the axons relative to the electric field [14, 29], thus
driving the direction of tDCS modulation (excitation versus inhibition). For instance,
when the electrical field is perpendicular to the axons, the physiological effects of
stimulation are negligible, whereas if the current flows longitudinally, these effects
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are more pronounced, as larger membrane compartments are homogeneously polar-
ized [30]. Together with the abovementioned “metaplasticity”, this is another criti-
cal source of variability to predict behavioral effects of tDCS in humans, as in
complex brain structures, synapses are not always oriented in the same direction.

34 Synaptic Mechanisms (Neuroplastic Changes)

Long-lasting tDCS aftereffects are recognized to be driven mainly by synaptic
changes. GABA and glutamate, especially through NMDA receptors (NMDARs),
are the most studied neurotransmitters regarding tDCS aftereffects in humans. This
is of particular interest because a huge amount of evidence indicates abnormalities
of glutamatergic neurotransmission or glutamatergic dysfunction as playing a key
role in the development of schizophrenia, bipolar disorder, and major depressive
disorder [31-33]. Moreover, changes in glutamatergic and GABAergic activity can
be easily evaluated and monitored over time by using paired-pulse Transcranial
Magnetic Stimulation (TMS) protocols [34-38].

Pharmacological studies have demonstrated that blockade of NMDA receptors
prevents tDCS-induced excitability changes, for anodal as well as cathodal polar-
ization, whereas NMDAR agonists improve anodal aftereffects [39, 40]. In particu-
lar, NMDARs regulate the influx of calcium ions (Ca?*) into the neuron, a critical
step to modulate the induction of both LTD and LTP plasticity [41, 42].

Regarding GABA modulation, a hierarchical model has been recently pro-
posed: anodal tDCS also decreases GABA, thus leading to an increase in neuronal
firing rates, which in turn enhances both local gamma-band oscillatory activity
and functional connectivity among highly connected areas [43—45]. The possibil-
ity to modulate gamma-band, through a reduction in GABA release, is intriguing
because this oscillatory activity seems to be selectively impaired in schizophrenia,
although the exact relationship with disease mechanisms is not completely under-
stood [46, 47].

3.5 New Frontiers in the tDCS Effects
in Neuropsychiatric Diseases

In recent years, novel potential mechanisms have been explored, including a puta-
tive action on the inflammatory response. In particular, animal studies have proved
that tDCS has a polarity-specific migratory effect on neural stem cells (NSC)
in vivo, thus influencing the development and the distribution of microglia in the
adult brain [48]. In addition, tDCS seems to directly modulate inflammatory
response by downregulating pro-inflammatory cytokines [49].

Although not yet confirmed in humans, these results are intriguing for the use
of tDCS in the treatment of neuropsychiatric disorders. In fact, recent evidence
strengthens the role of inflammation in the pathophysiology of schizophrenia and
other neurodegenerative diseases; in particular, the role of microglia in psychosis
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has been suggested, as the immune system plays not only an essential role in
inflammatory processes but also in neurodevelopment and synapse refinement
[50-53].

Further studies are needed to better understand the putative role of tDCS in mod-
ulating inflammatory responses, both in health and disease.

3.6  Contribution of Neurophysiology in the Study
of tDCS Aftereffects

3.6.1 Transcranial Magnetic Stimulation (TMS)

Plastic changes induced by tDCS could be objectively assessed and monitored over
time by using neurophysiological techniques, such as Transcranial Magnetic
Stimulation (TMS). Single-pulse TMS has been used in the past to evaluate the effects
of anodal and cathodal polarization of Motor Evoked Potentials (MEPs) in humans
[10, 54], whereas paired-pulse TMS specifically investigates intracortical synaptic
changes induced by tDCS [35-37]. Moreover, other TMS parameters can predict the
response to tDCS modulation: in particular, the latency and duration of transcallosal
inhibition (TI), as measured by single-pulse TMS, are significantly correlated to the
extent of tDCS modulation [55]. That is of critical importance in the selection of
patients who may benefit from early noninvasive neuromodulation strategies.

3.6.2 Electroencephalography (EEG) and Event-Related
Potentials (ERPs)

EEG has been used to provide valuable information on the tDCS mechanisms of
action. In particular, anodal tDCS has proved to increase alpha and beta power dur-
ing and after stimulation, thus leading to a widespread activation of functionally
connected brain areas [56]. This finding supports the use of tDCS for modulating
the “resting state” of the brain, especially in cognitive and neurodegenerative disor-
ders. Similarly, combined TMS-EEG studies have suggested that anodal tDCS spe-
cifically affects task-related functional networks, and the boost of specific circuits
correlates with the observed clinical cognitive enhancement [57, 58]. Also, the
endogenous event-related potentials (P3-ERPs) seem to be valuable markers for
monitoring tDCS aftereffects on specific pathways involved in cognition; for
instance, tDCS applied over the dorsolateral prefrontal cortex (DLPC) increases P3
amplitudes, supporting the role of DLPC both in preattentive and attentive functions
[59-61]. In another study, Radman and co-workers have proved that tDCS applied
over the DLPC also modulates language processing, without facilitating overt sec-
ond language word production [62]. Similarly, Baptista and colleagues have shown
that the stimulation of the medial prefrontal cortex modulates ironic information at
the initial stage of irony comprehension [63], a phenomenon impaired in several
neuropsychiatric disorders, such as autism [64, 65] and schizophrenia [66].
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3.7 Novel Targets for Noninvasive DC Polarization
in Humans

3.7.1 The Cerebellum

In the past decade, the cerebellum and the spinal cord have emerged as novel prom-
ising targets for tDCS action, also for the treatment of neuropsychiatric diseases
[67]. For instance, recent modeling studies strengthen the spatial selectivity of
either cerebellar or spinal stimulation [68—70].

Nonetheless, their mechanisms of action have been only partly elucidated.

Cerebellar tDCS has both online and offline effects on cerebellar excitability.
Animal data suggest that the electrical stimulation of Purkinje cells mediates online
effects [71], whereas depolarization of Golgi inhibitory neurons is responsible for
long-lasting changes [72]. Purkinje cells represent the output from the cerebellar
cortex, and their activation leads to the inhibition of the dentate nucleus, ultimately
dampening motor cortex excitability, a phenomenon referred to as “cerebellar-brain
inhibition”, or CBI [73]. Cerebellar tDCS may ultimately interfere with this con-
nectivity, with anodal stimulation likely increasing and cathodal polarization reduc-
ing CBI. From a molecular perspective, the cerebellum contains the same
neurotransmitters of the cerebral cortex (e.g., GABA and glutamate); consequently,
both synaptic and nonsynaptic changes induced by cerebellar tDCS should be simi-
lar to those previously discussed about brain tDCS.

Cerebellar tDCS has shown encouraging results for the treatment of movement
disorders [74, 75] and pain syndromes [76], as well as for schizophrenia [77] and
bipolar disorder [78].

3.7.2 Spinal Cord

As concerns spinal tDCS, anodal stimulation has probably an overall inhibitory effect
on spinal cord activity [79-82]. Particularly, while anodal polarization could act
directly on cortico-spinal descending pathways, cathodal stimulation interferes with
interneuronal networks [3, 83, 84]. By analogy with the effects of direct currents on
peripheral nerves, it has been hypothesized that anodal transcutaneous spinal DCS
(tsDCS) leads to a hyperpolarizing “anodal block™ [85]. Overall, as suggested for
tDCS [15], rather than be simply specular, anodal and cathodal tsDCS may have simi-
lar effects on different targets.

Many studies have also shown possible supra-spinal mechanisms of action of
spinal direct current stimulation, both in animals [86] and humans [3, 87], possibly
synchronizing activity among different cortical areas and inducing neuroplasticity
[88]. That is also not surprising, considering the literature about invasive current
stimulation (Spinal Cord Stimulation, SCS), suggesting a possible modulation of
glutamatergic cortical interneurons in patients with neuropathic pain [89]. Moreover,
it is known that alternating currents epidurally delivered to the posterior columns of
the spinal cord are able to modify sensory processing at thalamic relays and cortical
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levels [90]. Recently, studies from our laboratories have explored two main non-
spinal targets, (1) GABA-A cortical interneurons, mediating so-called “short intra-
cortical inhibition” (SICI) [3], and (2) interhemispheric processing [87].

Spinal tDCS has not been used for the treatment of neuropsychiatric disorders yet,

but the possibility to modulate supra-spinal and cortical networks is intriguing for a
combined cortico-spinal (or cerebello-spinal) stimulation, thus potentially increasing
behavioral changes through different, but not mutually exclusive, mechanisms of action.
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Repetitive Magnetic and Low-Intensity
Electric Transcranial Stimulation

in the Interventional Psychiatry:
Summary of Safety Issues

Simone Rossi and Andrea Antal

4.1 Introduction

The aim of this review is to give a short but informative summary of the safety of
repetitive transcranial magnetic stimulation (rTMS) and low-intensity transcranial
electric stimulation (TES) based on available published research and clinical data in
the interventional psychiatry, including animal models and human studies.

The current approach in the clinical field is to estimate the potential of a stimula-
tion protocol becoming a hazard that could result in safety problems. Hazard and
risks should be considered separately: hazard is a potential for an Adverse Event
(AE) (e.g., using too high stimulations intensities). Risk is a measure of the combina-
tion of the hazard, the likelihood of occurrence of the AE and the severity [1, 2] (See
also: http://www.who.int/medical_devices/publications/en/MD_Regulations.pdf).

Risk is not the same as burden: a stimulation procedure may be burdensome, e.g.,
resulting in much discomfort (e.g., face muscle twitching during rTMS), but never-
theless safe, without relevant risk for permanent damage.

In brain stimulation research and related clinical applications, safety can only be
considered in relative terms [3]. According to the definition of the European Medical
Device Directive (MDD), “safe” is a condition where all risks are accepted risks
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(MDD; Annex I; § I. General Requirements). We have to keep in mind that all
stimulation protocols could carry a certain degree of risk and could cause problems
in specific circumstances, e.g., when medicated patients or children are treated with
stimulation.

Generally, the assumption that a stimulation protocol is safe is based on a full
and unprejudiced documentation of all AEs that may occur during application of a
given protocol. However, it should be underlined here that the prevalence of pub-
lished AEs in the brain stimulation studies is higher in studies specifically assessing
AEs, compared to those not assessing them. Furthermore, in these studies AEs are
frequently reported by subjects receiving placebo stimulation.

AEs are undesirable or harmful effects that are observed after a medical interven-
tion that may or may not be causally related to it (https://evs.nci.nih.gov/ftp1/
CTCAE/Archive/CTCAE_4.02_2009-09-15_QuickReference_5x7_Locked.pdf).
A mild AE (grade 1) is defined as involving mild symptoms, for which no medical
treatment is necessary (i.e., transient local discomfort during rTMS or skin redness
after tDCS), while a moderate AE (grade 2) indicates the need of noninvasive treat-
ment (e.g., transient but persistent pain after 'rTMS needing an analgesic, or in the
case of tDCS local application of a cream after a skin burn). Serious AEs (SAE)
(grade 3) are medically significant but not immediately life-threatening events: they
include the requirement for inpatient hospitalization (or prolongation of it). Life-
threatening SAEs include events that are life threatening (grade 4) or death (grade 5).

Special stimulation conditions that have been increasingly used during the last
few years, e.g., combination of rTMS and TES with other methods, such as stimu-
lating patients with intracranial implants or combination of TES with functional
magnetic resonance imaging (fMRI) or EEG, or other types of noninvasive stimula-
tion (magnetic seizure therapy, trans-spinal and transorbital stimulation) should
require different and many times deeper and individually tailored safety consider-
ations, and therefore will not be mentioned and discussed in this paper (but see [3]).

4.2  Transcranial Magnetic Stimulation

An impressive growing of scientific publications has appeared in the last 20 years
concerning the use of rTMS, including theta burst (TBS) stimulation, in the psy-
chiatric field. New coils for stimulation have been presented, able to stimulate
deeper than conventional ones, and new protocols—as “high-density rTMS”—
have been introduced. Meanwhile, the use of rTMS has been cleared by regulatory
agencies in many countries for treatment of depression and obsessive-compulsive
disorder. So, constant updating of safety issues remains a crucial point, and this is
why the International Federation of Clinical Neurophysiology (IFCN) supported
a further consensus meeting 10 years later the last available safety guidelines [4,
5]. The meeting has been held again in Siena during October 2018, and a new
release of the safety guideline was scheduled for the end of 2019, as a result of
that meeting.
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4.2.1 A General Short Summary Related to the Safety Aspects
of rTMS, and Basic Procedures to Limit AEs

If safety recommendations in terms of intensity, frequency, and timing of stimula-
tion are adhered to, rTMS and TBS stimulation can be considered overall safe.
Currently available safety limits are reported in [5]. These limits are not mandatory,
but just reflect proven safety limits in healthy subjects. In fact, they are meant not to
prevent the development of new protocols of stimulation, as indeed it has been done
since their publication.

Therefore, in case of new protocols, it is advisable to use all precautions that
might alert the treating physician on the occurrence of an incoming seizure, the
most SAE that might take place during an rTMS intervention. These include: (1)
adjustment of the parameters of the stimulation according to the resting motor
threshold (RMT); (2) the neurophysiological monitoring during the rTMS
application.

Regarding the RMT, it is traditionally considered as the minimum intensity
required to elicit an electromyographic (EMG) response (motor evoked potential,
MEP) of at least 50 pV with a probability of 50% in a hand muscle at rest [6]. RMT
can also be determined by observing the clinical motor responses (finger or arm
movement) rather than recording the MEP by surface EMG. Such a visual method,
which is often used in private clinics to save time, overestimates the minimum
intensity required to activate the motor cortex; therefore, it potentially increases the
danger of TMS. During a treatment course, the RMT has to be searched every day
of stimulation, as it may change from day to day and due to the intervention itself [7].

Neurophysiological monitoring is strongly recommended either for all those
studies that are based on new TMS protocols that are not fully tested yet by a safety
point of view, or for all those protocols based on a combination of parameters of
stimulation (including new coils or multiple-site intervention) that are close to
upper safety limits of the published tables. This applies to both healthy subjects for
research use and, even more, for patients’ populations.

In studies where rTMS is not expected to generate MEPs (as during motor cortex
stimulation below motor threshold or stimulation outside the motor cortex), the ses-
sion can be monitored by recording MEPs in a hand muscle contralateral to the
stimulated hemisphere: hand muscles are generally used to these purposes as they
have the lowest threshold of excitation. The occurrence of TMS-evoked EMG activ-
ity during the rTMS application reflects an increase in cortical excitability, taking
place at the motor cortex. The appearance of MEPs under these circumstances may
indicate a lowering of the threshold in the subthreshold stimulated motor cortex, or
the spread of excitation from neighboring areas to the motor cortex itself.

In studies where the stimulus is supposed to produce hand MEPs, EMG moni-
toring can be performed on a more proximal arm muscle, like the deltoid or the
biceps muscle. If EMG recording is not available, a visual monitoring of the
patients by a qualified person is mandatory, although it is less sensitive and
objective [8].
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Theoretically, the most appropriate method to detect an emerging seizure dur-
ing rTMS could be represented by electroencephalographic (EEG) recordings.
Indeed, EEG post-discharge after the cessation of cortical stimulation is classi-
cally considered to be the first indicator of an occurring seizure [9], as demon-
strated for a variety of cortical targets [10-12] and for variable periods after the
intervention [13, 14]. However, EEG monitoring is not feasible in the routine
practice of rTMS, mostly because of the need for expensive specialized equip-
ment to enable EEG recording during rTMS without artifacts due to mag-
netic pulses.

4.2.2 lliness-Therapy-Stimulation Interactions in Psychiatry

In arecent survey of the 5-year period 2012-2016, over 300,000 TMS sessions were
applied with various frequencies and 21 seizures were reported (standardized risk
7/100,000): 14 of these occurred in subjects considered to have an elevated risk,
such as taking medications, having brain lesions, or epilepsy (standardized risk:
24/100,000 sessions) [15]. However, the same survey reported that the concurrent
use of psychotropic medications did not modify so much the risk of seizure occur-
rence (less than 0.02% of all treatment sessions; 8/45,000 sessions) [15]. Of these,
only three—all psychiatric patients—were free from anatomical lesions and on
medications suspected of lowering the seizure threshold. Two seizures were reported
in depressed individuals without concurrent pharmacological treatment.

Regarding deep-coils, a recent review reported 31 seizures on 35,443 treated
patients (seizure frequency of 0.00087) [16]. Of these, 29 occurred in depressed
patients, one seizure in a schizophrenic patient and one in a post-traumatic stress
disorder patient. In most cases, patients took one or more psychopharmacological
agent(s) (amitriptyline, aripiprazole, bupropion, citalopram, clomipramine, desven-
lafaxine, duloxetine, escitalopram, fluoxetine, lithium, lurasidone, mianserin, mir-
tazapine, olanzapine, sertraline, trazodone, venlafaxine, vortioxetine). It remains
difficult to answer whether these drugs have had a causal role or not, as seizures
occurred either with high-risk drugs (e.g., clomipramine) or during treatment with
drugs whose favoring seizure role is negligible [17].

Another AE potentially relevant in psychiatric patients undergoing TMS inter-
ventions is treatment-emergent mania, which has been reported after stimulation of
the left prefrontal cortex, either with low- or high-frequency rTMS in patients with
unipolar and bipolar depression [18]. However, the overall rate of 0.84% for active
r'TMS versus 0.73% for sham rTMS is even lower than the natural switch rate in
bipolar patients under mood stabilizers treatment (2.3-3.45%) [18].

Suicidal ideation has never been described in healthy subjects during or after
r'TMS, and there is even evidence for an anti-suicidal effect of rTMS in depression
[19, 20]. Psychotic symptoms, or anxiety, agitation, and insomnia have been occa-
sionally reported: they were transient and resolved spontaneously or with light phar-
macological treatment [21, 22], but it is unknown whether their frequency is higher
during rTMS interventions than during the natural course of the disease.
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Even if these AEs are minor and transient, it is advisable that psychiatric patients
undergoing rTMS are clearly informed about the risk of psychiatric side effects, as
they are not uncommon.

4.2.3 Conclusions and Recommendations

Patients undergoing rTMS intervention should be screened for suitability, as with
magnetic resonance procedures [23]. When reviewing rTMS and TBS applications
in human applications and clinical trials, no reports of an SAE or irreversible injury
attributable to these interventions were found, despite the thousands of patients
treated. Epileptic seizures induced by rTMS are a rare, but possible phenomenon:
the most recent estimate shows a standardized risk of 7/100,000, which seems how-
ever not increased in psychiatric patient populations [15].

Mild AEs are instead quite frequent, but they are very mild, transitory, and do not
require pharmacological treatment in most cases [5]: the most common are transient
headache, local or neck pain, toothache, paresthesia, and transient hearing changes
if earplugs are not properly positioned. Anxiety is possible, especially at the begin-
ning of treatment, but it is likely an unspecific effect.

Although there is no evidence suggesting that AEs in psychiatric patients are
significantly higher and different in magnitude in comparison to healthy subjects,
care has to be taken to evaluate the concomitant treatment, as many of the drugs
acting on the central nervous system may lower the excitability threshold. However,
even in such a population of patients, the risk remains low [5].

For every new trial, stimulation parameters must always be chosen with safety
considerations in mind, and be accepted by the Ethical Committee/IRB before ini-
tiation of a study.

4.3 Low-Intensity TES Methods

Low-intensity TES methods, which are used in psychiatry, are encompassing tran-
scranial direct current (tDCS—most frequently), transcranial alternating current
(tACS), and transcranial random noise (tRNS) stimulation or their combinations.
“Low intensity” is defined as intensities <4 mA (at the case of tACS and tRNS peak-
to-peak,) a total stimulation duration of up to 60 minutes per day, applied through at
least 2 electrodes, using electrode sizes between 1 and 100 cm? (delivering <7.2
coulombs of charge) [3, 24]. With regard to tACS and tRNS, the applied frequency
range is between 0.1 and 10,000 Hz.

4.3.1 A General Short Summary Related to the Safety
Aspects of TES

The TES dose is defined by the parameters delivered by the stimulation device,
generating an electric field (EF) in the body (in units of V/m or mV/mm) [25]. These
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parameters can be well defined (intensity, duration of the stimulation, size of the

electrodes); however, other parameters, including physiological factors such as indi-

vidual anatomy, age, gender, baseline neurotransmitter concentrations, genetics,
and dynamic state of the brain before and during stimulation are barely controllable

(this, of course, applies to every brain stimulation protocol). Therefore, the current

state of knowledge concerning the physiological mechanisms (and related safety

aspects) of low-intensity TES still remains limited.

In most recent studies, the stimulation parameters are chosen based on previ-
ously published research and clinical data, computational modeling, and safety con-
siderations based on human and animal experimental data. Finding the “optimal”
dose for a given application still represents a challenge. With regard to the safe use
of low-intensity TES for research and clinical purposes, it is recommended to con-
sider the following issues.

1. EF modeling for targeting predefined areas for stimulation, including subject-
specific current optimization can be helpful and results in increased safety. The
current density is much higher in the skin than in the brain; therefore, the lack of
skin injury indirectly supports the claim that the brain current flow is safe
(assuming equal sensitivity to injury of skin and brain) [24-26]. It is suggested
that the predicted EF strength is about 0.4—0.6 V/m in the cortex when the tradi-
tional stimulation protocols are used (up to 2 mA). The maximal value that was
so far reported in a normal brain is 1.6 V/m [27]. Nevertheless, anatomical varia-
tions can lead to differences by a factor of ~2 for a fixed stimulation intensity
[28-31]. The abovementioned data are very similar to those recorded in epilepsy
patients with EF strengths of 0.6-1.6 V/m [32] and < 0.5 V/m using 1 mA [33].
Of course, these small EFs are below the intensity required to elicit action poten-
tials [34]; nevertheless, they can modify ongoing brain processes, inducing
molecular or structural changes [35-38]. No irreversible electrochemical prod-
ucts are known to accumulate at the electrode with such low current densities.
Conductive rubber electrodes are convenient for TES; they are not placed directly
on the skin; an electrolyte that is saline or gel always separates the two [39]. Tap
water is not recommended, and care should be taken, even when using a saline
solution in longer-lasting experiments as increased contact resistance may also
arise from the drying of the sponges [40]. Abrading the skin before electrode
placement is not recommended [41].

2. Modeling studies can be just an estimation of the EF. However, the relation of
this to time-integrated EF on the cortex is not simple [42, 43]. The other possibil-
ity is testing a given protocol in animal models; nevertheless, there are still many
uncertainties in the translation of animal studies to human experiments. In
humans, tDCS with 1 mA intensity using standard contact electrodes (16-35 cm?)
results in charge densities ranging from 170 to 480 C/m?. In animal studies, at
current densities between 14.3 and 28.7 mA/cm?, corresponding to a charge den-
sity threshold below 52,400 C/m?, no histologically detectable brain lesions
were induced [44]. Threshold approximation obtained from rat experiments was
estimated to be over one order of magnitude higher compared to current clinical
protocols [24].
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3. Inclinical practice, safety of low-intensity TES (mainly tDCS) is mostly derived
from an analysis assessing efficacy as the primary outcome; the number of trials
targeting only “safety” is limited. In general, these human studies evaluated
parameters of neuronal damage, such as neuron-specific enolase (NSE), magnetic
resonance imaging (MRI) [45], electroencephalography (EEG), and neuropsy-
chological tests [46, 47] and they all support the safety of TES.

Concerning human studies, the most typical events during stimulation are slight
transient tingling sensations, very rarely local pain under the electrodes or light
flashes when the stimulation was switched on or off abruptly, or when tACS is used
in the EEG frequency range, with an intensity of 1-2 mA. Following the stimula-
tion, light headache and erythema or contact dermatitis under the stimulation elec-
trodes were reported [3]. It was repeatedly documented that the profile of AEs in
terms of frequency, magnitude, and type is comparable in healthy and clinical popu-
lations, and this is also the case for more vulnerable populations, such as children,
elderly persons, or pregnant women [3]. With regard to skin irritations, the contrib-
uting factors are pre-existing conditions, such as allergies to skin creams, high
impedance (e.g., electrode dry or defect, inappropriate contact solution, nonuniform
contact pressure of electrodes to skin), prolonged duration or repeated sessions, and
too high current density (high current, small electrode) [3]. Therefore, irritation of
the skin can be prevented by the best possible preparation of skin and stimulation
electrode (without abrading the skin). The application of the stimulation over non-
homogenous (e.g., scars) or inflamed skin areas should be avoided. During and after
treatment, participants should be instructed to report discomfort immediately.

4.3.2 lliness-Therapy-Stimulation Interactions

TES, similarly to rTMS, can be combined with basically any other therapeutic inter-
vention, including motor or cognitive training, behavioral interventions or the appli-
cation of medications [48-50]. Combinations of TES with motor or cognitive
training or behavioral interventions appear to be safe (e.g., in the neurorehabilita-
tion). However, some pharmacological interventions might increase the risk of AEs,
e.g., when they amplify cortical excitability changes. On the other side, anticonvul-
sant medications can decrease or abolish anodal tDCS effects [51]. In the following
section, we concentrate on reported AEs in one of the most frequently TES-treated
patient groups in interventional psychiatry: major depressive disorder (MDD).

Generally, the burden associated with TES in MDD trials was basically the same
as in all other trials with tDCS, i.e., cutaneous symptoms and sensations occurring
with the same frequency [52]. Several RCTs [50, 53-55] described treatment-
emergent mania’hypomania cases (generally, less than 15 patients until 2019). Only
two occurred in patients with bipolar disorder. Five patients out of these cases
started receiving tDCS and sertraline simultaneously. In a meta-analysis on the
topic [56], it was found that the treatment-emergent hypomania/mania rates were
not statistically different between active and sham stimulation, although they were
higher in active (3.5%) vs. sham (0.5%) stimulation.
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Treatment-emergent suicidal ideation or behavior is a risk in the treatment of any
depressed patient. According to available data, one patient committed suicide dur-
ing a clinical tDCS trial, but this was most likely unrelated to tDCS intervention [54].

In summary, patients should be carefully assessed for a history of bipolar disor-
der or of switching into mania with past antidepressant treatments, as these factors
may indicate a higher risk of manic switch with tDCS; yet, a causal relationship is
difficult to prove because of the low incidence rate and limited numbers of subjects
in controlled trials. In these patients, concurrent treatment with mood stabilizer
medications during the tDCS treatment course should be considered.

4.3.3 Conclusions and Recommendations

When reviewing only conventional bipolar tDCS in human applications and clinical
trials, no reports of an SAE or irreversible injury attributable to low-intensity TES
were found in over 33,200 sessions and 1000 subjects with repeated sessions [24].
About 400 publications using low-intensity TES between 2000 and 2019 reported
mild AEs, mainly in the category of skin sensations; however, several studies were
not placebo controlled and double blinded. At present, there is no direct evidence
suggesting that the AEs in patients or in vulnerable populations are significantly
higher and different in magnitude in comparison to healthy subjects. Generally, in a
systematic review of 64 tDCS trials [52], it was found that the quality of AEs report-
ing in neuropsychiatry was quite low. Lack of adequate AEs reporting is a problem
because this usually leads to an underestimation of the true rate of AEs.

Stimulation parameters should always be chosen with safety considerations in
mind, and be accepted by the Ethical Committee/IRB before initiation of a study.
Alterations during applications should always be documented. We suggest using
standard questionnaires for screening and reporting [3] (http://www.neurologie.uni-
goettingen.de/downloads.html). Additional questions and information can be inserted
according to particular experimental or clinical demands. Furthermore, reporting
each patient’s guess for type of stimulation and reporting the researcher’s assessment
of the patient’s propensity to complain [57, 58] should be required in future studies.
As mentioned above, AEs have been rare and minor in the course of thousands of
hours of TES in controlled settings, using CE certified stimulation devices around the
world. There is little reliable data on the safety of direct-to-consumer brain stimula-
tion devices. Therefore, we warn against the use of devices and methods unless they
have shown both efficacy and safety in appropriately designed clinical trials.
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5.1 Introduction

To understand the foundation of central nervous system diseases in humans, the
exploration of human brain physiology is of utmost importance. In the last 40 years,
numerous tools that allow the exploration of respective mechanisms in health and
disease have been developed. Two main groups of tools are neuroimaging and non-
invasive brain stimulation (NIBS) approaches. Neuroimaging allows to iden-
tify areas activated during psychological and behavioral processes, including not
only regional but also network activations, as well as process-related alterations of
transmitter and neuromodulator systems. Noninvasive brain stimulation has been
developed based on the findings that sufficiently strong electrical stimulation over
the scalp is able to activate cortical neurons [1]. Based on these initial findings,
numerous tools have been developed, which enable not only global activation of
specific target areas but also monitoring the central nervous system conduction
time, activation of cortical subsystems defined by neurotransmitters and modula-
tors, and network activation. Because of these specific functions and the high spatial
and temporal specificity of some protocols, NIBS allows revealing aspects of human
brain physiology, which we cannot obtain by functional imaging alone. Furthermore,
brain stimulation approaches are able to modulate task-related cerebral activity.
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This allows for deriving causal relations about the involvement of specific physio-
logical activity during psychological and behavioral processes, based on interven-
tion-dependent performance alterations. In addition, based on respective alterations,
therapeutic interventions have been developed, which aim to counteract pathologi-
cally altered cortical activity, neuroplasticity, and oscillatory activity. Some of these
interventions, e.g., repetitive transcranial magnetic stimulation (rTMS), have
already been approved for routine clinical treatment of psychiatric disorders, while
others may also soon reach approval. In this chapter, we provide an overview of the
main NIBS tools available at present, which are transcranial magnetic stimulation
(TMS) and transcranial electrical stimulation (tES), and discuss their application as
a research tool for understanding cognition and behavior, and their potential for
treating diseases of the brain. This includes exploration of disease-relevant patho-
logical alterations of brain physiology. Improving the knowledge in this field not
only enhances our mechanistic understanding but may also lead to the identification
of biomarkers for a specific disease, or therapeutic progress, and thereby guide indi-
vidualization of therapeutic approaches in the future. Moreover, with both TMS and
tES approaches, it is possible to generate plasticity in the human brain. As such,
these tools allow us not only to identify plasticity-related pathological alterations in
central nervous system diseases, but also to counteract pathological alterations in
respective diseases. In the last part of this chapter, we will give examples of how
these tools can be used to improve comprehension of disease-specific pathophysiol-
ogy, and based on this, to develop therapeutic approaches. Finally, we will give a
short overview of future developments in the field, which might help to further
improve the utility of NIBS.

5.2  Using NIBS to Monitor Brain Physiology

For the exploration of human brain physiology, NIBS is used to study cortical excit-
ability, cerebral connectivity, and neuroplasticity. These methods help to clarify the
physiological foundation of cognitive processes and behavior and are also relevant
to identify pathological alterations in clinical syndromes, and mechanistic effects of
interventions dedicated to reducing clinical symptoms. In the following, we refer
primarily to protocols relevant to psychological and behavioral processes. For deter-
mination of central conduction time, mapping procedures, and related protocols,
which are relevant for clinical diagnostics of neurological diseases, refer to the
respective literature [2].

5.2.1 Monitoring Cortical Excitability by NIBS

For the exploration of cerebral excitability, TMS is the main stimulation paradigm
used for application in humans. Numerous TMS protocols have been developed,
including single- and double-pulse stimulation of cerebral target regions, as well as
peripheral—central stimulus combinations, to explore the functional state of cortical,
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corticocortical, and corticospinal pathways. These protocols also allow for a more
detailed understanding of the specific functionality of pharmacologically defined
subsystems. TMS alone can probe the reactivity of the motor and visual cortex, and
when coupled with other neuroimaging techniques such as electroencephalography
(EEG), can be used to assess the response of other cortical targets as well. Respective
measures are valuable for the identification of neurophysiological and pathophysi-
ological aspects of CNS diseases, and for the exploration of disease dynamics,
including the impact of interventions. Thus, TMS-based monitoring approaches,
which we describe below, may be powerful co-adjuvants for the early diagnosis and
grading of diseases.

Motor Threshold (MT), Motor Evoked Potential (MEP) amplitude and latency,
and the recruitment curve are the main protocols to investigate corticospinal excit-
ability by TMS. MT is a summated index of neuronal membrane excitability of
corticospinal neurons, the interneurons projecting onto these neurons along the cor-
ticospinal tract, as well as the excitability of motor neurons in the spinal cord, neu-
romuscular junctions, and muscles [3]. MT is increased by drugs that block
voltage-gated sodium channels in the motor cortex but is not altered by the block of
glutamatergic or enhancement of GABAergic activity [4]. Thus, MT reflects mainly
neuronal membrane, but not synaptic, excitability. The electromyographic ampli-
tude of MEP responses elicited by suprathreshold single-pulse TMS reflects the
excitability of motor cortex neurons, the integrity of the corticospinal tract, and
conduction along the peripheral motor pathway to the muscles. Here, the recruit-
ment curve describes the sigmoidal input—output properties of the corticospinal sys-
tem. MEPs elicited by low TMS intensities—similar to MT—reflect primarily
neuronal membrane excitability, whereas larger MEPs generated by higher TMS
intensities are also partially controlled by glutamatergic synaptic effects [5].

Additional protocols have also been developed for detecting more specific altera-
tions of cortical excitability. The Cortical Silent Period (CSP), Short-Latency
Afferent Inhibition (SAI), Short-Latency Intracortical Inhibition (SICI), Long-
Interval Intracortical Inhibition (LICI), and I-wave facilitation are neurophysiologi-
cal measures, which assess intracortical inhibitory processes. CSP refers to a
temporary suppression of ongoing electromyographic activity in an active muscle
caused by a TMS pulse. It mainly originates from inhibitory mechanisms at the
level of the motor cortex and is mediated by GABA, and GABAg receptors in low-
and high-stimulus intensities, respectively [4]. SAI is obtained by combination of a
peripheral electrical stimulus of a mixed nerve with a subsequent TMS pulse over
the motor cortex. Within specific interstimulus intervals, the peripheral nerve stimu-
lus has an inhibitory effect on the TMS-elicited MEP, which is controlled by GABA 4
receptors and central cholinergic transmission [6]. SICI reflects the inhibitory effect
of a subthreshold TMS pulse on the MEP amplitude generated by a subsequent
suprathreshold TMS pulse, which is observed at interstimulus intervals (ISIs)
between 1 and 6 ms. It is primarily controlled by GABA , receptors but also affected
by glutamatergic and dopaminergic systems [4, 7]. LICI is tested by application of
two suprathreshold TMS pulses with ISIs of 20-300 ms and controlled by GABAg
receptors [8]. Another suprathreshold/subthreshold paired-pulse TMS paradigm to
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assess intracortical excitability is I-wave facilitation. I-waves or indirect waves are
repetitive discharges of corticospinal fibers elicited by a suprathreshold TMS pulse
over the motor cortex. I-wave facilitation is attributed to intracortical interactions
between circuits responsible for the production of these waves, and depends on
GABA ,-related neuronal circuits, with later [-waves being more affected by intra-
cortical inhibition than early ones [9, 10].

At the intracortical level, beyond inhibitory mechanisms, facilitation can also be
probed by combination of a subthreshold TMS conditioning pulse with a supra-
threshold test pulse. For interstimulus intervals of 7-20 ms, the conditioning pulse
enhances MEP amplitudes evoked by the test pulse (intracortical facilitation (ICF)),
which is primarily controlled by the glutamatergic system [4].

Beyond monitoring motor cortex excitability through TMS, specific protocols
have also been developed for probing excitability of other brain areas. Visual cortex
excitability can be probed by the TMS threshold for the generation of phosphenes,
which are light flashes perceived, in this case, by application of TMS over the
respective target area. Furthermore, integration of TMS with neuroimaging tech-
niques such as EEG extends TMS excitability measures to additional cortical
regions. Single- and paired-pulse TMS protocols have been integrated into TMS-
EEG paradigms to study excitation/inhibition mechanisms at the cortical level in
both motor and nonmotor areas. The combination of TMS with EEG has identified
novel and useful measures of evoked activity that index inhibitory (e.g., GABAergic)
and excitatory neurotransmission (see [11] for a review). LICI-related inhibition of
cortical evoked activity, for instance, has been identified for DLPFC and parietal
TMS-EEG protocols and is associated with GABA-B receptor activity in these
areas [12, 13]. In contrast, the amplitudes of the P30 and P60 components of TEPs
were reduced by SICI and increased by ICF protocols in both M1 and DLPFC
stimulation, which suggests a dependency of these TEP components from
GABAergic and glutamatergic synaptic mechanisms [14]. Considering the ability
of paired-pulse TMS-EEG protocols to obtain neurophysiological readouts for non-
motor regions, they might also be suited to characterize healthy versus pathological
brain states of these regions and introduce novel electrophysiological diagnostic
and prognostic markers in clinical populations.

One relevant limitation of the abovementioned TMS-derived measures is the
appreciable level of the observed variability of most of them, which is caused by
various biological and methodological factors. This variability compromises the
reliability of TMS-derived neurophysiological markers, especially at the level of the
individual, which, in addition to difficulties in defining normative values, challenges
their use as standard diagnostic protocols. Further studies are required to enhance
the sensitivity and specificity of these metrics to translate them into clinical
applications.

5.2.2 Monitoring Network Connectivity by NIBS

Beyond alterations of cortical activity and excitability of regional areas, the patho-
physiology underlying psychiatric and neurological disorders is increasingly
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attributed to dysfunctional networks, involving abnormal interactions between mul-
tiple brain regions. NIBS techniques alone, and in combination with neuroimaging
methods, promote our understanding of the network activity underlying both healthy
human brain functions as well as connectivity changes associated with dysfunc-
tional states.

Two TMS pulses applied to different regions of the brain can be used to probe
both intra- and interhemispheric corticocortical interactions. Double-pulse tech-
niques have been especially explored for motor control and movement disorders.
One example is the exploration of transcallosal inhibition, where a conditioning
TMS stimulus is applied over one motor cortex, and the inhibitory effect is explored
on the contralateral homolog [15]. Similarly, a conditioning TMS stimulus over the
cerebellum inhibits subsequent motor cortex excitability through cerebellar-cortical
pathways [16].

Application of NIBS over a specific region affects not only neural activity of the
respective target area but also the evoked activity that propagates to anatomically
and functionally interconnected regions. Integration of brain stimulation and neuro-
imaging tools enables evaluation of these dynamic network interactions. Depending
on the neuroimaging modality, different aspects of NIBS-induced changes in brain
activity can be captured. EEG is suited to monitor TMS/tES-evoked/altered cortical
activity not just at the stimulation site, but also across remote, but interconnected
areas. Tracing the spatiotemporal propagation pattern of NIBS evoked potentials
with EEG allows determining corticocortical excitability and functional connectiv-
ity. The high temporal resolution of the EEG enables tracking of the temporal
sequence of communication between regions and, combined with NIBS, can iden-
tify effective (causal) connectivity patterns in the brain. Moreover, NIBS techniques
can trigger oscillatory rhythms or perturb/enhance ongoing oscillations. NIBS-EEG
approaches thus make it possible to study the functional/causal specificity of brain
rhythms for distinct cognitive and motor functions/malfunctions. Altered ampli-
tudes, synchronization, and propagation of TMS-induced natural frequencies in dif-
ferent cortical areas have the potential to act as diagnostic and prognostic
electrophysiological markers—for a review, see [17].

Besides EEG, use of fMRI in combination with NIBS may also deliver relevant
additional information about brain connectivity. Although its temporal resolution is
inferior in comparison with EEG measures, important advantages include its supe-
rior spatial resolution as well as the opportunity to monitor activity alterations
across larger and deeper brain areas, including subcortical regions [18].

5.3  Using NIBS to Modulate Neurophysiological Processes

In addition to the value provided as a monitoring technique, NIBS is increasingly
being used in diverse research and clinical settings as a means to directly modulate
neural processes. Researchers wishing to study the causal nature of cognitive func-
tions or neurological disorders may consider NIBS to complement traditional neu-
rophysiological techniques such as electrophysiological recordings in animals,
which are often invasive, or functional neuroimaging techniques such as fMRI, or
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EEG/MEG, which are typically limited in disentangling associative/epiphenomenal
observations of neural activity from direct causal relations. NIBS as a neuromodula-
tory technique is not limited to causing acute or short-lasting effects but may also be
used to induce aftereffects that extend beyond the duration of application for up to
several minutes or hours. These effects share features that are consistent with syn-
aptic plasticity mechanisms, such as long-term depression/potentiation (LTD/LTP).
Respective protocols can thus be used to explore the relevance of plasticity for psy-
chological processes, including the involvement of pathological plasticity in psychi-
atric and neurological diseases, or to counteract respective pathological plasticity
for therapeutic reasons.

5.3.1 Transcranial Magnetic Stimulation (TMS)

Direct-effects: Single stimuli or short bursts of TMS can be used to induce a “vir-
tual brain lesion” whereby local neural activity is disrupted within a specific brain
region during a task, allowing inference on the functional role of a particular region,
and also when it may become involved during a task (chronometry studies) [19].
Extending the duration of the disruption can be achieved by repeating pulses of
TMS (r'TMS) at 5-10 Hz, lasting for a few seconds [20]. Short-lasting rTMS proto-
cols have also been shown to transiently induce and synchronize neural firing, lead-
ing to changes in neuronal oscillations [21]. As practical examples of these
approaches, Amassian et al. [22] demonstrated the dependence of timing TMS to
successful vs. unsuccessful processing of visual stimuli relative to delivery intervals.

After-effects: Short- and long-term aftereffects of TMS have been observed with
longer duration repetitive TMS protocols (more than 50 pulses), which induce
changes in cortical excitability beyond the stimulation period [23]. Understanding
the mechanistic and physiological bases for these effects remains a topic of ongoing
research; however, synaptic plasticity is assumed to be the likely model, since (1) the
direction of plasticity (LTP or LTD) appears to be dependent on the induction proto-
col, (2) the effects appear related to the activity of gene-encoded proteins that are
active during early stages of synaptic plasticity [24, 25], and (3) among other molec-
ular activity, aftereffects are dependent on neurotransmitter release and NMDA
receptor-dependent activity [26, 27]. Specifically, low-frequency stimulation such as
r'TMS in the range between 0.9 and 1 Hz leads to a reduction in cortical excitability,
while higher frequency rTMS above 5 Hz increases cortical excitability [28].
Patterned rTMS, such as continuous or intermittent theta-burst stimulation (c/iTBS),
whereby 3 pulses are delivered at 50 Hz and repeated at 5 Hz [29], or quadripulse
stimulation, which delivers 4 pulses repeated at a rate of 0.2 Hz [30], also induce
lasting effects on cortical excitability. Finally, paired associative stimulation (PAS),
which combines stimulation of a mixed peripheral nerve with motor cortex TMS,
induces—dependent on the interval between respective stimuli—LTP—or LTD-like
plasticity, which is similar to spike-timing-dependent plasticity developed in animal
models [31]. However, the strength and duration of these effects are not, in all cases,
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homogeneous. They depend on the physiological state of the brain prior to and dur-
ing the stimulation [32], as well as on stimulation parameters such as intensity, num-
ber of pulses, and repetition of stimulation [33, 34]. In healthy adults, rTMS, TBS,
and QPS have been used to induce functional alterations offline, such as in working
memory, motor reaction time, visual attention, and tactile discrimination, among
other cognitive paradigms (see review by [35]).

5.3.2 Transcranial Direct Current Stimulation (tDCS)

Direct-effects: tDCS does not induce firing of action potentials but results in
polarity-dependent shifts in the resting membrane potential of neurons. Similarly to
TMS, the characterization of the specific cell compartments polarized by tDCS
critically depends on the neuronal morphology relative to the induced electric field,
as well as stimulation intensity and duration [36]. The polarity of the stimulation
(anodal or cathodal) is conventionally termed by the respective type of electrode
(surface positive or surface negative) placed over the target cortical area on the
scalp. Current flows from the anode to the cathode and must flow into and out of the
cell in order to exert effects [37]. Animal studies demonstrated that application of
weak DC fields delivered epidurally induced polarity-dependent changes in excit-
ability and spontaneous activity during and after the course of stimulation [38]. In
animal and human studies, anodal tDCS applied over the motor cortex results in
simultaneous enhancement of motor cortical excitability while cathodal tDCS
diminishes it [39]. The neuronal effects depend on membrane polarization changes
since pharmacological blockage of voltage-dependent sodium and calcium ion
channels abolished the respective effects [40].

After-effects: Neuroplastic aftereffects of tDCS are also mediated by changes in
synaptic efficacy, and thereby share properties of LTP/LTD. In the seminal animal
study by Bindman et al. [38], anodal stimulation led to enhanced cortical activity
and excitability lasting for hours while cathodal stimulation led to reduced activity.
In humans, respective identically directed polarity-dependent effects were also
observed [39, 41]. These effects depend on NMDA receptor activity, which involves
regulation of neuronal calcium [40, 42, 43]. Similarly to TMS mechanisms of syn-
aptic plasticity, aftereffects induced by tDCS are not linear and depend on intrinsic
cortical activity [44, 45], as well as stimulation parameters, such as current inten-
sity, stimulation duration, and repetition [46—48]. Moreover, physiological effects
of tDCS are not limited to the cortical region directly stimulated by the electrode
montage, but may also extend to regional and remote loci, either due to the diffuse
spatial focality of the induced electric field (depending on the montage—[49]) or by
functional connectivity-driven changes [50-52]. Similarly to rTMS effects, tDCS
induces long-lasting functional changes in target regions and networks, such as in
motor learning (see review by [53]), as well as in neuropsychological processes
such as emotion, attention, and working memory [54].
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5.3.3 Transcranial Alternating Current Stimulation (tACS)

Direct-effects: tACS is a variant of tDCS, which differs mainly in that tACS is
applied with an alternating waveform at a specific frequency (or multiple superim-
posed frequencies). Therefore, the main rationale of applying tACS is to rhythmi-
cally alter cortical activity, which is accomplished by frequency-pulsed subthreshold
changes in membrane polarization leading to entrainment of intrinsic oscillatory
activity with the applied waveform. In classic montages consisting of two elec-
trodes, oscillatory synchronization between the two sites will become anti-phasic
since the electric field should alternate unidirectionally. However, by including
more than two electrodes with multichannel stimulators, researchers can synchro-
nize oscillatory activity between two or more regions in-phase by specifying the
precise phase of the oscillatory cycle individually for each electrode, while ensuring
that the net electric field is conserved [55]. The online physiological effects of tACS
on neuronal oscillations have been demonstrated by animal studies [56], as well as
human studies using EEG, where alpha frequency stimulation increased the power
of the respective frequency band [57]. Stimulation at a specific frequency may also
entrain harmonic multiples of that frequency or interact with other frequencies due
to cross-frequency coupling. Recent studies supporting the functional relevance of
these effects have demonstrated that working memory processes can be facilitated
with either theta [58] or theta-gamma coupled tACS [59]. Therefore, tACS provides
a customizable approach to investigate the causal dependence of oscillatory activity
with cognitive functions.

After-effects: Beyond the direct effects of oscillatory entrainment, a few studies
have also reported neuroplastic aftereffects in cortical excitability [60-62]. Available
evidence suggests that the induction of plasticity might partially depend on the stim-
ulation parameters (e.g., frequency and intensity/amplitude), since high- but not
low-intensity tACS induced aftereffects up to 60 minutes after stimulation [61, 62],
and since tACS was more effective when applied at the beta frequency, which is the
predominant frequency band in the resting motor cortex [63]. In the same way,
aftereffects in occipital alpha have been observed when tACS was applied within
the alpha range [57, 64]. Since a direct association between excitability alterations
and oscillatory changes was not observed, whether the observed aftereffects in
oscillatory rhythms reflect LTP/LTD-like plasticity mechanisms, such as spike-
timing-dependent plasticity (STDP), remains unclear [62, 65, 66].

To summarize, NIBS offers various means to directly modulate and induce after-
effects in neurophysiological processes, such as cortical excitability, neuronal oscil-
lations, and hemodynamic activity, among others. However, these effects are not
linearly related to stimulation parameters, may be heterogeneous between individu-
als due to anatomical or physiological profiles, and may be nontrivially affected by
cognitive state, due to metaplastic or homeostatic regulatory mechanisms. The goal
of ongoing research and development of NIBS is to understand how these factors
interact with each other, in order to develop better-suited stimulation protocols that
deliver state-of-the-art efficacy in research and clinical settings.
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5.4  Translation of NIBS Techniques from Basic
to Clinical Applications

NIBS may also be applied in clinical settings to treat psychiatric and neurological
diseases. In one perspective, they may be used to explore the pathophysiology of
these diseases, which include the development of diagnostic measures and relevant
biomarkers to track the efficacy of therapeutic interventions, as well as evaluation
of therapeutic effects, and their foundations. In a second approach, NIBS protocols
may be applied for therapeutic purposes in order to counteract pathological altera-
tions in brain physiology. They may also serve as adjuvants to support therapeutic
activities in other domains, e.g., re-learning or rehabilitative approaches, which
profit from enhanced plasticity. In the following, we will give examples of how
respective NIBS tools can be employed for these purposes.

5.4.1 Application of NIBS for Identification
of Disease-Related Pathophysiology

NIBS techniques have contributed relevantly in enhancing our understanding of the
pathophysiology of neurological and psychiatric diseases. In numerous psychiatric
diseases, pathological alterations of cortical excitability have been identified. For
example, decreased GABAergic inhibition, as obtained by SICI, has been shown for
major depression (MDD), schizophrenia (SCZ), and obsessive-compulsive disorder
(OCD). Additionally, enhanced intracortical facilitation has been shown in OCD by
ICF protocols (for a review, see [67]). These results suggest an imbalance of corre-
sponding neurotransmitters in the respective diseases, mainly of the glutamatergic
and GABAergic systems. Moreover, these findings show that respective alterations
differ between disease entities. In Alzheimer’s disease (AD), reduced SAI has been
shown in patients at the initial stage of disease, which is expected according to the
cholinergic hypothesis of AD, and makes this parameter a potential adjunctive tool
for early diagnosis of the disease. This deficit was abolished by cholinergic medica-
tion, which further suggests such an approach being promising to explore mecha-
nisms of action of respective pharmacological treatment approaches [6].

Beyond the evaluation of regional excitability alterations in psychiatric diseases,
network connectivity analysis based on TMS-EEG has emerged recently as a new
option to explore respective pathophysiological alterations in psychiatric and neuro-
logical diseases. Here, abnormal functional and effective connectivity have been
shown to be relevant in disease populations, e.g., patients with SCZ having reduced
amplitude and synchrony of frontal and prefrontal gamma oscillations, which was
associated with disrupted effective connectivity, as assessed by TMS-EEG [68].
Another important physiological measure of disease-related pathological altera-
tions is neuroplasticity, which has been extensively studied in neuropsychiatric dis-
orders. PAS-generated LTP-like plasticity is impaired in Parkinson’s disease in the
off state but restored by dopaminergic treatment, which underscores the relevance
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of dopamine for plasticity, and might help to explain the cognitive deficits in these
patients [69]. For SCZ, a decrease in LTP-like plasticity was demonstrated via tDCS
[70], possibly due to pathological alterations of dopaminergic and glutamatergic
activity [71]. In accordance with the importance of plasticity for cognitive func-
tions, the respective plasticity reduction is correlated with cognitive decline in these
patients [72], supporting the concept of employing alterations in NIBS-induced
plasticity as a biomarker of disease or symptom manifestation [70].

These exemplary studies show that NIBS is not only an important tool to explore
different aspects of disease-related pathophysiological alterations in the human
brain but also potentially relevant to enhance diagnostic efficiency or predict clini-
cal prognosis, e.g., of pharmacological treatment responses. So far, only TMS mea-
sures, including central motor conduction time and the triple stimulation technique,
have been clinically adopted for the diagnosis of diseases of the motor system. In
principle, the abovementioned protocols might also be valuable for these purposes,
including monitoring of not only regional excitability, but also plasticity and con-
nectivity. One current drawback of these techniques, which limits their use at indi-
vidual level, is the relatively large intra- and interindividual variability. However,
new paradigms are under development, which might help to overcome these
limitations.

5.4.2 Application of NIBS as Therapeutic Intervention

Given their capability to induce neuroplasticity, and taking into account pathologi-
cal alterations of plasticity, and cortical excitability in psychiatric diseases, as well
as the importance of neuroplasticity for psychotherapeutic and rehabilitative treat-
ments, NIBS techniques have been implemented in numerous treatment studies. As
one of the first clinically approved NIBS interventions, rTMS was shown to be
efficient for the treatment of MDD. Based on findings of pathological hypo-
activation of the left and a relative hyper-activation of the right dorsolateral prefron-
tal cortex in depression, and a systemic reduction of LTP, which goes along with
cognitive deficits, excitability-enhancing left prefrontal or excitability-reducing
right prefrontal rTMS and tDCS have successfully demonstrated to reduce symp-
toms (see [73] for an overview). This application can be taken as a paradigmatic
example for the therapeutic application of NIBS, which has since then extended to
a larger disease spectrum with similar underlying concepts. In stroke rehabilitation,
upregulation of the lesioned area and downregulation of the nonlesioned contralat-
eral homolog have been proposed as an important therapeutic aim to rebalance the
motor system, thereby improving functions. Similarly, tDCS has been shown to
improve poststroke recovery through this concept [74]. In addition, NIBS based on
similar principles has been applied in numerous neuropsychiatric disorders such as
neuropathic pain and SCZ (for an overview, see [75, 76]).

Beyond the sole application of NIBS as a therapeutic option, its combination
with conventional treatment has also been probed. The conceptual background is to
enhance plasticity and/or functions via synergistic effects of dual interventions. For
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instance, tDCS has been adopted as an adjunctive therapeutic option for stroke reha-
bilitation or MDD, as it allows combination with simultaneous occupational/physi-
cal therapy or psychotherapy, respectively, and thereby further facilitates the
recovery process [77, 78]. Likewise, conventional pharmaceutical treatment, with
NIBS as an add-on treatment, has revealed synergistic effects. It has been demon-
strated that co-application of a serotonergic antidepressant with bilateral prefrontal
tDCS significantly improved depression symptoms as compared to treatment with
medication or stimulation alone [73].

Apart from the pathological plasticity, neuropsychiatric symptoms can also be
associated with abnormal oscillatory activities of specific brain areas. Here tACS
is a potentially valuable approach. tACS was shown to suppress Parkinsonian
tremor via phase cancellation when an antagonizing stimulation phase was applied
over the motor cortex [79]. A similar principle might be considered for other clini-
cal symptoms. For example, consciousness states are associated with specific
brain oscillations of prefrontal areas. Gamma oscillations are specifically relevant
for the so-called secondary consciousness states, which allow the separation of
inner and outer reality, including, but probably not restricted to, the perceived
sense of reality during dreams. Here, enhancing gamma activity not only improved
secondary consciousness during dreams [80] but also improved symptoms in a
pilot study in OCD. In this condition, symptoms are at least partially caused by an
unsurmountable drive to perform activities, which are known to be intellectu-
ally senseless by the patients, but cannot be completely suppressed, which may be
partially due to a missing cognitive dissociation to respective impulses [81].
However, apart from these approaches, therapeutic tACS studies remain scarce at
present.

In general, the therapeutic application of neuromodulatory NIBS techniques
shows potential as a clinical intervention, and implementation of some protocols
into routine therapy is already showing promising efficacy. Nevertheless, beyond
numerous pilot studies in various diseases, there is still a long way to go for many
applications to be transferred to routine clinical treatment, due to a relative lack of
systematic studies to identify optimal protocols. Moreover, pivotal studies are still
required in many fields, and interindividual differences in efficacy require a nuanced
approach in study designs and analyses, which has largely not been tackled system-
atically so far.

5.5 Conclusions

Noninvasive brain stimulation relevantly enriches the arsenal of methods available
to explore the physiological foundation of neurological and psychiatric diseases,
including not only pathological alterations but also dynamic changes relevant for
treatment effects. Moreover, specific variants of these methods are suited to induce
or modulate prolonged alterations of respective physiological processes, which
have therapeutic potential. This especially includes NIBS-generated plasticity and
alterations of oscillatory brain activity.
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For exploration of physiological processes, it is evident that NIBS helps in
obtaining a more enriched understanding of the physiological bases of respective
diseases at the group level, and thereby insightful knowledge about the general
pathophysiology of respective syndromes, as well as physiological alterations
which are associated with therapeutic success (although the latter has been explored
less extensively). These kinds of studies, especially when combined with imaging
methods, might help to develop innovative physiology-based therapeutic regimens
and also to evaluate the potential of new treatment options based on their physiolog-
ical effects. However, a relatively scarce amount of protocols has been used so far
as diagnostic procedure for individual patients. Exceptions are central conductance
measures, measures of MEP amplitudes under specific conditions (i.e., the triple
stimulation technique), and mapping procedures. One reason for this shortcoming is
the relevant trial-to-trial variability of TMS-evoked outcome measures. While it
might be possible to reduce certain methodologically caused foundations of this
variability by sophisticated stimulation protocols, e.g., neuronavigation or robot-
assisted procedures, some aspects of this variability are intrinsic, i.e., the partially
asynchronous activation of target neurons, and differences in conduction velocity
between respective neurons. Thus, usage of respective tools to extract biomarkers at
the individual level, and/or tools for personalized medicine, might be somewhat
limited with presently available procedures.

For therapeutic applications, plasticity-inducing and plasticity-modulating tools
are available at present. These include mainly rTMS and tDCS, but new techniques
are emerging, including oscillatory electrical stimulation (tACS, tRNS), stimulation
with static magnets, or ultrasound stimulation. These tools have been investigated as
viable treatment options for numerous psychiatric and neurological diseases, and
conclusive evidence for therapeutic effects in a couple of syndromes is available,
such as for rTMS in major depression, which has FDA approval. However, here
also, systematic studies are required at the group level to identify protocols with
optimized efficacy, as well as protocols that allow a sophisticated and individual-
ized adaptation. Achieving these objectives is not trivial because the effects of these
techniques are neuromodulatory, and therefore nonlinear, and state-dependent.
Newly developing approaches might combine specific intervention concepts, e.g.,
by combinations of stimulation with pharmacotherapy, and psychotherapy, to
achieve more targeted effects of therapeutic plasticity alterations.

A common limitation of both diagnostic and therapeutic approaches is the
restriction of the direct effects of respective interventions to only superficial cortical
targets. This might be partially overcome by network stimulation approaches; how-
ever, some emerging techniques offer the promise to also allow subcortical stimula-
tion selectively, which would open completely new avenues for NIBS. These include
techniques such as ultrasound stimulation and more specialized forms of oscillatory
electric brain stimulation protocols.

Taken together, NIBS has been developed into a valuable tool for exploring the
physiological underpinning of brain diseases, monitoring therapeutic effects, and
also as an interventional method for modulating neurophysiological activity. The
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combination of NIBS with other approaches and the development of these tools
might help to further enhance the utility of respective techniques.
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6.1 Introduction

Major depressive disorder (MDD) is the leading cause of mental health related dis-
ability worldwide, with an increase in prevalence of more than 18% in the past
decade. Clinical treatment based on pharmacotherapy, psychotherapy, or both is
limited in its effectiveness, particularly if therapy-resistance, chronicity, or adverse
effects come into play. Repetitive transcranial magnetic stimulation (rTMS) has
undergone intensive research, becoming one of the most important nonpharmaco-
logical treatment options in MDD. In 2008, rTMS was approved by the FDA as a
therapy for treatment-resistant depression (TRD) in the USA and since then it has
been approved in other countries, including Canada, Australia, Brazil, and several
European countries [1]. Moreover, rTMS is considered a first-line treatment accord-
ing to current North American and European guidelines. Besides the initial rTMS
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treatment protocols, recently, theta burst stimulation (TBS) and H1-coil TMS have
been FDA-cleared for the treatment of MDD.

In this chapter, we discuss current state-of-the-art treatment of depression with
r'TMS and summarize findings from trials focusing on efficacy, maintenance treat-
ment and long-term outcomes in MDD, combinatory treatments, and personalized
and stratified treatment, including treatment of MDD subpopulations and vulnera-
ble populations, as an avenue to precision medicine.

6.2 The Rationale of Using rTMS in Depression

The causes of depression are manifold, including neurophysiological dysregulation,
genetic vulnerability, and impaired mood regulation. One of the key findings that
are relevant for the application of TMS is the observation of distinct changes in the
prefrontal cortex (PFC) of patients with depression. The rationale of using noninva-
sive brain stimulation applied to the PFC for depression is based on the premise that
certain stimulation parameters can enhance, or at least modify, brain activity in the
targeted brain area. The dorsolateral PFC (DLPFC) has become the most prominent
r'TMS target area in MDD, not only since early rTMS studies, but also in more
recent, pivotal trials [2]. The DLPFC is part of the frontoparietal network (FPN),
which is implicated in the regulation of a multitude of processes such as decision-
making, working memory, and attention. The DLPFC is thought to be hypoactive in
clinically depressed patients [3]. Moreover, hypoconnectivity of the FPN is associ-
ated with hyperconnectivity of the default mode network (DMN), which may pro-
mote negative emotional bias, dysfunctional self-referential processing, and
rumination [4]. Stimulation of the left DLPFC with high-frequency rTMS
(HF-rTMS) has been suggested to normalize the functional balance between neural
networks, e.g., downregulate connectivity within the DMN, the left DLPFC and
insula, and between the salience network and the hippocampus, which has been
shown to be associated with an improvement of depressive symptoms. This ratio-
nale has been supported, to some extent, by neuroimaging studies in depressed
patients receiving rTMS although replication is warranted [5, 6]. Furthermore,
reaching a “normal” homeostasis again between cortico-subcortical networks may
normalize the known endocrinological disturbances documented in MDD [7].

6.3  The Role of Cognition in rTMS Applications

So far, cognitive outcomes in the context of rTMS depression treatment have pri-
marily been explored to confirm that rTMS is safe. Indeed, with few exceptions,
most single session studies showed no adverse cognitive effects of rTMS [8].
Interestingly, MDD itself is often characterized by specific cognitive deficits,
including attention, memory, and executive function deficits, and recent meta-
analyses not only showed that rTMS techniques are cognitively safe but also that
rTMS may even be associated with specific cognitive improvements in MDD
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patients. Hence, the rTMS depression treatment targeting the PFC may exert pro-
cognitive effects, enhancing cognitive performance specifically in specifically in
those functions that are considered vulnerability factors to MDD. Nevertheless,
although some studies reported such cognitive improvements in depression after
rTMS [9], others failed to find such beneficial cognitive changes [10]. In any case,
systematically evaluating and tracking cognitive changes may provide valuable
insights into the mechanisms of action by which DLPFC rTMS exerts its antide-
pressant effects. It may, e.g., be the case that the cognitive changes induced by
rTMS drive or, at least, mediate the improvement in depression symptoms, rather
than being an independent side effect or a consequence of the antidepressant treat-
ment. In line with this, Harty and colleagues [11] recently described how variability
in neural circuits, for example, associated with cognitive functioning, may play a
critical role in mediating or moderating the influence of brain stimulation on behav-
ioral changes, such as depression.

6.4  State-of-the-Art rTMS Treatment for MDD
6.4.1 Treatment Recommendations for TMS Therapy

Over the past three decades, two different rTMS approaches for the treatment of
major depressive episodes have emerged based on some older theories on the hemi-
spheric lateralization of emotional processes: either high-frequency rTMS
(HF-rTMS) delivered to the left DLPFC (aimed at correcting an alleged hypoactiv-
ity) or low-frequency rTMS (LF-rTMS) applied to the right DLPFC (aimed at
reducing an alleged hyperactivity) [12]. However, current insights into the working
mechanisms of rTMS do not follow these lateralization assumptions anymore.
Although LF-rTMS or bilateral rTMS (delivering sequentially HF-rTMS over the
left DLPFC and LF-rTMS over the right DLPFC) may not have the FDA approval
yet or have not reached the Level A in the European guideline recommendations,
both rTMS approaches have shown significantly better results than sham in the
majority of studies and future large, randomized, controlled studies may indicate
similar efficacy as with HF-rTMS over the left DLPFC. Indeed, a recent network
meta-analysis showed a higher response to real vs. sham stimulation condition for
bilateral prefrontal rTMS (and intermittent TBS or iTBS), LF-rTMS of the right
DLPFC, and HF-rTMS of the left DLPFC [13].

Notably, response and remission to rTMS alone have similar efficacy compared
to antidepressant medication, and the magnitude of clinical effects remains modest.
In a recent network meta-analysis, the efficacy and tolerability of 8§ rTMS modali-
ties and sham, including 81 studies and 4233 patients, were evaluated. Some rTMS
strategies were more effective than sham [14]. However, none of the active rTMS
strategies was significantly superior to another. This highlights the need for identi-
fying subgroups of patients more prone to respond to specific rTMS strategies and
better understanding TMS’ mechanisms of action.
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6.4.2 Intensifying rTMS Protocols

One major drawback of current treatment options is the extended time of up to 2
weeks that is needed for effects to unfold. This has led to the development of accel-
erated high-frequency rTMS (aHF-rTMS) and accelerated intermittent Theta Burst
Stimulation (aiTBS), novel stimulation protocols that apply multiple daily sessions
(with at least 600 pulses per session), thereby reducing the total treatment time [15].
From a clinical perspective, the aim was also to challenge response and remission
rates as observed with electroconvulsive therapy (ECT). Using excitatory stimula-
tion paradigms over the left DLPFC, aHF-rTMS and aiTBS seem to yield similar
remission and response rates as daily rTMS, but still do not reach the remission and
response rates of ECT. Increasing the number of rTMS sessions over the left DLPFC
may further improve clinical outcomes and reduce treatment time. Furthermore,
increasing the number of stimulation sessions over the dorsomedial PFC (dmPFC)
is associated with a similar clinical response, adding to a significantly faster onset
[16]. This agrees not only with clinical observations using aHF-rTMS [15] and
aiTBS [17] but also with a recent pilot study [18] showing that high dose aHF-rTMS
(i.e., 10 sessions per day) over the left DLPFC for 5 days results in acute response
and remission in high TRD.

These recent findings underline the value of novel protocols in terms of a much
faster alleviation of depressive symptoms with respect to time (note that the number
of sessions remains the same). The most important clinical challenge will therefore be
to validate and further optimize the stimulation parameters while still reaching com-
parable response and remission rates at or beyond the level that is observed with ECT.

6.4.3 TMS Coil Geometry, Orientation, and Position

The geometry of a coil determines stimulation focality as well as depth of the elec-
tric field. Since the beginning of TMS, many different coil geometries have been
investigated. For the treatment of depression, the most prevalent coil to date is the
figure-of-eight coil; however, recent developments suggest the use of novel coil
geometries, including the double cone coil and the H-coil. These latter two coils
allow modulation of deeper brain areas such as the dorsomedial prefrontal cortex
(dmPFC) or anterior cingulate, albeit also being less focal.

The double cone coil features two windings that are set apart at a defined angle
(e.g., 120°): its specific geometry is thought to lead to higher current in the central
fissure resulting in a more efficient stimulation targeting the dmPFC and/or the
more dorsal parts of the ACC. The rationale behind this approach lies in the involve-
ment of the dmPFC in affective, sensory autonomic, cognitive, and salience regula-
tion. The double cone coil has also been used to target the right orbitofrontal cortex
in depression [19], where it was shown that 30% of nonresponders to DMPFC
rTMS did respond to stimulation at this target, offering hope for stepped-care
approaches in TMS, which could enhance efficacy.
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The “H-coil” is thought to stimulate up to a depth of 4-6 cm and was therefore
introduced as deep TMS (dTMS). Phantom measurements have shown that while
H-coils (e.g., the H1 coil for depression) reach deeper targets, they also provide less
focal stimulation, following the well-known trade-off between depth (or intensity)
and focality of TMS [20]. In 2013, based on the findings by Levkovitz and col-
leagues [21], the FDA approved the first dTMS device (featuring an H1-coil) for the
use in patients with TRD. In this RCT with 212 MDD outpatients, remission rates
were higher in the dTMS (32.6%) compared to the sham group (14.6%), and were
stable during the 12-week maintenance phase. Moreover, dTMS appears to be well
tolerated and efficacious in late-life depression [22] and showed to be potentially
effective as add-on treatment in resistant bipolar depressed patients [23]. To date,
there is only one randomized head-to-head comparison of effectiveness between
dTMS and standard rTMS using the figure-of-eight coil [24]. Here, the authors
demonstrated that, when depressed patients did not respond, or only partly
responded, to classical antidepressant medications, neurostimulation add-on or aug-
mentation could be beneficial for the majority of them, with a slightly better out-
come for the H1 dTMS coil compared to the more commonly used figure-of-eight
coil. Of course, this finding warrants replication.

An often underexplored aspect in the application of rTMS is the orientation of
the coil. It is known from primary motor cortex stimulation that a deviation of the
45° orientation of the coil can make a significant difference (“angular sensitivity”),
for instance, in observing or not a motor evoked potential (MEP) [25]. Similar
research investigating the relevance of coil orientation over the DLPFC using Near
Infra-Red Spectroscopy (NIRS) showed that a blood-oxygenation response could
only be measured at an angle of 45° to the midline [26], confirming the approach
that has been adopted in most clinical trials to date.

The correct positioning of the coil is critical in terms of which underlying brain
area is stimulated. Even slight changes in coil positioning can lead to large varia-
tions in clinical response. In order to ensure reliable stimulation of the identified
targets throughout the treatment period, different coil positioning methods are used,
with varying levels of cost versus clinical effectiveness: (1) the 5-cm-rule; (2) stim-
ulation over F3 in accordance with the 10-20 EEG system; (3) the Beam F3 method
and (4) MRI-based TMS guided by individual fiducials or neuronavigation. The
5-cm-rule has been the standard approach used for almost two decades. Here, the
administrator applies a single TMS pulse to the primary motor cortex to cause an
observable muscle twitch or a motor evoked potential (MEP) for indexing the exact
coil position within the motor system (the so-called motor hotspot). The TMS
depression treatment target is then defined relative to this “functional marker” by
simply shifting the TMS coil in the anterior direction, parallel to the midline, by
5 cm (sometimes also 6 cm). However, this approach is critically viewed, as it does
not account for interindividual anatomical differences. Stimulation over F3 follows
the 10-20 EEG system and therefore considers individual differences in head size.
Here, the TMS coil is positioned at EEG electrode position F3, which is thought to
correspond to the DLPFC. Recently, the Beam-F3 method has been proposed as a
new method [27], which does take individual differences in skull size into account
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and is based on the 10-20 EEG location F3 or F4. Free software to easily apply this
method can be found at: http://www.clinicalresearcher.org/software.htm. This
method has been shown to lead to an adequate determination, with a minimal dis-
crepancy, compared to MRI-neuronavigated location determination [28].

However, MRI-based TMS is thought to be the most precise coil positioning
approach, as it is based on the neuroimaging data of individual patients or a tem-
plate. Frameless stereotactic systems allow precise (online) neuronavigation of a
predefined brain area. However, the question of whether higher precision is associ-
ated with increased clinical efficacy continues to be discussed.

6.5 Real-Life Outcomes, Durability and Maintenance
rTMS (mTMS)

Concerning the effectiveness of clinical outcomes, several large open-label stud-
ies have addressed the real-life clinical effects of rTMS. It seems that rTMS can
be considered an effective treatment within research and naturalistic settings, with
clinical benefits translating well into clinical practice. Additionally, in combina-
tion with psychotherapy or other treatment modalities, response and remission
rates may have the potential to further increase and lead to sustained and durable
effects.

Several large open-label studies have addressed the long-term effects of rTMS. In
a large multicenter study with 307 treatment-resistant MDD patients applying HF
L-DLPFC TMS, Carpenter and colleagues [29] reported response rates of 58% and
37% remission. Another large open-label study in 1132 patients demonstrated simi-
lar effects to Carpenter et al. with 46% response and 31% remission rates using
several TMS protocols, mainly HF L-DLPFC and LF R-DLPFC rTMS [30]. In an
extension of the Carpenter et al. study, good long-term effects were observed [31],
the majority of patients (62.5%) continued to meet response criteria at a 12-month
follow-up.

Although guidelines on the topic are lacking to date, maintenance rTMS (mTMS)
has been suggested to prolong positive clinical effects. mTMS consists of an ongo-
ing treatment at a lower rate—a similar approach that is used in ECT—and is used
after a successful response to an acute course of rTMS. The frequency of mTMS
varies from distributed single sessions (weekly, biweekly, bimonthly, or monthly)
during the first 2-3 months after the end of the main treatment course, to short treat-
ment periods of daily mTMS (e.g., 1 week per month) or so-called clustered mTMS
(e.g., 5 sessions over a two-and-a-half-day period per month or every fifth week)
applied over 1, 2, 3, 9, 12 months and up to several years. Studies are highly hetero-
geneous in terms of design, with rather small sample sizes and lacking placebo
controls. Nonetheless, most patients show moderate to clear benefits with mTMS
compared to no treatment, achieving remission for up to 3 months to 5 years [32].
While applying clustered mTMS, Wang and colleagues [33] showed significantly
reduced relapse rates compared to a previous study that applied clustered mTMS
[34]. To date, there are no guidelines for mTMS. Although the protocol should be
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individualized clinically, a tentative maintenance protocol following a rTMS taper
(4 times weekly for 1 week, 3 times weekly for 1 week, 2 times weekly for
1-2 weeks) could consist of 1 session every 2 or 3 weeks for several months up to
several years, depending on the nature of the mood disorder, although this schedule
may not be sufficient for certain patients [35].

6.6 Combinatory Treatments

The rationale behind combining rTMS with other treatment approaches lies in the
assumption that concomitant stimulation on different levels (i.e., physiological,
cognitive, affective, behavioral) may result in synergistic effects.

6.6.1 Combining rTMS with Psychopharmacotherapy

An important issue concerns the relationship between rTMS efficacy and antide-
pressant intake. In general, patients undergoing rTMS continue to receive antide-
pressants. However, little is known about the impact of pharmacotherapy on rTMS
efficacy. Preclinical studies suggest that antidepressants, anticonvulsants, and ben-
zodiazepines influence cortical excitability. In humans, antidepressants appear to
facilitate neuroplastic effects of brain stimulation, whereas anticonvulsants and ben-
zodiazepines seem to have an inhibitory effect [36]. So far, rTMS studies in MDD
are very heterogeneous concerning concomitant pharmacotherapy, precluding a
comparison. Two questions are imminent: firstly, is there a difference between
rTMS and antidepressants in terms of therapeutic efficacy? And secondly, is there
an augmenting effect when under stable antidepressant therapy or is there an addi-
tive effect when introduced concomitantly as add-on therapy? However, currently,
it has not been clearly demonstrated that there is a differential antidepressant effi-
cacy between rTMS therapy performed alone vs. combined with antidepressants or
that there is a clear superiority of an “add-on” effect of the combined procedure
(Lefaucheur et al., in revision). It has to be noted that while in some studies patients
were unmedicated, other studies only allowed benzodiazepines or other specific
antidepressant medications to be continued during rTMS treatment, or medication
could be freely chosen, but had to be kept stable. As psychopharmacological treat-
ment is known to exert effects on both cortical excitability and neuroplasticity,
potential interactions of specific pharmacological regimes and rTMS should be fur-
ther investigated and henceforward exploited to achieve better clinical outcomes.

6.6.2 Combining rTMS with Psychotherapy

Within a naturalistic setting, rTMS can be considered an effective treatment and
clinical benefit appears to translate well into clinical practice. Additionally, in com-
bination with psychotherapy, response and remission rates may have the potential to
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increase further and sustain durable effects. In a large naturalistic study, Donse and
colleagues [37] reported that the simultaneous application of rTMS and psycho-
therapy in TRD resulted in a 66% response and a 56% remission rate at the end of
treatment with 60% sustained remission at a 6-month follow-up. Though promising,
randomized controlled clinical trials, as well as systematic research on combined
r'TMS-psychotherapy approaches, are needed.

6.6.3 Combining rTMS with Cognitive Training

Cognitive impairments can be observed in over 50% of depressed patients. They are
thought to be predictive for poor socio-occupational outcomes and to persist beyond
depression symptoms [38]. The persistence of cognitive symptoms and largely lack-
ing effects of pharmacological treatment on cognitive symptoms implies that the
two phenomena are dissociated and therefore require a more holistic treatment
approach. Cognitive training of working memory used on its own has shown prom-
ising effects [39]. However, it might be more effective when used as an add-on to
rTMS. This assumes that the application of rTMS during cognitively relevant brain
activity induces synergistic effects and therefore enhances cognitive training out-
comes. From a perspective of practicability, it appears feasible, as patients are usu-
ally unengaged during rTMS treatment.

6.6.4 Combining rTMS with Other (Non)invasive Brain
Stimulation Techniques

Although in the field of brain stimulation it is discussed to combine or to prime
r'TMS treatment with other (non)invasive brain stimulation techniques, for example,
(1) in order to increase clinical outcome, or (2) to use it as a maintenance treatment,
currently, no systematic studies have been conducted to investigate these
assumptions.

6.7 Personalized and Stratified Treatment as an Avenue
to Precision Medicine

A general issue in the field is the high interindividual variability of rTMS response
not only in clinical applications but also in experimental paradigms. Though not
allowing one-size-fits-all approaches, such variability may pave the way to person-
alized treatment: (1) adjusting rTMS to individualized targets and predictors based
on structural or functional connectivity [40, 41], see target engagement below; and
(2) applying closed-loop rTMS protocols targeting individual neurophysiological
markers. Furthermore, cognitive and clinical indices could be leveraged for several
purposes: (1) use as predictors to response to rTMS [42]; (2) cognitive changes can
provide insights on rTMS mechanisms of action, for instance, by exploring whether
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they mediate depression improvement. Unfortunately, to date, no reliable predictors
exist for response to rTMS in a clinically meaningful manner. Many individual stud-
ies have reported older age, high MDD severity, high anxiety, etc. to be predictors
of poor response; however, a recent large scale study using a strict discovery-repli-
cation approach could not replicate any of these associations, albeit only high anhe-
donia was associated with a lower response, but this did not meet prediction
accuracies suitable for clinical practice [42].

A complementary approach for addressing precision in psychiatry is stratifica-
tion with machine learning approaches and other advanced statistics. In the rTMS
field, such approaches have been conducted for symptom clustering and to define
subtypes of MDD. Based on clustering according to anxiety and anhedonia dimen-
sions and associated resting-state fMRI connectivity patterns, Drysdale and col-
leagues [43] identified and validated four biotypes, two of which were more
responsive to rTMS than the others. In contrast to standard protocols, however,
r'TMS was applied over the DMPFC using a double cone coil. Furthermore, a very
recent study failed to replicate the biotype solution of the prior report [44]. Kaster
et al. [45] published a secondary analysis of a noninferiority trial comparing 10 Hz
r'TMS and iTBS applying group-based trajectory modeling. Four response trajecto-
ries were identified: nonresponse; rapid response; higher baseline symptoms—Iin-
ear response; and lower baseline symptoms—Iinear response. The nonresponse
trajectory was associated with higher depression scores at baseline, and the rapid
response trajectory with older age, lower depression scores (i.e., self-rating) and
lack of benzodiazepine use. A recent meta-analysis, investigating EEG predictors
for antidepressant treatments, including rTMS, concluded that EEG is not clinically
reliable, mainly due to publication bias and lack of replication [46]. In conclusion,
while treatment prediction is a promising avenue and in line with notions of person-
alized medicine and Research Domain Criteria (RDoC), replication and focus on
clinical relevance (opposed to “statistical significance” only) need to be further
addressed in future studies [42, 46]. Besides true “prediction of response”, another
possibility is to optimize the stimulation targets by means of a focus on “target
engagement”.

6.7.1 Target Engagement

Target engagement comprises the use of a direct functional outcome measure as a
validation for targeting the optimal TMS location, whereby it can be demonstrated
that said location is activated, either directly or transsynaptically. In the same way,
as the motor cortex is identified by thumb movement as a demonstration of primary
motor cortex activation, such functional outcome measures are thus far lacking for
the prefrontal cortex or, more specifically, the DLPFC. One proposed method is by
extracting connectivity patterns to frontal areas using the sgACC as a seed region
[47]. Other studies hypothesize that the DLPFC could be more accurately targeted
with the aid of heart rate, so-called Neuro-Cardiac-Guided TMS (NCG-TMYS) [48].
The depression network and the brain—heart axis are interconnected, and a recent
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meta-analysis demonstrated that stimulation of the DLPFC systematically resulted
in reduced heart rate [49]. Iseger et al. [48] recently demonstrated that rTMS applied
to F4 and F3 locations resulted in the most significant heart rate decelerations, fol-
lowed by FC3 and FC4, whereas heart rate accelerations were found for central sites
overlying the primary motor cortex. Individual variation was also found, indicating
that the NCG-TMS method could be used to individualize stimulation targets, under
the assumption that transsynaptic activation of the sgACC indeed activates the
whole DLPFC-sgACC-Vagal nerve pathway that is involved in MDD. However, it
remains yet to be established how this correlates with treatment outcome and if such
targeting methods result in increased clinical efficacy.

6.7.2 Treatment of MDD Subpopulations
and Vulnerable Populations

Knowledge about the relevance of the type of depression for rTMS efficacy is rather
limited. In many rTMS studies, patients with both unipolar and bipolar disorder
were included, without resulting in any clear indication of differential response.
Notably, out of four RCTs [50] that included only patients with bipolar disorder,
only one was positive. Regarding bipolar depression, the published data appear to
be generally insufficient to draw definitive conclusions about its efficacy for this
condition. Albeit a major reason not to include bipolar patients in clinical trials,
there is currently no evidence to suggest that rTMS is associated with an increased
risk of hypomanic switch. Importantly, rTMS seems to be ineffective in cases of
MDD with psychotic features, a condition which is, on the other hand, a major clini-
cal indication of ECT. The application of rTMS in children and adolescents, as well
as in the elderly has not been studied extensively. However, the available studies,
mostly comprising relatively small samples, do not seem to differ in clinical effi-
cacy nor in tolerability or safety. Another vulnerable population is elderly individu-
als for whom efficacy of pharmacological treatment is known to be reduced and for
whom polypharmacy and interactions of medications pose additional health risks.
Some moderating factors possibly influencing clinical response to rTMS in the
elderly depressed include but are not limited to: (1) brain atrophy; (2) the intensity
and number of pulses (dose—response relationship); and (3) the clinical profile of
patients (including treatment resistance, somatic/melancholic and psychotic fea-
tures, a higher degree of cognitive impairment/dementia and medical comorbidity)
[51]. Furthermore, although the current data suggest that the clinical effects, safety,
and tolerability of TMS in adolescents may be similar to what has been described in
adults, one has to consider neurodevelopmental factors and the unknowns associ-
ated with TMS exposure in this particular group [52]. For patients with MDD and
Parkinson’s disease, a recent meta-analysis has shown clear antidepressant efficacy
of rTMS [52], indicating that medical comorbidities have no negative influence on
the antidepressant efficacy of rTMS.

r'TMS seems especially suited for the treatment of patients with contraindica-
tions for pharmacologic treatment, e.g., pregnant and breastfeeding women, or
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patients with polypharmacotherapy or comorbid somatic disorders. The application
of rTMS in pregnant and breastfeeding women, for whom ECT or pharmacological
treatment poses larger risks and side effects than rTMS, is of specific importance.
Importantly, no negative pregnancy or fetal outcomes were found except for the
potential association with preterm birth and mild headache for mothers [53]. A fol-
low-up study of 30 mothers who had received rTMS for treatment of depression
during pregnancy in an open trial setting investigated possible long-term effects of
rTMS on offspring neurocognitive development [54]. No impairments were
observed in cognitive or motor development in children who were aged 18—62 months
at the time of the follow-up. The use of rTMS in postnatal depression was also
recently analyzed in a systematic review that extracted data between 1999 and 2018,
summing up 49 women [55]. Whereas higher frequencies correspond to increased
discomfort and potential increased dropout rates, decreased frequencies seem to
lead to less robust results.

6.8  Current Challenges and Future Directions

The main challenge in the treatment of depression lies in the large interindividual
variability in treatment response. Researchers worldwide are focused on identifying
personalized predictive factors and underlying mechanisms associated with response
and remission rates. Further challenges include the extended time it takes for clini-
cal effects to emerge and the lack of successful preventative strategies.

Future clinical research should therefore include large, controlled, noninferiority
r'TMS treatment studies comparing different stimulation localizations and the fur-
ther development of novel stimulation patterns, such as accelerated rTMS protocols,
that are thought to achieve a faster response. Moreover, our increasing knowledge
of underlying neuronal mechanisms of MDD and network interactions should not
only fuel the investigation of novel stimulation targets and development of coil
designs that allow reaching deeper brain structures but could also be key to the
development of more fine-tuned individualized treatment approaches. Future stud-
ies should further investigate synergistic effects of combinatory approaches, such as
the combination with psychotherapy, cognitive training, and pharmacological treat-
ment, to further enhance clinical outcomes and medium- to long-term antidepres-
sant effects of this technique.

6.9 Conclusions

Despite the worldwide application of rTMS in depressed patients, there is still a
large heterogeneity in the published data concerning the populations included and
the stimulation settings. They mostly apply to patients in an acute phase of a drug-
resistant MDD episode in the context of unipolar depression. A definite antidepres-
sant efficacy of HF-r'TMS of the left DLPFC (using either a focal figure-of-eight
coil or a deep H-coil) and a probable antidepressant efficacy of LF-rTMS of the
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right DLPFC is currently the most evidence-based documented treatment proposal.
Efficacy does not seem to differ significantly whether patients are concomitantly
treated by antidepressant medication. At this point, it has to be acknowledged that
r'TMS is an acute antidepressant intervention and that beyond the acute phase data
are limited with the exception of maintenance sessions [33].
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Andre Aleman and Jozarni Dlabac-de Lange

7.1 Introduction

Most studies investigating the effect of Transcranial Magnetic Stimulation (TMS) in
psychotic disorders have focused on patients with schizophrenia. Schizophrenia is
one of the most debilitating mental disorders with a substantial burden of disease [1].
Schizophrenia typically begins in late adolescence or early adulthood and runs a life-
long course characterised by relapses. Symptoms of schizophrenia are usually grouped
into positive, negative and cognitive symptoms. Positive symptoms include psychotic
symptoms such as hallucinations, delusions, disorganisation of thought and disorgan-
ised or catatonic behaviour. Positive symptoms of schizophrenia fluctuate and treat-
ment with antipsychotic medication can often diminish positive symptoms of
schizophrenia. However, non-response and non-remission percentages are notably
high [2]. Negative symptoms include flattening of affect, alogia, avolition, apathy and
social withdrawal. Negative symptoms are very invalidating and about 25% of the
patients with schizophrenia suffer from severe and persistent negative symptoms [3].
Treatment options of these negative symptoms are limited and often not effective.
Cognitive symptoms include impairments in attention, memory, executive functions
and processing speed. These cognitive impairments persist throughout the course of
the illness and may co-occur with negative symptoms. Negative and cognitive symp-
toms can be very debilitating and impair everyday life of patients with schizophrenia.

Due to the limitations of current treatment options for patients with schizophre-
nia, researchers have explored other treatment modalities, including neuromodula-
tion. Neuromodulation strategies have been studied in various forms, however, in
psychotic disorders, treatment with repetitive TMS (rTMS) is the most investigated
application. Indeed, in the past two decades, a substantial amount of randomised,
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controlled trials have investigated the effect of rTMS to treat positive and negative
symptoms. Regarding positive symptoms, most rTMS studies have focused on the
treatment of auditory hallucinations. Several studies have combined their investiga-
tion with pre- and post-treatment assessments of cognitive functioning, in order to
determine if treatment with rTMS affects cognition. This chapter reviews the litera-
ture with regard to the efficacy and safety of treatment with rTMS of positive and
negative symptoms in psychotic disorders. In addition, it reviews the literature
available on the effects of rTMS on cognition in psychotic disorders, although this
was often not the primary research focus in most studies.

7.2 rTMS Treatment of Negative Symptoms
7.2.1 Introduction

Negative symptoms appear to be associated with reduced activation of the prefron-
tal cortex (PFC), in particular in the dorsolateral prefrontal cortex (DLPFC) [4].
High-frequency rTMS of the prefrontal cortex may treat negative symptoms by
increasing local cortical excitability. Over the past decades, several studies have
investigated the effect of rTMS on negative symptoms. Some of these studies found
a significant improvement of negative symptoms after rTMS, but others failed to
find a therapeutic effect. Since 2009, a total of 9 meta-analyses have been performed
investigating the effect of rTMS for improving negative symptoms [5—13]. The lat-
est and largest meta-analysis, involving 19 studies with a total N = 825, found a
moderate treatment effect in favour of rTMS with a mean weighted effect size of
0.64 (0.32-0.96) [11]. Although these results are promising, it remains uncertain if
this positive treatment effect is also clinically meaningful, and to which extent the
therapeutic effects of rTMS are durable. One study found a positive treatment effect
up to 3 months follow-up [14], but most studies did not have a follow-up or only had
a short follow-up of up to 2 weeks.

This review aims to clarify the underlying mechanism of action and to investi-
gate which moderators, including rTMS parameters and patient characteristics,
increase treatment efficacy.

7.2.2 Mechanisms of Action of Prefrontal rTMS Treatment
of Negative Symptoms

Negative symptoms of schizophrenia have been related to impaired functioning of the
prefrontal cortex [15]. Prefrontal high-frequency rTMS may increase brain activity in
the stimulated area, as well as in associated areas that are part of the same neural cir-
cuit, thereby reducing negative symptoms of schizophrenia. Studies have shown that
r'TMS can facilitate dopaminergic, GABAergic and glutaminergic neurotransmis-
sion [16-18], and in so doing may induce plasticity in the brain. In order to investi-
gate the underlying working mechanism of prefrontal rTMS in schizophrenia,
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several neuroimaging studies have been performed. Two studies combined rTMS
treatment with Single Photon Emission Computed Tomography (SPECT) scans, and
both studies did not detect any changes in regional cerebral blood flow [19, 20]. One
EEG study did find a significant cortical activation with the improvement of negative
symptoms [21]. Two fMRI studies did not find statistically significant differences in
neuronal activation during a working memory task between sham and active rTMS
[22, 23]. One combined treatment and neuroimaging study that found a positive treat-
ment effect [14] also found changes in brain activation between active and sham dur-
ing an fMRI planning task [24] and a social-emotional evaluation fMRI task [25],
accompanied by changes in brain metabolism during a '"H-MRS study [26]. During
the planning task, activity in the PFC increased and activity in the posterior brain
decreased in the active group as compared to the sham group. During the social-emo-
tional evaluation task, rTMS treatment resulted in reduced activation of striato-fronto-
parietal brain areas. Furthermore, a 'H-MRS study conducted among a subgroup of
patients found increased glutamate and glutamine (Glx) concentration in the prefron-
tal cortex after bilateral rTMS in the active group as compared to the sham group.
Although results are inconsistent, these neuroimaging studies provide evidence for the
underlying rationale of prefrontal rTMS treatment for negative symptoms, namely
that it can normalise prefrontal brain activity and metabolism. However, study sizes
were small and further neuroimaging research is needed.

7.2.3 Potential Moderators of Effect

Non-invasive neurostimulation with rTMS can improve negative symptoms, but in
order to optimise treatment parameters, it is important to investigate potential mod-
erators of effect. These moderators of effect include rTMS treatment parameters,
such as frequency of stimulation or duration of stimulation, as well as patient’s
characteristics such as duration of illness.

Studies on rTMS treatment of negative symptoms have all used different rTMS
treatment parameters; see Table 7.1 for an overview of randomised controlled trials
[14, 20, 27-47]. These studies varied in frequency of stimulation, location of stimu-
lation (frontal, parietal, cerebellar vermis), percentage of motor threshold, duration
of stimulation and number of TMS pulses administered. In general, a longer treat-
ment duration of more than 2 weeks and a higher number of TMS pulses adminis-
tered seem to be more effective [11]. Indeed, there is evidence for impaired cortical
excitability, connectivity and plasticity in patients with schizophrenia in all stages
of the disease [48]. To improve the efficacy of rTMS, it may be necessary to target
neural plasticity, for example by applying a greater number of rTMS stimulations or
by increasing treatment duration to enhance treatment response.

Regarding the frequency of stimulation, three studies have investigated low-
frequency (1-3 Hz) stimulation of the prefrontal cortex [27, 29, 35] but failed to find
an effect. Six studies investigated the effect of 20 Hz prefrontal rTMS [29, 30, 37,
39, 41, 42] but only one study found a significant improvement [41]. Most studies
(n =16) have examined the effect of 10 Hz rTMS, which seems the most promising,
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as the majority of these studies (n = 10) found a significant improvement of negative
symptoms in the rTMS group as compared to the sham group. A recent meta-
analysis also found a greater effect size in studies applying 10 Hz prefrontal rTMS
as compared to other frequencies [11]. Interesting developments include theta burst
stimulation (TBS), which has been investigated by two trials, both of which found a
significant treatment effect [39, 41].

The location of stimulation varies, but the majority of trials have investigated
r'TMS stimulation of the left or bilateral prefrontal cortex, and results were promis-
ing (see Table 7.1). Low-frequency stimulation of the right prefrontal cortex [27]
and high-frequency rTMS of the parietal cortex [38] did not improve negative
symptoms. Interestingly, one study (n = 40) investigating high-frequency rTMS of
the cerebellar vermis did find a significant decrease in negative and depressive
symptoms in the treatment group [43]. Authors hypothesised that high-frequency
rTMS of the cerebellar vermis can, through neural network modulations, increase
excitability in the frontal lobe.

Other treatment characteristics include type and dosage of medication. Patients
with schizophrenia may use high dosages of medication, including antipsychotics,
benzodiazepines and anticonvulsant medication. These medications may interfere
with the putative mechanism of action of rTMS, namely increasing excitability and
neurotransmitter (including dopamine) release in the prefrontal cortex. The vast
majority of patients use antipsychotics to treat positive symptoms, but most antipsy-
chotics have high affinity for dopamine (D2) receptors and thus block dopamine.
Indeed, one exploratory study found active rTMS to improve antipsychotic-induced
extrapyramidal symptoms (EPS), possibly by increasing dopamine release [49].
Clozapine is an atypical antipsychotic that was shown to be superior in the treat-
ment of refractory schizophrenia. Clozapine, in contrast to most other antipsychot-
ics, shows only weak antagonism to the dopamine D2 receptor. Patients with
schizophrenia using clozapine may therefore more readily respond to rTMS treat-
ment. Until now, only one exploratory study has been conducted in a cohort of
patients on clozapine participating in the RESIS trial [50]. This study (n = 26) found
a significant reduction of the PANSS positive subscale and the PANSS general sub-
scale, but not on the PANSS negative subscale, in patients receiving active rTMS as
compared to patients receiving sham rTMS. More research on the effect of type and
dosage of medication on rTMS treatment response is warranted.

Besides investigating rTMS parameters as potential moderators of effect, it is also
important to explore patient’s characteristics as potential moderators. Exploratory
analyses in an earlier meta-analysis found a higher effect in studies that included
younger patients with a shorter duration of illness [11]. It may be easier to induce
neuroplasticity in younger patients with a shorter duration of illness, and more rTMS
studies conducted among patients with a first episode psychosis are required.

7.2.4 Conclusions

In conclusion, high-frequency prefrontal rTMS has been found to improve nega-
tive symptoms in patients with schizophrenia, and this improvement may last up to
several months after rTMS treatment. Neuroimaging studies showed rTMS to
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potentially induce changes in brain activity in prefrontal and connected brain areas,
thereby reducing negative symptoms. Although several studies have found a sig-
nificant improvement of negative symptoms, it remains unclear if the results are
clinically significant. Regarding rTMS treatment parameters, a treatment frequency
of 10 Hz, a treatment location of the left or bilateral PFC, a longer treatment dura-
tion and a larger amount of total TMS pulses administered seem to enhance effec-
tiveness. Regarding patient’s characteristics, younger patients with a shorter
duration of illness may respond better to rTMS treatment. Further research is
needed to investigate the potential benefits of treatment with clozapine on rTMS
treatment response. Future studies should also investigate the underlying neural
working mechanism and further establish the most effective combination of rTMS
parameters.

7.3  rTMS Treatment of Positive Symptoms
7.3.1 Introduction

Neuroimaging studies have shown hyperactivation of language areas of the brain
to be involved in hallucinations. More specifically, increased activation of the
superior temporal gyrus and of Broca’s area (amongst others) have been consis-
tently observed. Indeed, hyperexcitability of such language-related regions has
been hypothesised to be associated with auditory hallucinations. The first attempt
to use TMS to reduce the frequency and severity of hallucinations was made by
Hoffman and colleagues in 1999 [51]. They investigated the effects of 1 Hz TMS
over the temporoparietal cortex in patients with schizophrenia and chronic,
medication-resistant auditory-verbal hallucinations (AVHs). After some prelimi-
nary and promising results, they conducted a RCT comparing two groups: one
group of patients received active TMS, the other received sham TMS. A total of
132 minutes of rTMS was administered over 9 days at 90% of the motor thresh-
old. The hallucination change score improved significantly more in the active as
compared to the sham group. In particular, the frequency of hallucinations was
reduced by the TMS.

Subsequent research confirmed this effect, although not all studies reported sig-
nificant improvements due to TMS. Several meta-analyses reported medium effect
sizes for active compared to sham TMS [52, 53]. The most recent meta-analysis
[10] included 13 studies and showed a statistically significant effect size, albeit of
smaller magnitude (standardised mean difference of 0.29). Of note, the authors
reported that this result was not stable after sensitivity analysis, and publication bias
had a substantial impact on the results. They therefore caution that, even though
there may be a therapeutic effect for 1-Hz rTMS on auditory hallucinations in
schizophrenia, this needs to be confirmed by large-scale RCTs before this finding
can be recommended in clinical practice.
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7.3.2 Mechanism of Action

Most studies that tried to improve hallucinations used 1 Hz stimulation, which was
shown to reduce cortical excitability. This was based on neuroimaging studies that
showed hyperactivation of superior temporal areas. Indeed, increased levels of
excitability or spontaneous fluctuations in auditory (and related) cortex may be
associated with hallucinatory activity [54].

Few studies have directly investigated the neural effects of 1 Hz rTMS over the
temporoparietal junction (TPJ). Tracy et al. [55] tested the effects of a typical 1 Hz
protocol (one session) on auditory brain activation in healthy volunteers. Stimulation
with rTMS led to attenuation of the underlying auditory cortex response to the stim-
ulus and a contralateral increase in cortical activity. This supports the underlying
rationale for rTMS in hallucinations, i.e. to reduce activation of the auditory-verbal
system. However, as the investigators rightly note, the lack of studies investigating
immediate (and long-term) neural effects of the rTMS protocol highlights the insuf-
ficient knowledge of the effects of rTMS on normal physiology. They also suggest
that this, combined with a lack of consensus on clinical trial parameters, may be
contributing to the ambivalent data in therapeutic trials.

In a study of patients with schizophrenia and auditory-verbal hallucinations, Bais
et al. [56] reported that, compared to sham rTMS, stimulation of the left TPJ resulted
in a weaker network contribution of the left supramarginal gyrus to the bilateral
fronto-temporal network. In addition, left-sided rTMS resulted in stronger network
contributions of the right superior temporal gyrus to the auditory-sensorimotor net-
work, right inferior gyrus to the left fronto-parietal network, and left middle frontal
gyrus to the default mode network. The authors interpreted this as follows: the
decreased contribution of the left supramarginal gyrus to the bilateral fronto-
temporal network may reduce the likelihood of speech intrusions that have been
shown to be associated with hallucinations. On the other hand, left rTMS appeared
to increase the contribution of functionally connected regions involved in percep-
tion, cognitive control and self-referential processing, which may aid coping mech-
anisms. Although the findings hint to potential neural mechanisms underlying rTMS
for hallucinations, the authors emphasise that they need corroboration in larger
samples.

7.3.3 Potential Moderators of Effect

Several potential moderators of effects should be considered. Duration of treatment,
number of sessions, location of stimulation, and use of sedatives (such as benzodi-
azepines) have all been suggested in the literature to possibly be of relevance. It
seems logical to suppose that longer duration of treatment and the higher number of
treatment sessions (or the total number of TMS pulses) will be as associated with
better treatment outcomes. However, there is no strong evidence to support this,
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which may be due to our lack of studies with the proper comparisons. With regard
to location of stimulation, the evidence supports the posterior superior temporal
cortex as most effective target [57].

In recent years, three novel potential moderators of TMS treatment effect have
been identified. First, TMS may be more effective in young and female participants
[58]. Second, the distance between the scalp (where the TMS coil is held) and the
cortex may matter [59]. That is, in people with a larger distance between the scalp
and the cortex, TMS has less effect. The scalp to cortex distance can be measured
using previously acquired MRI scans. Finally, a number of studies have shown that
TMS response may be dependent, in part, on genetic variation. For example, varia-
tion in the BDNF gene has been associated with TMS effects in patients treated for
depression [60, 61].

7.3.4 Conclusions

Meta-analysis shows a small but significant effect of rTMS on improving auditory-
verbal hallucinations in schizophrenia. Delusions did not improve in those studies.
No studies have targeted delusions and their underlying neural substrate specifically
with rTMS; thus, this remains to be investigated. For hallucinations, it is imperative
that larger effect sizes need to be observed in order to warrant clinical relevance.
Further exploration of different parameters (e.g. intensity and frequency of stimula-
tion, use of neuronavigation for coil placement, etc.) is needed.

7.4  Effect of rTMS on Cognition in Patients
with a Psychotic Disorder

7.4.1 Introduction

Cognitive dysfunction is a core symptom of schizophrenia, and these cognitive defi-
cits can be profound and disabling. Several studies investigating the effect of pre-
frontal r'TMS on negative symptoms also investigated the effect of rTMS on
cognitive function. For some studies, the primary focus of investigation was the
effect of prefrontal rTMS on cognition in patients with schizophrenia. Initially,
investigating the effect on cognition was important to rule out any adverse cognitive
effects, as can be the case with ECT treatment, which can cause negative cognitive
side effects. Fortunately, until now, no adverse cognitive side effects have been
reported. Indeed, some studies have found prefrontal rTMS to improve certain
domains of cognitive functioning. In the following section, the effect of prefrontal
rTMS on different cognitive domains, including executive functioning, attention,
working memory, verbal memory, processing speed, motor speed and social cogni-
tion, will be discussed.
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7.4.2 Executive Functioning

Several studies have investigated the effect of rTMS on executive functioning [14,
22, 24, 31, 34, 39, 42, 45, 62-65]. Frequently used neuropsychological tests to
assess executive functioning were verbal fluency tests, the Wisconsin Card Sorting
Test (WCST) and the Trial Making Test (TMT). Executive functioning was also
assessed with the Tower of London test, the Controlled Oral Word Association Test,
the Stroop interference task, the Stockings of Cambridge (SOC) and a spatial work-
ing memory task of the Cambridge Neuropsychological Test Automated Battery
(CANTAB). Interestingly, three out of the five studies that investigated changes in
verbal fluency found a significant improvement of verbal fluency immediately post-
treatment or at 2 weeks follow-up in the rTMS group as compared to sham [14, 34,
39, 62, 64]. One study found a trend for improvement as measured by the Stroop test
(t=2.1,df =12, p =0.06) [31]. There was no significant change as measured by the
other neuropsychological tests. However, a recent meta-analysis [66] found rTMS
to improve executive functioning at a trend level as compared to sham treatment
(p =0.08).

7.4.3 Attention

Three randomised controlled trials investigated the effect of rTMS on attention
using the Tiibinger Aufmerksamkeitspriifung (TAP), the d2-attention task and the
rapid visual information processing (RVP) task of the CANTAB [22, 42, 63]. None
of them found any significant effects, nor did a recent meta-analysis [66].

7.4.4 Working Memory

Several studies assessed the effect of rTMS on working memory in patients with a
psychotic disorder. The neuropsychological tests used were the n-back test, the digit
span test, the pattern recognition memory (PRM) as measured by the CANTAB, the
digit sequencing task of the Brief Assessment of Cognition in Schizophrenia
(BACS) and a visuospatial working memory test [22, 23, 39, 42, 62, 64, 67, 68].
Most studies did not find any significant change in working memory performance
between the sham and the real rTMS group. However, two studies applying high-
frequency (20 Hz) rTMS found significant improvements in working memory. One
study found that rTMS significantly improved 3-back accuracy to targets in the
n-back test [68] and one study found a significant improvement in visuospatial
working memory [39]. In addition, a meta-analysis on the effects of rTMS on cogni-
tion in schizophrenia found the effect of active rTMS to be significantly greater than
that of sham rTMS in improving working memory [66].
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7.4.5 Verbal Memory

Four RCTs investigated the effect of rTMS on verbal memory, using a parallel form
of the Hopkins Verbal Learning Test, the BACS Verbal Memory test or the Rey
Auditory Verbal Learning Test [14, 31, 62, 64]. Two studies did not find any signifi-
cant changes between both groups [14, 62] and one found a significant change in
BACS Verbal Memory scores, caused primarily by a decline of performance in the
sham group rather than an improvement in the rTMS group [64]. Finally, one study
found a significant improvement in the delayed recall of the verbal learning test in
the rTMS group as compared to the sham group at 2 weeks follow-up [31]. The
meta-analysis, including these four studies, did not find a significant difference of
rTMS on verbal memory performance [66].

7.4.6 Processing Speed

One study used the BACS Symbol Coding to investigate the effect of rTMS on pro-
cessing speed in patients in an early stage psychosis [64], and found a significant
change in scores in the rTMS group at 2 weeks follow-up as compared to the sham
group, caused by an improved performance in the rTMS group and a decreased
performance in the sham group. Another study, conducted among patients with
schizophrenia that used the Digit Symbol Substitution Test to measure processing
speed, did not find any significant change [14].

7.4.7 Motor Speed

Motor speed was assessed in three studies using the Grooved Pegboard Test, the
motor screening and reaction time of the CANTAB or the BACS Token Motor Total
[31, 42, 64]. No significant changes in motor speed after rTMS were found as com-
pared to sham treatment.

7.4.8 Social Cognition

Two studies have investigated the effect of rTMS on social cognition [24, 69]. One
study found that facial affect recognition improved significantly in patients with
schizophrenia after rTMS treatment as compared to sham treatment [69]. Another
study investigated the effect of rTMS on brain activation during ambiguous social-
emotional evaluation in patients with schizophrenia [24]. This study did not find
differences in performance, but fMRI analysis showed that rTMS treatment
resulted in reduced activation of striato-fronto-parietal brain areas, while sham
treatment resulted in an increased activation as compared to baseline [24]. The
authors speculate that rTMS therefore may normalise an increased brain response
to ambiguous emotional stimuli. It is important to further investigate the effect of
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neuromodulation on social cognition, as many patients with schizophrenia are
troubled by deficits in social cognition.

7.4.9 Conclusions

In conclusion, most studies that investigated the effect of rTMS on cognition in
patients with a psychotic disorder did not find any significant change in cognition
between the rTMS and sham group. Some studies found improvement in executive
functioning and working memory in the rTMS group, and there is evidence that
r'TMS may help ameliorate deficits in social cognition. It is important to note that no
adverse cognitive effects occurred. Future studies on prefrontal rTMS should
include neuropsychological tests to further clarify the effect of rTMS on cognition.

7.5 Safety and Side Effects of rTMS Treatment in Patients
with a Psychotic Disorder

Common reported side effects were facial muscle twitching during stimulation and
transient headache after stimulation. It is important to note that the conducted stud-
ies on r'TMS treatment in patients with a psychotic disorder did not report the occur-
rence of seizures or other life-threatening events. In general, the rTMS treatment
was well tolerated.

7.6 Conclusions

In conclusion, in the past decades, several studies have investigated the effect of
r'TMS on auditory hallucinations, negative and cognitive symptoms in patients with
a psychotic disorder, in particular schizophrenia. There is a growing body of evi-
dence that rTMS can alleviate auditory hallucinations and reduce negative symp-
toms, although it should be noted that several studies failed to find effects.
Furthermore, rTMS may improve cognitive functioning. However, the effect size of
treatments with rTMS is not as yet clinically satisfactory, and more studies are
needed to establish a durable and clinically meaningful improvement. More research
is also needed concerning the neural effects of these non-invasive brain stimulation
interventions.
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Transcranial Magnetic 8
Stimulation in OCD

Lior Carmi

Transcranial Magnetic Stimulation (TMS) is a noninvasive technique, initially
introduced by Barker and colleagues [1]. It consists of pulses that are administered
by passing alternating high currents through an electromagnetic coil placed upon
the scalp, which, in turn, generates a briefly pulsed magnetic field (1.5-2.0 T) and
induces electrical currents in the underlying cortical tissue [2]. These electrical cur-
rents may lead to local and remote effects on cortical and subcortical neuronal cir-
cuitry, metabolism, monoamine neurotransmitter release, alteration in noradrenergic
and serotonergic receptors as well as induction of gene expression [3-5].

TMS may include several protocols (e.g., single pulse, paired pulse); however,
when applied in clinical settings, it is often used in a repetitive pulse mode, known
as repetitive TMS (r'TMS). Usually, trains of pulses delivered at high-frequency
stimulation (HF; >5 Hz) lead to a facilitatory effect and induce increased neuronal
excitability (long-term potentiation; LTP-like effect), while low-frequency stimula-
tion (LF; ~1 Hz) reduces neuronal excitability (long-term depression; LTD-like
effect) [6, 7]. Nevertheless, cumulative evidence suggests that the notion of excit-
atory HF vs. inhibitory LF stimulation is oversimplified [8], and that additional
factors may contribute to the effect of TMS. These factors include the type of coil
used, the frequency and intensity of stimulation, and the state of the relevant neuro-
nal circuit. Specifically, the effects of TMS seem to be most pronounced when the
targeted circuit is active [9, 10].
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8.1 TMS in OCD

Although the combination of cognitive behavioral therapy (CBT) and serotonin
reuptake inhibitors (SRIs) stands as a first-line treatment for OCD [11], the clinical
challenge still remains. This is due to the complexity and heterogeneity of the dis-
order [12], the high percentage of patients that are drug resistant or that cannot toler-
ate the drug-related side effects [13, 14], and the relative low percentage of patients
that receive CBT [15].

Converging evidence highlights the involvement of the Cortico-Striatal-Thalamic
Circuitry (CSTC) in the etiology of OCD [16]. Indeed, impaired function of the
CSTC circuit as a whole [16-18], or of its elements [19, 20], has been detected in
OCD patients (Fig. 8.1) and hence became potential therapeutic targets for TMS.

These areas include the dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex
(OFC), medial prefrontal cortices (mPFC), anterior cingulate cortex (ACC), and sup-
plementary motor area (SMA). However, although TMS was found to be clinically and
statistically superior to sham [22], a consensus intervention protocol has yet to emerge.

8.2 Trials of rTMS of the Dorsolateral Prefrontal Cortex

Greenberg and colleagues [23] made the first attempt to treat OCD with rTMS by
stimulating the DLPFC as a starting point to induce remote stimulation in the
CSTC. Twelve patients were given high-frequency rTMS (80% MT, 20 Hz/2 sec-
onds per minute for 20 minutes) to the right and left lateral prefrontal, and to the
midoccipital site as control, on separate days (randomized). In this study, right

Cortical —>»| ACC/vmPFC DLPFC Lateral OFC |-€—
) Caudate
Striatal Nac —— Putamen
Thalamic Thalamus

Fig. 8.1 Schematic illustration of the components of the cortico-striato-thalamo-cortical (CSTC)
pathway. This pathway is commonly implicated in the psychopathology of obsessive-compulsive
disorder (OCD). ACC anterior cingulate cortex, vmPFC ventromedial prefrontal cortex, DLPFC
dorsolateral prefrontal cortex, OFC orbitofrontal cortex, Nac nucleus accumbens. (Adapted
from [21])
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lateral prefrontal stimulation caused compulsive urges to decrease significantly for
8 hours, and mood improvement during and 30 minutes after stimulation; left lateral
prefrontal stimulation caused a shorter-lasting (30 minutes), modest, and nonsig-
nificant reduction in compulsive urges, and midoccipital stimulation causes nonsig-
nificant increases in compulsive urges.

During the following years, other researchers have tried to stimulate the circuitry,
targeting the DLPFC on OCD: however, conflicting findings emerged. Alonso and
co-workers [24] targeted the right DLPFC with low-frequency rTMS for 18 ses-
sions (1 Hz, 110% MT for 20 minutes) and detected no significant changes in symp-
tom severity.

Prasko and colleagues [25] targeted the left DLPFC with low-frequency rTMS
(1 Hz, 110% MT, 10 sessions; n = 30), and found that both real and sham groups
improved during the study period but with no treatment effect.

Sachdev and co-authors [26] found no significant difference between the active
(n = 10) and sham (n = 8) stimulation of high-frequency rTMS to the left DLPFC
(10 Hz at 110% of MT, 10 sessions). At the end of the blind trial, 3/10 in the active and
2/8 in the sham groups were responders. When analysis included an additional 10 ses-
sions of open trial, there was a significant overall reduction in total YBOCS scores,
which was due to a fall in YBOCS obsession but not compulsion subscale. However,
correcting for depression using MADRS made these results nonsignificant.

Along these lines, Sarkhel and colleagues [27] found that both active (n = 21)
and sham (n = 21) high-frequency stimulation of the right DLPFC evinced signifi-
cant improvement in obsessions and compulsions (10 Hz at 110% of MT, 10 ses-
sions—4 seconds per train, 20 trains per session). However, active rTMS treatment
was not superior to sham in reducing YBOCS scores.

On the other hand, positive results were found in two recent studies, which
reported a reduction in YBOCS score in the active group compared to sham via
bilateral stimulation of the DLPFC [28, 29]. Thus, despite long years of attempts, a
consensus on the efficacy of rTMS of the dorsolateral PFC for OCD is still lacking.

8.3  Trials of rTMS Over the Supplementary Motor
Area (SMA)

The SMA is involved in motor planning and response inhibition along with emo-
tional and cognitive processes [30-32]. Findings from recent years have demon-
strated high level of cortical excitability of motor areas in OCD patients [33] and
were the basis for clinical trials that have chosen the SMA as a target for LF-rTMS.

In an open trial with a relatively small sample, Mantovani and colleagues [34]
reported a clinical improvement in OCD symptoms as early as the first week of low-
frequency rTMS to the SMA bilaterally (1 Hz at 100% of MT, 10 sessions, 1200
stimuli/day). In a follow-up of this study with a sham-controlled design, Mantovani
and colleagues [35] reported that low-frequency rTMS delivered to the SMA (1 Hz at
100% of MT, 20 sessions) resulted in more clinical responders among those patients
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who completed 4-week active treatment (67%, n =9), compared to those who received
sham treatment (22%, n =9).

The utility of low-frequency stimulation came from several other studies. Gomes
and co-authors. reported a significant improvement of YBOCS scores in a double-
blind study following pre-SMA stimulation (1 Hz, 100% MT stimulation, 10 ses-
sions). In this study, YBOCS scores in the active group reached a 35% reduction as
compared to only 6.2% in the sham group [36]. Mantovani and co-workers also
found an average reduction of 25% in the YBOCS score in the active group as com-
pared with 12% in the sham group (1 Hz, 100% MT, for 4 weeks) [37].

In another study, bilateral rTMS over the SMA (1 Hz, 15 sessions) was compared
with antipsychotics intervention in SRIs-refractory OCD patients [38]. An overall
66% of the TMS group responded positively as compared to 25% in the antipsy-
chotic group, suggesting the superiority of rTMS targeting SMA over the treatment
with antipsychotics in OCD refractory patients. TMS over the SMA as an augmen-
tation for treatment-resistant OCD patients was also studied by Lee and colleagues
from South Korea. They reported a significant reduction in YBOCS (mainly com-
pulsions) score at the fourth week of treatment (open label) in patients with
treatment-resistant OCD [39].

An interesting study conducted by Kang and colleagues [40] investigated the
effect of combined low-frequency stimulation of the right DLPFC and SMA in a
double-blind design (1 Hz, 110% MT, 10 sessions). In each session, stimulation of
the RDLPFC was followed by bilateral stimulation of the SMA (1 Hz, 100% MT).
However, at treatment endpoint (week 2), and at follow-up assessment (week 4),
YBOCS severity scores were significantly reduced in both active and sham groups
without any statistically significant differences.

8.4 Trials of rTMS Over the Orbitofrontal Cortex

The OFC is part of the CSTC and it has been found to be hyperactivated in OCD and
linked to the development of compulsive-like behaviors [41]. However, despite its
involvement in the pathophysiology of the disorder, this region has attracted less
attention as a stimulation target for TMS.

This may be due to practical problems in stimulating the OFC with rTMS, such
as access—the OFC is rather deeply buried beneath the scalp—and side effects
(e.g., excessive twitching of eye muscles) [42].

The first exploratory treatment of stimulating the OFC was carried out by Ruffini
and co-authors in 2009 [43]. In a single-blind study, 23 drug-resistant OCD patients
were given rTMS (80% motor threshold, 1 Hz, 10 min every day for 15 days) to the
left OFC parallel to the scalp (16 active and 7 sham). They found a significant
reduction in YBOCS scores, comparing active versus sham treatment for 10 weeks
after the end of rTMS treatment, for active TMS; however, this significance was lost
after 12 weeks, suggesting only a time-limited improvement.

Another study [44] targeted the right OFC (1 Hz, 120% MT, twice daily (1200
pulses/session) using a double-cone coil (which allows deeper stimulation
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compared to figure-of-eight coil [45]). This was a double-blind, crossover study,
with two treatment phases of 1 week each, separated by 1-month washout period. In
addition, PET scans were conducted on some of the patients and were correlated to
the clinical outcome. Both active and sham groups showed a significant reduction in
the YBOCS score, with significantly larger reduction in the active group. However,
this signal was lost a month after the second period of stimulation. In addition, the
clinical effect was correlated with the decrease in metabolic activity of the right OFC.

8.5 Deep TMS

Deep TMS (dTMS) is a relatively new form of TMS that enables direct stimulation
of deep neuronal pathways [46]. It operates according to the same basic principles
as the superficial Figure-8 coil for rTMS, by which a rapidly pulsed magnetic field
induces an electric field within the cortex. However, the two coils differ with regard
to the spatial distribution of the electric field [47-50]. For example, when stimulat-
ing at standard intensities for depression treatment (a condition for which both coils
are FDA approved), the Figure-8 coil induces suprathreshold fields that stimulate
3 cm? of brain volume up to 0.7 cm from the brain surface, while the H-coil induces
suprathreshold fields that stimulate 17 cm® of brain volume up to 1.8 cm beneath the
cortical surface [51]. This increased stimulation depth is achieved due to the multi-
ple windings in multiple planes inside the H-coil helmet, which in effect improves
the depth penetration of the electromagnetic field without necessitating increased
electric intensity [52].

8.6 DeepTMSinOCD

Carmi and colleagues conducted two studies using Deep TMS, and both targeted the
Medial Prefrontal Cortex (mPFC) and the Anterior Cingulate Cortex (ACC). In the
first study [9], treatment-resistant OCD participants were treated with either high-
frequency (HF; 20 Hz), low-frequency (LF; 1 Hz), or sham dTMS for 5 weeks, in a
double-blinded manner. Interim analysis revealed that YBOCS scores were signifi-
cantly improved following HF (n = 7), but not LF stimulation (n = 8), compared to
sham (n = 8), and thus recruitment for the LF group was terminated. Following
completion of the study, the response rate in the HF group (n = 18) was significantly
higher than that of the sham group (n = 15) for at least 1 month following the end of
the treatment. Notably, the clinical response in the HF group correlated with
increased Error-Related Negativity (ERN) in the Stroop task, an electrophysiologi-
cal component that is attributed to ACC activity. Following this study, Carmi and
colleagues conducted a randomized double-blind multicenter study [53]. At 11 cen-
ters, 99 OCD patients were randomly allocated to treatment with either high-fre-
quency (20 Hz) or sham dTMS and received daily treatments following individualized
symptom provocation, for 6 weeks. The reduction in YBOCS score among patients
who received active dTMS treatment was significantly greater than among patients
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who received sham treatment (reductions of 6.0 points and 3.3 points, respectively),
with response rates of 38.1% and 11.1%, respectively. At the 1-month follow-up,
the response rates were 45.2% in the active treatment group and 17.8% in the sham
treatment group. Significant differences between the groups were maintained at
follow-up. Based on this study, the treatment of dTMS targeting the mPFC and the
ACC was recently approved by the FDA for treatment of OCD.

8.7 Summary

Although the combination of CBT and SRIs stands as a first-line treatment for
OCD, the clinical challenge remains. The knowledge of the neurological circuitry
involved in OCD, along with the technology to stimulate it noninvasively, has har-
nessed researchers to employ TMS as an important tool for intervention. Accordingly,
several areas were targeted via TMS and dTMS: the DLPFC, SMA, OFC, and the
mPFC-ACC.

The DLPFC was widely investigated with most studies yielding negative results.
However, as recent studies have produced positive results, stimulation of DLPFC
may still be a relevant region for TMS stimulation in OCD. Targeting of pre-SMA
and SMA with rTMS has produced a number of positive results and may be consid-
ered a promising era for intervention. As for the stimulation of the OFC, due to
practical problems, only a few studies have stimulated this area: however, both have
shown improvement in OCD symptoms. Deep TMS (dTMS) is a relatively new
form of TMS that enables direct stimulation of deep neuronal pathways. Two stud-
ies targeted the mPFC and the ACC via dTMS, and both yielded positive results
upon which a new therapeutic indication (dTMS over the Mpfc in OCD patients)
was approved.
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Hyperactivity Disorder: Toward
a Precision Psychiatry Approach
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and Stefano Pallanti

9.1 Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder
with a childhood onset, characterized by developmentally inadequate levels of inat-
tention, hyperactivity, and impulsivity [1]. Epidemiological studies show a preva-
lence rate of ADHD in children of 5-6% [2, 3] and of 2.8% in adults [4]. ADHD
persists in most cases from childhood to adulthood, and even if ADHD is considered
“in partial remission,” it still causes interference with the individual functioning and
psychosocial impairment [5—7]. Apart from the widely recognized impairment
associated with untreated ADHD, including academic failure, self-esteem prob-
lems, and interpersonal relationship difficulties, people with ADHD have an
increased risk for being involved in criminal situations, for facing unplanned preg-
nancies, for suffering from sexually transmitted diseases and several health prob-
lems due to their maladaptive lifestyle habits, such as excessive cigarette
consumption, impulsive and dysregulated eating leading to obesity, hypertension,
and type 2 diabetes mellitus [8]. Also, a high prevalence of fibromyalgia syndrome
(FMS) has been reported in patients with ADHD [9].

A hallmark of ADHD is its high heterogeneity, which can manifest not only
between individuals who received the diagnosis but also within the same individuals
across the lifespan. The classification of ADHD in the three presentations of pre-
dominantly hyperactive-impulsive, predominantly inattentive, or combined ADHD
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is only an attempt to deal with its heterogeneity, but even in this way two subjects
with the same ADHD clinical presentation share no more than three symptoms [10].
Moreover, the ADHD presentation is not stable during the lifespan, as a child who
received a diagnosis of predominantly inattentive ADHD can become an adult with
a combined ADHD. The ADHD heterogeneity affects not only symptom profiles,
but even neuropsychological impairments. In fact, although the evidence indicating
that people with ADHD, as a group, are more impaired in some neuropsychological
domains compared to healthy controls, and particularly in executive functioning
and motivational processes [11-15], not all individuals with ADHD present this
kind of deficits [11, 16, 17]. Furthmore, 50-75% of adults with ADHD have at least
one comorbid learning, neurodevelopmental, or psychiatric disorder [18-22] com-
plicating the current clinical presentation, and it is possible that some comorbid
conditions, such as anxiety or depression, are not simple coexistent disorders, but
rather the direct consequence of the lifelong impairment caused by untreated ADHD.

At present, the diagnosis of ADHD does not take into account etiological sources
or biological markers, but it is established on the presence of a certain number of
symptoms, presenting in more than one context and with an onset before age 12.
However, even though the current manuals for diagnosing psychiatric disorders
have been of value in facilitating communication between clinicians and research-
ers, they did not keep the promise of a heightened focus on neurobiological markers
and on the use of a dimensional system, and failed in establishing the validity of
their diagnostic categories beyond the clinical level. The relationship between
ADHD clinical definition and its neurobiological substrates constitutes an impor-
tant issue, as its etiological heterogeneity can be the result of diverse neural corre-
lates, which in turn can explain the treatment response to different therapeutic
agents, to different doses, and to a combination of them. In this context, the approach
proposed by the National Institute of Mental Health (NIMH) called Research
Domain Criteria (RDoC) emerged as a useful framework, as a project aiming to
transform diagnosis by incorporating genetics, imaging, cognitive science, and
other information levels in order to establish the starting point for a new classifica-
tion system [23]. It assumes that mental disorders are biological conditions involv-
ing brain circuits that implicate specific domains of cognition, emotion, and
behavior, and therefore symptoms cannot be constrained by the categories of cur-
rent diagnostic manuals. Its ultimate goal is “precision medicine” for psychiatry,
and therefore a diagnostic refinement based on a deeper understanding of the cir-
cuitries and networks of psychiatric disorders considered to be responsible for brain
diseases [24].

Even though the treatment with psychostimulants is a mainstay of ADHD treat-
ment, it is still challenged by stigma and fear regarding potential side effects.
Moreover, it is estimated that at least 30% of individuals do not appropriately
respond to, or are not able to tolerate them [25]. Last but not least, there are some
concerns about the risk for stimulant misuse and diversion in ADHD patients [26].
Noninvasive brain stimulation (NIBS) techniques, such as repetitive transcranial
magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS),
have been increasingly used in different contexts to improve cognitive performance



9 Neuromodulation in Attention-Deficit/Hyperactivity Disorder: Toward a Precision... 109

and ameliorate depressive symptoms [27]. Their use can be of value also for the
treatment of the dysfunctional networks underpinning the clinical manifestation
of ADHD.

9.2 The Rationale for the Use of NIBS in ADHD: Main
Dysfunctional Networks

ADHD in children and adults is associated with several cognitive deficits and
brain alterations. Studies on children with ADHD found impairments related to
inhibitory control, sustained attention, visuospatial and verbal working memory,
timing, vigilance, planning, and reward processing [11, 28-30]. Recently, great
attention was focused on the finding regarding the association of ADHD with reac-
tion time variability (RTV), which is thought to represent attentional lapses [28,
31, 32]. Similar impairments have been found in adults with ADHD [31-35].
There is consistent evidence indicating a disruption in several brain networks
explaining the variety of cognitive deficits and behavioral symptoms characteriz-
ing people with ADHD. Impairments in the anterior cingulate cortico-striato-
thalamo-cortical (ACCSTC) circuit, known as the selective attention circuit [36],
are considered responsible for the lack of attention to details and distractibility
characterizing people with ADHD. Deficient response inhibition appears related
to impaired circuitry, including inferior frontal gyrus, anterior insula cortex, dor-
somedial frontal cortex with the presupplementary motor area or pre-SMA and
caudate [37-40]. Timing-related dysfunction is associated with functional hypo-
activation of inferior frontal cortex, dorsolateral prefrontal cortex, supplementary
motor area, anterior cingulate cortex, basal ganglia, parietal regions, and cerebel-
lum [41, 42]. Impulsive decision making has been associated with disrupted con-
nectivity between the nucleus accumbens and the anterior prefrontal cortex (PFC)
and ventromedial PFC [43], ventro—striatal hypo-responsiveness during reward
anticipation [44] and hyper-responsiveness in the ventral striatum/nucleus accum-
bens upon receipt of reward [45]. Alterations in the cortico-striatal network have
been considered as underlying the deficits in motor control characterizing ADHD,
causing excessive moving or talking in subjects affected by the disorder [46, 47].
Moreover, hypofunctionality in basal ganglia showed to predict poor movement
preparations as well as cognitive planning deficits [48]. Emotional dysregulation
seemed to be associated with an impaired emotion regulation network, including
circuitry implicated in the emotional impulsivity (EI) and therefore mesolimbic
circuitry, involving the orbitofrontal cortex, the amygdala, and the ventral striatum
[49-51] as well as that of deficient emotional self-control (DESR) mediated by the
ventrolateral prefrontal cortex, the medial prefrontal cortex, and the anterior cin-
gulate cortical region [52-55]. Finally, ADHD is associated with reduced activa-
tion in neuroanatomical regions involved in working memory such as occipital,
inferior parietal cortex, caudate nucleus, cerebellar regions [56] during working
memory tasks, and in left and right prefrontal brain regions in both children and
adults [57, 58].
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Besides the rationale provided by the brain circuits alterations reported here,
important insights for the use of NIBS for the treatment of ADHD symptomatology
derive from studies indicating that the most used pharmacological agents for treat-
ing ADHD work by altering cortical excitability [59]. Indeed, methylphenidate
influences motor cortex excitability in both inhibitory and excitatory neuronal cir-
cuitry in healthy subjects [59, 60].

On the basis of such evidence, NIBS techniques represent potential alternative tools
with respect to ADHD medications for influencing cortical excitability. NIBS tech-
niques offer the opportunity to develop a tailored intervention targeting a specific cog-
nitive domain or other symptomatological dimension and, therefore, to the specific
disrupted brain networks. Up until now, the NIBS brain targets in ADHD have been the
dorsolateral prefrontal cortex (DLPFC) for inhibitory deficits, and the orbitofrontal
cortex (OFC), which is more closely involved in motivational dysfunction [61].

The most used NIBS in ADHD are Transcranial Magnetic Stimulation or TMS
and transcranial Direct Current Stimulation or tDCS. Both TMS and tDCS per-
mit to modulate cortical and brain regions through electromagnetic fields or
direct electrical currents over the scalp, which can either increase or decrease
cortical excitability in relatively focal areas according to different stimulation
parameters [62].

r'TMS consists of repetitive trains of magnetic pulses, inducing temporary elec-
trical currents in localized cortical tissue. Recently, two new rTMS protocols have
been introduced, using theta burst stimulation or TBS. TBS consists of bursts of
three pulses of stimulation with a frequency of 50 Hz repeated every 200 ms, pro-
vided through an intermittent bursting frequency (iTBS) with a facilitatory effect, or
through a continuous bursting frequency (cTBS) with an inhibitory effect, inducing
transient long-term depression of behavior [63, 64].

tDCS uses low-intensity direct current (up to 2.0 mA) through two or more elec-
trodes placed on the scalp and modulates the resting membrane potential according
to the type of electrode application.

9.3 TMS as a Therapeutic Tool: rTMS Studies in ADHD

To date, there are still few rTMS studies in people with ADHD, and the vast major-
ity has been performed in children and adolescents. Helfrich and colleagues [65], in
arandomized, sham-controlled study, investigated the effects of inhibitory rTMS in
modifying the inhibitory/excitatory (I/E) unbalance in the motor system of children
with ADHD (N = 25), by using as neurophysiological measures the TMS-evoked
potentials (TEPs) and the motor-evoked potentials (MEPs). TEPs and MEPs in
response to single-pulse TMS (110% resting motor threshold, RMT) were mea-
sured before and after active 1-Hz rTMS (900 pulses, 80% RMT) or sham stimula-
tion (achieved through a deactivated coil) over the left M1, with the stimulation
conditions delivered in counterbalanced order 30 minutes apart. rTMS showed to be
safe and well tolerated, but the study results showed a decrease in N100 after inhibi-
tory low frequency-rTMS (LF-rTMS) rather than an increase [66], not supporting
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the use of rTMS to increase intracortical inhibition in ADHD [61]. However, find-
ings from this study indicated that the N100 amplitude may be useful as an indicator
to maximize the functional effects of rTMS on the cortex [65].

In a randomized, sham-controlled crossover study, nine adolescents and young
adults with ADHD received either active or sham high frequency-rTMS (HF-rTMS)
over the right DLPFC. The protocol was implemented in a counterbalanced order in
two phases, each lasting 2 weeks, with 1-week interval of no treatment between
phases. Ten-Hertz rTMS was delivered at 100% of the MT (2000 pulses per session,
5 sessions per week), with informant ratings regarding functional impairment and
ADHD symptoms obtained at baseline, midpoint, and end of the study. Results by
the comparison of rating scales scores showed that, despite a significant improve-
ment in ADHD symptoms and impairment, there were no differences between
active and sham rTMS [67]. Instead, a tolerability and safety pilot study performed
by the group of Gémez and colleagues [68] using LF-r'TMS in ten children with
ADHD classified as nonresponders to conventional treatment showed interesting
results. This study investigated the effects of 5 consecutive daily sessions of 1-Hz
'TMS (90% RMT) over the left DLPFC, with a total of 1500 stimuli per session, by
comparing informant reports (parents and teachers) collected before and 1 week
after completing the rTMS sessions. For what concerns tolerability, all children
completed treatment, reporting a slight headache or local discomfort in 70% of
cases, neck pain in 20%, and one patient reporting brief dizziness (only in two ses-
sions). Results from informant ratings showed a significant improvement in inatten-
tive symptoms at school and hyperactive/impulsive behavior at home. However,
several limitations of the study, such as the open-label design, the small sample, and
the lack of a sham arm, could not allow testing its clinical efficacy [61].

Studies on the effectiveness of rTMS in adults with ADHD are very scarce. Bloch
and co-workers [69], in their crossover double-blind, randomized, sham-controlled
pilot study, investigated the effect of either a single session of HF-rTMS directed to
the right prefrontal cortex (active rTMS) or a single session of sham rTMS on adults
with an ADHD diagnosis according to DSM-IV (N = 13). The stimulation protocol
consisted of a 20-Hz stimulation over the right DLPFC at a 100% MT for a total of
1680 stimuli per session. They found a specific beneficial effect on attention 10 min-
utes after active rTMS, with a subsequent improvement in attention, according to
Positive and Negative Affect Schedule (PANAS) scores. Any significant effect on
measures of mood and anxiety was detected and the sham rTMS showed no effect at all.

Niederhofer [70] reported improved ADHD symptoms in a case study that con-
sisted of motor cortex stimulation using 1 Hz rTMS at 1200 pulses per day for 5 days.

Even though there are no published large, randomized, sham-controlled trials of
therapeutic rTMS in ADHD so far, several clinical trials are ongoing, as documented
on the website https://clinicaltrials.gov/.

Recently, also a trial with deep-TMS (dTMS), which uses special coils for reach-
ing up to 4 cm beneath the surface of the skull, and that has been recently approved
for both treatment-resistant major depressive disorder and treatment-resistant
obsessive-compulsive disorder, has been performed in subjects with
ADHD. Specifically, 26 adults with ADHD were included in a double-blind
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sham-controlled study exploring the safety and effectiveness of bilateral prefrontal
deep rTMS [71]. Subjects underwent 20 daily sessions targeting the prefrontal cor-
tex with a bilateral coil at 120% of MT at high frequency, and behavioral and cogni-
tive ADHD symptoms were evaluated through an ADHD-rating scale and a
continuous performance test. At the end of the trial, results showed no differences
in clinical outcomes between the active dTMS and sham groups, providing no sup-
port to the utility of such a bilateral prefrontal stimulation to treat adult ADHD.

Despite mixed results, the potential application of rTMS as an alternative or add-
on treatment in ADHD seems supported by evidence emerging from positron emis-
sion tomography (PET) studies of rTMS, which revealed changes in striatal
dopamine receptor occupancy following rTMS, being the changes localized to the
specific region of the striatum serving the cortical target (dorsomedial prefrontal
cortex, DMPFC, and dorsolateral prefrontal cortex, DLPFC) of stimulation [72, 73].
Moreover, dopamine agonists and antagonists appeared to potentiate or block the
effects of rTMS [74]. Furthermore, there is growing evidence indicating the utility
of rTMS in enhancing cognitive control, such as the excitatory dorsomedial rTMS
protocol, which resulted effective in reducing impulsivity on a delay-discounting
task [75, 76]. In relation to tolerability, TMS treatment is generally well tolerated,
and among adverse reactions, the most frequently reported are mild and self-limited
headache, scalp pain at the stimulation site, and potential transient hearing altera-
tions caused by the clicking sound of the machine. The most serious adverse event
is the seizure induction, which, however, is rare [77].

9.4 TMS as an Investigative Tool in ADHD

Since it permits us to evaluate motor pathways excitability, TMS represents a very
useful investigative tool helping us to improve our understanding of the neurobiol-
ogy of ADHD. TMS pulses are delivered to the primary motor cortex, and single-
and paired-pulse TMS can capture the neurophysiological correlates of behavioral
symptoms of ADHD in the motor cortex. For example, evidence from TMS studies
as an investigative tool showed an inverse correlation between the Short-Interval
Cortical Inhibition (SICI) and hyperactivity. As low levels of intracortical inhibition
appeared associated with greater hyperactivity, and these abnormalities normalized
after methylphenidate (MPH) administration [78], it has been suggested that SICI
may represent a putative biomarker of ADHD symptom severity [78-82].
Interestingly, another TMS study, investigating motor cortex excitability and its
modulation by attention in healthy adults, showed that SICI decreases under task
conditions requiring attentional focus on an internal or external locus, compared to
a resting condition [83]. Authors suggested that altered SICI characterizing other
conditions, such as Tourette’s syndrome [84] and ADHD [82, 85], may not be only
the reflections of impaired intracortical GABA circuits per se, but the result of
disorder-specific (and therefore different) attentional states [83].

Other TMS studies showed impaired transcallosal-mediated inhibition in ADHD
[86-88], and that both latency and duration of the ipsilateral silent period (iSP) are
prolonged in children with ADHD [86-88], with the duration being correlated with
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hyperactivity and restlessness [89]. Instead, adults with ADHD showed a shortened
iSP but a normal latency [89]. The increased iSP latencies in children with ADHD
have been explained as a defective myelination of fast-conducting fibers in corpus
callosum [86], indicating a callosal maturation deficit in ADHD approximating nor-
mality with increased age [86, 87]. Therefore, it is likely that the different iSP laten-
cies found between children and adults with ADHD are due to developmental
differences in the inhibitory intracortical pathways [90].

TMS can be a useful tool for guiding ADHD pharmacotherapy. ADHD children
under medication with methylphenidate showed a significant prolongation of iSP
duration and a latency shortening [88], indicating that methylphenidate, as an indi-
rect dopamine agonist, might improve the imbalance between excitatory and inhibi-
tory interneuronal activities of this neuronal network, via dopaminergic modulatory
effects on the striato-thalamo-cortical loop [89]. As TMS studies showed SICI to be
correlated with hyperactivity, and MPH administration showed a normalizing effect
on SICI and hyperactivity, SICI has been suggested as an objective and quantitative
proxy of the therapeutic effectiveness of MPH [81]. By identifying ADHD individu-
als showing a greater SICI change after MPH administration, it would be possible
to identify potential responders from nonresponders. Moreover, by monitoring SICI
changes, clinicians could optimize drug titration [81]. However, these hypotheses
require more research and may benefit from the advances of TMS-evoked poten-
tials. The combination of TMS with electroencephalography (TMS-EEG) appears
as a powerful technology for characterizing and modulating brain networks. Indeed,
TMS-EEG allows us to assess in vivo neural excitation, inhibition, connectivity as
well as plasticity across brain regions providing useful information regarding brain
function-behavior relationship in health and disease [91]. In this context, future
research should take into account findings related to the utility of TEP monitoring,
together with clinical EEG, for assessing the immediate online effects of rTMS on
cortical excitability (N100 amplitude changed during 1 Hz stimulation) that may
serve as a safety measure and to maximize the functional effects of rTMS on the
cortex [65]. Moreover, TMS-EEG use may allow the assessment of neurophysiolog-
ical responses to medications outside of the motor cortex [81, 92].

9.5 tDCS Studies in ADHD

In respect to the evidence of TMS as a therapeutic tool for both behavioral and cog-
nitive symptoms in ADHD, which requires more research for establishing its effi-
cacy, promising results come from the studies investigating the tDCS use on people
with the disorder. Studies performed in children and adolescents with ADHD inves-
tigated the acute effects of a single session of tDCS on working memory dysfunc-
tion and inhibitory control deficits. A double-blind, sham-controlled experimental
design investigated the effect of a single session of anodal active electrode (1 mA)
over the left DLPFC and cathodal active electrode over the Cz during an N-back
working memory (WM) task. Interestingly, tDCS demonstrated to improve signifi-
cantly WM performance, but also the activation and connectivity of the WM net-
work. Compared to sham condition, tDCS led to a greater activation of the left
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DLPFC, left premotor cortex, left supplementary motor cortex, and precuneus, and
its effect was long lasting. In fact, tDCS influenced the resting-state functional con-
nectivity even 20 minutes after the stimulation [93].

In a sham-controlled experiment performed on 25 children with ADHD, anodal
stimulation over the left DLPFC and cathodal stimulation over the right DLPFC
showed a significant effect of tDCS on WM and interference inhibition. By changing
parameters, using therefore cathodal stimulation of the left DLPFC and anodal stim-
ulation of the right orbitofrontal cortex (OFC), a positive tDCS effect on response
inhibition and improvement of attentional shifting have been also found [94].

Both anodal and cathodal tDCS on the left DLPFC improved performance accu-
racy during a Go/NoGo task in a sham-controlled trial performed on students with
ADHD, indicating that both types of stimulation could improve executive functions
in people with the disorder [95].

As the right inferior frontal gyrus has been recognized as an important region in
the inhibitory control network, the effects of tDCS applied over this area in 21 male
adolescents with ADHD and matched controls were explored. Subjects underwent
three separate sessions of tDCS (anodal, cathodal, and sham) while completing a
Flanker task. The overall analysis did not show a significant effect of tDCS, but in
consideration of the learning effect from the first to the second session, the perfor-
mance in the first session was therefore separately analyzed. This second analysis
revealed that while ADHD patients receiving sham stimulation in the first session
showed impaired interference control compared to controls, ADHD subjects who
received anodal stimulation showed comparable performance levels (commission
errors, reaction time variability) to the control group. According to these results, the
authors concluded that anodal tDCS over the right inferior frontal gyrus could
improve interference control in patients with ADHD [96].

A study exploring the effect of repeated sessions of tDCS (30 minutes for 5 days)
with 2 mA anodal stimulation of the left DLPFC and cathode positioned over the
right supraorbital area in a small group of children and adolescents with ADHD
(N =9) showed that tDCS induced a more efficient processing speed, improved
detection of stimuli, and improved ability in switching between an ongoing activity
and a new one [97].

In a randomized, double-blinded, sham-controlled crossover study performed on
adolescents with ADHD (N = 15), 1 session a day for 5 consecutive days of anodal
tDCS (active stimulation: 1 mA) over the left DLPC and cathodal active electrode
over the Cz (vertex), during which patients performed a working memory task,
anodal tDCS showed to significantly reduce clinical symptoms of inattention and
impulsivity compared to sham stimulation. Noteworthy, tDCS effects appeared
more pronounced 7 days after the end of stimulation, supporting the putative long-
lasting clinical and neuropsychological changes of tDCS [98].

For what concerns adults with ADHD, tDCS studies performed on this kind of
population showed promising results. A recent double-blind sham-controlled study
investigated the effects of tDCS (2 mA) daily sessions of 20 minutes for 5 days with
the anode over the right DLPFC and cathode over the left DLPFC in adults with
ADHD (N = 17), through self-report measures for both ADHD symptoms and
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impairment (Adult ADHD Report Scale and Sheehan Disability Scale). Results
showed that subjects treated with active vs. sham tDCS with ADHD displayed a
symptom reduction and a decreased impairment. Follow-up data analysis revealed a
positive interaction between time and treatment in both self-rated inattention,
impairment, and total ADHD score [99]. As the study of Cachoeira et al. [99]
showed a clinical positive effect on ADHD symptomatology, which was driven pri-
marily by attentional improvement rather than impulsivity/hyperactivity reduction,
another group of researchers explored the effectiveness of 2 mA anodal stimulation
(tDCS) applied over the left DLPFC versus sham stimulation in improving impulse
control. Overall, 37 adults with ADHD completed two periods of three tDCS (or
sham) sessions 2 weeks apart in a within-subject, double-blind, counterbalanced
order and performed a fractal N-back training task concurrent with tDCS (or sham)
stimulation. For this aim, participants also performed the Conners Continuous
Performance Test (CPT) and the Stop Signal Task (SST), and the CPT and the SST
reaction time (SSRT) were analyzed. A comparison between the CPT and SST
scores performed at baseline, at the end of the treatment, and at a 3-day post-stimu-
lation follow-up showed no significant change in SSRT but rather a decrease in CPT
false-positive errors from baseline to end of treatment in the tDCS group, reflecting
a reduction in impulsive response. Such positive effect did not persist at the follow-
up conducted 3 days after the final stimulation session, but authors concluded that
repeated tDCS may be a novel treatment for impulsivity in ADHD, although addi-
tional research was necessary to determine whether an optimized treatment approach
could induce persistent effects [100].

A parallel, randomized, double-blind, sham-controlled trial performed on 30
adults with ADHD explored the efficacy of a single session of tDCS (1 mA anode
over the left DLPFC and cathode over the right DLPFC) on the modulation of inhib-
itory control, as measured by a go/no-go task before and after the active/sham stim-
ulation [101]. Results did not show any significant differences between active and
sham tDCS, and it is not clear whether this lack of effect was due to the use of 1 mA
current stimulation rather than 2 mA (the most used tDCS intensity in psychiatric
disorders), or to the fact that, unlike many tDCS trials, in this study people were not
required to simultaneously perform a cognitive task (online tDCS). The latter
hypothesis has been considered as very likely, as the application of tDCS when
subjects are actively involved in a cognitive task may activate more specific brain
networks, resulting in better performance than when they are at rest. This is in line
with evidence from studies coupling tDCS with cognitive training showing greater
effects compared to tDCS intervention at rest [102, 103]. Furthermore, evidence
from neuroimaging studies showed that people with ADHD are characterized by
reduced brain activation in the prefrontal regions, and therefore one single session
of tDCS may not be strong enough to improve their cognitive performance, even
though it may enhance cortical excitability [104].

In consideration of the high frequency of comorbid disorders in people with
ADHD, such as sleep-wake disorders, the recent findings from a study performed
by Munz et al. [105] using slow-oscillating tDCS (so-tDCS) on children with
ADHD (N = 14), aged 10-14 years, are noteworthy. They used so-tDCS, 0.75 Hz,
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over the right and left DLPFC during non-REM sleep and evaluated its effect on
inhibition using a Go/no-go Task. They found an enhancement of endogenous
oscillatory activity as a result of their intervention, with an improvement of behav-
ioral inhibition performance, which is typically impaired in ADHD. Previously,
so-tDCS applied to 12 children with ADHD over the bilateral DLPFC in a double-
blind crossover design showed an enhancement of declarative memory [106].
Therefore, Slow Oscillation (SO) has been considered as a promising somatic
marker in the pathophysiology of ADHD [106-108] and a future potential thera-
peutic target [105].

In conclusion, tDCS is a low-cost, easily accessible, and pain-free stimulation
method that is generally well tolerated, having limited side effects, such as itchiness
or scalp irritation. It is easily applicable to children as well as adults with ADHD,
notwithstanding the presence of a high level of hyperactivity. tDCS has been suc-
cessfully used in the treatment of several neurological and psychiatric disorders,
including Parkinson’s disease and major depression [109]. Even though its mecha-
nism of action is not fully understood, tDCS demonstrated the potential to induce
some neurochemical modifications in targeted brain tissues, which last longer than
the period of active stimulation [110], therefore allowing maintenance of results.

9.6 Summary of NIBS in ADHD

Collectively, evidence up to date provides support to the use of NIBS as a treatment
tool for neurodevelopmental disorders such as ADHD, as these interventions
showed to produce positive effects and particularly when combined with functional
cognitive training. However, the studies conducted hitherto are characterized by
some methodological issues, such as small sample sizes and lack or inconsistent use
of sham protocols. Moreover, despite the high heterogeneity characterizing the
ADHD phenotype, the vast majority of studies have focused mainly on the DLPFC
stimulation. It should be underscored that, in spite of being NIBS protocols divided
into excitatory and inhibitory, many subjects show opposite effects or even no effect
at all. In fact, about 50% of subjects who receive 1-Hz rTMS show a pattern of
excitation instead of inhibition, and similarly, a consistent proportion of people who
receive 10-Hz rTMS display an inhibitory rather than excitatory pattern [76].
Variability appeared to characterize also 1-Hz parietal rTMS on resting-state func-
tional connectivity, according to findings from fMRI studies [111]. As for TMS,
also in studies using tDCS it has been reported that only the 36% show an excitatory
effect after anodal stimulation and inhibitory effect after cathodal stimulation, while
the opposite has been reported in 21% of cases [112].

In conclusion, NIBS techniques offer a promising new approach to reduce some
ADHD dimensions of pathology. Although research in the use of NIBS in ADHD is
still in its infancy, data deriving from protocols for strengthening cognitive control
[76] may help to personalize the treatment plan of people with this neurodevelop-
mental disorder, and may be particularly well suited for comorbid cases. The use of
combined TMS-EEG appears as particularly useful for the goal of “precision
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medicine” for psychiatry, as interindividual differences in TMS-EEG markers of
brain health seem to have a genetic basis [113]. Finally, the utility of Transcranial
Near-Infrared Light Therapy, a noninvasive intervention in which near-infrared
light (830 nm) is applied to forebrain, should be explored in ADHD, considering the
recent evidence indicating some positive effects on core symptoms of autism spec-
trum disorders [114].
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Antonio Mantovani

Tic disorders have been the subject of etiological speculation for at least the past 300
years. Over the past 35 years, Tourette syndrome (TS) has come to be recognized as
a model of neurodevelopmental disorder representing the nexus between neurology
and psychiatry [1, 2]. The identification of abnormalities involving the basal ganglia
in postmortem [3] and neuroimaging studies [4], the possibility of a post-infectious
etiology for some cases of the disorder [5, 6], and the increasing appreciation of the
interaction of genetic [7] and environmental factors [8] in disease expression, have
all contributed to making TS a model for understanding developmental psychopa-
thology more broadly. The reality for patients is that TS can be a devastating condi-
tion, which alone, or in combination with other closely associated forms of
psychopathology, causes patients and their families considerable suffering [9, 10].

TS is a childhood-onset neuropsychiatric disorder characterized by chronic
motor and vocal tics that are often preceded by premonitory urges [11]. Although tic
symptoms in the majority of children with TS improve during adolescence, adults
with persistent illness can experience chronic and severe tics [12].

Randomized controlled trials (RCTs) have documented the efficacy of several
behavioral and pharmacological treatments for TS [13, 14]. However, approximately
one-third of individuals with TS do not benefit from first-line treatments, and several
of the most effective medications used to treat tics have significant side effects [15, 16].

Considering that the basal ganglia and the thalamocortical systems play an
important role in habit formation and are implicated in the pathophysiology of TS
[17], the experimental use of deep brain stimulation (DBS), targeting the thalamus,
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the posteroventrolateral part and the anteromedial part of the globus pallidus inter-
nus, the anterior limb of the internal capsule and the nucleus accumbens, has been
shown to produce positive results for a proportion of children, adolescents, and
adults with severe TS [18-20].

However, to date, the largest RCT failed to prove the efficacy of DBS in TS [21],
and the optimal site for electrode placement has yet to be determined [22, 23]. In
addition, DBS can be associated with serious adverse effects, including an increased
risk of infection [24, 25]. In this context, novel, less-invasive treatments to reduce
tic severity are urgently needed, especially for patients with severe TS.

Transcranial magnetic stimulation (TMS) is a noninvasive tool of stimulating
targeted cortical regions in TS [26]. Initial repetitive TMS (rTMS) studies targeting
motor and premotor cortical sites with either low-frequency (1-Hz) or high-
frequency (15-Hz) protocols have had limited or no success in treating individuals
with severe TS [27-29]. More recently, several open-label studies have reported that
1-Hz rTMS targeting the supplementary motor area (SMA) can decrease the fre-
quency and intensity of tics [30-35].

Based on the importance of sensory signals and their integration with subse-
quent motor acts [36-38], the SMA seems to be a promising target for rTMS. As
early as the 1980s, Eccles [39] speculated that the SMA was involved in the inten-
tional preparation of movements [40]. More recently, event-related functional
Magnetic Resonance Imaging (fMRI) and Positron Emission Tomography (PET)
techniques have implicated the SMA in the preparation and organization of volun-
tary movements [41, 42]. Not only does stimulation of this region produce both
movements and urges to move (reminiscent of the premonitory urges of TS) but
also the nature of the movements or corresponding urges ranges from simple motor
acts to complex movements, paralleling the range of simple to complex tics expe-
rienced in TS [43]. Neuroimaging studies examining patterns of brain activation in
individuals with TS have consistently identified the SMA as one of the structures
that is active simultaneously with tics as well as in the seconds preceding tics
[44-48].

Hampson et al. [49] compared the temporal patterns of brain activity during tics
in 16 TS patients to those during intentional “tic-like” movements in control sub-
jects. Rather than relying on a subjective judgment of when tics occurred, a novel
method was employed that first identified that part of the motor cortex specific to
each patient’s tic movement, and then cross-correlated activity in that region with
activity in other brain areas during tics. Regions implicated in sensory urges, par-
ticularly the SMA and somatosensory cortex, were hypothesized to show differen-
tial time courses in patients and controls. A nearly identical sequence of brain
activity was observed across groups. However, only the SMA showed a signifi-
cantly different profile with cross-correlations to motor cortex extending over a sig-
nificantly broader time window in the patients relative to controls. The SMA was
active both earlier and later in the patients, implying that it is involved in both tics
and intentional movements. These findings highlight the potential importance of the
SMA in tic generation and point toward novel focal brain stimulation intervention
strategies for TS.
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An RCT with 1-Hz rTMS targeting the SMA failed to find a statistical difference
in clinical improvement between the active and the sham (placebo) groups after 3
weeks. However, in the 3-week open-label continuation phase of the study, patients
who received a total of 6 weeks of rTMS showed on average 30% decrease in the
Yale Global Tic Severity Score (YGTSS) with a sizable proportion of the TS sub-
jects who received active rTMS for 6 weeks judged to be responders (57.1%) [50].

r'TMS was administered with the Magstim super-rapid stimulator (Magstim
Company Ltd, UK) using a vacuum-cooled 70-mm figure-of-eight coil. Stimulation
parameters were 1-Hz, 30-min train (1800 pulses/day) at 110% of resting motor
threshold-MT (using the lowest value of right or left hemisphere), once a day, 5
days/week, for 3 (in the double-blind phase) to 6 weeks (in the continuation open-
label phase). The coil was positioned over pre-SMA using the International 10-20
EEG System coordinates. Pre-SMA was defined at 15% of the distance between
inion and nasion anterior to Cz (vertex) on the sagittal midline [33]. Brainsight TMS
navigation system was used to locate and monitor online the stability of coil place-
ment during each rTMS session. The coil was placed with the handle along the
sagittal midline, pointing toward the occiput to stimulate bilaterally and simultane-
ously the pre-SMA.

Sham rTMS was administered using the Magstim sham coil, which contains a
mu-metal shield that diverts the majority of the magnetic flux so that a minimal
(<3%) magnetic field is delivered to the cortex [51]. To maintain the blind, raters
were blinded to treatment condition with a separation between the clinical team and
r'TMS treating physician(s). Moreover, patients who had received TMS treatments
in the past were excluded.

Before and after each session, patients were asked a series of questions in a struc-
tured form to rate rTMS side-effects. In addition, subjects were asked to complete
the Systematic Assessment for Treatment Emergent Effects (SAFTEE) [52].

Twenty patients entered and 18 completed phase 1 (3-week double-blind phase).
Regarding the 20 patients who met criteria for TS, a 33% (3/9) response rate was
observed in those randomized to active rTMS and 18% (2/11) with sham rTMS
(Fisher’s exact test, p = 0.62). Analysis of 18 completers showed a response rate of
37.5% (3/8) with active and 20% (2/10) with sham rTMS (Fisher’s exact test,
p =0.61) at the end of the double-blind phase.

Seventeen patients entered and 16 completed the open-label phase (seven ini-
tially randomized to active and nine to sham). Nine patients initially randomized to
sham had no significant change in their YGTSS total tic scores after 3 weeks of
active rTMS (from 32.9 + 8.4 to 31.8 + 8.5; F = 0.64, df = 2,16, p = 0.54). Seven
patients initially randomized to active rTMS, who received an additional 3-week
active rTMS, showed further improvements from weeks 3 to 6 on the YGTSS total
tic scores (from 31.1 + 9.5 t0 25.3 + 6.7, F = 0.58, df = 2,12, p = 0.57). The mean
improvement in the total tic severity score from baseline to 6 weeks [mean reduc-
tion of YGTSS score = 10.7 points (29.7%)] for the 7 patients who completed the 6
weeks of active treatment was statistically significant (t = 2.6, df = 6, p = 0.04).

No major side effects were noted during the course of treatment. Specifically,
there were no seizures, neurological complications, or complaints about memory or
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concentration difficulties. Headache, neck pain, and muscle sprain were the only
side effects reported as “severe” in active treatment. Only in one instance was there
a “severe” side effect, i.e., a severe headache, judged to be treatment related.

A major limitation of this study is the relatively small sample size and short
blinded phase. A larger sample and longer blinded phase will be needed to defini-
tively evaluate whether 6 weeks of low-frequency rTMS targeting the SMA is clini-
cally efficacious in reducing tic severity. This is an important consideration given
that optimal antidepressant effects result from the application of rTMS for 4-6
weeks [53].

In fact, recently, three patients with severe, medication-refractory TS, and comor-
bid obsessive-compulsive disorder (OCD) in two of them, received rTMS at 1-Hz to
the SMA for 4-week duration. The first two cases of TS-OCD showed, on average,
57% improvement in the YGTSS scores and 45% improvement in Yale-Brown
Obsessive—Compulsive Scale (Y-BOCS) scores; the third case of pure-TS showed
marginal improvement of 10% only. The improvement in TS-OCD patients with
r'TMS treatment was maintained at the end of 3-month follow-up, with an average
reduction of about 49% and 36% observed in YGTSS and Y-BOCS scores, respec-
tively [54].

r'TMS to the SMA has been successfully tested in treatment-resistant OCD in
RCTs [55-57] and as an augmentation to pharmacotherapy [58—60]. A recent meta-
analysis showed that low-frequency rTMS of the SMA yielded the greatest reduc-
tions in Y-BOCS scores relative to other cortical targets in the short- and long-term
follow-ups [61]. Specifically, the clinical effect of 1-Hz rTMS to the SMA corre-
lated with changes in cortical excitability measures, consistent with an inhibitory
action of rTMS on dysfunctional premotor and motor circuits in OCD [62]. The
SMA target was selected, based on the results of a deficient sensory gating and
enhanced precentral somatosensory-evoked potentials in OCD, which might reflect
the inability to modulate sensory information due to a tonic high level of cortical
excitability of motor and related areas [63].

Recently, optogenetic stimulation revealed that secondary motor area (M2) post-
synaptic responses in central striatum were significantly increased in strength and
reliability in Sapap3 knockout mouse model of compulsive behaviors, suggesting
that increased M2-striatal drive may contribute to both striatal hyperactivity and
compulsive behaviors. Because M2 is thought to be homologous to pre-SMA/SMA
in humans, regions considered important for movement preparation and behavioral
sequencing, these results are consistent with a model in which increased drive from
M2 leads to the excessive selection of sequenced motor patterns and support a
potential role for pre-SMA/SMA in the pathology and treatment of compulsive
behavior disorders, like OCD and Tourette syndrome [64].

Considering the overlap in the pathophysiology of OCD and TS [65], with OCD
symptoms reported in 50-90% of patients with TS [66], with studies suggesting an
involvement of the basal ganglia circuit, especially disruption of the indirect path-
way resulting in repetitive behaviors and thoughts in comorbid OCD and TS [67],
and considering that single and paired-pulse TMS found a deficit in intracortical
inhibition in both OCD and TS [68], it is plausible to think that the application of
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low-frequency r'TMS to the SMA might be particularly helpful in patients with
comorbid TS-OCD.

Studies using motor-evoked potential (MEP) and phosphene threshold have
shown that 1-Hz rTMS to motor and occipital cortex, respectively, reduces cortical
excitability [69, 70]. One-Hertz rTMS to prefrontal cortex reduces blood flow [71,
72]. Studies have demonstrated that suppressive effects of rTMS to one region can
be propagated to other cortical regions via functional connections. For example,
1-Hz rTMS to motor cortex reduces MEP induction in the contralateral motor cor-
tex [73] and reduces the Bereitschaftspotential, a slow negative EEG potential aris-
ing from the SMA [74].

The mechanism of action of 1-Hz rTMS is thought to be analogous to long-term
depression induced by direct electrical stimulation. One-Hertz rTMS may produce
neuroplastic effects similar to that produced by direct 1-Hz electrical stimulation of
gray matter in animal studies, which often produces a phenomenon known as long-
term depression (LTD). LTD in the hippocampus and cerebral cortex has been
widely replicated [75-77]. Like 1-Hz rTMS, LTD requires 15-30 minutes of con-
tinuous 1-Hz stimulation, has cumulative effects if stimulation is repeated over
many days, and propagates trans-synaptically to other functionally connected brain
regions [78]. LTD can last for many weeks, indeed as long as the experimental ani-
mal can be maintained [79]. If 1-Hz rTMS produces LTD-like effects, rTMS-
induced alterations in brain function may produce clinically significant effects
lasting beyond the period of stimulation.

Our pioneering open-label study, which targeted the SMA, demonstrated that
1-Hz rTMS produced a significant clinical improvement (67% reduction in tic
severity) in patients with comorbid OCD and TS [33]. We demonstrated in two
other cases affected with TS and comorbid OCD a 52% clinical improvement that
matches or exceeds approved behavioral or pharmacological interventions for
TS [80].

The clinical efficacy of rTMS in patients with TS and OCD was reported in a
recent meta-analysis. The authors included eight studies, with a sample of 113 sub-
jects, and showed that rTMS significantly improved tic (g = —0.61; CI: —0.94 to
—0.29) and OCD (g = —0.48; CI: —0.83 to —0.14) symptoms in TS patients.
Stimulation of the SMA was more effective in tic symptoms than the stimulation of
other areas (g = —0.70; CI: —1.11 to —0.30 vs. g = —0.36; CI: —0.84 to 0.14), and
younger age was associated with a better treatment effect (coefficient = 0.03,
p=0.027) [81].

Wau et al. [82] suggested using a patient-specific targeting procedure and a novel
r'TMS paradigm, named continuous theta burst stimulation (cTBS). In their RCT,
mean YGTSS scores decreased in both active (27.5 £ 7.4 to 23.2 + 9.8) and sham
(26.8 £4.8 to 21.7 £ 7.7) groups. No significant difference in video-based tic sever-
ity rating was detected between the two groups. However, the two-day post-
treatment fMRI activation during finger tapping decreased significantly with active
rTMS and not with sham in the SMA (p = 0.02), left M1 (p = 0.0004), and right M1
(p < 0.0001). Therefore, active fMRI-navigated cTBS administered over 2 days to
the SMA induced significant inhibition in the motor network (SMA, bilateral M1),
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but larger sample size and protocol modifications (i.e., higher number of rTMS ses-
sions) may be needed to produce clinically significant tic reduction.

Since cTBS provides more potent inhibitory neuromodulatory effects [83], the
efficacy of fMRI targeted cTBS should be evaluated over a longer period of time in
TS patients before any definite conclusions can be made concerning its clinical
efficacy. In addition, based on our laterality findings in TS and OCD patients’ right
hemisphere cortical excitability measures after active rTMS but not sham [33, 50,
56, 57, 62], and the recent work of Obeso et al. [84], a case can potentially be made
to target preferentially the right pre-SMA with cTBS. Specifically, combining cTBS
with oxygen 15-labeled water (H,'°O) PET scans acquired during a stop signal task,
Obeso and colleagues found that cTBS-induced changes in the excitability of the
right pre-SMA (as compared to sham cTBS) enhanced response inhibition. They
also found that cTBS over the right pre-SMA was associated with increased blood
flow in the left pre-SMA, the left inferior frontal gyrus, as well as the right premotor
and right inferior parietal cortex. If cTBS over the right pre-SMA can enhance
response inhibition, then it might also have a beneficial effect on tics. In a recent
RCT, including 27 treatment-refractory OCD patients, fMRI-guided rTMS to the
pre-SMA improved significantly symptoms, and such improvement correlated with
measures of cortical excitability (i.e., % of reduction on self-reported YBOCS cor-
related with increased MT) [85]. In another study, bilateral stimulation of the pre-
SMA induced a clinical improvement in OCD symptoms and increased functional
connectivity between the rTMS target and the right inferior frontal gyrus and orbito-
frontal cortex (Mantovani et al. unpublished data).

Therefore, based on the preliminary evidence of a clinical and neurophysiologi-
cal effect of rTMS applied to the SMA in patients with TS and OCD, the application
of low-frequency rTMS protocols holds promise in the treatment of refractory cases
and might be tried in the future with improved target selection and stimulation pro-
cedures before the application of more invasive interventions, such as electrocon-
vulsive therapy [86], DBS [20], and gamma knife capsulotomy [87].
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11.1 The Addicted Brain: From Neurotransmitters
to Neural Circuits

Drug addiction, currently included in the field of Substance-Use Disorders (SUDs),
can be defined as a chronically relapsing disorder, characterized by compulsive drug
seeking and taking, loss of control over drug use, behavioral inflexibility, and emer-
gence of negative emotional states (e.g., dysphoria, anxiety, irritability, anhedonia)
[1]. Preclinical investigations, human neuroimaging and clinical studies have pro-
vided extensive evidence that these manifestations result from long-lasting neuroad-
aptations in several brain circuits, including basal ganglia, extended amygdala, and
prefrontal cortex circuits [1].

Specifically, a central feature in the framework of causation of SUDs and
other addictive disorders is represented by neuroadaptations in the reward neural
circuitry (i.e., mesocorticolimbic dopamine (DA) system) and in the glutamater-
gic corticolimbic circuitry, in which the dopamine projections are embedded
[2-5]. Although having diverse primary neurocircuitry and neurotransmitters tar-
gets, all addictive agents initially act by enhancing reward via increased dopa-
mine release in the nucleus accumbens (NAc) [6] and other areas of the limbic
forebrain, including the amygdala and prefrontal cortex [7]. According to the
incentive-sensitization theory proposed by Robinson and Berridge [4], a sensiti-
zation of the mesolimbic dopaminergic system is critically implicated in the
development of drug addiction and in the emergence of craving. Craving is a
multifaceted construct, known is shown to be one of the most important contribu-
tors to relapse, thus representing an important treatment target [1].

The repeated stimulation of DA pathways, induced by exposure to addictive
agents, evokes plastic changes in the reward neural circuitry, which leads to hyper-
sensitivity to drugs, as well as to drug-associated cues [4]. Indeed, preclinical stud-
ies have shown that with repeated drug exposure neutral stimuli paired with the drug
(conditioned stimuli) start to increase dopamine by themselves [8—12]. Brain imag-
ing studies confirm that drug-associated cues induce dopamine increases, particu-
larly in the dorsal striatum (region implicated in habit learning and action initiation).
Thus, cue-induced conditioning plays a critical role in strengthening habitual
responding in drug-seeking behavior, which reflects a transition from prefrontal
cortical to striatal control over responding, and a transition from ventral striatal to
more dorsal striatal subregions ([13, 14]). Indeed, studies using positron emission
tomography (PET) reported reduced ventral striatal D2 receptors and diminished
dopamine release in patients with substance dependence [15].

The changes in striatal dopamine function are accompanied by decreased activity
in several prefrontal and associated regions. Alterations and dysfunction in prefrontal
circuits have been shown to underlie the loss of inhibitory control, behavioral inflex-
ibility, and impairment in executive functioning commonly observed in individuals
with SUDs. The dorsal prefrontal cortex (PFC) network, including the dorsolateral
prefrontal cortex (DLPFC) and the dorsal anterior cingulate cortex (dACC), controls
executive functioning, including decision making and self-control, while the ventral
PFC network, including the medial prefrontal cortex (MPFC), orbitofrontal cortex
(OFC), and ventral anterior cingulate cortex (VACC), governs limbic arousal and
emotion processing [16]. An imbalance of these two systems, specifically a
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hyperactive emotional processing and hypoactive executive functioning system, has
been hypothesized as one of the main factors contributing to the transition to compul-
sive drug seeking and taking [17]. Indeed, hyperactivation of the ventral PFC network
has been associated with craving [18], resulting in substance use [19], whereas hypo-
activity of the left [20], as well as the right DLPFC [21], has been described in drug
addicts while performing cognitive tasks, indicating impairments in executive func-
tioning, which is modulated by the DLPFC network.

In addition to the alterations in reward neural circuitry and prefrontal circuits,
SUDs are also characterized by neuroadaptations in the circuitry of the extended
amygdala (central nucleus of the amygdala, bed nucleus of the stria terminalis,
and NAc shell) and also in the lateral habenula. These changes are associated
with abnormalities in neurotransmitter systems involved in stress response (e.g.,
corticotropin-releasing factor, CRF; neuropeptide 1, NK1; norepinephrine; and
dynorphin). Engagement of these circuits and neurotransmitters leads to the
emergence of negative affective states, which are manifest when the drug is
removed during acute withdrawal but also during protracted abstinence [22].
Thus, negative states may powerfully motivate drug seeking via negative rein-
forcement and may trigger relapse even after prolonged periods of abstinence.

Taken together, these findings demonstrate that SUDs, as well as other addictive dis-
orders rather than being expressions of a single brain region or neurotransmitter system,
are mediated and maintained by alterations in multiple, integrated neural circuits, and
allostatic alterations in the expression of their related neurotransmitters and molecular
mediators. Therefore, effective treatments should be ideally able to address such com-
plexity, by targeting and remodeling impaired circuits. In this perspective, an integrated,
multidisciplinary approach based on combining pharmacotherapies, behavioral and cog-
nitive interventions, and neurocircuitry-based interventions, such as transcranial mag-
netic stimulation and transcranial direct current stimulation, may represent a safe,
effective, and feasible therapeutic option for patients with SUDs. As a neuroscientific,
transdiagnostic-based approach has been proposed also for addictive disorders, including
behavioral addictions [23-25], intermediate phenotypes of addiction, and their underly-
ing neurobiological underpinnings, are being characterized. This can further fuel the
development and use of interventions targeting these common underlying mechanisms.

11.2 The Rationale for Repetitive Transcranial Magnetic
Stimulation (rTMS) for Addictive Disorders

Although in the last two decades important advances have been made in understand-
ing the neurobiological underpinnings of ADs, this knowledge has not yet been
translated into effective treatments for these disorders. Psychosocial interventions
and currently FDA-approved pharmacotherapies for alcohol- and substance-use dis-
orders (AUD and SUDs) have been shown to improve clinical outcomes. However,
not all patients respond to these treatments, and relapse rates remain high. For
example, SUDs present with disturbingly high recidivism rates, estimated between
40-60%, but in some instances exceeding 90%, depending on the primary substance
being abused and how one measures the time frame of the treatment outcome (Www.
drugabuse.gov). This has prompted the investigation of novel pharmacotherapeutic
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targets, mostly with unsuccessful results [26-29]. Despite all these efforts, still
there are no FDA-approved pharmacotherapies for cocaine- or amphetamine-use
disorders, whose treatment relies mainly on behavioral and cognitive interventions,
with variable success rates [30]. Furthermore, it is important to consider that phar-
macotherapies such as methadone and buprenorphine, for opioid-use disorders, and
naltrexone, for alcohol-use disorders, have been shown to modulate neural circuits
implicated in ADs, but they lack spatial and temporal specificity of action.

Recent findings have indicated that brain stimulation techniques can be effective
in reducing craving and consumption across different substances, and may also be
efficacious for behavioral addictions, given their ability to induce neuroplasticity
and modulate brain activity and connectivity. The rationale for the application of
r'TMS in the treatment of SUDs and other behavioral addictions lies in preclinical
investigations. In a seminal optogenetic study, in vivo stimulation of prelimbic cor-
tex (PLC) reversed cocaine-induced prefrontal hypofunction, and blocked drug-
seeking behaviors [31, 32] in compulsive cocaine-seeking rats. The PLC in rats is
the closest functional homologue of the DLPFC and the anterior cingulate cortex
(ACC) in humans [33-35]. Consensus on this matter is still missing, due to the rel-
evant large anatomical diversity between the rodent and the human frontal/anterior
cortices, but both DLPFC and ACC play a major role in top-down inhibitory control
and reward mechanisms. Thus, the aforementioned preclinical findings may be
translated in humans by noninvasive stimulation of homologous areas (e.g., the
DLPFC) [31] to test whether this intervention may reduce cocaine craving and con-
sumption. This hypothesis has been preliminarly tested using transcranial magnetic
stimulation (TMS).

The rationale of targeting the DLPFC is based also on the key role that this brain
region plays in decision-making processes [36]. Addiction is associated with increased
impulsivity and impaired risky decision making [37]. These decision-making processes
in addiction can be modulated by rTMS on the DLPFC-enhancing inhibitory control,
which may lead to a reduction in the use of substances. Therefore, the stimulation of the
DLPFC by high-frequency pulses should increase its activity and its inhibitory control
function. In particular, with drug-addicted subjects, this treatment should increase
DLPFC function implementing the possibility to control craving and to cope with it.

The complex trajectory of addiction development from impulsive to compulsive
substance use is thought to be reflected in changes in various cognitive constructs
and their underlying networks, including reward processing [38], salience detection
[39], executive control [39], and internal ruminations [40], with cycling phases,
including binge/intoxication (i.e., reward seeking), withdrawal (negative affect) and
drug-craving brain circuits and networks [1, 41]. The hypothesis of an imbalance
between drive state and reward processing (so-called “Go-circuits”) and executive
control (“Stop-circuits”) processes [16, 42-46] is a manifestation of such dysregula-
tion. As reported by Hanlon et al. [47]) in their recent studies, two neurobehavioral
systems may be targeted by TMS in order to treat substance-use disorders: an execu-
tive control system, namely, the dorsal-lateral frontal-striatal, likely involved in
resisting drug use, and an impulsive system, namely, the ventral-medial frontal-
striatal, likely involved in craving and use. Under this framework, a Stop system
would inhibit the Go-craving system and stress system. It may therefore be useful to
either increase activity in the DLPFC-dorsal striatal circuit or to decrease the activity
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in the ventral medial prefrontal cortex-caudate circuit using an inhibitory rTMS
(1 Hz or continuous Theta Burst Stimulation, cTBS) [47]. It is therefore a possibility
that the stimulation of the DLPFC could be less associated with a direct anticraving
effect, probably exerting its action in terms of relapse prevention, increasing the pos-
sibility to control craving and to cope with it through a top-down mechanism.

A further aspect to consider is that targeting prefrontal areas via TMS also affects
dopaminergic neurotransmission. Strafella and colleagues [48] found that high-
frequency rTMS on the prefrontal cortex in humans induces subcortical release of
dopamine in caudate nucleus, whereas Cho and Strafella [49] showed that rTMS over
the left DLPFC modulates the release of dopamine in anterior cingulated cortex and
orbitofrontal cortex in the same hemisphere. These findings have been recently con-
firmed in a longitudinal study investigating alcohol intake and dopamine transporter
(DAT) availability in the striatum before and after deep rTMS. With respect to sham
stimulation, active stimulation significantly reduced both alcohol craving and intake
and DAT availability, suggesting a modulatory effect on dopaminergic terminals [50].

Also in the long-term perspective, in addicted brain where a repeated exposure to
drugs has determined long-term neural adaptations, rTMS can exert its effect revert-
ing the process of neuroadaptation. These neuroadaptations are partly associated
with altered dopamine activity in the mesocorticolimbic circuitry [51] and lead to an
alteration of cortical excitability [52], which have been implicated in the persistence
of drug-seeking behaviors and in an increased likelihood of relapse. Repeated appli-
cations of rTMS can affect cortical excitability and increase the release of dopamine
in the mesolimbic dopaminergic system, affecting neuroadaptation induced by the
chronic use of substances [48, 53].

In addition to dopaminergic signaling, some of the TMS-induced effects depend
on glutamatergic transmission [31, 54]. Different preclinical studies have clearly
demonstrated that rTMS induced-LTP/LTD are strictly dependent on NMDA and
AMPA receptor signaling [55, 56] within glutamatergic synapses within addiction-
related brain areas [56, 57]. Additionally, rTMS has been shown to enhance GABA
neurotransmission [58] through increased cortical inhibitory activity [59]. GABA
neurotransmission is relevant in SUDs, and its modulation showed to have some
potentials in terms of treatment outcomes [60—62].

Finally, rTMS could also exert its effects modulating the expression of neuro-
trophic factors, such as BDNF, an active regulator of synaptic plasticity, within cor-
tical and subcortical areas [55]. More recently, nonsynaptic events have been
suggested as mediators of rTMS long-term effects, including plasticity-related gene
expression and neurogenesis [63, 64]. The role of BDNF should be also better
explored, given its role in ADs [65, 66]. Whether these mechanisms are involved in
rTMS-mediated effects in SUDs remains to be explored.

11.3 rTMS as a Therapeutic Tool in the Treatment
of Addictive Disorders (ADs)

Repetitive transcranial magnetic stimulation (rTMS), including theta burst stimula-
tion (TBS) and deep TMS (dTMS), has emerged as a potential treatment for ADs
due to its promising results in terms of craving reduction [56, 67]. Most studies



140 G. Martinotti et al.

target the DLPFC by means of excitatory stimulation in order to strengthen execu-
tive functions and cognitive control [68].

A recent meta-analysis, including data from 748 patients with SUDs, showed
that left DLPFC stimulation had a significant anticraving effect with medium effect
size compared with sham stimulation [67]. However, this effect was limited in dura-
tion, as indicated by a nonsignificant treatment effect at follow-up. Meta-regression
indicated an association between stimulation dosage (i.e., total number of stimula-
tion pulses) and anticraving effect, whereas the number of sessions, pulse per ses-
sion, frequency, and intensity was not significant [67]. This analysis yielded a large
effect size for illicit drug dependence (including cocaine, opiates, methamphet-
amine, and cannabis), followed by a medium effect size for nicotine dependence
and a small effect size for alcohol dependence [67]. Conversely, meta-analysis,
including all studies for right DLPFC stimulation, showed no significant anticraving
effect compared to sham stimulation [67]. Inhibitory stimulation protocols as well
as dTMS had no significant effects on craving. Deep TMS is performed using a
group of coils, called H coils, whose geometry and configuration allow to reach
deeper brain regions [69], at the expense of focality. With regard to drug consump-
tion, the analysis revealed that both excitatory rTMS of the left DLPFC and excit-
atory dTMS of the bilateral DLPFC and insula resulted in a significant reduction of
substance consumption, compared with sham stimulation. Recently, other brain tar-
gets have been tested. For example, Hanlon and colleagues used continuous theta
burst stimulation to attenuate MPFC activity during cue exposure [70, 71]. However,
results were not supportive of an anticraving effect using this protocol.

The following sections describe trials exploring the experimental evidence for
rTMS in SUD and other addictive behaviors.

11.3.1 rTMS in Nicotine-Use Disorder

There are three FDA-approved medications for smoking cessation, all of which
promote abstinence: nicotine replacement therapies, bupropion, and varenicline.
However, the outcomes are still far from satisfactory and there is ground for devel-
opments in the area of noninvasive brain stimulation (NIBS).

The first to investigate the efficacy of rTMS for smoking addiction were Johann
and colleagues [72], who examined whether rTMS of the DLPFC could modulate
tobacco craving. Following a 12-hour period of abstinence, 11 treatment-seeking
smokers received either one active or one sham session of 20 Hz rTMS over the left
DLPFC at 90% of MT. The session consisted of 20 trains of stimuli of 2.5 seconds.
The levels of tobacco craving were assessed using a 100-point visual analogue scale
(VAS) both 30 minutes prior to and following the rTMS treatment. rTMS signifi-
cantly reduced the level of tobacco craving at 30 minutes post-treatment [72]. These
findings, therefore, motivated further investigation on the efficacy of rTMS as a
potential treatment in nicotine addiction, with the aim to test also whether this inter-
vention could reduce cigarette consumption. Following this pilot study, the same
research group [73] investigated the effects of two sessions of active and sham
r'TMS at the same parameters with a double-blind crossover design study. The sec-
ond study demonstrated reduced smoking consumption following rTMS session,
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thus contributing to the preliminary evidence of the utility of rTMS treatment in
nicotine dependence [74]. Based on these findings, the authors proposed that high-
frequency rTMS could have potential therapeutic value in the treatment of nicotine
dependence by reducing the levels of craving [72] and its consumption [73].

Amiaz and colleagues were also interested in evaluating the effects of high-
frequency rTMS of the left DLPFC, combined with either smoking or neutral cues
exposure, on cigarette consumption, dependence, and craving. Thus, there were
four experimental groups: active TMS with smoking pictures, active TMS with neu-
tral pictures, sham TMS with smoking pictures, and sham TMS with neutral pic-
tures. The authors assessed the effects of 10 days of treatment with either active or
sham 10 Hz rTMS treatment applied to the left DLPFC. Stimulation included 20
trains/day at 100% of MT and each train consisted of 50 pulses at 10 Hz. rTMS,
independent of exposure to smoking pictures, reduced subjective and objective
measures of cigarette consumption and nicotine dependence. However, these effects
reduced gradually after completing the rTMS sessions and the reduction in cigarette
use was not significant 6 months after treatment termination, although in the group
of smokers who received active rTMS-smoking picture cigarette consumption was
lower at 6-month follow-up compared to the other treatment groups. Overall, results
from this study suggested that high-frequency rTMS over the DLPFC could reduce
cigarette consumption and nicotine dependence [75].

Consistent with findings in nonpsychiatric smokers, some studies [72, 76]
showed that treatment with rTMS significantly reduced craving in treatment-seek-
ing individuals with schizophrenia, a population of smokers who are typically
highly nicotine dependent. While there was a robust increase in craving following
the r'TMS session in the sham group (due to abstinence from smoking), post-treat-
ment craving levels in the active group were the same or lower than the pretreatment
assessment. Despite attenuation of tobacco craving, rTMS did not increase absti-
nence rates, thus suggesting that the number of rTMS sessions could be a critical
factor modulating rTMS efficacy [76]. Rose et al. [77], instead, tested whether
either excitatory and inhibitory stimulation of superior frontal gyrus (SFG) had anti-
craving effects, with promising results. In one of the largest studies carried out to
date, Dinur-Klein et al. [78] enrolled 115 smokers to either receive, in a randomized
order, 13 sessions of high-frequency, low-frequency, or sham stimulation to the lat-
eral PFC and insula bilaterally. This stimulation was done using an H-coil for deep
TMS designed to target the DLPFC and insula, crucially involved in cigarette crav-
ing [79]. High-frequency deep TMS (10 Hz), in association with smoking cues dur-
ing the stimulation procedure, was found to significantly reduce cigarette
consumption, as well as nicotine dependence.

While other types of brain stimulation techniques (transcranial direct current
stimulation, cranial electrostimulation, and deep brain stimulation) have been evalu-
ated in the treatment of nicotine addiction, there is more evidence to support -TMS’
potential to treat nicotine dependence. According to the criteria suggested by
Brainin et al. [80], research on the therapeutic use of rTMS for nicotine dependence
has one study in class II, three studies in class III, and one study in class IV that
showed reduction in craving, consumption, and dependence [68]. Thus, according
to the available evidence, rTMS falls within the level B recommendation as proba-
bly effective in the treatment of nicotine addiction [68].
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11.3.2 rTMS in Alcohol-Use Disorder (AUD)

There are currently four FDA-approved pharmacotherapies for alcohol-use dis-
order: disulfiram, oral naltrexone, extended-release injectable naltrexone, and
acamprosate. These pharmacotherapies have been approved, based on their
effects in increasing abstinence more than placebo. Although these pharmaco-
therapies, also in combination with psychotherapies, have shown some positive
findings, relapse rates are still high in patients with AUD [81]. The first brain
stimulation study to test the anticraving efficacy of rTMS was carried out by
Mishra and colleagues, who administered high-frequency (10 Hz) rTMS of the
right DLPFC in a single-blind, sham-controlled fashion, in 45 patients with AUD
[82]. The authors reported that 10 daily sessions of high-frequency rTMS over
right DLPFC significantly reduced craving. This study supports the therapeutic
potential of rTMS. Hoppner et al. [83] investigated the effect of high-frequency
rTMS of the left DLPFC compared to sham stimulation on craving and mood in
alcohol-dependent women. Nineteen female detoxified participants were ran-
domized either to a high-frequency rTMS (20 Hz) over the left DLPFC (N = 10)
or sham stimulations (N = 9) for 10 days. There were no significant differences
in clinical parameters such as alcohol craving or mood after active rTMS com-
pared to sham stimulation.

Herremans et al. [84] performed a sham-controlled, prospective, single-blind
study in order to investigate the effect of single high-frequency rTMS session of the
right DLPFC on alcohol craving in the community. Participants (N = 36) were
alcohol-dependent inpatients. After successful detoxification, participants were
allocated to receive one active or one sham rTMS session. The rTMS session (40
trains of 1.9 s at 20 Hz, 110% of MT with a 12-s intertrain interval) was adminis-
tered the day prior to discharge patients for the weekend. One high-frequency rTMS
session delivered to the right DLPFC did not lead to changes in craving (neither
immediately after the stimulation session nor in participants’ natural environment
during the weekend). This study found that application of a single rTMS session had
no significant effect on alcohol craving [84]. In another study, repetitive rTMS tar-
geting the dACC using a double cone coil reduced immediate alcohol craving and
consumption [85]. In a recent study [50], a small cohort of patients was treated by
bilateral dTMS. Clinical and SPECT evaluations were then carried out after 4 weeks
of r'TMS sessions. Patients that received the real stimulation revealed a reduction in
DAT availability at T1, whereas the sham-treated group did not suggest a modula-
tory effect of deep rTMS on dopaminergic terminals and a potential clinical efficacy
in reducing alcohol intake in AUD patients.

Based on these findings, Herremans and Baeken [86] suggested the evaluation of
multiple rTMS sessions in larger, randomized, and sham-controlled population
samples. Furthermore, randomized controlled studies should be done to evaluate
whether patients need stimulation with high or low frequency [86].

Taken together, data regarding the efficacy of rTMS in AUD are still partial and
not conclusive. According to the criteria suggested by Brainin et al. [80], there is
inadequate evidence to confer a level of recommendation for its effectiveness in the
treatment of AUD.
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11.3.3 rTMS in Cocaine- and Stimulant-Use Disorder

Cocaine-use disorder (CUD) is a major public health concern, associated with high
relapse rates, significant disability, and substantial mortality [87]. Chronic cocaine
use is among the most difficult substance-use disorders to treat. Nearly 1 in every 7
people seeking treatment for drug abuse is dependent upon cocaine and short-term
cocaine relapse rates can reach up to 75% [88]. Unfortunately, no unequivocally
effective pharmacological or psychological therapies have been identified to date.
At the moment, there are currently no FDA-approved pharmacotherapies for
cocaine- and amphetamine-use disorders.

Advances in understanding the neurobiological underpinnings of cocaine-use
disorders have unraveled that chronic cocaine use causes damage and changes in the
prefrontal cortex (PFC), [89], including significant brain volume reduction [90, 91],
cortical hypoactivity [16, 92, 93], impairment in executive functions, and dysregula-
tion of neurotransmitters systems [94-96]. Thus, targeting the PFC via TMS appears
to be a promising intervention. In the first, open-label study testing this hypothesis,
high-frequency rTMS of the right (but not left) DLPFC was linked to a reduction of
craving in cocaine-addicted subjects [97]. The authors investigated whether a single
session of ITMS over DLPFC could reduce cocaine craving among six male partici-
pants with CUD, and also assessed effects on mood. Participants received two ses-
sions of high-frequency (10 Hz) rTMS at 90% of MT, to the right and left DLPFC,
separated by 1 week. Patients were asked to complete a set of 15 visual analogue
scales (VAS) ranging from “not at all” to “more than ever.” Each VAS evaluated one
of the primary or secondary endpoints on three occasions: 10 min before the inter-
vention and immediately after and 4 h after rTMS session. This research provided
the first demonstration that high-frequency rTMS applied over the right DLPFC
could reduce craving associated with chronic use of cocaine.

In 2008, Politi and colleagues also performed an open-label study showing that
in cocaine users (n = 36), 10 sessions of 15-Hz TMS to the left DLPFC (600 pulses,
100% resting M T, rTMT) led to a significant reduction in self-reported craving [98].

Other open-label studies confirmed these preliminary data, suggesting that rTMS
of the PFC may determine a reduction in cocaine use and minimize the risk of
relapse [97, 99-102, 103]. In a recent open-label study, Pettorruso et al. [104] con-
firmed the efficacy of high-frequency rTMS of the DLPF in CUD, showing a reduc-
tion in psychiatric symptoms that contribute to the overall clinical burden. rTMS
appears to elicit its more notable effects on depressive and anxiety symptoms, con-
firming previous data by the same group, according to which the prohedonic effect
of rTMS is crucial and directly related to the reduction of cocaine craving [100].
Future studies that assess cocaine intake after treatment are also required. According
to the criteria suggested by Brainin et al. [80], there is still inadequate evidence to
confer a level of recommendation for the effectiveness of this treatment.

Methamphetamine (METH) is a psychostimulant of the phenethylamine and
amphetamine class of psychoactive drugs and is a widely used illicit drug, also avail-
able on the cybermarket [105, 106]. Neurotoxic effects and potentially irreversible
loss of neurons and axons have been linked to the repeated exposure to moderate-to-
high levels of METH [107]. Moreover, cognitive functioning under
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methamphetamine administration is linked to cognitive deficits and alteration of
fronto-striatal and limbic pathways [107]. At the same time, METH users showed
impaired cortical plasticity induced by TMS [108]. Nowadays, available treatments
are limited psychosocial interventions and no medications have been approved by the
FDA. NIBS have been evaluated as a potential treatment for Methamphetamine-Use
Disorder (MUD) in few sham-controlled trials. High-Frequency rTMS on the left
DLPFC has been proven to reduce craving [109, 110] and sleep disturbances [111]
and to improve cognitive performance [112] in both male [111, 112] and female
METH users [109]. At the same time, low-frequency rTMS transiently increased
craving when applied on the same site [113]. Interestingly, both high- and low-fre-
quency rTMS applied on both right and left DLPFC showed a significant effect on
craving when compared to a control stimulation site (P3, of 10-20 EEG system)
[114]. Unfortunately, given the high variability across studies, no recommendation
may be highlighted.

11.3.4 fTMS in Opiate-Use Disorder

Recently, increases in opioid addiction, opioid-related morbidity, and opioid-related
mortality have been reported in both USA and Europe. While the number of opioid
prescriptions doubled in Europe during the last 10 years, nowadays every day 130
patients die from an overdose of prescription opioids in the USA [115]. Treatment
for opioid-use disorder typically requires acute detoxification and/or opioid mainte-
nance treatment. The two primary treatments for opioid-use disorder (methadone,
buprenorphine) are designed for long-term opioid maintenance therapy. Methadone
is a mu-opioid receptor agonist, whereas buprenorphine is a partial mu-opioid
receptor agonist (mu agonist-K antagonist). Given that opioid withdrawal increases
brain sensitivity to TMS-induced seizures, TMS has not been deeply examined in
opioid-dependent patients. However, it is important to note that currently more than
15 different studies evaluating the effects of TMS in OUD have been registered in
clinical trial.gov. Moreover, it may be interesting to notice that Nucleus Accumbens
(NAcc) stimulation with Deep Brain Stimulation (DBS) was reported to signifi-
cantly reduce heroin consumption and/or craving in single cases [116-118].

11.3.5 rTMS in Other SUDs

Cannabis is the most recreationally used drug worldwide: recreational users were
approximately 3.8% of the world population in 2017. As the number of cannabis
users has increased, the potency of cannabis expressed as the amount of THC has
increased as well. At the same time, legalization policies led to decreased risk per-
ception. The risk to develop a Cannabis-Use Disorder is around 10% for recre-
ational users and is linked to increased risk of psychiatric and neurological illnesses
[119]. As for Stimulants, available treatments for Cannabis-Use Disorders are lim-
ited to few effective psychosocial interventions and no medications have been
approved. Even if rTMS has been shown to be safe in cannabis-dependent
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individuals, one single 10-Hz rTMS session on the left DLPFC did not exert any
significant changes in craving when compared to sham stimulation [120].

11.3.6 rTMS in Gambling Disorder and Other
Behavioral Addictions

Nonsubstance-related addictive disorders are frequently comorbid and share some
neurobiological substrates and behavioral manifestations of substance-related
addictive disorders. This is particularly true for gambling disorder (GD). It is thus
an important question whether neuromodulation could change these neurobiologi-
cal vulnerabilities, and thereby have clinical value for nonsubstance addictive
behaviors as well [121].

GD was recognized as the first behavioral addiction, and as such was reclassified
within the category of “Substance-related and Addictive Disorders,” in the
Diagnostic and Statistical Manual of psychiatric disorders (DSM-5) in 2013. In the
ICD-11, gambling disorder was classified within the same supercategory of disor-
ders due to substance use or addictive behaviors. In the DSM-5, gaming disorder
was placed in the Appendix as a condition requiring more research. There is abun-
dant evidence on similarities between GD and SUDs regarding genetics, neurobiol-
ogy, psychological processes, and effectiveness of psychological treatment [122]. In
GD, a neurocognitive profile showing diminished executive functioning compared
to healthy controls (e.g., diminished response inhibition, cognitive flexibility) was
related to differential functioning of the DLPFC and anterior cingulate cortex
(ACC), both part of the cognitive control circuitry [123, 124]. Moreover, increased
neural cue reactivity and associated self-reported craving are present in the striatum,
orbitofrontal cortex, and insular cortex in GD patients compared to healthy controls.

These abnormalities in frontostriatal functioning in GD warrant the question of
whether NIBS may be a promising add-on treatment for GD and other nonsubstance-
related addictive disorders [125]. Currently, a very limited number of studies have
explored TMS correlates in GD. For instance, in a single-session pilot study in nine
men pathological gamblers, high-frequency rTMS over MPFC reduced desire to gam-
ble, whereas cTBS over right DLPFC reduced blood pressure, but had no effects on
gambling desire [126]. Furthermore, the authors reported that rTMS and cTBS had no
effect on impulsive behavior (delay discounting) while both active stimulation proto-
cols improved Stroop interference. Also in a sham-controlled crossover high-frequency
r'TMS study (left DLPFC), a single session active rTMS diminished craving compared
to sham rTMS [127]. Yet in another trial, low-frequency rTMS over the right DLPFC
had similar effects as sham stimulation on craving, thus suggesting the occurrence of
placebo effect [128]. Recently, a sustained effect (6 months) was described in a GD
subject [129], along with a modulation in dopaminergic pathways. In addition, a reduc-
tion in gambling-related symptoms has been observed also in GD-CUD comorbid
patients [131]. Although preliminary, rTMS shows promise in restoring gambling-
related pathophysiological alterations [130], deserving further investigations in well-
powered controlled studies. Moreover, rigorously conducted clinical trials are needed
to investigate optimal rTMS protocols with the potential to improve cognitive function-
ing, to diminish craving, and/or to reduce gambling behaviors/relapses in GD. Finally,
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if we consider GD as a disorder characterized by loss of control with respect to striatal
drives such as craving, urgency for gambling, and reward-seeking behaviors, then neu-
romodulation could be utilized as an intervention aimed at enhancing both cognitive
control and the regulation of the reactivity to natural rewards.

11.4 Safety of rTMS in SUDs

The major concern about TMS safety in the treatment of SUDs is related to the risk
of inducing seizures [132]. Currently, no evidence supports a TMS-related increased
risk of serious or nonserious adverse events in the treatment of addictive disorders.
Nonetheless, increased vigilance is always warranted when theoretical concerns
exist or in specific patient subgroups with limited prior data. From a safety stand-
point, while rTMS has been recently established as a safe therapeutic tool, it is
important to take into account that the application of rTMS in addiction is still a
nascent field. SUD patients may present with long-lasting adaptations and changes
in brain circuits and given that rTMS treatment results in functional changes in
brain activity, establishing the safety of rTMS protocols in SUDs patients is a rele-
vant issue and deserves further investigation. Any medical and pharmacological fac-
tor independently increasing the risk of a seizure (e.g., stimulant use, alcohol use/
withdrawal, benzodiazepine/barbiturate use/withdrawal, opioid use, tramadol use,
bupropion in nicotine treatment, other psychopharmacological treatments used for
comorbid psychiatric disorders) can in theory synergistically increase brain sensi-
tivity to TMS-induced seizures.

11.5 Current Limitations and Future Perspectives

Based on the rationale we exposed and on the current evidence, rTMS can be clas-
sified as probably effective in the treatment of addiction, with a promising effect
size for high-frequency rTMS stimulation protocol of the DLPFC mainly in nico-
tine- and cocaine-use disorders. However, as recently reported by a consensus of
experts [125], different points need to be better explored in order to understand
which specific protocol could guarantee a better outcome: (1) frequency of stimula-
tion (high vs. low frequency); (2) laterality of stimulation; (3) area of stimulation
and the role of neuronavigation; (4) number of stimulations; (5) duration of repeti-
tion interval; (6) typology of coil; (7) should TMS be administered in “resting state”
or during an “induced state” such as during cue-induced craving inhibition; (8) how
should the clinical efficacy of TMS be determined (e.g., drug use behavior, self-
reports of craving, cognitive constructs like working memory or executive control,
alterations in brain circuits and networks); (9) the role of psychiatric comorbidities
other than addiction; (10) should TMS be thought of as a monotherapy or combined
with pharmacotherapy and/or behavioral interventions; (11) the relevance of pla-
cebo effect and sham stimulations; (12) duration of the positive effect on the long
term and the role of long-term sessions (as a relapse prevention strategy); (13) how
to phenotypically subtype individuals most likely to benefit from TMS.
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Stimulation parameters, such as duration, number of stimulation sessions, stimu-
lation frequency, intensity, target brain region, and interval between treatments,
should be investigated to define the dose response of rTMS. Few of these parameters
have been systematically investigated for addiction treatment [125]. Among TMS
studies, most of them applied 10-Hz or 20-Hz pulses, whereas a minority performed
1 Hz and intermittent and continuous TBS stimulations. Evidence from depression
r'TMS studies suggest that longer treatment duration and/or higher number of rTMS
sessions could contribute to faster clinical improvement and better outcomes [133].
Moreover, the use of multiple rTMS sessions per day may also be a promising thera-
peutic development, as recently shown in depression samples [134].

Another relevant issue is that of treatment duration. There were only two studies
with 1-year follow-up, six studies with 6 months’ follow-up, and four studies with
3 months’ follow-up. Twelve studies had less than 3 months’ follow-up [125]. This
is a serious limitation, given that addiction is a chronically relapsing disorder.

There is very little information available from empirical studies to help guide the
selection of left- or right-sided targets for neuromodulation approaches in SUDs.
Most r'TMS studies in SUDs have targeted the left DLPFC (following the pathway
that was forged by depression researchers) [125]. In alcohol research, however,
there has been a unique emphasis on stimulating the right DLPFC. Thus, the ques-
tion on laterality in the treatment of addictive disorders should be put in a wider
perspective, and be approached from a network perspective, where not only lateral-
ity, but also the target location is relevant. However, it has also been assumed that
the left DLPFC processes reward-based motivation, whereas the right DLPFC is
more involved in withdrawal-related behaviors and self-inhibition [135].

In order to establish protocols for clinically relevant long-lasting effects, an
ongoing effort of research has been dedicated to exploring the effects of repeating
stimulation, either by applying stimulation daily over several days or weeks, or
repeating stimulation within a single daily session, separated by a critical time win-
dow [125]. In general, repeating stimulation over multiple days has demonstrated
efficacy in various clinical applications, such as treatment of depression using rTMS
[136, 137]. With regard to addiction studies, positive evidence also exists for lasting
effects of repeated stimulation for smokers [78, 138]. However, even with these
promising results, systematic or face-to-face studies comparing different repetition
intervals are missing, and are crucially needed in order to determine effective repeti-
tion rates and durations. The importance of this issue also underlies the need for
determining the optimal repetition intervals between sessions. In studies using
TMS, the duration of the repetition interval has been found to be critical in modulat-
ing plasticity, while also avoiding homeostatic mechanisms that may limit or coun-
teract plasticity [139-142]. For example, in a study on depression, repeating rTMS
twice daily with a 15-min interval between stimulation blocks resulted in superior
effects compared to a once daily application with the same number of pulses [143].
In case of addictive disorders, the number of studies investigating the effect of inter-
val timings remains scarce. In summary, although there is promising evidence for
persisting and long-lasting effects with repeated stimulation sessions, the relatively
large heterogeneity of these studies with regard to stimulation technique, timing,
repetition, and montage precludes a clear understanding of how repetition may
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affect therapeutic outcomes in SUD, warranting a need for systematic research
designs [144].

The role of placebo effects and sham stimulations in rTMS is another issue spe-
cifically relevant in addiction. Participants and patients typically receive consider-
able information in advance about TMS and they inevitably speculate about its
effects [145]. The occurrence of a placebo effect is therefore at least plausible and
should be considered when evaluating rTMS efficacy, especially in light of a recent
study reporting that sham rTMS has itself differential effects on neuronal activity on
an individual-by-individual basis [146]. Placebo effects have been observed in dif-
ferent psychiatric disorders with a strong neurobiological component, including
major depression [147] and obsessive-compulsive disorder (OCD) [148]. SUDs and
behavioral addictions are conditions that can be easily complicated by abnormal
personality, with histrionic features that can enhance the possibility to observe a
placebo effect. Moreover, the external locus of control, a typical cognitive psycho-
logical disposition frequently reported in SUDs [149], might emphasize the possi-
bility to see in an external aid (the use of rTMS) the resolution of their disorders.
Adequate sham stimulation protocols are therefore a critical factor in clinical trials
to ensure that effects can be ascribed specifically to TMS. Sham TMS approaches
require further development but may be sufficient in clinical settings in which
patients are generally naive to TMS [145]. There are ongoing efforts by the TMS
community to evaluate and revise sham protocols in order to increase rigor across
the field [150], “When to stimulate” is another issue that needs to be better defined.
As suggested in a recent consensus paper [125], there are four distinct time intervals
at which rTMS/tDCS interventions were administered: (1) before the participant
sought standard treatment (2), while the subject was treatment seeking but before
undergoing standard treatment, (3) within the first month of standard treatment
(mainly detoxification and stabilization), and (4) after the initial recovery period
(more than 1 month). If the definition of these time intervals appears to be clear, we
are still far to know which intervention would benefit the most in terms of efficacy.
For safety reason, it is of course advisable to avoid the intoxication phase and the
early detoxification, specifically alcohol and opiates withdrawals.

The role of “Outcome Measures” is also of high relevance [125]. Most of the
studies used craving as their primary outcome measure. Self-report on a visual ana-
logue scale (VAS) was the most frequently used craving measure, whereas few stud-
ies used objective measures such as urine drug tests or breath analyzers. Although a
reduction or elimination of the consumption of the drug is the ultimate endpoint for
clinical trials research, there are also many other behavioral and biological variables
that have been studied extensively and are considered meaningful surrogate end-
points for patients seeking treatment for SUDs (e.g., heightened reactivity to predic-
tive drug cues, perseverative responding, delayed discounting for the drug, response
to stress, narrowing of the behavioral repertoire) [151].

Neuromodulatory treatments have also been used for comorbidities with SUDs
[152]. One group studying smoking patients with schizophrenia demonstrated that
'TMS reduced cigarette cravings compared to sham [153]. Another group using
r'TMS for comorbid dysthymia and AUD showed decreased alcohol consumption
with rTMS [154]. Perhaps a dual benefit of brain stimulation treatments targeting
underlying neurobiological factors in SUDs may also extend to deficiencies found
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in other psychiatric disorders (i.e., nicotinic acetylcholine receptor deficits found in
schizophrenia patients, associated with both higher smoking rates and cognitive
dysfunction) [155]. Actually, overlapping neurobiological substrates between SUDs
and psychiatric disorders [19, 156] have been widely reported.

While neuromodulatory techniques are a promising interventional approach in the
treatment of SUDs, most responses are partial and even the well-documented anti-
craving effects of rTMS do not necessarily translate into reduced drug use or absti-
nence [153]. Combining neuromodulation with behavioral and pharmacotherapeutic
interventions may ultimately mitigate these shortcomings [157]. Indeed, coupling
pharmacological treatments with brain stimulation methods has an advantage of
reversing plasticity induced by drugs of abuse by targeting the neurocircuits that
maintain addictive behaviors [158]. For instance, nearly 50% of patients become
abstinent from cigarettes after treatment with rTMS and concomitant nicotine
replacement therapy [159]. Future studies will define optimal augmentation strate-
gies, in order to determine possible rationales to combine neuromodulation and phar-
macological interventions. Promising strategies seem to be represented by the
simultaneous interaction with glutamate and GABA neurotransmissions [160, 161].

At present, the gap between the knowledge we have about the neurobiology of
addiction and the translation in effective treatments remains substantial. Bridging
this gap could help increase the efficacy of treatments for those patients who suffer
from the serious consequences of these disorders, as well as for their families. The
implementation of neuromodulation techniques offers a chance to remodel dysfunc-
tional neural circuits. Moreover, combining these actions with synergistic pharma-
cological modulation could determine more pronounced and long-lasting effects.
Furthermore, also behavioral interventions (i.e., motivational interviewing (MI);
cognitive behavioral therapy (CBT); contingency management (CM)) can be used
in combination to NIBS. Given that neuromodulation can improve cognitive con-
trol/functioning, it may (in part) diminish the risk for relapse by strengthening cog-
nitive control [162, 163], favoring the psychotherapeutic and rehabilitation process
in absence of craving perturbations [164].

11.6 Conclusions

Building on data from major depression and OCD (for which TMS is currently FDA
approved), we are now beginning to build a foundation of knowledge regarding
rTMS utility as a tool to change smoking, drinking, and cocaine use behavior.

At the moment, the best level of effectiveness of rTMS is in the treatment of
nicotine and cocaine/stimulant-use disorders. The effects of rTMS sessions on drug
craving and consumption provide evidence and support for further TMS studies in
the field of addiction research. It is important to note that none of these studies dem-
onstrated complete abstinence from substance use and few studies [73, 83] evalu-
ated craving in real-life scenarios. The outcome observed is still far from being
considered fully satisfactory. Variability in cortical excitability may also be linked
to genetic characteristics, in the same way that responses to medications can be
influenced by genetic variability [165]. A research domain criteria approach able to
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identify the specific endophenotype that could be better benefit from rTMS is going
to be the goal of NIBS in the next years [166, 167].

Future research should identify potential parameters (i.e., duration, number of
stimulation treatments, stimulation frequency, intensity, brain region of target, and
proximity between treatments) of stimulation in rTMS studies for the most effective
and safe treatment of drug addiction. Optimal stimulation parameters are still far
from being defined. Rigorous preclinical TMS-dosing studies in various addiction
models are needed to comprehensively evaluate the full parameter space of dosing
variables.

The data presented in this chapter demonstrate that whereas most of the efforts
for rTMS in addiction have been focused on increasing activity in the DLPFC,
decreasing activity in the MPFC and ventral striatum may also be a feasible and
fruitful target to consider [47]. It seems plausible that either increasing neural firing
in the executive control circuit (perhaps via 10-Hz TMS in the DLPFC) or decreas-
ing firing in the limbic circuit in the presence of cues (perhaps via cTBS TMS in the
MPFC) may be valuable strategies for decreasing vulnerability to drug-related cues
among patients. Convincing evidence also leads to the idea of the insula being a
promising brain region to target for addiction with dTMS stimulation [168].

Promising therapeutic development is represented by the use of multiple rTMS
sessions per day, as shown in depression studies for accelerated rTMS protocols
[134], by the use of appropriate add-on pharmacotherapy [160, 161], and by the
concomitant use of other NIBS (tDCS) in the long term, also in terms of cost effec-
tiveness [160, 161].

Future studies should focus on the personalization of the rTMS treatment, as
well as on the optimization of stimulation protocols.
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Transcranial Magnetic Stimulation 1 2
in Dementia: From Pathophysiology
to Treatment

Giacomo Koch

12.1 Introduction

Alzheimer’s disease (AD) is one of the most devastating forms of dementia, being
considered a remarkable problem due to the ageing of the population. It is nowadays
considered as one of the most serious medical, economic, and social emergencies
faced by our society, and it is predicted to become even more problematic over the
next decades. Unfortunately, there are no effective treatments, and patients diag-
nosed with AD face an uncertain future, caused by the current inability to predict the
course of the disease. The only approved treatment for AD is indeed based on stan-
dard cholinergic and glutamatergic drugs, whose clinical efficacy is overall negli-
gible and debated. Since the 1990s, symptomatic therapies have been available,
which moderately improve cognition and function. The most frequently prescribed
treatments for AD are Acetylcholinesterase Inhibitors (AchEIs) and memantine.
These therapies may provide transient relief from some symptoms (6—12 months in
most cases), but are unable to reduce the progressive decline of everyday activities,
communication, and social behavior [1]. In addition, the current treatments are not
effective for everyone: it is estimated that only approximately 40-70% of the
patients benefit from current treatments. Based on this, and on the significant limita-
tions of the current treatment options, more effective symptomatic therapies, par-
ticularly in the earlier stages of AD, are needed. Nonetheless, recent clinical trials
based on new “putative” disease-modifying drugs have failed in reaching their prin-
cipal clinical outcome.
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So far, relatively well-defined criteria have been identified for the diagnosis of
early AD, based on patients’ clinical presentation and biomarkers’ profile. In par-
ticular, recent consensus was found on the necessity to determine the presence of
beta-amyloid- and tau-related pathology. Evidence of these abnormalities may be
identified either by cerebrospinal fluid (CSF) sampling or Positron Emission
Tomography (PET) imaging, using specific ligands [2]. Nonetheless, the clinical
course of AD remains largely variable at single subject level. This is mainly due to
the modest understanding we presently have of AD pathophysiology. Critically, the
mechanisms determining the severity of AD progression, and those counteracting it,
are largely unknown, thus preventing any consistent prognostic estimate at the indi-
vidual patient level. Thus, there is a critical demand to explore other paths that may
expand our knowledge on the pathophysiological changes occurring in AD, espe-
cially in the early phases of the disease, when the first minimal signs appear or
even before.

In this perspective, I review the emerging contribution of transcranial magnetic
stimulation (TMS), a noninvasive brain stimulation method that may allow to deter-
mine new key pathophysiological features characterizing the different forms of
dementia. Moreover, I will consider the application of repetitive sessions of nonin-
vasive brain stimulation such as repetitive TMS (rTMS) as a new promising thera-
peutic strategy to slow down the progression of cognitive decline.

12.2 Synaptic Dysfunction in AD

The aggregation and deposition of amyloid-p (Af) and tau proteins are two funda-
mental factors recognized in AD pathogenesis. These pathological processes are
thought to start many years before the onset of cognitive impairment. However, the
first signs of cognitive damage appear only when a substantial synaptic loss has
occurred in vulnerable brain regions [3].

CSF concentrations of beta-amyloid 1-42, total tau (t-tau), and phosphorylated
tau (p-tau) proteins have been recently put forward as a useful tool for AD diagnosis
and phenotyping. Notably, AD patients with higher levels of CSF t-tau and p-tau
have been reported to exhibit a more malignant disease course [4]. Recently, grow-
ing evidence has shown that the accumulation of tau pathology is highly associated
with functional and structural weakening of AD brains [5]. Moreover, it has been
established that the gathering of “tangles” correlates with patients’ level of cogni-
tive deterioration, while beta-amyloid requires the presence of tau proteins to
develop its toxicity. Thus, the progressive neuronal and synaptic loss mirrors the
cumulative result of different pathologic substrates in AD and, therefore, may pro-
vide the best marker to follow disease progression. However, it has to be taken into
account that synaptic dysfunction is an initial and noticeable pathological feature of
AD preceding neuronal loss in numerous brain areas. In basic science studies, ear-
lier investigations have mainly focused on the direct toxic effects of beta-amyloid
into AD-related synaptic damages. Only recently, an emergent role of tau was estab-
lished [6]. It was shown that tau overexpression is able to induce synaptic
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degeneration even in the absence of neurofibrillary tangles. This synaptic dysfunc-
tion has been directly associated with the onset of early memory impairments
observed in patients with AD [7].

Actually, although several AD biomarkers are widely applied and considered
useful for diagnosis, sufficient accuracy is still lacking in evaluating disease severity
and predicting disease progression and response to therapy both considering CSF
and neuroimaging parameters, such as hippocampal atrophy/whole brain volume
[7]. In particular, the use of a single biomarker provides too limited information to
define the complex underlying severity of disease across its entire range, from pre-
clinical to clinical phases of AD. Moreover, AD biomarkers assessment is routinely
performed by means of invasive and/or high-cost procedures, limiting their use in
clinical practice. Indeed, the evidence provided by brain imaging methods is merely
correlative. Thus, several efforts are underway to combine multiple biomarkers to
predict the severity of AD, with the major difficulty in tracking the temporally dif-
ferent evolution of each biomarker throughout the disease course [7].

In recent years, growing evidence has highlighted the notion that loss of synaptic
density could be an early event antecedent to neuronal degeneration, suggesting that
the impairment of synaptic plasticity mechanisms should play a key role in the
pathogenesis of AD [3]. Notably, in various efforts to find semiquantitative correla-
tions between the progressive cognitive impairment and brain pathological altera-
tions, the strongest relationship has been found between the loss of synaptic density
and the degree of cognitive impairment in AD. Thus, the impairment of synaptic
transmission due to toxic oligomeric species [8] could predict disease severity more
precisely than neuronal loss, which is considered a more tardive event. This evi-
dence finds support on experimental studies showing that Ap peptides and tau pro-
teins can interfere with physiological mechanisms of neuronal synaptic plasticity in
AD animal models. In particular, it has been demonstrated that these molecules
influence hippocampal long-term potentiation (LTP) [9], which is related to mem-
ory impairment occurring in AD.

These altered mechanisms have been linked to different alterations occurring at
different levels of observation, including spine shrinkage, neuronal network disar-
rangement, and cell death [10]. Taken together, this evidence suggests that synaptic
dysfunction, occurring at different levels of brain activity, could represent a key
driver of AD-related cognitive decline.

Despite this promising evidence, so far it has not been possible to quantify syn-
aptic functioning (or dysfunction) directly in vivo in AD patients. Different in vivo
techniques, such as 18F-fluorodeoxyglucose positron emission tomography (FDG-
PET) [11], functional magnetic resonance imaging (fMRI) [12] and electroencepha-
lography (EEG), have been used in order to provide useful biomarkers for synaptic
dysfunction and network connectivity in AD progression [13]. However, FDG-PET
and fMRI techniques provide only an indirect estimate of synaptic dysfunction,
being limited by a low temporal resolution that does not allow to track synaptic
activity at the physiological time scale in which neuronal interactions occur (i.e., in
the range of milliseconds). Indeed, imaging methods infer alterations of synaptic
activity as a consequence of slow and subtle changes in metabolic parameters, such
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as blood-oxygen-level-dependent contrast imaging (BOLD) used in fMRI. These
signals are indeed relative, and not individually quantitative, and observe changes in
blood oxygenations occurring across several seconds, being very far from real-time
synaptic activity. Moreover, despite all the advances in imaging of AD in the
research setting, there is a lack of translation of these methodologies into the clini-
cal practice. Most imaging biomarkers have not been validated in unselected patient
cohorts and participants in large AD studies are not representative of the general
population. These techniques require special facilities and expertise to perform and
interpret. The paucity of standard acquisition and analysis methods between differ-
ent centers makes the widespread adoption of them even more challenging. In addi-
tion, some of the new imaging modalities are still too expensive to be considered
cost effective in a community setting or in nonspecialized centers.

12.3 TMS to Measure Synaptic Dysfunction in AD

On the other hand, TMS-based methods provide the possibility to evaluate in real
time the brain electrical activity in the healthy and pathological conditions. It is
based on the principle that brain stimulation can be induced by generating a brief,
high-intensity magnetic field by passing a brief electric current through a magnetic
coil. When a substantial electrical current is induced in a stimulating coil, this is
able to produce a transient time-variable magnetic field. When a magnetic field of
this sort and sufficient strength is applied to the brain, it can induce an electrical
current in the brain producing firing of groups of nerve cells. When stimulation of
this sort is applied repeatedly, it will progressively change brain activity. The dis-
covery and practical application of these basic techniques has led to the widespread
use of TMS in neuroscientific and clinical applications [14]. Within this background,
TMS-based approach may represent a valid tool to overcome the problems limiting
other imaging techniques to track dysfunction of synaptic activity in incipient
dementia [15-17].

Depending on the adopted protocol, it is possible to test key physiological aspects
of synaptic activity at different levels of local and global complexity. TMS allows
(1) to investigate in detail the properties of local interneural networks that are medi-
ated by specific neurotransmitters [18], (2) to determine the capability of specific
areas of the brain to form cortical plasticity [19], (3) to assess the ongoing oscilla-
tory activity of a specific area or across broader and more distributed brain networks
[20] and (4) to establish causal relationships between stimulation and subsequent
changes in cerebral function and behavioral outcome, by combining measurements
of network-based neural activity [21].

For instance, paired pulse TMS protocols applied over specific areas of the brain
(e.g., the primary motor cortex) allow to evaluate in vivo the activity of different
intracortical circuits such as short intracortical inhibition (SICI), reflecting
GABAergic neurotransmission, and short afferent inhibition (SAI) probing cholin-
ergic neurotransmission in AD patients [22, 23]. SICI is measured by paired-pulse
TMS: a subthreshold conditioning stimulus and a suprathreshold test stimulus are
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applied at short interstimulus intervals of 1-5 ms through the same stimulating coil
[24]. It has been hypothesized that SICI represents short-lasting inhibitory postsyn-
aptic potentials (IPSPs) in corticospinal neurons through activation of a low-
threshold cortical inhibitory circuit [24]. SAI refers to a MEP inhibition in a hand
muscle produced by a conditioning afferent electrical stimulus applied to the median
or ulnar nerve at the wrist approximately 20 ms prior to focal TMS of the hand area
of the contralateral motor cortex. AchEIs increasing the availability of acetylcholine
in the synaptic cleft were observed to normalize the abnormally reduced SAI in
patients with Alzheimer’s disease [25], while nicotine was found to increase SAI in
healthy nonsmoking subjects [26]. These data are consistent with the view that SAI
represents central cholinergic activity controlled by inhibitory circuits separate
from those underlying SICI.

Depending on their specific frequency and/or patterning, different -TMS proto-
cols result in excitatory or inhibitory after-effects lasting several minutes, which
have been linked to LTP or to long-term depression (LTD). Repetitive TMS over the
primary motor area can be used to measure in vivo cortical plasticity mechanisms
such as LTP, which is considered the main neurophysiological correlate for learning
and memory [19, 27]. Theta burst stimulation (TBS) is a novel form of rTMS that
was developed recently to match theta burst patterns of stimulation commonly used
to induce plasticity in animal brain slices. Intermittent TBS (iTBS) enhances corti-
cal excitability for up to 1 h inducing LTP. These after-effects are thought to reflect
r'TMS influences on the strength of glutamatergic synapses via NMDA receptor,
AMPA receptor, and calcium channel effects [28]. Long-lasting influences on the
brain depend on changing synaptic strength or causing anatomical changes such as
alterations in dendritic spines or sprouting. Since the anatomical changes may well
be a secondary consequence of prolonged changes of synaptic strength, the basic
logic of TMS stimulation is to change synaptic strength [29].

The combination of TMS with EEG (TMS-EEG) has provided an emergent
method to directly probe local and widespread cortical dynamics, through the
recording of TMS-evoked potentials (TEPs) [30]. TEPs have the great advantage to
be highly reproducible, demonstrating consistency over time, but also to be
extremely sensitive to changes in brain state. Moreover, TMS-EEG allows to inves-
tigate brain oscillatory activity within a specific area and between anatomically dis-
tinct brain regions, which is relevant when considering AD as a disconnection
syndrome. TMS-EEG can indeed verify challenging aspect of the clinical assess-
ment of brain disorders independently from patients’ ability to interact with the
external environment. Theoretical considerations suggest that efficient brain activ-
ity involves complex patterns that are, at once, distributed among interacting corti-
cal areas (integrated) and differentiated in space and time (information-rich).

r'TMS can also be applied to establish causal relationships between stimulation
and subsequent changes in cerebral function and behavioral outcome, for instance
by combining fMRI measurements of network-based neural activity. In this sce-
nario, trains of rTMS can be applied over a certain brain area, presumably a key
node of a certain network and the induced changes in connectivity may be analyzed
by means of resting-state fMRI. These two complementary tools can be combined
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to optimally study brain connectivity and manipulate distributed brain networks.
Important clinical applications include using resting-state fMRI to guide target
selection for TMS and using TMS to modulate pathological network interactions
identified with resting-state fMRI. The combination of TMS and resting-state fMRI
has the potential to accelerate the translation of both techniques into the clinical
realm and promises a new approach to the diagnosis and treatment of neurological
and psychiatric diseases that demonstrate network pathology [21].

12.4 TMS-Based Biomarkersin AD

On the basis of this background, we and others recently introduced the notion that
TMS can be considered a novel tool to shape early features of synaptic dysfunction
at different levels of complexity in patients with dementia. We recently showed that
a systematic TMS-based assessment of GABAergic and cholinergic neurotransmis-
sion reliably distinguishes AD patients from those with frontotemporal dementia
(FTD) and age-matched healthy controls (HC) and, therefore, TMS could represent
a sensible diagnostic tool for clinical practice. Short-latency afferent inhibition
(SAI), assessing the function of cholinergic circuits indirectly, has been found to be
impaired in patients with AD; conversely, short-interval intracortical inhibition
(SICI) and intracortical facilitation (ICF), markers of y-aminobutyric acid type A
(GABAA)ergic and glutamatergic neurotransmission, respectively, have been found
to be impaired in patients with FTD [23]. These findings stemmed from the evi-
dence that AD is defined by both amyloid deposits and a well-established choliner-
gic deficit, whereas in FTD, abnormalities in glutamatergic and GABAergic
neurotransmission have been reported. Thus, the assessment of TMS intracortical
connectivity holds promise to be a useful tool in the differential diagnosis of neuro-
degenerative diseases, being free from strict exclusion criteria, not time consuming,
and inexpensive. However, its clinical value needs to be further demonstrated, also
taking into consideration that both conditions may show several overlapping fea-
tures, such as amyloid positivity in FTD, cholinergic deficits in FTD, or glutamater-
gic overexpression in AD [31].

On the other hand, we were among the first to demonstrate that LTP-like cortical
plasticity is consistently impaired in AD patients, as assessed with iTBS protocol
applied over the primary motor cortex [27]. The motor cortex is considered a reli-
able model to investigate early changes in cortical plasticity and central cholinergic
transmission occurring in AD patients who are affected only at later stages of the
disease, when AD becomes clinically manifest. Cortical plasticity is regarded as the
principal biological mechanism for learning and memory. In humans, it can be
assessed by noninvasive rTMS [19], in strict analogy with the hippocampal plastic-
ity assessable in animal models. In the case of AD, synaptic loss is the strongest
pathophysiological correlate of cognitive decline, indicating that synaptic degenera-
tion has a central role in the development of dementia [32]. Experimental animal
models showed that accumulation of soluble Af oligomers specifically blocks
mechanisms of cortical plasticity such as hippocampal LTP, which is regarded as an
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electrophysiological correlate of learning and memory [33]. In contrast, these oligo-
mers have been shown to electrically facilitate evoked LTD [34]. These events can,
in turn, induce changes in the conformation of tau proteins, leading to further detri-
mental effects on synaptic plasticity and cognition.

Similar mechanisms of cortical plasticity can be investigated in vivo and nonin-
vasively in humans, although the plasticity-induction procedures adopted are not
completely identical in humans and animals. As discussed earlier, repetitive TMS
over the primary motor area can be used to measure in vivo cortical plasticity mech-
anisms such as LTP.

In the context of AD, TMS applied over the motor cortex is considered a reliable
model to investigate early changes in cortical plasticity and central cholinergic
transmission occurring early in the disease [35].

In general AD patients, as opposed to HCs, are characterized by a weakened
LTP-like cortical plasticity together with an impairment of SAI, putative biomarker
of central cholinergic transmission [27]. In a large cohort of newly diagnosed spo-
radic AD patients, it was found that overall AD patients show after iTBS an impair-
ment of LTP-like cortical plasticity, forming a paradoxical LTD in comparison to
HCs. Moreover, SAI was impaired in AD showing a strong association with the
individual age of subjects rather than with disease age of onset, while there was no
association between age of onset and impairment of cortical plasticity. Thus, it was
argued that cortical LTP disruption is a central mechanism of AD that is indepen-
dent of age of onset [17]. Moreover, LTP-like cortical plasticity impairment is selec-
tively associated with a less efficient verbal memory, but not to other cognitive
functions, independent from biomarkers and other demographic and clinical factors
[36]. Remarkably, LTP-like cortical plasticity is the most powerful TMS measure-
ment in identifying AD patients among different neurophysiological parameters
[37]. Motta et al. used TMS-based parameters to evaluate LTP-like cortical plastic-
ity and cholinergic activity as measured by short afferent inhibition (SAI) in 60
newly diagnosed patients with AD and 30 HCs. Receiver-operating characteristic
(ROC) curves were used to assess TMS ability in discriminating patients with AD
from HCs. It was found that the area under the ROC curve was 0.90 for LTP-like
cortical plasticity, indicating an excellent accuracy of this parameter in detecting
AD pathology.

Apart from determining the diagnostic accuracy of TMS, we also showed that
LTP-like cortical plasticity is able to predict cognitive decline in AD patients. The
probability of a faster cognitive decline increased with every point decrease of LTP-
like cortical plasticity, suggesting that the level of cortical plasticity evaluated at
early stages of the disease is strictly linked to the subsequent clinical worsening in
these patients. This finding is supported by experimental works showing that synap-
tic loss is the strongest pathophysiological correlate of cognitive decline, pointing to
synaptic degeneration as a central mechanism in the dementia [37]. Furthermore,
more impaired LTP-like cortical plasticity was associated with higher t-tau, but not
1-42 AP CSF levels. AP peptides exist in several soluble forms (oligomers) that can
be released in the extracellular space where they may induce direct detrimental
effects on neuronal transmission. However, consistent with previous findings, Ap



168 G. Koch

1-42 fragments detected in the CSF of AD patients did not correlate with measures
of cortical plasticity. In particular, we found that high tau CSF levels were associ-
ated with a paradoxical response toward LTD-like cortical plasticity instead of the
expected LTP-like cortical. The same patients underwent a faster clinical progres-
sion [16]. These results suggest that more aggressive tau pathology is associated
with prominent LTD-like mechanisms of cortical plasticity and faster cognitive
decline. In this complex picture, synaptic dysfunction is likely to be influenced also
by genetic factors. For instance, there is a strong relationship between Apolipoprotein
E (APOE) polymorphisms and cortical plasticity, since APOE is known to regulate
both beta-amyloid clearance/aggregation and tau-related microtubule stabilization,
being strictly linked with altered mechanisms of synaptic plasticity. In a recent work
from our group, it was found that the presence of APOE polymorphisms implies
different mechanisms of CSF tau-related dysfunction in AD patients [38]. Indeed,
high CSF tau levels are associated with impaired cortical plasticity and more aggres-
sive disease progression only in AD patients carrying APOE4, but not APOE3 geno-
type. In parallel, CSF tau levels influence apoptosis in normal human astrocytes
when incubated with CSF collected from AD patients with APOE4, but not APOE3
genotype. Taken together, these findings reveal that CSF tau levels are linked to
cortical plasticity, cognitive decline, and astrocyte survival only when associated
with APOE4 genotype [38].

In the field of dementia, TMS-EEG has been scarcely used. So far, in AD patients,
only a few TMS-EEG studies investigated cortical correlates of cognitive impair-
ment. Although the findings of these studies highlighted an association of cortical
activity changes with cognitive decline and showed good specificity and sensitivity
in identifying healthy subjects from those with cognitive impairment, the potential
of TMS-EEG in tracking longitudinally disease progression was not investigated
[39]. In the context of AD, we recently showed that innovative combined TMS-EEG
protocols provide the possibility to directly measure cortical functional activity in
cognitive-related areas, such as the dorsolateral prefrontal cortex (DLPFC) or the
posterior parietal cortex (PPC), extending the potential role of TMS-based biomark-
ers in assessing the effects of therapies on cortical activity outside the primary motor
cortex [40].

The detection of novel TMS-EEG markers of synaptic dysfunction (in terms of
cortical excitability, connectivity, and oscillation) might contribute to provide addi-
tional predictive biomarkers of response to therapies in AD.

12.5 TMS-Based Therapeuticsin AD

To date, the mainstream treatment for AD patients is represented only by choliner-
gic and glutamatergic drugs. However, pharmacological treatments have limited
efficacy and are accompanied by adverse side effects. For this, it is of great impor-
tance to develop alternative therapeutic approaches. Recently, different forms of
noninvasive brain stimulation techniques (e.g., TMS) have been applied to patients
with AD in order to improve cognitive decline and behavioral disorders. In recent
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years, treatments based on multiple sessions of rTMS have represented a promising
tool for influencing cognition in people with neurodegenerative diseases. This pro-
cedure is noninvasive and painless, and it does not require the use of anesthesia or
pharmacological substances. The key principle of rTMS is based not only on regu-
larly “repeated” stimulation of a focal cortical area but also on “accelerated” stimu-
lation with multiple sessions and stimuli, leading to long-lasting modulation of the
brain plasticity. From a neurobiological perspective, rTMS could induce relevant
clinical improvement by promoting changes in synaptic plasticity. Synaptic plastic-
ity is the most important biological mechanism accounting for learning and mem-
ory; in particular, LTP is considered as a main neurophysiological correlate of these
cognitive functions [36]. We recently demonstrated that AD patients showed a dis-
ruption in LTP-like cortical plasticity since the early stages of the disease [37]. In
this context, high-frequency rTMS could enhance LTP-like cortical plasticity, thus
resulting in changes both at local and network levels as revealed by TMS-EGG and
fMRI studies.

Until now, several studies have exclusively explored the effects of intensive treat-
ments, lasting 2 weeks. Recently, safety and efficacy of maintenance with rTMS
treatment in early AD patients showed a long-term trend with less cognitive decline
than would be expected [41]. Noninvasive brain stimulation methods have been
recently proposed as a novel approach to improve cognitive functions in patients
with dementia, targeting the prefrontal cortex as a key area to be stimulated [42—45].
Moreover, novel interesting approaches are considering the possibility to stimulate
in the same patients more areas such as the right and left DLPFC, Broca and
Wernicke areas, and the right and left parietal somatosensory association cortex in
conjunction with active cognitive training targeting these same brain regions [46].

However, since the early stages of AD, prominent neuropathological abnormali-
ties (i.e., f-amyloid plaques and neurofibrillary tangles) involve posterior cortical
regions of the brain, including the precuneus (PC), the posterior cingulate, the ret-
rosplenial, and lateral PPC. Moreover, there is an initial disruption of medial fronto-
parietal functional connectivity. Specifically, AD patients show alterations of the
so-called default mode network (DMN), for which the PC is a key node [47].
Interestingly, at early clinical stages of AD, disconnection of the PC precedes (and
probably contributes to) the occurrence of regional brain atrophy, which becomes
prominent at later disease stages [48]. This means that the PC is a vulnerable region
for the transitional stage toward dementia, which may be targeted by tailored inter-
ventions. Indeed, AD patients often show a reduction of PC cortical thickness
accompanied by an abnormal activation during memory tasks and decreased func-
tional connectivity. This is especially relevant since the activity of the PC is consid-
ered necessary for episodic memory retrieval [49], whose impairment represents the
clinical onset of typical AD. Thus, the PC represents an ideal target for interventions
aimed at slowing down and potentially counteracting memory decline in AD
patients.

This hypothesis finds support in a recent experimental work performed in healthy
subjects showing that TMS [50] was effective in modulating short- and long-term
memory functions when applied over the PPC and PC. Following this line of
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evidence, we recently showed that 20-Hz rTMS was able to increase long-term
memory performance and to potentiate the cortical activity of the PC. This provides
novel evidence that noninvasive treatment of network dysfunction, through stimula-
tion of the PC, represents a potentially efficacious strategy to improve cognitive
dysfunction in AD. We showed that high-frequency excitatory rTMS improved
long-term memory in patients with AD, by modulating both local neural activity
and the connections with parietal, frontal and temporal areas.

However, the effects were only evaluated in a short-term course temporal win-
dow of 2 weeks. Sham-controlled rTMS trials are needed to explore whether rTMS
may have a clinical impact in modifying the course of AD when applied over clini-
cally relevant periods of 612 months.

12.6 Conclusions

TMS is contributing to shape the characteristics of synaptic dysfunction in AD
patients, helping to increase diagnostic accuracy, and providing relevant clinical
information in terms of disease progression and response to therapy.

On the other hand, there is a great interest in developing novel rTMS protocols
that may have the potential to improve cognitive functions in patients with mild
dementia and eventually slow down cognitive decline, if applied during a long-term
period of several months.
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in the Treatment of Anxiety Disorders

Giorgio Di Lorenzo, Tommaso B. Jannini, Lucia Longo,
Rodolfo Rossi, Alberto Siracusano, and Bernardo Dell’'Osso

13.1 Introduction

Anxiety disorders are invalidating conditions, highly prevalent and commonly
distributed worldwide [1, 2]. The Diagnostic and Statistical Manual of Mental
Disorders 5 (DSM-5) describes anxiety disorders as conditions that feature
excessive fear and anxiety responses. Fear can be summarized as a complex
series of physiological mechanisms that starts in response to a real or perceived
threat (also known as fight or flight response), whereas anxiety can be defined as
an emotional response to a vague or potential threat [3]; apprehension, sustained
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arousal and vigilance are paired with an autonomic response, leading to specific
patterns of defensive behaviour. Anxiety disorders comprise Generalized Anxiety
Disorder (GAD), Panic Disorder (PD), Social Anxiety Disorder (SAD), Specific
Phobia (SP) and Agoraphobia. Overall, they represent the most common mental
disorders in western societies, with a prevalence of 14% of the general popula-
tion [1]. Nevertheless, anxiety disorders are, unfortunately, under-diagnosed and
under-treated. Most anxiety disorders start developing during early ages, with SP
and SAD showing a very early onset (7 years) [4, 5]. However, in some anxiety
disorders, such as GAD, anxiety can arise in the later years of adulthood [6-8].

Several risk factors are associated with anxiety disorders, including female sex
and family history of anxiety or depressive disorders. Furthermore, many stressful
life events (such as family divorce, socioeconomical status including poverty and
the presence of illness) may be decisive in generating these disorders during child-
hood [9, 10].

Therapeutic strategies for managing acute anxiety symptoms (mainly benzodiaz-
epines) and the whole anxiety syndrome (with psychopharmacological therapy,
mainly drugs modulating serotonin transmission, and/or psychotherapy, mainly
cognitive behavioral therapy) are frequently effective. Increasingly specific treat-
ments for anxiety disorders are necessary not only to increase the efficacy and the
effectiveness but also, if not above all, for better management of the side effects of
the drugs, in particular in special populations (e.g., childhood and adolescence,
women in peripartum period, the elderly people) and in those patients with comor-
bid conditions for other psychiatric and medical diseases. Non-invasive brain stimu-
lation (NIBS) techniques provide an alternative treatment, directed at the stimulation
and modulation of the activity of a specific brain area implicated in the circuity
sustaining anxiety. In this chapter, after a brief overview of the main cortical neural
circuits implicated in anxiety disorders, we will present the state of the art of the
clinical use of Transcranial Magnetic Stimulation (TMS) protocols! in the treatment
of anxiety disorders, through the description (and the summary in the Table 13.1) of
the main findings of studies in which TMS was used to treat the different types of
anxiety disorders.

13.2 Cortical Neural Circuits in the Pathophysiology
of Anxiety

The central neural mechanisms underlying fear and anxiety share many com-
mon features, although the exact cortical neural circuitries of anxiety are still to
be elucidated. Recent studies have highlighted what could be called an “anxiety
network”, i.e. a complex system of brain structures that are mutually
co-activated during anxiety processes [11] (see Fig. 13.1). An important role in

'See Chap. 1 for details about the general technical bases of TMS and its several therapeutic
protocols.
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Fig. 13.1 A schematic representation of main brain structures involved in the so-called “anxiety
network”. aMCC anterior midcingulate cortex, JACC dorsal anterior cingulate cortex, DLPFC
dorsolateral prefrontal cortex, dmPFC dorsomedial prefrontal cortex, vimPFC ventromedial pre-
frontal cortex

this network is played by the prefrontal cortex (PFC), which deeply interacts
with the dorsal anterior cingulate cortex (dACC). Based on functional magnetic
resonance imaging (fMRI) studies, the complex dorsomedial PFC (dmPFC)/
dACC shows elevated activity in most anxiety disorders, reflecting its funda-
mental function of harm awareness and avoidance [12]. Moreover, the limbic
system seems to be deeply implicated in the pathogenesis of anxiety. Besides
dACC, in fact, the subgenual anterior cingulate cortex (sgACC), situated under
the genu of the corpus callosum, plays a key role in processing autonomic
responses to emotional stimuli (visceral feedback), such as fear or stress [13].
Indeed, Jaworska and colleagues found an inverse relation between sgACC vol-
umes and anxiety symptoms, highlighting its role in the pathophysiology of
anxiety and mood disorders [14].

Other important pathological alterations associated with anxiety include the hypo-
activity of the left dorsolateral prefrontal cortex (left DLPFC) and the hyperactivity of
the right DLPFC, both observed in patients with PD [15-17]. The DLPFC shows inti-
mate connections with several structures of the meso-cortico-limbic reward circuit, e.g.
the ACC, typically associated with attention, reward processing and mood, and the
amygdala [18]. Amygdala, a cluster of nuclei deeply implicated in fear generalization
[19], seems to work together with the aforementioned complex dmPFC/dACC in the
pathophysiology of anxiety. This connectivity, in fact, is straightened when individuals
with higher dispositional anxiety are exposed to the threat of unpredictable shock [20].

Failure and delay in fear extinction are intensely implicated in anxiety disorders.
The process of constructing new memories involves the extinction of the old ones
and, thus, the inhibition of original condition trace that may lead to a dysfunctional
state [21]. To this regard, the hippocampus seems to work together with the amyg-
dala in fear extinction, being activated jointly with the vmPFC [22, 23].

Furthermore, also the insula and the bed nucleus of the stria terminalis (BNST)
are commonly implicated in the generation of anxiety in humans. Both are broadly
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involved in the anticipation of unpredictable threats, being heightened either in
post-traumatic stress disorder (PTSD) or in PD [24, 25]. In particular, functional
neuroimaging studies showed that the anterior insular cortex may be vastly involved
in the anticipation of unpredictable aversive events (e.g. stimuli given with a tempo-
ral unpredictability, occurring at any time) [26, 27]. As many of these anxiety-
related structures seem to work in concert with other regions of the brain, the
anterior insula shows intrinsic connections with the anterior midcingulate cortex
(aMCC) and the dACC. This complex is thought to be part of the so-called salience
network, a brain system involved in the detection of behaviourally relevant stimuli
and the coordination of adaptive responses [28-30].

13.3 TMS in the Treatment of Specific Phobias

Specific phobias (SPs) represent anxiety disorders in which fear, anxiety and
avoidance are elicited by a particular situation or object (i.e. heights, spiders,
etc.) [31].

To date, in the literature, only two studies that use repetitive TMS (rTMS) in SP
patients are available. Although preliminary, these results show that excitatory TMS
sessions on PFC have some beneficial effects on patients. Nevertheless, an impor-
tant heterogeneity in terms of the protocol used, specific cortical targets and symp-
toms can be observed in these studies. This does not allow drawing any specific
conclusion yet, but, on the other hand, it could pave the way for future and more
standardized trials.

The first TMS study on patients with SP used virtual reality scenarios and was
conducted on 41 participants with spider phobia versus 40 healthy adult controls
[16]. Authors used several measurements to assess symptoms, such as the Specific
Phobia Questionnaire (SPQ) [32] and the Fear of Spiders Questionnaire (FSQ) [33].
Anxiety and disgust were considered as well through the Questionnaire for the
Assessment of Disgust Sensitivity [34], the Subjective Units of Discomfort Scale
[35] and the Anxiety Sensitivity Index [36]. Autonomic responses were recorded by
monitoring the heart rate (HR) and skin conductance. The protocol consisted of one
session of intermittent Theta Burst Stimulation (iTBS) over the left DLPFC. Authors
found that iTBS did not impact on self-report measures, but only on heart rate vari-
ability, a marker of mental well-being [37], increasing its levels in the active group.
No difference was reported in the sham group.

On the other hand, Herrmann et al. used rTMS over the vmPFC on acrophobic
patients [38]. This protocol consisted of two sessions of 10 Hz rTMS conducted on
20 participants and 19 controls (average age 44.9, standard deviation 13.1), fol-
lowed by virtual reality exposure therapy (VRET). Results on self-reported mea-
surements showed that high-frequency rTMS improved the VRET response of
acrophobia symptoms, providing the first proof of concept of its efficacy in specific
phobias.
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13.4 TMS in the Treatment of Social Anxiety Disorder

Social anxiety disorder (SAD) is a common and debilitating condition that features
fear of scrutiny by other people and avoidance of social situations, associated with
high vegetative responses [31]. The application of rTMS in people with SAD is now
preliminary and at early stages. The lack of standardized, double-blinded, sham-
controlled protocols has led to inconclusive results about the efficacy of this treat-
ment. However, results from the only two trials conducted so far using low-frequency
stimulation seem to be encouraging.

The first study that used rTMS to treat SAD was a case report done by Paes et al.
on a 38-year-old male patient [39]. This patient received a single session of 1 Hz
(low frequency) rTMS applied over the right vmPFC. Symptoms were evaluated
using the Beck Anxiety Inventory (BAI) and the Social Skills Inventory (SSI) [40,
41]. Scores on BAI and symptoms were significantly decreased compared to pre-
TMS treatment and, after 2 months, the patient showed only a mild increase of anxi-
ety. The same authors extended their clinical trial to 2 additional patients: a
23-year-old male and a 45-year-old female [42]. Both were diagnosed with SAD
and comorbid depression. They were treated with a similar protocol to that in a
previous study, using low-frequency rTMS (1 Hz) over the right vmPFC, 3 times per
week, for 4 weeks (12 stimulations in total). Anxiety symptoms were evaluated
using BAI and Liebowitz Social Anxiety Scale (LSAS) [43] at baseline, 2 and
4 weeks of TMS and after 2 weeks of follow-up. Both patients showed a significant
decrease of BAI and LSAS scores, maintaining the same trend at the follow-up
examination. These improvements were also observed for depressive symptoms,
assessed with the Beck Depression Inventory [44].

13.5 TMS in the Treatment of Panic Disorder

Panic disorder (PD) is described in DSM-5 as a condition in which patients experi-
ence recurrent and unexpected panic attacks followed by anticipatory anxiety and
phobic avoidance. A panic attack is characterized by intense fear or discomfort associ-
ated with a powerful vegetative response that reaches the peak in a very short time [31].
Most studies with rTMS in patients with PD—eight, taken as a whole—were
found to be single case reports, providing a wide range of clinical scenarios. In par-
ticular, only two randomized, double-blind, sham-controlled studies are available in
the literature, whereas the remaining ones are open-label reports. Even though these
data have to be considered as preliminary, the results of single case studies seem to be
consistent with those from more standardized protocols, supporting the effectiveness
of rTMS in the treatment of PD. However, more trials with a sufficient number of
stimulating sessions and larger samples are required to make consistent conclusions.
The first trial was a single case study conducted on a 52-year-old woman who
had been suffering from PD with six panic attacks per week for 13 months [45].
This patient was treated with low-frequency rTMS (1 Hz) over the right DLPFC for
2 weeks. Symptoms were assessed using the Panic and Agoraphobia Scale (PAS)
[46], the Hamilton Anxiety Scale (HAS) [47] and by determining cortisol and
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adrenocorticotropic hormone (ACTH) blood levels during a cholecystokinin
(CCK)-4 challenge. After 2 weeks of treatment, the patient scored significantly bet-
ter both on PAS and on HAS. Moreover, a marked reduction in her cortisol levels
during CCK-4 challenge was observed.

Guaiana and colleagues treated a 34-year-old female with 9 sessions of low-
frequency rTMS (1 Hz) over the right PFC, without observing any clinically relevant
result. However, after switching to 20 sessions of a high-frequency protocol (20 Hz)
over the left PFC, a significant improvement in PD symptoms was observed [48].

Dresler and co-workers conducted a single case study on a 44-year-old man who
was suffering from PD and comorbid depression [49]. The patient was treated with
a high-frequency rTMS (10 Hz) over the left DLPFC, once a day, five times per
week over 3 weeks. A Stroop task, involving 12-panic-related and 12 neutral words
displayed on a screen in three different colours, was presented to test the therapeutic
effect. Although rTMS did not impact on the Stroop task, the authors reported no
further panic attack that occurred during the treatment.

The last single case study was conducted by Machado et al. on a 34-year-old
patient, refractory to cognitive behaviour therapy [50]. The protocol consisted of a
sequential stimulation of the right DLPFC (1 Hz) and left DLPFC (10 Hz), 3 times
per week for 4 weeks, resulting in a significant improvement of PD symptoms
assessed with BAI and Panic Disorder Severity Scale (PDSS).

Mantovani and co-authors assessed rTMS treatment in six patients with PD
and comorbid depression, using a protocol of 1 Hz stimulation over the right
DLPFC for 2 weeks in an open-label trial [51]. Patients scored significantly better
than baseline in the Sheehan Clinician Rated Anxiety Scale (SCRAS) [52], the
HAS and the Hamilton Depression Scale (HDS) in the first and the second week
of treatment. The same authors conducted a randomized, double-blinded, sham-
controlled clinical trial extending the same clinical population up to 25 patients
[53]. The treatment consisted of low-frequency stimulation (1 Hz) over the right
DLPFC, once a day for 5 consecutive days, for 4 weeks. With regard to panic
symptoms, half of the participants from the active group demonstrated a full
response of the treatment, whereas in the sham group, the percentage of respond-
ers was only 8%.

Prasko et al. recruited 15 patients suffering from PD and resistant to selective
serotonin reuptake inhibitor (SSRI) therapy and randomly assigned them to either
active treatment with 10 sessions of 1 Hz rTMS over the right DLPFC or the sham
group [54]. In both cases, the patients were taking SSRI therapy. The aim was to
compare the efficacy at the second and fourth week. The results showed that treat-
ment effect did not differ between groups, since both of them improved during the
study period. This negative finding, as suggested by the authors, could be due to
small sample size.

The last study was performed by Kumar et al. on 13 drug-resistant patients who
were suffering from PD in comorbidity with a major depressive disorder (MDD)
[55]. The protocol was structured as 20 sessions of 20 Hz (high frequency) rTMS
over the left DLPFC, 5 days per week, over a period of 4 weeks. The symptoms
were assessed via PDSS and HDS, showing a significant reduction of scores in
both scales.
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13.6 TMS as Treatment of Generalized Anxiety Disorder

Generalized anxiety disorder (GAD) is a prevalent condition affecting the 2.9% of
the adult population in the U.S. Patients with GAD experience excessive anxiety
and feeling of apprehensive expectation, being unable to control the worry. This
clinical picture is often associated with restlessness, irritably, muscle tension, sleep
disturbance and somatization [31].

The application of rTMS in patients diagnosed with GAD seems to be one of the
more promising NIBS treatment among the various anxiety disorders. Four random-
ized, sham-controlled, double-blinded clinical trials have shown positive outcomes in
treating this condition, with low-frequency stimulation over the right DLPFC being
the most used protocol. However, the sample sizes of these trials (13—36 patients)
allow to draw only some preliminary conclusions. This means that future studies with
larger populations will be required to draw more consistent conclusions.

Bystrisky and colleagues were the first to use rTMS to treat GAD, stimulating
ten participants over the right DLPFC with 1 Hz (low frequency) [56]. They com-
pleted 6 sessions over a period of 3 weeks. Patients first underwent an fMRI task to
identify the most active location of the prefrontal cortex. The symptoms were moni-
tored using HAM-A [47] and CGI-I, defining the treatment response as a >50%
score reduction of these scales. Overall, rTMS was associated with a significant
decrease of both HAM-A and CGI-I in 6 participants (60%).

Another open-label trial was conducted by White and Tavakoli on 13 patients
with GAD and comorbid MDD [57]. The protocol they used consisted of the appli-
cation of low-frequency rTMS (1 Hz) over the right DLPFC followed by a high-
frequency rTMS (10 Hz) over the left DLPFC. The number of stimulations ranged
from 24 to 36 over 5 to 6 weeks. At the end of the treatment period, 11 out of 13
patients (84.6%) reported symptom remission, scoring less than 5 on the GAD
Scale (GAD-7) [58], and 10 out of 13 patients (79.9%) did the same on the Hamilton
Rating Scale for Depression (HAM-D-21), scoring less than 8.

The first randomized, double-blind, sham-controlled clinical trial was performed
by Diefenbach et al. on 25 patients (13 active vs. 12 sham) diagnosed with GAD [59].
The active group was treated using a low-frequency rTMS delivered over the right
DLPFC for 15 min, for 30 sessions (5 days/week for 6 weeks). Patients were also
asked to undergo a decision gambling task with fMRI to localize the area to stimulate.
Symptoms were assessed via HARS and the Penn State Worry Questionnaire (PSWQ)
[60]. At post-treatment, significantly more patients met the responder and the remitter
status in the active versus sham group, showing this trend even at 3-month follow-up.
The same authors published additional material on the same cohort of patients, show-
ing that patients treated with rTMS had significant improvements in self-reported
emotion regulation difficulties at 3-month follow up [61].

Dilikov et al. recruited 40 patients with GAD, randomly assigning them to
active [15] and sham groups [25, 62]. Authors used high-frequency-stimulation
(20 Hz) r'TMS applied over the right DLPFC. The active group received 5 sessions
per week for the first 4 weeks. During the fifth week, the sessions were reduced to
3 times per week, whereas at the sixth and final week, the patients received 2 ses-
sions of rTMS. The symptoms were evaluated using the HARS. By the end of 25
TMS treatments, the patients in the active group scored significantly less
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compared to those in the sham group. Moreover, HARS scores remained stable at
the 4-week follow-up, corroborating the efficacy of the treatment.

Assaf and colleagues first explored the neural architecture of GAD patients
through fMRI. Then they treated 16 patients (9 = active; 7 = sham) with 30 sessions
(5 days/week for 6 weeks) of low-frequency (1 Hz) rTMS over the right DLPFC
[63], monitoring symptoms with PSQW and the Intolerance of Uncertainty Scale
[64]. The results showed the “normalization” of functional connectivity of the dor-
sal anterior and the subgenual cingulate cortex, associated with an improvement in
worry symptoms in patients treated with active rTMS.

Finally, Huang and co-workers conducted a randomized, double-blind, sham-
controlled study on patients affected by GAD and comorbid insomnia [65]. Eighteen
participants in the active group (out of a total of 36) were treated with 1 Hz rTMS over
the right parietal cortex (PC), administering 6 sessions twice a week for 3 weeks. At
the endpoint, 60% of the patients met the criteria for remission, defined as a HARS
score less than 8. These results largely remained stable at 6-month follow-up.

13.7 TMS as Treatment of Agoraphobia

Agoraphobia is an anxiety disorder in which individuals develop marked anxiety or
fear in situations like open spaces, public transportation or being outside of home
alone. These patients tend to avoid these circumstances because of thoughts that
escape might be difficult or even impossible [31].

To date, literature offers only a single study, where the selectd sample was mainly
affected by PD and comorbid agoraphobia. This means that only limited conclu-
sions can be drawn with regard to rTMS as a treatment for agoraphobia.

Deppermann et al. randomized 44 patients to the sham or active group, treating
them with 15 sessions of iTBS over the left DLPFC in addition to 9 weeks of Cognitive
Behavioral Therapy (CBT). Main outcome measures were evaluated with the PAS
[46], the HARS and the Cardiac Anxiety Questionnaire (CAQ) [66]. Cortical activity
was monitored through functional near-infrared spectroscopy (fNIRS) during an
Emotional Stroop task, at baseline and post-iTBS. Clinical ratings significantly
improved and remained stable at follow-up. However, no clinical differences between
the active and the sham group were identified, except for a more stable reduction of
agoraphobic avoidance during follow-up in the group treated with active iTBS.

13.8 Future Perspectives

TMS showed many significant and encouraging results for the treatment of patients
with anxiety disorders. To date, except for conditions like agoraphobia or specific pho-
bias, rTMS over the prefrontal cortex, with excitatory stimulation at the left side and/or
inhibitory stimulation at the right side, can be considered effective to reduce anxiety
symptoms in PD and GAD. However, the level of evidence available is considered low.

Several clinical features are implicated as possible confounding factors: limited
sample size, the presence of psychiatric comorbidities (including mainly major
depression) and heterogeneous psychotropic and psychotherapeutic concomitant
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treatments. On the other hand, some methodological improvements must be taken into
account to reach higher quality of evidence, including larger samples and extended
periods of observation. One of the reasons for limited efficacy may be the reliance on
a scalp-based method rather than neuronavigation based on individual MRI for target-
ing brain regions. Moving from anatomical to functional imaging positioning (e.g.
fMRI, fNIRS) could allow achieving a greater efficacy for targeting TMS coils.
Finally, coupling functional imaging with physiological parameters, such as skin con-
ductance or heart rate variability, would allow better elucidation of the biological
mechanisms underlying rTMS treatment.

Another methodological issue is the coil positioning site in the rTMS stimula-
tion protocol. Looking at the “anxiety network™ (Fig. 13.1), the sites of stimula-
tion target of TMS therapeutic protocols are indeed limited mainly to PFC. In fact,
areas such as the dmPFC or deeper areas such as those of cingulate cortices
(dACC and aMCC) are not the targets of stimulation in TMS protocols to treat
anxiety disorders (see Fig. 13.2). The use of the Double-Cone Coil or the H-coil
in TMS therapeutic protocols for anxiety disorder treatment may extend the num-
ber of stimulation sites of “anxiety network”, different from the “classical”
DLPFC, allowing the modulation of deeper areas as dmPFC, anterior cingulate
cortices and insulae.

To extend the field of TMS treatment for anxiety disorders, it would be interest-
ing to investigate the clinical efficacy of TMS in special populations with anxiety
disorders, such as elderly people, pregnant women, adolescents or drug abusers
with comorbid anxiety, as well as all those comorbid medical conditions in which
the treatment of anxiety with current therapeutic strategies is limited or contraindi-
cated due to drug interactions. To date, only one case study has been conducted to
investigate the role of rTMS in treating panic attacks during pregnancy: even though
the results seem to be promising, it is premature to speculate about the efficacy of
this protocol on such delicate patients [67]. Of note, Segev and colleagues tested
r'TMS on a 17-year-old adolescent who was admitted in the psychiatric ward due to
intensified suicidal intention in comorbid MDD [68]. Interestingly, anxiety mea-
sures showed significant improvements, paving the way for future double-blind,
sham-controlled clinical trials.

13.9 Conclusions

According to the literature reviewed in this chapter, therapeutic protocols using
TMS were applied in approximately 370 subjects affected by, at least, one anxiety
disorder. Consequently, until now, the level of evidence in the current guidelines is
relatively low in relation to the clinical use of TMS therapeutic protocols in anxiety
disorders, even though the clinical efficacy of rTMS in reducing anxiety symptom
severity was consistently observed in PD and GAD. Future research, with refined
methodological issues and study designs, is expected to reveal the real usefulness of
TMS therapeutic protocols in the treatment of anxiety disorders.
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Fig. 13.2 Target brain areas for therapeutic TMS protocols in anxiety disorders. Red colour indi-
cates those cortical areas where TMS coils were placed for implementing excitatory TMS proto-
cols; blue colour indicates those areas where inhibitory TMS protocols were used; mixed colours
indicate those areas where both excitatory and inhibitory TMS protocols were implemented. Green
colour indicates brain structures involved in the “anxiety network” and potential sites of direct
stimulation but not yet targeted by TMS protocols. Grey colour indicates the deepest areas of the
“anxiety network” that cannot be directly stimulated by TMS protocols. aM CC anterior midcingu-
late cortex, AMY amygdala, JACC dorsal anterior cingulate cortex, DLPFC dorsolateral prefrontal
cortex, dmPFC dorsomedial prefrontal cortex, HIPPO hippocampus, INS insula, vmPFC ventro-
medial prefrontal cortex
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Michela Balconi and Davide Crivelli

This chapter focuses on the last 15 years of basic cognitive-affective neuroscience
research using Transcranial Magnetic Stimulation (TMS) as the non-invasive
brain stimulation (NIBS) technique to investigate neural bases of cognitive and
affective functions in healthy people. Besides helping to critically revise tradi-
tional models of cognitive functions, the notable amount of empirical evidence
coming from such basic research tradition often provided, together with clinical
observations, relevant background information for the definition of novel inter-
vention protocols targeted at cognitive impairments that connote many neuropsy-
chiatric disorders.

Next paragraphs represent an overall introduction to the most consistent out-
comes of TMS-based research with regard to attention and executive functions,
memory, language, emotion processing, and social perception and behaviour, with
a specific focus on critical issues and open questions (Fig. 14.1).

14.1 Attention and Executive Functions

Basic neuroscience research on human cognitive functions and higher cognitive
processes is probably one of the first areas of investigation that benefitted from the
explanatory potential of TMS techniques. In particular, most of the magnetic stimu-
lation studies focused on the domains of attention regulation and executive control,
working memory, and decision-making.

Indeed, the ability to orient, focus, maintain, and disengage attention when per-
forming specific tasks as well as everyday activities and when exposed to exogenous
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Fig. 14.1 Synoptic schema of higher processes and functions that have been most consistently
explored via TMS in the last 15 years of cognitive and affective neuroscience research, with a
focus on main stimulation targets and methods. rTMS repetitive transcranial magnetic stimulation,
HF high frequency, LF low frequency, TBS theta burst stimulation

or endogenous stimuli lies at the core of human cognition and plays an essential role
in the efficiency of every other cognitive process. A traditional cognitive model of
attention processes distinguishes between different facets of the attention
function—i.e. focused, sustained, selective, alternating, and divided attention—and
a very vast electrophysiological and neuroimaging literature helped to outline asso-
ciations between specific attention processes and partly distinct cortical areas. Both
single-pulse and repetitive (simple or patterned, i.e. theta burst stimulation—TBS)
TMS protocols have been used, across the years, to probe the actual causal role of
structures that constitute the broad frontal-parietal attention and executive network.

Specifically, left dorsolateral prefrontal cortex (dIPFC) has been found to consis-
tently contribute to selective attention, top-down endogenous orientation of atten-
tion resources, and even divided attention [1-3], while prolonged attention
regulation—i.e. sustained attention—has also been associated with the contribution
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of frontal eye-fields (FEF) [4]. In addition, TMS-induced perturbation of ongoing
neural activity has been used to verify that alternating attention and, especially,
disengagement from distractors and re-orientation mechanisms rely on the contribu-
tion of cortical structures within the right FEF, right temporoparietal junction (TPJ),
left intraparietal sulcus (IPS), and bilateral posterior parietal cortices (PPC), which
encompass the dorsal and ventral attention networks [5-7].

TMS served as a probing technique even with regard to the neural underpinnings
of response inhibition, monitoring, and executive control processes. In particular,
non-invasive magnetic stimulation allowed us to trace back the ability to inhibit,
stop or restrain behavioural responses to the interconnected activity of the right
inferior and superior frontal gyrus (IFG, SFG) and pre-supplementary motor areas
(pre-SMA) [8, 9], even if the investigation of the role of pre-SMA regions via TMS
also led to contrasting results [8, 10]. As for behaviour monitoring mechanisms, the
perturbation of dorsolateral and dorsal-medial prefrontal regions highlighted their
critical role with regard to the ability to keep track of own behaviours and their
consequences in order to efficiently adapt to the context and properly develop an
agentive stance [11-13]. Finally, TMS investigation further underlined the causal
contribution of dIPFC to the ability to flexibly change the mindset and behaviour
when switching between different tasks [14, 15].

Working memory (WM)—intended as the ability to temporarily maintain infor-
mation accessible for conscious processing and manipulation—has been the func-
tional target of many TMS-based investigations. Overall, one of the most consistent
conclusions from TMS studies on anatomical-functional correlates of WM is the
posterior localization of WM buffers and the role of dIPFC as a superordinated
amodal central executive hub [16]. More specifically, the majority of NIBS stimula-
tion studies on WM concluded that, besides partly contrasting pieces of evidence in
favour of a left-sided dIPFC dominance in verbal WM tasks, the right dIPFC is
crucially involved in regulating bottom-up information flow from sensory buffers,
information maintenance, and WM executive processes with the possible support of
the medial prefrontal cortex [16—18].

TMS literature exploring cognitive and neural processing underlying decision-
making focused on both basic mechanisms explaining evidence accumulation and
speed-accuracy trade-off in simple perceptual decision-making tasks and on more
complex processes guiding and shaping higher decision-making, e.g. moral and
economic strategic tasks.

A few TMS studies focused, besides dIPFC and pre-SMA [19], on the role of
motor regions during simple decision-making tasks. In particular, it was shown that
implicit decisional rules conveyed by biased rewarding can not only covertly modu-
late behavioural responses (thus increasing the selection of facilitated responses)
but also consistently modulate pre-decisional corticospinal excitability, as measured
via TMS-induced motor evoked potentials—MEPs [20]. In addition, it has been
reported that both corticospinal excitability and reaction times can vary during
decision-making as a function of the value that is subjectively attributed to different
response alternatives [21]. This suggests that subjectively defined values that guide
the decision-making process might even modulate the competition between
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different representations of alternative responses in the motor cortex while the deci-
sional process is still ongoing, consistent with a form of parallel processing of deci-
sion and response selection.

Moving to complex decision-making processes, prefrontal areas still remain the
primary targets of NIBS studies. Higher strategic decision-making processes have
been typically explored by using economic decision tasks—such as the Ultimatum
Game—or cooperative/competitive tasks—such as the Prisoner’s Dilemma. In par-
ticular, it was shown that perturbation of prefrontal activity via TMS alters the ten-
dency to adopt cooperative choices when individuals have to choose between a
mutual or a selfish strategy, the appraisal and higher processes concerning values
that guide our decisions, the propensity to accept unfair offers, and the efficiency of
strategic planning [22—24]. Furthermore, dIPFC proved to be involved in impulsiv-
ity and cognitive control against cognitive biases during decision-making [25], as
well as in risky decision-making and risk tolerance. In particular, the inhibition of
the right dIPFC resulted in increased risky behaviour and significantly riskier
decision-making strategies during risk-tolerance and gambling tasks [26, 27], even
if contrasting data have been reported too [28]. Notably, even inferior parietal areas
seem to play a role in the decision-making process by modulating risk-taking and
propensity towards safer behaviours [29]. Finally, TMS-based research on moral
decision making rather equally underlined the involvement of prefrontal and infe-
rior parietal areas—namely, the TPJ. Specifically, the integration of moral, eco-
nomic, and contextual information to guide moral decisions seems to be primarily
mediated by the right TPJ [30], while the right dIPFC seems to primarily modulate
the propensity towards emotional vs. utilitarian decisions when presented with
moral dilemmas [31].

Opverall, it may be concluded that TMS-based research on decision-making pro-
cesses—as well as on attention, executive control, and working memory ones—has
been recently characterized by a global tendency towards replication more than
innovation. Therefore, one of the next relevant challenges should be the systematic
commitment to devise and validate efficacious intervention protocols to empower
those essential cognitive abilities and, therefore, reduce the detrimental effect of
common cognitive implications of psychiatric disorders.

14.2 Memory

Taking into consideration the last few years of basic TMS research on memory
functions in humans, the most relevant research trends are actually focused on the
interplay of cortical structures mediating memory-related processes and, in particu-
lar, on the specific contribution of lateralized prefrontal regions to encoding and
retrieval of information and memories, as well as on neural underpinnings of
modality-specific short-term memory and of memories concerning doing things in
the future, i.e. prospective memory. Furthermore, a few recent studies also tried to
answer relevant questions about specific aspects of metacognition in memory, such
as confidence and awareness of the mnestic process.
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14.2.1 Short-Term Memory: A Distributed Network

Short-term memory is the ability to retain relatively small amounts of information
active and readily available for short periods of time. It has been traditionally mod-
elled as a first stage memory store, where information are temporarily but necessar-
ily kept before passing them to long-term memory stores. Available empirical
evidence suggests that short-term memory is supported by a network of modality-
specific stores and that basic stimulus features are retained in sensory areas that are
primarily involved in processing such features. TMS has been used as a probing
technique to test those predictions and verify correlational findings on anatomical-
functional associations for short-term memory processes.

Consistent with previous evidence, as an example, perturbation of cortical
hotspots involved in processing speech sounds and word stimuli reduces the effi-
ciency of short-term memory for verbal material, while perturbation of hotspots
involved in visual and spatial processing reduces short-term memory performance
for visual material. Indeed, it was shown that inhibiting left Broca’s area, left ante-
rior middle temporal gyrus (MTG), and the left anterior supramarginal gyrus (SMG)
impairs short-term recall of words and non-words [32]. Again, the administration of
TMS pulses in correspondence to primary visual areas during retention decreases
short-term memory performance for stimuli presented in the contralateral (but not
ipsilateral) visual hemifield to the non-invasive stimulation [33], thus suggesting a
retinotopic organization even for stored visual information. In addition, perturba-
tion of the left FEF results in altered storage of information on spatial positions [34].
On top of such modality-specific stores, TMS investigation also allowed us to iden-
tify modality-aspecific structures within the short-term memory network, and to
identify their role. In particular, it has been recently proposed that the left SMG [35]
and the right cerebellum [36] are involved in retaining information concerning the
serial order of previously presented stimuli.

14.2.2 Long-Term Memory: Encoding Vs. Retrieval

Experimental, clinical and neuroimaging findings contributed to the definition of a
functional model of encoding and retrieval processes that mainly focuses on the role
of dorsal and lateral prefrontal regions, i.e. the Hemispheric Encoding-Retrieval
Asymmetry (HERA) model [37]. According to such a model, the left dIPFC would
primarily be associated with encoding of information to begin with the creation of
the memory trace, while the right dIPFC would primarily be associated with retrieval
of stored information for recognition or proper recall of past events, experiences, or
notions.

In order to further test the consistency of such a model and to investigate the
actual causal role of left vs. right dIPFC in different steps of the memory formation
process, TMS was primarily used as an online interference tool. Going down to
specifics, both paired-pulse [38] and rapid high-frequency [39] stimulation proto-
cols were applied. TMS proved to be able to affect ongoing memory processes in
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the direction suggested by the HERA functional model. Indeed, during the encoding
phase, non-invasive stimulation of the left dIPFC—but not of the right dIPFC—
modulates memory performance in terms of reaction times, accuracy or discrimina-
tion. Conversely, memory performance is modulated by stimulation of the right (but
not left) dIPFC, when TMS is applied during the retrieval phase. Nonetheless, even
contrasting findings have been reported, with enhanced recognition memory perfor-
mance following inhibition of the right dIPFC via rTMS [40] and with reduced
recollection performance following perturbation of the right dIPFC via online high-
frequency rTMS during the encoding phase [41].

Interestingly, such lateralized effects were also reported regardless of the verbal
vs. visual-spatial nature of the material [38], in partial contrast with previous neuro-
imaging and NIBS works, suggesting a differential contribution of the left and right
prefrontal cortex in encoding verbal and visual-spatial materials, respectively [42].
While such a discrepancy might be explained on the basis of differences in methods
and stimulation sites across studies, it also opens potentially valuable questions on
fine-grained functional segregation within prefrontal areas and connectivity between
its subregions.

A second interesting point concerns, instead, the investigation on age-related
changes of functional lateralization postulated by the HERA model. Indeed, a broad
set of neuroimaging findings suggested that the lateralization of memory-related
processes within prefrontal areas tends to reduce during ageing, named the
Hemispheric Asymmetry Reduction for Older Adults (HAROLD) model [43]. TMS
was used as a tool to test whether such changes mirrored a progressive de-differen-
tiation process or a compensatory mechanism. Progressive reduction of prefrontal
asymmetry was initially deemed as a marker of positive compensation along ageing
especially with regard to memory retrieval [44]. It was later reported that even
encoding processes present a reduction of functional lateralization along ageing,
though its manifestation depends on individuals’ memory performance [45]. Again,
it was suggested that TMS effects on encoding processes in ageing could be state-
dependent. Indeed, it was shown that intermittent TBS applied to the left IFG of
elderly participants resulted in an increase of left prefrontal and posterior-cerebellar
areas, but only during deep vs. shallow encoding of information [46]. Findings con-
cerning the mediatory role of individual performance and strategies once more
highlight the relevance of properly accounting for or of investigating the interaction
between individual factors, inter-individual differences, and the outcomes of NIBS.

14.2.3 Prospective Memory

Prospective memory is the ability to remember to perform a pre-planned behaviour
in response to a future event or at some future point in time. Such an ability is cru-
cial for most of the everyday activities and is at the core of our ability to adapt to and
to act within a complex context. TMS research helped to better define the contribu-
tion of anterior and posterior cortical structures to the prospective memory function.
In particular, while the early components of the prospective memory process, such
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as target checking, proved to be supported by the right dIPFC, later components,
such as the retrieval of planned action and related, proved to be mediated by left
PPC [47, 48].

In parallel with previous research on long-term memory, one of the most relevant
research challenges in elderly age lies in the field of neurocognitive empowerment
and likely is the qualification of neural underpinning of the difficulty to recall
planned intentions and effectively enact intended behaviours when needed. The first
pieces of evidence suggest that excitatory stimulation (intermittent TBS) of fronto-
polar cortices of healthy elderly people might improve their performance at event-
based prospective memory tasks, i.e. remembering to do something when a specific
event happens [49]. Evidence for efficacy, short-term effects and long-term effects
of NIBS training for prospective memory is still lacking. A better understanding of
cognitive and neural processes supporting such an ability would help designing
novel effective empowerment programs.

14.3 Language

The ability to create, learn, produce and understand language is probably among the
most investigated functions of the human mind. The relevance of our ability to
exchange information, convey meaning, and share thoughts, intentions and emo-
tions—together with the typically devastating consequences of language impair-
ments following brain lesions or degeneration—have pushed onward research on
neural correlates of human language and related processes in healthy and damaged
brains, via both neuroimaging and NIBS techniques.

Following a historical perspective, TMS studies with healthy participants ini-
tially focused on verifying the actual boundaries of the functional role of core lan-
guage areas—i.e. Broca’s and Wernicke’s areas—so to refine and corroborate
evidence coming from clinical observations on neurological patients [50, 51], as
well as on trying to replicate fine-graded dissociations emerging from peculiar clini-
cal cases—such as dissociations between the processing of abstract and concrete
words and comprehension of idioms [52, 53].

Then, a first main research trend was focused on exploring specificities and inter-
actions between cortical networks that support phonological and semantic process-
ing of language, according to cognitive and psycholinguistic models of central
processing of verbal material. Finally, a second core trend was mainly guided by a
methodological purpose and was focused on the use of TMS as a probing tool to
map language-eloquent cortex non-invasively.

14.3.1 Phonological and Semantic Processing
Converging psycholinguistic, clinical, and neuroimaging evidence contributed to

define a global model of language processing that highlighted the distinct contribu-
tion of frontal and parietal regions to phonological and semantic levels of analysis.
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Moving from such an evidence base and theoretical model, TMS allowed us to
further test the neural underpinnings of processes that are activated while compre-
hending language and the causal contribution of specific cortical structures. TMS
investigation consistently confirmed that language processing grounds on a quite
broad network and that different processing steps rely on distinct frontal-parietal
networks.

In particular, first-level phonological processing is reliably supported by both
cortical structures within the posterior portion of the left IFG and by the left
SMG in the inferior parietal lobule—IPL [54-56]. Conversely, it has been sys-
tematically reported that higher-level semantic processing of language—under-
stood as the analysis of the meaning of language and words—is mediated by
cortical structures within the anterior portion of the left IFG, by left MTG, and,
within the IPL, by the left angular gyrus—AG [54, 57]. Such parcelling of left
frontal and temporal-parietal language areas pointed out the fine organization of
the network of cortical structures that allow us to comprehend language. It is
worth reporting that, besides the contribution of higher cortical regions, a few
TMS studies also focused on the supplementary role of the cerebellum in pro-
cessing verbal material and suggested that the cerebellar vermis might support
higher-level lexical decision-making [58].

As an additional note, it has to be acknowledged that while left-lateralized effects
are generally and systematically reported when investigating phonological and
semantic processing, evidence in favour of the contribution of right homologue
areas has also been found [55, 56], which open relevant questions on the actual
interaction between the right and left frontal-parietal language areas, on their poten-
tially reciprocal compensation in the case of virtual as well as actual impairments,
and on implications of inter-hemispheric interactions for the design of effective
neuromodulation empowerment protocols.

Moreover, a few interesting TMS studies complemented previously available
neuroimaging and behavioural evidence on the interface between language and
motor functions and helped to better define the causal contribution of cortical motor
regions to semantic processing of action- and movement-related words. Indeed, in
line with the action-perception theory of language and embodied semantics models
[59], it has been reported that perturbing the primary motor cortex (MI) and the
SMA affects the processing time of action language [60, 61] and, vice versa, that
specific linguistic factors—such as reading action verbs conjugated in the future
with respect to past tense—can trigger implicit activation of motor regions with a
consequent increase of TMS-induced MEPs [62]. While available pieces of evi-
dence already helped to answer a few questions on the interdependence and interac-
tion between sensorimotor and linguistic processes, the explanatory potential of the
TMS technique is reasonably yet to be fully exerted. Sketching a clearer picture of
functional connections and causal links between the sensorimotor and language sys-
tems would serve both to try and answer core questions on the foundations of human
language and its development and to define novel intervention protocols to help
patients to recover from language and sensorimotor impairment by building also on,
respectively, residual motor and linguistic functions.
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Finally, despite the presence of few studies, one of the most interesting and
promising developments of TMS-based language research has to do with neural
correlates of language in use, moving from the investigation of basic language func-
tions to higher levels of analysis, such as pragmatics and communication skills. In
this vein, it was reported that modulation of the dorsal anterior portion of the left
IFG, but not the right one, reduces the lexical informativeness and global coherence
of narratives in healthy people [63]. And again, it was shown that interfering with
the activity of left IFG and of the left posterior MTG impairs the integration of
speech and gesture, not allowing a proper combination of semantic information
coming from verbal and non-verbal communication channels [64]. As for language
comprehension, repetitive stimulation of the AG highlighted the critical role of this
inferior parietal region in supporting speech understanding even when the acoustic
signal is degraded [65], as it may happen in many real listening contexts. Although
studies like those mentioned above have the merit of being among the first TMS-
based studies complementing the broader correlational evidence base on neural sig-
natures and bases of communication skills, much still has to be done.

14.3.2 Mapping Language Processes

While direct current stimulation is still regarded as the gold standard in terms of
language mapping, the use of TMS as a mapping tool for language-eloquent cortical
regions has become in the last few years a growing research trend. The non-invasive
nature of the technique, indeed, allows us to easily create functional maps of cortex
portions that are crucial for language-related processes in both the healthy and the
dysfunctional brain, to directly compare such maps, and to easily replicate the
examination. Because of this, TMS has become increasingly used for preoperative
cortical mapping, at first with regard to the cortical substrate of motor functions and
then even to cortical correlates of language functions. Notwithstanding the method-
ological and practical purpose of such a research line, its implications with respect
to theoretical and functional models of language have still been valuable. Indeed,
starting from the first applications based on repetitive TMS protocols to the most
recent ones based on online neuronavigated stimulations, language mapping studies
allowed us to define standardized stimulation protocols (in terms of intensity, fre-
quency, and coil orientation) in order to maximize the observable stimulation effects
depending on the stimulated region and shared procedures to report TMS-induced
alterations of language processing, i.e. errors classifications and mapping [66, 67].
Different mapping studies focused alternatively on the left vs. right hemisphere or
on both of them, but systematically reported the involvement of inferior and middle
frontal regions, superior temporal areas, AG, and SMG in processing language.
Conversely, evidence becomes scanter if we focus on cortical mapping of verbal and
written production of language [68, 69] or on peculiar organization of language
processing in bilinguals [70], which highlight how many core questions on the orga-
nization of language functions and on neural correlates of language skills are still
left open.
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14.4 Emotional and Social Processes

Although neuroscience research tradition has initially focused mainly on the core
elements of cognition besides sensory, perceptual and motor functions, between
the 90s and the early 2000s the interest in neural correlates of the human ability to
feel and understand affective states as well as to interact and create social bonds
grew more and more, leading to the formal definition of the social neuroscience
discipline.

In that field, the TMS technique has been first and most systematically used to
complement clinical, psychophysiological, electrophysiological, and neuroimaging
research and investigate the contribution of specific cortical structures as primary
hubs or as elements of broad networks mediating the ability to recognize and regu-
late emotions and affective states. Then, a second trend implied the use of such
magnetic NIBS technique to explore the neural circuitry that supports human ability
to perceive and process social signals, as well as to interact and exert prosocial
behaviours.

14.4.1 Emotion Processing and Recognition

One of the most influential neurofunctional models in research on emotion recogni-
tion and regulation processes is the dual system model [71], which postulates the
distinct contribution of a left-lateralized vs. right-lateralized prefrontal neural sys-
tem to differently valenced emotional experiences. In particular, according to such
model, left prefrontal structures would mediate positive emotional experience and
approach behaviours, thus defining a behavioural activation system. Conversely,
right prefrontal structures would mediate negative emotional experience and avoid-
ance behaviours, thus contributing to a behavioural inhibition system. The model
has also clinical implications both in terms of assessment and intervention practice,
with a primary focus on mood disorders and deficits in emotional regulation.

The assumptions of the model have been tested via TMS by looking at the effect
of induced perturbations with regard to the processing of different emotion-laden
stimuli, both vocal and visual. In particular, it was shown that right and left prefron-
tal structures play the expected roles while processing emotional prosody or vocal-
izations [72], although even evidence in favour of an undifferentiated contribution
of the right and left IFG to processing of emotional prosody has been reported [73].
Similarly, TMS investigation totally or partly corroborated model’s assumptions
even for visual emotion-laden stimuli, such as words and complex pictures [74, 75],
and in particular for facial expressions [76], although—even in the case of visual
stimuli—negative results concerning valence-related lateralization of prefrontal
areas have also been reported [77]. Remarkably, a consistent lateralized prefrontal
contribution was reported even concerning emotional memory and retrieval of
affectively connoted material. Indeed, even if contrasting findings have also been
reported [78], a quite systematic set of studies suggested that left- and right-sided
prefrontal cortices play peculiar roles in encoding and retrieval processes for
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positive vs. negative words [79-81]. Conversely, with regard to emotion regulation
processes in healthy individuals, TMS-based investigations seem not to corroborate
model assumptions, with unexpected reports of lack of mood improvement or even
stronger mood decline in healthy participants after high-frequency modulation of
the left dIPFC [82].

In addition to the above-mentioned investigations on frontal asymmetries, TMS
studies also helped to outline the global organization of the frontal-temporal-parietal
network mediating emotion perception and recognition. By using emotionally con-
noted pictures of scenes and, in the vast majority of studies, facial expressions, it
was shown that proper emotional appraisal in terms of valence and arousal and
efficient emotion recognition overall ground on the interaction between cortical
structures within the IFG, dorsal-medial prefrontal area, pre-SMA, anterior insula,
posterior superior temporal sulcus (STS), somatosensory cortex, TPJ, and even cer-
ebellum [83-87].

As a final note, it is important to underline that, in view of the notable amount of
studies on the role and interaction between different cortical structures supporting
emotion processing skills, only a few of such studies actually took into consider-
ation additional individual factors—such as personality traits or measures of empa-
thy—that have a strong connection with the development of investigated affective
processes and that might account for partly unexpected empirical findings. As an
example, Paracampo and colleagues [84] showed that people that present high vs.
low proficiency in emotion perception rely on distinct cortical structures to infer
emotional states from facial expressions. As for personality factors, instead, Balconi
and colleagues highlighted the mediatory role of individual empathy trait on the
medial PFC contribution to emotion recognition processes [83], as well as the medi-
atory role of anxiety trait and motivational mechanisms on the contribution of later-
alized prefrontal areas to recognition and retrieval of emotion-laden verbal material
[79, 80].

By taking into account the complexity of individual and contextual influences
that actually mediate emotion appraisal and perception in real life and keeping in
mind the original rationale of social neuroscience as a discipline interested in both
how our brains support affective-social processes and how individual, affective, and
social factors shape the way our brain works, those examples help to highlight that
many relevant questions on the interaction between social-affective processes and
individual/contextual characteristics still deserve further investigation.

14.4.2 Social Perception and Behaviour

Moving to TMS-based investigation of social perception and behaviour, the most
explored topic likely concerns the detection and processing of social signals. In
particular, such social skill has been typically investigated via both explicit and
implicit measures, by presenting participants with neutral, threatening, and (in a few
cases) joyful body stimuli and asking them to classify them or measuring covert
indices of corticospinal excitability (e.g. amplitude of MEPs or intracortical
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facilitation, ICF). Overall, such set of studies highlighted that processing of social
threat is mediated by the combined contribution of the left dIPFC, right ventral pre-
motor cortex, right posterior STS, right anterior IPS, and right IPL [88-90].

Besides exploring such basic social perception skill, TMS has also been used to
probe the neural underpinnings of higher social cognition skills and demonstrate the
distinct role of cortical structures within the medial prefrontal cortex and right TPJ
with regard to agency-attribution, self-other-distinction and perspective-taking [12,
91, 92], mentalization (understood as the ability to create theories about others’
thought, intentions, and beliefs) [91], social judgement [93], and overcoming of
self-centeredness and self-enhancement [94].

Finally, a third main research trend in TMS-based research on social skills focused
on social behaviour and, in particular, on prosocial attitudes. In line with the vast
neuroimaging and electrophysiological literature on the preferential involvement of
frontal lobe cortices in higher social processes—such as social reasoning, moral
decision-making, and interpersonal fairness—NIBS findings showed a remarkable
consistency in confirming the causal role of dIPFC regions—especially right-sided
structures—in controlling selfish behaviour and exercising forgiveness, as well as in
empathic resonance and in fostering supportive behaviour [95, 96].

To conclude, the present collection of research data has the merit of having com-
plemented available correlational evidence and of having further confirmed the
causal role of specific cortical structures within the neural networks that support
some of the basic social perception, cognition, and behaviour skills. It has nonethe-
less to be acknowledged that—notwithstanding the progressive tendency towards a
greater and greater attention to the ecological value of stimuli, tasks, and experi-
mental settings—ecological validity of laboratory-based research in social neuro-
science is still a critical issue. And this point becomes even more critical when the
focuses of analysis are processes and functions that support and shape interpersonal
interactions and everyday social dynamics. Given the overall consistency of avail-
able evidence base, it might be now the right time to step forward and begin to focus
also on complex interaction skills and to move towards a systematic investigation of
neural underpinnings of social processes when they are put in play during actual
social exchanges, following a new recent trend that is influencing neuroimaging,
electrophysiological and psychophysiological research in social neuroscience.

14.5 Conclusions

The present work aimed at identifying and introducing main research trends in basic
TMS research on the neural underpinnings of cognitive and affective processes,
with a focus on the last 15 years. Based on a reasoned recognition of available rel-
evant literature, we have summarized the most consistent findings concerning TMS
studies on attention and executive functions, memory, language, emotion process-
ing, and social perception and behaviour. Without claiming to be exhaustive, this
tentative systematization also allowed to point out specific open questions and to
outline novel research topics to be better explored via TMS techniques.
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As a final remark, the analysis of the evidence base concerning TMS basic
research in cognitive and affective neuroscience highlighted even a few global criti-
cal issues.

Firstly, it has to be acknowledged that research in cognitive-affective and, in par-
ticular, social neuroscience typically targets complex and highly interdependent pro-
cesses. It is often rather difficult, then, to model and parcel out mechanisms or
processing steps that clearly and solely identify a specific cognitive function. As a
consequence, implementing TMS-based investigation of higher cognitive-affective-
social processes—given the fine-grained spatial, temporal, and cognitive resolution
of the technique and its potential for probing structurally and functionally distinct
modules—requires strict and reasoned theoretical and methodological assumptions.
Remarkably, implications of such first point could be accounted for by assuming a
multi-method investigation approach, i.e. by integrating behavioural outcome mea-
sures with hemodynamic and electrophysiological measures to better outline the
effects of TMS-induced perturbations on global neural dynamics and functional con-
nections within the network of structures supporting the investigated functions. An
additional critical issue is the well-known limitation concerning the depth of TMS-
induced perturbations. It is, indeed, impossible to selectively reach and modulate the
activity of deep structures by using such a technique, at least in its traditional vari-
ants. It is then not possible to exploit the explanatory potential of the technique to
investigate the causal role of many relevant subcortical nodes of networks mediating
higher functions, especially affective and social ones. Finally, much still needs to be
done to properly devise and implement valid NIBS intervention protocols targeting
many higher cognitive, affective and social skills. Further basic research on long-
term behavioural and functional effects induced by TMS protocols in both healthy
participants and neurology-psychiatry patients are indeed needed to accurately assess
the potential of non-invasive magnetic stimulation as a supportive tool for early inter-
vention at prodromic or initial clinical phases and, in particular, for neurocognitive
empowerment, besides neurorehabilitation. A last critical point is, then, represented
by the ethical implications of using TMS—and, more generally, NIBS—as a tool to
pre-emptively induce the modulation of neural activity and of the individual cogni-
tive-affective-social profile, especially in healthy individuals. Possible implications
in terms of undesired secondary effects of NIBS protocols, as well as of threats to the
core concepts of human authenticity and inter-individual equity (which might be
affected by differences in the opportunity to access such techniques) are to date fuel-
ling the neuroethics debate and are yet to be fully explored.
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15.1 Corticothalamic Oscillations and Psychiatric Disorders

Brain functions critically depend on the interactions between functionally special-
ized neural structures, encompassing cortical areas and thalamic nuclei [1]. In this
framework, information processing within local circuits and communication at dis-
tance are thought to be reflected by rhythmic and coordinated fluctuations of excit-
ability [2]. These oscillations emerge from the interactions between local intrinsic
neuronal properties and structural connectivity, and play a key role in perceptual,
motor and cognitive functions [3]. For instance, oscillations of neural circuits dis-
tributed over frontal and parietal cortices have been related to working memory
functions [4, 5]. During working memory tasks, fronto-parietal circuits generate
electrical oscillations at different frequency bands, each playing a specific role. As
such, gamma-band oscillations seem specifically involved in active retaining of
information while theta-band oscillations may specifically be involved in ordering
items over time, with alpha-band oscillations being mostly involved in the inhibi-
tion of task-irrelevant information [6].
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Oscillatory properties of cortical circuits have been classically studied by means
of non-invasive techniques, such as EEG. Since its introduction by Hans Berger
almost a century ago [7], the EEG has become an essential tool for investigating the
relationships between brain rhythms and neuropsychiatric disorders. In psychiatry
research, EEG recordings are traditionally performed either at rest or when subjects
are engaged by sensory stimuli (Event-Related Potentials—ERPs), motor or cogni-
tive tasks (“cognitive probes”).

Such EEG and ERP approaches have revealed abnormal cortical oscillatory patterns
in many psychiatric disorders [8, 9] and some of them have been linked with specific
cognitive deficits [10, 11]. For example, working memory deficits in schizophrenic
patients were found to be associated with reduced prefrontal cortical gamma-band oscil-
lations [12], whereas patients affected by major depressive disorder (MDD) showed left/
right asymmetries in the topographical distribution of the alpha-band oscillations [13].

Recording of the ongoing EEG provides valuable information about the oscillatory
properties of cortical circuits under different conditions. However, spontaneous brain
rhythms are difficult to control even in standardized conditions, and may radically
change depending on the experimental conditions, such as fluctuation in the state of
vigilance and the level of attention. A classic example is represented by the drastic
changes in EEG topography and power that rapidly occur upon eye closing. In relation
to psychiatric patients, all these factors are even more difficult to control.

A more reliable assessment of the intrinsic oscillatory properties of cortical cir-
cuits can be obtained by measuring steady-state-evoked responses. In this case,
visual flashes, or auditory tones, are presented at different rates, and the stimulation
frequency that results in the largest EEG or the magnetoencephalography output,
the resonance frequency, is detected. This standardized approach yielded consistent
results and demonstrated the existence of clear-cut resonance frequencies in specific
parts of the human corticothalamic system, around 10 Hz in the visual cortex and
around 40 Hz in the auditory cortex. However, steady-state responses, as other
responses evoked by the stimulation of peripheral receptors, can only probe a lim-
ited set of primary sensory cortices [14-18].

In the following, we will focus on an alternative electrophysiological method to
study the oscillatory properties of cortical circuits, i.e. the combination of TMS and
EEG. Aided by neuronavigation, TMS-EEG allows to directly perturbate a wide range
of cortical areas (including frontal and posterior association cortices) and to record the
ensuing electrical oscillations. This technique may thus offer a standardized way of
mapping the oscillatory properties of the cerebral cortex in a way that is not dependent
on the level of the subject’s engagement, and not, restricted to the exploration of sensory
areas, two features that seem particularly valuable in the case of psychiatric patients.

15.2 A ShortiIntroduction to TMS-EEG

TMS is based on the physical principle of electromagnetic induction, which was
discovered by Faraday in 1831. In the case of TMS, when a strong and short-lasting
electric current passes through a TMS coil applied over the scalp, a brief but strong
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magnetic field (duration: 1 ms; intensity: 1-2 T) is generated. This magnetic pulse
locally depolarizes axonal membranes, leading cortical neurons under the TMS coil
to fire action potentials [19, 20]. Then, the synchronous volley of action potentials
triggered in the target area by the TMS pulse is conducted down the existing ana-
tomical pathways, such as the corticospinal tract, the activation of which results in
a motor evoked potential that can be recorded by combining TMS with electromy-
ography (TMS-EMG) [21, 22]. A similar mechanism leads to the activation of cor-
ticocortical and corticothalamic tracts, resulting in local and remote cortical
electrical waves and oscillations that can be captured by employing TMS-
EEG. Thus, TMS-EEG allows observing the electrical oscillations generated by the
thalamocortical circuits activated upon a direct perturbation of a given cortical area.
Due to the large electric field generated by the TMS pulse, its combination with
EEG required the development of dedicated TMS-compatible EEG amplifiers. The
earliest attempts in this direction trace back to 1989, when Cracco and colleagues
measured transcallosal responses by targeting TMS over the primary motor cortex
[23]. A few years later, the same group recorded the response of the cerebral cortex
to cerebellar magnetic stimulation [24]. However, since a traditional EEG amplifier
was employed, these pioneering studies were still strongly limited by large artifacts
related to the TMS pulse, and that did not allow to record the immediate responses
at the EEG leads under the coil. The first fully TMS-compatible EEG amplifiers
were implemented almost 20 years ago [25, 26] and, by obliterating the large and
long-lasting electromagnetic artifact induced by the TMS coil discharge, allowed
the reliable recording of artifact-free TMS-evoked potentials (TEPs) under the coil
a few milliseconds after the TMS pulse [25, 27, 28]. More recently, DC-amplifiers
provided with a wide dynamic range and high sampling rates (>5 KHz) have been
employed to successfully record TEPs devoid of long-lasting pulse artifacts [29].
Besides the electromagnetic artifact, spurious and unspecific biological activa-
tions may still contaminate the EEG response to TMS. A major challenge is rep-
resented by the high-amplitude scalp muscle artifacts that can be triggered by the
TMS pulse when areas below cranial muscles are targeted [30]. Second, the sound
(TMS “click”) and the vibrations produced by the TMS discharge can evoke sen-
sory evoked potentials, which can be effectively abolished by employing a mask-
ing noise reproducing the time-varying frequency components of the TMS “click”
[28] and by placing a layer of foam between the TMS coil and the subject’s head
[31]. In order to control these confounding factors, one can follow different
approaches, such as performing control experiments that employ sham conditions
[32, 33] or removing the artifacts by means of off-line data preprocessing proce-
dures [34]. A third and more dependable approach relies on a real-time quality
check of the TMS-EEG signals. Crucially, after choosing a cortical target based
on the neuronavigation system and before starting the measurement session, the
operator must apply all the available procedures to minimize the possible con-
founding factors due to the sensory co-stimulation and to maximize the effective-
ness of the TMS pulse on the cerebral cortex [35]. First, the parameters of the
masking noise, such as the volume of the audio output, should be adjusted in order
to effectively mask the TMS “click”. In the same vein, the very large early
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biphasic deflections due to the direct activation of scalp muscles can be reduced
or abolished by changing the orientation of the coil [30]. Finally, the stimulation
parameters (coil rotation and stimulator output) should be fine-tuned in order to
record TEPs with a good signal to noise ratio and characterized by stimulation
site-specific topographies [36]. The employment of a neuronavigation system can
help in keeping the selected stimulation parameters constant within and across
sessions in the case of longitudinal studies [37].

Once the electromagnetic artifacts evoked by the discharge of the TMS coil are
properly managed [36, 38] and generating spurious and unspecific cortical responses
to TMS, namely the ones associated with auditory or somatosensory stimulations
that are appropriately reduced or abolished, TEPs reflect genuine responses of corti-
cal circuits to TMS [39]. In this way, TEPs can be used to reliably keep track of
cortical excitability and intrinsic oscillatory properties of human thalamocortical
circuits in both research and clinical settings [40, 41].

The very early components (waves) of TEPs reflect the immediate neural
responses of the circuits that are underneath the stimulator and hence are directly
excited by the TMS pulse. Therefore, measuring the slope and amplitude of those
very early waves of TEPs (10-30 ms) is a dependable way to assess cortical excit-
ability and its changes, i.e. cortical plasticity. This approach, which closely matches
the one used in animal studies of cortical plasticity [42, 43], allowed the observation
of plastic changes of cortical circuits during wakefulness [44, 45], after a protocol
of induction of cortical plasticity via rTMS [46], to compare the effects of single
and paired-pulse TMS [47], during and after anodic stimulation with Transcranial
Direct Current Stimulation [48, 49], and after the administration of L-DOPA in
patients suffering from Parkinson’s disease [50] (Fig. 15.1).

To measure cortical excitability and plasticity through TMS one should focus
on single components of TEPs, such as the waves that immediately follow the
TMS pulse. On the other hand, analyzing the sustained EEG oscillations triggered
by TMS can help to better understand the intrinsic oscillatory properties of corti-
cothalamic circuits in healthy and diseased brains. For instance, a TMS-EEG
study conducted in healthy subjects showed that different corticothalamic mod-
ules oscillate at a preferred ‘“natural” frequency when perturbed by
TMS. Specifically, TEPs were consistently dominated by EEG oscillations in the
alpha band (8—12 Hz) after stimulation of the occipital cortex (Brodmann area
19), in the beta-band (13-20 Hz) after stimulation of the parietal cortex (Brodmann
area 7), and in the fast beta/gamma-band (21-50 Hz) after stimulation of the pre-
motor cortex (Brodmann area 6) [51]. Interestingly, the study also showed that
each cortical area tends to oscillate at its own natural frequency, even when it is
indirectly activated after the discharge of a TMS pulse over a remote, yet con-
nected cortical area (Fig. 15.2). A further modeling study suggested that the con-
nectivity pattern of each cortical area is a key factor in determining its natural
frequency [52]. Along with the evidence that the lesion of thalamic nuclei specifi-
cally disrupts TMS-EEG oscillations [53], these studies suggest that the natural
frequency is a measure of the intrinsic properties of corticocortical and corticotha-
lamic connections.
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Fig. 15.1 TEPs recorded in patients affected by Parkinson’s disease. L-DOPA intake (meds-on)
induces a significant increase of the amplitude of the very early components of TEPs in the hemi-
sphere more affected by the degeneration of the basal ganglia circuits (H+), greater than in the less
affected hemisphere (H—). Panel a shows the overall EEG channel layout with the selected clusters
of channels close to the targeted frontal area (cyan contours on the brain maps). Panel b shows the
butterfly plots of the TEPs recorded at all 60 EEG channels (blue traces in the meds-off condition;
red traces in the meds-on condition). U-shaped traces indicate the positive and negative early com-
ponents of TEPs. Panel ¢ shows the Local Mean Field Power (LMFP) and the percentage values of
the area under the curve (between the two local minima and encompassing the early consecutive
positive and negative waves triggered by TMS; Immediate Response Area: IRA) in the meds-on
and meds-off conditions. (Modified from [50])

15.3 TMS-EEG Studies of Major Psychiatric Disorders

Cortical excitability and plasticity in psychiatric disorders have been studied mainly by
employing TMS-EMG [54]. This technique has also been employed to assess changes
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Fig. 15.2 The natural frequency is a local property of individual corticothalamic modules. In the
top row, the colored patches on the cortical surface mark the areas from which cortical currents are
recorded after the reconstruction of the cortical source activations. Below, time series and Event-
Related Spectral Perturbation (ERSP) plots of local cortical currents are displayed for the premotor
cortex (first row, blue traces, Brodmann area 6), the posterior parietal cortex (second row, green
traces, Brodmann area 7), and the occipital cortex (third row, red traces, Brodmann area 19), when
the occipital cortex is stimulated (first column), the posterior parietal cortex is stimulated (second
column) and the premotor cortex is stimulated (third column). The dotted lines highlight the peak
frequency for each plot. The comparison of the ERSP plots on the diagonal line (marked by the
TMS icon) reveals that each cortical area responds with a distinctive natural frequency when
directly stimulated. Comparing the plots on the horizontal and on the vertical lines reveals that the
natural frequency is a local, intrinsic property that is partially preserved also when its cortical
generator is not directly stimulated. (Modified from [51])
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due to pharmacological treatments in psychiatric patients [55]. However, TMS-EMG
provides indirect measures of cortical excitability and plasticity, as it measures responses
to TMS of the corticospinal tract rather than direct responses of the corticocortical and
corticothalamic circuits. Most importantly, the use of TMS-EMG is by definition lim-
ited to the primary motor cortex, whereas pathophysiological underpinnings of psychi-
atric disorders mostly involve non-motor cortical regions, such as the prefrontal cortex.

At odds with TMS-EMG, neuronavigated TMS-EEG allows the direct measure-
ment of cortical excitability and plasticity of virtually any cortical area. Moreover,
TMS-EEG can provide a read-out of the oscillatory properties of corticothalamic
modules without necessarily relying on cognitive probes, i.e. without engaging the
subject in a cognitive task. By virtue of these technical advantages, in recent years,
neuronavigated TMS-EEG has been employed in psychiatric research to identify
possible electrophysiological biomarkers and to study the neurophysiological
underpinnings of psychiatric disorders (for recent reviews on the use of TMS-EEG
in psychiatry research, see [56-58]).

In a series of TMS-EEG studies conducted in schizophrenic patients, Ferrarelli and
coworkers measured the early components of TEPs, and observed a significant reduc-
tion of excitability of the primary motor cortex [59] and of the premotor and prefrontal
cortical areas [60, 61] in patients compared to healthy controls, whereas parietal corti-
cal areas showed preserved levels of excitability. On the other hand, applying some of
the methods used in the studies cited above to measure cortical excitability by means
of TMS-EEG, arecent study observed plastic changes in the cortex of patients affected
by drug-resistant MDD after treatment [62]. Specifically, in this study, the slope and
amplitude of early TEP components, recorded over the premotor cortex, increased
after the application of Electroconvulsive Therapy (ECT) in MDD patients compared
to baseline (Fig. 15.3). In a similar study, by measuring the slope and amplitude of
early TEP waves, an increase of cortical excitability was observed after light therapy
and sleep deprivation in the prefrontal cortex of MDD patients [63].

Other research groups focused on specific cortical areas and used TMS-EEG to
study the electrophysiological properties of those areas. One relevant example is the
dorsolateral prefrontal cortex (DLPFC), which underpins high cognitive functions
and plays a key role in the pathophysiology of major psychiatric disorders [64]. In
a recent paper, Daskalakis and his coworkers performed TMS-EEG measurements
by targeting DLPFC in MDD patients and, compared to healthy controls, observed
a larger early TEP negative component named N45, whose amplitude was reliably
predicting the state of the patients [65]. In another study, the same group found an
altered modulation of the TEP positive component named P60 that correlated with
the cognitive impairments in schizophrenic patients [66]. Notably, as both N45 and
P60 are thought to be markers of the excitation-inhibition balance in the targeted
cortical area, these studies suggest that TMS-EEG measurements can provide fur-
ther insight into the pathophysiology of MDD and schizophrenia.

TMS-EEG has also been employed to investigate the oscillatory properties of
corticothalamic circuits in major psychiatric disorders. In a TMS-EEG study on
schizophrenia [59], TEPs were recorded by targeting different cortical sites, such as
parietal, motor, premotor, and prefrontal areas in schizophrenic patients and healthy
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Fig. 15.3 Estimation of cortical excitability after Electroconvulsive Therapy (ECT) by means of
TMS-EEG. Panel a represents the butterfly plots of the TEPs recorded at all EEG channels before
(pre-) and after (post-) ECT. The central map depicts the EEG electrode layout (black and gray
dots) on the scalp. Black traces correspond to selected channels (channels from the Region Of
Interest; ROI), located nearby the stimulated site (black cross) and containing a large, early TEP
component, consisting of a positive wave (white reversed U-shaped trace), followed by a negative
wave (white U-shaped trace). Panel b reports the LMFP computed considering the channels in the
ROL. Cortical excitability was measured by calculating the area (dark gray shadow) between the
two local minima (light gray shadow) and encompassing the early consecutive positive and nega-
tive waves triggered by TMS (Immediate Response Area: IRA). Panel ¢ shows the TEPs averaged
across the ROI channels in the two conditions. Slanting lines highlight the slope of the rising side
of the early large positive wave evoked by TMS (Immediate Response Slope: IRS). (Modified
from [62])

controls. TEPs were then analyzed in the time-frequency domain in order to measure
the natural frequency [51] for each cortical site in the two populations. These
results further supported the idea that in healthy subjects, more posterior cortical
areas, such as the parietal and the primary motor ones, oscillate in a lower frequency
range (low beta range) compared to premotor and prefrontal cortices (high beta/
gamma range). On the contrary, in comparison to healthy subjects, schizophrenic
patients showed reduced natural frequency with significant lower values for the pri-
mary motor cortex and highly significant lower values for the premotor and the pre-
frontal cortex (Fig. 15.4). These findings confirmed the impairment of the oscillatory
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Fig. 15.4 The natural frequency of TEP oscillations is a sensitive parameter for discriminating
patients with schizophrenia and healthy control subjects. In panel a, the individual natural fre-
quency values of healthy control subjects and patients with schizophrenia are plotted for 4 cortical
areas. Horizontal lines indicate mean natural frequency values of each group for each cortical area
(%P < 0.05; TP < 0.001). Panel b shows the natural frequency values of targeted parietal, motor,
premotor and prefrontal cortical areas (red, orange, yellow, green dots on the 3D reconstruction of
the cortical surface), for each study participant. (Modified from [59])

properties of the frontal thalamocortical circuits, which had been already suggested
by the same research group in a previous TMS-EEG study [60] and it has been
recently reproduced in patients with acute, first-episode schizophrenia [67].
Moreover, the study suggested a pathophysiological link between oscillatory deficits
in the frontal lobe and clinical features of schizophrenia. Indeed, it has been observed
that the prefrontal natural frequency values in patients with schizophrenia are nega-
tively correlated with positive symptoms and that the strongest correlation was with
delusion Positive and Negative Syndrome Scale (PANSS) subscores. A further TMS-
EEG study conducted in psychiatric patients not only confirmed the reduction of
natural frequency in schizophrenia, but also observed a similar deficit in bipolar dis-
order and MDD [68]. Overall, these results suggest that abnormal oscillations could
be a common feature of different psychiatric disorders. Most importantly, they
strengthen the hypothesis that dysfunctions in the generation of neural oscillations
play a key role in the pathophysiology of major psychiatric disorders [8, 69, 70].

15.4 Future Directions for TMS-EEG in Psychiatric Research

TMS-EEG offers the possibility to directly and non-invasively measure cortical
excitability and oscillatory properties, which are often altered in major psychi-
atric disorders. In this context, the analysis of TEPs has revealed a specific
decrease or altered excitability of frontal cortical areas in MDD and schizo-
phrenic patients compared to healthy controls. Moreover, measuring TEPs
allowed to keep track of plastic modifications of the cortical circuits in MDD
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patients due to invasive or non-invasive treatments, such as ECT, sleep depriva-
tion and light therapy. Most importantly, the assessment of the intrinsic oscil-
latory properties of corticothalamic modules by means of TMS-EEG, i.e.
natural frequency, showed that frontal circuits in major psychiatric disorders
are characterized by abnormal intrinsic oscillations in comparison with healthy
controls.

The few examples reported above suggest that TMS-EEG may represent a use-
ful tool to explore the electrophysiological properties of cortical circuits in major
psychiatric disorders. In this perspective, future studies may consider and further
develop at least two interesting applications. First, as direct and non-invasive
measures of cortical excitability, TEPs could be systematically used to assess and
titrate the cortical effects of different stimulation protocols toward an individual-
ized approach. Second, the study of TMS-evoked oscillations should be extended
to other clinical populations, such as first-episode, drug-naive patients as well as
to siblings to define novel early markers of schizophrenia and to shed light on its
electrophysiological underpinnings.
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16.1 Introduction

Depression is estimated to affect more than 300 million people worldwide, showing
a l-year prevalence of 6.6%, and a lifetime prevalence of 16.2% [1]. It is the third
most important global cause of years lived with disability (YLD) [2], and is associ-
ated with suicidal ideation and suicide attempts (the rate of suicide in its most severe
forms can reach 15%) [3].

According to the fifth edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) of the American Psychiatric Association (APA), major depres-
sive disorder (MDD) consists of either depressed mood and/or diminished pleasure
and/or interest, for at least 2 weeks, associated with somatic, psychomotor, and
neurocognitive symptoms [4] (Table 16.1). The illness causes significant functional
impairment in multiple areas of a patient’s life.

Nowadays, first-line treatments for MDD are the diverse antidepressant medica-
tions and/or cognitive-behavioral therapy. However, results from a large and multi-
centric study, the STAR=*D trial, have shown that less than one-third of depressed
patients achieve remission after one medication, and another third do not achieve
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Table 16.1 Diagnostic criteria for major depressive disorder according to DSM-5 (APA)

Depressed mood most of the day and/or markedly diminished interest of pleasure for at least
2 weeks, associated with 5 or more of the following symptoms:

Significant weight loss or weight gain (or increased or decreased appetite)

Insomnia or hypersomnia
Psychomotor agitation or retardation
Fatigue or loss of energy

Diminished ability to think or concentrate or indecisiveness

Recurrent thoughts of death and/or suicidal ideation

remission after four or more adequate antidepressant trials [5]. Furthermore, as
higher dosages of antidepressants are used, intolerable adverse effects become more
frequent. Psychotherapy, on the other hand, albeit free of medication adverse effects,
is costly and time-consuming.

In this scenario, noninvasive brain stimulation (NIBS) techniques, like transcra-
nial direct current stimulation (tDCS), are being considered as treatment alterna-
tives for depressive disorders.

16.2 The Traditional tDCS Montage

tDCS consists of a low-intensity, continuous electrical current (usually <3 mA) that
is generated between two electrodes placed over the scalp: the anode (positive elec-
trode) and the cathode (negative electrode), with the current flowing in a radial
direction from the former to the latter [6]. However, only 10% of the total current
effectively reaches the nervous tissue, because the intermediate layers (skin, subcu-
taneous tissue, skull, and cerebrospinal fluid) exhibit high impedance [7].

The current is generated through a low-voltage source, generally consisting of
9-Volt rechargeable batteries. The International 10/20 EEG system is a traditional
reference for electrode positioning (i.e., most recent trials have positioned the anode
over the F3 and the cathode over the F4) [8] (Fig. 16.1). Due to the spatial charac-
teristics of this montage, the elicited current flow is perpendicular to the axons,
thereby polarizing the synapses and influencing deeper brain areas other than the
cortex [9]. Since the electrode surface area is large (25-35 cm?), tDCS is considered
to be nonfocal [7].

16.3 tDCS in Depression: Neurobiological Rationale

In depressive episodes, there is evidence of interhemispheric functional asymmetry:
the left dorsolateral prefrontal cortex (DLPFC) is observed to be hypoactive, and the
right DLPFC is observed to be hyperactive [10]. The DLPFC establishes connec-
tions with the frontoparietal network (FPN), which is implicated in decision-
making, working memory and attention, and it has been found to be hypoactive in
depression [11]. Hypoactivity of the FPN is associated, in its turn, with
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Fig.16.1 The figure
depicts the traditional
tDCS montage for the
treatment of depression.
The anode (in yellow)

is placed over F3,

and the cathode (in blue)
placed is over F4

(areas corresponding to the
left and right dorsolateral
prefrontal cortices,
respectively)

hyperactivity of the default mode network (DMN), composed by the anterior medial
prefrontal cortex, posterior cingulate cortex, and angular gyrus [12]. The hyperfunc-
tional DMN has been related to depressive behaviors, such as negative rumina-
tions [13].

The net effect of tDCS on the underlying brain regions depends on the direction
of current flow: the anode depolarizes and the cathode hyperpolarizes the neurons
[14]. For this reason, traditional tDCS montages use anodal stimulation over the left
DLPFC, thereby aiming to counterbalance the hypoactivity of this brain area and
the subsequent hyperactivity of the DMN [14]. The placement of the cathode has
been variable, as shall be discussed throughout this chapter.

Furthermore, tDCS induces long-lasting changes in neuronal plasticity, through
N-methyl-D-aspartate receptor-dependent mechanisms, similar to long-term poten-
tiation and long-term depression processes [15].

tDCS has also been associated with effects on ion channels in the cell membrane
resulting in neurochemical redistribution, changes in neurotransmitter concentra-
tions (like serotonin and dopamine) and in the functioning of blood vessels and
astrocytes [16].
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16.4 tDCS in Acute Depression: Evidence
from Open-Label Trials

Results from early open-label trials involving tDCS in depressive disorders were
quite promising, paving the way for randomized, controlled trials (RCTs).

For instance, Ferrucci et al. (2009) studied tDCS in 14 patients with severe
depression, obtaining a 30% improvement in depressive symptoms [17], and later,
in another open-label study (2009) involving 32 patients, the authors observed tDCS
to have a larger effect regarding the response in severe (50%) versus moderate
depression (10%) [18].

Subsequent open-label studies continued to demonstrate positive effects [19].
The naturalistic study by Brunoni et al. (2013), in which 82 unipolar and bipolar
patients were subjected to twice-daily tDCS sessions for 5 days (totaling 10 ses-
sions), showed a significant improvement in the levels of depression [20]. This
study was particularly important because it demonstrated that the effects of tDCS
were potentialized through the co-administration of antidepressants, and dimin-
ished through the use of benzodiazepines [20].

16.5 tDCS in Acute Depression: Evidence from Randomized,
Controlled Trials (RCTs) (Table 16.2)

The first RCT involving tDCS in depressed adults was published in 2006 by Fregni
et al., with positive results [21]. The authors further investigated the pro-cognitive
effects of tDCS in major depression, also achieving positive outcomes [22]. Both
trials were pilot studies with small samples (n = 10 and n = 18, respectively).
Subsequently, Boggio et al. (2008) also observed clinical improvement with tDCS
in a larger sample of 40 depressed individuals, without the use of antidepres-
sants [23].

Although these initial studies showed positive findings, two ensuing RCTs with
medicated and treatment-resistant patient samples presented negative outcomes [24,
25]. The reasons that might explain such negative findings include the negative
impact of mood stabilizers/anticonvulsants in tDCS efficacy in the RCT by
Blumberger et al. (2012) [26], and the high treatment resistance in the sample
recruited by Palm et al. (2012) [24].

Later, two larger RCTs by Brunoni et al. (2013 and 2017), which specifically
incorporated pharmacotherapy as an independent variable in their designs, have
shown that the combination of tDCS with a conventional antidepressant (sertraline
50 mg/day) is superior to isolated treatment alone [27], and that even though tDCS
is inferior to another antidepressant (escitalopram 20 mg/day), it is still superior to
the sham alternative [28].

Aiming to optimize tDCS efficacy, two RCTs have combined it with cognitive
control therapy (CCT), a procedure consisting of cognitive tasks associated with
DLPFEC activity, like working memory and sustained attention training. Seagrave
etal. (2014) [29] observed a sustained antidepressant response at follow-up only in
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the group that received both interventions (tDCS and CCT, and not in each individu-
ally), while Brunoni et al. (2014) observed similar rates of response both in patients
that received tDCS + CCT and sham tDCS + CCT [13]. Both RCTs recruited small
samples. A larger trial (n = 192), investigating whether the clinical effects of
cognitive-behavioral group therapy can be augmented by tDCS is still ongoing, with
pending results [30].

In contrast to single-center trials, tDCS multicenter trials have tried to improve
the generalizability of findings by evaluating the efficacy of the intervention in
diverse populations. To date, the results of one multicenter trial by Loo et al., which
randomized unipolar (n = 91) and bipolar (n = 39) patients to active or sham tDCS
(with concurrent mood stabilizers and antidepressants) failed to show a significant
between-group difference, as both groups improved over time [31]. Interestingly,
this study used higher stimulation parameters than those used in previous trials
(2.5 mA, applied for 30 min over 20 consecutive weekdays) [31]. The results of
another multicenter trial involving active versus sham tDCS, the DepressionDC (5
sites, n = 152) are still pending publication [32]. In the DepressionDC trial, only
unipolar patients are being randomized to active or sham tDCS as an add-on strat-
egy to a stable antidepressant regimen and will undergo advanced tDCS technology,
with recording of technical parameters (current, impedance, voltage) in every tDCS
session [32]. The authors believe that this will allow for better control of stimula-
tion, and further analysis of the interaction between technical parameters and rele-
vant clinical outcomes.

The RCTs mentioned so far have dealt with primary depression. However,
depression can also be associated with general medical conditions (i.e., neuro-
logic, cardiologic, and endocrinologic). In this scenario, tDCS can be an interest-
ing alternative, due to the possible contraindications of pharmacotherapy and its
lower side effect tolerability in such patients. Of note, in an RCT to evaluate the
efficacy of tDCS in post-stroke depression, Valiengo et al. (2017) randomized 48
patients to either active or sham tDCS, and observed that active tDCS was supe-
rior to sham in all endpoints [33]. Nevertheless, a recent meta-analysis (2018)
concluded that a general statement about the efficacy of tDCS in post-stroke
depression cannot be yet reached, due to the small sample sizes, heterogeneous
methodologies, lack of uniform diagnostic criteria, and divergent data of avail-
able studies [34].

Although many of the cited studies recruited mixed samples of unipolar and
bipolar patients, Sampaio Junior et al. (2018) randomized 59 patients uniquely with
bipolar depression for either sham or active tDCS, under a stable pharmacological
regimen with mood stabilizers [35]. The authors observed that tDCS showed supe-
rior improvement compared to sham [35]. Corroborating these findings, a recent
meta-analysis (2017) concluded that bipolar depression responds well to tDCS,
especially within 1 week of treatment [36]. However, since there is little data avail-
able to assess active tDCS versus other treatment modalities in bipolar depression,
tDCS could only be evaluated in terms of response, rather than comparative efficacy
[36]. Additional studies are still needed to clarify the effectiveness of tDCS in bipo-
lar depression.
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16.6 tDCS in the Maintenance Phase of the Depressive
Episode: Results from Follow-Up Studies

The efficacy of tDCS as a continuation therapy for the maintenance phase of the
depressive episode, and its role in relapse prevention, has been insufficiently inves-
tigated in the literature [37]. However, results from three follow-up studies, in which
participants were pooled to receive tDCS as a continuation treatment for up to
6 months after an acute phase trial, showed promising results.

Aparicio et al. (2018) recruited 24 patients (16 with unipolar and 8 with bipolar
depression) [38]. Sessions were performed twice a week over 6 months, with a
mean survival duration of 17.5 weeks, a survival rate at the end of follow-up of
73.5%, and a trend for lower relapse rates in nontreatment resistant patients [38].

Martin et al. (2013) recruited 26 participants from two different studies, and
offered sessions on a weekly basis for 3 months, and then, once per fortnight for the
final 3 months [39]. The cumulative probability of surviving without relapse was
83.7% at 3 months, and 51.1% at 6 months, with medication-resistance being a
predictor of poor response [39].

Finally, Valiengo et al. (2013) recruited 42 patients who responded to tDCS in
the acute depressive phase (SELECT-trial) to receive a maximum of 9 tDCS ses-
sions (every other week for 3 months, and then monthly for the remaining 3 months)
[40]. The mean response duration was 11.7 weeks at a survival rate of 47%. Patients
with treatment-resistant depression presented a lower 24-week survival rate as com-
pared to nonrefractory patients (10% vs. 77%, OR = 5.52, p < 0.01) [40]. Perhaps
the lower survival rate of the last trial, comparing with the other two, is associated
with a less intensive course of tDCS sessions.

Future tDCS follow-up trials for depression should focus on optimization of
maintenance phase parameters, such as frequency of sessions for longer periods
than 6 months, in order to better understand the role of tDCS in depression relapse
prevention.

16.7 tDCS in Depression: Recent Meta-Analyses

Three recent meta-analyses corroborate tDCS as an effective treatment in depression.
Brunoni et al. (2016), in a meta-analysis of individual patient data, observed that
tDCS was significantly superior to sham for response (34% vs. 19% respectively,
odds ratio (OR) = 2.44, 95% CI 1.38-4.32, number needed to treat (NNT) = 7),
remission (23.1% vs. 12.7% respectively, OR = 2.38, 95% CI 1.22—4.64, NNT =9)
and depression improvement (B coefficient 0.35, 95% CI 0.12-0.57) [41]. The
authors observed that treatment-resistant depression and higher tDCS doses (2 mA)
were, respectively, negatively and positively associated with tDCS efficacy [41].
Subsequently, Mutz et al. (2019), in a systematic review and network meta-
analysis about the comparative efficacy and acceptability of nonsurgical brain stim-
ulation for the acute treatment of MDD in adults, observed tDCS to be efficacious
across outcomes in both pairwise and network comparisons (response OR = 2.65,
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95% CI 1.55-4.55) [42]. The authors considered that since tDCS is less expensive
than transcranial magnetic stimulation (TMS), electroconvulsive therapy (ECT),
and psychotherapy, the positive response finding can be relevant for policymakers
who might consider tDCS as a clinical therapy outside the research setting [42].

Finally, Yuan (2019) reported an obviously significant difference between tDCS
and control groups in both the Montgomery-Asberg Depression Rating Scale
(MADRS) (p < 0.00001, mean difference = —5.18, 95% CI —7.13 to —3.23) and the
Hamilton Depression Rating Scale (HDRS-17) (p < 0.00001, mean differ-
ence = —3.95, 95% CI —5.58 to —2.32) [43]. Furthermore, the author highlighted
tDCS as a safe method, with few adverse events [43].

16.8 tDCS Safety and Tolerability

tDCS is widely considered a safe and well-tolerated technique, especially since the
traditional current intensities are far below the thresholds which could cause brain
injury [19]. Furthermore, since no action potentials are elicited, the seizure risk
associated with tDCS remains negligible [19].

Common tDCS adverse events include local itching, tingling, burning sensation,
and discomfort at the application site [8]. These effects occur in approximately 30%
of patients, with erythema reaching an incidence of 80%, albeit low patient percep-
tion in clinical practice [8]. The risk of skin burns due to the electrical currents can
be greatly diminished with a proper soaking of sponges with saline solution [19].

Very rare side effects include headaches, blurred vision, ringing in the ears,
brighter or illuminated vision, fatigue, nausea, mild euphoria, reduced concentra-
tion, disorientation, insomnia, and anxiety (all with minimal difference between
active and sham tDCS) [37]. Finally, meta-analyses have suggested that there is no
increased risk of tDCS-induced mania/hypomania [44].

Despite its side effect profile, active tDCS has been considered as acceptable and
safe as sham tDCS.

16.9 tDCS in Psychiatric Practice

Even though tDCS is not yet approved by the US Food and Drug Administration
(FDA) for the treatment of depression, it bears a CE mark and, according to recent
clinical guidelines, is possibly/probably effective for depression [37, 45].

The CANMAT 2016 Clinical Guidelines for the Management of Adults with
MDD (Sect. 4. Neurostimulation Treatments) consider tDCS as a third-line treat-
ment for the acute depressive phase [37]. These guidelines recommend that a mini-
mum stimulation with 2 mA for at least 30 min per day for 2 weeks is necessary to
observe an antidepressant effect, but had at that time no recommendations for main-
tenance treatment [37].

The guidelines by Lefaucheur et al. (2017), on the other hand, distinguished
recommendations according to the specific tDCS montage: although the target
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electrode is placed over the left DLPFC (F3) in all cases, the cathode can be placed
either over the orbitofrontal area (OFC) or the right DLPFC (F4) [45]. Regarding
the OFC montage, there is a B level of evidence with 2 mA for 10 daily, 20-30 min
sessions, in medicated or drug-free patients with MDD, and no drug-treatment
resistance [45]. Concerning the right DLPFC (F4) montage, no recommendation
could be made at that time [45], although larger studies that were published after
these guidelines showed the F3/F4 montage to be efficacious (see Brunoni et al.
2017) [28].

At present, tDCS is still considered inferior in antidepressant efficacy in relation
to TMS [37], but it is less expensive and more portable than the latter. These are the
advantages that could make tDCS suitable for future home-use.

16.10 tDCS: Future Directions

The question of how to improve tDCS efficacy in MDD, in comparison with its first-
line treatments (antidepressants and cognitive-behavioral psychotherapy) and TMS,
remains open.

It is now understood that increasing current strength is not always a better alter-
native. In fact, one study showed that increasing current intensities (to 2.5 mA, as
opposed to the recommended 2 mA) did not increment the efficacy of active tDCS
[31]. On the other hand, recent research strategies have dealt with the combination
of active tDCS with different modes of cognitive interventions aiming at synergis-
tic, and not only additive, mechanisms. The rationale behind this dual strategy relies
on the knowledge that the effects of NIBS techniques are known to be “state-
dependent”, that is, the “state” of the targeted cortical region influences their net
effect [46]. In this sense, psychological methods such as cognitive-control therapy,
which activate the same NIBS-stimulated regions, may improve clinical outcomes
[46]. The dual strategy also offers patients the possibility to be engaged in meaning-
ful cognitive activities during the period of electrical stimulation (usually half an
hour), instead of letting depressive ruminations and negative effects dominate the
mind at random.

Nowadays, in clinical practice, fixed current intensities and montages are used,
without taking into consideration individual differences in brain function. Future
RCTs involving tDCS should take into account these individual differences, which
could affect the current distribution and clinical effect [14]. In this sense, individual
modeling through brain scans and specific software can be used in two complemen-
tary strategies: (1) fixed current intensity and subsequent analysis of clinical effect
(2), and diverse current intensities aiming at the same current dose at the neuronal
level [14].

Future tDCS studies should also explore the effect of different biomarkers (i.e.,
genetic, epigenetic, biochemical, neuroimaging, neurocognitive) related to different
subgroup responses. For instance, recent clinical findings suggest that baseline
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levels of the nerve growth factor (NGF) predict early depression improvement for
tDCS versus escitalopram [47], and pre-treatment letter fluency, an ability associ-
ated with the left prefrontal cortex, was also observed to be a predictor of tDCS
response [48].

Since tDCS is portable and relatively easy to apply, its home-use is also a topic
for further exploration. Studies that have so far dealt with this issue involve small
samples, are single-blinded, and focus on feasibility and safety [49]. Current recom-
mendations for future home-use tDCS research include proper training of research
staff, assessments of user participation capability, simple electrode preparation
techniques and tDCS headgear, and strict dose control for each session, among oth-
ers [50]. Home-use tDCS also avoids transportation costs and logistical problems
regarding recruited patient samples in tDCS related research.

The self-use of tDCS is becoming more and more widespread (for instance, the
“Do-It-Yourself” internet movement), with an increasing interest in its use for cog-
nitive enhancement in otherwise healthy individuals. However, this behavior bears
considerable risks, and its long-term clinical and side effects are still not properly
understood [49]. Therefore, the scientific community and health regulatory agencies
should prioritize the definition of objective and evidence-based clinical guidelines
for home- and self-use tDCS, taking into account their multiple ethical
considerations.

16.11 Conclusions

Depression is a global and incapacitating illness, whose first-line treatments are far
from being completely efficient in the majority of cases, and bear with them a mul-
titude of side effects. Psychotherapy, albeit free of medication side effects, is costly
and time-consuming, and is not readily available in remote areas. NIBS techniques
(like TMS and tDCS) are becoming increasingly recognized as efficient, safe, and
tolerable interventions in the treatment of depression.

Early clinical trials comparing tDCS to placebo achieved mixed results (notably,
with different protocols and montages), but more recent RCTs, involving larger
patient samples and fixed montages, have shown tDCS to be more effective than
placebo in the treatment of acute depression, with preliminary and promising results
in maintenance open-label phases. Ensuing meta-analyses have confirmed these
findings.

Even though tDCS is currently considered inferior to TMS in the treatment of the
acute depressive episode, it has some advantages over TMS, like lower cost, porta-
bility and the possibility of self-use at home. These practical advantages offer a fair
rationale for the continuation of tDCS-related research. tDCS augmentation with
cognitive interventions, individual patterns of current distribution, and biomarkers
associated with clinical response are considered relevant and interesting lines of
research.
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for the Treatment of Hallucinations
in Patients with Schizophrenia

Jérome Brunelin and Emmanuel Poulet

17.1 Introduction

Schizophrenia is a disabling disease affecting approximately 0.7% of the worldwide
population [1]. Among the clinical dimensions of schizophrenia, one of the most
debilitating symptoms is the presence of auditory verbal hallucinations (AVH).
AVH affect 75% of patients with schizophrenia [2], have generally a negative con-
tent, and increase suicide risk [3]. Neuroimaging studies have repeatedly shown that
AVH are associated with abnormal activity and connectivity of several cortical
regions including Wernicke’s and Broca’s areas, the auditory cortex, the medial
temporal lobe, the insula, and paracingulate region of the medial prefrontal
cortex [4].

Currently, the first line of treatment for AVH consists of antipsychotics, with
second-generation antipsychotics being more effective than classic neuroleptics.
Clozapine remains the drug of choice for patients resistant to antipsychotic agents,
while long-acting medications are advised to increase treatment adherence [5]. In
adjunction to antipsychotic treatment, cognitive-behavioral therapy, including cop-
ing strategies [6] and electroconvulsive therapy [5], can also be proposed. However,
despite this therapeutic armamentarium, AVH treatment-resistance remains high,
and approximately 25-30% of patients report AVH even during adequate treatment.
In such cases, the development of well-tolerated, non-pharmacological, noninvasive
brain stimulation treatments targeting the brain region involved in the pathogenesis
of AVH have been explored as treatments for these symptoms [7].
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Thus, within the last 10 years, transcranial direct current stimulation (tDCS) has
been proposed as a therapeutic solution to decrease AVH in patients with schizo-
phrenia [8, 9]. Here, we aim to provide an update of the literature examining the
clinical effects of tDCS on AVH in patients with schizophrenia by conducting a
review of randomized, sham-controlled studies on this topic.

17.2 Methods
17.2.1 Literature Search Strategy

We searched for articles published up until June 2019 in the PubMed and Web of Science
databases using the following search terms: (“hallucinate” OR “hallucinated”” OR “hal-
lucinating” OR “hallucination” OR “hallucinations” OR “hallucinatory” OR “halluci-
nators” OR “hallucinatory””) AND “schizophrenia” AND (“transcranial direct current
stimulation” OR (“transcranial” AND “direct” AND “current” AND “stimulation’””) OR
“transcranial direct current stimulation” OR “tdcs™). We also searched for articles in
tDCS review articles and in the reference lists of retrieved articles.

17.2.2 Selection Criteria

The selection criteria were as follows: (1) original articles written in the English
language, (2) sham-controlled trials, and (3) studies that included patients with
schizophrenia. We excluded (1) case reports, (2) review articles, (3) meeting and
conference abstracts, (4) open-label trials, (5) articles addressing the effects of other
brain stimulation techniques (e.g., transcranial random-noise stimulation), and (6)
studies that did not provide a clinical measure of hallucinations.

17.2.3 Data Extraction

For each study, the following data were extracted: (1) demographic and clinical
characteristics of the patients including total sample size, diagnosis, age (in years),
sex (male/female), handedness (right/left-handed), and antipsychotic medication
dose; (2) tDCS parameters such as the type of device used, anode and cathode
placement (according to the 10/20 international EEG system), electrode size (cm?),
intensity (mA), duration (min), and number and frequency of sessions (number of
session per day); and (3) outcomes (the scale used to measure hallucinations) and
main results (changes in hallucinations after tDCS).
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17.3 Results

The primary search yielded 73 results on the PubMed database. After excluding
studies according to our selection criteria, 11 randomized sham-controlled studies,
investigating the effects of tDCS on hallucinations in patients with schizophrenia,
were selected. Table 17.1 summarizes the methodologies and results of the selected
studies.

Among the 11 retrieved studies, six found a significant decrease in AVH after
active tDCS compared to sham, one reported a trend toward a significant decrease
in AVH ([10], p = 0.1) and 4 reported no superiority of active tDCS over sham to
decrease AVH [11-14].

These studies came from independent groups of researchers from different coun-
tries around the world (Australia, France, India, the Netherlands, Taiwan, and three
groups in the United States). In total, nearly 400 patients were included in these stud-
ies and among them, more than half received active tDCS. Regarding the demo-
graphic and clinical characteristics of the patients, almost all studies included those
diagnosed with schizophrenia according to DSM-IV or DSM-5 criteria. Some stud-
ies included patients with schizophrenia, patients with schizoaffective disorder,
patients with psychosis NOS, patients with affective disorder, and patients with bor-
derline personality disorder. Patients of both sexes were included. The mean age of
included patients varied from 35.1 to 46.8. The large majority of studies included
only right-handed patients, but some of them also included several left-handed
patients. Patients were on antipsychotic medication in the large majority of studies,
and the dose of medication varied from 493 to 1209 mg/day of chlorpromazine
equivalents.

Regarding tDCS devices, all selected studies, except four, used the Eldith/
Neuroconn DC stimulator device (NeuroConn GmbH, Ilmenau, Germany). The
large majority of studies delivered tDCS for 20 minutes with a current intensity set
at 2 mA, with 2 electrodes of 35 cm?, the anode placed midway between FP1 and F3
(dorsolateral prefrontal cortex) and the cathode placed midway between T3 and P3
(temporoparietal junction). tDCS regimen usually consisted of 10 (up to 40) ses-
sions, delivered twice a day over 5 consecutive days, with 3-5 hours between the
two stimulation periods.

The main standardized psychometric scales used to measure AVH were: the
Auditory Hallucination Rating Scale (AHRS), using its total score or its ‘frequency’
single item; and the Positive and Negative Syndrome Scale (PANSS), using the
‘hallucinations’ single item (P3).
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17.4 Discussion

The aim of this chapter was to provide an overview of the literature regarding the
current use of tDCS to alleviate hallucinations in patients with schizophrenia. Our
search of the PubMed and Web of Science databases yielded 11 RCT. Among them,
six studies reported the superiority of active tDCS over sham stimulation to reduce
hallucinations following repeated sessions of tDCS, whereas one reported only a
trend toward significant difference (in favour of sham) and 4 did not report the supe-
riority of active over sham stimulation.

Even if a relative homogeneity was observed between studies regarding the
intensity of stimulation (2 mA) and the duration (20 minutes) of the tDCS sessions,
some methodological, clinical, and demographic differences might explain the
conflicting results observed between the studies. First, only the cross over study
[11] failed to report any difference between active and sham, whereas all the posi-
tive studies were 2-arms parallel controlled studies. Since the duration of tDCS
after-effects is still under debate, the crossover design seems not to be an appropri-
ate way to investigate tDCS clinical effects. The parameters of stimulation also
varied between positive and negative studies. While positive studies delivered at
least 10 twice-daily sessions over 5 consecutive days with a 3—5 hours interval
between sessions, three negative studies delivered once-daily sessions for either
5 days [12, 14] or 15 days [11]. The total and daily numbers of tDCS sessions are
crucial parameters that can influence tDCS after-effects. This influence has been
repeatedly reported by studies investigating the effects of tDCS applied over the
motor cortex [15, 16]. In light of these studies, it can be hypothesized that 10
twice-daily sessions over 5 days would be more effective than 5 or 15 daily ses-
sions to reduce AVH. Regarding the electrode montage, a large majority of the
included studies used a frontotemporal electrode montage with the anode placed
over the left dorsolateral prefrontal cortex (F3 or midway between F3 and Fpl)
coupled with the cathode placed over the left temporoparietal junction (midway
between T3 and P3). Smith et al. [14] used a different electrode montage with the
anode over F3 and the cathode over Fp2 (supraorbital region), another study used
a 3-electrode montage. One can hypothesize that not targeting the left temporopa-
rietal junction, one of the main brain regions involved in the pathophysiology of
AVH [17], may partly explain the negative results observed in this study.

Second, with regard to clinical characteristics, AVH features in terms of fre-
quency, severity, emotional content, and level of pharmacoresistance may have an
influence on the ability of tDCS to alleviate AVH. For instance, the AVH frequency
varied between studies (from 3 or 5 AVH per week to continuous daily AVH).
Interestingly, Hoffman et al. [18] observed differences in brain activity during AVH
between continuous and intermittent hallucinators, especially in language-related
areas that are the brain targets of non-invasive brain stimulation. In addition, it is
important to note that the methods used to evaluate AVH severity (including AHRS)
might not have been optimal and did not permit a full exploration of all the com-
plexities of AVH phenomenon. Moreover, the four studies that did not report tDCS
efficacy were those including mixed samples with patients suffering from either
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schizoaffective or affective disorder, NOS or schizophrenia. Conversely, all studies
showing an effect of tDCS on AVH included patients with DSM schizophrenia
exclusively. One may hypothesize then that tDCS is more effective on AVH in
schizophrenia than in schizoaffective disorder.

Discrepancies between studies may also be explained by concomitant medica-
tion therapy (antipsychotic, benzodiazepine, and antidepressant). Indeed, a large
body of studies in healthy volunteers has reported that medications (dopaminergic,
serotonergic, and GABAergic drugs) might interact with the tDCS after-effects on
neural plasticity. For instance, sulpiride, a blocker of the dopamine-D2 receptor, is
known to nearly completely abolish the induction of tDCS after-effects in healthy
volunteers [19]. Consistent with this, Agarwal et al. [20] reported that patients
receiving antipsychotics with a high affinity for the dopamine D2 receptor showed
significantly less improvement of AVH after tDCS compared to patients receiving
low-affinity antipsychotics or a combination of both. Furthmore, Chhabra et al. [21]
reported that patients with Val/Val polymorphism of Catechol-O-methyltransferase
(COMT), an enzyme that degrades dopamine in the frontal regions, showed a
greater improvement of AVH after tDCS than patients with a Met allele (Val/Met or
Met/Met polymorphisms). These findings suggest that depending on their func-
tional polymorphism, patients with schizophrenia could be less responsive to tDCS
if they have a lower active dopamine degradation enzyme. Thus, medication, and
especially antipsychotic dopaminergic medication, as well as dopamine metabolism
have an influence on tDCS after-effects.

Another confounding factor might be the presence of comorbidities of patients
with schizophrenia such as tobacco use disorder or borderline personality disorder
[13, 14], which was not systematically reported in the included studies. In line with
this, in an open study, Brunelin et al. [22] reported that tobacco smokers were non-
responders to tDCS (—6% of AVH score after tDCS), whereas nonsmokers showed
a significant 46% decrease of AVH following the same tDCS regimen. It is impor-
tant to note that in the Smith et al.’s study [14], reporting negative results, all patients
were regular smokers. Further studies are needed to evaluate the optimal combina-
tion between tDCS, smoking status and medication.

In sum, current evidence suggests that active tDCS could reduce AVH by approxi-
mately 25%. The most commonly used parameters consisted of delivering 10 twice-
daily sessions over 5 consecutive days (20 min, 2 mA) with the anode placed over the
left dorsolateral prefrontal cortex and the cathode over the left temporoparietal junc-
tion. However, these findings primarily came from preliminary studies with small
sample sizes, and some studies reported conflicting results. Further, large, random-
ized controlled trials evaluating the clinical effects of tDCS on AVH in patients with
schizophrenia are needed in order to reach a firm conclusion on its efficacy.
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18.1 Introduction

Obsessive—compulsive disorder (OCD) is characterized by obsessions and/or com-
pulsions. Obsessions are repetitive, intrusive, irrational, anxiety-provoking, ego
dystonic thoughts, urges, or images that are generally not pleasurable. Compulsions
are repetitive behaviours or mental acts that the individual feels driven to perform in
response to an obsession [1, 2]. OCD is often considered as a chronic and disabling
mental disorder with an estimated lifetime prevalence of 1.0-3% [3, 4]. It accounts
for 2.5% of the total global years lost to disability and is among the top 20 causes of
illness-related disability in people aged 15—44 years [5]. OCD is a heterogeneous
condition characterized by a wide range of symptoms, which are grouped into a
smaller number of unique symptom dimensions, such as the need for symmetry,
forbidden thoughts, cleaning, and hoarding [6]. These symptom dimensions of
OCD have unique patterns of comorbidity [7], heritability [8], neuropsychological
profile [9], neuroanatomical correlates [10], possibly a differential course [11] and
treatment response [12, 13].

A significant proportion, i.e. 40-60% of the patients with OCD, do not respond
satisfactorily to the first-line pharmacological treatment, including SRIs [14], and
approximately 30% of patients with OCD fail to respond to any empirically based
intervention, including cognitive behavioural therapy [15].

Treatment methods like deep brain stimulation (DBS) and stereotactic surgeries
are considered in treatment refractory OCD. These options require a neurosurgical
intervention in a specialized setting and they are sometimes associated with adverse
effects. Moreover, the acceptance of invasive treatment modalities as a treatment
option by patients is also a concern. In this context, non-invasive brain stimulation
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(NIBS) techniques could bridge this gap and could potentially emerge as treatment
options as augmenting strategies to address partial responders, residual symptoms
with conventional treatment, and treatment-resistant/refractory OCD. Repetitive
transcranial magnetic stimulation (rTMS) has been evaluated with a moderate suc-
cess rate across studies in treatment-resistant OCD [16, 17]. Transcranial direct cur-
rent stimulation (tDCS) is a novel and a re-emerging non-invasive neuromodulatory
treatment option of interest with promising preliminary evidence in the last decade
for OCD. The application of tDCS therapeutically modulates brain network activity
and, hence, an overview of neural circuitry abnormality of OCD might be beneficial.

18.2 Neurobiology of OCD and the Potential Target Regions
for tDCS

Many studies involving neuropsychological functioning, structural and functional
neuroimaging as well as treatment studies in OCD have implicated the potential role
of neural circuitry dysfunction. Cortico—striato—thalamo—cortical (CSTC) circuit
abnormalities remain one of the prominent pathophysiological abnormalities in
OCD [18, 19]. CSTC circuit has direct and indirect pathways. In the direct pathway,
an excitatory glutamatergic signal projects from cortex on to the striatum, which
further sends an inhibitory GABA-ergic signal to the internal part of the globus pal-
lidus and sub-thalamic nucleus. This results in disinhibition of the thalamus and an
increased excitatory effect on the cortex. In the indirect pathway, an excitatory glu-
tamatergic signal projects from cortex to striatum, which further projects an inhibi-
tory GABA-ergic signal on to the external part of the globus pallidus and the
subthalamic nucleus, sending an excitatory signal to the internal part of the globus
pallidus, which further sends inhibitory signals to the thalamus. The net result of the
indirect pathway is increased inhibition of the thalamus and decreased excitation on
the cortex. In this way, the direct pathway functions as a self-reinforcing positive
feedback loop and contributes to the initiation and continuation of behaviours,
whereas the indirect pathway provides a mechanism of negative feedback, which is
essential for the inhibition of behaviours and switching between behaviours. In
patients with OCD, an imbalance between the direct and indirect pathways results
in excessive activity in the direct pathway over the indirect pathway, leading to
hyperactivation of the orbitofrontal-subcortical pathway.

The CSTC circuits are parallel, partially non-overlapping circuits with origin
from different cortical regions. These are as described subsequently.

18.2.1 Motor Circuit/Sensorimotor Circuit

This connects the sensorimotor and motor cortices, consisting of the pre-
supplementary motor area (pre-SMA)/supplementary motor area (SMA) with the
putamen, which further projects on to the globus pallidus interna and externa and
caudal substantia nigra. The internal pallidal segment, in turn, projects to the ven-
trolateral thalamic nucleus and finally back to the sensorimotor cortex [20].
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Table 18.1 Summary of functions of the brain structures implicated in OCD

Regions of Functional status in
brain Functions OCD Suggested montage placement
OFC and Reversal learning Hyperactive Cathodal stimulation for
associated Emotional and inhibiting the hyperactive OFC
networks motivation behaviour
Motor and response
inhibition
Monitors reward values
dIPFC and Set shifting Preliminary Cathodal stimulation of left
associated Executive functions evidences to suggest | dIPFC and anodal stimulation
networks (planning and working | hyperactive left of right dIPFC might hold
memory, attention, dIPFC and promise towards co-occurring
spatial information hypoactive right anxiety and depressive
and integration of dIPFC symptoms but to suggest any
emotional and ideal montage to address OC
cognitive processing) symptoms at this of time is
difficult
Pre-SMA Response inhibition Unclear about the Anodal stimulation to activate
Behavioural switching | activity level— the hypoactive pre-SMA
(from unwanted action | conflicting findings
to the desired action) Considering
Conflict monitoring Compensatory
hyperactivity during
response inhibition
task
Cerebellum | Motor coordination Hypoactive Anodal simulation to activate
Visuo-spatial the hypoactive cerebellum
information
Cognitive and affective
functions

OFC orbito-frontal cortex, dIPFC dorsolateral prefrontal cortex, Pre-SMA pre-supplementary
motor area

Functional neuroimaging studies in healthy individuals have consistently
reported that better response inhibition control, i.e. shorter stop signal reaction time
is associated with greater activation of pre-SMA [21, 22], which further strengthens
the role of pre-SMA in response inhibition [23]; for details refer to Table 18.1.
Lesions of the superior medial parts of the frontal lobes involving pre-SMA [24]
and transcranial magnetic stimulation of pre-SMA have shown to worsen the
response inhibition [25]. A few tDCS studies in healthy individuals with anodal
stimulation of pre-SMA have shown improvement in response inhibition [26, 27].
Response inhibition has been implicated as endophenotype in OCD: poorer response
inhibition performance in patients with OCD has shown to be associated with
hyperactivity in the pre-SMA [28]. Many researchers have interpreted this finding
in a contrasting manner regarding the causal versus consequential (compensatory)
hyperactivity of pre-SMA, which is crucial to choose an electrode montage in tDCS
(anodal-stimulating versus cathodal-inhibiting). Brain network activity is not static,
rather it undergoes changes continuously as per the internal and external demands;
hence, the functional activity of pre-SMA during resting state in comparison to
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Habit formation
Response inhibition
Behavioural

Motor coordination
Visuo-spatial

switching Ef:rll;aﬂoﬂ
Conflict monitoring “g:llﬁ and

affective functions

Set shifting
Executive functions

Reversal learning
Emotional and motivation
behaviour

Motor and response

inhibition
Monitors reward values

Fig. 18.1 Functions of the brain regions evaluated in tDCS studies. Pre-SMA (pre-supplementary
motor area), dIPFC (dorsolateral prefrontal cortex), OFC (orbito-frontal cortex)

demanding task differs [29-31]. Schematic representation of functions of the brain
regions and its neural circuits implicated in OCD, which are studied as targets for
tDCS stimulation, is given in Fig. 18.1.

18.2.2 Dorsal Cognitive Circuit

This circuit includes projections from the dorsal prefrontal regions, including the dor-
solateral prefrontal cortex (dIPFC) and dorsal anterior cingulate cortex (ACC) on to the
dorsolateral caudate nucleus, which is further connected to dorsomedial parts of the
globus pallidus and rostral substantia nigra [18]. Disrupted cortico-cortical interactions
between dIPFC and OFC are known to reduce the top-down cognitive control under
negative emotional distraction, resulting in dysfunctions of cognitive and emotional
processing in OCD patients [32], as shown in Table 18.1. Functional neuroimaging in
patients with OCD has implicated interhemispheric imbalance, while correction of the
interhemispheric imbalance is supplemented with clinical improvement in OCD symp-
toms [33]. Similarly, interhemispheric imbalance is thought to exist between left and
right anterior neural circuits involving dIPFC, i.e. hyperactivation of left dIPFC and
hypoactivation of the right anterior neural circuits with attempts to improve this imbal-
ance through neuromodulation [34]. Furthermore, dIPFC circuitry abnormalities
appear to be associated with executive function deficits (working memory) in OCD.

18.2.3 Ventral Cognitive Circuit

This circuit is formed by neural projections from the anterolateral orbitofrontal cor-
tex (OFC) to the ventromedial caudate nucleus, which in turn innervates the
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dorsomedial part of the internal pallidum and rostromedial substantia nigra. OFC
has extensive neural interconnections between dIPFC and amygdala and modulates
the cognitive and emotional regulation. It is crucial for the motor and response inhi-
bition; impaired function in this loop results in set shifting difficult and ritualized
behavioural responses [18] as shown in Table 18.1. Hyperactivity of the OFC-ACC
loop in patients with OCD is well established [35, 36]. Both medial orbitofrontal
cortex (mOFC) and lateral orbitofrontal cortex (IOFC) have separate neural connec-
tions and sub-serve different functions. Furthermore, both these structures are dif-
ferentially affected in OCD, with IOFC loop circuits showing signs of hyperactivity,
and mOFC circuits showing signs of hypoactivity [37].

In patients with OCD, functional connectivity between the ventral striatum and
other prefrontal regions is increased [38] and the overall illness severity correlates
with the alteration in the functional connectivity between ventral caudate regions
and OFC [39]. Treatment with deep brain stimulation (DBS) and repetitive transcra-
nial direct current stimulation (rTMS) appears to reduce the functional hypercon-
nectivity between prefrontal cortical regions and the ventral striatum/head of the
caudate nucleus and improvement in the clinical symptoms of OCD [40, 41].

18.2.4 Cerebellum

The CSTC circuit/orbitofronto-striato-pallido-thalamic loop has also interconnec-
tions with other regions of the brain such as the cerebellum, which is essential for
the visuo-spatial information [42]. Apart from the motor coordination, cerebellum
also serves the function of language, cognitive and affective behavioural functions
[43, 44]. Structural abnormality in the cerebellum has been reported in patients with
OCD [45, 46]. At resting state, hypoactivity in the bilateral cerebellum correlates
with symptom severity in patients with OCD [36]. Improvement in cerebellar hypo-
activity with pharmacological (selective serotonin reuptake inhibitors, SSRIs) treat-
ment has been studied [47]. rTMS stimulation of cerebellum in schizophrenia
patients is well tolerated and resulted in improvement of psychotic, depressive and
cognitive symptoms, providing preliminary evidence to target hypoactive cerebel-
lum in OCD for neurostimulation [48].

18.3 Summary of tDCS Studies in OCD

It is important to point out that, until today, the number of tDCS studies conducted
in OCD is very limited. Most of the studies have used an open-label design or are
case-level observations. There is only one blinded sham-controlled RCT.

A total of three studies have primarily stimulated dIPFC [34, 49, 50] as shown in
Table 18.2 and the sample sizes of these studies are too small to comment on the
efficacy. However, all these three studies are unique to use different stimulation
parameters such as anodal and cathodal stimulation of left dIPFC as well as bilateral
stimulation of dIPFC, which have not yielded significant improvement in OC symp-
toms. Similar to rTMS studies, the role of tDCS targeting dIPFC is limited only to
address the co-occurring anxiety and depressive symptoms.
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Table 18.2 (DCS studies with dIPFC as the primary target

tDCS
parameters
Current
Electrode size
Duration of
Type of study session
and sample No of
size (N) Electrodes sessions Findings
Volpato Sham- Cathode: left |2 mA No improvement in OC
et al. controlled dIPFC 35 cm? symptoms
(2013) study Anode: 20 min Improvement in depressive
[34] N=1 posterior 10 sessions (—=34% HAM-D) and anxiety
neck-base (1/day) (—=17.8% HMA-A) symptoms
with verum tDCS
Palm Case study Anode: left 2 mA Improvement in OC symptoms
et al. N=1 dIPFC 35 cm? (—22% YBOCS), depressive
(2017) Cathode: 30 min (=10% HAM-D) and anxiety
[49] right dIPFC | 20 sessions symptoms (—21% HAM-A)
(2/day, 3 h decreased
apart)
Dinn et al. | Open-label Anode: left 2 mA Post tDCS improvement in OC
(2016) study dIPFC 35 cm? symptoms (—23% OCI), but the
[50] N=5 Cathode: 20 min improvement did not persist till
right OFC 15 sessions 1-month follow up
(1/day) Improvement in depression
(—=30% BDI)

tDCS transcranial direct current stimulation, d/PFC dorsolateral prefrontal cortex, HAM-D
Hamilton depression rating scale, HAM-A Hamilton anxiety rating scale. OCI Obsessive—
Compulsive Inventory, BDI Beck Depression Inventory, YOCS Yale-brown obsessive—compul-
sive scale

There have been four studies, which have primarily targeted OFC, as shown in
Table 18.3. Out of these, three studies have also studied anodal stimulation of pos-
sible hypoactive cerebellum in patients with OCD with some promising results
[51-53]. However, these findings have not been replicated in larger, sham-controlled
designs yet. Among these studies, only one study [54] has a relatively higher sample
size (n = 42). However, since this study has used a different kind of leads with wide
range of electrical doses (2-3 mA), generalizing this finding with the other tDCS
studies is difficult. Other studies targeting same area have not yielded such higher
and sustained improvement in OC symptoms. In view of promising findings from
the rTMS studies, which have targeted OFC, it would be interesting to examine the
effect of tDCS on OFC of patients with OCD in well-designed studies.

Recently, there have been attempts to stimulate SMA/pre-SMA through tDCS, as
shown in Table 18.4. A randomized controlled partial crossover study of 10 patients
with OCD has shown worsening of OCD symptoms with anodal stimulation and
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Table 18.3 (DCS studies with OFC as the primary target

tDCS
parameters
Current
Type of Electrode size
study and Duration of
sample session
Study size (N) Electrodes No. of sessions | Findings
Mondino Case study | Cathode: left 2 mA Improvement in OC
etal. (2015) |N=1 OFC 35 cm? symptoms (—26% YBOCS)
[51] Anode: right 20 min
cerebello- 10 sessions (2/
occipital region | day;
2 h apart)
Bation et al. | Open-label | Anode: right 2 mA Improvement in OC
(2015) [52] study cerebellum 35 cm? symptoms (—26.4%
N=38 Cathode: left 20 min YBOCS)
OFC 10 sessions (2/ Effects lasted up to
day; 3 months
3 h apart)
Alizadeh Case study | Anode: right 2 mA Improvement in OC
Goradel N=1 occipital 25 cm? symptoms (—64% YBOCS),
et al. (2016) Cathode: left 20 min depression (—87% BDI);
[53] OFC 10 sessions (1/ and anxiety (—100%
day) HAM-A)
Najafi et al. | Open-label | Anode: 2-3 mA Improvement in OC
(2017) [54] study parieto- Three leads each | symptoms (—63.4%
N=42 temporo- in cathode and YBOCS)
occipital areas | anode 5.5 cm? Maintenance of the effect at
Cathode: right | 30 min 3 months’ follow up
OFC 15 sessions (1/ (=77.6% YBOCS)
day)

tDCS transcranial direct current stimulation, OFC orbito-frontal cortex, YOCS Yale-brown obses-
sive—compulsive scale, HAM-A Hamilton anxiety rating scale

improvement with cathodal stimulation of pre-SMA [58]. However, the only pub-
lished parallel-arm RCT with sham-controlled, blinded design (n = 25) with anodal
stimulation of left pre-SMA has shown significant improvement in OCD with active
tDCS compared to sham stimulation [60]. This finding is in tune with earlier two
case reports from the same group [55, 56]. However, an open-label study targeting
SMA with cathodal tDCS reported clinically significant improvement in 15% of the
participants [61]. The effect of cathodal tDCS on pre-SMA needs to be examined
using RCT design.

In summary, anodal stimulation of SMA/pre-SMA to improve the OCD symp-
toms has emerging evidence. Promising results of cathodal stimulation of left OFC
along with anodal stimulation of cerebellum deserve further evaluation using con-
trolled studies.
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Table 18.4 tDCS studies with SMA/pre-SMA as the primary target

tDCS
parameters
Current
Electrode
size
Duration of

Type of study session
and sample size No of
Study (N) Electrodes sessions Findings
Narayanaswamy | Case series Anode: left 2 mA Improvement in OC
etal. (2015) [55] | N=2 pre-SMA 35 cm? symptom (— >40%
Cathode: right 20 min YBOCS) in both the
OFC 20 sessions | subjects
(2/day, at Improvement in
least 3 h depressive as well as
between anxiety symptoms
2 sessions)
Hazari et al. Case study Anode: left 2 mA Improvement in OC
(2016) [56] N=1 pre-SMA 35 cm? symptom (—80%
Cathode: right 20 min YBOCS) during
OFC 20 sessions | 7 months
(2/day, at Similar improvement
least 3 h with booster session
between on relapse
2 sessions)
D’Urso et al. Case study Anode: 2 mA Worsening of OC
(2016) [57] N=1 pre-SMA 25 cm? symptoms after
Cathode: right 20 min anodal tDCS
deltoid 10 sessions | Improvement in OC
And then, (1/day) symptoms (—30%
reverse montage YBOCS) after
cathodal tDCS
D’Urso et al. Randomized Active electrode- |2 mA Cathodal tDCS was
(2016) [58] controlled midline 25 cm? significantly more
partial pre-SMA 20 min effective than anodal
crossover study | Reference 10 sessions | tDCS
N=12 electrode: right (1/day) In the active cathodal
(10 subjects deltoid arm, improvement in
completed the (cathode or OC symptoms
RCT) anode based on (—=17.5% YBOCS)
the cross-over with 10 sessions,
design) (—20.1% YBOCS)
with 20 sessions
Silva et al. Case study Cathode: 2 mA Subject 1: no
(2016) [59] N=2 bilateral SMA 25 cm? improvement at week
Anode: right 30 min 4, YBOCS score
deltoid 10 sessions | dropped by 18% at
(1/day) week 12

Patient 2: YBOCS
score reduced by
17% at week 4;
reduction of 55% at
week 12
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Table 18.4 (continued)

Gowdaet al. Randomized, Anode: left 2 mA The improvement in
(2019) [60] double-blinded, | pre-SMA 35 cm? OC symptom was
sham- Cathode: right 20 min significantly greater
controlled trial | OFC 20 sessions in the verum tDCS (4
N=25 (2/day, at out of 12) compared
least 3 h to sham tDCS (0 out
between of 13)
2 sessions) Subjects who

responded with
verum tDCS all of
them have shown
>35% improvement

in YBOCS
Kumar et al. Open-label Cathode: 2 mA There was 35%
(2019) [61] study supplementary 25 cm? YBOCS reduction in
N=20 motor area 20 min 15% of the
(SMA) 20 sessions | participants
Anode: right (2/day, at
occipital area least 3 h
between
2 sessions)

tDCS transcranial direct current stimulation, pre-SMA pre-supplementary motor area, YOCS Yale-
brown obsessive—compulsive scale

18.4 What May be the Future of tDCS for OCD?

In view of its easy application, tolerability and relatively lower cost involved, tDCS
is a non-invasive neuromodulation strategy, which merits further evaluation in
OCD. Considering the challenge posed by treatment resistance to SSRIs in OCD,
tDCS might evolve as one of the treatment options. At present, field studies are
numerically limited and characterized by methodological inconsistencies and small
sample sizes. Therefore, more controlled studies are required to confirm some of the
preliminary observations.

Conventional tDCS is associated with diffuse stimulation over the required target
area and it may be less specific. Novel advancements, such as high-definition tDCS
(HD-tDCS), might be a potential strategy to overcome this limitation. In addition,
neuronavigation-based approaches would be a step forward to enhance treatment
precision. Furthermore, there is a need to examine the mechanism of symptom
improvement with tDCS. Use of computational modelling of electrical current
appears to be a significant advancement in tDCS research [62]. Neuroimaging,
mainly using functional MRI, as well as neurocognitive assessment may be impor-
tant tools in this regard. Finally, in oder to examine the effect of tDCS in OCD, we
also propose that well-designed studies may be conducted in larger samples, using
uniform methodology and multi-site collaborative efforts.
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Although medications currently used for psychiatric disorders have shown effi-
cacy, the nonspecific receptor selectivity and the inability to intervene in certain
brain target regions for homeostatic mechanisms still represent a huge obstacle in
pharmacotherapy of psychiatric disorders [1]. In the field of drug addiction, one
of the most prevalent psychiatric disorders, despite the enormous efforts to find
effective medications, there are only a handful of approved pharmacological treat-
ments with limited efficacy, as demonstrated by the high long-term relapse rates
[2, 3]. Many different molecules have been tested. Unfortunately, the results of
these trials have not been completely successful in meeting expectations [4-7].
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better understanding of their neurobiology, have paved the ground for new treat-
ment approaches and developments, as the case of non-invasive brain stimula-
tion (NIBS).

Prolonged exposure to addictive agents results in multiple circuit dysfunctions
through neuronal adaptation and toxicity mechanisms [8]. Significant alterations in
neural circuits can result in deficits in reward processing, salience attribution, moti-
vation, inhibitory control, learning and memory consolidation. This allows the birth
of a complex phenotype, characterized by different symptomatic dimensions, each
related to specific circuits. Transcranial neuromodulation techniques, such as tran-
scranial direct current stimulation (tDCS), could mitigate these deficits targeting
different neural circuits [9]. Among these, the Dorso-Lateral-Prefrontal-Cortex
(DLPFC), as the main node in the executive control network, certainly represents
one of the main targets.

A large body of literature implicates the DLPFC in the cognitive deficits
observed in many psychiatric disorders, including lack of inhibitory control,
impulsivity, altered decision making, which are also observed in individuals with
addiction [10, 11]. Moreover, neuroimaging studies have revealed that the activ-
ity in this area is significantly reduced in association with craving for substances
like alcohol [12], cocaine [13], nicotine [14] and heroin [15]. An increased activ-
ity of the DLPFC is associated with reduction of craving as showed in an fMRI
study in subjects abstaining from the use of nicotine even for only 4 hours [16].
This means that intervention targeting this region may result in reduced drug-
seeking and -taking behaviours. Craving is frequently correlated with impulsiv-
ity [17], and the stimulation of the DLPFC could also exert positive effects on
impulse control and attention regulation [1]. Therefore, the stimulation of the
DLPFC can modulate activity in this area as well as in interconnected areas
within the ECN, thus increasing inhibitory control over craving and restoring
executive functioning.

Stimulation of the DLPFC or other potential targets can be achieved by using
non-invasive brain stimulation interventions such as tDCS. This device, with the
transmission of positive or negative charges, acts on the resting membrane potential
of neurons causing depolarization (anodic-positive stimulation) or hyperpolariza-
tion (cathodic-negative stimulation), respectively [18-20]. The flow is convention-
ally considered as directed from the anode to the cathode, creating a closed circuit
[21]. Several neurobiological mechanisms explain the neuromodulation and neuro-
plasticity induced by tDCS: (1) the increase of the intracellular concentration of
Ca*™ (in particular using anodal tDCS) [22]; (2) the modulation of the excitability of
glutamatergic synaptic receptors in pyramidal neurons and the inhibition of the
release of GABA [23-25]; (3) probable modulation of brain-derived neurotrophic
factor (BDNF) levels [26].

The cognitive modulation associated with tDCS is probably related to all these
neurobiological aspects, but may also be determined by the activation of the ventro-
medial prefrontal cortex (vmPFC), modulated by alterations established at the level
of DLPFC following repeated anodic stimulation. The indirect effects on vmPFC
could therefore be the means by which tDCS act on self-control and decision
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making, strongly altered cognitive processes in people with drug-use disorders, also
reducing the risk of relapse [27]. It is believed that tDCS is a reasonable alternative
to existing addiction therapies.

19.2 tDCS as a Therapeutic Tool in Addiction Medicine

Recently, several studies have been evaluating the efficacy of tDCS for addictive
disorders. In particular, a systematic review conducted in 2017 summarized results
from 18 different studies using tDCS. Several substances were considered in the
review (caffeine, alcohol, cannabis, cocaine, heroin, nicotine, methamphetamines
and novel psychoactive substances) and 16 articles studied the efficacy of tDCS
applied to the DLPFC, whereas two articles evaluated the efficacy of tDCS to the
frontal-parietal-temporal area (FPT), indicating how DLPFC stimulation has
received considerable scientific evidence. With regard to the clinical efficacy, while
all DLPFC studies showed a reduction in craving, in studies with the placement of
electrodes on FPT, only one showed significant data. Electrodes were placed with
the anode on the right and the cathode on the left in six studies, with the anode on
the left and the cathode on the right in six studies and with anode right/left—cath-
ode right/left in four studies [28]. Lapenta and colleagues examined 29 articles on
the use of tDCS in the treatment of addictions reviewing not only the clinical effi-
cacy but also the related neurophysiological and cognitive implications of this tech-
nique. This work considered food, nicotine, alcohol, cocaine, crack,
methamphetamine and cannabis supporting the role of tDCS in the treatment of
addictions both in terms of craving and quantity of substances taken, and in terms
of improvement of executive and cognitive functions [9]. Finally, Ekhtiari and col-
leagues published in 2019 a consensus paper describing the current knowledge of
tDCS and TMS in the field of addiction. This review highlights how the most used
amperage is 2 mA and that most studies (71%) did not include any follow-up (there
were only two studies with 1-year follow-up). An interesting aspect is when tDCS
stimulation should be applied, with the definition of four different groups: (1) before
the participant sought standard treatment (2) while the subject was treatment seek-
ing but before undergoing standard treatment, (3) within the first month of standard
treatment (mainly detoxification and stabilization) and (4) after the initial recovery
period (more than 1 month). Another interesting issue is how craving, the main
outcome of treatment effectiveness, has been rated in the different studies: the use
of VAS scale or the amount of intake of substance should probably be associated
with cue-reactivity behavioural paradigms or biological metrics [29].

19.2.1 tDCS in Nicotine-Use Disorder

Tobacco-use disorder, as well as causing countless organic damage with a high
impact on public health costs, has recently been strongly linked to the onset of
depressive episodes [30]. Thus, given that NIBS has been shown to be effective in
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treating depressive disorders, these interventions can be used as a treatment for
comorbid tobacco-use disorders and depression.

One of the first studies investigating the efficacy of tDCS in cigarette addiction
was the one of Fregni and coll. in 2008. They tested 24 subjects randomized to
receive three different tDCS modalities in a single session: (1) sham tDCS; (2)
anodal tDCS over the right DLPFC (R-DLPFC); (3) anodal tDCS over the left
DLPFC (L-DLPFC). All the active tDCS protocols were set with 2 mA for 20 min-
utes of stimulation. A significant reduction on craving was observed only in the
active tDCS protocols [31]. In another study, Boggio and colleagues assessed the
effects of five consecutive sessions of tDCS on the DLPFC. Twenty-six patients
were randomized to two separate groups: L-DLPFC anodal stimulation
(2 mA/20 min) and sham stimulation. Results showed a small but significant reduc-
tion in cigarette consumption and craving in the treated group compared to the pla-
cebo group [32]. Xu and colleagues used the same protocol (L-DLPFC
2 mA/20-minute anodal vs. sham stimulation), applying the cathode above the right
supraorbital area. They tested also the attention level of the participant during the
stimulation with a computer task to assess the efficacy of tDCS not only on the crav-
ing level but also on cognition and mood in dependent smokers after overnight
abstinence. Results showed a reduction of negative effect in these subjects that was
strictly related with craving level, but no efficacy on attention and cognition was
observed [33]. In another study, Falcone and colleagues investigated, in a sample of
25 subjects, not only the reduction of the intensity of craving or the number of ciga-
rettes smoked, but also the ability to resist smoking. Using anodal stimulation of
LDLPFC and cathodal stimulation of right supraorbital area (compared with sham),
the research team applied a single 20-minute session with an intensity of
1.0 mA. Every participant underwent tDCS seeing smoking-related cues: patients
had the option to smoke at any time or receive $1 for every 5 min they abstained. At
the end of the study, an increase in latency was observed between the consumption
of cigarettes with a significant reduction in the amount of tobacco consumed only in
the group of patients who underwent an active stimulation [34]. A very recent study
performed by Ghorbani Behnam and colleagues examined not only the efficacy of
the ‘anodal LDLPFC/cathodal RDLPFC’ stimulation versus sham, but also versus
bupropione, the gold standard in the pharmacological treatment of tobacco addic-
tion. In fact, subjects were divided ramdomly into five groups: (1) treatment with
300-mg bupropion (8 weeks); (2) active tDCS (20 sessions for 4 weeks); (3) sham
stimulation like group 2; (4) active tDCS (20 sessions for 12 weeks), and (5) sham
stimulation like group 4. The main finding of the study was that the longer-period
tDCS group had a better percentage of 6-month abstinence rate (25.7%) compared
with the short-period tDCS group (7%), showing no significant differences with
respect to the bupropion group (6-month abstinence rate of 20%). Both the two
active tDCS protocols were also better than the sham stimulation groups [35]. More
information about the functional connectivity after the stimulation of tDCS in these
treatments is given by a recent study of Yang and colleagues. Placing the anode over
the F3 and the cathode over the F4 (10-20 EEG system), 32 smokers were stimu-
lated for 30 minutes, in an MRI scanner, at 1-mA intensity. During this period of
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treatment, after the acquisition of an anatomical scan, they also completed a go/
no-go task, a monetary incentive delay task, a cue-reactivity task and an emotion
task. This study revealed considerable information on the neuromodulation of dif-
ferent areas: the neural activity of left superior frontal gyrus and the left middle
frontal gyrus were reduced only in the active stimulation group and a significant
functional connection was shown between the L-DLPFC and the right parahippo-
campal gyrus during the resting-state analysis [36]. Finally, Fectau et al., in a study
of 2014, analysed the effect on tobacco consumption using a different position of
the electrodes: ‘right anodal/left cathodal’ in a crossover, blind at four levels (group
allocator, subjects, tDCS provider, outcome assessor), randomized, sham-controlled
trial. They stimulated 12 adults with two periods of 5 consecutive days (2-mA inten-
sity for 30 minutes) separated by 3 months’ free of stimulation in which every par-
ticipant had written a diary of tobacco consumption. This study provided a significant
result of efficacy in reducing the number of cigarettes smoked and the desire to
smoke in the active stimulation with respect to the sham tDCS [37].

19.2.2 tDCS in Alcohol-Use Disorder

One of the first studies was conducted on 13 patients who received an active ‘anodal/
L-DLPFC and cathodal/R-DLPFC’ stimulation (2 mA for 20 minutes), an active
‘anodal/R-DLPFC and cathodal/L-DLPFC’ stimulation (2 mA for 20 minutes), and
a sham stimulation bilaterally over DLPFC, in three separate sessions, while watch-
ing alcohol consumption videos. The study showed a reduction in alcohol craving
in both active groups, with no effect in the placebo group [38]. Another study, using
a similar setting (2 mA/20 minutes), focused on an anodal stimulation over the
L-DLPFC (cathode was on right supradeltoid area) to prevent alcohol-use relapses,
investigating also cognitive and frontal executive processes, craving, depressive and
anxiety symptoms during 5 consecutive weeks of treatment and after 4 weeks of
follow-up in 13 alcoholics. Active tDCS group (n = 6) showed a reduction of depres-
sive symptoms and craving for alcohol. This study also provided event-related
potentials (ERPs) investigation, finding how active tDCS was able to block the
increase in neural activation triggered by alcohol-related cues in prefrontal cortex
(PFC) [39]. Consistently, in another study, Klauss and colleagues treated 35 sub-
jects with bilateral active stimulation for 5 consecutive days (2 mA/13 minutes,
twice per day, with an interval of 20 minutes) versus sham stimulation. In this case,
the research group used a ‘cathodal/L-DLPFC and anodal/R-DLPFC’ configura-
tion, showing a reduction in relapse and an improvement in quality of life percep-
tion [40]. Also in another study of 2018, Klauss and coll. stimulated with the same
electrode configuration (2 mA/20 minutes) a group of Alcohol-Use Disorder (AUD)
patients to prevent relapses for alcohol use. Active or sham-tDCS were applied daily
for a total of ten sessions and alcohol craving was monitored weekly for 5 weeks.
Even if craving scores progressively decreased in both groups, the reduction of
alcohol craving was significant only in the active stimulation group [41, 42]. After
these studies on a sample of AUD patients, Wietschorke and collaborators
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stimulated 30 detoxified patients (‘cathodal/L-DLPFC and anodal/R-DLPFC’
stimulation, 1 mA/20 minutes per session, vs. sham stimulation over DLPFC) also
with the presentation of emotional and alcohol-related pictures to detect any
change in alcohol cue reactivity. The results of this study showed a reduction of
craving intensity for alcohol in the real tDCS group but also a negative emotional
internal process linked to alcohol desire [43]. Although the evidence in supporting
the use of tDCS in AUD appears to be relevant, there are some studies with nega-
tive results. In particular, there are two recent studies made by den Uyl’s research
group that compared the efficacy of tDCS and cognitive bias modification (CBM)
in AUD patients. CBM is a psychological therapy, which assumes that changes in
cognitive biases lead to changes in anxiety and depression symptoms [44].
Hazardous drinkers were randomized in four groups: real CBM/active tDCS, real
CBM/sham tDCS, control CBM/active tDCS, or control CBM/sham tDCS. In both
these studies, a nonsignificant effect of tDCS was shown [45, 46].

19.2.3 tDCS in Cocaine- and Stimulant-Use Disorder

With regards to the treatment of Cocaine-Use Disorder (CUD), there has been
increasing attention to tDCS.

One of the first studies aimed to assess the efficacy of tDCS on risk-taking behav-
iours in CUD was conducted by Gorini and colleagues using either left DLPFC
anodal/right DLPFC cathodal stimulation, right DLPFC anodal/left DLPFC cath-
odal stimulation, or sham stimulation. Thirty-six subjects (18 CUD and 18 controls)
underwent a 20-minute stimulation at 1.5 mA and tested with Balloon Analogue
Risk Task (BART) and game-of-dice task (GDT). In the first task, a significant
effect of tDCS in comparison with sham stimulation was shown, whereas with GDT
similar results could not be observed [47]. The placement of cathode over F3 and
anode over F4 (10-20 International EEG system) was also made in another study
investigating the efficacy of tDCS on craving level for crack-cocaine. Seventeen
patients underwent tDCS stimulation for 20 minutes at 2 mA for 5 consecutive days,
while 19 patients received sham-tDCS. The results of this study showed the efficacy
of active tDCS for reduction in crack-cocaine craving [48]. In contrast with these
positive findings, the study of Klauss et al. in 2018 did not appear to support the
therapeutic role of tDCS as regards to crack-cocaine craving. Thirty-five patients
with crack-cocaine-use disorder, after receiving a standard treatment with psycho-
social intervention combined with pharmacotherapy, underwent 4 weeks of tDCS
treatment (2 mA/20 minutes per session), with the cathode placed over the left
DLPFC and the anode over the right DLPFC. Crack-cocaine craving scores pro-
gressively decreased in both sham (n = 16) and real tDCS (n = 19) groups during the
treatment period, showing no significant difference between two groups at 1-month
and 2-month follow-up on crack-cocaine-use relapse rate [41, 42].

The neuromodulating effect of tDCS using EEG procedures has been investi-
gated as well. In 2014, the N2 component (200-350 ms) of EEG in anterior cingu-
late cortex (AAC) (which seems to be involved in drug-related attention bias [49])
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was examined during the tDCS stimulation and visual presentation of a picture of
drug-related cues. Thirteen subjects with crack-cocaine addiction underwent
20-minute stimulation at 2 mA with left cathodal/right anodal tDCS over the
DLPFC. The main finding of this study was that left cathodal but not the right
anodal tDCS seemed to reduce activity in the ACC during crack-related image visu-
alization [50].

Another study of ERPs under drug-related cues, more specifically in its P3 seg-
ment (300-500 ms), showed that, in a sample of AUD and CUD patients, the activ-
ity in the ventral medial prefrontal cortex (vmPFC) changed in terms of activity
after 5 consecutive daily sessions of tDCS treatment (2 mA, cathodal left and anodal
right DLPFC) [51]. In an additional study, the same group described an increased
connection between the vmPFC and the nucleus accumbens (NAcc) always during
some cocaine cues. The authors concluded that these results may explain the effi-
cacy of tDCS in CUD [52].

For what concerns the treatment of another stimulant drug such as methamphet-
amine (METH), Shahbabaie et al. [53] investigated, in 32 abstinent male METH
abusers, the efficacy of 20-minute right DLPFC anodal tDCS (2 mA) in a sham-
controlled trial. During the stimulation, subjects were exposed to METH cues.
Results demonstrated a significant reduction of craving in active tDCS versus sham
condition and increased craving levels during METH-related cue exposure in the
active tDCS group [53].

19.2.4 tDCS in Opiate-Use Disorder

The application of tDCS for the treatment of Opiate-Use Disorder is still in its
infancy.

Wang et al. [54] in a sham-controlled study in heroin-addicted subjects treated
with a single stimulation at 1-mA tDCS over the frontal-parietal-temporal (FPT)
area reported positive findings, emphasizing a possible role of FPT in the ‘circuits
of the addiction’ and a possible role of tDCS at this level [54].

Differently, Sharifi-Fardshad et al. [55] used the classical paradigm of right cath-
odal/left anodal and right anodal/left cathodal tDCS over DLPFC. In a sample of 40
opiate addicts divided into two groups of active stimulation (2 mA/20 minutes) and
1 sham, they showed a significant craving reduction in the anodal stimulation of
DLPFEC in line with the scientific evidence for other addictions [55].

19.2.5 tDCS in Other Substance-Use Disorders

In cannabis-use disorders, Boggio et al. [56] tested 25 patients divided into three
groups: left anodal/right cathodal tDCS of the DLPFC (n = 8), right anodal/left
cathodal tDCS of the DLPFC (n = 9), or sham stimulation (n = 8). The paradigm of
stimulation was set at 1 mA for 10 min in a single stimulation session. In this study,
right anodal/left cathodal tDCS of DLPFC was significantly associated with a
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diminished craving for marijuana. These preliminary results, although promising,
need to be replicated.

19.2.5.1 tDCS in Gambling Disorder
Recently, tDCS has also been evaluated for the treatment of behavioural addictions,
particularly gambling disorder (GD).

Considering the ‘anodal right DLPFC/cathodal left DLPFC’ configuration,
Soyata et al. [57] in an RCT with 20 GD patients showed that 20 sessions with
20-minute stimulation (2 mA of intensity) drastically improved lowa Gambling
Task (IGT) and Wisconsin Card Sorting Test (WCST) scores in the whole sam-
ple. Using magnetic resonance spectroscopy (MRS), Dickler et al. [58] demon-
strated that anodic stimulation of the right DLPFC in 16 subjects affected by GD
increased right prefrontal GABA metabolite signal levels. Moreover, positive
correlations between right prefrontal GABA level and impulsivity, risk-taking
behaviour and gambling craving in the active tDCS session were also found and
may explain some of the effects of tDCS in GD [58]. A recent study by Martinotti
et al. [59] used the same ‘Anodal right DLPFC/Cathodal left DLPFC’ configura-
tion and was consistent with what previously observed. With an amperage of
1.5 mA/20 minutes for 5 consecutive days and with a weekly follow-up of 3
months in a small sample of gamblers, the authors showed a long-lasting effect
of tDCS [59]. Four articles on healthy controls [60—63] compared the previous
electrode setting with a configuration ‘Anodal right DLPFC/Cathodal left
DLPFC’. Minati and colleagues, in a sham-controlled study, with a set-up of
2 mA displayed during the performance of Games-Howell test, found significant
results only in the ‘anodal right sample’ [60]. Boggio and colleagues, using
2 mA/15 minutes only one session [56], and Ye and colleagues, evaluating
weighted risk aversion using 2 mA/18 minutes per one single session [64], found
a significant improvement of symptoms and risk performance with ‘Anodal right
DLPFC/Cathodal left DLPFC’ compared with ‘Cathodal Right DLPFC/Anodal
Left DLPFC’. Fecteau et al. compared these two configurations and the monolat-
eral anodal stimulation of right DLPFC or left DLPFC (the cathode was placed
over the contralateral supraorbital area) in a sham-controlled randomized study
applying a single session using 2 mA during the performance of Balloon
Analogue Risk Task (BART). There were no differences between the two bilat-
eral configurations, but both were better than sham and unilateral placement
[62]. Another approach consists of the consecutive stimulation: first stimulation
anodal left DLPFC/cathodal right DLPFC, second stimulation anodal right
DLPFC/cathodal left DLFPC. Martinotti et al., in a case report, used this proce-
dure setting at 1.5 mA for 20 minutes during 2 weeks of active stimulation and
24 weeks of follow-up and showed an improvement in an urge to gamble as well
as in depression, anxiety and impulsivity symptoms [65]. Besides, the monoce-
phalic right DLPFC anodal stimulation has also shown positive results. Ye et al.
[63] studied in healthy volunteers five different monocephalic tDCS protocols on
a risk preference task: right anodal, right cathodal, left anodal, left cathodal and
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sham stimulation always on DLPFC during a single session at 2 mA/18 minutes.
Only the anodal right DLPFC stimulation showed an improvement in decision
making, in particular, patients chose more often safe option [63].

But DLPFC is not the only target identified for tDCS stimulation in the treatment
of GD. Van’t Wout et al. [66] used, in healthy volunteers, an ‘Anodal PO8/cathodal
Fpl’ configuration and tried to explain the ‘emotional’ response obtained after a
20-minute single session of stimulation at 2 mA intensity. The research group
revealed a significantly less intense ‘emotive response’ at the Gambling Task after
the tDCS stimulation. Ouellet et al. stimulated the OFC in healthy volunteers with
three methodologies: anodal left/cathodal right, anodal right/cathodal left, or sham
stimulation for a single session in a random order. Active stimulation duration was
30 minutes at 1.5-mA intensity. Electrodes were placed at Fpl and Fp2 sites, over
to the frontal poles, which include the OFC. In this study, respect to sham stimula-
tion, active tDCS, regardless of left anodal or right anodal stimulation, showed a
significantly greater increase in performances at computerized neurocognitive tasks,
measuring the decision making (IGT) and the impulse control (Stroop Colour-Word
Test, SCWT) [67].

19.2.5.2 HD-tDCS in Gambling Disorder

High-definition-tDCS (HD-tDCS) is a neuromodulation method, which, using the
same technical and rational principle as tDCS, also reaches deeper areas of the brain
in reason of a specific focal stimulation obtained with multichannel electrical stimu-
lations through smaller electrodes placed in an EEG helmet, rather than larger elec-
trodes used in conventional tDCS montage. This configuration guarantees a greater
precision in stimulation, allowing a more correct identification of the current flow
between electrodes. Using this paradigm, He et al. [68] showed that ‘Anodal right/
Cathodal left’ stimulation had some benefit into the IGT performance and not the
‘Anodal left/Cathodal right” configuration. All the experiments were conducted for
one session and 1.5 mA/20 minutes [68]. HD-tDCS is also useful for ‘monolateral’
protocols. Guo et al., in a single blind, randomized controlled trial SB-RCT, used
two protocols: anodal left and cathodal left both at 1.5 mA/20 minutes for a single
session evaluating the performance of BART test. The same group found that focal-
ized unilateral cathodal HD-tDCS on L-DLPFC could improve risk decision mak-
ing [69]. Moving away from a canonical one-sided or two-sided setting, Wang et al.
used HD-tDCS placing nine electrodes in a complex configuration, mainly in accor-
dance with the international EEG system. In the first protocol, the seven anodes
were placed over Cz, Ex10, C2, FT10, Ex5, FC2 and FCz and the two cathodes over
Fpz and Afz; in the second, the seven anodes were placed over Fz, TP7, 02, P8,
FC6, FC5 and O9 and the two cathodes over Pz and CPz. In this way, they used an
anodal stimulation activating the rostral anterior cingulate cortex/ventral medial
prefrontal cortex (rACC/vmPFC) and the posterior cingulate cortex (PCC). In one
single session at the intensity of 2 mA, they showed that electric brain stimulation
over these regions lowered the performance in the IGT (Ying [70]).
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19.2.6 tDCS in Food Addiction

Obesity is still one of the major public health concerns and there is a growing need
for new treatment options. tDCS is a neuromodulation technique that has been
shown to reduce food craving and consumption, particularly when used on the
DLPFC with the anode on the right and the cathode on the left hemisphere.

In a study in healthy subjects, active stimulation session tDCS (2 mA for 20 min-
utes) was applied under three different conditions: (1) anodal/left and cathodal/right
on DLPFC, (2) cathodal/right and anodal/left on DLPFC and (3) placebo. A reduc-
tion in food craving was observed, comparing DLPFC right anodal/left cathodal
stimulation with other groups and a lower caloric intake in both active groups com-
pared to placebo [71]. Another study applied one tDCS session (2 mA for 20 min-
utes with anode on right DLPFC) in healthy subjects finding a significant reduction
of craving [72]. In a recent study, 18 (10 women and 8§ men) adults with obesity
completed the Dutch eating behaviour questionnaire-restraint and the Barratt
Impulsiveness Scale, and received 20 minutes of tDCS active (2 mA) and a tDCS
sham session [73]. The craving and food consumption were evaluated in both ses-
sions using a test with a photo of the desired food and a test that considers the total
kilocalories, preferred and less preferred, present in three very tasty foods. No sig-
nificant effect of tDCS was found with respect to controls, but significant differ-
ences were found in favour of the active stimulation analysing particular
sub-populations: women with a lower level of impulsivity; men planning to decrease
the calorie intake; men with a higher level of impulsivity. This is the first study
reporting significant reductions in craving and food consumption in a sample of
obese patients using the most popular tDCS assembly in appetite studies. The results
also highlight the cognitive heterogeneity of individuals with obesity and the impor-
tance of considering these differences in the assessment of the efficacy of DLPFC-
targeted tDCS in future obesity-related studies. These data need to be confirmed in
larger trials.

19.3 Safety of tDCS in SUDs

Serious side effects have rarely been observed with tDCS [74]. Nitsche [75] per-
formed tDCS on approximately 500 healthy subjects between 2000 and 2003. No
serious side effects such as seizures or psychiatric symptoms occurred, but only a
slight tingling sensation at the electrode during the first seconds of stimulation, or
the perception of a brief flash of light if the pulse was suddenly triggered or inter-
rupted [18, 20]. One of the most common side effects is the presence of erythema
below the skin surface touched by the electrodes [76]. In some rare cases, this lesion
could evolve in a persistent skin lesion similar to burns, and contact dermatitis
appeared after stimulation, even in healthy subjects. This lesion seems to be linked
with the dose of a single tDCS session, which is defined by the electrode montage
[77]. The tDCS seems to be safe from the cutaneous point of view also in patients
with impaired skin [78]. It has also been shown that patients with uni/bipolar
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depression may develop post-treatment mania or hypomania: causal relationships
between tDCS and psychological changes, however, remain uncertain and are cur-
rently being studied [79]. Although a few cases of seizure have been reported, the
causal reaction is unclear. In fact, Liebetanz et al. [80] demonstrated that anodal
tDCS did not reduce the epileptogenic threshold in a dedicated study in rats. In the
same study, the cathodal stimulation generated a long-lasting increase of epilepto-
genic threshold, suggesting cathodal tDCS as a possible tool to treat drug-refractory
partial epilepsy [80]. The same group, in 2009, established that a stimulus of 52 mA
is required to produce brain lesions with tDCS, 400 C/m?, much higher than the
density of electric charge to which a human is exposed during stimulation (e.g.
343-960 C/m? in standard protocols: 1-2 mA 20 minutes, with surface electrodes
between 25 and 35 cm?, coated with sponges soaked in saline solution) [81]. In
humans, tDCS has shown a very good level of safety in the field of epilepsy [82, 83].
Other common side effects are temporary headache and dizziness, in most of the
cases not very intense [84]. In addition, several studies support the safety of tDCS
by monitoring parameters such as neuron-specific enolase (NSE: neuronal damage
marker), with the evaluation with MRI (M A [85]), electroencephalography (EEG)
and neuropsychological tests [86].

A relevant point is represented by the development of epileptic seizures during
stimulation in subjects with addiction. The use of many excitatory substances (such
as cocaine and methamphetamine) as well as alcohol withdrawal seem to determine
a lower epileptogenic threshold [87]. To avoid the risk of epileptic seizure in these
populations, it is very important to ensure an accurate evaluation of patients’ status
in terms of intoxication and/or withdrawal. Although there is no report of epileptic
seizures in these patients in association with the use of tDCS, a conservative
approach needs to be proposed, avoiding the stimulation procedures in these spe-
cific conditions.

19.4 CurrentLimitations and Future Perspectives

Although in the last decade there has been increasing interest in investigating the
efficacy of tDCS for the treatment of addictive disorders, there are still a number of
technical challenges and limitations.

First, the configuration of the device limits focality: the large sponge electrodes
commonly used (25 and 35 cm?) do not allow to precisely target a brain area or
node. One practical aspect of this problem is that the common process to apply
electrodes is the international 10-20 EEG system, but future work will benefit from
the use of subject-specific computational models based on anatomical MRI and
neuronavigation processes for targeting tDCS. Another technical aspect, well con-
sidered in rTMS protocols, is the possibility to record the brain activity during the
simulation using EEG [1].

In terms of efficacy in addiction, different protocols have been proposed. A meta-
analysis [88] assessed the effects of 17 studies revealing a significant medium effect
size (Hedge’s g = 0.476) favouring non-invasive DLPFC neurostimulation over
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sham stimulation in the reduction of substance or food craving with no significant
differences between rTMS and tDCS or between left and right DLPFC stimulation.
The cumulative effect of repetitive sessions of tDCS should also be taken into
account. This is because, as reported for the treatment of depression [89] and also in
SUDs, it has been noted that the improvement is gradual and probably dependent on
the number of stimulations over time.

Concerning the issue of choosing and selecting subjects to be studied, the need
to recruit ‘real patients’ is quite evident, as the majority of patients with SUD have
a polyabuse of substances (the presence of addiction to a single drug is rather rare)
and, for the same reason, there is growing interest in subjects with psychiatric
comorbidity (7.9 million individuals in 2015 had co-occurring SUDs and mental
illness in the U.S.) [90]. One of the aspects that well describe how the presence of
comorbidity is useful in the design of these protocols is that, for example, nicotine
use has been associated with a reduction in the clinical efficacy of tDCS treatment
in schizophrenic subjects [91]. Moreover, studies able to understand the potential
benefits of concurrent therapies (pharmacological, behavioural) used in combina-
tion with brain stimulation may increase a participant’s chances of becoming absti-
nent [90]. Another aspect of the sample selection is the distinction and selection of
ethnic strain. As the genetic differences between populations could influence differ-
ent enzymes or the development of different pathologies, there is a growing need to
create protocols of NIBS taking into account the differences between ethnic
groups [92].

Moreover, pre-registration of study protocols with primary and secondary out-
comes is encouraged to promote transparency. Shared protocols will enable higher
methodological standards and reproducibility. Protocols should ideally contain (1)
a detailed description of materials and equipment, (2) step-by-step administration
instructions with accompanying video examples, where appropriate, (3) informa-
tion on troubleshooting strategies, and (4) guides for data processing, analysis and
interpretation. These protocols could then be used to establish multicentre trials.
Finally, the use of an online data and registration platform will facilitate compara-
tive and integrative analysis. The establishment of shared research questions, proto-
cols and data repository does not come without its challenges. Both within and
across cultures, there exist different norms and ideas about what constitutes a clini-
cally significant change. For instance, not all the cultures emphasize ‘abstinence
only’ as a goal in addiction treatment, necessitating the ongoing awareness and
open discussion of these types of assumptions. Further, a risk in prioritizing well-
established procedures and findings is the reduction in acknowledgment of innova-
tive approaches and newly formed theories [29].

All this is reflected, therefore, in the need for well-controlled trials evaluating
tDCS efficacy, given the broad scope for heterogeneity in results, as a consequence
of task dependence [93] and variations in current density, resulting from interindi-
vidual anatomical differences [23, 24] and intraindividual state differences [94].

In conclusion, the current limitations and future perspectives in the field of tDCS
should take better account of: (1) the increasing need for online pre-recorded clini-
cal trials and protocol sharing via interconnected platforms [29]; (2) a good selec-
tion of the population of the study (taking into account ethnic differences,
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comorbidities, current therapies and the selection of a ‘real patient’) [90]; (3) a need
of double-blind randomized clinical trials (DB-RCTs) with a long period of follow-
up; (4) EEG and/or MEG techniques to determine specific brain oscillations; (5)
brain imaging, for observing long-term structural and functional effects of tDCS on
addictive patients; (6) tDCS dose, electrode montage and placement with optimal
current density [9].

19.5 Conclusions

The interest of the clinical and scientific world around the tDCS, in recent years, is
consistently growing. Although it has already been demonstrated that tDCS might
be a promising therapeutic tool for a large number of psychiatric disorders [95], it is
still premature to conclude that tDCS is an efficient technique in reducing substance
abuse craving. However, a recent review reported that tDCS stimulation was effec-
tive in craving reduction in 8 of 16 clinical trials over DLPFC and in 1 of 2 clinical
trials over FPT [28], showing some level of evidence and, certainly, high potential-
ity. As regards to the region of stimulation, even if previous studies indicated the left
DLPFC as the ‘golden target’ for tDCS therapy in the treating of SUDs [96], the
positive results on craving were substantially equivalent both with ‘anodal right
DLPFC/cathodal left DLPFC’ than with ‘anodal LDLPFC/cathodal RDLPFC’ [28].
An interesting fact concerns the safety of this neuromodulation technique: no major
side effects have been reported (in most cases only mild erythema or itching sensa-
tion under the electrodes) [97] with low risk of developing epileptic seizures, always
related to individual predisposition or concurrent abstinence from benzodiazepines
or alcohol [87, 98].

Other areas of development could involve the evaluation of comorbid psychiatric
symptoms, with specific attention on the dimension of anhedonia, frequently
impaired in addicted subjects [99]. Moreover, the effect of tDCS in other new types
of addictions could be explored, given the rise of novel psychoactive substances in
the addiction scenario [100, 101], as well as its use in combination with pharmaco-
therapies able to enhance its effects, such as the increase of the intracellular concen-
tration of Calcium [102] and the modulation of the excitability of glutamatergic
synaptic receptors in pyramidal neurons and the inhibition of the release of
GABA [103].

Strong limitations concerning the study design, the small sample size, the high
level of heterogeneity of protocols, the lack of studies with long follow-up periods
highlight the need for further studies.

Through larger, sham-controlled studies with more uniform reporting standards
in tDCS research, we will be better prepared to deliver something meaningful to our
patients. Finally, we acknowledge that SUD is a very complex disease that probably
cannot be approached by a single methodology, like a brain stimulation interven-
tion. By performing rigorous studies with tDCS, however, we will be able to confi-
dently approach the next frontier of experimental medicine in SUD—combining
targeted brain stimulation with pharmacotherapy and behavioural management in
order to optimize treatment efficacy for different patients [29].
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in Neurodevelopmental Disorders

Giordano D'Urso, Elena Toscano, Gianpiero Gallo,
and Andrea de Bartolomeis

20.1 Introduction

Neurodevelopmental disorders are a group of heterogeneous disorders of the Central
Nervous System, emerging in the early childhood and entailing an abnormal brain
function. These conditions may affect emotions, cognition, language, behavior, sen-
sory, and motor functions. The prevalence of neurodevelopmental disorders has risen
dramatically over the recent decades, especially as regards Autism Spectrum Disorder
(ASD) and Attention-Deficit/Hyperactivity Disorder (ADHD). Unfortunately, the
available treatments, i.e., medications, cognitive, behavioral, and rehabilitative inter-
ventions, have only limited effectiveness and their use is even controversial. Thus,
considering the huge suffering of patients and their families as well as the economic
burden of neurodevelopmental disorders, there is an urgent need to find and to assess
efficacy, feasibility, and safety of new treatments. In this context, Non-Invasive Brain
Stimulation (NIBS) techniques are attracting a growing interest, particularly for the
possibility to tackle at circuits’ level the pathophysiology of the different diseases.
This new treatment approach is being increasingly used in clinical psychiatry—espe-
cially for treatment-resistant disorders—to such an extent that is leading to the estab-
lishment of facilities entirely dedicated to psychiatric neuromodulation [1].

In fact, in the last two decades, NIBS has yielded significant results in the treat-
ment of adults with psychiatric disorders, allegedly through the induction of neuro-
plasticity. In particular, these techniques showed efficacy in adults suffering from
psychiatric conditions that often emerge in childhood and adolescence, even if the
full-blown manifestation occurs later in the adulthood. This is the case, for example,
for obsessive—compulsive disorder (OCD) [2].
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Consequently, NIBS techniques have been recently proposed in pediatric popu-
lations affected by brain disorders as tools to explore and affect plasticity in a devel-
oping brain, as well as to treat the associated behavioral problems. In fact, through
their effects on synaptic plasticity, NIBS techniques might affect the neurodevelop-
mental trajectories related to disease and therefore exert a therapeutic action.
Transcranial direct current stimulation (tDCS) has the great advantage, over tran-
scranial magnetic stimulation (TMS), of not requiring the immobilization of sub-
jects, a condition very hard to achieve in patients with neurodevelopmental disorders,
who are often hyperactive and noncompliant. In this chapter, we describe the avail-
able studies assessing the effect of tDCS in treating neurodevelopmental disorders.

20.2 tDCS in Autism Spectrum Disorder

ASD is a complex neurodevelopmental condition with an increasing prevalence,
characterized by persistent deficits in social communication and interaction as well
as by restricted and repetitive patterns of behaviors or interests. The onset is typi-
cally in the early developmental period and the symptoms cause significant impair-
ment of functioning [3]. ASD is clinically and etiologically heterogeneous,
encompassing a wide range of cognitive and verbal disabilities, sensory abnormali-
ties, and behavioral symptoms. The causes and the pathophysiology of ASD are not
yet clear. Rightward brain lateralization, inhibition/excitation unbalance, abnormal
brain connectivity, altered synaptic maturation, and dysfunction of the mirror neu-
rons system are some of the proposed mechanisms.

No specific treatments for ASD exist and those used hitherto (i.e., behavioral,
educational, and medical interventions) mainly target comorbid/associated symp-
toms. In the last years, NIBS interventions have been increasingly considered in the
treatment of ASD, especially tDCS for its ease of use. Nevertheless, despite the
growing interest, to date, tDCS has been only marginally used in autistic patients.
The published studies on tDCS in ASD patients are summarized below. They are
grouped on the basis of their neurophysiological rationale and/or of the functions
and symptoms targeted by the intervention.

20.2.1 Inhibition/Excitation (I/E) Unbalance

The very first tDCS trials involving autistic patients were conducted in young
adults, with the aim of replicating the encouraging results obtained with low-fre-
quency (inhibitory) TMS over the left dorsolateral prefrontal cortex (L-DLPFC)
[4]. In a preliminary report from our group, cathodal (inhibitory) tDCS over
L-DLPFC was used to treat the behavioral symptoms of a 26-year-old patient with
ASD and severe mental retardation [5]. The rationale of this intervention was based
on the theory of the inhibition/excitation unbalance, which holds that neurophysi-
ological alterations, behavior abnormalities, and cognitive deficits of ASD patients
are due to an impaired brain growth, leading to the disruption of basic
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cytoarchitectural structures, called the “cell minicolumns.” In short, the minicol-
umns in healthy subjects consist of radially oriented arrays of pyramidal projection
neurons (excitatory), surrounded by a combination of GABAergic interneurons
(inhibitory) that serve to dynamically modulate pyramidal cell inputs and outputs.
In the cerebral cortex of subjects with ASD, the peripheral compartment of the
minicolumns is narrower than that of the age-matched controls, especially in the
prefrontal cortical areas. This alteration entails a reduced inhibitory function by the
GABAergic interneurons and a consequent prevailing excitatory action stemming
from the pyramidal cells. Accordingly, the adjacent minicolumns tend to stimulate
one another, causing an abnormal activation across the cerebral cortex even in
response to low inputs. This mechanism can theoretically explain many cognitive,
sensorial, and motor manifestations of ASD. Consistent with this theory, we
hypothesized that using cathodal inhibitory tDCS over a cortical hub such as
DLPFC could restore inhibition in it and in interconnected networks, thereby lead-
ing to a clinical improvement. Our first patient, who had not responded to different
psychosocial and pharmacological interventions, underwent 10 consecutive week-
day sessions of 1.5 mA/20 minutes tDCS, with the cathode over the L-DLPFC and
the anode over the contralateral deltoid. Other treatments were kept unvaried dur-
ing tDCS. Behavioral symptoms were assessed with the Aberrant Behavior
Checklist (ABC), administered to the parents both before and after the tDCS
course. At the end of the study, a clinically significant improvement of behavioral
symptoms was observed, as evidenced by a 40.2% decrease in the total ABC score
compared to the basaline. Furthermore, clinical improvement was still present at
3-month follow-up visit.

In a second study, we aimed to replicate the previous finding in a larger sample
of young adult autistic patients with severe behavioral problems, and to assess the
safety, feasibility, and efficacy of tDCS in these subjects, by means of an open-label
phase II design [6]. Twelve autistic patients with intellectual disabilities and speech
impairment were enrolled. All of them received ten daily sessions of cathodal tDCS
over the L-DLPFC (1.5 mA, 20 minutes). tDCS treatments were carried out at the
centers where patients were already attending an outpatient daily program of occu-
pational rehabilitation. All participants underwent active treatment while concomi-
tant therapies (rehabilitative and pharmacological) remained the same for 1 month
before the trial and through the study. Behavioral symptoms were assessed with the
ABC, which was administered before and after tDCS treatment. Two out of twelve
enrolled subjects interrupted the treatment because they were unable to tolerate the
treatment procedures. Eight out of ten study completers improved in their abnormal
behaviors, reaching an average reduction of 26.7% of the total ABC score. More
specifically, the most statistically significant change was seen in the “hyperactivity
and lack of compliance” subscale of ABC. The remaining two patients were unre-
sponsive to the treatment. Interestingly, these were the least severely ill patients at
baseline (in terms of ABC total score), and scored the lowest ratio between the
hyperactivity/noncompliance subscale and the total score at the baseline. These data
may suggest a positive correlation between the effect size of tDCS on ASD patients
and the clinical severity at baseline.
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Starting from this early evidence, Gomez and colleagues aimed to replicate it on
a sample of 10-year-old or younger autistic children [7]. The patients underwent
twenty tDCS sessions (1 mA; 20 minutes) with the cathode over the L-DLPFC and
the anode over the right arm. Clinical outcomes were measured in all participants
before and after 1, 3, and 6 months from treatment completion, using the ABC,
ATEC (Autism Treatment Evaluation Checklist), and ADI (Autism Diagnostic
Interview). Moreover, a subset of participants also underwent an EEG recording to
assess the effect of treatment on ERP and functional connectivity. A significant
reduction in the total score on the three clinical scales was observed, which was
maintained during the first 6 months after treatment, with only a slight and nonsig-
nificant increase in the last evaluation. ERP (event-related potential) analysis during
a passive oddball task showed a shortening of P300 latency after stimulation, with-
out modulation of P300 amplitude. Since delayed latency and smaller amplitude of
P300 have been linked to abnormal connectivity of the frontal lobes and to attention
deficits of ASD patients, the authors interpreted the shortening of the P300 latency
as indicating an increase of functional brain connectivity. This study has a certain
merit of assessing the long-term effects of treatment with the longest follow-up
among all tDCS trials involving autistic patients.

20.2.2 Right Lateralization

Starting from the evidence of a relative hypoactivity of the left hemisphere com-
pared to the right in autistic patients, Amatachaya and colleagues conducted the
only available tDCS trial using a randomized double-blind placebo-controlled
design [8]. They applied anodal (excitatory) or sham tDCS over the L-DLPFC
(with cathodal reference over the right shoulder) of 20 autistic children for 5 con-
secutive days (1 mA, 20 minutes for active stimulation; same electrode place-
ment, but switching off the stimulation after 30 seconds for sham tDCS). After 4
weeks of washout, each participant underwent the other stimulation condition.
During the treatment, no changes were made to the pharmacological therapies in
progress. Three main outcomes were assessed before and after the treatment: the
CARS (Childhood Autism Rating Scale)—which is a measure of autism severity,
the ATEC—to assess the effectiveness of the treatment, and the CGAS (Children’s
Global Assessment Scale)—to estimate patients’ psychosocial functioning. At the
end of the study, the results outlined a significantly greater pre- to post-treatment
decrease in all scores for the active tDCS compared to the sham, with the excep-
tion of the language domain of the ATEC.

In a follow-up study, the same authors started from the hypothesis that the behav-
ioral improvements they observed with the stimulation of the left prefrontal cortex
were mediated by an increase of alpha frequency and, consequently, of synaptic con-
nectivity [9]. They randomized 20 male children to receive a single session of active
and sham tDCS over the L-DLPFC. The outcomes of the study were peak alpha fre-
quency (PAF), assessed before, immediately after, at 24, 48, and 72 hours after active
and sham tDCS, and ATEC, administered to the patients’ caregivers’ pre- and



20 Transcranial Direct Current Stimulation in Neurodevelopmental Disorders 287

post-tDCS session. According to the hypothesis, the results showed a significant pre-
to post-session improvement in two domains of ATEC (social and health/behavior
domains) and a significant increase in PAF at the stimulation site after active—but not
sham—tDCS. Furthermore, the increase in PAF was significantly associated with
improvements in psychosocial functioning, as measured with the ATEC.

20.2.3 Social Cognition

Impaired social cognition and social skills are among the hallmarks of ASD, with
substantial challenges found in empathy and theory of mind, i.e., the ability to take
the perspective of the others and infer their mental state. Social cognition refers to
mental processes required to complete social tasks, while social skills refer to utiliz-
ing social cognition to perform tasks required to engage social interactions. The
right temporoparietal junction (rTPJ) plays a role in social cognitive processes that
are considered relevant for empathy and Theory of Mind (ToM) and is associated
with ToM deficits in individuals with ASD. In healthy subjects, anodal tDCS applied
over the rTPJ improves social functioning in tasks for perspective taking and evalu-
ation of self against others, while cathodal tDCS applied over the same area reduces
accuracy in ToM and cognitive empathy tasks.

Wilson and colleagues investigated for the first time the use of tDCS applied over
the r'TPJ to target social functioning in adults with ASD. In a first case report, eight
consecutive tDCS sessions were administered to an 18-year-old high-functioning
autistic patient [10]. The anode was placed over the r'TPJ (CP6 according to the
10/10 EEG system) and the cathode on the ipsilateral deltoid (1.5 mA; 30 minutes).
The ATEC was administered before tDCS, after the last session, and at 2-month
follow-up to assess behavioral symptoms. Moreover, informal follow-up was made
1 year after tDCS. The ATEC results showed a substantial improvement in social
functioning from baseline to post-tDCS, which remained unchanged up to 1-year
follow-up, suggesting that tDCS could be a promising intervention modality to
safely enhance treatments targeting social cognition and social skills.

In a second study, the same authors wanted to extend this preliminary observa-
tion by investigating the effect of anodal tDCS over the rTPJ combined with
computer-based social skills treatment interventions [11]. Their hypothesis was that
active anodal tDCS would result in greater improvements in verbal fluency (VF)
and social skills (Test of Adolescent Social Skills-Modified, TASSK-M) perfor-
mance compared to sham. Active (2 mA; 30 minutes) or sham (0-2.0 mA during
20 seconds, then decreased to 0 mA after 30 seconds; 30 minutes) tDCS, with the
same positioning of the electrodes used in the previous study, was randomly
assigned to six adults autistic patients with normal or higher cognitive functioning
with a within-subjects, double-blind design. Tasks were performed before, during,
and post-tDCS stimulation. The results suggested the effectiveness of tDCS paired
with social skills treatments with significantly higher scores on the VF test after
active tDCS compared to the sham, especially in the emotion-word section of
the test.
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20.2.4 Executive Functions

ASD patients often display deficits in executive functions (EFs), which in turn con-
tribute to the core autistic features of impaired social skills and social cognition. In
particular, affected subjects may have a Working Memory (WM) deficit, consisting
of difficulties in maintaining, updating, and manipulating information held in tem-
porary storage. tDCS was shown to enhance WM in both healthy adults and clinical
populations when applied over the DLPFC. In the first study assessing the effect of
tDCS on the WM of autistic patients, Steenburgh and colleagues hypothesized that
WM performance of autistic patients would improve during frontal tDCS and that
such enhancement would generalize to an untrained task [12]. The authors enrolled
twelve high-functioning adult patients, who received 40 minutes of 1.5 mA bifrontal-
tDCS (F3/F4 according to the EEG 10/20 system) while they were engaged in a
battery of WM tasks. Using a single-blind crossover design, each participant under-
went three consecutive sessions of tDCS in randomized counterbalanced order on
three separate days (left anodal/right cathodal stimulation, right anodal/left cathodal
stimulation, or sham stimulation). At the end of the treatment, participants engaged
again in WM tasks before taking the Brief Test of Attention (BTA). The authors
observed that both active conditions improved the overall WM performance and
that tDCS benefits transferred to an untrained task completed shortly after right
anodal stimulation. In a subsequent open trial, Rothdrmel and colleagues adminis-
tered ten consecutive 2 mA/15 minutes cathodal tDCS sessions over the L-DLPFC
to eight high-functioning ASD patients [13]. EFs were assessed with the Stroop test,
Trail-Making Test [TMT] A and B, Modified Wisconsin Card Sorting Test
[mMWCST], and Verbal Fluency Test, whereas behavioral dysexecutive syndrome
was evaluated with the Behavioral Dysexecutive Syndrome Inventory and the
Repetitive and Restricted Behavior scale. After tDCS, the authors observed an
improvement in initiation (using the TMT-A) and flexibility (TMT-B; letter Verbal
Fluency Test; mWCST), which are known to be the most impaired EFs in autism.
Moreover, they reported a beneficial effect on such behavioral symptoms as repeti-
tive behaviors, restricted interests, and hypoactivity. Taken together, the aforemen-
tioned results suggest that tDCS is a promising method to enhance EF in adults with
high-functioning ASD.

20.2.5 Language

Language impairment is very common among ASD patients. The combination of
tDCS with speech therapy might represent a new tool to improve language abilities
in autism, considering the potential of tDCS to enhance learning through an action
on synaptic plasticity. An open-label, noncontrolled study by Schneider and Hopp
investigated the effect of tDCS on syntax acquisition in a sample of 10 children and
adolescents with ASD and severe language impairment [14]. The authors applied
one session of anodal tDCS (2 mA, 30 minutes) over the L-DLPFC with the cathode
placed over the right supraorbital region. Using a modified version of the Bilingual
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Aphasia Test (BAT), which assesses various linguistic skills such as comprehen-
sion, repetition, lexical access, reading, and writing for each level of language,
authors investigated vocabulary and syntax comprehension both before and after
tDCS. They performed first a vocabulary test, during which patients had to touch a
stimulus upon verbal request. Thereafter, a session of syntax training was performed
by exposure to scaffolding sentences approximating the syntax to be tested in the
following syntax comprehension test, during which children had to select a picture
corresponding to a sentence presented in its canonical subject—verb—object sequence.
Results demonstrated an improvement in syntax acquisition and vocabulary scores
after tDCS, suggesting that this treatment can be an effective tool to improve lan-
guage abilities in children with ASD.

20.2.6 Catatonia

In a case report, Costanzo and colleagues described the effect of bilateral tDCS
over the DLPFC in a 14-year-old girl with ASD and drug-resistant catatonia [15].
Recent evidence suggests that Catatonia-ASD is a frequent comorbidity, probably
because these two conditions share abnormalities in neural circuitries, such as
alterations in prefrontal and parietal activation as well as in functional connectiv-
ity between these two brain regions. The best treatment for catatonia is
Electroconvulsive Therapy (ECT), which also turned out to be effective on comor-
bid conditions, even when these were not ECT typical indications [16]. However,
this treatment is still stigmatized and underutilized in many countries [17]. For
this reason, tDCS has been proposed in adolescents as a safer and less invasive
alternative to ECT. The catatonic patient described by Costanzo and colleagues
had not responded to many different pharmacological treatments (benzodiaze-
pines, antipsychotics, antidepressants, anticonvulsants). She underwent 28 con-
secutive, daily tDCS sessions—while keeping her drug regimen unvaried—with
the cathode over the R-DLPFC and the anode over the L-DLPFC (1 mA; 20 min-
utes). Catatonic symptoms, assessed with the Kanner Catatonia Rating Scale,
showed a 30% decrease at the end of the treatment, and the effects were main-
tained at a 1-month follow-up evaluation.

To sum up, patients with ASD can benefit from tDCS, which is able to reduce not
only associated and comorbid symptoms but also core autistic manifestations; being
safe, inexpensive, and easy to administer, it could have a substantial role in the man-
agement of autistic symptoms for which no specific treatments currently exist.

20.3 tDCS in Attention-Deficit/Hyperactivity Disorder

ADHD is a neurodevelopmental disorder characterized by inattention and inappro-
priate levels of hyperactivity and/or impulsivity. In childhood, it has a prevalence of
7%, and is often associated with other disorders such as oppositional-defiant, tic,
anxiety, and mood disorders [18].
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Symptoms appear by the age of 12 and, in a great portion of patients, persist in
the adulthood. In the long term, ADHD can lead to a wide range of adverse out-
comes such as, for example, poor educational achievement, substance-related disor-
ders, gambling, anticonservative conducts, thus causing high individual and
social costs.

Many fMRI studies in ADHD patients have shown dysfunctions in fronto-
cingulo-striato-thalamic and fronto-parieto-cerebellar networks that mediate cogni-
tive control, attention, timing, and WM. Furthermore, there is emerging evidence of
abnormalities in orbitofrontal, ventromedial prefrontal, and limbic areas that medi-
ate motivation and emotion control. In addition, the poor deactivation of the default
mode network (DMN) suggests abnormally hypoengaged task-positive and hyper-
engaged task-negative networks, both dysfunctions being related to impaired
cognition.

The pharmacological treatment of ADHD is represented mainly by stimulants
(i.e., methylphenidate) and an inhibitor of norepinephrine reuptake (atomox-
etine). Unfortunately, these treatments can worsen the comorbid conditions and/
or cause intolerable side effects, such as decreased appetite, sleep problems,
headache, nausea, and delayed growth. Alternative treatments, namely, neuro-
feedback, cognitive training, dietary interventions, and behavioral therapy, have
been demonstrated to have small effect sizes, be time consuming, and require
high motivation and compliance of patients and their families. Therefore, there is
a considerable need for new treatment strategies in the management of
ADHD. tDCS may be a valuable therapeutic option, also considering its recog-
nized ability to improve cognitive functions such as attention and work-
ing memory.

The first study in this field assessed the effects of tDCS on declarative memory
of children with ADHD [19]. In healthy people, the frontal brain areas originate
slow oscillations during slow-wave sleep, which are thought to be beneficial for the
declarative memory. Deficits in declarative memory of ADHD children have been
associated with a malfunctioning of this mechanism. tDCS was used to induce slow
oscillations during early slow-wave sleep in 12 ADHD male children and 12 healthy
controls. Two anodes were placed bilaterally over the left and the right DLPFC (F3
and F4 according to the EEG system), while the cathodes were placed over the ipsi-
lateral mastoids. Sinusoidal stimulation was started 4 minutes after patients had
entered non-REM sleep stage 2 for the first time and it was applied in a series of five
5-min intervals separated by 1-min intervals without stimulation. The current
strength of each anodal electrode ranged from 0 to 250 mA at a frequency of
0.75 Hz. Each participant received both active and sham stimulation, 1 week apart.
Declarative memory was assessed through a computer memory task. Results showed
an increase of slow oscillation during the slow-wave sleep and an improvement of
declarative memory only for ADHD subjects. Furthermore, in ADHD children,
memory consolidation improved to the level of healthy controls. Using the same
stimulation protocol, Munz et al. replicated these early results and additionally
demonstrated an improvement in behavioral inhibition in 14 children with
ADHD [20].
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In a subsequent study, Bandeira and colleagues extensively assessed the execu-
tive functions of nine children after five consecutive tDCS sessions [21]. The cath-
ode was placed over the right supraorbital area and the anode over F3 (2 mA;
30 minutes). During tDCS sessions, subjects were engaged in activities entailing the
activation of the DLPFC (i.e., card-matching game, during which they were asked
to match pictures and to create associations between pictures). At the end of the
treatment, an increase of visual attention and inhibitory control was observed, while
no differences were detected in WM and attention.

In a randomized, double-blind, sham-controlled, crossover trial, Soff et al.
treated fifteen adolescents with ADHD with either anodal (1 mA) or sham tDCS
over the L-DLPFC for 5 days. Active treatment caused a reduction of inattention
and impulsivity at the standardized working memory test (Quantified Behavior Test,
QbTest) compared to sham, and this effect was stable 7 days after the last stimula-
tion [22].

Another study from the same group used fMRI to assess the neurofunctional cor-
relates of tDCS effects on WM. Sixteen adolescents with ADHD underwent either
anodal tDCS or sham (1 mA; 20 minutes) over the L-DLPFC with simultaneous
fMRI during n-back WM task [23]. Anodal stimulation and not sham improved WM
performance and led to a greater activation of the DLPFC and of other intercon-
nected regions, i.e., left premotor cortex, left supplementary motor cortex, and
precuneus.

A different stimulation protocol was used by Cachoeira and colleagues in a
randomized, double-blind, sham-controlled trial on seventeen patients with
ADHD [24]. They applied the anode over the R-DLPFC and the cathode over the
L-DLPFEC (five sessions; 2 mA; 20 minutes), thereby inverting the generally used
positions. The rationale of this different montage stands in the evidence of an
R-DLPFC hypoactivation in ADHD patients during attention tasks and of a WM
improvement after anodal stimulation of this area in healthy subjects. Behavioral
and neuropsychological assessments were performed at four different time points.
tDCS turned out to reduce ADHD behavioral symptoms and improve several
aspects of attention. Interestingly, the improvement was stable 4 weeks after the
last stimulation.

A different brain area, i.e., the right inferior frontal gyrus (rIFG), was targeted in
another trial involving 21 male adolescents with ADHD and 21 healthy controls
aged from 13 to 17 years [25]. Each participant received one session of anodal,
cathodal, and sham stimulation (separated by at least 1 week) while completing the
Flanker task, a test assessing the ability to control interferential stimuli. The results
showed that anodal tDCS and not cathodal or sham reduced commission errors and
reaction time. In particular, the rate of commission errors after tDCS was compa-
rable to that of healthy controls.

The predominant role of R-DLPFC in inhibitory control was indirectly con-
firmed by the study of Solstaninejad and colleagues, who reported no effect of
anodal tDCS over the L-DLPFC, while an improvement was observed after cath-
odal tDCS of the same area, probably via an interhemispheric communication
mechanism [26].
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Similar results were reported in another study by the same group, which in addi-
tion examined the effects of tDCS over the orbitofrontal cortex (OFC) [27]. Twenty-
five children with ADHD underwent one session of four different tDCS conditions:
left DLPFC anodal/right DLPFC cathodal, left DLPFC anodal/right OFC cathodal,
left DLPFC cathodal/right OFC anodal, and sham. The current intensity was 1 mA
and each stimulation was delivered for 15 minutes with a 72-hour interval between
the different conditions. Participants underwent Go/No-Go task, N-back test,
Wisconsin Card Sorting Test (WCST), and Stroop task after each tDCS session. The
different conditions turned out to affect distinct cognitive functions. Anodal tDCS
over the L-DLPFC improved executive control functions, while left DLPFC cath-
odal/right OFC anodal tDCS increased inhibitory control. Both anodal and cathodal
stimulation of OFC benefited cognitive flexibility.

In conclusion, analyzed data indicate that tDCS may reduce symptoms and
improve neuropsychological functioning in children and adolescents with ADHD,
showing to a potential role of this technique as a treatment option for different
aspects of this complex disorder.

20.4 tDCSinTourette Syndrome

Tourette Syndrome (TS) is a neurodevelopmental disorder with the onset in the
early childhood, characterized by motor and vocal tics and causing important dis-
tress and severe functional impairment.

Neurophysiological studies have shown an abnormal excitability of motor cortex
(MC) in TS patients, while functional neuroimaging demonstrated a correlation
between the activity of supplementary motor area (SMA) and tic severity [28].

Based on this evidence, Mrackic-Sposta et al. used cathodal tDCS over the left
motor cortex of two adult TS patients [29]. Each patient received five sessions of
active and five of sham tDCS (2 mA, 15 minutes) with a 2-week washout interval
between the two conditions. The Yale Global Tic Severity Scale (YGTSS) was
administered at baseline and at the end of each session. The results showed a reduc-
tion of tics in both patients only after active stimulation, suggesting that cathodal
tDCS over left MC might induce an adaptive mechanism of widespread reduction of
excitability in the motor system, which in turn prevents the release of unwanted
movements.

In another report, a 16-year-old treatment-refractory TS patient underwent ten
daily tDCS sessions (2 mA; 30 minutes) with the cathode placed over the pre-SMA
and the anode over the right deltoid muscle [30]. Interestingly, the same electrode
montage was shown to be effective in reducing the symptoms of OCD, a condition
frequently found in combination with TS [31, 32]. An fMRI scan was performed
before and immediately after the treatment. Tic severity was assessed at four time
points, starting from baseline up to 6 months post-treatment and showed a progres-
sive decrease of YGTSS scores. The post-treatment resting-state fMRI showed
reduced activity in the left precentral region and in the left cerebellum of the senso-
rimotor resting-state network. This result is in line with previous evidence showing
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a correlation between motor symptom severity and an increased activity in the sen-
sorimotor region and cerebellum.

In conclusion, although very little evidence is available, the preliminary results
suggest a possible role for cathodal tDCS over MC/pre-SMA in the treatment of TS
patients.

20.5 tDCSin Dyslexia

Developmental dyslexia is a specific learning disorder consisting of a persistent
deficit in learning to read, occurring in 5-17% of children, which cannot be
explained by a deficit in sensory or cognitive functions, or by a lack of motivations
or of adequate reading instruction [33]. It has been associated with hypoactivation
of the left parieto-temporal regions, left occipito-temporal regions—which is the
most consistent finding—and with hyperactivation of the inferior frontal regions.
Other evidence suggest hypofunctioning of the left superior temporal gyrus (STG)
and reduction in gray matter volume in brain areas involved in speech and language
processing.

Conventional remediation methods are based on cognitive training programs
focused on the deficient aspects of reading skills. These programs have been shown
to modify activation in critically involved brain areas and often improve reading, by
inducing compensatory processes. Unfortunately, such improvements are rarely
stable. Therefore, there is an urgent need for new and more effective treatment strat-
egies in order to prevent the everyday-life severe functional impairment of patients
with dyslexia.

A possible progress could be the integration of cognitive interventions with NIBS
techniques, targeted to the brain areas putatively activated by the specific training, in
order to obtain a synergic effect. This approach has already been used for the treat-
ment of other psychiatric conditions, such as, for example, depression [34].

To our knowledge, only tDCS—among all brain stimulation techniques—has
been used in patients with dyslexia. In a first study, Costanzo and colleagues hypoth-
esized that stimulating the hypoactive parieto-temporal cortex could improve read-
ing abilities in dyslexic subjects [35]. Nineteen children and adolescents with
dyslexia were enrolled and performed different neuropsychological tests for reading
abilities at baseline and after each session of stimulation. tDCS treatment design
included four counterbalanced conditions: in two active conditions, 1-mA tDCS
was administered for 20 minutes over bilateral parieto-temporal areas (in the mid-
way between P7/8 and TP7/8) with left anodal/right cathodal (to enhance left later-
alization of the target area) or left cathodal/right anodal (to enhance right
lateralization) montages; two control conditions, sham stimulation with the left
anodal/right cathodal montage, and a condition without tDCS stimulation, were
included. In the text-reading accuracy, the results showed a significant improvement
(error reduction) after left anodal/right cathodal parieto-temporal tDCS, with no
significant effect in other reading-related measures and for other treatment
conditions.
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A second study from the same group investigated the effects of multiple tDCS
sessions combined with a cognitive training and whether these effects were long
lasting in a sample of eighteen children and adolescents with dyslexia, who were
randomly assigned to active or sham left anodal/right cathodal parieto-temporal
stimulation [36]. The patients received eighteen 20-minute sessions of 1 mA tDCS
combined with cognitive reading tasks focused on the improvement of reading
accuracy. The results demonstrated that reading errors were significantly reduced
only in patients receiving active tDCS and the improvement was stable up to 1
month after the end of the treatment.

Finally, the same authors used the previously detailed 18-session protocol in 26
dyslexic patients, with the aim of assessing the duration of the effect. The results
showed that only the active group received long-lasting benefits in reading abilities,
and these persisted up to the last follow-up visit, 6 months after the end of the treat-
ment [37].

Other authors investigated the effects of tDCS applied to the STG on auditory
temporal resolution and speech long-latency auditory-evoked potentials [38].
Seventeen children and adolescents with dyslexia were randomized to receive four
stimulation conditions: left anodal/right cathodal tDCS (to increase cortical excit-
ability in left STG and inhibit it in right STG), left anodal tDCS with the cathode on
contralateral shoulder (to increase cortical excitability only in left STG), sham
tDCS, and baseline status without applying tDCS. All participants underwent the
gap in noise (GIN) test and long-latency auditory-evoked potentials recording at
baseline and after 20 minutes of tDCS. The results showed a significant increase in
correct responses in the GIN test, as well as reduced latency and increased ampli-
tude of the P1, N1, and P2 waves only in the active stimulation conditions.

Finally, Heth and colleagues investigated the effects of tDCS on text-reading flu-
ency and accuracy when the visual extrastriate area V5—which modulates incom-
ing visual information and has a role in word identification—is targeted by the
stimulation [39]. Twenty-three 18-year and older dyslexic subjects were enrolled
and randomly assigned to five 1.5 mA or sham sessions of 20-minute tDCS with the
anode placed over the left V5 area and the cathode over the right orbitofrontal cor-
tex. The results demonstrated a significant improvement of reading speed and flu-
ency only after active tDCS, suggesting a therapeutic potential of tDCS applied to
the visual network in dyslexic subjects.

20.6 tDCS in Stuttering

Stuttering, or childhood-onset fluency disorder, is a neurodevelopmental disorder
affecting 5% of children, and persisting in 1% of adults, characterized by disfluent
speech with involuntary repetitions, prolongations of speech sounds, and blocks at
the levels of syllables and words [40]. Although its etiology is still unclear, converg-
ing evidence from neuroimaging studies shows that people who stutter (PWS) have
significant abnormalities in critical brain regions supporting speech, such as a defi-
cient structural connectivity in white matter of left-hemispheric speech areas
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(inferior frontal cortex, IFC) and a right-hemispheric compensatory hyperactivity.
In fact, in healthy subjects the left and not the right IFC has a prominent role in
motor planning as well as in integration of sensory signals during speech produc-
tion. Furthermore, many previous studies consistently demonstrated a reduced acti-
vation in Wernicke’s area (WA) and its right homologue region (RW). Fluency
therapies use techniques for altering speech patterns to reduce overt stuttering, but
the results may not persist without continued practice and can be difficult to fully
integrate into everyday speech. There is a value, therefore, in developing novel
interventions to improve therapy outcomes for PWS, including tDCS.

In a first study, Chesters and colleagues investigated whether a single session of
tDCS could improve fluency in PWS [41]. The authors enrolled 16 subjects (mean
age: 30 years) who received, in two separate sessions, either anodal (1 mA; 20 min-
utes) or sham stimulation with the anode over the L-IFC (FC5 according to 10-20
EEG system, which is centered on Broca’s region) and the cathode over the right
supraorbital ridge. Stuttering was significantly reduced at two outcome time points
for the sentence-reading task, in both the tDCS and sham conditions, probably due
to practice, but not during the paragraph-reading or conversation tasks.

In a subsequent study, the same authors applied anodal stimulation to the L-IFC
during speech production with temporary fluency inducers [42]. Thirty adult partici-
pants were enrolled in a randomized, double-blind, controlled trial of five daily
sessions of anodal tDCS over the L-IFC, covering also the ventral sensorimotor and
premotor cortex, while speech fluency was temporarily induced using choral and
metronome-timed speech. Results showed that this combined treatment reduced the
percentage of disfluent speech significantly more than fluency training alone and
that this effect persisted up to 6 weeks after the intervention.

Finally, Yada and colleagues [43] hypothesized that the reduction of stuttering
severity can be achieved using anodal stimulation to address the underactivation of
Broca’s Area (BA), WA, and RW and/or using cathodal stimulation to address over-
activation in right homolog region of Broca’s area (RB). Fifteen patients (18—40
years old) received, while reading passages aloud, either anodal, cathodal, or sham
stimulation over one of the language areas (BA, WA) and its right hemisphere
homolog (RB, RW), with the second electrode placed over the contralateral supra-
orbital region. Among the combinations of stimulation sites and polarities, the
authors observed a highly selective effect of tDCS, with only cathodal stimulation
over RB significantly reducing the frequency of stuttering.

20.7 tDCS in Rett Syndrome

Rett Syndrome is a rare genetic disorder of neurodevelopment, associated with
mutations in the MECP2 gene, located on the X chromosome, and characterized by
several intellectual, linguistic, and motor disabilities.

In the only study assessing the effect of tDCS in this population of patients,
Fabio and colleagues combined the linguistic training with ten consecutive daily
sessions (2 mA; 20 minutes) of anodal tDCS over the BA (with the cathode in the
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contralateral position) in three women with Rett Syndrome [44]. Quantitative EEG
measures were recorded before the tDCS, immediately after, and at 1-month follow-
up. The results showed a general improvement in language, motor coordination
with an increase of functional movements, and an increase in the frequency and
power of alpha, beta, and theta EEG bands, which are typically under-represented
in Rett Syndrome patients.

20.8 Conclusions

The available literature on the therapeutic effects of tDCS in subjects with neuro-
developmental disorders, mainly children and adolescents, was reviewed in this
chapter. The included studies generally indicate an improvement of symptoms and
support the use of tDCS as a treatment tool for these disorders, especially when
used in combination with cognitive training. Importantly, despite differences in
stimulation protocols and study designs, the available data show that patients with
different neurodevelopmental disorders well-tolerate treatments, and no significant
adverse effects were reported. However, several methodological limitations, such
as small sample sizes, inconsistent use of sham protocols, placebo effects, and
nonuniform samples, hamper the relevance of the available findings. Furthermore,
only short-term measures of clinical response were usually collected. Therefore,
further studies, with more representative and uniform samples, with sham condi-
tions and mid/long-term assessments, are needed to clarify the efficacy of the pro-
tocols on the intended outcome measures. Finally, a thorough characterization of
the patients with neurodevelopmental disorders who might show a greater thera-
peutic effect is warranted to identify potential predictors of response to tDCS, as
indeed was done, for example, for clinical predictors of response of depressed
patients [45].
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21.1 Introduction

The interest in using transcranial direct current stimulation (tDCS) as a complemen-
tary or alternative tool for the treatment of neurological and psychiatric disorders
has been significantly growing since the last decade, as shown by the exponential
increase of scientific publications in the field (see [1], for an overview). One key
factor for the interest in this noninvasive brain stimulation technique refers to its
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potential to modulate neural activity by acting on synaptic plasticity (e.g., [2]),
which is supposed to be abnormal in several brain disorders [2—4]. tDCS has indeed
been shown to induce long-term potentiation (LTP) and long-term depression
(LTD)-like plasticity in humans (e.g., [5-8]). In line with these premises, therapeu-
tic effects of tDCS have been shown in numerous clinical disorders of the central
nervous system in both adult and pediatric populations. For recent reviews in the
field, see [9-14].

In the current chapter, we provide an updated overview on the therapeutic effects
of tDCS for the treatment of anxiety disorders in adult populations according to the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) classification of
anxiety disorders [15]. In particular, we aim to examine the currently available lit-
erature on the effects of tDCS for the treatment of specific phobias (SP), social anxi-
ety disorder (SAD), panic disorder (PD), agoraphobia, and generalized anxiety
disorder (GAD).

According to recent suggestions (e.g., [16]), one important pathological mecha-
nism in anxiety disorders is maladaptive neuroplasticity. Evidence for altered neu-
roplasticity is shown by studies documenting hypoactivation of the left dorsolateral
prefrontal cortex (DLPFC) (e.g., [17, 18]) and hyperactivation of the right DLPFC
in anxiety [19]. In line with these premises, tDCS might represent a useful tool to
counteract respective patterns of maladaptive neuroplasticity by modulating patho-
logical hypo/hyperactivation of the DLPFC in respective clinical populations.
Moreover, the link between prefrontal regions and subcortical regions involved in
threat and fear processing (e.g., amygdala) is another rationale for targeting anxiety
through modulation of the DLPFC with tDCS [20]. In fact, functional abnormalities
of the amygdala, the key neural region of the “fear circuit,” have been documented
in several anxiety disorders (see [21] for a review).

Since an extended overview of the neurophysiological foundation and mecha-
nisms of action of tDCS is presented in this book, we are here only providing a brief
introduction dedicated to this topic. For a more exhaustive/detailed overview, please
see also the following recent reviews in the field (e.g., [8, 22-24]).

21.2 Mechanisms of Action of tDCS

tDCS is a well-established noninvasive brain stimulation tool that allows to stimu-
late the cerebral cortex via two or more electrodes with opposite polarities (i.e.,
anodal and cathodal) placed on the scalp and connected with a battery-driven con-
stant current stimulator with a maximum output in the milliampere (mA) range [14].
A relatively weak electrical direct current (usually 1-2 mA) is applied via the elec-
trodes, and a proportion of it enters the brain [6, 7, 25-28]. As a general principle,
increases of cortical excitability have been documented during and after stimulation
with the anode over the target area. On the other hand, a decreased cortical excit-
ability was found to follow stimulation with the cathode over the respective region
[8]. A single stimulation session of up to 15-minutes duration affects cortical excit-
ability for up to 90 minutes [7, 26, 29], and this effect can be further extended by
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repeated stimulation (i.e., cumulative effects) [5]. The prolonged effects of tDCS on
cortical excitability are linked to mechanisms of synaptic modulation, as suggested
by pharmacological studies in humans [30] and animal models [2, 3]. Evidence sug-
gests that tDCS induces plasticity of glutamatergic synapses, which is calcium
dependent. tDCS after-effects (both anodal and cathodal) are prevented by NMDA
receptor block but enhanced by respective receptor agonists [6, 7, 31, 32]. Moreover,
GABAergic activity is reduced by both anodal and cathodal tDCS [33], and this
reduction might serve as a gating mechanism for tDCS-induced plasticity. Because
of calcium dynamics involved in glutamatergic plasticity, nonlinear effects are
observed if stimulation intensity and duration extend beyond specific limits. Low
calcium enhancement of the postsynaptic neuron induces long-term depression
(LTD), whereas high concentration is involved in long-term potentiation (LTP)
[34]. Extending calcium concentration further activates counter-regulatory mecha-
nisms antagonizing calcium influx, and reduces or converts plasticity induction
[35]. This explains why enhancing the stimulation intensity of cathodal tDCS from
1 to 2 mA converts LTD- into LTP-like plasticity [36, 37, 38], and why extending
stimulation duration of anodal tDCS from 13 to 26 minutes results in LTD-like
plasticity [5].

21.3 Overview of the Available tDCS Studies
in Anxiety Disorders

Before reporting the effects of tDCS on anxiety disorders based on the DSM-5 clas-
sification, we start with a focus on the efficacy of this technique to modulate trait
anxiety, which is a common aspect of all anxiety disorders [39, 40]. Ironside and
coworkers [20] examined the effects of tDCS over the prefrontal cortex (PFC) on
the behavioral response to a threatening stimulus (i.e., participants were required to
perform an attentional task requiring them to ignore threatening face distractors) in
individuals with trait anxiety. Additionally, threat-related activation of the amyg-
dala, which is crucially involved in fear generation, was obtained by functional
magnetic resonance imaging (fMRI). In this double-blind, within-subject, random-
ized clinical trial, eighteen women with high trait anxiety (age mean = 23.1; age
range, 18—42 years) were included. High trait anxiety was defined as scoring higher
than 45 on the Spielberger State-Trait Anxiety Inventory (STAI), which measures
the severity of current symptoms of anxiety and a generalized propensity to be anx-
ious [41]. Trait anxiety was further confirmed using the Structured Clinical Interview
for DSM-IV disorders. Following a counterbalanced order, active vs. sham tDCS
was applied over the left and right DLPFC (i.e., anodal left / cathodal right DLPFC;
more details in Table 21.1), in two single sessions, separate by one month.
Immediately after (roughly 7 minutes) the end of tDCS, participants began an fMRI
emotional task with fearful or neutral facial expressions, in order to study amygdala
activation during performance of attentional control over fearful stimuli. The results
showed a reduced influence of threat distractors on task accuracy following
tDCS. Active tDCS compared to sham improved performance accuracy under low


https://www.sciencedirect.com/topics/psychology/humans
https://www.sciencedirect.com/topics/neuroscience/nmda-receptor
https://www.sciencedirect.com/topics/neuroscience/nmda-receptor
https://www.sciencedirect.com/topics/neuroscience/eicosanoid-receptor

C. M. Vicario et al.

304

OMSd (€20
‘S4VH OMSd wd ¢ X L/p1o)[ep | DAd1d (puriq| [Sp] B0
ur asealdod ‘SYVH weys | [epoyie) | sonuitl O¢ X ¢ yug [e19je[enuOD) W3 9°6FEL8T| 81 =N 2[3UIS) I1OY  PAYBAON S
vd (D) (dn-morjoy
‘V-S¥H [onuod wd ¢ X G/projep|  DAdTA Kep-¢y)|  [pp] e 10
U1 9sea1d( | IVL/V-SYH ON | Tepoyie) | sanurw ()¢ x G| vu g [eI19)B[RIU0D) Y3y e 1=N Apmsase)| emezorys ¥
(QVD) I9pIOSIP KJAIXUL PAZI[LIAUD)
((Z0)
1vd ‘SVH [onuod wo ¢ x &/proyep|  DAd1d (dn-mofoy) | [¢p] 830
U1 9SBAIR( IV4/SVH ON | [epoyie) | sanurw ()¢ X O vu g [e1d)R[RUOD) y3InY y 1=N| Apmsase)| emezorys ¢
(ad) Iepiosip orued
Soa
[epoue
Sutmp seiq (€D (puriq
uonuae | (AUI[UO) Yse) (uorssas o[3urs) wo ¢ x Lwre DAL 1A Jrqnop) [2y] e e
poseardd | 2qoad-jog weys| [epouy sonuIw ¢g vu g [exorerisdy YOT| LY FOI'YT| 61 =N 10Y UQIdH | ¢
(QVS) IopIosIp AJo1XUE [RID0S
SAVH Jo
uononpaAI
JuUBOYIUIIS
ou ‘SaI09S (€q)
TH{ jo SAVH| [onuod wo ¢ x //mqoeidns | DAL TA Apms|  [gg] e
uononpay |  ‘SSA ‘IHA ON| [epouy | sonuill )¢ X ¢ yug sy YOI €TIF9SH 8=N| [Pqe-uadQ wred 1
(dS) erqoyd oyroads
QwodnO amsea]y | [onuo) | Ajrejod uoneIn(y | Aysuajuy 9zZIS IS as= N|  (Surpurq) Py | #
/9POIOJ[o UWINJAY | 9pONIJ[e|  ueow) 23k adKy Apmg
Jo3ie],

SIIPNJS POUTWEXD ) [[B UT PIAJOAUT d1om sjuedronted ¢§ jo [e101 vV  L°LZ d|gelL



305

Transcranial Direct Current Stimulation (tDCS) in Anxiety Disorders

21

o1eog woydwAg 0SNIGA §SA ‘UONB[NWNS JUSLIND JOIP [BIUBIOSURT) §) (7 ‘UOIRIAQD PIEPUR)S (7S
‘[BLI} PO[[OIIUOD PIZIWOPURI 7)Y ‘direuuonsonb Ariom 918§ uued OMSd “K191xue 10j oreos Sunel uo[iweH V-SYH — SVH— SYVH — VW VH ‘uolssaidap 1o o[eos Sunex
uoj[TweH A VH ‘o1edS uorssaido(] pue A1orxuy [e3dsoy S VH ‘A10judauy destpuel sSouIzzi( 1 (7 ‘X93109 [ejuoijaid [e1o1e[osIop )7 J7( KI0uaAu] K1o1Xuy oog JvVg

Kyanoe
erepSAure
ap
ur sa3ueyod | (Iouueds ) [epour
pue [0NUod | Ul dUIYJo) ol (purq
[euonuane 3[se) peoj ‘[epoyed | (UOISSAs o[Suls) wo ¢ X 6/O4d1d|  Ddd1d s|qnop) | [0zl ‘1810
paroidwy | [euonuany weys sy S9nurr og yug WS | [eroreg Lex1ec 91=N LOd opisuolf| L
Kjarxue jreiy,
(dn-morjoy
dVH (v Syeam
‘VINVH dNVH wo | DddId 8) (putq [9v]
Ut asealdo ‘VINVH Weyg | [epoyied | sanuit Og X 01 Vgl ¢ X [/plojsewl o] WS TOIFS+y| 0T=N| Q8us) 1DY| el ury 9




306 C. M. Vicario et al.

attentional load by reducing vigilance to threat. Importantly, this behavioral
improvement was accompanied by reduced amygdala activation and increased cor-
tical activation (of the frontal and parietal regions) in response to fearful face dis-
tractors under tDCS. This study is an excellent example for the exploration of
neurocognitive mechanisms of tDCS on fear processing. It delivers not only infor-
mation about the alteration of psychological processes via this intervention, but it
also suggests moreover respective physiological mechanisms, including activity
reduction of the amygdala, which is relevant for fear induction, by altered dorsolat-
eral prefrontal activity generated by tDCS.

21.3.1 tDCS for the Treatment of Panic Disorder (PD)

PD is classified as an anxiety disorder characterized by recurrent panic attacks with
several symptoms such as palpitation, sweating, shaking, nausea, dizziness, dereal-
ization, and depersonalization [15]. This disorder is characterized by an alteration
of the activity of key frontal and limbic areas, such as the medial prefrontal cortex
and the amygdala [48]. Recent imaging studies have documented alterations of an
even more extended brain network (e.g., [49]), including sensory regions of the
occipital, parietal, and temporal cortices and the insula [48].

For the treatment of PD with tDCS, to date, only a case study performed by
Shiozawa et al. [43] is available. In this study, a middle-aged woman was treated
with ten stimulation sessions (once daily, five sessions per week, for 2 weeks) of
cathodal (2 mA) stimulation over the right DLPFC (for more details, refer to
Table 21.1). The Hamilton Anxiety Scale (HAS) showed a significant reduction of
anxiety symptoms, as compared to baseline scores. Moreover, this pattern remained
stable at the 30 days’ follow-up. Although promising, the results shown in this sin-
gle case report are too preliminary to make any firm conclusion about the therapeu-
tic effectiveness of tDCS for the treatment of PD. Further investigations adopting a
double-blind/sham-controlled design are recommended.

21.3.2 tDCS for the Treatment of Social Anxiety Disorder (SAD)

SAD is characterized by marked fear, anxiety, or avoidance of social interactions,
including situations in which one is scrutinized, or situations in which one is the
focus of the attention [15]. Functional and structural alterations of several neural
regions, including the fusiform gyrus, thalamus, amygdala, insula, anterior cingu-
late cortex (ACC), as well as the striatum and DLPFC [50] have been identified to
be involved in this disorder. This indicates that SAD, beyond the involvement of
core regions relevant for fear and anxiety, is characterized by pathological altera-
tions in a number of additional regions involved in sensory processing and atten-
tional control [50].

Heeren et al. [42] performed a double-blind within-subject protocol in young
female individuals with a DSM-5 diagnosis of SAD. Participants received a single
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session of anodal (2 mA) or sham tDCS over the left DLPFC (more details are
reported in Table 21.1) during conduction of a probe discrimination task assessing
Attentional Bias (AB). This task was chosen due to evidence that SAD is associated
with and maintained by AB for social threat [42]. The results document a significant
decrease in AB for threat during anodal tDCS over the left DLPFC as compared to
the respective sham stimulation condition. As for PD, the extremely limited litera-
ture in the field does not allow to derive clear conclusions about the therapeutic
effectiveness of tDCS for the treatment of SAD. Moreover, the only currently avail-
able study [42] provides only indirect evidence for some potential of tDCS for the
treatment of SAD, as the authors did not include standard clinical measures aiming
to compare SAD symptom severity before and after treatment, but used a surrogate
marker. Also here, further investigations adopting a double-blind/sham-controlled
design are recommended.

21.3.3 tDCS for the Treatment of Generalized Anxiety
Disorder (GAD)

Patients affected by GAD are characterized by persistent and excessive worries
about a number of different things such as work, family, or money [15]. In terms of
pathologically altered neural activation patterns/-rostral anterior cingulate cortex
(sg/rACC) and medial prefrontal cortex (mPFC) has been described consistently,
while activity alterations of the amygdala and the hippocampus seem to be more
variable in GAD [50].

Shiozawa et al. [44] performed the first tDCS single case study in a middle-aged
woman affected by GAD. The authors performed 15 consecutive once-daily cath-
odal tDCS sessions (except for the weekends) over the right DLPFC (more details
are reported in Table 21.1); the anode was placed extracephalically over the contra-
lateral deltoid muscle. Stimulation intensity was 2.0 mA. Anxiety symptoms mea-
sured via the HAS and Beck Anxiety Inventory (BAI) significantly improved after
15 days of treatment. This improvement remained stable at follow-ups after 30 and
45 days.

More recently [45], a total of 18 patients affected by GAD (46% females and
64% males) were randomly assigned either to (2 mA) cathodal tDCS (n = 6) over
the right DLPFC (more details are reported in Table 21.1), pharmacotherapy (n = 6),
or sham stimulation (n = 6) in a sham-controlled, double-blind parallel-group study.
Symptoms were measured via the HAS. The intervention resulted in significant
improvements of the anxiety index in the tDCS and pharmacotherapy groups, as
compared to the sham group. The difference between the active intervention meth-
ods was not significant.

Finally, Lin et al. [46] conducted a randomized, placebo-controlled, single-blind
study in which the effect of cathodal tDCS over the right DLPFC (with the reference
electrode over the contralateral mastoid) was investigated in 20 patients diagnosed
with GAD. The patients of the real stimulation group (n = 10) received 10 days of
stimulation with a current intensity of 2 mA, for 20 min per day. The Hamilton Rating
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Scales for Anxiety (HAMA) and depression (HAMD) were evaluated at baseline, 2
weeks, 4 weeks, and 8 weeks after the beginning of treatment. They found a signifi-
cant improvement of the HAMA scores in the real stimulation group 2, 4, and 8 weeks
after the start of the treatment, while no symptom improvement was reported in the
group that received sham tDCS. In summary, the available study results suggest the
right DLPFC as a potential target for the treatment of GAD via cathodal tDCS. The
currently available literature in the field is however limited and does not allow to make
exhaustive conclusions about the therapeutic efficacy of this stimulation protocol for
the treatment of GAD. Nevertheless, compared to tDCS treatment of PD and SAD,
the results provided by Movahed et al. [45] and Lin et al. [46] deliver more definite
support for the therapeutic effectiveness of right DLPFC tDCS for the treatment of
anxiety disorders, as the authors tested two relatively medium-sized samples (N = 18,
N =20 respectively), and the respective study designs were blinded. Further investiga-
tion adopting double-blind/sham-controlled designs is recommended in this regard.
Reasonable next steps to enhance the efficacy of the intervention will also include the
implementation of mechanistic studies that focus on optimizing approaches (addi-
tional stimulation areas, network stimulation, optimization of duration/intensity), and
to embrace a larger multicenter perspective.

21.3.4 tDCS for the Treatment of Agoraphobia

Agoraphobia is an anxiety disorder characterized by marked fear or anxiety of situ-
ations such as public transportation, open or enclosed spaces [15]. Neuroimaging
research [51] has pointed out an increased activation of the insula and the ventral
striatum in patients affected by agoraphobia, compared with healthy controls, dur-
ing anticipation of agoraphobia-specific stimuli. No studies testing the effects of
tDCS for the treatment of agoraphobic patients have been performed so far.

21.3.5 tDCS for the Treatment of Specific Phobias (SP)

SP refers to a clinical condition characterized by marked fear, anxiety or avoidance
of specific circumstances/situations, such as animals, environments, and others
[15]. Results from neuroimaging studies suggest that SP is characterized by an
enhanced activation in the insula, DLPFC ACC, amygdala, and prefrontal/orbito-
frontal cortices during the processing of phobia-related situations compared to con-
trols [52].

Palm et al. [53] have recently performed the first open-label pilot tDCS study on
8 adult patients affected by phobic postural vertigo (PPV) to modulate disease-
related symptoms (vertigo/dizziness). A 2 mA anodal tDCS was applied over the
left DLPFC (more details are reported in Table 21.1), once per day for 5 consecutive
days. For the assessment of symptoms, the authors used the Vertigo Symptom Scale
(VSS) [54], Dizziness Handicap Inventory (DHI) [55], and the Hospital Anxiety
and Depression Scale (HADS) [56]. Overall, the results showed a significant
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reduction of DHI scores. Moreover, anxiety and depression ratings were reported to
be moderately improved, however, not significantly. In summary, as the previous
anxiety disorders examined in this chapter, the limited literature in the field does not
allow to derive firm conclusions about the therapeutic effectiveness of tDCS for the
treatment of SP. Further investigations adopting a double-blind/sham-controlled
design, as well as extended stimulation protocols, as conducted for other anxiety
disorders (see earlier), are recommended.

21.4 Discussion and Future Directions

In this chapter, we provided an overview of all published studies (N = 6) investigating
the therapeutic effectiveness of tDCS for the treatment of anxiety disorders. Moreover,
we have included a recent study testing the effects of tDCS on trait anxiety [20],
which is relevant for all anxiety disorders. Overall, the research examined in this chap-
ter provides preliminary evidence in support of the hypothesis that tDCS is a promis-
ing therapeutic approach for the treatment of anxiety disorders. However, the
extremely limited number of investigations (a total of seven studies, with no research
in agoraphobia performed so far), the absence of double-blind/sham-controlled proto-
cols in 4 out of 6 studies performed in anxiety disorders, and the low number of
patients in several studies (3 of 7 studies are single case studies) show serious limita-
tions of the current state of research in the field. DLPFC is the major cortical target in
the treatment of anxiety disorders via noninvasive brain stimulation, although other
cortical targets might represent valid alternatives according to the available physiolog-
ical literature in the field (see [14] for a review). For instance, in the 57% of the exam-
ined studies (4 on 7), the authors chose the right DLPFC as a target with cathodal
tDCS to treat anxiety disorders, while 28% of the studies (2 on 7) conducted anodal
tDCS over the left DLPFC (n = 2); bilateral stimulation over the DLPFC (i.e., anodal
left / cathodal right DLPFC) was conducted in one study. Since benefits were reported
in response to all types of protocols, it might be concluded that all of these approaches
are effective. This pattern of results is in line with a model proposed in a recent sys-
tematic review of our group [14], where we suggested that the stimulation of both the
left and right DLPFC with anodal and cathodal tDCS, respectively, might counteract
maladaptive plasticity of the cortico-meso-limbic network [57] in anxiety disorders,
by acting on the up/downregulation mechanisms subserved by these regions for emo-
tional outcomes [14]. In particular, according to this model, benefits from excitatory
stimulation of the left DLPFC would be due to the relevance of this region for down-
regulation of negative emotion (e.g., [58]), and upregulation of positive emotion (e.g.,
[4, 59]). On the other hand, benefits from inhibitory stimulation over the right DLPFC
would be determined from the relevance of this region for downregulation of reactions
to negative emotional stimuli/outcomes, in line with evidence that this region is
involved in the upregulation of reactions to negative emotional outcomes [60].

The relevance of prefrontal regions, especially the DLPFC, in anxiety disorders
can be discussed at least from two perspectives. The first perspective includes the
involvement of the DLPFC in cognitive control of behavior and emotion [61].
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“Attentional control” and “cognitive change” are two major types of cognitive regula-
tion of emotions that depend on PFC activity [61]. These regulatory strategies modu-
late both bottom-up and top-down responses to emotional stimuli, which construct
expectations for, select alternative interpretations of, and/or make different judgments
about emotional stimuli, including fearful objects and threats. This has been the ratio-
nale behind recent tDCS studies that aimed to improve emotion regulation through
enhancing cognitive control functions in emotional disorders (e.g., [62, 63]).

The second perspective regards, more specifically, the functional connectivity
between prefrontal cortical regions and subcortical areas, which allows modulation
of threat-related structures (e.g., the amygdala) [20]. While direct modulation of the
activity of subcortical regions is not as feasible as modulation of cortical regions by
noninvasive brain stimulation techniques, due to effects of regional stimulation on
cerebral networks, including subcortical structures [64], it is possible to target sub-
cortical areas indirectly by cortical stimulation. Indeed, evidence from stimulation
of the DLPFC and motor areas suggests that tDCS can alter activation and connec-
tivity in regions distant from the electrodes [64, 65].

In the context of research exploring the relevance of the prefrontal cortex as a
neural target for the treatment of anxiety disorders via tDCS, it might be relevant to
extend respective investigation to the ventro-medial PFC (vmPFC), whose relevance
for the treatment of anxiety disorders has been explored only with transcranial mag-
netic stimulation (rTMS) so far [66]. The vmPFC is reciprocally connected with the
amygdala, which is known to be dysfunctional in anxiety disorders [50, 67]. It has
moreover been shown to be directly involved in downregulation of negative affec-
tive responses [68], and upregulation of positive (rewarding) outcomes [69], which
makes it an interesting target for anxiety modulation. In the same line, stimulation
of additional areas, which have been shown to be involved in specific syndromes,
might be of interest in future studies. This might also include network stimulation
approaches.

Lastly, while in this chapter we only included the application of tDCS in anxiety
disorders according to the DSM 5 diagnostic criteria, some tDCS studies are avail-
able for effects in post-traumatic stress disorder (PTSD) and obsessive—compulsive
disorder (OCD). The results from these parallel research fields further enrich the
picture on the effects of tDCS in the treatment of anxiety and anxiety-related disor-
ders (e.g., [70-72]). For example, van’t Wout-Frank et al. [72] observed a signifi-
cant reduction of arousal (i.e., reduced skin conductance response) and a clinically
meaningful reduction of symptom severity in PTSD in response to tDCS over
the vimPFC.

21.4.1 Maximizing Clinical Efficacy

The research discussed here so far refers to pilot studies that were primarily designed
to examine the principal efficacy of tDCS in anxiety disorders, aimed to determine
whether conducting further research in the field would be promising. Most of the
studies were not designed to optimize tDCS efficacy and draw definite conclusions
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about the implementation of tDCS for clinical treatment of anxiety disorders. Based
on the principally promising results of these pilot studies, the next step would be to
design studies for optimizing the stimulation protocols in order to maximize clinical
efficacy. In this prospective, future studies are recommended to consider optimiza-
tion approaches, which we will briefly discuss here. These approaches include: [15]
optimizing stimulation parameters (i.e., stimulation area, polarity, intensity, dura-
tion, repetition, etc.) and [47] combining tDCS with other techniques.

Parameters of respective stimulation protocols play an important role in the effi-
cacy of tDCS and these should be considered and systematically investigated in
future studies. The first important parameter is the stimulation target area, which
was already briefly discussed in the previous section. Right DLPFC (4 of 7 studies)
and left DLPFC (3 of 7 studies) were the only targeted regions in the discussed stud-
ies, which are in line with the suggested up/downregulation model of anxiety disor-
ders [14]. Yet, further studies are required to systematically investigate the effects of
unilateral / bilateral stimulation of both right and DLPFC regions, which might
enhance efficacy of interventions. Furthermore, other target areas might be attrac-
tive candidates. The medial PFC, including the VMPFC, is a potentially important
region in regulating emotions and anxiety, but also other areas, as discussed earlier,
might be relevant. Another important stimulation parameter is stimulation polarity,
which is closely associated with the intended LTP- or LTD-like effects of the target
area [6, 7, 26]. In the studies conducted so far, the right DLPFC received cathodal
stimulation to reduce excitability, and the left DLPFC anodal stimulation to enhance
excitability. The underlying rationale is to counteract respective pathological activ-
ity reductions of the left, and enhancements of the right DLPFC, which have been
identified in anxiety disorders, and share similarities with respective alterations in
depression [73].

In addition to tDCS montage (e.g., stimulation area and polarity, and also elec-
trode size), stimulation intensity, duration, and repetition rate contribute to the effi-
cacy of stimulation protocols. Findings from stimulation studies in other clinical
fields (e.g., tinnitus [74], cognitive functions in Parkinson’s disease [75], schizo-
phrenia [76]) show that higher intensities of stimulation can result in more effective
symptom improvement. However, the relationship between increased intensity and
magnitude of the respective effects is not necessarily linear. It was recently shown
that different intensities of anodal stimulation have similar effects on motor cortex
plasticity at the group level [29], whereas the intensity-dependent effect of cathodal
tDCS includes nonlinearities [36, 37, 77]. However, all of the above-mentionend
studies were conducted with healthy adults. That said, the transferability of such
nonlinear effects on clinical symptoms and cognitive/behavioral performance is not
yet clear and needs further investigation. Due to pathologically altered cerebral
activity in clinical syndromes, a one-to-one transferability might not be given, and
thus titration studies in clinical populations are required to identify the optimal
stimulation intensity in anxiety disorders .

Extension of the duration of stimulation sessions and repetitive stimulation are
other factors to consider in order to improve the clinical efficacy of tDCS. tDCS
studies on motor cortex excitability show that a longer duration of tDCS within a
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specific time frame is able to prolong induced plasticity in the human motor cortex
[6, 7, 26, 78], and that repetition within specific intervals enhances efficacy [5].
However, similarly to what has been observed in terms of stimulation intensity, a
nonlinear relation between stimulation duration, repetitive stimulation, and observed
effects on cortical excitability should be taken into consideration [5, 36, 37]. Finally,
repetition rate is another important parameter to consider in order to enhance clini-
cal efficacy of tDCS. Previous tDCS studies in clinical populations have shown that
the efficacy of tDCS over motor and prefrontal regions is boosted by repeated ses-
sions of stimulation [79, 80]. Optimizing stimulation protocols in anxiety disorders
by adapting these parameters might improve tDCS efficacy and provide a more
realistic picture of its clinical potential. Considering that daily stimulation over 4-6
weeks is required in order to achieve a clinically significant effects of rTMS in
depression [81, 82], it might well be that most of the clinical tDCS studies con-
ducted so far are relevantly underpowered.

In addition to the stimulation parameters discussed here, it is important to dis-
cuss the combination of tDCS with other standard interventions in anxiety disorders
as an additional optimizing strategy. Behavioral, cognitive, and psychological inter-
ventions are major treatment approaches in anxiety disorders, which can be com-
bined with tDCS to increase clinical efficacy. Previous studies showed sustained
and longer symptom improvement following tDCS combined with cognitive train-
ing or psychological interventions in some neuropsychiatric disorders, including
depression [47, 83, 84]. The respective sustained improvement of symptoms
achieved by such combined therapies can be explained by fostering the formation of
new memories induced by therapeutic approaches, which include relearning,
enhancement of cognitive control [47], and other processes via tDCS-induced plas-
ticity enhancement. Moreover, the combination of tDCS with pharmacological
interventions further boosts the neuroplastic effects of tDCS (for an overview, see
[4, 30]), which might have clinical relevance [85, 86].

21.5 Conclusion

In summary, the current state of research suggests that tDCS might be an efficient
tool for the treatment of anxiety disorders. However, the low number of high-quality
investigations in this field does not allow to make definite conclusions. Future inves-
tigations should not only enhance the number of available studies but also take into
account approaches that might qualitatively improve the field. These includes (1)
double-blind, sham-controlled protocols with a relatively high number of partici-
pants; (2) systematic titration of stimulation parameters such as intensity, duration,
repetition rate/intervals, and cortical targets for optimization; (3) combination of
tDCS with standard therapies such as cognitive-behavioral therapy and/or pharma-
cotherapy; (4) combination of tDCS with physiological measures, such as func-
tional imaging, including fMRI, EEG, and vegetative parameters (e.g., heart rate
and skin conductance), which provide important neurophysiological indices, in
addition to the behavioral changes induced via tDCS [22]. Moreover, as suggested
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in our recent work [14], to specifically test the up/downregulation model mentioned
earlier, the exposure to positive/negative emotional stimuli should be systematically
included in future investigations in the field.
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tES in Dementia: From Pathophysiology 22
to Treatment

Arianna Menardi, Bradmon Manor,
and Emiliano Santarnecchi

Modern societies are currently facing a rapid growth of their older adults’ population
as a function of increased life expectancies and overall greater wellbeing.
Consequently, fast therapeutic advances in the treatment of aging-related pathologies
are also becoming necessary. Pharmacological interventions and cognitive stimula-
tion approaches remain the leading standards in the field, despite being characterized
by potentially serious side-effects and the necessity of longstanding commitment,
respectively. In recent years, noninvasive brain stimulation (NIBS) has been proven
useful in boosting cognitive and motor performances in healthy young adults, lead-
ing to the query of whether similar beneficial effects could be translated to older age

A. Menardi
Padova Neuroscience Center, Department of Neuroscience,
University of Padova, Padova, Italy

Siena Brain Investigation and Neuromodulation Laboratory,
University of Siena School of Medicine, Siena, Italy

B. Manor
Hinda and Arthur Marcus Institute for Aging Research, Hebrew Senior Life,
Boston, MA, USA

Harvard Medical School, Boston, MA, USA
e-mail: bradmanor @hsl.harvard.edu

E. Santarnecchi (<)
Siena Brain Investigation and Neuromodulation Laboratory,
University of Siena School of Medicine, Siena, Italy

Harvard Medical School, Boston, MA, USA

Berenson-Allen Center for Non-invasive Brain Stimulation,
Beth Israel Deaconess Medical Center, Boston, MA, USA
e-mail: esantarn @bidmc.harvard.edu

© Springer Nature Switzerland AG 2020 319
B. Dell’Osso, G. Di Lorenzo (eds.), Non Invasive Brain Stimulation

in Psychiatry and Clinical Neurosciences,

https://doi.org/10.1007/978-3-030-43356-7_22


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43356-7_22&domain=pdf
https://doi.org/10.1007/978-3-030-43356-7_22#DOI
mailto:bradmanor@hsl.harvard.edu
mailto:esantarn@bidmc.harvard.edu

320 A. Menardi et al.

individuals as well. Compared to young, older adults are known to undergo substan-
tial structural and functional reorganizations of their brains, exacerbated in the pres-
ence of dementia, which are strongly influenced by genetic and environmental
factors. Substantial differences in brain functioning are detected since the beginning
of the aging curve as a matter of a progressive substantial decrease in gray matter
volume and white matter tracts, as well as in a preponderant loss of hemispheric
specificity (Hemispheric Asymmetry Reduction in Older Adults, HAROLD [1]) and
a progressive more effortful cognitive processing, requiring greater frontal lobe
involvement compared to younger individuals (Posterior to Anterior Shift in Aging,
PASA [2]). Although cognitive decay accompanies normal aging, its progressive
worsening can limit individuals’ independence, first resulting in a diagnosis of Mild
Cognitive Impairment (MCI) and subsequently dementia. The most common forms
of neurodegenerative diseases include Alzheimer’s Disease (AD) and Frontotemporal
Dementia (FTD), followed by other conditions such as Parkinson’s Disease (PD) and
Dementia with Lewy Bodies (DLB). Although each differs clinically, certain shared
elements exist that make dementia an interesting target for transcranial electrical
stimulation (tES). First of all, cortical atrophy generally starts in a limited region of
the brain and progressively propagates toward the surrounding tissues. As an exam-
ple, the entorhinal cortex is where AD is believed to start, followed by the hippo-
campi and temporal lobes, until when the whole neocortex becomes affected. PD, on
the other hand, is characterized by loss of dopaminergic neurons starting in the sub-
stantia nigra and progressively involving frontostriatal pathways. This leads to a sec-
ond important aspect, which is the presence of proteinopathy, meaning an excessive
accumulation of—and failure to clear—altered proteins. Examples of such proteins
include amyloid-f plaques, tau neurofibrillary tangles, and Lewy Bodies aggregates,
whose combination and presence is shared across dementia’s types. As the protein
cascade hypothesis is nowadays believed not to be the only mechanism contributing
to neurodegeneration, substantial interest is directed toward the role of glial activa-
tion and neuroinflammation as new therapeutic targets [3]. A third and last element
binding different forms of dementia seems to be the occurrence of cortical atrophy
along defined pathways that mirror the topography of networks in the brain. In AD,
a gradual disaggregation of the Default Mode Network (DMN) is observed along a
posterior-ventral and anterior-dorsal gradient [4], which not only mirrors the pattern
of decay reported by other clinical biomarkers (e.g., amyloidosis and hippocampal
atrophy) [5], but also shows a significant correlation with the emergent symptomatol-
ogy [4]. Concomitantly, greater Salience Network (SN) activity is observed [6],
whereas the opposite pattern (decreased SN activity and enhanced DMN activity)
characterizes FTD [3].

Each of the aforementioned features of dementia represents a critical target and
an important starting point for therapeutic and rehabilitative strategies. tES is a use-
ful tool in this direction, as its induced electrical field is less focal compared to that
of other techniques, such as Transcranial Magnetic Stimulation (TMS), making it
suitable for the targeting of broader cortical regions and brain networks. Moreover,
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recent results have demonstrated that its repeated application may be efficacious in
increasing plasma levels of amyloid-f, which are lower in AD patients compared to
healthy controls [7]. Brain stimulation interventions have therefore been developed
with the intent to induce more young-like brain functional patterns or to reduce
excessive cortical excitability seen in older patients. In doing so, tES has come par-
ticularly helpful as it can be used to facilitate depolarization (excitatory effect) or
hyperpolarization (inhibitory effect) of the resting membrane potentials of neurons,
therefore modulating neuronal firing. Compared to other NIBS techniques, such as
TMS, tES is at a lower risk of inducing adverse events, such as epileptic seizures,
which can arise in individuals with pathologically higher cortical excitability.
Finally, devices are relatively flexible and allow stimulation to be carried out while
comfortably at home or during sleep, easing the administration of intervention ther-
apies (see Fig. 22.1). As more evidence is collected on the use of tES as a therapeu-
tic tool in the aging population, the introduction of the concept of perturbation-based
biomarkers is also foreseen. Altered response patterns to external perturbations
might indeed highlight abnormal brain responses, which could in turn ease the dis-
crimination between normal versus pathological functional decay. In this sense, the
use of NIBS techniques may become fundamental to detect brain dysfunctions
before cognitive symptoms become overt.
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Fig. 22.1 tES application modalities and measurable outcomes. (Left) Different electrode mon-
tages can be applied to deliver different current shapes. (Center) The versatility of tES protocols is
shown, allowing stimulation to be carried out in various settings, such as before, during, or after
cognitive-motor training or in resting-state scenarios, including sleep. (Right) Quantitative out-
come measures, for which positive effects have been reported following tES, are listed
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22.1 tES and Cognition
22.1.1 Healthy Aging

Functional rearrangements occurring along the aging curve progressively result in a
reduction in hemispheres’ specialization (HAROLD model [1]), accompanied by a
greater need of recruiting frontal regions to carry out a task at hand (PASA model
[2]). Both models are at least partly believed to represent compensatory strategies
by the brain, which might in turn represent the target of modulatory approaches by
means of tES. As such, most stimulation protocols have been ideated either to (1)
aid compensatory mechanisms (for example, stimulating frontal regions to boost
their role in sustaining task execution) or by (2) contrasting functional shifts, trying
to restore young-like cortical recruitment patterns (for example, inhibiting exces-
sive frontal involvement or reducing the cortical hyperexcitability seen in old age).
For instance, left and right anterior temporal lobe stimulation has been applied to
improve proper names recall in young subjects and elderly adults. Greater improve-
ment was seen when the truthful neural substrate was stimulated in the young group,
whereas older adults benefitted more when the opposite (left) lobe was targeted [8],
suggesting that stimulation of the nondominant hemisphere could aid compensatory
mechanisms that are in action to support task’s request, with higher benefits for the
aged group. By means of an opposite approach, semantic word generation was ame-
liorated in healthy older adults by inhibiting the excessive frontal hyperactivity,
which in turn promoted the establishment of more young-like patterns of brain
activity, as evidenced by resting-state functional Magnetic Resonance Imaging (rs-
fMRI) [9]. Irrespective of the rationale behind the chosen stimulation, one impor-
tant aspect reported in older adults’ studies concerns the timeframe needed to
observe a significant effect. Indeed, especially in memory consolidation protocols,
improvement in the recall of previously learnt information has been reported in the
hours following, rather than concomitantly, the stimulation. As an example, older
adults showed a less steep forgetting curve 1 week after a series of learning sessions
where they received sham or anodal transcranial Direct Current Stimulation
(a-tDCS), whereas learning rate was not affected [10], suggesting an offline effect
on consolidation. Similarly, significant improvement in a free-recall task was
observed in the 48 h following a-tDCS, with no substantial effect on immediate
recall [11]. In a prior study, the same authors tested the effects of a-tDCS adminis-
tered during a reminder session of a previously learnt list of words, resulting in a
significant reduction in the forgetting rate from 3 to 30 days after [12]. Repeated
stimulation sessions over multiple days combined with an active cognitive training
(e.g., memory training) also induced beneficial effects up to 4 weeks following the
end of stimulation, whereas immediate positive effects were detected only as a func-
tion of the cognitive training per se, with no contribution of a-tDCS [13].
Interestingly, transfer effects on cognitive functions outside the targeted one were
detected, which equally persisted in the weeks following the stimulation [13]. On
the other hand, no difference in the effects of sham tDCS or a-tDCS at 1 or 2 mA
was reported on the performance at a visual n-back task assessed during and after
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35 min from stimulation [14]. One possible interpretation suggested by the authors
is that repeated sessions may be needed to induce significant cognitive effects in
older participants. Furthermore, prior work has highlighted how tES effects on
elderly adults might occur in the hours following stimulation, opposed to the imme-
diate effects detectable in young individuals. Therefore, the timeline of stimulation
and subsequent effects on cognition should always be carefully considered.

Finally, although memory and language impairments represent the most com-
mon complaints during aging, many other behaviors become affected that contrib-
ute in diminishing individuals’ autonomy in daily life. Few examples include
difficulties in dual-task execution, planning, and decision making. As such, the pos-
sibility to intervene on those aspects could substantially improve later-life quality,
for example for what concerns economic and monetary decisions. As an example,
the left Dorsolateral Prefrontal Cortex (DLPFC) has been made a target to facilitate
concurrent execution of different tasks, resulting in a significant reduction of the
cognitive costs required by each task in the dual assignment condition, but not in a
single task condition, also proving the specificity of the stimulation [15]. Further,
a-tDCS applied over the right DLPFC significantly improved older adults’ error
awareness, which was replicated in a separate experiment [16].

This preliminary yet promising evidence warrants future studies carefully
designed to determine the extent to which noninvasive approaches are useful in
offsetting, or at least delaying, age-related cognitive decline. These studies should
consider customizing stimulation targets based upon individual or population char-
acteristics, which often differ substantially across age groups. Prior studies report-
ing positive results following the stimulation of a given cortical target, for a given
intensity and duration, with a given effect upon a cognitive measure of interest,
might not necessarily translate into benefit for a demographically different popula-
tion. As an example, a-tDCS over the right DLPFC with the cathodal electrode
placed over the left DLPFC was successful in substantially decreasing gambling
risks among young adults, whereas the identical montage led to a worsening of the
same behavior in older adults [17, 18].

Second, even within the same demographic population, substantial differences in
the effects of tES can be driven by interindividual differences in baseline cognitive
performances. For example, individuals already disadvantaged, who show lower
performances on a task, have been reported to benefit less from stimulation com-
pared to their higher-level counterpart. One study proved how older subjects, who
showed less lateralized spatial attention at baseline, were negatively affected in their
performance following left posterior parietal cortex stimulation in respect to sham
[19]. On the other hand, stimulation of the right homologous area had a positive
effect in the higher-performing group [19]. Through a similar rationale, left and
right DLPFC stimulation yielded better performances on a visual and verbal work-
ing memory task in highly educated older adults, whereas an opposite, detrimental
effect was reported for the less educated group [20]. Those findings highlight the
need to consider interindividual differences, which might explain diverse compen-
satory capacities in the recruitment of brain regions, in line with the notion of the
impact of the Cognitive Reserve on individuals’ functional characterization [21].
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22.1.2 Mild Cognitive Impairment

Mild Cognitive Impairment (MCI) represents an intermediate stage between healthy
aging and dementia, characterized by a decrease in cognitive performance com-
pared to a prior level of functioning, which is however not severe enough to affect
the independence of the individual in the activities of daily living (ADL) [22]. MCI
patients have a high epidemiological impact as they represent 7-24% of all indi-
viduals over the age of 65 [23], and 10-15% of older adults with MCI are diagnosed
with dementia every year [24, 25]. To date, NIBS approaches have attempted to (1)
identify those individuals with MCI who will worsen into dementia, so that early
preventative measures can be taken, and (2) intervene against further cognitive
decay in this population in order to maximize quality of life and minimize the risk
of related disorders, such as depression and anxiety, which often arise from the
acknowledgment of one’s own mental decline.

The identification of the ones, among those patients, for which MCI will just rep-
resent a transitory phase before a formal diagnosis of dementia, has been proven
particularly difficult. Electrophysiological, neuroimaging, and neuropsychological
approaches are routinely promoted in clinical practice to characterize structural and
functional profiles of the individual [26, 27], but still represent expensive and unsure
tools, with high levels of uncertainty especially for borderline patients [28, 29].
However, an important advancement in this direction has been made in recent years
thanks to the characterization of brain oscillatory activity and its relationship with
cognitive decline [30]. Indeed, altered oscillatory activity and decreased cognitive
performances have been linked by prior studies [31], both of them being related to
the accumulation of amyloid-f [32, 33], the main protein alteration seen in
Alzheimer’s Disease (AD). In particular, the oscillatory activity might appear pre-
served in a resting condition and altered instead during task execution, with limits of
the many biases that can affect task execution (instructions’ comprehension, tired-
ness, compliance, etc.) [30]. Nevertheless, tACS can be applied to induce brain oscil-
lation passively, mimicking oscillatory patterns associated with cognitive processing
[34-36]. Based on this rationale, the authors have therefore applied tACS at the
gamma frequency band, which plays an important role in ensuring transmission
across cortical regions and networks [37], and which prior studies have linked with
cognitive processes in aging [38—40]. Interestingly, healthy old adults and most MCI
patients positively responded to tACS, resulting in an increase in the gamma band as
assessed both immediately and 1 hour after the end of stimulation [30]. Furthermore,
the gamma after-effects significantly correlated with increased performance at sev-
eral neuropsychological tasks, such as motor learning, verbal fluency, digit span, and
attentive matrices [30]. On the other hand, no significant effect was observed in the
AD population; at a 2-year follow-up, MCI patients who also failed to respond to
stimulation had converted into AD [30]. One hypothesis is that the reduced capacity
of tACS to modulate underlying oscillatory activity could represent an early detector



22 tESin Dementia: From Pathophysiology to Treatment 325

of dysfunctional connectivity between DLPFC and the Dorsomedial Prefrontal
Cortex (DMPFC) [30], i.e., sites where tACS was applied in the aforementioned
study, thus providing a first evidence of the applicability of perturbation-based bio-
markers to detect the presence of—and to monitor—brain diseases.

As for the possibility to actively improve cognitive performances, few other
studies have been carried out in recent years showing promising results in this direc-
tion. In particular, 20-30 minutes of a-tDCS over the bilateral DLPFC have been
successful in ameliorating subjective perceptions of cognitive functioning when
compared to sham [41], as well as in improving memory strategies [41] and recall,
both immediate and delayed, with beneficial effects persisting up to 1-month fol-
low-up [42]. Interestingly, the combined use of neuroimaging techniques, such as
positron emission tomography (PET) and rs-fMRI, has revealed tDCS-induced
functional rearrangements, resulting in increased regional metabolism [41] of rele-
vant areas and effective reduction of frontal hyperactivity [43], thus counteracting
typical pathological functional shifts.

Apart from overt cognitive decay, other aspects of daily life become affected dur-
ing the aging course, contributing to the core of dementia-related symptoms. Among
those, sleep patterns are readily altered at the MCI stage [44]. In particular, slow-
sleep oscillations and thalamocortical spindles play an important role in memory
consolidation, such as that disruption of their temporal coupling is suggested to
cause the early amnestic symptomatology [45] and to possibly contribute in the
MCI to dementia conversion [46, 47]. Based on this rationale, slow-wave oscilla-
tions tDCS (so-tDCS) applied during daytime nap in a population of MCI patients
was successful in targeting the coupling between slow oscillations and spindle
activity, promoting their functional synchronization in the EEG spectra and ampli-
fying both their power [44]. As a consequence, visual declarative memory also
improved in the MCI patients [44].

Together, available studies of tES in healthy older adults and in those suffering
from MCI have shown promise in targeting neural substrates responsible for age-
related changes in cognition. Moreover, tES may be used to directly stimulate and
improve the function of cortical regions responsible for a given behavior, or pro-
mote compensatory activity of surrounding neural substrates. Hyperactivity and
over-recruitment of frontal areas are commonly reported in older adults and might
represent compensatory strategies by the brain, which suppression may be desirable
to reintroduce young-like patterns and better functional outputs [43].

Worth mentioning is also the feasibility of tailoring tES interventions based on
the individual’s habits, enabling the administration of rehabilitative protocols in
more ecological environments. Few studies have provided evidences regarding the
combined use of tES and cognitive rehabilitation [48], as well as its noninvasiv use
during well-established and routinely behaviors, like daytime naps [44] in the older
adults. This approach may open the road for future interventions to be carried out
directly at home, outside the laboratory environment.
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22.1.3 Dementia

The use of tES is not limited to the quality enrichment of normal aging, or in the
prevention of the MCI symptomatology, but rather it has proven useful at the level
of dementia too, a disease stage characterized by substantial cortical atrophy and
altered functionality that severely limits the independence of the individual in the
activities of daily living. Due to the many facets of dementia’s pathological pro-
file, it is not surprising that the mechanisms of action of tES have also been stud-
ied over multiple domains [49] (see Fig. 22.2). From its effects on the membrane
potential, to the synaptic level, and up to the induced modulation of the brain
oscillatory activity and functional connectivity, several studies have reported and
commented upon the efficacy of tES [49]. At the level of mere neuronal excitabil-
ity, alterations in the membrane potential result in abnormal profiles of hypo- ver-
sus hyperactivated cortical regions. With respect to AD pathology, the progressive
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Fig. 22.2 (ES levels of intervention. tES could be applied to modulate a range of hierarchically
organized levels, from synaptic coupling between neurons (moderating membrane’s potential and
neurotransmitters release), up to larger-scale functional networks. At the cellular level, excitatory
effects can be induced through the stimulation of pyramidal neurons, whereas inhibitory effects are
achievable by targeting inhibitory interneurons. Particular interest is nowadays directed toward the
potential use of tES in modulating neuroinflammation through microglia targeting. At the whole
brain level, pathological targets include physiological mechanisms that might counteract amyloid-/
and tau protein levels increase and the associated metabolic decrease as measured via FDG-PET
imaging. At the system level, modern devices allow multisite stimulation, enabling the targeting of
specific cortical networks. Such technological advances represent a substantial improvement from
previous bifocal approaches, whereby large rectangular sponges were applied on the scalp to target
broad and unspecific underlying cortical sites
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accumulation of amyloid-# has been held responsible for this [50]. In particular,
temporoparietal regions [51] have been observed to show slow-wave activity in
contrast with the hyperexcitability of the motor cortex [52] and overall greater
global cortical excitability [53], which has led to the rationale of applying a-tDCS
to increase the activity of the former and cathodal tDCS (c-tDCS) to downregulate
the latter. Rebalancing the underlying activity of cortical circuits appears crucial
for the restoring of cognitive functioning in AD [54]. Nowadays, it is possible
through the established role of tDCS modulating depolarization and hyperpolar-
ization of the neural membranes [55]. Similarly, at synaptic level, the study of the
effects of tES on dementia-related alterations has mainly focused on glutamater-
gic and GABAergic alterations, i.e., the main excitatory and inhibitory neurotrans-
mitters of the brain. tDCS after-effects closely resemble long-term potentiation
(LTP) and long-term depression (LTD) at the synaptic level [56], the former being
considered responsible for learning and memory processes, which are altered in
dementia. In animal models of AD, disruption of LTP was closely related to
N-methyl-D-Aspartate (NMDA) receptors disruption in the hippocampus by the
accumulation of amyloid-g [57]. Considering that tDCS LTP-like effects are also
partly dependent on the NMDA receptors, its use in actively contrasting their
disruption and in promoting cortical plasticity is therefore expected. In particular,
glutamatergic alteration correlates with cognitive decline in patients [58], who
might otherwise benefit from a-tDCS application. Indeed, increased glutamate
and glutamine levels were reported in the right parietal cortex following stimula-
tion over the same region [59], proving the specificity of tDCS in targeting molec-
ular patterns that might prompt behavior ural improvements in pathological
samples. Apart from the study of amyloid-induced alterations at neurotransmit-
ters’ levels, new approaches are considering tau aggregates and glial activation
(an expression of neuroinflammation) as potential targets of interest. Not surpris-
ingly, all those underlying alterations at neuronal and synaptic level sum up in
much broader deviations from normality in the brain oscillatory activity and func-
tional connectivity patterns. As already mentioned in the introduction, resting-
state networks are progressively altered in various forms of dementia, showing
patterns of disaggregation that mirror the spreading of the corresponding pro-
teinopathy and cortical atrophy [4—6]. Similarly, altered temporal oscillatory
activity has been reported across different brain regions, such as between frontal
and parietal regions or between frontal and hippocampal structures in AD [60,
61]. In this sense, the use of tES has mostly been directed toward promoting their
functional recoupling, favoring regional synchronization at least momentarily.
The main aim of any stimulation protocol is improving individual cognitive
functioning in order to promote activities of daily living. As such, traditional targets
include bilateral or unilateral prefrontal cortices (especially DLPFC) and temporal
lobes, as neural substrates of language, executive functional deficits, and memory
impairments, respectively. Within AD pathology, a-tDCS applied at home daily for
6 months was successful in boosting global cognitive performances and language
abilities, preventing executive functions decay at a marginal level [62]. The authors
further reported those changes in cognitive functioning to be accompanied by a
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preserved glucose regional metabolism in the inferior/middle temporal gyrus for the
active group, compared to the metabolic decrease observed in the sham group [62].
Similarly, both a-tDCS and c-tDCS applied over 10 sessions helped improve global
cognitive performance at the Mini Mental State Examination (MMSE) in 34 AD
patients, with an effect on Performance Intelligent Quotient (p-1Q) at the Wechsler
Adult Intelligence Scale (WAIS) for c-tDCS [63]. The induced cognitive changes
were further paralleled by a decrease in the P300 latency, an EEG Event-Related
Potential (ERP) component known to be pathologically increased in this group of
patients [63]. Complex quantitative EEG rearrangements following tES have also
been described in other studies. One recent investigation has reported that the tDCS-
induced increase in the high-frequency power over temporoparietal regions was
positively associated with improvement at the MMSE, partially reversing the abnor-
mal EEG patterns seen in AD [64]. Loss of phase coherence is also commonly
reported in AD, as a result of both connection loss between cortical regions and
atrophy. In this study, coherence resulted higher after tDCS, positively correlating
also with better performances in a word recognition test [64]. Overall, those studies
provide evidence of the metabolic and electrophysiological changes that accom-
pany pathological aging and that can be partially addressed by means of noninvasive
stimulation. Most importantly, those studies prove how tES induces functional
changes that rely on measurable neural changes. Prior researches have also reported
increased recognition memory [65], persisting up to 4 weeks [66]. In a single case
study, tES combined with traditional cognitive therapy helped to maintain spared
cognitive functioning for longer time, promoting patient’s stability up to 3 months
[67]. Nevertheless, caution is highly recommended as negative findings have also
been reported, possibly due to the greater severity of the population tested and their
reduced number [68].

Apart from the pervasive memory impairments, language skills are also impov-
erished both in AD and FTD, and even more in an FTD variant, known as Primary
Progressive Aphasia (PPA). Anomic spells frequently characterize the early stages
of those pathologies, contributing to the diminished communication efficiency.
Interestingly, tDCS, administered during a picture-naming training, was reported to
be efficacious in improving naming capacities in 10 anomic AD and FTD patients,
with generalized benefits to also untrained items, as well as in other neuropsycho-
logical tasks, such as digit span [69]. Real stimulation, compared to sham, guaran-
teed the effects to remain for at least 2 weeks after the end of the training [69]. In a
sample of PPA patients, a similar stimulation protocol also successfully increased
performance over trained items, with a slower rate of decline for those same items
in the 6 months following stimulation, but with no effects over untrained ones [70].
On the other hand, generalization over untrained material was reported in a different
study where tES was combined with language therapy, once again suggesting the
greater synergic effects of combined interventions [71, 72]. Interestingly, a prior
study had linked improved performance in naming with greater gray matter volume
over the left fusiform gyrus, left middle and right inferior temporal gyri, such as that
greater baseline volume over those regions was predictive of greater performance
gains following stimulation [73]. Since regional volume loss is among the first
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characteristics of neurodegeneration, those findings prompt toward the need of
addressing cognitive functions as early as possible to maximize patients’ improve-
ment [73]. Although language-related processes and communication skills have
been the most targeted aspects of cognition in FTD and PPA patients (see also [74,
75]), very recent applications of tES were capable of addressing other important
weakened functions, such as behavioral dyscontrol and the inability to predict oth-
ers’ responses from the perspective of an impaired Theory of Mind [76, 77]. Both
studies are of great importance as personality changes, disinhibition, and misbehav-
ior have a severe effect not only on patient him/herself, but represent a substantial
cause of distress for family members and caregivers too.

Finally, one last application for tES interventions has focused on other forms of
dementia that since the earliest stages are characterized by the presence of motor-
related disorders, as observed in Parkinson’s Disease (PD) and Dementia with Lewy
Bodies (DLB). In one of the first studies, a-tDCS over the primary motor cortex
(M1) of PD patients had a significant effect on motor functions, as assessed by the
Parkinson’s Disease Rating Scale, whereas no effect was reported when c-tDCS was
applied or when DLPFC was targeted instead [78]. Similarly to what was reported
for AD and FTD patients, a-tDCS applied to prefrontal regions in patients with PD
was successful in improving working memory [79], attention [80], and phonemic
fluency, which was accompanied by greater connectivity in verbal fluency networks
as assessed by rs-fMRI [81]. Subsequent investigation assessing verbal fluency in
PD patients also observed an improved response following a-tDCS combined with
physical therapy, which persisted at 3-month follow-up [82]. Parkinson’s Disease
Cognitive Rating Scale scores also increased following a-tDCS, allowing PD
patients with MCI to score within the normal range following stimulation [82].

22.2 tES and Cognitive-Motor Function

Cognitive decline associated with both biological aging and disease has direct, del-
eterious effects on motor control with often profound functional implications. In
particular, standing, walking, turning, and transferring call upon numerous
cognitive-motor brain networks involved in the planning, execution, and adaptation
of full-body movements. This high-level control is amplified when our daily activi-
ties require us to navigate complex, ever-changing environments, often while com-
pleting additional tasks like reading, talking, or making decisions. Cognitive
impairment, and in particular executive dysfunction, is in fact a strong independent
risk factor for balance decline [83], gait instability [84], ADL disability [85], and
falls [86] in older adults. Those with dementia, for example, are five times more
likely to suffer from falls and their morbid consequences as compared to older
adults living with intact cognitive functions [87, 88]. Thus, in addition to the poten-
tial of promoting traditional cognitive outcomes, tES aimed at enhancing the func-
tionality of cognitive-motor brain networks holds promise as a strategy to offset
age- and dementia-related declines in cognitive-motor control—especially those
that disrupt safe navigation and threaten functional independence.
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The potential for NIBS to reduce falls in older adults has not been examined to
date. Preliminary yet promising evidence, however, suggest that tES may improve
the cortical control of walking (i.e., gait) and standing (i.e., posture) in older adults
without overt neurological disease. Limited evidence also suggests that it may be
beneficial to mobility in those with MCI or Parkinson’s disease. The majority of this
evidence comes from published studies using tDCS with the intent of facilitating the
excitability of either the prefrontal or motor cortices. Available work has examined
both the acute effects of a single session of stimulation and/or the longer-term
effects of multiple sessions over several consecutive weeks.

Zhou and colleagues have published a series of studies suggesting that a-tDCS,
designed to target the left DLPFC, acutely improves the control of standing and
walking—especially in “dual-task™ situations. Participants of each study completed
two visits during which dual-task performance was assessed immediately before
and after a-tDCS or sham stimulation. The dual-task paradigm involved trials of
standing and walking both with and without simultaneous performance of a serial
subtraction cognitive task. In healthy young adults [89], in healthy older adults [15],
and in very old adults presenting with mild cognitive impairment [90], dual tasking
resulted in a significant “cost” (i.e., performance decrement) to both gait and stand-
ing postural control. In each cohort, a-tDCS, as compared to sham, significantly
reduced the dual-task cost to several metrics of gait and postural control, when
tested in the 30 min following stimulation.

Building upon this work, the same group recently published a pilot double-
blinded randomized sham-controlled trial of a 2-week, 10-session a-tDCS interven-
tion in very old adults without overt illness or disease, yet who presented with both
slow gait and mild-to-moderate executive dysfunction. tDCS, compared to sham,
resulted in dual-task gait postural control improvements that persisted throughout a
2-week follow-up period. Moreover, the a-tDCS group exhibited clinically mean-
ingful improvements in global cognitive function as measured by the Montreal
Cognitive Assessment (MoCA).

While the foregoing preliminary evidence indicates that tDCS targeting pre-
frontal regions may improve the dual-task gait and balance performance, the
effects of tDCS targeting the motor cortex or other brain regions or networks with
known involvement in mobility in aging are still largely unexplored. In one of few
other studies, Kaminski et al. [91] examined whether tDCS designed to facilitate
the excitability of the primary motor cortex (M1) facilitated learning of a dynamic
balance task in 30 healthy older adults. Participants received a single session of
tDCS or sham stimulation while completing a balance training task. The research-
ers reported that both the group receiving tDCS and the group receiving sham
stimulation learned from training, yet that tDCS did not influence the level of task
learning. Thus, while tES may augment certain aspects of gait and balance in
older adults, additional research is needed to determine optimal targets and dos-
age, if such interventions should be paired with other evidence-based balance and
mobility programs, and ultimately, if improvements in gait and balance translate
into increased safety and improve ADL performance in older adults with
MCI or AD.
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Beyond MCI and AD, tES appears to have positive impact on cognitive-motor
symptoms in patients with Parkinson’s disease. The available evidence is hetero-
geneous in both intervention characteristics and outcome measures [92], and
potential interactions between tDCS and parkinsonian medications remain poorly
understood [93]. Nevertheless, tES, aimed at modulating the excitability of pri-
mary motor and/or prefrontal brain regions, appears to improve functional out-
comes in this population. Lattari et al. [94], for example, examined the effects of
a single session of a-tDCS targeting the left DLPFC in a double-blinded, sham-
controlled, within-subject, crossover study in 17 individuals with PD. The inter-
vention and all study assessments were completed with participants in the
“on-medication” state. a-tDCS, compared to sham, led to acute improvements in
whole-body mobility as measured by the Berg Balance Scale, the Dynamic Gait
Index, and the Timed Up-and-Go (TUG). Similarly, Hadoush et al. [95] reported
that a 10-session a-tDCS intervention aimed at facilitating bilateral motor and
prefrontal excitability, as compared to an inactive sham, led to improved balance
and reduced fear of falling in patients with idiopathic Parkinson’s disease.
Recently, Dagan et al. [96] reported the immediate after-effects of a single session
of “multitarget” tDCS designed to simultaneously facilitate the excitability of the
left DLPFC and the leg regions of the bilateral M 1. This stimulation significantly
reduced the severity of “freezing of gait,” as compared to stimulation targeting
M1 alone or an active sham control. These promising immediate after-effects of
tDCS on freezing of gait—a complex symptom theorized to arise from abnormali-
ties in both cognitive and motor brain functions—warrant investigation of the
longer-term effects of multisession tES interventions on this and other cognitive-
motor symptoms in patients who suffer from PD, with and without concomitant
cognitive dysfunction.

22.3 Future Perspectives

Literature studies provide a rationale for the use of tES interventions in the aging
process, suggesting a plausible role of stimulation in boosting individual perfor-
mances, from motor to higher-order cognitive functioning. Nevertheless, substantial
improvement is still needed to augment protocol efficiency. First of all, (1) target
selection represents a critical aspect, as most approaches rely on stimulating pre-
frontal cortices (especially left DLPFC) based on their known involvement in
higher-order cognitive processes, and relying on the rationale that prior studies had
used it too, but substantially failing to consider interindividual topological differ-
ences and networks’ structure. Furthermore, this approach limits the application of
stimulation to a single region, while it is known that several cortical nodes constitute
the frontoparietal network, and therefore the goodness of the task execution is more
likely determined by their combined contribution. Therefore, recent technological
advances have started promoting the use of multifocal stimulation, whereby a
genetic algorithm is used to determine electrode arrangements on the scalp to pro-
duce a desired electrical field, maximizing the chances of stimulating the targeted
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cortical network, while minimizing unspecific cortical effects [97, 98]. So far, motor
network stimulation by means of eight separate electrodes was proven more effi-
cient in increasing cortical excitability of the left M1 compared to the traditional
bifocal approach, doubling its effects [97].

As stimulation approaches move toward a better spatial tailoring, (2) more
time-dynamic tuning of the delivered electrical currents is also foreseen. Indeed,
state-dependent effects are known to widely drive stimulation efficacy. Very
recently, a-tDCS effects over DLPFC-mediated executive functions were observed
to be largely determined by underlying electrophysiological phenomena, such as
that the individuals who benefitted more from stimulation were the ones with the
lower amplitude at baseline [99]. Continuous monitoring of the underlying brain
states could therefore be very informative to determine when to best deliver the
electrical pulse, acknowledging that neural populations might be modulated with
a different degree depending on their current state [99]. Based on this, closed-loop
approaches have started to emerge in the literature, where the simultaneous regis-
tration of the individual EEG activity is used to tune the current delivery from the
stimulation device. As predictive algorithms are used to determine the forthcom-
ing neural oscillation to be targeted, thus automatizing the process of stimulation,
closed-loop approaches have the potential to be applied under various conditions,
for example during sleep. (3) Sleep modulation particularly suits neurodegenera-
tive studies, where difficulties in memory consolidation are a hallmark. Based on
the rationale that slow-wave oscillations, observed at the scalp level during sleep,
reflect large-scale synchronization between cortical and subcortical regions, pro-
moting the consolidation of short-term memory into long-term memory, closed-
loop tACS has been successfully applied in healthy subjects to improve memory
performances [100]. Furthermore, a strict relationship seems to exist between AD
proteinopathy and the quality and duration of sleep, such as that cerebrospinal
levels of tau and amyloid-f are associated with poorness in slow-wave sleep in
patients [101]. The use of tES during sleep seems therefore a promising tool to
address both the mechanisms of protein clearance and those of memory consoli-
dation, with the potential to lead to home-based therapy, posing a new challenge
for future studies.

Finally, tACS stimulation has gained renewed interest in recent years for the pos-
sibility of (4) targeting gamma oscillations, which are fast EEG oscillations occur-
ring around 40 Hz. Prior animal work has demonstrated that the induction of gamma
activity via optogenetics or sensory stimulation reduces amyloid-# plaques [102],
and that impaired coupling between (fast) gamma and (slow) theta oscillations over
frontal regions was not only associated with impaired working memory perfor-
mances, but it occurred in AD and MCI patients even before overt behavioral symp-
toms (for a review, see [103]). Furthermore, failure to respond to tACS applied at
the gamma frequency band correctly discriminated between MCI patients desig-
nated to convert into AD 2 years later and those who did not [30], proving tACS
gamma to be a potential useful perturbation-based biomarker in predicting MCI to
AD conversion.
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22.4 Summary

To date, various tES interventions have been proven effective in targeting spared
functions in older adults, boosting performance levels at both cognitive and motor
tasks and their concomitant execution (dual-task). Evidence on the effectiveness
of tES is corroborated by the corresponding changes in neuroimaging, electroen-
cephalographic, and metabolic data recorded before and after stimulation, or com-
pared across active and sham stimulation cohorts. As more evidence will be
gathered in future years, the use of tES should be promoted in patients’ care rou-
tine, considering its potential use as a therapeutic tool and as a biomarker of dis-
ease progression. Future technological advances will further enable us to gain
better understanding of the underlying neuropathological mechanisms of demen-
tia, and address innovative therapeutic targets, hoping to further improve every-
day medical care.
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Philipp A. Schroeder and Christian Plewnia

The application of transcranial brain stimulation in research on the neural imple-
mentations of human cognition, emotion, and action offers unique insights for cog-
nitive and affective neuroscience: By manipulating brain activity, the main rationale
of experimental studies permits causal inferences between neurophysiological
effects in targeted brain regions and behavioral outcomes [1, 2]. In cognitive inves-
tigations, however, neurophysiological effects are not directly observable and must
be estimated from other research or concurrent imaging [3, 4]. In the last two
decades, neuropsychological, emotional, and cognitive research has grown thanks
to tDCS and is now available to a large group of researchers from different
disciplines.

In this chapter, the focus is on subthreshold transcranial direct current stimula-
tion (tDCS), but we emphasize the potential of other brain stimulation methods such
as electrical stimulation with alternating currents (tACS) or random noise (tRNS),
(repetitive) transcranial magnetic stimulation (TMS), invasive deep brain stimula-
tion (DBS), or transcranial focused ultrasound stimulation (tFUS) [2, 5]. Offering
an exhaustive guide for choosing between the existing methods is beyond the scope
of this chapter. On behalf of tDCS (and transcranial electric stimulation in general),
adverse sensations usually diminish to a negligible degree after some minutes of
stimulation, no distracting noise would influence normally occurring behavior, and
tDCS configurations can usually comply with task requirements, including
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relatively free movement. Credible placebo conditions can be established with sham
tDCS, by eliciting comparable tactile sensations, in the beginning and end of a
stimulation session, to control for expectation effects [6]. The subtle neurophysio-
logical effects of weak direct currents in tDCS stipulate a neuromodulatory perspec-
tive and require the extensive consideration of any cortical activities concurrent to
its application.

To date, tDCS can be considered a flexible and powerful research tool, which
was readily integrated in research on human cognition and emotion. What is more
often neglected, however, are assumptions on the neural effects of tDCS in any brain
region. In our experience, it is insufficient to consider tDCS as a manipulation of a
static system, sometimes refined by considering global electric field distributions
and/or general neurophysiological models, with questionable relevance for the
behaving individual of interest. Rather, it is important to consider the behavioral and
biological context in which brain stimulation is applied: Enhancement of neural
activity is not equivocal to behavioral improvement, plasticity is subject to homeo-
static processes, and (epi-)genetic factors critically influence the outcome of the
intervention. In this chapter, we describe possible applications of tDCS interven-
tions for research in neuropsychological, emotional, and cognitive field. Emerging
principles for research in those areas are highlighted, and paradigmatic studies are
explored. Finally, we suggest and comment on future directions regarding technical
and design-specific developments in the field.

23.1 tDCS for Neuropsychological Investigations

To appreciate the potential of tDCS for neuropsychological investigation, it is man-
datory to consider its neurophysiological effects first. As a neuromodulation tool,
tDCS on its own cannot disrupt brain activity, elicit action potentials, or induce
virtual lesions; instead, tDCS will always modulate ongoing brain activity and
thereby interact with processes that are currently present in the active brain state.
The most established neurophysiological account of tDCS effects assumes polarity-
specific changes in cortical excitability. This account was primarily corroborated by
changes in motor-evoked potentials during and after tDCS of the primary motor
cortex [7, 8], by altered tactile discrimination during and after tDCS of sensorimotor
cortex [9], and altered motion discrimination during and after tDCS of visual corti-
ces [10]. Alternative but related accounts for stimulation effects include general
induction of neuroplasticity, altered signal-to-noise ratio, or stochastic resonance
[1]. In any of these accounts, the neurophysiological outcome of tDCS is dependent
on current flow relative to neuron orientation [11]. At a larger spatial scale, an over-
all effect in a brain region targeted by tDCS is better characterized by more or less
likely spontaneous firing due to the subtle shift of resting membrane potentials than
by the transient activation or deactivation of functional tissue [7, 12]. Nonlinearities
in stimulation effects—e.g., polarity asymmetry or intensity dependence—are pres-
ent even in basic neurophysiological readouts, and increases in current intensity (or
switching the tDCS polarity) do not necessarily encompass higher (or inverse)
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neural effects [13, 14]. As long as their sources are not fully understood, nonlineari-
ties complicate essential assumptions on dosage, stimulation intensity, duration, and
other technical parameters.

In the cognitive domain, studies can be particularly sensitive to nonlinear tDCS
effects because polarity asymmetry may render anodal or cathodal tDCS ineffective
for a task [15, 16]. In our latest analysis on polarity-specific modulations of spatial-
numerical associations (N = 144), the effect size for anodal tDCS was remarkably
lower (Cohen’s d = 0.2) than the effect size for cathodal tDCS (Cohen’s d = 0.5),
which is often mirror-inverted in favor of anodal tDCS for other cognitive functions.
Several interpretations of this asymmetric pattern are plausible, e.g., activity thresh-
olds for a cognitive operation could be directionally resistant, and thus physiologi-
cally restrain impairment but support enhancement, including the complementary
activation of distant network parts to sustain global activity levels. It is likely that
compensatory cognitive processes—possibly along with crosscortical regulation
networks—are readily available to maintain the most important functional cognitive
states. Moreover, heterogeneities of cortical areas, which differently respond to
anodal vs. cathodal tDCS, may shape or play into the different net outcomes of
stimulation interactions [17]. For instance, anodal and cathodal tDCS appear to act
on different (but related) neurotransmitter concentrations (GABA and glutamate)
[18], which again could be involved in cognitive tasks to different extents. However,
more fundamental research is required to clarify these hypotheses.

Timing is another critical aspect. In addition to the neuromodulatory effects dur-
ing stimulation, after-effects of tDCS can indicate prolonged neuromodulation due
to neuroplasticity. In neurophysiological studies, excitability increases from anodal
tDCS were found to outlast up to 1 hour after stimulation [7, 19]. The exact neuro-
plastic mechanisms underlying after-effects are likely subject to rather complex
interactions between LTP-/LTD-like effects, neurochemical modulations, and com-
pensatory and homeostatic regulation [14]. Certainly, it has to be assumed that
tDCS effect before, during, and after a specific cognitive or behavioral process is
based on different mechanisms. However, it has been shown, for example, in mouse-
brain slices, that synaptic coactivation is essential to induce lasting neuroplastic
effects [20]. Accordingly, it has been suggested that tDCS can be functionally tar-
geted by the concurrent task-related activation of networks, inputs, and their inter-
sections with superimposed electric fields [21]. This can be achieved by directing
behavior on the task with instruction and feedback parameters: when numerical
decisions were explicit in the magnitude comparison task, polarity-specific tDCS
effects were found. However, when font color of the identical number symbols was
evaluated with the same key presses, behavioral effects vanished [22]. Task diffi-
culty is relevant as well: the working memory n-back task, for instance, was paired
with anodal tDCS in a 1-back and a more demanding 3-back version to examine
differential effects of the combined intervention on another complex task, but only
the 3-back variant induced transfer enhancements significant to sham tDCS [23]. In
a delayed memory task, stimulation effects emerged in the most active instruction
for pictures cued to be remembered, compared to pictures instructed irrelevant or to
forget [24]. Moreover, in a combined fMRI-tDCS study, Hauser et al. [25] described
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blood-oxygen-level-dependent (BOLD) activation changes underneath the cathode
in the inferior prefrontal cortex, but effects were observed only for novel subtrac-
tions and not for repeated subtraction operations. This result shows task-induced
activity dependence also on a neural level, and the imaging result nicely illustrates
the effect of cathodal tDCS on neural tissue, when combined with a respective task
[25]. Regarding the timing of stimulation for enhancement of task performance in
neuropsychiatric patients, a meta-analysis found greater improvements in post-
stimulation accuracy if a task was performed concurrently with the application of
tDCS [26]. Nevertheless, recent findings indicate better effects of “offline” stimula-
tion, i.e., before task performance [27]. As brain state can be greatly influenced by
instructions, tasks, and expectations, both online and offline studies should consider
the “default” neural and behavioral activity during stimulation even if afterward
offline performance is of foremost interest. Together, these observations render a
very clear recommendation to use the most active task instructions, but also to con-
sider task activations an instrumental aspect of any stimulation protocol.

Individual influences can further shape neuromodulation outcomes due to differ-
ences in state-dependent activations in a task, e.g., persons recruiting different strat-
egies based on their experience or resources [28]. Similarly, different physiological
reactions may influence stimulation protocols, e.g., by altered neurophysiological
activations in smoking vs. nonsmoking schizophrenia patients [29, 30]. Based on
the notion that task-relevant dopaminergic signaling may vary in its efficiency due
to the genetic profile, also complex interactions between genotype (particularly
COMT Val108/158Met) and brain stimulation effects on cognition were observed
[31]. Precisely, the COMT Val108/158Met polymorphism is related to prefrontal
dopamine, and Met/Met allele carriers, but not Val/Met or Val/Val carriers, were
susceptible to online tDCS in set shifting [32] and response inhibition [33].
Conversely, consumption of L-tyrosine, as an experimental manipulation of dopa-
mine levels, modulated effects of tDCS in the n-back task [34]. The nonlinear
polarity-specific interactions between dopamine and tDCS relate to neuroplasticity,
e.g., long-term potentiation and deprivation, and the dopamine dependence of the
cognitive and motor systems [35, 36]. Notably, no interaction between offline bilat-
eral tDCS and COMT polymorphism emerged in the assessment of the n-back task
in a recent study [37], highlighting the need for further confirmatory and explor-
atory research on stimulation genetics.

Adverse sensations are usually minimal but still require systematic assessment
and reporting of adverse effects in any stimulation condition [38]. Moreover, it is of
utter importance in tDCS research to control for expectation and placebo effects. A
recent study showed effects of a powerful vs. fake tDCS framing in the instruction
on craving and consumption of snacks, without any effect of the actual active vs.
sham tDCS protocol [39]. Careful wording of instructions must be used in combina-
tion with control of blinding in participants and examiners to minimize expectation
effects. Standard tDCS designs that investigate comparisons between sham and real
stimulation will require identical configurations and comparable sensations during
sham tDCS, which should be assessed accordingly. Moreover, it is preferable to use
double-blind protocols to counteract placebo and expectation effects.
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23.2 tDCS for Cognitive Research

Only shortly after the rediscovery of excitability changes by tDCS in the motor
cortex, first studies described that tDCS could modulate perception [40], implicit
motor learning [41], and working memory [42]. Despite the promising results,
updated meta-analytic perspectives on tDCS enhancements of working memory
performance with anodal tDCS provided mixed results, and several inconsistencies
regarding powerful study designs and optimal parameters remain open [43].
Selecting stimulation targets exclusively based on previous neuroimaging results
may not always provide sufficient motivation for tDCS studies. Negative findings
could not be refuted according to neurocognitive theories (even if the absence of
evidence was rated in Bayesian analyses), since tDCS produces subthreshold modu-
lations, crosscortical effects, and compensatory mechanisms. Despite the relatively
simple administration, the interpretation of both positive and negative tDCS results
thereby remains a challenge, even if basic requirements such as adequate research
design and sample size, challenging and motivating task parameters, as well as suf-
ficiently homogenous participant samples are fulfilled [44]. Regarding various tech-
nical parameters, such as return electrode placement, electrode size and shape,
attachment method, intensity and timing, there is no standardization in sight, and
interpretations should consider the exact configuration decisions.

Theoretical models in cognitive psychology are mostly informed by results from
behavioral studies (and corroborated by computational models) and describe the
underlying mechanisms that constitute human cognition, e.g., the structure and
functionality of working memory. Its neural implementation is not necessarily of
foremost interest for models of cognition, and experimental manipulations are at the
core of the discipline. Usually, the parameters of the task are manipulated and
changes in behavioral assessments are evaluated; however, if brain activity is
manipulated directly by tDCS, effects in controlled assessments can already provide
novel insights into underlying processes. This primary quality of a controlled
manipulation already allows for inferences when combined with behavioral record-
ings. Moreover, whenever the causal contribution of brain regions, in terms of excit-
ability, relative activity, and neural plasticity, is of interest to a cognitive model,
tDCS-induced modulation of the target region in comparison with a placebo or con-
trol stimulation can be administered. As we argue in the following, the possible
contribution of tDCS in different research designs can go beyond the causality of
brain-behavior associations. For example, by contrasting different tasks during the
same tDCS protocol, it was possible to reject the hypothesis of a single shared cog-
nitive mechanism underlying implicit processing of numerical and ordinal
sequences, which reacted differently to anodal tDCS [16]. Results from those two
studies showed opposite responses to the identical tDCS configuration in two tasks,
which was incompatible with a unique underlying cognitive mechanism [16, 22].

Practically, manifold neural processes are required to solve a cognitive task,
which may require a more fine-grained perspective. To elucidate specific processes
in cognition, behavioral negative control tasks should be implemented, along with
specific investigations to increase the exploratory power of tDCS studies and
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exclude trivial effects, e.g., due to higher response speed or better visual acuity,
dependent on the targeted brain regions [2]. In our studies on implicit spatial—
numerical associations, neither general response speed nor interference processing
in explicit conflict tasks explained the results [22, 45]. Another possibility is the
inspection of theoretically unrelated parameters from the same task, e.g., responses
to control stimuli or general responding irrespective of a predefined contrast. For
instance, in a study on response inhibition, the relevant and predefined measure was
modulated by tDCS, but control analyses on responses not specifically associated
with the inhibition component led to the functional specificity of this tDCS effect
[46]. Nevertheless, the selection of appropriate control tasks may be considered as
delicate as the design of appropriate active control training groups, and studies with
closely matched task parameters can allow for more fine-grained interpretations in
the future.

To date, numerous cognitive tasks have been challenged with tDCS over brain
regions that were correlated with neuroimaging changes, e.g., attention, learning
and memory, decision making, and many more [47]. Neurocognitive theories can be
supplemented by varying either task or stimulation parameters in controlled research
designs. For example, a central assumption in the discussion on hemispheric spe-
cialization of working memory components was addressed by the study of Ruf et al.
[48], who applied anodal or sham tDCS either to the left or right hemisphere con-
currently to a verbal or spatial adaptive n-back training throughout three training
sessions. Working memory training led to greater improvements when it was com-
bined with tDCS of the respective hemisphere, i.e., left-verbal or right-spatial [48].
Their result provides causal evidence for the hemispheric specialization of working
memory training and has direct implications for according interventions. Critically,
not all cognitive functions appear to be lateralized, and another tDCS study target-
ing different hemispheres and areas observed similarly modulated adjustments of
cognitive control across both hemispheres in prefrontal, but not motor, regions [49].
Pitting effects of different brain regions against each other entails empirical asser-
tions on the practical focality of a specific tDCS intervention, but is also a necessary
argumentation to underscore neurocognitive theories.

23.3 tDCS for Emotional Research

Emotional processing includes widespread activity networks across central and
peripheral nervous systems [50]. Since conventional tDCS reaches cortical regions,
direct emotional reactions in the limbic system, which may curtail higher-order
processing, would escape neurophysiological modulation effects. However, as regu-
lation of emotional processing due to emotional control in prefrontal regions is in
continuous dialogue with limbic structures [51, 52], an indirect route is available by
targeting prefrontal regions with tDCS and triggering emotional systems with
according tasks or materials.

Manifold aspects of emotional experience can be considered, and we can only
focus on selected aspects here. Emotion regulation, for instance, is a highly relevant
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ability related to the voluntary control of affective reactions and strategic handling
of them with emotional experience. Reappraisal can enhance or diminish the experi-
ence of emotional stimuli, which was more extreme in both directions following
excitation of the right prefrontal cortex with anodal tDCS [53]. In a study on
appraisal of affective picture and craving cues, anodal tDCS to the left dIPFC
reduced negative affect [54]. Emotional responses can also influence working mem-
ory and the modulation of negative emotion processing by anodal or cathodal tDCS,
thereby indirectly improving performance in depressed patients or impairing per-
formance in healthy controls, respectively [55]. Affect regulation, appraisal, and
emotional memory are approximated in these tasks by explicit request of up- or
downregulation, evaluation, or retrieval of a nonemotional memory trace; different
versions of emotional tasks, stimuli, and regulation strategies may respond to pre-
frontal stimulation and amend to the understanding of fronto-limbic emotional
networks.

The modal process model of emotion includes attention as mandatory precursor
for appraisal and response (and subsequent emotion regulation) [56]. In absence of
an emotional task, importantly, emotional experience was apparently not influenced
by tDCS per se; however, emotional face recognition speed was enhanced by anodal
tDCS [57]. In the social context, facial emotion recognition is sometimes required
despite restricted information, and correctly inferring other’s mental state from eye
regions has been found central for social intelligence. A widely used instrument to
assess emotional recognition capabilities asks volunteers for classification of anoth-
er’s emotional state according to image extracts of eye regions [58]. Here, cathodal
tDCS to the left inferior frontal cortex was found to reduce reaction time without
changing response correctness, potentially by means of an improved signal-to-noise
ratio [59].

Emotional reactions are elicited in laboratory settings by using negative stimuli,
or by confronting participants with annoying and stressful tasks. The Paced-
Auditory Serial Addition Task (PASAT) is an adaptive continuous addition task well
known for its capacity to induce negative mood in participants. If the task is com-
bined with anodal tDCS of prefrontal regions to increase the capacity to downregu-
late emotional processing, e.g., in subcortical regions, an overall reduction of
negative emotional reactivity to the task was observed in healthy male partici-
pants [60].

This very general model of emotional control is currently being employed in
several directions. Firstly, and further advancing the proposition that deficient
emotional control can be regained by using the PASAT as a training [61], sev-
eral studies are combining emotional control training with tDCS. Results from
the study will also compare different electrode configurations and intensity
modulations. Next, the direct physiological effects of tDCS on emotional con-
trol will be elucidated by measurement of electrocortical potentials [62].

Recent attempts augmented the PASAT by inducing more difficult processing,
e.g., in subtraction [63]. Moreover, the PASAT can be combined with the n-back
working memory task to challenge participants even more, and allow for higher
training intensity. First results with the 2-back PASAT combined with healthy
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volunteers reproduced an improvement of cognitive control over negative emotions
but also implied a stabilization of positive affect in contrast to the sham stimula-
tion [64].

A further promising window into the widespread and interactive components of
emotional processing is the concurrent assessment of peripheral signals: in one of
our studies probing emotional control of working memory, we assessed skin con-
ductance responses to negative, neutral, and positive emotional stimuli during sham
and anodal tDCS. With the tested pictures, increased electrodermal responses were
attenuated during anodal stimulation regardless of the negative content [65]. Other
physiological measurements can be utilized by assessing heart rate variability or
pupil dilation [66]. The possibility of artifacts must be considered, particularly for
electric signatures of peripheral as well as central neurophysiology [4]. For a nice
illustration, a standardized protocol for eliciting stress—the trier social stress test—
can be considered, which consists of a fictive job interview and mental arithmetic in
front of an evaluation committee. Following 20 minutes of tDCS to right medial
frontal areas, a study assessed endocrine physiology (cortisol levels in saliva),
behavioral reports, and fMRI effects in the stress protocol, and thereby documented
polarity-dependent modulations in stress responses [67].

23.4 Future Directions and Challenges

The combinations of tDCS with cognitive tasks reveal far less trivial results than
often assumed. Powerful and theoretically motivated research designs are well
suited to provide novel insights into the neural underpinnings of cognitive process-
ing, but also into the working mechanisms of subthreshold brain stimulation. The
complex interaction between stimulation parameters, task requirements, and the
individual genetic and neurophysiological makeup challenge the interpretation of
tDCS effects on cognitive and emotional processes. Therefore, it is essential to con-
sider the interindividual variability and include individual measures of brain func-
tions to better understand and predict the interactions between electrical stimulation,
emotion, and behavior [28].

Preregistration of study analyses and outcomes is a welcome quality enhance-
ment to improve reporting standards and to contribute to the solid understanding of
relatively fragile and malleable tDCS effects on cognition and emotion in the future,
as reports of null findings cast doubt on the efficacy of tDCS for modulating cogni-
tive functions. For instance, a controversial quantitative review on 271 single-
session tDCS studies found no support for reliable modulations of cognition [68].
Although their bold conclusions were attenuated by several methodological prob-
lems and conceptual shortcomings [69, 70], including the fact that little-to-none
direct study replications with identical technical implementation exist, tDCS effec-
tivity is a recurring theme in contemporary neuroscience research. This becomes
especially apparent when considering also commercial devices for cognitive
enhancement with opaque placement and DC generation implementations that pro-
duce detrimental performance in standardized tests [71].
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Given its interventional character, tDCS can be considered a potential treat-
ment in neurological and mental rehabilitation, although it must be highlighted
that magnetic brain stimulation methods (e.g., TMS or TBS) at the moment draw
on more and more solid evidence [72]. Here, beneficial aspects of tDCS may be
practical elements (portability, acceptance) or a targeted and controlled integra-
tion into concurrent treatments such as psychotherapy [73]. Combinations with
imaging methods are increasingly utilized and will be required to understand the
crosscortical effects of neuromodulation on neurophysiology in proximal and dis-
tal brain regions.

On the technical side, two major developments can be identified: transcranial
electric stimulation using different current forms, and more targeted stimulation
using advanced electrode configurations. The latter development includes the appli-
cation of more focal multielectrode configurations, and is often referred to as high-
definition tDCS, which induced polarity-dependent and efficient excitability
changes in primary motor cortex [19, 74]. Regarding the modulation of behavior,
conventional and HD-tDCS over rIFC induced comparable changes in response
inhibition [75] and other indices of cognitive control [49]. Another class of electric
stimulation uses alternating currents to induce oscillations (tACS). It is important to
highlight that the neurophysiological mechanism of tACS is bluntly different and
draws on the idea of coupling brain oscillation frequencies, which can be related to
cognitive processes and which would entrain to artificially introduced alternating
currents [76, 77].

23.5 Conclusions

Cognitive and emotional processes recruit cerebral regions, which can be modu-
lated by tDCS in subtle and various ways. Beyond causal inferences, the careful
manipulations of both technical stimulation and task situation parameters allow for
systematic investigation of fundamental principles underlying different facets of
human behavior. Integration of stimulation paradigms within cognitive paradigms,
training, and neurophysiological assessments can further our understanding of the
biological implementations of cognition and emotion. When targeted at dysfunc-
tional networks and abnormal behavior, tDCS can provide novel rehabilitation per-
spectives and amend the available therapeutic instruments. Moreover, this knowledge
will further pave the way for individualized, tolerable, and effective treatments of
emotional and behavioral disorders.
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Clinical Drivers for Personalization 24
of Transcranial Current Stimulation
(tES 3.0)

Giulio Ruffini, Juilien Modolo, Roser Sanchez-Todo,
Ricardo Salvador, and Emiliano Santarnecchi

24.1 Introduction

The brain is a complex, plastic, electrical network operating at multiple scales.
There is a growing body of evidence suggesting that large-scale networks underlie
both integration and differentiation processes that are fundamental for information
processing. For instance, putatively simple cognitive tasks such as object recogni-
tion have been shown to involve networks that include the bilateral occipital, the left
temporal, and the left/right frontal regions [1]. Neuropsychiatric disorders ulti-
mately result from network dysfunctions that may arise from the abnormality in one
or more isolated brain regions but produce alterations in larger brain networks (see
[2-4]). Because of these observations, networks are natural targets of therapeutic
interventions [5].

Interest in neuromodulation has increased in recent decades and it is now consid-
ered a promising tool for the management of conditions that range from psychiatric
diseases to chronic neuropathic pain and epilepsy. Transcranial electrical current
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stimulation (tES") or transcranial current stimulation (¢CS), as it is also known, is a
safe [6], tolerable, noninvasive brain stimulation technique. Its origins follow the
history of the discovery of electricity itself. Work in the twentieth century using
low-intensity currents culminated in the investigation of weak direct and alternating
currents by Nitsche and Paulus [7], who demonstrated that by applying a direct cur-
rent through the scalp, the excitability of brain tissue can change up to 40%, as
revealed by transcranial magnetic stimulation (TMS).

By passing electrical currents through the scalp and into the brain, tES generates
electric fields that can alter brain function by coupling to neurons. A weak electric
field can shift the neuronal membrane operating point, in a way that will make the
cell more or less excitable, or, equivalently, more or less likely to fire given some
inputs. This means that an electric field can immediately alter the way that the
exposed part of the brain processes information, leading to longer-term changes
through plasticity. Thus, by shifting the operating point of neurons, tES electric
fields can affect the way parts of the brain participate in tasks (motor, cognitive, or
others), and through plasticity mechanisms, contribute to its rewiring. tES com-
prises a number of different techniques: transcranial direct current stimulation
(tDCS), alternating current stimulation (tACS), and random noise stimulation
(tRNS) [8]. While other temporal waveforms are possible, the common elements of
tES are the weak character of currents (typically below 2 mA) and spectral support
below a few hundred Hertz (extremely low frequencies, <300 Hz). In tACS, the
stimulation currents have a sinusoidal time dependence (as in AC current).
Amplitude, frequency, and relative phases across stimulation electrodes can be con-
trolled. tACS stimulation may provide a powerful way to couple to the oscillatory
behavior of the brain, which is at present an active research field in basic and clini-
cal neuroscience. In tRNS, a less explored tES modality, the stimulation current is
varied randomly. Its main effects appear to be excitatory.

tES is similar, in terms of physical principles, to transcranial magnetic stimula-
tion (TMS), or electroconvulsive therapy (ECT), as all operate through the induction
of electric fields in the brain. However, compared to TMS and ECT, in tES the gen-
erated electric fields are orders of magnitude weaker (see Figs. 24.1 and 24.2). TMS
creates quite strong and brief electric field pulses that actually cause neuron firing
(action potentials). A repetitive TMS (rTMS) session for depression delivers 3000
TMS pulses each ~0.2 ms wide, which sum to ~1 second of total effective stimula-
tion (rounded, the precise number depends on pulse shape) with a peak field strength
of ~150 V/m. Multiplying time of effective application and peak electric field gives
a rough measure of dose of of 150 V-s/m that can be compared to other stimulation

! Abbreviations used: ASL arterial spin labeling, BCM Bienenstock, Cooper, and Munro plasticity
theory, CSF cerebrospinal fluid, ECT electroconvulsive therapy, EEG electroencephalography, EN
epileptogenic network, fMRI functional MRI, GM grey matter, HBM hybrid brain model, MEG
magnetoencephalography, MRI magnetic resonance imaging, NIRS near-infrared spectroscopy,
NMM neural mass model, SEEG stereographic EEG, tACS transcranial alternating current, tDCS
transcranial direct current, rCS transcranial current stimulation, same as ¢ES transcranial electrical
stimulation, fRNS transcranial random noise stimulation, STDP Spike Timing Dependent Plasticity,
TMS transcranial magnetic stimulation, WM white matter
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Fig. 24.1 Electric field distribution in the cortical surface induced by tDCS (left column), TMS
(central column), and ECT (right column). The top row shows the magnitude of the E-field, the
middle row the normal component (positive/negative when the E-field is directed in/out of the
cortical surface) and the bottom row the magnitude of the tangential component of the E-field.
Typical electrodes/coils and stimulation intensities were used to calculate the E-field: multichannel
montage with PiSTIM electrodes (1 cm radius, cylindrical Ag/AgCl electrodes) with a total
injected current of 1.0 mA in the tDCS model; Magstim’s 70 mm figure-8 coil at 67.7 A/us for the
TMS calculations (the value reported in the literature for the RMT using this coil, [9]); bipolar
montage (frontoparietal right unilateral, FP-RUL configuration) with 5 cm diameter cylindrical
electrodes and a 800 mA current in the ECT model. All E-field values are reported in V/m. The
head model in which the simulations were run is common for all cases

techniques. ECT generates strong peak electric fields of about 400 V/m with current
of ~800 mA [10] applied over timescales of about a few tenths of a second, with
delivered charges of the order of a few hundred mC. ¢ES induces weak electric fields
that gently modify neuronal oscillations during relatively long times (20 minutes or
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Fig. 24.2 Magnitude of the electric field induced by tDCS (left column), TMS (central column),
and ECT (right column) in an axial slice cutting through the GM and WM. The location of the slice
with respect to the coil/electrodes is shown in the figures’ insets. The parameters of the electrodes
and coil are the same as described in Fig. 24.1. All E-field values are reported in V/m. The head
model in which the simulations were run is common for all cases

Table 24.1 A comparison of different stimulation dose metrics based on peak field and time of
application — but not area — using representative numbers in each case (for ECT and rTMS as used
in depression)

Metric (units) tES rTMS ECT
Peak field in cortex, E, (V/m) 0.5 150 400
Injected current (mA) 1 - 800
Summed pulse Duration, 7 (s) 1200 1 0.2
Charge delivered, QO (mC) 1200 - 160
Amplitude-duration, E,. x T (V s/m) 600 150 80

more), with ~0.5 V/m peak field, or a dose of 600 V s/m and delivered charges of
the order of 1200 mC [11]. In all cases, multiple sessions are employed for thera-
peutic results. See Table 24.1 for a comparison of dosing between these techniques.
To note that, since the therapeutic mechanisms of action are not well understood for
any of them, our dosing comparison remains indicative.

Traditionally, tES has been applied using two large sponge electrodes on the
scalp. However, newer systems use several small, EEG-like electrodes. Aided by
realistic modeling, multielectrode tES can be used to produce controlled, precise
electric fields in the brain, resulting in more specific electric field distributions and
less variable effects [8, 12, 13]. tES is naturally combined with the measurement of
EEG since both technologies rely on the electrical nature of the human brain. EEG
can be used to study changes induced by tES, comparing the effects across groups
or pre- and poststimulation. Similarly, tES is also often combined with fMRI, ASL,
and NIRS, for example, for the study of brain networks pre-, during- and
post-stimulation.
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Research with tES includes basic neurophysiology and cognitive neuroscience.
Basic research with tES (and its combination with other techniques) has the goal
of deciphering the way the human brain works. By altering the operating points of
neural networks, information can be gathered on fundamental mechanisms. This
provides the means for realizing causal studies rather than correlation-based ones.
Clinical applications of tES have been studied for almost two decades. The most
mature ones are in fibromyalgia, major depression without drug resistance and in
addictions/cravings (with probable efficacy, Level B evidence [14]), but many oth-
ers are being developed, including epilepsy, chronic neuropathic pain, tinnitus,
major depression with drug resistance, brain cancer, and cognitive remediation in
neurodegeneration. Clinical applications of tES rely, mostly, on its plastic effects
(those that remain after treatment is over). Under the hypothesis that brain function
depends on its connectivity, neuromodulation aims to rewire the brain to achieve
therapeutic effects.

Today, tES montages are optimized on the assumption that the effects can be
directly quantified from the measurement of the electric field on the cortex, as we
discuss more in-depth below. However, we know that such “passive electrical”
physical models cannot fully describe the complex physiological phenomena that
underlie brain function and stimulation effects (the physics of l/ife). As neuroscience
moves from a correlation-based science to a model-driven one, computational mod-
els of the brain (physics of electric fields and of their interaction with complex,
active neuronal networks) will play a key role in the development of novel mecha-
nistic understanding and computational optimization strategies for brain stimulation.

In this chapter, we will focus on the treatment of disorders with oscillatory sig-
natures. On the one hand, epilepsy is characterized by hypersynchronous oscilla-
tions stemming from the hyperactivation of one or more foci. Drug-resistant
epilepsies represent not only a considerable challenge for the health care system but
also a tremendous burden at the individual, family, and community levels. They are
characterized by an epileptogenic network (EN) interconnecting distant brain areas
located in one of the two hemispheres. There is a large body of evidence suggesting
that patient-specific ENs [15] are responsible for the generation and spread of sei-
zures through synchronization processes that interconnect neuronal assemblies with
altered excitability [16]. Such networks are the potential targets for therapy.
Depression manifests alterations in the alpha (~10 Hz) [17-19] and gamma fre-
quency EEG bands [20]. Similarly, patients with PTSD also display alterations in
the alpha and gamma band, characterized by intrinsic sensory hyperactivity (i.e.,
suppressed posterior alpha power, localized to the visual cortex—cuneus and precu-
neus) and increased gamma activity in the prefrontal lobe as compared to patients
with generalized anxiety disorder and healthy control subjects [21]. Finally, patients
with schizophrenia [22, 23] and autism spectrum disorder (ASD) [24, 25] as well as
neurodegenerative disorders such as Alzheimer’s disease (AD) and frontotemporal
dementia (FTD) [26], all present disturbances in the gamma frequency band, with
additional involvement of slower frequencies (e.g., theta) and their coupling. These
disturbances often manifest themselves in different systems or networks and arise
from different neuropathological substrates. Models able to incorporate the
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complex physiology of the healthy brain—and its variation when pathology arises—
are needed to develop disease-modifying therapies.

We discuss below how hybrid models can be used to represent such patholo-
gies to develop in silico treatment optimization strategies through the combina-
tion of tES and drugs. When informed by the relevant patient data, such models
can, for instance, define individual stimulation frequency in tACS, taking into
account (1) individual brain anatomy and cortical folding, (2) the location of cor-
tical and subcortical oscillators, (3) cortical columnar organization and the cor-
responding layer-specific generators for activity in different frequency bands, (4)
layer-to-layer interplay supporting cross-frequency coupling (e.g., theta-gamma
coupling), (5) distribution/location of inhibitory and excitatory neuronal popula-
tions (e.g., GABAergic interneurons targeted via gamma-tACS in the case of AD
and Schizophrenia), and many other features currently not accessible via canoni-
cal modeling work. Here, we comment on some of the efforts currently being
made in this direction, supporting the adoption of hybrid models by the clinical
community.

As we will see, the use of HBMs enables what may be called tES 3.0, where tES
1.0 refers to the early use of sponges, with bipolar montages and targets defined on
electrode space, and tES 2.0 to the current use of multielectrode systems with tar-
gets defined by the electrical field on the cortex [27]. tES 3.0 is the unfolding vision
of EEG-guided multielectrode systems with personalized hybrid-model-driven tar-
geting and optimization.

24.2 Realistic Physical Modeling of Passive Tissues

The electric field (abbreviated as E-field) induced in the brain by tES is the mecha-
nistic link to the concurrent effects of stimulation [8]. Although some in vivo tech-
niques are available to measure the E-field, they either require invasive methods [28,
29] or rely on complex setups, which currently cannot be implemented in any prac-
tical manner [30, 31]. The only method currently available to predict the E-field
distribution in the brain with a high spatial resolution is numerical modeling of
Maxwell’s equations in conductive media. Modeling approaches for tES have
matured over the last few years, now offering the possibility of generating subject-
specific models of the distribution of the E-field in the brain for any montage [13].
These models can also be combined with optimization algorithms, to guide mon-
tage design in order to target specific regions or networks more efficiently.

The distribution of the E-field in the head is governed by well-known equations
that apply to electrostatic phenomena: the E-field (in units of volts per meter, V/m)
can be obtained by taking the gradient of the electrostatic potential (& in units of
volts, V), which obeys Laplace’s equation [32]. These equations can be solved ana-
lytically for simple head geometries, like concentric spheres [32], but not for more
complex shapes. For the latter, numerical techniques such as the finite element (FE)
method—a method that is commonly used in tES E-field calculations [13, 33]—
need to be employed.
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Different pipelines are available to generate head models and obtain the solution
with FE analysis [13, 34, 35], but they all follow essentially the same basic steps (see
Fig. 24.3). The first step is creating a realistic geometric representation of the head
tissues. This is usually done by relying on structural MRIs of the subjects, which are
then segmented into the most important tissues (Fig. 24.3a): scalp, skull (sometimes
with representations of air sinuses and separation between spongy and compact
bone, [36]), cerebrospinal fluid (CSF, including the ventricles), gray matter (GM),
and white matter (WM). Most pipelines rely on at least a T1-weighted MRI, which
should not have any type of crop and offer enough neck coverage to guarantee accu-
rate calculations for lower electrode positions [37]. Guidelines for optimizing the
MRI sequences for segmentation purposes are available and it is crucial to follow
them, as they minimize misclassifications of tissues during segmentation, which can
impact E-field predictions [38]. These segmented tissue masks are then used to create
triangulated surfaces of the different tissues. The latter renders the tissue interfaces
as smooth, which is realistic from an anatomical perspective [39]. In the FE method,
this geometry is then further discretized into smaller shapes called finite elements
(usually tetrahedra) comprising the finite element mesh. At this stage, realistic repre-
sentations of the electrodes are also added to the head model [40] (Fig. 24.3a). The
FE method calculates ¢ within each finite element based on the values at the vertices
of the finite elements (nodes of the mesh). The E-field can then be derived from the
gradient of @. This calculation requires knowledge about the currents in each elec-
trode, as well as the electrical properties of the tissues (Fig. 24.3b). Biological tissues
in the low-frequency range (i.e., below 1 kHz) can be represented as linear (ohmic)
materials characterized by their electrical conductivity (¢ in Siemens per meter,
S/m). To date, there is still a wide range of electrical conductivity values reported in
literature [41], and their estimation is an active area of research. One important prop-
erty of the linear nature of biological tissues is that no phase differences arise between
the waveform of the injected scalp current (in the case of tACS and tRNS) and that
of the E-field in the tissues. This notion has been confirmed in in-vivo recordings
[28]. Certain tissues, like white matter, have anisotropic conductivity profiles due to

a Creation of b Mumerical calculation c Visualization
head geometry of E-field of results

eh X E ) A

Fig.24.3 Typical steps involved in the creation of a head model for tES calculations. (a) Creation
of the head model geometry from the anatomical data (T1w-MRI). (b) Numerical calculations of
the E-field, which requires the specification of the electrical conductivities of each tissue (in units
of S/m) and the currents of the electrodes. (¢) Visualization of the E-field distribution in both the
cortical surface (the magnitude of the E-field is shown in the figure, in V/m) and as a vector plot in
a coronal slice through the WM and GM. Anodes are shown in red and cathodes in blue
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constraints imposed by the alignment of fibers in charge flow in the brain [42]. This
can also be included in the model, provided that diffusion-weighted MRIs are avail-
able for the subject being modeled [43].

The results of these calculations can be visualized as maps of the spatial distribu-
tion of the E-field displayed on the cortical surface (see Fig. 24.3c). Since the E-field
is a vector, either the magnitude or a component of the field along a specific direction
is normally displayed. Regarding the E-field components, most published studies
focus on the component normal to the cortical surface (E,), which is thought to be the
most determinant one to predict the polarization of pyramidal cells, which are aligned
perpendicularly to the cortical surface [13, 27, 44]. These field values can also be
averaged over cortical patches. Since it is likely that many neurons are affected by
the E-field distribution of tES, these surface averaged values may be more appropri-
ate to quantify the effects of a specific montage. In some studies, current density
values (J, in units of Ampéres per meter squared, A/m?) are presented, instead of the
electric field [45]. This is another vector which, for isotropic tissues, is defined as the
product of the electrical conductivity by the electric field vector. The range of values
of J (or E) is uncorrelated with the ratio of injected current by the electrode surface
area, which is also mistakenly referred to as current density [46].

Computational head models have been used to study the basic properties of the
E-field distribution in tES [12, 47], alternative electrode designs [48], or the influ-
ence of head lesions in the E-field distribution [49, 50]. These studies usually model
the E-field distribution induced by specific montages used in trials in a retrospective
manner. In recent years, however, models have also been combined with optimiza-
tion algorithms to guide montage design [27, 51]. These optimization approaches
take as input a target region in which a target E-field value is specified. The optimi-
zation algorithm then determines the montage, involving a pool of many electrodes
in predefined positions (like the ones of the 10-10 EEG system, [52]) that better
approximates the target E-field distribution. These optimization algorithms are typi-
cally combined with multichannel montages containing many small electrodes to
generate more controllable E-field distributions [12, 47]. The optimization proce-
dure can be conducted in a personalized way, using the computational head models
created for each subject in the study. This is particularly important given the consid-
erable intersubject variability in the E-field distribution due to anatomical differ-
ences [53]. Optimization-based montage design is ideally suited to target single
ROIs as well as distributed brain networks, with the target maps being generated
from the functional data, such as resting-state fMRI networks or the EEG data [54].

24.3 Physiological tES Models Across Scales

Since tES, depending on the montage used, can induce an electric field in the brain
that can span across several brain regions, it is an absolute requirement to evaluate
the effects of this electric field on neural elements. One major challenge is to under-
stand and integrate how tES-induced electric field interacts with brain tissue at dif-
ferent spatial scales, from the single neuron or synapse level, to the large-scale
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circuit level. Progress on that issue is especially important since understanding the
fundamental mechanisms of tES might involve identifying the repercussions from
the effects at one level (cellular) to the other (network). A related issue is under-
standing how an electric field of low magnitude (on the order of 1 V/m) can modu-
late brain tissue activity despite not being able to induce spiking (see [55] for a
review). In order to understand how modulation of activity at the cellular level
induces deregulations of oscillatory activity at the network level, which are associ-
ated with some neurological disorders, these issues need to be addressed.

At the single-cell level, it has been shown that the tES-induced electric field
depolarizes the neuron membrane by approximately 0.2 mV per V/m of the in situ
electric field [56]. Assuming a maximal value of an in situ electric field of 1 V/m,
this implies that the membrane of neurons is depolarized by 0.2 mV, which is sig-
nificantly lower than the depolarization required to induce spiking (on the order of
20 mV). These weak membrane perturbations may be seen to affect the function of
dendrites, soma, axon hillock, and axon terminals in different ways. For example,
modulation of cell firing patterns will be affected by polarization at the soma and
axon hillock, while at axon terminals synaptic release may be affected. A few mod-
eling studies have proposed that such global, weak polarization changes can impact
spike timing and phase synchronization in local networks through nonlinear
network-amplification effects [57]. Those cellular-scale results have direct implica-
tions to understand tES effects: spike timing is indeed crucial in the induction of
synaptic plasticity changes, for example, through the Spike Timing Dependent
Plasticity (STDP) rule [58]. It has been suggested that changes in spike timing of a
few milliseconds, accumulated over several minutes, might induce gradual changes
in synaptic weights due to the properties and asymmetry of the STDP rule, in line
with the reported lasting effects of tES [59]. Furthermore, phase synchronization of
firing in networks is a more subtle, but important effect, since it may explain changes
in the amplitude of spontaneous, endogenous oscillations following tES [60].
Increasing/decreasing the phase synchronization of spiking from numerous neurons
would result in an increase/decrease of the endogenous oscillation by modulation of
coherence. Interestingly, support for this idea has emerged from experimental
recordings in animals and humans [61-63].

A few studies have also investigated the brain-scale effects of tES. For example,
a modeling study investigating the effects of alpha-frequency tES on simulated
whole-brain activity and associated scalp EEG [64], pointed at a maximal effect of
tES when the stimulation frequency was the same as the endogenous oscillation
(alpha frequency), with an effect rapidly fading when the difference between the
endogenous and stimulation frequencies increased. Therefore, one challenge and
opportunity of tES seems that it can only modulate endogenous oscillations (and not
induce de novo activity, since tES cannot induce spiking), possibly by matching the
stimulation frequency close to the endogenous frequency and entraining activity.
This could greatly improve the design of tES by targeting specific rhythms associ-
ated with the desired function. Overall, it appears that candidate mechanisms of tES
have been identified at several scales, which could explain at least partly the reported
effects in animals and humans. However, a unified model of the tES mechanism is
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still lacking, a major challenge that could be addressed through the use of hybrid
brain models (HBMs), which are reviewed in the next section.

24.4 The Architecture of HBMs

Today, model-driven optimization for multichannel transcranial stimulation is based
on the physical features of the subject’s brain, such as head geometry (extracted
from MRI images) and tissue conductivities, as mentioned in previous sections.
Nevertheless, there is a clear need to expand the horizon of optimization to more
sophisticated models that also represent physiological information of the subject. In
this section, we will explain how to combine the physical and physiological data of
the individual brain in order to create a personalized computational model and
design more refined personalized optimization strategies—in other words, how to
design a Hybrid Brain Model.

In the framework where the brain is represented as a network, coupled mathe-
matical differential equations (either ordinary or partial) can be used to describe the
spatiotemporal dynamics of brain activity and traveling waves [65], at the level of
one node or of larger-scale networks, corresponding to multiple coupled nodes.
Traditionally, two main classes of models have been used to derive these differential
equations. On the one hand, spiking neuron models such as the Hodgkin-Huxley
model [66] describe the detailed dynamics of individual neurons. On the other hand,
neural mass models (NMMs) such as the Wilson-Cowan model [67] provide effec-
tive theories of neural systems. The former, a more detailed class of models, is
appropriate for representing single-cell recordings in animals or brain slices, but
their state variables do not directly—at least without very large computational
demands—capture the functional activity recorded with macroscopic level tech-
niques such as Electroencephalography (EEG), Magnetoencephalography (MEG)
or mesoscopic Local Field Potential (LFP) measurements. In contrast, NMMs are
more useful for modeling brain activity at larger spatial and temporal scales, since
they describe the mean activity of whole neural populations. While providing a
lower level of detail, their parameters emerge from microscopically measurable
quantities, such as dendritic time constants and mean excitatory/inhibitory postsyn-
aptic potentials, and they are able to represent the physiology of the brain as
observed by macroscale measurements.

An HBM is essentially a physically-situated network in which NMMs constitute
the nodes. Depending on the data available or the scale of the model, network nodes
can represent either single columns, cortical patches, or whole-brain areas (see the
extended review by Breakspear [68] for a detailed discussion on the choices of
dynamical equations). Accordingly, network edges or links are needed to describe
appropriately the links between nodes. For example, to model whole-brain dynam-
ics [67], coupling strength is often defined in proportion to the number of white
matter tracts (structural connectivity) between brain areas using the well-known
human connectome [69]. However, functional or effective connectivity can also be
used to define these links [70-72].
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As mentioned above, one of the advantages of HBMs is that they can make a
connection with macroscopic measurements. For example, the activity of NMM
nodes in the HBM can be used to simulate cortical dipole source activity field J(x,?),
where x denotes a cortical source location and ¢, time. Since the NMM network is
embedded in a known physical matrix that describes its electrical characteristics,
the dipole field can be mapped to EEG electrode space activity using the “lead field”
forward map [64, 73, 74]. Similar methods can, in principle, be used to model MEG
or fMRI. The effects of tES can be represented on the grounds of known or hypoth-
esized interaction mechanisms. The lambda-E model [8, 27, 64, 75, 76], for exam-
ple, posits that the main effect of tES is to modulate the polarization of pyramidal
cells in a manner proportional to the electric field component parallel to the cells’
main axis (from apex to soma). Similarly, TMS’s effects are assumed to be mostly
due to electric field magnitude and are known to cause neuron spiking from strong
depolarization. All these effects are readily represented in an NMM and, in conse-
quence, in a HBM. All that is required is to calculate the electric field on the realistic
head model. The effects of drugs on neurons can also be represented if their physi-
ological mechanisms are known [77, 78]. For example, in the case of antiepileptic
drugs [79], some molecules decrease the excitability of pyramidal cells (e.g.,
voltage-gated sodium channel blockers such as carbamazepine, or voltage-gated
calcium channel blocker such as Zonisamide) or modulate cellular connectivity
(GABA-A enhancers such as Clobazam, or NMDA antagonists such as Felbamate).
HBMs can also represent network plasticity and the plastic impact of tES [76].
Plastic phenomena can be adapted in these models by encoding known Hebbian
mechanisms (“cells that fire together, wire together, cells that fire apart, wire apart™)
such as BCM or Oja’s rules [80]. To first order, their implementation will include
the change connectivity constants within the NMM nodes (local scale) as a function
of the history of the activity of the model, across them (large network or structural
scale), or both. Other parameters can be modified as well.

The personalization of a model starts by using individual MRI (anatomy) and
DTI (connectivity) data (see Fig. 24.4). DTI and MRI are used to connect the
NMMs, to have information about physiological connections, anatomy, and physi-
cal distance between brain regions, and to represent macroscale electrical phenom-
ena. Bansal et al. [81] and Aerts et al. [82] review recent research on personalized
whole-brain models. The former is related to the study of structure-function rela-
tionship in human brains, while the latter focuses on the impact of network lesions.
The majority of the studies cited in these reviews only use the structural connectiv-
ity brain data derived from DTI to personalize whole-brain models. Moreover, most
of the models in those studies are based on static model parameters, failing to repro-
duce some meaningful features on individual brain dynamics.

Crucially, since they can be used to simulate and predict measurements, in addi-
tion to the structural data, HBMs can ingest physiological measurements (e.g.,
EEG, SEEG, fMRI, and EN)—much as weather or climate models do. Physiological
data are used to adjust the desired parameters of the model. The most currently used
approaches fit the data in the form of Functional Connectivity (FC) profile between
regions [73, 83], but others can be used. That is, parameters are adjusted so that
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Fig. 24.4 Workflow for the creation of hybrid-model-driven tES optimization. The DTI and ana-
tomical MRI data are combined to create a finite element biophysical model (FEM), which is then
personalized using EEG and/or SEEG (S/EEG), EN, and other data to reflect both biophysical and
physiologic characteristics—from excitation/inhibition balance to plastic potential (long-term
effect physiological model). The personalized hybrid brain model can be used to generate EEG and
to simulate the effects of brain stimulation. As a result, personalized diagnosis and treatment can
be applied, such as optimized stimulation protocols. Since tES protocols are typically multises-
sion, the EEG data collected over time (e.g., at patient’s home, using telemedical solutions) can be
used to refine models and adapt the stimulation protocols (target map, dosing)

model generated FC across cortical regions matches that inferred from dense EEG
measurements (after cortical mapping, see [73] and [5], for example). More specifi-
cally, the EEG data can be processed to extract functional connectivity from the
power envelope in a given frequency band [74, 75], which can then be matched with
NMM activity at each parcel [73].

24.5 Tailoring and Adapting Interventions

As we have seen, today, tES montages are optimized on the assumption that the
effects can be directly quantified from the knowledge of the electric field on the
cortex. For example, a neurologist may want to reduce the excitability of a brain
region under the assumption that this will lead to beneficial plastic network effects.
In order to do so, it suffices to demand for the electric field to be adequately intense
and properly oriented with respect to the cortical surface (pointing out, to be spe-
cific). However, such an approach ignores the complexity of nonlinear network
interactions associated with brain physiology. Specifying a target function in such a
manner is equivalent to making crucial assumptions about mechanisms and cascade
effects at the system level. A more natural way of doing so would be to simply state
“I want to disconnect this node from this network”™ in an epileptic patient, for exam-
ple, or “I would like to increase gamma activity in these regions” (in AD, for exam-
ple), and let a physiologically grounded algorithm take care of the analysis and
solution. This is the vision of hybrid modeling: helping the clinician focus on the
causes of the disease, presumably at the connectivity (micro or macro) level, and
finding a computational grounded solution. Moreover, accurate modeling combined
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with regular patient monitoring, big data, and artificial intelligence approaches
could pave the way for “adaptive therapeutics”, where the individual patient data are
used to refine tES parameters on a daily/weekly/monthly basis (see Fig. 24.4).
Future implementations of hybrid models may allow the prediction of structural/
functional brain changes induced by a given therapy, and, combined with the incom-
ing patient data, “correct” the therapeutic trajectory accordingly.

From the large body of evidence that is accumulating regarding the effects of tES
on brain activity, some possibilities of future developments of this technique are
emerging. Since dynamic tES appears to mediate its effects mainly on endogenous
rhythms, by matching the stimulation frequency with those endogenous rhythms,
one possibility would be to characterize the function to be targeted in terms of asso-
ciated neural oscillations. This would provide the temporal characteristics of the
stimulation to be applied. To go further, mapping the functional network associated
with the targeted function, and deriving corresponding multi-site tES montages
through hybrid models, would provide the spatial characteristics of the stimulation
protocol. By combining both types of information, tES could provide a spatiotem-
poral modulation of function-specific neuronal activity. That being said, what are
the neurological disorders that could benefit the most from this “tES 3.0” strategy?
First of all, conditions where the pattern of altered metabolic/functional activity is
widespread—such as dementias in primis. In the case of Alzheimer’s disease, multi-
site tES could be optimized to tackle hypometabolic regions [84], areas affected by
amyloid and tau deposition [85], as well as nodes of mostly affected brain func-
tional networks (e.g., default mode network) [86]. Moreover, recent evidence points
toward specific alterations of high-frequency activity within the gamma band,
involving dysfunction of GABAergic parvalbumin (PV+) inhibitory interneurons.
This specific neurophysiological substrate requires, among other aspects, the opti-
mization of stimulation solutions able to entrain gamma activity, and potentially do
so by leveraging cross-frequency coupling dynamics [87], or via precise modeling
of the interaction between PV+ cell(s) and pyramidal cells (PV+ < PV+ inhibition
circuit, PV+ < pyramidal cell circuit). A hybrid model accounting for such circuitry
could suggest different simulation solutions based on the proportion of residual
interneurons and pyramidal cells, which might differ across regions (due to protein
deposit and atrophy) and disease state.

Differently, psychiatric conditions not involving neurodegeneration tend to pres-
ent a more local pattern of alteration, such as in the case of subgenual and prefrontal
lobe changes in depression and cerebellar-prefrontal changes in schizophrenia.
However, even though alterations might be more focal, other disease-specific fac-
tors come into place and make novel tES solutions equally needed. For instance,
differential alterations of prefrontal GABA-A and GABA-B circuitry have been
documented in schizophrenia, suggesting future therapeutic interventions to focus
more on modulation of GABA-B dynamics for optimal cognitive remediation [88].
While such neurotransmitter-level targeted modulation is more intuitive for drug-
based interventions, hybrid tES models accounting for intracolumnar dynamics
could eventually identify cell-class specific targets and the corresponding optimal
therapies.
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24.6 Conclusions

By using hybrid models to represent brain activity and the impact of tES, better
optimization algorithms can be developed. This methodology is widely applicable
beyond tES to other brain stimulation modalities. By forcing the field to quantify
mechanisms and etiology in computational models, advanced algorithms can pro-
vide novel and powerful solutions. At the same time, technological advances pro-
vide more tolerable and flexible experimental protocols. Already today, hybrid,
wireless tES/EEG systems allow for the recording of EEG signals and stimulation
using the same system and the same electrodes. Both for basic and clinical research
applications, tES studies typically involve multiple stimulation sessions, because
the effects of tES are cumulative. For this reason, the field benefits from the exis-
tence of controlled and safe home deployment solutions, allowing subjects to par-
ticipate in studies without the need to visit the research lab or hospital on multiple
occasions. The same solutions, collecting EEG and allowing for remote protocol
modifications, will eventually provide the means for adaptive interventions in
telemedicine.
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