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Foreword to the Second Edition

After the successful first edition in 2016, Andre Brunoni, Michael Nitsche 
and Colleen Loo took the endeavour to edit a second edition with a new com-
prehensive structure covering all aspects of tDCS application to keep pace 
with the rapidly developing research field of non-invasive brain stimulation 
(NIBS). The book provides deep insights in tDCS research and application: 
Forward and reverse translation between computational modelling, animal 
models, human physiology and therapeutic applications as well as personal-
ized, brain circuit or state focussed approaches represent exciting new ave-
nues of tDCS research. At the same time, the clinical fields of tDCS use are 
growing in terms of disorders, applications from childhood to old age and 
settings, even reaching out to treatment at home.

As in its first edition, the chapters of this book again allow a deep reflec-
tion and discussion of research lines, their alternatives, limitations, chances 
and perspectives for informing young scientists new in the field, but also 
guiding experts in their future research as there are still many unexplored or 
unknown topics. Compared to other NIBS interventions, tDCS has been par-
ticularly fascinating for me in a threefold paradox: (1) How does tDCS with 
its probably most subtle mechanistic action among NIBS interventions induce 
pronounced neuromodulation of function and plasticity? Here, we need to 
remember that neurophysiological effects are rarely linear and minor changes 
matter, e.g. differences in rTMS protocols may lead to divergent effects (i.e. 
intermittent and continuous theta burst stimulation just differ in intervals, but 
neither in intensities, bursts shapes or frequencies). (2) How could we apply 
the least focal NIBS method – perhaps except high definition (HD) tDCS – 
based on individual fMRI data for personalized treatment within a precision 
medicine framework? Bipolar or multi-electrode montages meet functions 
not represented in a single cortex regions, and specificity may rather be 
achieved by combining specific tasks or interventions (i.e. motor or cognitive 
training) with tDCS than by targeting a specific cortex region. (3) Does an 
intermittent and acute treatment as tDCS (e.g. in contrast to deep brain stimu-
lation) lead to post-stimulation effects maintained or even growing for weeks 
or months? Though this has not been proven to date, single studies seem to 
point to such a prolonged action after the acute treatment interval [1]. 
However, we know such effects from the fields of training and 
psychotherapy.
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In many respects, tDCS may therefore challenge common but simplified 
views on brain function and topography, which may sneak in again through 
the backdoor, even if we feel that we have send them to the archive. I hope 
other readers will enjoy this book as much as I do.

Frank Padberg
Department of Psychiatry and Psychotherapy

LMU Munich 
Munich, Germany
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Foreword to the First Edition

Why writing a book on transcranial direct current stimulation (tDCS)? This 
question is especially relevant in the face of the rapidly increasing numbers of 
journals, open access publications, wikis and blogs. In parallel to the exponen-
tial spread of information sources, information and beliefs also tend to be found 
in shared virtual spaces, where they are amplified and reinforced. Critical 
reflection on concurrent and opposing opinions, or a synopsis of such opinions, 
is underrepresented in such “echo chambers”. This is the case for the general 
public discourse and may also be true for the reception of scientific findings.

tDCS is a technically extremely simple method and easy to apply. Thus, people 
can be tempted to build the equipment themselves or try do-it-yourself (DIY) 
application without any expert guidance—numerous video clips for DIY tDCS on 
the web are just one form of public sharing of knowledge and convictions about 
this method that are echoed by other followers. People are also tempted to follow 
intuitive attitudes or convictions about tDCS, e.g. non-verified dose/parameter 
response assumptions, hypotheses on the functional anatomy of tDCS effects or a 
general idea of reinforcing brain functions with no side effects (cognitive enhance-
ment). The 2016 paper “tDCS modulates neuronal activity and learning in pilot 
training” [1] is just one example where the title immediately and strongly suggests 
an application in real-world settings. Karl R. Popper’s general rule, however, “that 
we are not to abandon the search for universal laws and for coherent theoretical 
system, nor ever give up our attempts to explain causally any kind of event we can 
describe” [2], which he proposed to be closely associated with the “principle of 
causality”, should remind us to be careful about making assumptions. Admittedly, 
though, we often follow associative or correlative relations, particularly when 
applying insights from neuroscience to clinical situations.

Of course, a single book cannot counterbalance or overrule current trends 
in a scientific discussion. Moreover dispersed, “open access” pieces of data 
and information are also extremely valuable in a thorough discussion of sci-
entific findings. Nevertheless, because this book combines a critical amount 
of data and hypotheses it allows the reader to appraise findings and theories 
on tDCS and its variants.

Andre Brunoni, Michael Nitsche, Colleen Loo and the other authors, all 
pioneers and leading experts in the field, have taken a brilliant approach to this 
endeavour and guide us through the state of the art in tDCS. The different chap-
ters cover tDCS development, related technologies (e.g. transcranial alternating 
current stimulation, tACS, or transcranial random noise stimulation, tRNS), 
physiology and translational research from animal experiments to preclinical 
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studies in humans involving neurocognitive and neuropsychological approaches, 
electroencephalography and magnetic resonance imaging (MRI). Several chap-
ters cover specific applications ranging from cerebellar and spinal tDCS to dif-
ferent applications in neuropsychiatric disorders. The final part of the book 
outlines and discusses safety-related, ethical and regulatory issues.

tDCS is part of the armamentarium of non-invasive brain stimulation 
(NIBS), which constitutes a growing array of techniques such as transcranial 
magnetic stimulation (TMS), paired associative stimulation (PAS) and trans-
cutaneous vagal nerve stimulation.

Each NIBS technique, but also each variant of tDCS, is a neurophysiologi-
cally distinct method. The authors of this book are aware that tDCS is used as 
a non-focal approach on the most complex organ/system of the human body 
and that the differential action of tDCS on single neurons or neuronal circuits 
or glial cells is difficult to predict or target. Dose-response curves often show 
non-linear functions, which are currently not fully understood. Furthermore, 
dynamic effects of repeated tDCS administration, which are particularly 
important for therapeutic applications, still need to be elucidated. The combi-
nation of tDCS with psychotherapy and other interventions is currently being 
tested in pilot studies and is proving to be extremely challenging [3]. Such 
open methodological fields would provide a large experimental terrain for 
preclinical studies in cellular and animal models, but studies in this preclini-
cal field are still underrepresented. Thus, the book may stimulate the transfer 
of research based on clinical or experimental data in humans to the preclinical 
field of cellular or animal research strategies (reverse translation).

This book is comprehensive and as such valuable. The task of preparing it 
motivated the editors and authors to move systematically through the field of 
research and to also cover topics which are not on the main track, e.g. the his-
tory of tDCS and ethical and regulatory issues. Consequently the content of 
chapters may overlap, as a reflection of different perspectives. This book allows 
the reader to jump between chapters to compare information, hypotheses and 
views. It is an excellent resource for senior and junior scientists, doctorate stu-
dents and others to introduce them to this fascinating field of research.

Frank Padberg
Department of Psychiatry and Psychotherapy

LMU Munich 
Munich, Germany
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Preface to the Second Edition

It is with pleasure that we, the editors, have organized the second edition of this 
book. While in its edition tDCS was presented by us as the youngest child of 
the family, we are proud that this member has just reached maturity. However, 
being an adult does not only bring new possibilities, but additional responsibili-
ties as well. Considering this development, and the good reception that our first 
edition achieved in the community, this second edition was organized.

While the first edition was organized into 3 parts, the present edition now 
contains Introduction and Mechanism of Action, Research Methods, tDCS in the 
Life Cycle, Applications of tDCS in Neuropsychiatric Disorders, and The clini-
cal use of tDCS. The first part updated chapters on tDCS mechanisms and animal 
studies of tDCS, aspects of the technique that have undergone immense research 
recently. The second part describes the methodology involved in tDCS research, 
with new chapters dedicated to the exciting combination of tDCS with neuroim-
aging modalities. In the third part, we describe the use of tDCS in special popula-
tions, such as child and adolescents, healthy adults, and the elderly. The fourth 
part was substantially expanded to describe either in more detail (or in more than 
one chapter) the use of tDCS in disorders such as depression and schizophrenia 
or to include the new controlled trials using tDCS in diverse neuropsychiatric 
disorders, such as ADHD, OCD, pain syndromes, and others. Finally, in the last 
part we cover aspects related to the daily practice of tDCS, such as regulatory 
aspects, combination of tDCS with pharmacotherapy and psychotherapy, home-
use tDCS, and the safety and tolerability of the technique.

We are once again grateful for all the authors that dedicated their time and 
contributed to this book by providing their excellent chapters, especially in 
the difficult year that was 2020.

We hope that the second version of the book continues to be important to 
students and researchers as a reference in the field. Seasoned tDCS research-
ers will also find joy in reading this book, even if only to be mesmerized by 
the feeling that, after 20 years since its inception, and great care during the 
troubling years of childhood and adolescence, their collective sibling is a 
young adult. It took a village to raise this child, but she is now prepared to 
explore larger fields in the world of neuropsychiatry and neurosciences.

São Paulo, Brazil André R. Brunoni
Dortmund, Germany Michael A. Nitsche
Sydney, NSW, Australia Colleen K. Loo
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Preface to the First Edition

The clinical interest in non-invasive brain stimulation has grown exponen-
tially over the past 25 years, with the development of non-pharmacological, 
neuromodulatory techniques such as repetitive transcranial magnetic stimula-
tion (rTMS) and transcranial direct current stimulation (tDCS). TDCS, the 
youngest sibling of the brain stimulation family, is in fact a “new old tech-
nique”. With anecdotal reports of the use of the torpedo fish to treat pain and 
headache via its electrical discharges during the ancient history, electricity 
was indeed used in the nineteenth and twentieth centuries to treat several 
neurologic and psychiatric ailments, usually with sparse scientific founda-
tions. Although more recently, in the 1960s and 1970s, the treatment of some 
psychiatric disorders was investigated using brain polarization (a technique 
similar to modern tDCS), the research did not endure—perhaps due to the 
stigma of electroconvulsive therapy or the concomitant development of phar-
macotherapy in that period. TDCS reappraisal only took place in 1998–2000, 
when two independent European groups showed that the electric currents 
applied over the motor cortex induced changes in brain excitability. From 
then onwards, tDCS has been increasingly investigated and has attracted con-
siderable attention in both basic and clinical research settings.

In the present book we aimed to present the main advancements regarding 
the use of tDCS in neuropsychiatric disorders. The book is divided into three 
parts. The first part discusses the mechanisms of action of tDCS under differ-
ent perspectives, which encompass neurophysiological, neuroimaging and 
neuropsychological studies as well as animal studies and computer-based 
models. In the second part, state-or-the-art evidence of tDCS use in several 
neurological and psychiatric disorders is presented. The third and last part of 
the book discusses different possibilities of the clinical and research use of 
tDCS, including safety, ethical and regulatory aspects.

This book would not have been produced without the invaluable contribu-
tion of leading researchers and scientists of the field. We are grateful and 
thank these authors for their time and effort in writing informative, insightful 
and up-to-date chapters. We are also grateful to Springer for supporting our 
project, particularly Gabriel Natan Pires, the Springer associate editor who 
encouraged us to edit this book, and Susan Westendorf, the Springer project 
coordinator responsible for this book production.

We believe that this book will be useful to neurologists, psychiatrists and 
physicians interested in the potential clinical applications of tDCS.  This 
book will also be of interest for neophytes, who are looking for a primer in 
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non-invasive brain stimulation. More experienced researchers will also 
enjoy reading this book as it contains top-quality work written by several 
tDCS experts. We, the editors, are convinced that Transcranial Direct Current 
Stimulation in Neuropsychiatric Disorders: Clinical Principles and 
Management will be a captivating bedside book for many researchers in the 
field—us included.

São Paulo, Brazil André R. Brunoni
Dortmund, Germany Michael A. Nitsche
Sydney, NSW, Australia Colleen K. Loo

Preface to the First Edition
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Historical Aspects of Transcranial 
Electric Stimulation

Stefano Zago, Alberto Priori, Roberta Ferrucci, 
and Lorenzo Lorusso

1.1  The First Clinical-Therapeutic 
Electrical Applications: 
The Electric Fish

The roots, beginnings, and first attempts at using 
transcranial electrical stimulation, as a medical 
cure, can be found in the Greco-Roman period  
when electricity generated from fish organs was 
used to cure pain, headaches, gout, arthritis, and 
paralysis of various parts of the body [1–4]. 
However, the powers of electric fish had been 
probably known well before Roman times for 
being able to produce an electric discharge, as 
indicated by some Egyptian archeological find-
ings on tombs that showed images of the electric 

fish in this period, and a therapeutic use cannot be 
excluded [1–5]. The ruins of Pompeii also con-
tained frescoes of this fish [4].

The fish certain record of electrical therapeutic 
application was set out by Scribonius Largus (c.1–
c.50  AD), one of the first physicians in ancient 
Rome during the periods of Tiberius (14–37 AD), 
Caligula (37–41  AD), and Claudius (41–54  AD) 
who, in his text on therapeutics De Compositionibus 
Medicamentorum (see Fig. 1.1), reported a collec-
tion of drug compounds or recipes in use by physi-
cians at that time and mentioned the use of 
bioelectric phenomenon of certain fish (Torpedo 
and Torpedo nobiliana) for therapeutic ends [6–9].

These fish were known for being capable of 
producing an electric discharge, and their scien-
tific name comes from the Latin torpere to be 
stiffened or paralyzed but also to be numb, insen-
sitive [4, 5, 10].

In particular, Scribonius Largus suggested a 
remedy for headaches by placing recently caught 
black torpedo fish on the cranial surface of 
patients, making the fish emit its electrical dis-
charge. He observed:

Headache even if it is chronic and unbearable is 
taken away and remedied forever by a live torpedo 
placed on the spot which is in pain, until the pain 
ceases. As soon as the numbness has been felt the 
remedy should to be removed lest the ability to feel 
be taken from the part. Moreover, several torpedos 
of the same kind should to be prepared because the 
cure, that is, the torpor which is a sign of  betterment, 
is sometimes effective only after two or three. [1]
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Fig. 1.1 The Compositiones medicamentorum of Scribonius Largus, from 1655 Edition
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Two fundamental points emerge from these 
statements. On the one hand, the paralyzing 
shock does not provoke convulsions but instead a 
temporary state of dullness and relief of painful 
symptoms, presumably stunning the peripheral 
skin receptors, or affecting spinal or brain struc-
tures inducing an immediate and residual tran-
sient period of pain relief. On the other hand, in 
certain situations, it was necessary to use more 
than one fish to obtain the desired narcotic effect. 
Scribonius Largus did not provide any source for 
the basis of his therapeutic approach, and it is 
probable that he would have developed such a 
method personally but perhaps with the sugges-
tions of some fishermen [1, 9].

The electric fish continued to be used by phy-
sicians throughout the Greco-Roman period. For 
example, 30  years after the Compositiones of 
Scribonius Largus, the Greek physician Pedacio 
Dioscorides Anazarbeo (44–90 AD) in his book 
De Materia Medica suggested using the torpedo 
in the treatment of headaches [11, 12]. It seems 
that also Pliny the Younger (61–113) reported the 
use of the electric ray fish to reduce labor pains; 
however, the ancient Romans seem to have pre-
ferred using the dietary health properties of the 
fish rather than exploiting its electrical properties 
while alive [1, 3]. Galen of Pergamum (129–
200 AD) criticized the dietary use of the torpedo 
denying its curative powers. He highlighted, 
instead, the efficacy of the paralyzing shock 
given off by the live fish due to thermic reaction 
and proposed it as a treatment for epilepsy and 
headache and maintained it to be the most effec-
tive form of cure [1]. He wrote:

The whole torpedo, I mean the sea torpedo, is said 
by some to cure headache and prolapsus ani when 
applied. I indeed tried both, and the torpedo should 
be applied alive to the person who has the head-
ache, and that it could be that this remedy is ano-
dyne and should free the patient from pain as do 
other remedies which numb the senses: this I found 
to be so, and I think that he who tried this did so for 
the above mentioned reason. [12]

Many other physicians, Roman, Arabic, and 
Medieval, continued to mention the therapeutic 
capacity of the electric fish. Marcellus Empiricus 
(IV sec. d.C.), Aetius Amidenus (527–565), 

Alexander Trallianus (525–605), Paulus Aegineta 
(625–690), Avicenna (980–1037), Averroè 
(1126–1198), Ibn Sidah (1007–1066), and 
Dawud al Antaki (1543–1599) were among those 
who promoted the benefits of electric shocks 
emitted by the electric organs of certain fish in 
the treatment of headaches, depression, epilepsy, 
and arthritis [1, 12]. Electric fish were later used 
for the treatment of seizures, depression, and 
pain until the eighteenth century [1, 13].

1.2  Transcranial Electrical 
Stimulation: 
From Electrostatic Machines 
to Volta’s Pile

In 1600, appears for the first time the term elec-
tricus in William Gilbert’s De Magnete consider-
ing the attractant properties of substance like 
amber [14]. In the eighteenth century, sporadic 
attempts were made to treat mental diseases 
using artificial electric energy derived from elec-
trostatic machines and stored in capacitors such 
as glass globes, cylinders, brass, and silk threads 
or huge Leyden jars. These were in use in the 
mid-1700s as portable electric devices and appear 
to have introduced a flourishing period in the 
medical use of electricity (see Fig. 1.2).

Kadosh and Elliott [15] underlined that from 
the 1740s onward, there was a widespread and 
commercial availability of transcranial electrical 
stimulation machines for personal and domestic 
use. During the Victorian and Edwardian period, 
electrical stimulation machines that dispensed 
static, frictional, faradic, or battery electrical cur-
rent could be bought everywhere, and some phy-
sicians, therapists, and patients claimed that 
transcranial electrical stimulation could generate 
feelings of euphoria and even improve mental 
performance [16]. This produced some promis-
ing clinical results, but technology and methodol-
ogy were incomplete.

The German Christian Kratzenstein (1723–
1795), then a student at the University of Halle, 
accomplished what was considered the first 
electrotherapy cure in 1744, healing a young 
woman of a contracted finger. He predicted that 

1 Historical Aspects of Transcranial Electric Stimulation
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electricity would be useful not only in physical, 
but also mental patients, whose health worries 
and anxieties prevented them from sleeping, and 
could become a remedy for hypochondriasis 
and women with hysterical conditions. 
Kratzenstein published two clinical cases in 
Abhandlung von dem nutzen der electricität in 
der arzneywissenschaft (translated in Priestley’s 
1767 History and Present State of Electricity, 
p. 472) [14, 17].

The French physician Charles-Georges Le 
Roy (1723–1789) (see Fig. 1.3) in 1755 reported 
in detail his cure of what today may be called a 
case of hysterical or psychogenic blindness [18]. 
He placed conducting wires around the patient’s 

head and led one wire to his leg. The wires were 
connected to an array of Leyden jars and three 
shocks were administered in the hope that sight 
would be restored.

After the patient received his first electric 
stimulation, he reacted with convulsions of the 
eyes, and he saw rays of light for the first time. 
When he received the third stimulation, some-
what stronger than the others, he screamed and 
fainted; as a result of this treatment, he began to 
regain his eyesight. In another case with blind-
ness along with the pain of the stimulation, the 
patient did perceive vivid flashes of light (phos-
phenes) and underwent the treatment several 
times in the following days. Nonetheless, he 

Fig. 1.2 (a–c) Simple 
machines that harnessed 
electricity in 1700s and 
an example of central 
galvanization technique
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remained blind. Figure 1.4 reports the therapeuti-
cal use of electricity adopted by Le Roy.

The British lay preacher in Worcester 
Cathedral Richard Lovett (1692–1780), in 1755, 
demonstrated to have successfully treated some 
mental afflictions with an electrostatic machine 
[19, 20]. In 1756, he published the book The 
Subtil Medium Prov’d, considered to be the first 
English manual for electro-medical applications. 
In 1774, Lovett published his text The Electrical 
Philosopher, Containing a New System of Physics 
Founded on the Principle of a Universal Plenum 
of Elementary Fire. His work impressed John 
Wesley (1703–1791), one of the founders of the 
reformist movement in the eighteenth century, 
who in 1759 wrote:

Fig. 1.3 Charles-Georges Le Roy

Fig. 1.4 The apparatus 
used by Dr Charles Le 
Roy in his attempt to 
cure blindness with 
electrical stimulation
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I doubt not but more nervous disorders would be 
cured in one year by this single remedy than the 
whole of the English Materia Medica will cure by 
the end of the century. [21]

In Lovett and Wesley’s time, nerves were con-
sidered to be fine tubes through which mysterious 
fluid flowed; Wesley hypothesized that: …what if 
the electric ether is the only fluid in the universe 
fine enough to flow through them? Regarding this 
physical and metaphysical mechanism and the 
general enthusiasm of that time, Wesley admitted 
to some limitation to electrical treatments because 
he had little results with longstanding paralysis, 
and he also noted a characteristic inconsistency in 
the response to treatment, considered now as a 
typical placebo response [14].

In 1777, the Italian physicist Tiberio Cavallo 
(1749–1809) published A Complete Treatise on 
Electricity in Theory and Practice, with Original 
Experiments in which he reported cures for epi-
lepsy, paralysis, chorea, deafness, and blindness 
[22]. In 1780, Cavallo, published An Essay on the 
Theory and Practice of Medical Electricity [23], 
which, apart from some personal clinical obser-
vations, contained the interesting description of a 
patient affected by St Vitus’ dance and cured with 
electricity by the English physician John 
Fothergill (1712–1780). Fothergill, renowned for 
his support of Benjamin Franklin’s publications 
on electricity, contributed a preface for them.

Physicians of the period recommended that 
currents of no more than 5–10  mA should be 
applied to the head because higher currents could 
have risks of burning and shock. Some side effects 
were reported, including headaches, flashes of 
light, dizziness, and nausea, especially when con-
nections were imperfect or broken. The conse-
quences could be more serious. In 1783, the Dutch 
physician Jan Ingenhousz (1730–1799) knocked 
himself unconscious and amnestic when he car-
ried out electrical experiments, and Benjamin 
Franklin (1706–1790) suffered retrograde amne-
sia after accidentally administering an electric 
shock to his head [24]. Including Franklin’s 
experiments (1757), other physicians applied 
electricity treatment on functional symptoms, for 
example, the Scots Robert Whytt and Andrew 
Duncan, respectively, in 1765 and 1784 [14].

At the end of the eighteenth and the beginning 
of the nineteenth century, we had a flurry of tech-
nological development with Leyden jars and 
rudimentary batteries developed by Luigi Galvani 
(1737–1798) and Alessandro Volta (1745–1827) 
between 1791 and 1800. In 1831, Faraday dis-
covered the induction current, which provided 
the first continuous electrical current and quickly 
led to the production of practical machines for 
channeling mechanical energy into electrical. 
Many hospitals developed departments with elec-
trical induction machines, and this new technol-
ogy was very quickly put into action [14].

Undoubtedly, with the invention of the elec-
tric battery in 1799 by Volta, experience on the 
effects of the electric current on humans became 
more systematic. The studies that led him to 
develop this revolutionary device began in 1792, 
after Volta read the work of Galvani on the exis-
tence of an intrinsic electricity in living organ-
isms [25–29]. Volta himself, Galvani, and 
especially his nephew Giovanni Aldini (1762–
1834) (see Fig. 1.5) started to use electric stimu-
lation using the voltaic pile on patients with 

Fig. 1.5 Giovanni Aldini
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depression, epilepsy, amaurosis, and other dis-
eases. Galvani interpreted epileptic disorders as 
electrical phenomena and used electro-medical 
applications, like Volta, who carried out short 
electrotherapeutic applications at the 
Conservatorio delle Zitelle Povere of Como with 
encouraging results [30, 31].

The most relevant contribution can be seen in 
Aldini’s publication, in 1804, Essai Theorique et 
Experimental sur le Galvanisms, in which after 
spreading and defending the work of his famous 
uncle, he recommended galvanism as “electric 
therapy” to aid mental ailments and even to revive 
the dead [32, 33].

The core idea was that if nervous energy was 
by its nature electrical, then mental diseases 
could be interpreted as alterations of an electrical 
nature. The galvanic stimulation of nervous 
regions could help to correct such defects. Aldini 
applied galvanic currents to the crown of patients 
affected by depression after having experimented 
with the effect of the treatment on himself with 
electrodes in both ears, or in one ear and his 
mouth, or on the forehead and nose [34]. He 
experienced an unpleasant sensation due to the 
immediate shock on opening the circuit followed 
by a prolonged insomnia and by hyperactivity, 
which lasted several days [33, 34]. Passing the 
current between the ears produced violent con-
vulsions and pain, but he claimed good results in 
patients suffering from melancholia. The most 
rigorous account of these applications involved 
Luigi Lanzarini, a 27-year-old farm worker, who 
was affected by a serious form of depression and 
who arrived at the Ospedale Sant’Orsola of 
Bologna, on May 17, 1801. Aldini began treat-
ment using the voltaic pile, containing 15 metal 
discs, increasing them in number so as to increase 
the intensity of stimulation during the treatment. 
The optimal effects were achieved when the 
patient held his hand at the base of the pile, while 
the arc emerging from the upper part of the appa-
ratus was touching the appropriately shaven and 
lubricated superior parietal bone. Figure  1.6 
shows the therapeutic procedure carried out on 
Lanzarini.

The depressive state of the patient progres-
sively improved in the following days, and after 

a brief observation period at Aldini’s home, he 
was permitted to go back to his family in his 
hometown. Aldini applied his electrotherapeutic 
experiences also at the Salpêtriere in Paris 
where he met the renowned psychiatrist Philippe 
Pinel (1745–1826) who had heard word of 
Aldini’s electrotherapeutic applications and was 
very curious to personally see the effects on his 
mentally ill patients. The results, however, were 
quite poor due to patients being often in a state 
of agitation and being quite frightened when 
faced with Aldini’s strange apparatus. Aldini 
attempted to avoid this situation by putting each 
electric arc on the ears and even on the earrings 
of female patients. When Aldini left Paris, Pinel 
attempted several times to use Galvanism on 
some patients, but no accounts in writing of 
these experiments were found [33]. Successively, 
Aldini became a sort of traveling showman, 
demonstrating the effect of application of cur-
rent to cadavers in many European cities with 
particularly theatrical demonstrations. His 
experiments on the heads of executed criminals 
in London are well known [33].

In his therapies, Aldini lacked instruments to 
indicate the intensity of the current used and took 
into account only the number of copper and zinc 
discs in the voltaic pile that were indicative of a 

Fig. 1.6 Aldini’s patient Luigi Lanzarini suffers from 
melancholia to whom galvanism is being applied in the 
head
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coarse gradation of stimulation delivered. 
Moreover, in the absence of a nonrational princi-
ple on the therapeutic effect of electric currents, 
Aldini merely pointed out that after the delivery a 
general rearrangement of brain function occurred, 
similar to what happened in violent trauma brain 
injury. This finding is more reminiscent of the 
practice of electroshock than that of a lasting 
modulation of the brain using transcranial direct 
stimulation at low voltage (tDCS or polariza-
tion). However, Aldini in this application used 
low current voltage for extended periods of time 
provoking a fleeting daze but neither seizures nor 
generalized symptoms such as apnea, cyanosis, 
and amnesia [2, 32].

In the same period as Aldini, other European 
clinical researchers made use of galvanic current  
to treat mental disorders [3, 35]. In 1801  in 
Germany, Friedrich Ludwig Augustin (1776–
1854) recounted a case of treatment using 

Galvanic current for a catalectic crisis with paral-
ysis to one arm and leg with intermittent fever. 
After 3 weeks of treatment, the paralysis disap-
peared and the patient appeared more alive with 
their humor much improved [36]. In the same 
year, again in Germany, Christian Heinrich Ernst 
Bischoff (1781–1861) pointed out that he treated 
depression, hysterical paralysis, and stupor with 
remarkable results using Volta’s pile [37]. 
Figure 1.7 shows the depiction of the instruments 
used by Bischoff in his clinical practice.

The German Karl Johann Christian 
Grapengiesser (1773–1813) reported the treat-
ment of a young female with a 4-year history of 
hysterical aphonia using galvanic current 
applied to blisters on the throat over a period of 
5 days [38].

In Italy, in 1804, the psychiatrist Gian Pietro 
Tonelli described some clinical cases of transcra-
nial galvanic stimulation in two patients who:

Fig. 1.7 Instruments used by Bischoff in his clinical practice of electric stimulation

S. Zago et al.



11

… due to strong hemorrhage, terror, and other 
causes they were rendered cognitively impaired so 
that their faculties languished exceedingly, and the 
sense organs, especially vision, had lost much of 
their energy. [31]

After application of the galvanic current, 
patients claimed to feel much better:… because it 
seemed to them they were internally washed by a 
life-giving fluid, which awakened the power of 
their spirit, and made the sensory organs pristine 
again. Tonelli remarked that these effects also 
corresponded to: “… a certain liveliness, and a 
more cheerful and relaxed attitudes which showed 
in the face and they testified to recognizing stron-
ger images and greater mobility in the eye” [31].

During the 1850s, electrotherapy came into 
use again as a therapeutic agent for neurological 
and psychiatric diseases in European, and North 
American asylums, in a form other than the indis-
criminate use it had over the previous century 
[16]. There was a differentiation between gal-
vanic and faradic electric currents, their various 
strengths, long- or short-term application, etc. 
[39, 40].

Some illustrious neuroscientists, in the second 
half of the nineteenth and beginning of the twen-
tieth centuries, embraced transcranial electrical 
stimulation for the treatment of psychiatric and 
neurological diseases. For example, in France, 
Francois Magendie (1783–1855), Jean-Martin 
Charcot (1825–1893), and Joseph Babinski 
(1857–1932) verified the effect of electricity 
respectively in patients with epilepsy, melancho-
lia, and hysterical conditions [41, 42]. In 
Germany, Jan Evangelista Purkinje (1787–1869) 
considered the application of electricity to cure 
neurological diseases, and in Italy, Carlo 
Matteucci (1811–1862) reported in the treatment 
of neurological diseases such as chorea, neural-
gias, and paralysis [43]. A name that is not 
famous but of particular interest is the Norwegian 
Christian Engelskjön who maintained that it was 
not the direction of the current which influenced 
the electrotherapeutic result but rather the differ-
entiation between galvanic (continuous) and 
faradic (interrupted) current. Therefore, depres-
sion and paralysis should be treated with an 
ascending galvanic flux caused by the cathode, 
while mania and other excited states should be 

treated with descending galvanic current caused 
by the anodal effect. Engelskjön used the two 
types of current in treating two kinds of migraine: 
one linked to vasoconstrictive damage and the 
other vasodilation: the faradic current was used 
as an anti-vasoconstrictor, while the galvanic cur-
rent was used to limit the pain due to vasodilation 
[44, 45]. Also in this period, other physicians 
treated migraine with electrotherapy [46].

In the same period, numerous medical practi-
tioners, in Europe and North America, began 
applying electrical methods to their patients, 
warning in some cases against the then unwar-
ranted application of electric stimulation to 
almost all the mentally ill [47–66].

Among the illnesses treated were neurasthe-
nia, melancholia, mania, hysteria, but also hallu-
cinations, migraine, and dementia. Patients with 
depressive symptoms or hysterical reactions were 
said to benefit most from this form of therapy 
[20]. The preferred technique was the application 
of one electrode to either the scalp or the rear of 
the neck, round about the second or third cervical 
vertebra, and another to a distant region of the 
body such as the hand or foot. Electricity was 
usually applied in daily or alternate daily ses-
sions, lasting from 10 to 20 min [20]. Intensity 
was reported by investigators according to the 
number of battery cells used, between 20 and 35, 
and treatment varied in length, from seconds to 
minutes [35]. Several clinicians observed that 
electrical treatments, and more specifically 
 galvanic therapy, were capable of inducing epi-
leptic convulsions if too strong a current was 
used [67].

The most important contributor to this entire 
development seems to be the German psychiatrist 
Rudolf Gottfried Arndt (1835–1900) (see Fig. 1.8) 
who, in a fascinating 130-page review, did the 
most to unveil the psychological and organic 
background of the role and influence of electricity 
with regard to neuro- and psychopathology [48–
50, 68]. Of particular interest in this period for 
originality is the paper of [69] entitled ‘Electricity 
in aphasia’ where he described electrotherapy 
application in two cases of fluent aphasia.

Arndt carried out studies on electric stimulat-
ing treatment in severe psychoses with depressive 
symptoms or even catatonia, hypochondriac 
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delusion, and melancholia, suggesting the use of 
faradic current  (alternate current) as a stimulant 
against passivity, stupor, weakness, and manic- 
depressive disorder. On the other hand, direct 
current was to be applied in other forms of affec-
tive disorders, psychoses, and psychotic symp-
toms. He reported that vertical, horizontal, and 
diagonal galvanization on the head, with both 
electrodes attached to the cranial bone, some-
times supported by simultaneous galvanization 
of the sympathetic system (vagus nerve stimula-
tion) and the cervical spinal cord was especially 
successful in fresh, recently developed psychoses 
and anxieties. He also recommended galvaniza-
tion of the head and the auditory center against 
acoustic hallucination. Arndt [70] also high-
lighted the difficulties connected with electrical 
stimulation in the treatment of mental disorders 
when he wrote:

The electric current is a two edged sword … it may 
aggravate some forms of mental derangement and 
even make them incurable … great care, patience 
and confidence are required, qualities only found 

in man convinced of the final effect of his treat-
ment. Mere attendants, nurses or assistants, who 
simply do what they are told, and because it is their 
duty, will never have the success of a medical man 
convinced of the efficiency of electricity. [70]

In contrast to his colleagues, who described 
individual cases, another German psychiatrist 
Wilhelm Tigges (1830–1914) published studies 
on differential individual groups of patients 
with similar sickness or symptoms. His conclu-
sions were that electric brain stimulation was 
effective with patients suffering from depres-
sion and hence should be used in those for 
whom conventional therapy could no longer 
help. He found that for patients whom we would 
now consider schizophrenic rich in positive 
symptoms, electrotherapy showed little or no 
effect [68, 71–73].

A repeated observation in these studies was 
that different polarities (cathodal or anodal) had 
different effects (sedative, stimulative, etc.) 
depending also on differences among individual 
patients and the type of electric current used. A 
sedative effect resulted when a negative pole was 
applied to the scalp. A sleep-inducing effect was 
also reported by the French physician Stéphane 
Leduc (1853–1939). He experimented with low- 
intensity electrical stimulation periodically inter-
rupted (100/200 times per second with 8–16  V 
and 2 mA) passed transcranially in animals. The 
result he obtained was the appearance of a state 
of astonished immobility progressively culminat-
ing in a state of inhibition comparable to chloro-
form narcosis [74]. Leduc called this condition 
electric sleep (and by later authors electronarco-
sis) and was obtained by applying electrodes in 
an axial direction on the forehead and to the rear 
of the head which, after a short period of excite-
ment, was accompanied by vegetative phenom-
ena [74–77]. He recommended transcranial 
electric stimulation in cases of cerebral 
neurasthenia.

It should be noted that there were in this 
phase plenty of excesses and exaggerations, 
typically found in the early stages of the appli-
cation of a new therapeutic technique, which 
sometimes led to an excess of zeal. In addition 
to the reports of the successful use of electricity 

Fig. 1.8 Rudolf Gottfried Arndt
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to treat mental illness, some clinicians raised 
doubts about the efficacy of electricity in treat-
ing mental illness [67]. Electricity was also 
applied in an extreme way during the First 
World War (but also in the Second World War) 
submitting traumatized soldiers to electric stim-
ulation in order to discipline and return them to 
the front [78].

In the following years, incongruent results, or 
none at all, led to the gradual abandonment of 
electric therapy until the 1930s when electrocon-
vulsive therapy was introduced. Electroconvulsive 
therapy (ECT) could be considered the first mod-
ern example of the therapeutic application of 
brain stimulation for the treatment of psychopa-
thologies. The Italian psychiatrist Ugo Cerletti 
(1877–1963) relied on a young colleague Lucio 
Bini (1908–1964) for the development of an 
instrument able to ensure maximum safety in the 
application of electrical current. These original 
scientists used ordinary alternating current prop-
agated in sine waves and in measured intensity as 
a means of producing convulsive seizures. 
However, they received harsh criticism about the 
project, which was presented by Bini at the 
Congress of Neuropsychiatry of Munseigen in 
1937 on the treatment of schizophrenia. In March 
1938, the method was introduced at the Academy 
of Medicine in Rome, and in April 1938, the first 
real application of ECT was performed by 
Cerletti and Bini on a patient affected by an apa-
thetic and abulic condition with diagnosed 
schizophrenia [79]. Figure 1.9 shows the appara-
tus used by Cerletti and Bini in their first ECT 
experience.

ECT fundamentally altered the management 
of mental illness  and gave birth to the develop-
ment of numerous electrostimulation instruments 
in Europe and the USA [80, 81]. The popularity 
of ECT greatly decreased in the 1960s and 1970s, 
due to the use of more effective neuroleptics and 
as a result of a strong anti-ECT movement [82]. 
However, ECT has recently come back into use 
for the treatment of serious cases of patients with 
depression present with psychological and 
somatic symptoms [83].

It should be noted that in the 1950s in Italy, 
electroconvulsive therapy coexisted with pro-

longed transcranial low-intensity electrical stim-
ulation as an alternative method deriving from 
the electroshock therapy of Cerletti and Bini [84, 
85]. For example, Corradini (1950) reported the 
analysis of the prolonged transcranial electrical 
stimulation at a low tension on 52 patients 
affected by psychosis or depression.

Clearly, transcranial direct current stimulation 
(i.e., tDCS) differs fundamentally from electro-
convulsive therapy (ECT). While ECT consists of 
inducing convulsive activity with alternating cur-
rent, tDCS induces modulation of the brain func-
tion with continuous current to produce 
physiological changes and spontaneously influ-
ence neuronal activity without seizures [86]. The 
current used in tDCS (typically 0.25–2  mA) is 
also of a much lower intensity than that used in 
modern ECT (800–900 mA). Although tDCS can 
barely excite silent cells, it is very effective in 
changing spontaneous cell firing [86]. Evidence 
suggests that unlike ECT, tDCS does not cause 
memory disturbances or loss of consciousness, 
nor does the patient need to be sedated or given 
muscle relaxants [87].

Fig. 1.9 Apparatus used by Cerletti and Bini in their first 
electroconvulsive experience
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1.3  The Reappraisal 
of Transcranial Direct 
Current Stimulation (tDCS) 
from 1960 Onward

In the 1960s, some studies on animals confirmed 
that anodal tDCS increases the spontaneous fir-
ing rate and excitability of cortical neurons by 
depolarizing the membrane, whereas cathodal 
tDCS leads to hyperpolarization of neuronal 
membranes and thus invokes decrease of the neu-
ronal firing rate and excitability [88–90].

For example, Bindman et al. [89] showed that 
currents as low as 0.25 μA/mm2 applied to the 
exposed pia via surface electrodes (3  μA from 
12 mm2 saline cup on exposed pia surface) could 
influence spontaneous activity and the evoked 
response of neurons for hours following just min-
utes of stimulation in rat preparations (see 
Fig. 1.10).

Purpura and McMurtry [90] showed similar 
effects in cat preparations for currents as low as 
20 μA/mm2 from cortical surface wick electrodes 
ranging in area from 10 to 20 mm2. These scien-
tists showed that currents, at magnitudes much 
lower than those necessary for the initiation of an 
action potential, could still lead to alterations in 
the level of neural excitability.

In the 1960s, more systematic studies in nor-
mal and clinical subjects with tDCS were per-
formed. For example, Lippold and Readfearn 
[91], using very slow scalp tDCS up to 50–500 μA 
in 32 normal subjects, showed that scalp anodal 
currents stimulation induced an increase in alert-
ness, mood, and motor activity, whereas cathodal 

currents produced quietness and apathy. In a sec-
ond study, with depressed patients, Redfearn, 
Lippold, and Costain (1964) [92] demonstrated 
that direct anodal scalp current improved mood 
in more than half of their 26 patients. Herjanic 
and Moss-Herjanic [93] reported short but 
encouraging results in the use of tDCS on schizo-
phrenic patients. These results were confirmed in 
further double-blind studies (e.g., [94–96]), but 
other studies failed to report significant effects in 
psychiatric patients [97–99].

On the whole, these studies showed a clinical 
variability due probably to inaccurate and hetero-
geneous diagnostic criteria in recruiting psychiat-
ric patients and in specifying the position of the 
electrodes. The latter is important as the earlier 
experiments were carried out using either one 
electrode over the scalp and another elsewhere on 
the body (often the knee), rather than both elec-
trodes positioned on the scalp. This change in 
technique characterized the application of the 
method in neuropsychiatric disorders [100]. 
These incongruent results and the subsequent 
progress made in treating psychiatric disorders 
with drugs led to the abandonment of the tDCS 
[87].

However, by the end of the 1990s, more pre-
cise and systematic observations were made 
about the efficacy of polarization on humans 
[101]. Priori and colleagues tested in normal sub-
jects the functional effects of very weak DC 
(0.5 mA, duration <7 s) on the motor areas of the 
cerebral cortex, examining the modification in 
motor evoked potentials (MEPs) elicited in the 
small hand muscle of subjects by TMS.  Four 
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Fig. 1.10 The 
physiological 
mechanisms of anodal 
and cathodal tDCS on 
spike activity in rat 
preparation. (Modified 
by Bindman et al. [89])
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experiments were performed polarizing the cor-
tex by using two electrodes placed on the scalp, 
one over the left motor cortex (7 cm lateral to ver-
tex) and the other under the chin. These findings 
provided direct evidence that a very low electric 
field crosses the skull and may influence brain 
excitability (see Fig. 1.11).

The mechanism could be explained in two 
ways: one is that scalp anodal tDCS hyperpolar-
izes superficial excitatory interneurons in cortical 
motor areas. Another explanation is that anodal 
scalp tDCS depolarizes superficial inhibitory 
interneurons (facilitating activity) in the cortex.

Shortly after, Nitsche and Paulus established 
that prolonged (minutes) tDCS could produce 

lasting and polarity-specific changes in cortical 
excitability [102]. Cathodic polarization applied 
to the motor cortex can induce a considerable 
reduction in cortical excitability, while anodic 
polarization increases excitability [102]. There 
was a full re-evaluation of the use of electrical 
current stimulation of the brain with neurophysi-
ological and therapeutic objectives.

Within the last decades, tDCS has seen a wide 
range of potential applications and can be used to 
explore basic aspects of neurosciences [103–107].

In 2000s, pilot clinical studies were per-
formed for indications spanning depression 
[108], pain [109], epilepsy [110], spinal and cer-
ebellar stimulation [111], and a broad range of 
neuropsychiatric [112] and neuropsychological 
disorders [113–115]. tDCS has also been 
explored for rehabilitation including after stroke 
[116]. Moreover, due to the perceived safety of 
tDCS, it was initially validated for neurophysio-
logical changes in healthy subjects and contin-
ues to be investigated in healthy individuals for 
changes in behavior and cognitive performance 
[117, 118].

1.4  Concluding Remarks

The first clinical experience with electric fish, 
and a four-century-long history of electrothera-
peutic applications, has led to the modern use of 
tDCS.  This history includes various degrees of 
success and the therapeutic value of electricity in 
the treatment of mental disorders followed by a 
cyclical course throughout the centuries. 
Clinicians approached transcranial electric 
 stimulation with great enthusiasm in the eigh-
teenth century, only to abandon it at the end of 
the nineteenth century, when they failed to pro-
duce consistent results, raising doubts about the 
efficacy of electrotherapy [67, 119]. In the twen-
tieth century, several experimental studies clearly 
demonstrated using motor evoked potentials that 
tDCS resulted in changes in motor-cortical excit-
ability. Recently, with the adoption of more ade-
quate protocols of experimentation, the ability of 
tDCS to treat a number of clinical conditions 
such as affective disorders, chronic pain 
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Fig. 1.11 The effect of weak scalp tDCS (0.3 mA, 7 s) on 
the motor potential evoked by transcranial magnetic brain 
stimulation in a subject in the study of Priori et al. [101]. 
In the upper panel: 0, control condition; +, anodal condi-
tion polarization; −, cathodal conditioning polarization
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conditions, and post-lesional cognitive disorders 
has been demonstrated.

As pointed out by Bikson et  al. [120], con-
trolled investigation involving tDCS for treating 
psychiatric or cognitive disorders should not be 
compared with improvised devices or practices 
that apply uncontrolled electricity to the brain 
without reference to established protocols.

Today, tDCS is recognized as an effective 
technique in the application of direct current to 
the scalp, usually delivered by a small battery- 
driven stimulator, by attaching electrodes of dif-
ferent polarities to the skin and emitting a 
constant current. tDCS is an easy, noninvasive 
technique which causes minimal disturbance to 
the subject and is able to produce prolonged vari-
ations of cerebral excitability while influencing 
neuronal plasticity. The simplicity and econom-
ics of the technique, the minor nature of adverse 
effects, and the long-lasting results render tDCS 
a promising rehabilitative procedure.
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Basic Mechanisms of Transcranial 
Alternating Current and Random 
Noise Stimulation

Andrea Antal, Nir Grossman, and Walter Paulus

2.1  Introduction

Transcranial alternating current stimulation 
(tACS) non-invasively induces oscillating elec-
tric fields in the brain by applying currents that 
periodically reverse direction via scalp elec-
trodes. The currents are typically generated with 
current- guided (rather than voltage-controlled) 
electronic circuits to ensure a constant current 
flow independently of individual skin and skull 
resistances. A constant electric current flow is 
ensured by adapting the voltage to the resistance, 
according to Ohm’s law. The narrow definition of 
tACS typically encompasses sinusoidally oscil-
lating current without DC offset at a single fre-
quency [10, 13]. Variations may include DC 
offset [51], multiple frequencies such as theta 
gamma coupling [3] or multiple electrodes [4, 5], 
offering distinct spatiotemporal patterns of cere-
bral electric fields. When averaged over time, the 
mean membrane potential is not affected by tACS 
without DC offset (but see the Gildemeister effect 
at higher frequencies in the kilohertz range; [29]). 
On short time scales, the depolarizing or hyper-
polarizing effects are assumed to be strong 

enough to modify neuronal activity and to induce 
immediate effects [27].

tACS is typically applied in an open-loop 
fashion without feedback. A closed-loop control 
of the stimulation parameters may offer neuro-
modulatory benefits, for example, on memory 
performance with sleep spindles as input signal 
[50]. The electric fields are strongest beneath the 
electrodes; depending on the location of the sec-
ond electrode, deeper brain structures can be tar-
geted [38].

The modern use of sinusoidal tACS without 
DC offset started with Antal and colleagues [10], 
being followed by many other studies (e.g. [14, 
27, 30, 42, 44, 45, 49]). Most of these investiga-
tions used tACS frequencies in the physiologic 
EEG-detectable range (0.5–70  Hz), especially 
when the intended outcome is to interact or influ-
ence oscillations in the EEG range [34, 35, 40, 
52, 64].

Magnitude of the Electric Fields That Are 
Generated in the Brain via tACS Using tACS 
the current density is small, with a few milliam-
pere current via a few square centimetre elec-
trodes [55]; they result in weak sub-threshold 
cerebral electric fields of ~1 mV/mm and thereby 
modulate spontaneous firing rates [48], but can-
not directly evoke action potentials such as in 
electroconvulsive therapy (ECT). The latter with 
intensities of several hundred milliampere is only 
used under anaesthesia [11].

A. Antal (*) · W. Paulus 
Department of Clinical Neurophysiology, University 
Medical Center Göttingen, Göttingen, Germany
e-mail: aantal@gwdg.de 

N. Grossman 
Faculty of Medicine, Department of Brain Sciences, 
Imperial College London, London, UK

2

https://doi.org/10.1007/978-3-030-76136-3_2#DOI
mailto:aantal@gwdg.de


22

Finite element method (FEM) modelling of 
the electric fields has shown a significant shunt-
ing of up ~90% through the scalp depending on 
electrode distance, due to the high conductivity 
of the skin and low conductivity of the skull [37]. 
Recent studies have measured the intracranial 
electric fields in primates [58], human cadaver 
[73], and in epilepsy patients with intracranial 
electrodes [39, 58]. Collectively, these studies 
have shown that the cerebral electric field induced 
by tACS with typical current amplitude and elec-
trode size ranges between 0.2 and 1 mV/mm.

Classical surface EEG recordings document 
oscillations up to 100  Hz; higher frequencies 
such as high ripple oscillations in epilepsy 
patients need to be recorded with invasive elec-
trodes. Here, it is frequently erroneously assumed 
that bone impedance increases with increasing 
frequency. Although it is frequently discussed, it 
seems that bone impedance does not change sub-
stantially in these frequency ranges [12, 70]. 
Accordingly, tACS in the kilohertz frequency 
range can modulate cortical excitability [19].

2.2  Neurophysiological Effects

Several animal studies have investigated the neu-
rophysiological effect of tACS on single cell 
activity (e.g. [23, 26, 28, 47, 59, 62, 63]). 
Collectively, these studies have shown that tACS 
can induce alternating electric fields of 0.5–1 mV/
mm that result in a small periodic sub-threshold 
membrane depolarization in Purkinje cells as it 
was observed in 1988 [21]. Ozen and colleagues 
applied tACS via stainless steel wires to the skull 
of anesthetized rats and simultaneously recorded 
intracranial activity [59]. They found that tACS at 
a frequency similar to the endogenous cortical 
slow oscillations (i.e. 0.8–1.7  Hz) efficiently 
entrains the neural activity across the cortex with 
a threshold of approximately 1  mV/mm. Reato 
and colleagues tested tACS in rat slices [63]. They 
applied electrical stimulation to hippocampal 
slices and also simulated the effect on the neural 
network, finding entrainment with a threshold of 
0.2 mV/mm. Fröhlich and McCormick used tACS 
in cortical slices of ferrets [26] finding an entrain-
ment threshold of 0.5 mV/mm.

The amplitude of the membrane polarization 
drops at high tACS frequencies due to the capacitive 
low-pass filtering property of the membrane. For 
example, Deans and colleagues [23] found a cou-
pling constant of only 0.05 mV per mV/mm when 
tACS was applied at 100 Hz. In this case, a cerebral 
field of 1 mV/mm will polarize a neuron by only 
0.05 mV, which is potentially below the noise level. 
The depolarization of a single cell induced by the 
weak electric fields may be amplified by the synap-
tic connectivity across the cells [26, 63].

2.3  Evidence in Humans

What Is the Neurophysiological Evidence of 
tACS in Humans? In humans, neural activity 
can be measured non-invasively using electroen-
cephalography (EEG) or magnetoencephalogra-
phy (MEG). For example, in the first tACS-EEG 
study, an enhancement of the EEG alpha band 
amplitude was seen at the posterior part of the 
brain after 10 Hz tACS [34] with after-effects for 
30 min after 10 min of stimulation [56]. In addi-
tion, Voss and colleagues [74] showed that 25 and 
40 Hz tACS during sleep can increase oscillation 
power at that frequency range and lead to lucid 
dreaming. Nevertheless, the strong artefact that is 
induced by the tACS, renders EEG and MEG 
recording during stimulation difficult to interpret. 
Some studies suggested that the stimulation arte-
fact can be mitigated using spatial filtering [44] 
away from the stimulation sites [57].

More often the effect of tACS is measured 
after the end of the stimulation. The after-effect 
of the stimulation was suggested to be mechanis-
tically linked to the ‘Ca2+ increase-hypothesis’, 
with a small increase of intracellular Ca2+ induc-
ing long-term depression (LTD) and a large 
increase to long-term potentiation (LTP) [33]. A 
support of the role of LTP/LTD was presented by 
Moliadze and colleagues who showed that 
140 Hz tACS at 0.4 mA induced LTD but at 1 mA 
induced LTP [55, 77].

The change in neural activity during tACS can 
be measured indirectly using blood oxygenation 
level-dependent (BOLD) functional magnetic 
resonance imaging (fMRI). It was shown that 
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tACS applied at the individual alpha frequency 
reduced the amplitude of the BOLD response to 
visual stimuli [76], but 10 Hz tACS (i.e. not at the 
individual alpha frequency) showed an effect on 
BOLD after the end of the stimulation but not 
during the simulation [2]. Cabral-Calderin and 
colleagues indicated that the effect of tACS on 
BOLD signal depends on the tACS frequency. 
The effect on BOLD due to 10  Hz tACS 
(decreased BOLD) was opposite to the one due to 
40 Hz tACS [17].

The magnitude of the neural entrainment 
depends on the tACS frequency and the frequency 
of the endogenous neural activity. In principle, 
stimulation at frequencies similar to the endoge-
nous ones is expected to induce a stronger neural 
entrainment or required less current to achieve a 
given entrainment level, a mechanism explained 
by the Arnold tongue [67]. Nevertheless, tACS 
can induce effects on frequency bands that are dif-
ferent from the applied frequency due to the neu-
ral cross-frequency coupling property [3, 18, 41], 
and this effect can occur at remote locations due 
to neural connectivity.

2.4  Distinct tACS Variants

tACS with Multiple Electrodes/Sites The cur-
rents in tACS are typically applied via a bipolar 
electrode configuration; however, multi-site elec-
trode configuration arranged in, for example, 
centre-surround geometry [22] can help to focus 
the generated fields and reduce extraneous induc-
tion of phosphenes due to current flowing via the 
retina [60, 69].

The currents in tACS can be also applied to 
two or more sites at a different phase (e.g. 
 in- phase vs. anti-phase) via a tripolar (or quadru-
polar) electrode configuration. Polanía and col-
leagues used this approach to show that in- phase 
tACS of the frontal and parietal sites at the theta 
frequency could improve working memory- 
matching reaction compared to sham while anti- 
phase tACS deteriorates the performance in that 
task [61]. In general, brain areas that are stimu-
lated in-phase are expected to facilitate their 

communications with each other; for example, 
changing the inter-hemispheric phase-coherence 
in the gamma range via 40 Hz tACS has led to 
increased number of spontaneous perceptual 
reversals of ambiguous motion stimuli [16].

Random Noise Stimulation The application of 
random noise (or white noise), that is, a flat 
power density distribution across a broad band 
of frequencies, called transcranial random noise 
stimulation (or tRNS) was first proposed by 
Terney and colleagues to desynchronize patho-
logical cortical rhythms [71]. Typical applica-
tions use a frequency range between 0.1 and 
640 Hz (full spectrum) or 101 and 640 Hz (high- 
frequency stimulation). The lower boundary at 
0.1 Hz was chosen to avoid DC effects, and the 
higher boundary was chosen according to the 
I-wave frequency or fast thalamic somatosen-
sory evoked potential frequencies. The probabil-
ity function of the stimulation follows a Gaussian 
or bell-shaped curve with zero mean and a vari-
ance, where 99% of all generated current levels 
are within the target amplitude. It was shown 
that tRNS with frequencies between 100 and 
640 Hz can increase the excitability in the motor 
cortex [71].

It is still unclear if tRNS entrains resonance 
frequencies or works via stochastic mechanisms, 
via specific modulation of the excitatory- 
inhibitory balance in the brain or by an increase in 
synchronization by amplifying sub-threshold 
activity [9, 25, 71]. It was also suggested that 
tRNS might result in repetitive opening of Na+ 
channels, as is observed in rat hippocampal slices 
during the application of pulsed AC stimulation 
[68]. In humans, in a pilot study, the Na+ channel 
blocker carbamazepine showed a tendency 
towards decreasing the size of MEP amplitude 
after the motor cortex stimulation [20].

tACS with DC Offset The tACS currents are typ-
ically alternated in a symmetrical biphasic 
 fashion, but it can be applied as well with a DC 
offset [13, 24, 31, 51]. Of course, as with any other 
technique, stimulation can be delivered intermit-
tently (e.g. [24]; 5 intervals with 1 min gap).
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tACS with 3D Focality Interferential non- 
invasive strategies for ACS (e.g. temporal inter-
ference  – tACS: TI-tACS) and intersectional 
strategies for transcranial pulsed stimulation 
(ISPS) were recently introduced with the aim to 
enhance the spatiotemporal precision and pene-
trability of electrical stimulation and reach deeper 
brain areas [32, 73].

Transcranial application of two electrically 
isolated currents at kilohertz frequencies can 
temporally interfere (TI) deep in the brain to cre-
ate an envelope amplitude that changes periodi-
cally at a slow difference frequency, for example 
10  Hz [32]. In the mouse, TI-tACS can recruit 
neural activity selectively in deeper brain struc-
ture, that is, the hippocampus, without recruiting 
neurons of the overlying cortex. In addition, the 
stimulation locus of TI-tACS can be steered by 
simply changing the current ratio without physi-
cally moving the electrodes, mapping different 
regions of the motor cortex.

Time-shifted multiple short pulses of cur-
rents via different pairs of electrodes intersect in 
the brain. This intersectional short pulse stimu-
lation (ISPS) can be performed with pulses of 
2.5 or 10 μs duration with 5 or 50 μs inter-pulse 
interval [73]. By spatiotemporally rotating stim-
ulation, deeper areas in rodents were reached. 
Application of ISPS in healthy human subjects 
modulated the amplitude of alpha activity in the 
visual cortex, as shown by simultaneously 
recorded EEG.

2.5  Clinical Applications

tACS has the potential to normalize abnormal 
oscillatory activity in the human brain; neverthe-
less, the number of clinical studies applying this 
kind of neuromodulatory approach is so far lim-
ited as compared to tDCS. The most frequently 
treated conditions are tinnitus (five tACS/tRNS 
studies), depression and schizophrenia (four 
studies).

Tinnitus has been attributed to reduced activ-
ity in the alpha range in the auditory cortex. For 
the reduction of the symptoms of tinnitus, it has 

been shown that low- frequency tRNS (0.1–
100 Hz) was more effective than either tDCS or, 
interestingly, tACS using the individual alpha 
frequency [72]. Another study reported a signifi-
cantly more pronounced reduction in loudness 
and distress in pure tone tinnitus compared to 
narrow band noise tinnitus when high-frequency 
tRNS was applied [43]. Based on these results, 
tRNS over the auditory cortex is a promising 
treatment option for different types of tinnitus; 
nevertheless, a clear mechanistic explanation for 
the different results obtained with different types 
of tRNS does still not exist [53].

Similarly, tACS was able to modify network 
oscillations in schizophrenia [1] and in patients 
with depression [6]. In a recent randomized 
double- blind, sham-controlled clinical trial [1], 
schizophrenia patients with auditory hallucina-
tions received twice-daily 10 Hz-tACS for 5 days. 
After treatment, clinical improvement of auditory 
hallucinations correlated with enhancement of 
alpha oscillations. In another study [6], a signifi-
cant reduction in alpha power over the left frontal 
regions was also found after the completion of 
for weeks 10  Hz-tACS in depression patients. 
However, concerning the clinical improvement, 
there was no difference between treatment condi-
tions (10  Hz-tACS, 40  Hz-tACS, sham). The 
exact underlying mechanism of this effect has not 
yet been determined. Although the immediate 
after-effect of tACS may be enhancement in 
alpha power, repeated application of tACS may 
lead to a resetting of oscillators, potentially 
through homeostatic mechanisms that can result 
in a decrease in alpha power.

tACS might be a treatment option for patients 
suffering from tremor in Parkinson’s disease 
(PD). Oscillatory activity, originating from the 
globus pallidus internus, is increased in these 
patients. Brittain and coworkers [15] applied 
tACS over the motor cortex in patients diagnosed 
with tremor-dominant PD. tACS was most effec-
tive at the individual tremor frequency for induc-
ing cortical phase cancellation, presumably due 
to suppression of the resting tremor amplitude. 
This study used a closed-loop stimulation setup 
in which the tremor frequency was measured 
online and motor cortex stimulation parameters 
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were adjusted according to the measured activity. 
It was proposed that closed-loop individually 
adjusted stimulation can considerably surpass the 
efficacy as compared to open-loop approaches. 
Krause and colleagues [46] studied the effects of 
10 and 20  Hz (without closed-loop) as well as 
sham tACS in PD patients and healthy controls. 
The application of 20  Hz tACS reduced the 
cortico- muscular coherence amplitude in the beta 
band upon isometric contraction during fast fin-
ger tapping in PD patients, but not in healthy con-
trol subjects. These results suggest that tACS 
could probably entrain cortical oscillations in PD 
patients.

Repetitive transorbital alternating current 
stimulation (rtACS) as a tool for visual rehabili-
tation also demonstrated promising results (for a 
recent review, see [66]). During this intervention, 
electrodes are positioned near the eye aiming to 
inject current to the eyeball and thereby stimulat-
ing the retina (max 1.5 mA). rtACS has been pro-
posed to induce vision restoration by activating 
residual visual functions in patients with damage 
to the retina, optic nerve or visual system [28].

With regard to tRNS, it was recently demon-
strated that visual training coupled with brain 
stimulation can dramatically reduce the training 
period from months to weeks and lead to improve-
ments in healthy subjects and chronic cortically 
blind patients, indicating the potential of this pro-
cedure to help restore damaged visual abilities 
[36].

tACS applied to the left prefrontal cortex 
(PFC) and left temporal cortex at a theta-band 
frequency was shown to improve performance in 
working-memory tasks of elderly people [65]. 
These results support the feasibility of utilizing 
tACS to prevent cognitive decline in this 
population.

2.6  Conclusion

The field of tACS-is still in its infancy. Since the 
first tACS study published 12 years ago [10], the 
method has been advanced in many ways; never-
theless, there are still concerns about several 
issues. To study the efficacy (e.g. causal role in 

cognition) of tACS of the human brain is particu-
larly challenging, because a natural consequence 
of entrainment is that several parameters of the 
oscillation are manipulated at once. Furthermore, 
even when similar study designs are used, there 
are many possible sources for varying outcomes 
of experiments, based on the individual differ-
ences in the responsiveness to tACS.

The so-far insufficient duration of the after- 
effects (except 140 Hz tACS) [54, 55] might be 
increased using longer stimulation duration or 
repetitive stimulation during days or weeks, or 
with optimized stimulation protocols, such as an 
intermittent short stimulation paradigm (8 s stim-
ulation and 8 s pause) [75]. Many studies suggest 
that tACS can entrain cortical oscillations and 
can also induce short-term plasticity [48, 77].

Compared to tDCS, tACS and tRNS have a 
better blinding potential with less itching, tin-
gling or burning sensations [7, 8]. Furthermore, 
the absence of a polarity effect (anode-cathode) 
as compared to tDCS provides an additional 
degree of freedom concerning the control of cur-
rent flow directions. Retinal phosphene percep-
tion during tACS in a wide frequency range 
(6–70 Hz) is a side effect of specifically tACS.

Multi-electrode arrays together with electric 
field modelling allows for targeting more com-
plex neuronal assemblies, such as the coherence 
between two or more brain regions. Control stim-
ulation frequencies should be chosen outside of 
harmonics.

tACS has the potential to causally probe and 
treat oscillatory activity in the human brain. 
Development of hypothesis-driven approaches 
based on brain oscillations and behaviour is 
expected to provide another perspective that can 
bring major progress in the near future [5].
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3.1  Introduction

Brain stimulation techniques have generated 
renewed interest in recent decades as promising 
tools to explore human cerebral functions and to 
treat neurological and psychiatric diseases [1]. 
Apart from invasive stimulation paradigms such 
as deep brain and vagal nerve stimulation, non- 
invasive tools like transcranial magnetic or elec-
trical stimulation (tES), including transcranial 
direct current stimulation (tDCS) and transcra-
nial alternating current stimulation (tACS) are 
attractive for use in humans, because they permit 
painless modulation of cortical activity and excit-

ability through the intact skull [2]. This chapter 
gives an overview of the physiological effects of 
tES. Their application and impact on brain func-
tions and cognitive processes are also discussed.

3.2  tDCS

Tonic application of direct currents to the brain, 
although a relatively old method in strict terms, 
has regained increasing interest as a potentially 
valuable tool for the induction and modulation 
of central nervous system neuroplasticity. About 
55 years ago, it was demonstrated that in anaesthe-
tised rats, direct currents, delivered by intracerebral 
or epidural electrodes, induce stimulation polarity-
dependent activity and excitability alterations of the 
sensorimotor cortex, which can be stable for hours 
after the end of stimulation [3]. A few years later, 
it was verified that also transcranial application of 
direct currents can induce an intracerebral current 
flow sufficiently large to achieve physiological and 
functional effects [4, 5]. The number of studies in 
humans in these early days was however limited. 
In one of the few neurophysiological studies, it was 
found that this kind of stimulation alters EEG pat-
terns and evoked potentials at the cortical level in 
humans [6]. With regard to cognitive and behav-
ioural effects, early clinical studies describe a mixed 
impact on depression and other psychiatric diseases 
[7–9] and improved performance in a choice reac-
tion time task in healthy subjects [10]. In the fol-
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lowing years, electrical stimulation of the human 
brain via transcranial application of direct currents 
as a tool to influence brain function was nearly 
forgotten, most probably due to mixed results of 
initial studies and limited options to explore physi-
ological effects in humans. Nevertheless, in the 
last decades, it has been re- evaluated following the 
development of methods that allow probing its neu-
rophysiological effects (e.g. transcranial magnetic 
stimulation – TMS, functional magnetic resonance 
imaging  – fMRI and positron emission tomogra-
phy – PET). tDCS developed into a technique that 
reliably induces and modulates neuroplasticity in 
the human cerebral cortex non-invasively and pain-
lessly in order to elicit prolonged – but yet revers-
ible – shifts of cortical excitability [2, 11–13]. This 
section offers an overview of tDCS protocols and 
their physiological effects.

3.2.1  tDCS Protocols and Effects

For tDCS, the direct current is usually applied 
via conductive rubber or metal electrodes embed-
ded in a sponge soaked with saline, or covered 
with cream or gel or by gel-filled cap electrodes 
[14]. The electrodes are connected to a stimulator 
delivering constant current which is essential for 
stable current strength to ensure reliable tDCS 
effects. Usually applied stimulation parameters 
range from 1 to 2 mA current intensity, from 3.5 
to 100 cm2 electrode size and up to 20 min stimu-
lation duration in most studies, although longer 
stimulation duration and higher stimulation inten-
sity have been probed. These parameters are con-
sidered safe, as shown by behavioural measures, 
electroencephalography (EEG), serum neu-
rone-specific enolase concentration, diffusion- 
weighted and contrast-enhanced MRI measures 
and missing severe side effects in healthy and dis-
eased humans, as well as in animal experiments 
[2, 12, 13, 15–19]. Electrode positions above 
cranial foraminae and fissures should be evalu-
ated with caution or avoided because these could 
increase effective current density relevantly and 
thus have damaging effects. Although tDCS is 
usually well tolerated, at the beginning of stimu-
lation most subjects will perceive a slight itching 

sensation, which normally fades with time [20, 
21]. To avoid retinal phosphenes due to the ten-
fold higher sensitivity of the retina compared to 
the brain to electrical stimulation [22], as well as 
stimulation make- and- break effects, ramping up 
and down of current intensity for 8–30 s at both, 
the start and end of stimulation is suggested [23]. 
Blinding can furthermore be improved by appli-
cation of topical anaesthesia to reduce somato-
sensory perception [24], especially with higher 
stimulation intensities, and application of keto-
profen to reduce erythema under the electrodes 
[25]. For an extensive methodological overview, 
please refer to Woods et al. [14].

Physiological tDCS effects, including efficacy, 
direction and focality of neuronal excitability 
changes, are determined by stimulation polarity, 
current density, stimulation duration, electrode 
size, configuration and position. These param-
eters are discussed in the following sections.

 Electrode Position/Configuration/
Current Direction
Stimulation polarity determines the direction of 
cortical excitability changes elicited by tDCS at 
the macroscopic level within specific limits of 
stimulation intensity and duration. In most stud-
ies, both in humans and animals, anodal DC stim-
ulation enhances cortical excitability and activity, 
whereas cathodal stimulation results in reversed 
effects [11, 12, 26]. However, deviating results 
have also been reported for subgroups of neurons 
[26, 27], hippocampal slice preparations [28] 
and specific return electrode positions [29]. One 
explanation for these heterogeneous effects is the 
fact that not so much the polarity of the electrode 
over the stimulated area per se is the decisive 
factor for the net effects of tDCS on excitability, 
but rather the direction of current flow relative to 
neuronal orientation: the respective current has to 
flow along the longitudinal axis of a given neuron 
to induce relevant effects on membrane polarity 
[30]. Polarisation of the soma and axon might 
determine the direction of the effects more than 
dendritic polarisation, because of higher recep-
tor and ion channel density at the soma and axon 
level. Consequently, the position of the return 
electrode is critical for achieving the intended 
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excitability shifts, because together with the stim-
ulation electrode it determines the electric field 
orientation in relation to neuronal orientation. In 
accordance, the position of the return electrode 
had been shown to determine the direction of 
the effects and efficacy of tDCS to induce corti-
cal excitability alterations for motor and visual 
cortex stimulation [11, 29, 31, 32], and identical 
electrode arrangements result in opposite effects 
on cortical excitability in case of antagonistically 
oriented neurons [28]. Moreover, for motor cor-
tex stimulation, it was demonstrated that posi-
tioning of the return electrode at the shoulder or 
arm results in diminished efficacy, as compared 
to the “classical” bipolar electrode configura-
tion with the return electrode positioned over the 
contralateral orbit [33]. On the other hand, too 
low inter-electrode distance results in massive 
shunting of current flow between electrodes via 
the skin. Thus, also distance between electrodes 
is relevant for the efficacy of tDCS.

The “classical” tDCS protocols to induce neu-
roplastic excitability alterations involve stimula-
tion with two relatively large electrodes (usual 
size between 25 and 35  cm2) positioned on the 
head. These electrodes induce relatively non- 
focal effects of the underlying cortex, but also 
at remote areas, as shown experimentally for 
stimulation of the primary motor cortex [34, 35], 
and via modelling approaches [36]. Low focal-
ity is not necessarily a problem for each applica-
tion of tDCS. In clinical syndromes, modulation 
of pathologically altered excitability of larger 
regions might be preferable, and in some cases, 
where the intended effects are thought to origi-
nate from an interaction of task- and stimulation- 
generated activity alterations, functional focality 
might result from this interaction. However, 
focality is crucial for basic studies aiming to 
explore the contribution of a specific area to 
brain function. Thus, new tDCS protocols suited 
to increase focality of stimulation have been 
developed. At least two factors contribute to the 
low focality of tDCS, the size of the relatively 
large electrode positioned over the target area and 
the physiological effects of the return electrode, 
if positioned at the scalp. Focality of tDCS over 
the target area can be enhanced by reducing elec-

trode size and keeping current density constant. 
By this modification of the stimulation protocol, 
it has been shown for the motor cortex that a more 
selective alteration of excitability of specific 
hand muscle representations is accomplished 
[35]. Following the same rationale, increasing 
the size of the return electrode at constant current 
strength of 1 mA from 35 to 100 cm2 makes this 
electrode functionally inefficient with respect 
to the area under that electrode, most probably 
due to reduced current density, and thus results 
in an at least functionally monopolar stimulation 
[35]. Alternatively, the return electrode can be 
positioned at another location than the scalp, for 
example, the neck, shoulder, arm or knee [7, 29, 
37]. However, this remote position of the return 
electrode might diminish the efficacy of stimula-
tion [33], and it is unclear if other sets of neurons 
would be affected by these approaches due to dif-
ferent electrical field orientation.

Based on modelling of electrical field strength, 
alternative electrode configurations have been 
developed to optimise stimulation focality and 
tDCS with one central electrode over the tar-
get region, and four electrodes arranged in its 
vicinity (4  ×  1, or HD-tDCS) is one of these 
approaches. Here relatively small electrodes are 
used, and a central stimulation electrode is sur-
rounded by four return electrodes placed nearby 
the central electrode [36]. Since the distance 
between the respective electrodes is relatively 
short, and thus shunting is enhanced relative to 
the more conventional electrode arrangements, 
current density has to be relatively high to obtain 
similar effects as with the large electrodes. 
Taking this into account, the cortical excitability 
alterations induced by this protocol seem to be 
similar to those elicited by conventional tDCS 
[38]. However, information about the physiologi-
cal focality of these excitability alterations is not 
available so far. The functional efficacy of this 
electrode configuration has been demonstrated 
in some pilot studies, including pain perception 
[39]. Another optimising future strategy might 
be multi-electrode approaches. These can be 
based on functional networks [40], or arranged to 
tackle a specific target region based on modelling 
approaches [41, 42].
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 Current Intensity/Density
In most of the studies, in which conventional 
tDCS with relatively large electrodes (see above) 
is applied, current intensity is set at 1–2  mA, 
which results in about 0.03–0.06 mA/cm2 current 
density at the level of the skin. Resulting electri-
cal fields and current densities at the level of the 
brain depend on the tissue properties between the 
electrode and the brain and might differ accord-
ingly, as suggested by the results of modelling 
studies [43]. These stimulation intensities are 
sufficient to induce relevant excitability shifts in 
the human primary motor cortex (M1) and alter 
physiological, perceptual and cognitive processes 
in prefrontal, parietal, temporal and occipital cor-
tices [2, 11, 13, 44, 45]. Increasing current den-
sity within certain limits might increase efficacy 
of stimulation due to a larger membrane polarisa-
tion shift [11]. It might also affect additional neu-
ronal populations because of a greater efficacy of 
the electrical field in deeper cortical layers and 
different sensitivities of specific neuronal popula-
tions to DC stimulation [26]. Moreover, because 
of physiologically-based non-linearity of tDCS 
effects (see also below), more intensive stimula-
tion can convert the directionality of effects [46, 
47], and different participant populations might 
display altered sensitivity to tDCS [48].

 Stimulation Duration/Interval
Stimulation duration determines the occurrence 
and duration of after-effects of DC stimulation in 
animals and humans. In humans, a typical pro-
tocol to induce acute effects of tDCS on corti-
cal excitability without generating after-effects is 
applied with a stimulation duration of 4  s [11]. 
This stimulation protocol induces the respective 
excitability alterations only during stimulation. 
tDCS for more than 3  min seems necessary to 
induce cortical excitability and activity altera-
tions, which outlast stimulation [11]. Hereby, 
at least within certain limits, extended stimula-
tion protocols induce prolongation of the result-
ing after-effects. tDCS from 3 to 7  min results 
in polarity-specific excitability alterations for 
some minutes after the end of stimulation, 

whereas anodal tDCS for 13  min and cathodal 
tDCS for 9 min results in after-effects lasting for 
about 1  h in the human motor cortex [12, 16]. 
This specific duration dependency of effects 
does gradually differ for other cortical regions, 
including the visual cortex [32]. Moreover, this 
relation between stimulation duration, and dura-
tion of after-effects, is not linear under all con-
ditions: recently it was shown that anodal tDCS 
for 26  min results in excitability-diminishing 
and not -enhancing after-effects, most probably 
caused by intraneuronal calcium overflow [49]. 
Thus, for the induction of after-effects lasting 
relevantly longer than 1 h after tDCS, which are 
desirable especially to achieve therapeutic effects 
in clinical studies, simply prolonging stimulation 
duration might not be the optimal strategy. One 
alternative might be the repetition of stimulation 
sessions. Indeed, repeating cathodal or anodal 
tDCS within a time window of 30 min increases 
and prolongs the after-effects of both anodal and 
cathodal tDCS relevantly, for anodal tDCS, for 
more than 24 h after stimulation [49, 50]. On the 
other hand, tDCS intervals of 3 and 24 h dimin-
ished the after-effects of the second protocol in 
both studies conducted in healthy participants. 
Thus, specific timing is important for prolon-
gation of tDCS effects on cortical excitability. 
Moreover, the results of these studies suggest that 
consecutive tDCS protocols might interact even 
when the overt impact on cortical excitability has 
vanished. Therefore, a sufficient interval between 
experimental sessions is recommended, when it 
is not intended to induce cumulative after-effects.

Taken together, for tDCS various protocols 
are available, which differ with respect to stimu-
lation polarity, current density, stimulation dura-
tion, as well as electrode size and placement. 
Dependent on these parameters, stimulation 
protocols can be customised at least to a certain 
extent to achieve the desired direction, strength, 
focality and duration of effects on cortical activ-
ity and excitability. However, systematic studies 
about optimised physiological and functional 
effects are rare so far. For functional effects, 
the development of optimised protocols might 
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have to take into account not only the impact of 
tDCS on cortical processes, but also the interac-
tion between stimulation and task-related cortical 
activity alterations, which might not be trivial in 
each case. Another future challenge is the devel-
opment of individually adapted stimulation pro-
tocols, which take inter-individual differences of 
anatomy and physiology into account. It should 
also be noted that, given the large number of 
tDCS studies investigating the effects of different 
parameters, a one-to-one transferability of effects 
obtained by stimulation of one target region to 
another cannot be taken for granted due to state 
dependency, anatomical differences and other 
factors [16, 51–53]. Therefore, titration of stimu-
lation parameters is recommended if no reference 
is available for a particular tDCS protocol [13, 
52, 53].

3.2.2  tDCS Physiology

A multitude of studies has been conducted to 
explore the physiological effects of tDCS in the 
last years. The primary motor hand area (M1) has 
been widely used as a model system in these stud-
ies in order to explore the modulation of cortical 
excitability by tDCS, mostly for practical rea-
sons, because it is situated at the convexity of the 
precentral gyrus with a minimal distance to the 
scalp surface, and therefore can easily be reached 
by TMS, which is usually applied to monitor cor-
tical excitability, including specific stimulation 
protocols to monitor different types of intracor-
tical neurons as well as cortical output neurons 
[54]. Therefore, most of the existing knowledge 
about basic physiology of tDCS originates from 
studies in the human motor cortex. However, 
physiological effects of tDCS on other cortical 
areas have also been explored, and beyond TMS, 
evoked potential measures, EEG, and functional 
imaging have contributed to our understanding of 
the physiological background of tDCS. Whereas 
regional effects of tDCS were in the focus of 
investigations during the first years, the impact of 
tDCS on cortical network activity became a new 
topic of research recently.

 Regional Effects of tDCS

Acute Alteration of Cortical Excitability
The primary mechanism of DC stimulation on 
the cerebral cortex is a subthreshold modulation 
of neuronal resting membrane potentials. Current 
has to enter and leave a given neuron to exert any 
physiological effects due to physical reasons, 
thus in any case, DC stimulation – independent 
from the polarity of the electrode over a target 
area – will have de- and hyperpolarising effects 
on a given neuron. For the direction of the effects 
on cortical excitability and activity, it is relevant 
to acknowledge that the soma and initial axon 
segment of a neuron are more sensitive for the 
alteration of membrane potentials via weak elec-
trical fields. Thus, the physiological effects of DC 
stimulation might primarily depend on alteration 
of these membrane segments [55]. In animal 
experiments, anodal stimulation (i.e. stimulation 
with the anode positioned over the respective tar-
get region) results in an enhancement of cortical 
excitability, and activity, while cathodal stimula-
tion has antagonistic effects [26, 27]. However, 
this polarity-dependent effect has to be qualified. 
As mentioned above, orientation of electrical 
field relative to neuronal orientation determines 
the direction of the effects. Accordingly, antago-
nistic effects of DC stimulation were described 
not only for subgroups of neurons, but also for 
specific preparations, such as hippocampal slice 
experiments [27, 28]. In humans, similar stimula-
tion polarity-dependent effects have been shown 
for short stimulation durations of few seconds, 
which do not induce after-effects. Anodal tDCS 
enhances cortical excitability, while cathodal 
stimulation diminishes it in the human motor cor-
tex, as demonstrated by TMS at the macroscale 
level. These effects are largely restricted to global 
parameters of corticospinal excitability, which 
are determined by ion channel conductivity, 
such as single- pulse MEP amplitudes induced by 
medium TMS intensity and recruitment curves. 
They do not involve major alterations of intra-
cortical facilitation and inhibition, as monitored 
by TMS double-pulse stimulation protocols [11, 
56]. Accordingly, blocking voltage-gated sodium 
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and calcium channels abolishes the excitability 
enhancement accomplished by anodal tDCS, 
but blocking glutamatergic NMDA receptors or 
enhancement of GABAergic inhibition does not 
affect the acute effects of tDCS [57, 58]. Thus, 
taken together, the primary effects of tDCS seem 
to involve polarity-specific membrane potential 
alterations, but no synaptic effects. It is impor-
tant to realise that these effects are observable at 
the macroscale level. TMS affects large groups 
of neurons, and thus it cannot be excluded, 
but due to the physiological effects of stimula-
tion described above, it is probable that specific 
groups of neurons react differently to tDCS.

Sustained Change of Cortical Excitability 
and Activity
In experiments in anaesthetised rats, Bindman 
and colleagues described prolonged enhance-

ments of cortical activity and excitability lasting 
for hours after anodal stimulation, while cath-
odal DC stimulation had antagonistic effects, if 
stimulation was conducted for 5  min or longer 
[3]. Identically directed after-effects of tDCS 
are accomplished when stimulation duration 
exceeds 3 min in humans. tDCS over the motor 
cortex for up to 7 min results in after-effects of 
about 5–10 min duration, while longer stimula-
tion durations for up to 13 min induce excitability 
alterations stable for about 60–90  min [11, 12, 
16] (Fig. 3.1). However, the duration of the after- 
effects might differ between cortical regions, 
with somewhat shorter lasting effects induced by 
tDCS over the visual cortex with identical stimu-
lation durations [32, 59].

At the cortico-spinal level, tDCS elicits similar 
after-effects as those accomplished during short 
stimulation. The slope of the recruitment curve is 
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Fig. 3.1 After-effects of transcranial direct current stim-
ulation (tDCS) on motor cortical excitability. tDCS of the 
human motor cortex modulates TMS-elicited MEP ampli-
tudes after stimulation for up to an hour, depending on 
stimulation duration. Anodal stimulation (a) enhances, 

while cathodal (b) diminishes cortical excitability. Note 
that 5–7  min stimulation results in short-lasting after- 
effects, while prolonged tDCS increases the duration of 
the after-effects over-proportionally. (Nitsche et  al. [12, 
16], with permission of Neurology and Clin Neurophysiol)
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reduced after cathodal tDCS, but enhanced after 
anodal stimulation [56]. For intracortical effects, 
anodal tDCS enhances intracortical facilitation 
and reduces intracortical inhibition, whereas 
cathodal tDCS induces antagonistic effects [56]. 
Most probably, these effects are accomplished by 
combined modulation of motor cortical afferents 
and motor cortex output neurons with conven-
tional large electrodes, since selective premotor 
stimulation induces only the above-mentioned 
intracortical effects in M1, while focal stimula-
tion over M1 with a small electrode only resulted 
in the above- mentioned cortico-spinal effects 
[60]. Because block of glutamatergic NMDA 
receptors abolishes the after-effects of tDCS, 
and the NMDA receptor agonist d-cycloserine 
prolonged the after-effects of anodal stimulation 
[57, 61]; it can be assumed that tDCS induces 
plasticity of the glutamatergic system, which 
is calcium- dependent. Calcium dependence of 
tDCS- induced plasticity has been demonstrated 
in another study [57]. These results are in accor-
dance with animal experiments, in which it was 
shown that anodal tDCS enhances neuronal cal-
cium content [62]. Beyond modulation of the 
glutamatergic system, it has recently been shown 
that both  – anodal and cathodal tDCS– reduce 
free GABA in the cortical areas under the elec-
trodes [63]. This result fits with an enhancing 
effect of both anodal and cathodal tDCS on TMS- 
induced I-wave facilitation, which is controlled 
by the GABAergic system [56]. GABA reduction 
has been shown to enhance glutamatergic plastic-
ity in animal slice experiments and could have 
a facilitating effect on tDCS-induced plasticity 
in humans as well. It is worth to be mentioned 
that the induction of plasticity by tDCS seems to 
require spontaneous neuronal activity, as shown 
by Fritsch et al. [64]. This makes sense, because 
neuronal activity in the presence of subthreshold 
membrane depolarisation will enhance calcium 
influx relative to pure subthreshold depolarisa-
tion, or spontaneous activity alone, which in iso-
lation might not suffice to open NMDA receptor 
channels.

Beyond the “classic” tDCS protocols, which 
induce after-effects of about 1  h duration, and 
thus early-phase plasticity, late-phase plasticity, 

which lasts for more than 24  h after interven-
tion, can be induced by repeated tDCS within a 
critical time window of 30  min [49] similar to 
animal experiments [65]. Interestingly, continu-
ous anodal tDCS with doubled stimulation proto-
col duration resulted in excitability-diminishing 
plasticity, and increasing the interval to 3 or 24 h 
duration diminished the efficacy of the stimula-
tion protocol in the same study. The late-phase 
LTP-like effects of repeated anodal tDCS depend 
on the glutamatergic system. The excitability 
diminution induced by 26 min continuous stim-
ulation might result from intracellular calcium 
overflow, since calcium channel block abolished 
this effect [49].

In summary, it can thus be concluded that the 
after-effects of tDCS depend on glutamatergic 
mechanisms, and that tDCS-induced reduction 
of GABA might serve as a “gating” mechanism.

Recently, stimulation intensity and duration 
have been extended beyond these classic pro-
tocols. Here it is shown that for anodal tDCS, 
prolongation of stimulation duration for up to 
30  min, with a stimulation intensity of up to 
3  mA, did result in fairly homogeneous excit-
ability enhancement, with slightly better effects 
of stronger stimulation intensities [66, 67]. This 
effect was not only observable for TMS param-
eters, but also for MRI-derived measures of 
blood flow [68]. For cathodal tDCS, however, 
respective systematic titration of current intensity 
and stimulation duration resulted in an inverted 
U-shaped effect, with 1 and 3  mA resulting in 
an excitability diminution, while 2  mA current 
strength enhanced excitability [47]. This non- 
linear effect might be caused by the known cal-
cium dynamics of neuroplasticity [69], with low 
calcium influx inducing LTD, higher calcium 
influx inducing LTP and even higher calcium 
influx antagonised by opening of hyperpolarising 
potassium channels [70]. Alternative explana-
tions, such as effects of tDCS on deeper cortical 
layers with larger stimulation intensity, can how-
ever not be ruled out at present.

Pharmacology of tDCS
Neuromodulators have a relevant impact on gluta-
matergic plasticity in animal models and humans 
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[71] (Fig. 3.2). In accordance, monoamines and 
acetylcholine have a prominent impact also on 
tDCS-induced plasticity. For dopamine, physi-
ological receptor activity is critical for the induc-
tion of after-effects, because these are abolished 
by D2 receptor block [72]. Interestingly, increas-
ing dopamine receptor activation by the non-
selective precursor l-dopa has dosage-dependent 
non-linear effects on tDCS- generated plasticity. 
Whereas low- and high- dosage l-dopa abolish 
excitability-enhancing and -diminishing plastic-
ity, medium dosage prolonged the excitability-
diminishing after-effects of cathodal tDCS and 

converted anodal tDCS- induced facilitation into 
inhibition [73, 74]. Similar effects were accom-
plished with the D2 agonist bromocriptine [75]. 
In contrast, D1 receptor activation under D2 
receptor block re- established tDCS-induced 
plasticity of both stimulation polarities dosage-
dependently [76, 77]. Taken together, dopamine 
has prominent non- linear effects on tDCS-
induced plasticity, which depend on dosage and 
receptor subtype activity. For the cholinergic 
system, enhancement of global cholinergic acti-
vation resulted in a similar effect as medium-dos-
age l-dopa on tDCS- generated plasticity, that is, 
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Fig. 3.2 Mechanisms and modulatory effects of tDCS- 
generated glutamatergic plasticity. In this figure, the main 
plasticity mechanism of glutamatergic synapses and the 
modulatory impact of other neurotransmitters and ion 
channels are displayed. As far as explored, tDCS has an 
enhancing effect on glutamatergic neurons (green arrow) 
[55, 121], while several studies showed that they reduce 
GABA activity (red arrow) [61, 122]. The release of glu-
tamate activates NMDA receptors, which have calcium 
(Ca2+) channel properties, if it is sufficiently strong. 
Depending on the amount of the consecutive intraneuro-
nal calcium increase, enzyme cascades are activated 
which result in post-synaptic insertion or removal of glu-
tamatergic AMPA receptors. The amount of post-synaptic 
AMPA receptors determines if a given activation of a pre- 

synaptic neuron results in supra-threshold post-synaptic 
activation. Thus, a modification of AMPA receptor den-
sity is the main basis for LTP and LTD. The activity of 
voltage-dependent calcium channels contributes to intra-
cellular calcium alterations and the activation of sodium 
(Na+) channels to the resting membrane potential, which 
affect the probability that NMDA receptors are activated 
and presynaptic activity results in a post-synaptic action 
potential. Various neurotransmitters such as GABA, dopa-
mine, acetylcholine, serotonin, adrenaline and noradrena-
line influence these principal mechanisms of action in a 
complex, sometimes non-linear way via their specific 
receptors, and they also have an impact on glutamatergic 
receptors and ion channels
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a slight prolongation of cathodal tDCS-induced 
excitability diminution and a conversion of 
anodal tDCS-induced after-effects from facilita-
tion into excitability reduction [78]. At least for 
anodal tDCS, these effects depend on activation 
of nicotinic receptors, since nicotine and the nico-
tinic α4β2 agonist varenicline had a similar effect 
on tDCS-induced plasticity [79, 80]. Recently it 
could furthermore be shown that this modulation 
depends on glutamate and calcium influx [81].

For serotonin, activation by a selective sero-
tonin reuptake inhibitor (SSRI) facilitated and 
prolonged the after-effects of anodal tDCS and 
converted plasticity induced by cathodal stimula-
tion into facilitation [82]. This effect was further 
enhanced after long-term application of SSRI 
[83]. Similar effects are obtained by enhancing 
of noradrenergic tone via the noradrenaline reup-
take inhibitor reboxetine [84].

These studies show a prominent and complex 
impact of neuromodulators on tDCS-induced 
plasticity, which might, for example, be relevant 
for treatment of patients suffering from neuro-
logical and psychiatric diseases, where neuro-
modulator activity is often pathologically altered 
and counteracted upon by pharmacological 
intervention.

tDCS Effect on Cortical Regions Other 
than M1
Most of the above-mentioned studies were per-
formed in the human primary motor cortex, but 
the effects of tDCS are not restricted to this 
region. In the last years, numerous studies have 
been conducted, which show a similar functional 
or physiological impact of tDCS on a multitude of 
cortical regions. Neurophysiological effects have 
been demonstrated for the visual cortex, where 
anodal and cathodal tDCS have similar effects on 
cortical excitability as motor cortex stimulation; 
however, antagonistic effects were also observed 
when the return electrode was positioned at the 
neck [29]. tDCS over the visual cortex results in 
shorter duration of the after- effects, as compared 
to stimulation over M1 with identical stimula-
tion protocols. For tDCS of the somato-sensory 
cortex, anodal tDCS increased respective SEP 
amplitudes for at least 60 min after stimulation in 

one study [85], and cathodal tDCS reduced those 
in another one [86]. For auditory cortex stimula-
tion, anodal tDCS over the temporal and cathodal 
tDCS over the temporo- parietal cortex enhanced 
the respective evoked potentials [87]. The recent 
development of concurrent TMS-EEG recordings 
allows the investigation of physiological mecha-
nisms of tDCS via direct monitoring of cortical 
excitability. Anodal tDCS increased mean field 
power of TMS-evoked cortical potentials both 
during and following tDCS over the posterior 
parietal cortex, and also the dorsolateral prefron-
tal cortex [88, 89], although results are somewhat 
heterogeneous at present [90]. Such methodolog-
ical advance will further contribute to the under-
standing of tDCS physiology into larger detail. 
Finally, it has been demonstrated that tDCS can 
also affect the spinal cord and the cerebellum 
[91]. For the latter, its complex folding seems 
to result in antagonistic effects dependent on the 
depth of penetration, which makes sense, given 
the relationship of tDCS effects from the relation 
of electrical field and neuronal orientation [92].

 Inter-Regional Effects of tDCS
Apart from the regional effects of tDCS under the 
stimulation electrodes, remote effects on topo-
graphically distant cortical and subcortical areas 
were described relatively early [34]. However, 
it was unclear whether those effects are caused 
by physiological spreading of cortical activity 
or by physical current spread. Simulation stud-
ies, although not physiologically validated so far, 
are in favour for at least a partial contribution of 
spread of current flow [36]. In addition, physio-
logical effects of tDCS on remote areas have been 
described. Premotor anodal tDCS enhances intra-
cortical facilitation of M1, most probably due to 
the activation of premotor-primary motor cortex 
afferents [60], and combined dorsal premotor and 
supplementary motor area (SMA) stimulation 
alters motor and somatosensory evoked poten-
tials [93]. For parietal cortex  stimulation, anodal 
tDCS enhanced, but cathodal tDCS reduced MEP 
amplitudes. Moreover, anodal tDCS over the pos-
terior parietal cortex increased both ipsilateral 
M1 intracortical inhibition and facilitation, as 
well as parietal-motor cortical connectivity [94]. 
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Furthermore, anodal tDCS over the posterior 
parietal cortex increased cortico- cortical poten-
tials elicited by TMS in both local and surround-
ing and contralateral regions [89].

Recently, functional connectivity approaches 
have been applied to explore cortical network 
alterations induced by tDCS.  For motor cortex 
stimulation under resting conditions, an fMRI 
study revealed that nodal minimum path length 
increased after anodal tDCS over M1, which 
means that functional connectivity of this area 
with topographically distant regions of the 
whole brain significantly decreased. In contrast 
to this generally reduced whole brain connectiv-
ity of M1, functional connectivity was enhanced 
between the primary motor cortex on the one hand 
and premotor and superior parietal areas on the 
other hand [95]. In another study, cathodal tDCS 
of the primary motor cortex increased functional 
connectivity between the stimulated M1 and the 
contralateral M1 and premotor cortices [63]. A 
similar effect of tDCS was described for anodal 
stimulation combined with motor practice in an 
EEG study, where functional connectivity was 
enhanced between primary motor, premotor and 
sensorimotor areas in the high gamma band [96]. 
Moreover, anodal tDCS of the primary motor cor-
tex alters cortico-subcortical connectivity of the 
motor cortex at rest. Specifically, it was shown 
to enhance connectivity with the ipsilateral cau-
date nucleus and thalamus [97]. Alterations of 
intrinsic motor cortex connectivity by tDCS 
have also been demonstrated: cathodal stimula-
tion increased local connectivity, most likely 
due to cortical noise reduction accomplished by 
the respective excitability and activity diminu-
tion, while anodal tDCS enhanced long-distance 
connectivity within this area [97]. Therefore, it 
can be concluded by the results of these studies 
that motor cortex tDCS alters the connectivity of 
large parts of the motor network.

Beyond tDCS of the motor cortex, stimulation 
of the dorsolateral prefrontal cortex has been dem-
onstrated to induce widespread alterations of func-
tional connectivity, including the default mode 
network and attention-related networks in healthy 
subjects [98, 99]. A study conducted by Mainzer 
and co-workers showed that respective connectiv-

ity alterations are brain state- dependent. Whereas 
anodal tDCS over the left inferior frontal gyrus 
under resting conditions enhanced functional con-
nectivity of a network associated with language 
processing, respective stimulation reduced respec-
tive connectivity in a language task and improved 
performance, thus suggesting that tDCS conducted 
during task performance enhanced the efficacy of 
processing [100].

To summarise, in addition to its regional 
effects under the stimulation electrodes, tDCS 
has prominent effects on functional networks 
at both cortical and subcortical levels. The rel-
evance of these network alterations for cogni-
tion and behaviour needs to be explored in more 
detail in future studies.

3.3  tACS

It is well established that sensory and association 
areas of the brain are organised in a distributed 
manner. This segregation requires efficient com-
munication mechanisms allowing the brain to 
integrate information both within and across dif-
ferent areas to guide behaviour. The question is, 
how can the human brain achieve this relatively 
fast and efficient integration of information? A 
prominent hypothesis suggests that neural oscil-
lations play a fundamental role in cognitive func-
tions supporting both neural communication and 
plasticity. Despite the large amount of empirical 
data, so far the majority of these studies have 
provided only correlative evidence for the impact 
of neural oscillations on cognitive performance, 
whereas its causal role is still to be determined. 
In order to probe the causal neurophysiology 
underlying function and behaviour of neural 
oscillations, tACS has emerged as a promising 
technique to achieve this goal.

tACS is a variant of tES, which modulates 
oscillatory brain activity via application of 
alternating currents with sinusoidal waveforms. 
Growing evidence from human research sug-
gests that, during stimulation, oscillatory brain 
activity, as measured with electro-encephalog-
raphy (EEG) and more recently with magneto- 
encephalography (MEG), phase-locks to 
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rhythmic trains of stimulation [101, 102]. tACS 
is presumed to affect neuronal membrane poten-
tials by subthreshold (i.e. no action potential gen-
eration) oscillatory electrical stimulation with 
specific frequencies and to interact with ongo-
ing rhythmic cortical activities. Interestingly, the 
observed entrainment effects are more prominent 
when the frequency of stimulation matches the 
dominant frequency of the stimulated structure 
[103]. However, for specific stimulation frequen-
cies, also neuroplastic excitability modifications 
have been described [104–107]. By its modulat-
ing effect on task-related oscillatory brain activ-
ity, tACS appears to be a useful tool to investigate 
the causality of physiological phenomena for 
cognition and behaviour. In this section, we dis-
cuss the possible physiological effects of tACS as 
well as examples of its effects on cognition and 
behaviour.

3.3.1  tACS Protocols and Effects

The application of tACS employs a similar set-up 
as conventional tDCS, except for the polarity of 
stimulation. While anodal or cathodal stimulation 
in case of tDCS describes the constant polarity 
of an electrode during the whole intervention and 
determines the direction of effects, the polarity of 
the two electrodes in tACS alternates every half 
cycle. The efficacy of tACS is mainly determined 
by the intensity, frequency and phase of the stim-
ulation protocol, which result in modulation of 
cortical excitability and/or oscillations.

 Physiological Effects of tACS
Similar to tDCS, tACS is assumed to not induce 
cortical activity, but to modulate spontaneous 
activity via sub-threshold membrane polarisation. 
One potentially relevant effect is modulation of 
spontaneous oscillatory activity. In accordance, 
computational modelling suggests that external 
electric stimulation with a relatively low ampli-
tude, as applied in tACS, is indeed sufficient 
for synchronising oscillatory activity of neural 
networks [108]. Animal studies demonstrated 
synchronisation of neuronal spike activity cor-
responding to the externally applied frequency 

of oscillations within different frequency bands 
[109], a phenomenon termed entrainment. While 
the results of that initial investigation were prom-
ising, tACS was applied in rodents at current 
intensities that would be prohibited in humans. 
Thus, the question remains as to whether conven-
tional current intensities applied in humans have 
the capability of inducing entrainment in  vivo 
and during wake states. A recent study presented 
data from non-human primates, a highly real-
istic model of the human brain, demonstrating 
that tACS reliably entrains the spiking activity 
of single neurons in awake monkey. Crucially, 
this entrainment was shown to be limited to the 
frequency of stimulation and the vicinity of the 
targeted brain region [110]. With increasing elec-
tric field strength, more neurons were entrained 
to the stimulation frequency. Importantly, con-
current electric field recordings demonstrated 
that these spike timing changes occur in a field 
regime that are practicable in humans (i.e. elec-
tric fields <0.5  mV/mm, which are achievable 
in humans for tACS intensities between 1 and 
2  mA). Together, these results provide compel-
ling evidence that tACS applied at conventional 
intensities in humans have the capability of genu-
inely inducing entrainment of neural oscillations.

Regarding studies in humans, when tACS is 
applied within the individual alpha frequency for 
10 min over the occipital lobe, the correspond-
ing spectral power was facilitated, and this effect 
outlasted the intervention [111, 112]. Likewise, 
it was shown that by prefrontal stimulation in 
the gamma frequency range, but not at other fre-
quencies, during REM sleep, where gamma band 
activity is presumed to have important functional 
relevance, brain activity in these frequencies was 
enhanced [113]. Similar effects were obtained for 
beta frequency stimulation of the motor cortex, 
where it was also shown that the oscillatory after- 
effects depended on glutamatergic mechanisms, 
because block of NMDA receptors abolished 
these [114]. Thus, taken together, these studies 
deliver evidence for a modulatory effect of tACS 
on spontaneous cortical oscillatory activity.

Beyond its impact on oscillatory brain activ-
ity, tACS can also affect cortical excitability. 
These effects seem critically to depend on stimu-
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lation frequency and intensity and differ between 
online and after-effects. For the primary motor 
cortex, online effects on cortical excitability 
were selectively obtained by 20 Hz stimulation, 
but not by tACS within other physiological fre-
quency bands. Since 20 Hz is the predominant 
frequency in the resting motor cortex, this result 
fits nicely with the modulatory impact of tACS 
on oscillatory brain activity [115]. For after-
effects, even longer tACS durations (2–10 min) 
within similar frequency ranges showed no 
effect on MEPs with a peak-to-peak stimula-
tion amplitude of 1 mA [104, 116]. Enhancing, 
however, stimulation intensity to 2  mA and 
stimulation duration to 15 min resulted in neu-
roplastic excitability enhancement lasting for 
at least 60 min after the end of stimulation and 
respective after-effects dependent on the activity 
of NMDA receptors [114]. For other frequency 
bands, already lower stimulation intensities and 
durations induce neuroplasticity. tACS over M1 
with 140 Hz and 0.63 A/m2 for 10 min signifi-
cantly enhanced cortical excitability during and 
after stimulation [106]. In the same study, lower 
stimulation intensity with 0.25 A/m2 resulted in 
a decrease of excitability. Interestingly, hippo-
campal plasticity is closely related to respective 
oscillations, which might explain the relatively 
high propensity of this frequency band for plas-
ticity induction. With even higher frequency 
stimulation outside the physiological range of 
brain oscillations, including stimulation frequen-
cies between 2 and 5 kHz, tACS (0.2 A/m2 for 
10 min) induces MEP enhancements lasting for 
more than 1 h [117]. The respective mechanisms 
of these stimulation frequencies are not well 
explored. To summarise, tACS may non-linearly 
alter cortical excitability during and after inter-
vention. The presence and direction of this effect 
depends on stimulation frequency, intensity and 
duration.

 tACS Effects on Cognition 
and Behaviour
The modulatory impact of tACS on oscillatory 
cortical activities has an impact on cognition and 
behaviour. Numerous studies were conducted 
for uni-regional tACS to explore the relevance 

of oscillatory activity of a specific area for per-
formance. A couple of studies were performed in 
the visual domain. For visual perception, stimu-
lation with beta or alpha frequency significantly 
reduced phosphene thresholds in illuminated or 
dark conditions, respectively [118]. Since beta 
frequencies are predominant in illuminated sur-
roundings, whereas alpha frequencies dominate 
under light deprivation, this study suggests that 
tACS can modulate visual perception via its 
impact on naturally occurring cortical oscilla-
tions. In another study with tACS over V1, con-
trast perception was enhanced under high gamma 
(60 Hz) frequency stimulation, while spatial atten-
tion remained unchanged [119], underscoring the 
region-specific effect of tACS.  Beyond visual 
areas, other cortical modalities have also been 
shown to be affected by tACS.  Somatosensory 
tactile perception was enhanced specifically 
with tACS over the sensory cortex in the alpha 
(10–14 Hz) and high gamma (52–70 Hz) range 
[115]. For the motor system, 20 Hz tACS slowed 
down voluntary movement, but 70  Hz stimula-
tion enhanced motor performance [120, 121]. 
Interestingly, a more recent study combined 
tACS and fMRI to reveal the neural mechanisms 
underlying these tACS-driven motor perfor-
mance improvements [122]. This study showed 
that a remote area relative to the location of the 
target electrode  – the dorsomedial prefrontal 
cortex (dmPFC) which is known to be engaged 
in cognitive and motor control  – regulates the 
tACS- induced behavioural changes. More spe-
cifically, this study revealed that these changes 
not only result from activity modulations under-
neath the stimulation electrode but also reflect 
compensatory modulation within connected and 
functionally related brain networks. Another 
study showed increased behavioural variability 
 following 10 Hz tACS [123] and also facilitated 
motor sequence learning, but only when applied 
at alpha frequency, which is associated with the 
inhibition of irrelevant stimuli during cognitive 
tasks [121, 124]. In addition to relative elemen-
tary cognitive processes, tACS was employed to 
alter more complex functions. Working memory 
performance was altered by tACS in the theta 
frequency range (6.5  Hz) over the left DLPFC 
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[125], and sleep-dependent consciousness levels 
were affected by tACS in the gamma frequency 
range [113] (Fig. 3.3). Similarly, rhythmic stimu-
lation with gamma frequency over the left mid-
dle frontal gyrus enhanced fluid intelligence in 
another study [126].

In the above-mentioned studies, tACS was 
applied with standard frequencies across subjects. 
However, individual alignment of stimulation 
parameters to physiological oscillations might be 
also a promising approach. Cecere and co-work-

ers (2015) explored the relevance of adjustment 
of tACS over V1 to individual  oscillatory activity 
in a cross-modal sound-induced visual illusion 
task. tACS was applied with the individual alpha 
frequency or ±2 Hz. As compared to stimulation 
with individual alpha frequency, the deviating 
stimulation protocols enlarged or shrunken the 
illusion perception time window, demonstrating 
a critical impact of specific alpha frequency on 
this perceptual process.
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Fig. 3.3 Enhancing self-awareness during dreaming 
with high gamma tACS. (a) Grand average FFT power 
ratios of activity during (phase II) versus activity before 
stimulation (phase I) for the different stimulation condi-
tions: sham, 2, 6, 12, 25, 40, 70 and 100 Hz (a–h). Yellow 
shading represents mean values ±2  s.e. Any excursions 
outside of this range are considered to be significant at 
least at the P  <  0.05 level. Note that, with 40-Hz and 
25-Hz stimulation, lucid dreams (red line) were accom-
panied by a significantly larger increase in the respective 

frequency band than non-lucid dreams (blue line). (b) 
Selected contrasts of mean scores (s.e.) for the LuCiD 
factors’ insight, dissociation and control. The contrasts 
for insight and dissociation were strongest during stimu-
lation with 40 Hz (40-Hz reference condition is shaded, 
top and middle frame). Control was increased most dur-
ing stimulation with 25 Hz (25-Hz reference condition is 
shaded, bottom frame). ***P  <  0.001, **P  ≤  0.01, 
*P ≤ 0.05. (Voss et al. [113], with permission of Nature 
Neuroscience)
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Furthermore, individually adjusted tACS 
offers the potential to modulate peripheral and 
periodic motor movements such as tremor with 
individually adjusted frequency alignment [127]. 
In that study, stimulation was not only adjusted 
to individual frequency, but also phase-locked 
to oscillatory activity. tACS in phase with oscil-
latory activity enhanced, whereas antagonis-
tic stimulation reduced tremor considerably, 
presumably via phase cancellation effects. 
Taken together, these studies show that tACS 
adjusted to physiological oscillations is able to 
modulate cognitive processes of different com-
plexity in different domains, and that sophisti-
cated approaches like individual adjustment of 
tACS frequency and phase-locked stimulation 
are promising approaches to improve insight 
about the relevance of regional oscillations for 
performance.

Beyond exploration of regional effects, tACS 
is suited to explore the relevance of oscilla-
tory brain activity for task-relevant interactions 
between cortical areas. Specifically, tACS offers 
the opportunity to explore the causal relevance of 
functional oscillatory connectivity for task per-
formance via combined stimulation of distant, but 
functionally connected cortical areas. A couple 
of studies demonstrated this effect for perceptual 
tasks. Anti-phasic tACS over parietal and occipi-
tal areas in the alpha frequency range (6–10 Hz), 
which increases a presumed inhibitory alpha 
effect, reduced the performance of a visual detec-
tion task [128]. Moreover, a phase- specific tACS 
effect was observed by anti-phasic (180-degree 
difference) 40  Hz stimulation bilaterally over 
the parieto-occipital junction. Here, motion 
perception was altered possibly via modulation 
of interhemispheric functional coupling in the 
gamma range [101, 129]. In the latter study, 4 × 1 
tACS, with the same electrode montage as used 
in 4 × 1-tDCS, was applied in order to separately 
adjust different phase angles of the electrodes 
placed over the two hemispheres [101]. Beyond 
these elementary processes, also modification 
of more complex cognitive tasks was explored. 
For working memory performance, it was shown 
that parietal and frontal areas connect during 
task performance in the theta frequency range. In 

accordance with the hypothesis that synchronisa-
tion between both areas is causally relevant for 
task performance, synchronised stimulation with 
6 Hz frequency improved reaction time, whereas 
antagonistic tACS diminished performance 
[130]. Likewise, interhemispheric anti-phase 
tACS over F3/F4 with slow-wave frequencies 
(0.75  Hz, current density 5.17  A/m2) during a 
nap reduced activity in delta-frequency bands, 
which was correlated with impaired memory 
recall [131]. In a recent study, researchers aimed 
to identify a causal link between reduced fronto-
temporal brain oscillatory dynamics and working 
memory deficits in the elderly [132]. The inves-
tigators first conducted an EEG study where they 
found that phase–amplitude coupling in temporal 
regions correlated with working memory perfor-
mance in the younger group but not in the older 
group. Moreover, theta-phase synchronisation 
between frontal and temporal regions  – which 
is thought to reflect the influence of the frontal 
cortex on content processing and storage in tem-
poral areas – was absent in the elderly group but 
not in the young group. These results suggested 
the possibility of a causal relationship between 
these neural signatures and working memory 
performance, which the authors explored in a 
subsequent tACS study. They applied tACS to 
strengthen frontotemporal theta- phase synchro-
nisation [130] in the older adult group while they 
were performing the working memory task. tACS 
led to an improvement of working memory that 
resembled performance levels seen in younger 
subjects. These positive behavioural effects 
started about 10 min after the onset of stimula-
tion and outlasted the stimulation period by about 
1  h. Thus, these results provide novel evidence 
that non-pharmacological interventions based on 
tACS protocols could improve cognitive decline 
in healthy ageing.

Turning to examples at even higher cognitive 
processes, in an initial EEG study, it was dem-
onstrated that gamma phase-coupling between 
the medial fronto-polar and superior parietal 
cortex correlated with the accuracy of making 
decisions based on subjective preferences [133]. 
This correlative evidence was causally confirmed 
with multi-site tACS, where it was shown that 
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transcranially inducing decoupling between the 
frontopolar and parietal regions identified in the 
EEG study indeed impaired the ability of human 
participants to correctly choose between alterna-
tives containing primary rewards [134].

Taken together, tACS is able to modulate cog-
nitive functions, and beyond regional modulation 
of oscillatory activity, also specific network alter-
ations are suited to modify functional connectiv-
ity and performance.

3.4  General Remarks

Since tDCS and tACS have been re-introduced as 
tools to induce acute and neuroplastic alterations 
of cortical excitability and activity and to modu-
late cognitive processes, an increasing number of 
studies have been conducted to develop proto-
cols enhancing the efficacy of stimulation and to 
explore the physiological basics of the effects. For 
tDCS, the determinants of efficacy, such as stimu-
lation intensity, duration and repetition intervals, 
have been identified, and protocols which allow a 
relatively focal stimulation have been developed. 
It has been shown that the dependence of tDCS 
efficacy on these stimulation parameters is not 
linear in each case. Future work should focus on 
further optimising stimulation protocols, which 
will be important especially for clinical applica-
tions, where stable alterations of cortical excit-
ability and activity are needed. Moreover, given 
the partial non-linearity of the effects, exploring 
optimal combinations of stimulation with per-
formance would be an important, but not trivial, 
topic of future research. Since most of the stud-
ies reported in this review were conducted in 
the primary motor cortex, the transferability of 
the respective results to other cortical areas has 
yet to be explored. With regard to the mecha-
nisms of action, pharmacological, TMS, EEG 
and functional imaging studies have revealed the 
main physiological mechanisms of tDCS, that 
is, the primary effect of membrane polarisation, 
the dependence of the after-effects from altera-
tions of glutamatergic synapses and the complex 
alteration of tDCS-induced plasticity by neuro-
modulators. Furthermore, it became increasingly 

clear recently that the effects of tDCS are not 
only restricted to the area under the electrodes. 
The stimulation also induces alterations of con-
nectivity within cortical and cortico- subcortical 
networks. As for tACS, experiments in both ani-
mals and humans, as well as results from com-
putational simulation, increased insights into the 
basic physiology. However, the development of 
tACS protocols is still in a relatively early state 
as compared to tDCS.  Further investigations 
including the combination of neurophysiologi-
cal recordings and neuroimaging techniques will 
be desirable to improve mechanistic understand-
ing. Although knowledge about the physiological 
basis of tDCS and tACS is incomplete, respec-
tive studies provide a basis, which might also be 
important for evaluating new fields of application 
in future.
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Animal Models of tES: Methods, 
Techniques, and Safety
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4.1  Methods

Why Use Animal Models?
The efficacy and specificity of tES benefits from 
an enhanced understanding of the underlying 
mechanisms of action. A detailed investigation 
and isolated demonstration of independent mech-
anisms is not fully tractable using just human 
subjects. Animal models allow for isolation and 
characterization of specific tES cellular path-
ways. Evidently, there are differences between 
animals and humans. Like any model, animal 
experiments with direct current stimulation 
(DCS), alternating current stimulation (ACS), 
and other forms of electric stimulation are 
intended to reproduce relevant features of human 
applications, so as to have translational relevance. 
Therefore, the “why” and “how” of tDCS and 
tACS animal models depend on translational rel-
evance—which is the focus of this chapter. 
Translational outcomes from animal experiments 
can then (1) retrospectively provide mechanistic 
explanations for findings in humans and (2) pro-
spectively progress rational optimization of tES 
protocols. The benefits of using animal models 
include, but are not limited to, the following:

 1. The tES parameter space is large, spanning 
dose selection (electrode montage, current 
intensity, duration, frequency for AC), the 
potential use of biomarkers to titrate and cus-
tomize dose, subject selection, and pairing of 
tES with cognitive/motor/rehabilitation train-
ing. Comprehensively, testing this wide 
parameter space in humans is impractical, 
thereby necessitating the use of animal mod-
els to optimize tES development [1–5].

 2. Animal models allow for the rapid screening 
of stimulation parameters and analysis of neu-
rophysiological/molecular changes in ways 
not possible in humans. They also facilitate 
quantitative and qualitative assessment of the 
tES-related safety parameters, the underlying 
mechanisms, acute and aftereffects, and their 
application to psychiatric pathologies [6–10].

 3. Animal models allow for modulation of syn-
aptic efficacy to be characterized quantita-
tively with pathway specificity [11]. Given 
the interest to evaluate synaptic plasticity 
from electric stimulation (ES), the mecha-
nisms of plasticity can be analyzed using spe-
cific pharmacology and detailed cellular and 
molecular analysis not possible in human 
experiments [12, 13]. Brain slices allow for a 
precise control of drug concentration, the 
background level and nature of the ongoing 
activity, and the electric field orientation rela-
tive to slice—the latter especially relevant for 
tDCS [14, 15].
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 4. The role of specific neuronal cell types [16] 
and compartments (soma, dendrite, axon) 
within neurons [11, 17–19], as well as non-
neuronal cells including glia [20–22] and 
endothelial cells [23, 24] in mediating tDCS/
tACS responses, can be studied.

 5. Animal models support dissociations of 
mechanisms that are readily explained by 
actions on single cells versus mechanisms that 
inherently depend on coupled neuronal net-
works [25–29]. In the latter case, the response 
of a connected and active system is unique 
from the response of single neurons in 
isolation.

 6. A simplistic “sliding scale” explanation of 
anodal and cathodal tDCS, increasing and 
decreasing “excitability,” respectively, seems 
unlikely to capture the nuance of brain func-
tion. Animal models can help advance a more 
thorough understanding of tDCS effects, 
including consideration for state-dependent 
changes as well as changes in information pro-
cessing that are not simply explained by “less” 
or “more” activity [30]. Thus, while animal 
models helped underpin the notion of polarity 
specific excitability changes [31, 32], ongoing 
animal experiments have demonstrated com-
plex dose-response [11, 15, 33–36].

To have meaningful relevance to human tES, 
animal studies must be designed with consider-
ation for (1) correctly emulating the delivery of 
the current stimulation to the brain, and (2) mea-
suring responses that can be used to draw transla-
tionally relevant inferences such that outcomes 
from animal models should relate to targeted 
brain processes in humans (Fig. 4.1a).

Classification of Animal Studies and 
Relevance to Clinical Protocols
In this chapter and the next one, we will cover the 
effects of tES on neurophysiology, behavior, and 
molecular response of the brain in animal studies. 
We will focus on macro-electrodes rather than 
microelectrodes and on sustained rather than 
pulsed waveforms lasting seconds to minutes 
rather than milliseconds. For the purpose of this 
chapter, studies referring to any type of electrical 
current applied directly to the brain (i.e., not 
through the skull) will be referred to as ES or 
DCS (for DC waveforms) or ACS (for sinusoidal 
waveforms). The term tES/tDCS/tACS will be 
reserved specifically for noninvasive stimulation 
in humans and animals. Animal studies can be 
broadly classified by the location of the stimula-
tion electrodes. These classes are briefly 
described as follows:

Meaningful animal studies − matching electric fields

Clinical optimization

Computational FEM
models facilitate

matching electric fields

Translational animal
research (animal, brain slice)

Methods details for brain slice stimulation

• Incremental refinement
• Empirical
• Behavioral outcomes

• Rapid screening
• Mechaistic
• Electrophysiological/molecular/
chemical outcomes

Standars brain slice
chambers are outfitted
with parallel wires for
generation of uniform
electric fields.

E [ V/m]

18

14

10

6

2
V / m

a b

Fig. 4.1 Relevance of animal models to study tES mech-
anisms. (a) Meaningful translational research in animals 
requires replication of electric fields generated clinically 
in animal brain/tissue. (b) For in vitro brain slice studies, 
the generation of a uniform electric field with the use of 

two long parallel wires placed across a shallow bath 
allows for the replication of electrical fields. The uniform 
electric field in the chamber can be calibrated using a 
field-recording electrode. (Adapted from [9])
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 1. Transcranial stimulation: Recent animal stud-
ies with tES used transcranial stimulation 
with a skull screw as the electrode, or skull- 
mounted electrolyte-filled cup and electrode 
[12, 37–39]. Surface electrodes are in princi-
ple less invasive than other methods, although 
even for surface electrodes there are different 
levels of invasiveness. Electrodes that leave 
the scalp intact typically use adhesives and 
require conductive solutions to interface the 
electrode with the skin. Subcutaneous elec-
trodes are typically fixed with skull screws, 
but if the electrode penetrates completely 
through the skull, the stimulation method is 
no longer considered transcranial.

One advantage of transcranial stimulation 
is to prevent electrochemical products from 
reaching the brain. Recent experiments mostly 
use rodents [7, 12, 24, 31, 37, 38, 40], but cats 
[41] and other animal models have been tested 
as well. In rodent models, an “active” elec-
trode is placed on the head and a “passive” 
return electrode is mounted on the body [10]. 
This setup is typically used for “unipolar” 
stimulation in the sense the polarity of the 
“active” electrode determines if stimulation is 
“anodal” or “cathodal.” However, as with 
human tDCS, both electrodes are active and 
“anodal”/“cathodal” reflects the hypothesis 
that outcomes are determined by stimulation 
of the brain region under a given electrode. In 
a study using anesthetized rabbits, four silver 
ball electrodes formed a single virtual elec-
trode to stimulate the targeted brain region 
[42]. Alternatively, two cranial electrodes pro-
duced bipolar stimulation [40].

Since the cranium is not penetrated, the 
effects of ES are quantified through behav-
ioral tests [4, 43–46], noninvasive recordings 
with electroencephalograms [4, 5, 47], tran-
scranial imaging techniques that require 
methods to increase skull transparency [20, 
21, 24], intracranial electrophysiology while 
accounting for skull defects from recording 
electrode penetration [3, 48–50], noninvasive 
electrical interrogation with external stimula-
tions such as transcranial electrical stimula-
tion [38], or histology after sacrifice [51–55]. 

In principle, animal experiments with tran-
scranial stimulation have special relevance 
from a translational point of view, as they can 
link neurophysiologic mechanisms with 
behavior [42]. However, there are relatively 
few such studies at present [1, 12, 56–58] and 
the relevance of animal behavior to clinical 
disorders remains debated. Transcranial stud-
ies are quite important from the perspective of 
clinical safety as they come closest to the clin-
ical use of tES [6–8, 51, 59].

 2. Intracranial stimulation: In older DCS animal 
studies, typically done on cats, monkeys, and 
rats, an electrode was placed directly on the 
cortical surface [31, 32]. When an electrode is 
placed inside the skull, then one cannot rule 
out potential confounds from electrochemical 
changes at the electrode interface which can 
diffuse into the brain. This is less of a concern 
with ACS, which is typically charge-balanced 
and avoids buildup of electrochemical byprod-
ucts. For DCS, these byproducts are polarity 
specific and can produce changes that reverse 
with polarity [60]. Electrochemical byprod-
ucts can be reduced with suitable electrodes 
(e.g., Ag/AgCl) or wrapping the electrodes in 
cotton [61]. Prolonged DCS through a poorly 
selected electrode material (e.g., steel) pro-
duces significant accumulation of electro-
chemical products on the metal [60]. For 
cortical electrodes, it is generally assumed 
that current flow through the nearby cortex 
will be unidirectional. Passage of direct cur-
rent through invasive electrodes is known to 
produce electrochemical lesions of the local 
tissue [9]. Thus, in terms of clinical safety of 
tES, these studies are less relevant. 
Nevertheless, this form of stimulation has 
revealed some fundamental aspects of 
ES.  Two important findings from this early 
work are polarity- specific cortical excitability 
changes and lasting aftereffects when stimula-
tion is sustained [31, 62].

 3. In vitro stimulation: The use of brain slices to 
study the effects of weak DCS dates back to 
work done in the 1980s [63–67], with compa-
rable approaches adapted for ACS [26, 68]. 
Brain slice models, usually rodents, allow for 
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detailed probing of specific brain regions 
using a range of quantitative electrophysio-
logical, pharmacological, molecular, and 
imaging techniques [1, 14, 15, 34, 46, 69–71]. 
For in vitro studies, the stimulation electrodes 
are typically placed in the bath distanced from 
the tissue to shield from electrochemical prod-
ucts at the electrodes and to produce a con-
trolled uniform field across the tissue 
(Fig. 4.1b). In isolated tissue, the direction of 
current flow can also be precisely controlled. 
Techniques have also been developed for 
stimulating in  vitro monolayer cultures [72] 
including in transwell (membrane used for 
cell cultures) monolayer models [73]. In a 
seminal series of papers, Chan and Nicholson 
used isolated turtle cerebellum to study ACS 
modulations of spiking patterns [74, 75]. Slice 
studies have provided the most quantitative 
and sophisticated insights into tES princi-
ples—leading to the development of hypoth-
eses regarding mechanisms of actions such as 
cell polarization [11, 16, 18, 35], plasticity 
induction [14, 15, 34], and oscillation effects 
[26–28, 76, 77].

4.2  Modes of Noninvasive 
Electrical Brain Stimulation

In this section, we will briefly introduce different 
modes of electric field stimulation which have 
been used in animal studies of noninvasive elec-
trical brain stimulation.

Direct Current Stimulation (DCS) and 
Alternating Current Stimulation (ACS)

Direct current stimulation (DCS) and alternating 
current stimulation (ACS) are two conventional 
waveforms used in animal studies. In DCS, a 
constant and unidirectional direct current is used 
to generate the static electric field between anode 
and cathode electrodes (Fig.  4.2a). In ACS, an 
alternating current flows between the pair of elec-
trodes (Fig. 4.2b). Applied ACS generally refers 
to sinusoidal waveforms. When different pulses 
such as monophasic, charge-balanced biphasic, 
or charge-imbalanced biphasic are used, this is 
typically not called ACS (tACS) in the literature. 
While most research conducted on animals pre-
dominantly studied the effects of DCS, there is 
also a considerable number of studies on the 
effects of ACS.

High-Definition Stimulation (HD)
Datta et al. first proposed to use multiple small 
electrodes to achieve more focal stimulation as 
compared to conventional stimulation with large 
sponge electrodes [78]. These small electrodes 
are now often referred to as “high-definition” 
electrodes. Dmochowski et al. suggested an opti-
mization method for where to best place these 
multiple small electrodes to obtain more focal 
stimulation in a specific brain area of interest 
[79]. The approach can also be used to maximize 
the intensity of stimulation on a target in the 
brain, with fixed constraints on the scalp currents. 
This method can also be used to increase the total 
intensity of stimulation by distributing currents 
across multiple electrodes [80]. Since any wave-
form can be applied using HD electrodes 
(HD-tDCS, HD-tACS, pulsed), this mode of 
stimulation should be thought of as an electrode 
configuration method [81].

Fig. 4.2 Schematic of different tES techniques applied to 
in vivo animal models [50, 82]. (a, b) The active electrode 
is placed over the area of interest and the returning elec-
trode is usually attached on the neck or the chest to deliver 
(a) conventional tDCS waveform or (b) conventional 
tACS with an alternating waveform as examples. (c) TIS 
in which two pairs of electrodes are used to apply two 
high-frequency sinusoidal current waveforms (black and 
blue waveform). An amplitude-modulated signal will be 

generated in deep brain structures (red waveform). (d) 
IPS. Multiplexing between different pairs of electrodes. 
Each waveform depicts one of these short pulses. Note, in 
conventional tDCS and tACS, the resulting brain electric 
field waveform directly tracked the applied current (same 
trace) with a weight dependent on the brain region loca-
tion, while in TIS and IPS the resulting brain electric field 
is a weighted sum (for each region) of the applied 
currents
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Temporal Interference Stimulation (TIS)
Temporal interference stimulation (TIS) consists 
of at least two pairs of electrodes delivering high- 
frequency sinusoidal AC stimulation on the scalp. 
The stimulation frequency of electrodes differs 
from each other slightly, such as 2 and 2.01 kHz, 
causing interference that can result in amplitude- 
modulated electric fields in deep structures of the 
brain (Fig 4.2c). The amplitude of fields is modu-
lated at the difference frequency, 10  Hz in the 
example. Grossman et al. have argued the unmod-
ulated kHz frequency component has little or no 
effect on neurons with a slow membrane response 
of ~30  ms [82]. On the other hand, 
 amplitude- modulated (AM) electric fields can 
modulate neural firing rates. However, recent 
in  vitro experiments suggest that field magni-
tudes required for this response to amplitude- 
modulated fields need to be significantly larger 
than the ones used in other tES approaches [77]. 
This study aims to understand the mechanisms 
governing both sensitivity and selectivity to 
TIS.  Computational modeling of field distribu-
tion in the brain suggests that one may in fact 
achieve focal amplitude modulation in deep brain 
areas [83, 84]. However, the intensity of modula-
tion is smaller than with conventional HD stimu-
lation, and the unmodulated high-frequency 
fields are much stronger on the cortical surface 
[77, 84].

Intersectional Short Pulse (ISP)
Vӧrӧslakos et al. suggested a new tES protocol to 
distribute current spatially similar to conven-
tional HD-tES [50]. In this technique, which is 
called “intersectional short pulse” stimulation, 
current pulses are delivered in temporal succes-
sion across a sequence of scalp electrode pairs. 
While each pair is active for only ~60  μs, the 
polarization of the neuronal membrane sums up 
the effect of the electric fields of all pulses due to 
a slow membrane time constant (Fig. 4.2d). One 
suggested advantage of ISP is the ability to 
deliver higher current intensities while limiting 
the average current delivered through each elec-
trode. The net effect is similar to the HD stimula-
tion whereby scalp currents are distributed in 
space by virtue of controlling the maximum cur-

rent through each electrode, while with ISP the 
current is distributed in time [80]. For both ISP 
and TIS, the argument is made that the high- 
frequency currents at the scalp surface minimize 
peripheral sensation. However, a recent study on 
skin sensations with various waveforms chal-
lenges this claim (under preparation).

4.3  Stimulation Artifact 
in Recording

Electric stimulation generates voltages in the tis-
sue that are several orders of magnitude larger 
than electrophysiological signals: several volts of 
artifact caused by stimulation versus millivolts of 
neural activity for intracranial recordings, and 
microvolts for scalp recordings. Therefore, a fre-
quent problem when attempting to record neural 
signals during stimulation is the distortion or 
saturation of the recording amplifier. To avoid 
this, (1) the amplifiers need to have a sufficiently 
large dynamic range and intensity resolution to 
resolve the smaller neural signals; (2) appropriate 
analog filters can be implemented; and/or (3) 
additional steps to minimize or correct for stimu-
lation artifacts can be implemented. Overall, any 
approaches to manage stimulation artifacts 
should consider the features of interest in the 
neural signals. For example, if the DC compo-
nent of the recording is not important for the 
objective of the study, a high-pass filter can 
remove the voltage artifact caused by 
DCS. Measuring the slope of fEPSP is an exam-
ple of such a recording [35]. Moreover, aspects of 
the recording apparatus itself, such as drift in 
electrode conditions and field uniformity, may 
result in artifacts even under DCS.

A standard approach to reduce stimulation 
artifacts in neural recordings is to place a second 
recording electrode as a reference close to the 
electrode of interest. For example, when record-
ing the transmembrane potential, one can sub-
tract the adjacent extracellular electrode signal 
from the intracellular electrode since both 
 electrodes have identical artifacts due to proxim-
ity. Another possible approach is to place the sec-
ond electrode on the isopotential line with the 
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first one, where the iso-potential electrode loca-
tion is selected as a region with comparable arti-
fact as the recording electrode but not comparable 
electrophysiological signal of interest. The above 
approach has proven effective for extracellular 
potential recording and current-clamp recording 
under diverse conditions [11, 16]. Voltage-clamp 
recording under conditions of ongoing extracel-
lular stimulation should only be conducted with 
caution over the possibility the amplifier will 
“correct” for the artifact producing a “signal” that 
reflects the artifact.

An additional source of distortions for rela-
tively high-frequency stimulation is capacitive 
coupling at the electrode. This occurs for 
kilohertz- frequency stimulation as well as any 
kind of rectangular or pulsed waveform which 
contains broad-band components that are diffi-
cult to remove. Examples of such capacitive 
effects are capacitive-walled glass recording 
electrodes [85]. This distortion is magnified in 
patch-clamp and even sharp intracellular record-
ing electrodes since they have higher resistance 
and capacitance [85]. In addition, amplifiers can 
be another source of distortion such as patch- 
clamp amplifiers [86].

For in vivo recordings, one should also note 
that nonstationarity of the current flow pattern 
due to movement, including cardioballistic, can 
cause large irregular voltage fluctuations even 
under DCS, that is the simplest of all waveforms 
[87, 88]. An example of that is the pulsing of the 
blood that causes large voltage fluctuations dur-
ing DCS, which are particularly pronounced in 
scalp recordings [89]. A recent study using intra-
cranial recordings and sinusoidal AC stimulation 
found it difficult to remove the AC artifacts due to 
nonstationarity, for example, subject movements 
[90]. AC stimulation with sinusoidal waveforms 
is narrowband and can in theory be removed. 
However, in practice, even small nonlinear dis-
tortions can lead to harmonics that contaminate 
the signal across the frequency spectrum. One of 
the few neural features that can be measured with 
little risk for stimulation artifacts is neuronal fir-
ing with microelectrodes. The distinct unitary 
spiking events are distinguishable enough from 
stimulation artifacts so that they can readily be 

identified [11, 27, 40, 50, 68]. Otherwise, local 
field potentials or EEG activity in concurrent 
stimulation should always be evaluated with 
great care. The only way to really rule out con-
founds from stimulation artifacts is to measure 
effects on the neural activity before and after 
stimulation.

4.4  Safety

4.4.1  Dose-Response and Safety

Any attempt to develop safety standards for any 
tES protocol requires assumptions to be made 
about dose-response. One approach to the dose- 
response curve is to use the lowest documented 
current intensity that produces a measurable 
destructive brain tissue response in an animal 
model at any stimulation duration. Animal stud-
ies have so far presented a wide range of thresh-
olds that may be considered “safe.” It is difficult 
to establish a single lowest threshold for tissue 
damage because of differences in methods across 
animal studies. Studies differ in stimulation set-
ups, the number of animals used, the state of the 
animals undergoing tES, the time at which an 
animal is euthanized post stimulation, etc. [6–8, 
51]. Animal studies are also limited in time points 
for measurement of tissue damage since the col-
lection of tissue for analysis often requires termi-
nal procedures. Therefore, there is a general lack 
of long-term follow-up. But perhaps the strongest 
limitation is the difficulty in equating invasive 
animal studies with noninvasive tES in humans. 
It is not clear if the relevant translational measure 
is current density, field magnitude, total current, 
total charge, or total charge per volume or per 
area of tissue [10].

In addition, the relative sensitivity of animal 
versus human tissue to tES injury is unclear. 
While developing safety guidelines could be 
challenging, rodent studies focusing on brain 
injury are summarized here. It is prudent not to 
approach injury thresholds derived from rodent 
studies when developing human safety guide-
lines. Given the electrode montage and interindi-
vidual differences, and scaling consolidated 
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animal tES safety data to humans, computational 
models have indicated that conventional tES pro-
tocols are orders of magnitude below the thresh-
old for damage [91]. Since most in vivo animal 
studies investigated the safety limits of tDCS, we 
will focus most of the next section on the avail-
able findings of tDCS safety limits.

4.4.2  Safety Limits for Tissue Injury

Animal studies have been used to identify the 
intensity and duration of tDCS at which brain 
damage first manifests. Data establishing the 
safety limits solely focus on current intensity or 
charge density [6, 92]. Results from the three 
main studies investigating the safety thresholds 
for epicranial tDCS, measured in terms of brain 
lesions, are summarized in Table 4.1 [6–8]. All 
studies applied tDCS using an electrode on the 
surface of the rat skull. This epicranial electrode 
contact area was smaller relative to the return 

electrode positioned on the body. Given the vari-
ation in stimulation parameters summarized in 
Table  4.1, the lowest tDCS current intensity at 
which histological damage was recorded for each 
study was: (1) Liebetanz: 500 μA applied through 
2.1 mm diameter circular electrode (3.5 mm2 sur-
face area) for 10 min; (2) Fritsch: 600 μA applied 
through 4  mm diameter circular electrode 
(12.5  mm2 surface area) for 20  min; and (3) 
Jackson: 500  μA applied through 5  ×  5  mm 
square electrode (25  mm2 surface area) for 
60 min. The discrepancies between the results of 
the three studies might arise from the variability 
of electrode montage, that is, size and location of 
the return electrode.

One might argue that the presence of lesions 
indicates that the brain has already undergone 
damage. Are there more sensitive safety mea-
sures than brain lesions? The inflammatory 
response is one of the sub-lesion predictors of 
brain injury, which has been evaluated in a few 
studies [7, 8, 51]. However, these three studies 

Table 4.1 In vivo animal studies deriving the safety limit for tDCS-mediated tissue injury

Author Liebetanz et al. [6] Jackson et al. [7] Fritsch et al. [8]
Species Rat Rat Rat
Stimulation method Epicranial Epicranial Epicranial
Stimulation polarity Cathodal Anodal Anodal
Area of stimulation Frontal cortex −2.5 mm Bregma Motor cortex

Return electrode Rubber plate on 
chest (with jacket)

On the neck Implanted platinum 
plate on the chest

Stimulation duration 10, 30, 90 or 
270 min

60 min 20 min

Electrode surface area 3.5 mm2 5.3, 10.6 and 
25 mm2

12.56 mm2

Current intensity 1,10, 50, 100, 500, 
and 1000 μA

150, 300, 500, 100 
and 2500 μA

600

Damage detection H&E staining H&E, Iba1 Fluoro-Jade C stain
Brain state Anesthetized Anesthetized Anesthetized and 

alert
Threshold for neurodegeneration (electrode 
current density)

143 A/m2 (10 min of 
stimulation)

20 A/m2 47.8 A/m2

Threshold for neurodegeneration (electrode 
charge density)

52,400 C/m2 72,000 C/m2 57,325 C/m2

Threshold for neurodegeneration (electrode 
current intensity and surface area, duration)

500 μA
3.5 mm2

10 min

500 μA
25 mm2

60 min

600 μA
12.5 mm2

20 min
Scaling factor 240 134 288
Estimated current intensity threshold for 
humans

120 mA 67 mA 173 mA

Scaling factor and resulting human thresholds are adapted from [9]
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had a different timeline for euthanasia after tDCS 
for pre-lesion analysis which may affect the 
result. Nonetheless, an increase in immune and 
inflammatory biomarkers such as microglia is 
observed at the current intensities higher than the 
ones used in behavioral studies. It is worth noting 
that these intensities are also close to the lesion 
thresholds. Fritsch et al. reported the activation of 
microglia 24 h after tDCS at the electrode current 
density of 31.8 A/m2. They found this value to be 
lesser than the electrode current density threshold 
needed for neurodegeneration, that is, 47.8 A/m2 
[8]. They also suggested that the current density 
threshold ranging between microglial activation 
and neurodegeneration can evoke a pre-lesional 
inflammatory response. An earlier rodent study 
reported an increase in the density of microglia 
after both anodal and cathodal tDCS within the 
stimulated brain region [51]. This increased den-
sity would suggest microglia shift toward their 
active state during tDCS.  Another study on 
microglial activation also used both anodal and 
cathodal tDCS on mice at the current intensity of 
0.1 mA and found that the microglial processes 
were shorter, indicating their activation, when 
observed immediately after tDCS but normal 
when observed 3 h post tDCS [20]. Both studies 
indicated that tDCS shifts microglia to their more 
active state in two different ways. One possible 
way is that morphological changes in microglial 
cells occur as the primary results of tDCS or as 
the result of tDCS-induced neurodegeneration.

High-resolution computational modeling has 
been helpful to scale the results from animal 
studies to approximate the safety thresholds in 
tDCS applications on humans. However, these 
estimated safety thresholds have to be considered 
with caution due to some limitations including 
what we outline here. It is possible that the sus-
ceptibility of humans and tissue to damage from 
tDCS is different. In addition, there are experi-
mental limits for detecting various modes of 
damage, including dose-response assumptions. 
Moreover, anatomical differences can complicate 
scaling rodent results from rat to human predic-
tions. Finally, variations in the method of stimu-
lation, that is, transdermal versus epicranial, can 
lead to different safety limits [93]. In spite of the 

limitations of basing human safety standards on 
rat histology, including lack of long-term data 
and associated behavioral changes, this data rep-
resent an outer safety limit that cannot be 
approached during clinical tDCS.

The computational rat model by Jackson et al. 
predicts the current produced in the brain for the 
three studies summarized in Table 4.1 [9]. They 
derived a scaling factor by comparing the result-
ing peak electric field in the brain per mA at the 
electrode in rats to the peak electric field pro-
duced in the brain per mA at the electrode in 
humans. This scaling factor allows for the predic-
tion of current magnitude that needs to be applied 
in the human using a common montage (M1-SO) 
to approximate the electric field produced in the 
brain of a rat for a given current. Applying this 
scaling factor to the damage threshold observed 
in each of these rodent studies allows us to pre-
dict a current intensity damage threshold in 
humans. The estimated scaling factors are within 
the range of 134–288 for the three studies in 
Table 4.1 [7]. Utilizing the reported current inten-
sity thresholds for damage in animal models and 
the aforementioned scaling factors, Jackson et al. 
reported the range of 67–120 mA as the predicted 
human damage threshold. While there is consid-
erable variability in these thresholds, they are still 
approximately two orders of magnitude above 
maximum currents intensities used during tDCS 
on humans.

Prior studies determined the tDCS safety 
thresholds by changing current intensity, elec-
trode surface area, and stimulation duration 
(Table 4.1). It is worth noting that a similar cur-
rent intensity threshold, with similar parameters 
and tDCS method, leads to considerable neuronal 
damage in awake animals as compared to the 
anesthetized ones [8]. This will have bearing on 
scaling the rodent data to direct human tDCS 
safety measures as human experiments are con-
ducted on subjects in an awake state.

What could be the exact mechanism for the 
tDCS induced lesions? Even though excitotoxic-
ity and heat generated by stimulation are among 
the suggested mechanisms [6, 94], there is insuf-
ficient experimental evidence to support the 
claim.
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There is a scarcity of animal models explicitly 
considering the safety limits of tACS.  It is not 
clear that injury mechanisms for DCS and ACS 
are comparable and so how much studies of tDCS 
safety informs tACS. There are hundreds of stud-
ies that did not explicitly address safety but did 
not report any damaging, lasting aftereffects fol-
lowing application of clinically relevant intensi-
ties [26–29, 40]. Among these are many studies 
that applied intensities much higher than used in 
humans [26, 28]. For both tDCS, tACS, and other 
forms of noninvasive electrical brain stimulation, 
one can rationally consider these studies as pro-
viding indirect evidence for safety. However, it 
should be noted that many human studies did 
report lasting aftereffects following application 
of clinically relevant intensities [95–98].

Our knowledge of the only safety data on 
transcranial TIS (tTIS) comes from a study in 
awake mice [9]. In this study, tTIS was applied 
with a current intensity of 250 μA for 20 min dis-
tributed over two electrode pairs. This did not 
cause measurable tissue damage as assessed 
with neuronal density, number of apoptotic cells, 
or DNA damage. In their functional evaluation, 
however, currents were three times stronger, 
which would have generated fields in the order 
of 400 V/m [11].

Another safety concern is with regard to the 
effect of tES on preexisting neurological condi-
tions. A few studies have investigated the effects 
of tES on animal stroke models. Kim et  al. 
assessed whether DCS increased preexisting 
infarct volume in a rat stroke model [99]. Their 
results showed no increase at the doses tested at 
100 μA for 20 min and 0.785 cm2 surface area of 
the epicranial electrode. But they found a poten-
tial neuroprotective effect in the form of reduced 
neuronal axon deterioration. Another group also 
reported protective effects of intracranial cath-
odal stimulation, that is, DC, 2 and 10  Hz at 
100 μA, in ischemic stroke rats while they did 
not observe any significant effect at 50 Hz stimu-
lation [100]. However, results from a study in a 
mouse model presented different effects of DCS 
on postischemic lesion volume [101]. According 
to Peruzzotti-Jametti et  al., anodal DCS at 
250 μA for 40 min with 4.52 mm2 surface area of 

the epicranial electrode worsened the lesion vol-
ume and exacerbated the dysregulation of post-
ischemic blood-brain barrier, whereas the 
cathodal DCS had a neuroprotective effect. This 
discrepancy between the results obtained from 
rat versus mouse study could be associated with 
the smaller size of a mouse’s brain compared to 
that of a rat [91].

4.5  The Quasi-Uniform 
Assumption

Replication of tES human experiments in animal 
studies cannot merely be done by using the same 
stimulation parameters or by scaling down the 
stimulation parameters by some (arbitrary) factor 
(e.g., mice are X smaller than humans, so tDCS is 
applied to mice with X less current and X less 
electrode size). These clinical parameters include 
stimulation waveforms (tDCS, tACS), electrode 
montage, that is, shape and location, and the spe-
cifics of the waveform, such as duration, intensity 
in mA applied, and ramp. It is noteworthy that the 
electric field varies across different brain regions 
as the current flow has a complex spatial pattern 
across the brain. This results in a dose-specific 
electric field (current density) that varies signifi-
cantly across the brain regions. The electric field 
distribution across the brain represents and deter-
mines the electrical actions of tDCS.

The electric field across the brain is not a sim-
ple function of any dose parameter. For example, 
the electrode current density does not map sim-
ply to the peak electric field in the brain [102]. 
Datta et al. estimated the electric fields generated 
in the brain using computational modeling [78]. 
They introduced computational models using 
realistic anatomy, and their estimation of peak 
electric field generated during tDCS has con-
verged to between 0.2 and 0.5 V/m (0.05–0.14 A/
m2 current density) for a 1 mA intensity. Electric 
field scales linearly with a current intensity such 
that 2 mA would produce a range of 0.4–1 V/m 
(0.1–0.28  A/m2 current density). These peaks 
represent local electric field maximum, and 
weaker electric fields are generated across much 
of the brain using conventional tDCS montages. 
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In addition, due to subject-specific idiosyncratic 
cortical folding, the electric field is clustered 
[78], with many local maxima (Fig. 4.3a). There 
is thus no single uniform electric field generated 
in the brain during tDCS but rather a range of 
electric field magnitudes varying across the brain. 
Therefore, the question is: Given this complexity 
of electric field distribution across brain struc-
tures, what can and should be mimicked in ani-
mal models?

One solution is to calculate the electric field in 
the brain region of interest, and then to replicate 
the selected electric field in the animal model 
(Fig. 4.3b, c). This approach replicates the elec-
tric field which is approximately uniform at the 
length scale of individual neurons [103] 
(Fig.  4.3a). This approach is supported by evi-
dence suggesting electric fields generated during 
tDCS are largely uniform across any specific cor-

tical column (neuronal dendritic tree) of interest 
(Fig. 4.3b); hence, one can speak of a single elec-
tric field in reference to a region of interest.

However, it is important to realize the limita-
tions of the quasi-uniform assumption. 
Considering the peak of the electric field either 
across the whole brain or in a subregion can 
result in a discrepancy between expected and 
actual electric field. One reason for this mismatch 
is that field amplitude can change by orders of 
magnitudes in different brain regions and even 
across local gyri [30, 40]. The average and/or 
median value of the electric field can be up to ten 
times smaller than the peak amplitudes depend-
ing on local geometry and conductivity proper-
ties. Another consideration is that the coupling 
constant might vary across species. For example, 
given the same electric field stimulation to both a 
human and a rat cortical neuron, the amount of 
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Computaional tDC
representation

Regional
electric field

Local electric
field

Quasi-uniform
electric field

a

b

c

Clinical tDCS model

tDCS rodent model in vivo

tDCS brian slice in vitro

Current intensity: 1 mA
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Fig. 4.3 The quasi-uniform assumption in modeling and 
animal studies. A high-resolution finite-element method 
(FEM) computational model of predicted current distribu-

tion during tDCS in a slice of the whole brain, a cortical 
column, and a neuron in (a) human, (b) rat in vivo, and (c) 
rat brain slice in vitro
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neuronal polarization can be different. This 
species- dependent discrepancy is due to different 
size and geometry of neurons as will be explained 
more in detail in Chap. 6.

In the following, we address the limitations 
and approaches to estimating field magnitudes 
for each category of animal research:

 1. Transcranial stimulation: Similar to the pro-
cedures in human tES, the computational 
approaches can be used to model the electric 
field across the brain and guide the stimula-
tion design [104–106]. For example, the posi-
tion of the return/reference electrode affects 
the current flow even under the active elec-
trode [107, 108]. The recent development of 
anatomically precise animal models can be 
helpful for the design of future studies [83, 
109–111]. An alternative method is to incor-
porate concentric sphere models scaled to size 
to determine the electric field intensity gener-
ated in the animal brain [42]. In cases where 
the electrode is placed directly on the skull, 
one can, to a first approximation, assume a 
maximum potential current density in the 
brain is equal to the average electrode current 
density [92]. However, it is important to 
address the direction of current flow as the 
direction of the electric field may vary across 
the brain. This can be more complicated in 
deep structures of the brain or animals with a 
more gyrated cortex. To measure the electric 
field directly, intracerebral electrodes must be 
placed in a region of interest [40, 50]. It is 
important to realize that the electric field is 
not uniform throughout the animal brain, and 
the insertion and presence of electrodes may 
itself distort current flow.

 2. Intracranial stimulation: Here similar consid-
erations apply as above. One could assume 
that current density under the electrode in the 
brain is equal to the average current density at 
the electrode. However, depending on the 
electrode design, the current density may be 
orders of magnitude higher at electrode edges 
[112–114]. This is an issue that is aggravated 
for small electrodes where the electric field 
near a monopolar source can be very high 

leading to further complications [31]. As with 
scalp electrodes in tES, when a sponge of cot-
ton wrapper is used, its contact areas should 
be used in calculations [9].

 3. In vitro studies: Experimental design is more 
straightforward in this category. In these 
experiments, long parallel wires or plates are 
placed in a bath across the entire tissue 
(Fig. 4.3c). If it is done carefully, this method 
generates a uniform electric field across the 
entire tissue and can be readily calibrated to 
match tES levels [11, 65, 115]. The unifor-
mity of the electric field across brain slices 
has been verified [11], though exceptions have 
been reported [36]. The presence of conduc-
tive fluid around the brain slices may dull any 
laminar inhomogeneity effects to resistivity. 
Due to electrochemical reactions at the inter-
face of electrodes and the fluid, the electrodes 
should be placed away from the tissue of 
interest in the bath.

4.6  Dose Translation 
and Meaningful Animal 
Studies

One of the most fundamental sources of ambigu-
ity in interpreting and designing meaningful ani-
mal tES experiments relates to dose. Many 
proposed mechanisms of action are based on ani-
mal studies in which the electric field intensities 
or durations are higher than those of clinical trials. 
It is not clear that these high-intensity experi-
ments scale proportionally to lower dose human 
experiments. Animal experiments often intention-
ally select high intensities for stimulation so as to 
more reliably detect small effects, for example, 
[11, 15, 19, 82, 116]. Though early animal studies 
remain informative about tES mechanisms, their 
techniques were invasive and intensities of elec-
tric field stimulation were higher than during tES 
on the human scalp [117]. Recent in vivo animal 
studies have often used higher current densities 
compared to human experiments while adopting a 
noninvasive method of tES [8, 118].

The assumption of a monotonic relationship 
between intensity and outcome can be problem-
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atic due to the nonlinear nature of nervous sys-
tems. One possible issue is the asymmetry in the 
strength of the electric stimulation effects with 
changing polarity [15, 19]. According to these 
results, effects achieved under one electric polar-
ity cannot be simply reversed by changing the 
polarity. Some have argued that high-stimulation 
intensities can produce opposite effects [119]. As 
discussed later, DC electric fields can increase 
excitability and elevate evoked responses (e.g., 
synaptic efficacy) in a polarity specific manner. 
But if the DC intensity is increased significantly, 
neuronal excitability may increase to a point 
where the neuron generates high-frequency dis-
charges, and the responsiveness of a very active 
neuron to a stimulus may then decrease. This 
phenomenon has been shown in brain slices [11] 
and may explain in  vivo results using high DC 
current intensities [120]. One example of this 
type of nonlinearity has been reported in the 
application of tDCS to the motor cortex to modu-
late motor evoked response (MEP) in human 
experiments [121]. Based on their results, cath-
odal tDCS at two different current intensities had 
the opposite effect on MEP, that is, switching 
from excitability diminution to enhancement. 
Overall, the nonlinearity and state dependence of 
dose-response may be pertinent to the under-
standing of mechanisms and rational optimiza-
tion of tES techniques.

However, in  vitro studies that explored field 
strength-response curves did indicate a surpris-
ingly linear response curve over low intensities in 
their results [11, 15, 28]. In particular, membrane 
polarization appears to be linear with electric 
field strength, which is quantified by the neuronal 
coupling constant [11, 16, 28]. In vitro studies 
that have explicitly explored the lower electric 
field limit of sensitivity to fields reported statisti-
cally significant responses at <0.2 V/m, which is 
within human tDCS range [28, 115, 122].

Regardless, we urge caution when transferring 
conclusions from animal studies with high field 
magnitudes (>5 V/m) to clinical tES with lower 
intensities (<1  V/m). While these experiments 
are valuable for suggesting tES mechanisms, just 
as with drugs, increasing the dose beyond clinical 
levels by orders of magnitude can induce physi-

ological changes that are not clinically relevant. 
For example, some animal studies have shown 
DC application can control the orientation of 
neuronal processes and their growth direction 
[123, 124], but both the duration and intensity of 
electric fields were often orders of magnitude 
greater than tDCS used in clinical settings. 
Additionally, mechanisms such as electropora-
tion and joule heating can be produced by some 
forms of electric stimulation, but the waveforms 
required to produce these effects are not relevant 
to tES [6, 92, 125]. Thus, some mechanisms 
which require waveforms incompatible with tES, 
and their associated animal studies, are not con-
sidered further here.

The issues surrounding dose-response are 
important yet are often overlooked when translat-
ing from animal to human tES. Dose translation 
is inherently linked with mechanism, affecting 
experimental design. Deciding which stimulation 
parameters are considered relevant for scaling, 
and the insights from animal models can shape 
clinical practice, including dose optimization.
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5.1  Neuronal Polarization 
and Need for Amplification

In this section, we discuss the acute effects of 
weak electric fields at the level of a single neu-
ron. While electric fields produced in the brain 
during low-intensity transcranial stimulation in 
humans (e.g., tDCS, tACS) are generally below 
1 V/m, we consider here fields of up to 20 V/m as 
“weak” as they are not expected to activate indi-
vidual neurons in isolation.

First, we describe the dominant view of the 
“somatic doctrine” that considers how electric 
fields affect neurons by incrementally polarizing 
the soma. Second, we review the somatic doc-
trine’s origin in classical animal studies. Third, 
we describe the recent advancement in our under-
standing of the important role played by polariza-
tion of dendrites and axons by electric fields. 
Next, we summarize recent efforts to quantify 
neuronal polarization. We then outline possible 
amplification mechanisms of the electric field 
stimulation, which are generally single-neuron 
level.

5.1.1  The Somatic Doctrine

Electric stimulation causes current to flow across 
the brain, which is reflected in voltage differ-
ences across the brain [1]. As it flows across the 
brain, any current that passes through a neuron 
will cause neuronal membrane polarization. 
Importantly, electric stimulation does not result 
in a pure depolarization or hyperpolarization 
across a neuron. Rather, inward current, which 
flows from outside to the inside of the neuron, 
hyperpolarizes the membrane and outward cur-
rent, which flows from inside to the outside of the 
neuron, depolarizes the membrane [2, 3]. Since 
current that enters a neuron must also exit, the 
polarization of every neuron should be consid-
ered in terms of neuronal compartments, in which 
each compartment (e.g., the soma, a given den-
drite branch) experiences its own direction and 
magnitude of polarization [3].

It is often the case that the compartments at 
one end of a neuron are hyperpolarized while the 
compartments at the other end are depolarized, so 
that the profile of membrane polarization appears 
as a gradient from one end of the neuron to the 
other [3]. The relative direction between the neu-
ron morphology and the electric field determines 
the sign of polarization across compartments. As 
it has been demonstrated in single-neuron record-
ing, DCS in the “anodal” direction results in 
depolarization of soma and basal dendrites but 
hyperpolarization of the apical dendrites in an L5 
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pyramidal neuron, with polarization maximal 
when the electric field direction is parallel to the 
somatodendritic axis [4]. Reversing the direction 
of current flow to the “cathodal” direction inverts 
this polarization profile (Fig.  5.1). For ACS, 
opposite ends of a neuron remain polarized in 
opposite directions, with the polarities alternat-
ing with each ACS phase [6–8]—as the direction 

of current flow switches between the anodal and 
cathodal directions.

Polarization of soma can shape the excitability 
of a neuron as it plays an important role in action 
potential generation. The “somatic doctrine” tries 
to explain the effects of the electric field based on 
somatic polarization alone. As summarized 
below, early studies in animal models supported 
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Fig. 5.1 The principle of somatic doctrine and polariza-
tion (Adapted from Ref. [5]). (a) Schematic of how a neu-
ron will be polarized under different electric field 

polarities. (b) Quantification of somatic polarization in 
cortical neurons of rats during DCS
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soma-centered explanation for changes in firing 
rate, and ongoing studies expanded on such 
effects. At the same time, polarization by electric 
fields of other neuronal compartments such as 
dendrites, axon hillock, and axon has been shown 
to affect the excitability of neurons. Human stud-
ies are predominantly designed and interpreted in 
light of somatic polarization. Indeed, the canoni-
cal human neurophysiology tDCS that heralded 
our contemporary area of low-intensity tES stud-
ies reported polarity-specific effects consistent 
with the somatic doctrine [9]. However, ongoing 
human studies show nuanced dose and polarity 
response [10]. Thus, for all its limitations, the 
somatic doctrine remains an important basis to 
start understanding weak stimulation 
mechanisms.

We emphasize that the current has a complex 
spatial flow in the brain during electric stimula-
tion. In a lissencephalic brain, brain regions 
under the anode electrode and cathode elec-
trode are exposed to radially-inward (anodal) 
and radially- outward (cathodal) direct current 
flow; however, intermediate brain regions are 
stimulated with tangentially-direct current flow 
[11]. For folded cortex, current crossing across 
gyri can create a highly mixed pattern of direc-
tionality even directly under electrodes, though 
overall there is more inward/outward radial 
current near the anode/cathode [12]. The appli-
cation of the somatic doctrine, as used in 
explaining tDCS clinical studies, assumes a 
consistently directed radial current flow in a 
region of interest and assigns no somatic polar-
ization in regions with tangential current flow. 
Tangential currents cannot simply be over-
looked as animal studies have demonstrated 
that tangential current flow affected synaptic 
efficacy acutely during DCS in hippocampal 
and cortical slices [3, 12, 13]. Cortical folding 
is thus a complication concerning the direction-
ality of the current flow and resulting polarity-
specific somatic polarization. Electrode 
montage influences the nonuniformity of the 
electric field across cortical patches. 
Consequently, the somatic doctrine is depen-
dent on electrode montage, and this can compli-
cate the interpretation of clinical results [14].

5.1.2  Early Evidence on Modulation 
of Excitability, Polarity- 
Specific Effects

While a historical review of electric stimulation is 
beyond the scope of this chapter, it is helpful to 
review a few early studies, which motivated the 
somatic doctrine. In 1870, a report on the effects 
of electric stimulation on the brain by Fritsch and 
Hitzig demonstrated that a negative current can 
suppress cortical excitability while a positive cur-
rent can enhance it [15]. (Positive and negative 
here means inward and outward flow of positive 
charges, respectively. In clinical studies, they are 
referred to as anodal and cathodal stimulation.) 
This early finding suggested that the brain is elec-
trically excitable. Later, it was revealed that elec-
tric stimulation is capable of modulating ongoing 
firing patterns whereby a positive current stimula-
tion increased neuronal firing rate and a negative 
current stimulation had an inhibitory effect on 
neural discharges [16, 17]. To explain their obser-
vation, Creutzfeldt claimed that changes in neural 
excitability are epiphenomenal results of electric 
stimulation [17]. Terzuolo and Bullock assigned a 
physiological role to electric field stimulation 
[16]. The recent work on the effects of electric 
field stimulation is mostly in agreement with the 
latter hypothesis suggesting a direct effect of elec-
tric field on excitability [18–21]. The polarity of 
these effects is consistent with the polarization of 
the soma, namely, positive currents will depolar-
ize the soma and therefore facilitate firing [13]. 
However, there has been recently an ongoing 
debate on whether peripheral nerve stimulation 
can have a causal role in the reported effect with 
regard to tACS [22, 23].

The polarity-specific effects on neural firing 
were confirmed by further animal studies in the 
early 1960s [24, 25]. Additionally, the change in 
excitability due to the electric field seems to 
accumulate over time and can outlast the period 
of stimulation. These results alongside other find-
ings such as modulation of epileptic discharges 
[26] and lasting effects through protein synthesis 
[27] supported the importance of the somatic 
doctrine in explaining the effectiveness of the 
electric field.
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5.1.3  Polarization of Nonsomatic 
Components

One might wonder whether the somatic doctrine 
can explain the range of effects that have been 
reported due to electric field stimulation. To 
answer this question, we need to emphasize that 
other compartments, such as dendrites, axon, and 
terminals, also undergo membrane polarization 
during electric field stimulation, and they are 
overlooked in the somatic doctrine (Fig.  5.1). 
There is a risk that this simplification is mislead-
ing when interpreting results or designing a new 
experimental setup.

Dendritic trees are also electrically excitable 
membranes, and electric stimulation can influ-
ence them to evoke subthreshold or suprathresh-
old activities [28]. In a pyramidal neuron, 
membrane polarization of basal dendrites has the 
same sign as the soma, while the apical dendrites 
are polarized in the opposite direction [2, 3]. 
Subthreshold stimulation can influence the syn-
aptic input since electric fields can change the 
strength of dendritic input in the postsynaptic 
neurons [29]. This can be a key factor in the mod-
ulation of synaptic plasticity, and it is discussed 
in more detail in Sect. 5.6.2. Dendrites are also 
capable of exhibiting activities such as spiking 
during a suprathreshold stimulation [2, 30–32]. It 
is worth noting that star-shaped neurons such as 
basal ganglia neurons and thalamocortical cells 
can be polarized in the same way with different 
electric field directions [14].

Axons are also sensitive to electric fields. The 
magnitude and sign of axonal polarization depend 
on their morphology [33–35]. While the initial 
segment of the axon is most likely polarized with 
the same sign as soma [30], this assumption does 
not necessarily hold up for the rest of the axon. 
Acute brain slice studies indicate that electric 
field stimulation can modulate the excitability of 
axons by measuring changes in presynaptic (anti-
dromic) volley [3, 13, 36]. An interesting finding 
in a recent intracellular study in mouse cortical 
slices demonstrated that the axonal terminals are 
four times more sensitive to electric field stimula-
tion compared to the soma [37]. They also 
showed that modulating membrane potential of 

axonal terminals can shape action potential 
dynamics and synaptic input.

5.1.4  Membrane Polarization 
and Coupling Constants

Quantifying polarization of various compart-
ments is a key step toward developing a predictive 
understanding of the effects of electric stimula-
tion. Using electrophysiological recording from 
the turtle cerebellum, Chan et  al. measured the 
amount of polarization during stimulation with a 
very low-frequency sinusoidal current [30, 38]. 
They reported that morphology details of a neu-
ron are key factors determining the sensitivity of a 
neuron to electric stimulation. Using the rat brain 
slice, this work has been extended to hippocampal 
and cortical neurons with the approach of intra-
cellular recording of polarization during weak 
DCS [3, 12, 39, 40]. The basic observation is that 
membrane polarization increases linearly with 
field magnitude [3], provided the fields are small 
enough, that is, <30 V/m [4], to not engage non-
linear channel properties. In other words, stimula-
tion intensities are not strong enough to 
significantly activate voltage-gated channels, and 
thus the passive properties of membrane deter-
mine the amount of polarization.

The amount of polarization that is induced by 
an applied electric field in this linear regime can 
be quantified by the coupling constant, also 
referred to as the “coupling strength” or “polar-
ization length” [4]. Under a uniform electric 
field, the membrane polarization, Vtm (in Volts), 
can be expressed as: Vtm = G*E, where G is the 
coupling constant (in V per V/m, or simply: m) 
and E is the electric field (in V/m) along the 
somatodendritic axis. Based on experimental 
results, the somatic coupling constant, G, was 
reported to be in the range of 0.1–0.3 mm for hip-
pocampal and cortical pyramidal neurons in rats 
[3, 4, 6]. Additionally, the measured coupling 
constant of ferret cortical neurons is approxi-
mately 0.25 mm [18].

The orientation of a neuron with regard to the 
electric field affects both sign and magnitude of 
coupling strength. In other words, the maximum 
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magnitude of polarization across the somatoden-
dritic axis occurs when the electric field is paral-
lel to this axis [3, 30]. This corresponds to an 
electric field radial to the cortical surface. 
Additionally, the magnitude of somatic polariza-
tion depends on the length of the neuron and the 
dendritic asymmetry around the soma in accor-
dance with both experimental [4, 41] and compu-
tational studies [42]. Polarization is strongest at 
the distal ends of a neuron, whereas there is no 
polarization of the middle compartments of the 
neuronal structure. Therefore, interneurons with 
a soma in the center of the cell will not experi-
ence somatic polarization, whereas pyramidal 
neurons that have a soma located at the basal end 
of the cell will experience relatively stronger 
somatic polarization [4].

So far, we have discussed findings on the 
amount of polarization during DCS. To address 
the same issue during ACS, Deans et al. demon-
strated an approximate inverse relationship 
between the amount of polarization and fre-
quency of stimulation [6]. According to their 
results, the effects of ACS at 10 Hz were similar 
to those of DCS, while the effectiveness of the 
electric field decreased with frequency due to the 
capacitive properties of the neuronal membrane. 
This inverse relationship suggests that high- 
frequency stimulation should be less effective.

The coupling constant has thus far only been 
measured in animal models, and we have no 
direct measures of human cortical neurons. 
Biophysically realistic models of cortical L5 neu-
rons suggest that somatic membrane polarization 
does not vary considerably between rats and 
humans [42]. Nonetheless, generally longer 
human neurons may polarize more strongly, and 
it would be important to make direct empirical 
measures of this important variable.

Measurement of the electric field in the human 
brain revealed that the peak of the electric field in 
the brain is about 0.3 V/m for 1 mA current inten-
sities [43]. Considering this electric field inten-
sity, the maximum somatic polarization for the 
most sensitive neurons is about 0.1  mV.  With 
2 mA tES which is fairly prevalent in clinical tri-
als, somatic polarization will be less than 
0.2  mV.  Compared with the endogenous back-

ground activity in the brain, this amount of polar-
ization is relatively small. Alongside the results 
from animal studies and the minimum electric 
field needed to observe a meaningful effect of 
electric stimulation, one might ask how this small 
amount of electric stimulation can alter behav-
ioral outcomes in humans. In what follows, we 
try to explore the possible answers to this ques-
tion on the level of a single neuron or a network 
of neurons.

5.1.5  Amplification Through Both 
Timing and Rate

At the level of a single neuron, a weak electric 
field can modulate the occurrence of action 
potentials. An action potential is an all-or-none 
response that occurs when the somatic membrane 
potential is sufficiently depolarized. Once this 
threshold is reached, the neuron is said to “fire” 
or “spike.” The threshold of depolarization 
needed to generate a spike in action potential var-
ies with the type of neurons but, in general, is 
about 20 mV above the resting potential. Since 
weak tES is unable to polarize a neuron to this 
extent, the effect of polarization can only modu-
late ongoing activity by facilitating or suppress-
ing neuronal firing. One frequent argument is that 
neurons are close to the threshold of firing due to 
ongoing activity. Consequently, a small amount 
of polarization can make a significant change in 
spiking behavior. Animal experiments have dem-
onstrated modulation of both the firing rate and 
the specific timing of action potentials [6, 7, 16, 
18, 19, 21, 44].

In 1965, Terzuolo and Bullock used a prepara-
tion of the nonadapting stretch receptor of the 
crayfish abdomen and also of the cardiac ganglion 
of the lobster to study the effect of electric fields 
on neural firing [16]. They were able to show that 
neural firing in an active state was remarkably 
influenced by DCS as low as 1 V/m in a single 
neuron. In addition, current intensities of more 
than 20 times of this amount were needed to elicit 
a spike when a neuron is at rest state. Reato et al. 
demonstrated an effect of weak electric stimula-
tion on gamma activity in vitro with field magni-
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tudes as low as 0.2  V/m [19]. Computational 
modeling suggested that this modulation was sig-
nificantly affected by network interactions. 
Recently, Vöröslakos et al. reported that fields of 
1 V/m can achieve a significant effect on spiking 
activity in deep layers of the rat visual cortex [44]. 
However, this intensity was not strong enough to 
modulate network oscillations.

As we mentioned earlier, weak electric fields 
can also modulate spike timing when a neuron is 
in an active state. Using intracellular depolariz-
ing current injection into CA1 pyramidal neurons 
(Fig.  5.2a), Radman et  al. found that DCS can 
modulate the latency of spiking depending on its 
polarity [7]. Positive DCS can shorten this latency 
while negative DCS can increase it compared to 
the control condition. Moreover, they also 
reported that changes in spike latency can be 
quantified by multiplying electric field-induced 
membrane polarization by the inverse of the cur-
rent ramp slope (Fig.  5.2b, c). Therefore, the 
slope of the current ramp is the gain for the 
amplification, and DCS can be more effective in 
spike latency modulation when this slope is 
smaller. Another interesting finding in their work 
is how ACS can modulate oscillatory responses 
generated by current injection in a neuron. They 
found that an alternating electric field as low as 
1 V/m is able to induce coherent spiking in neu-
rons oscillating at 30 Hz, that is, gamma oscilla-
tion. Later, a more detailed quantification was 
introduced to describe the relationship between 
the spike timing phase and the coupling constant 
for biophysically realistic CA1 pyramidal neu-
rons [45]. It is essential to note that the reported 

effect can only be due to amplification at a single 
neuron level. Research on entrainment in neural 
networks during ACS has indicated that electric 
fields as low as 0.2  V/m can be significantly 
effective [19]. By comparing these values, one 
might suggest that amplification can be enhanced 
more at the network level.

It is not clear how these in vitro results in rodent 
slices translate to clinical studies. Krause et al. per-
formed single- and multiunit activity recording 
from the prefrontal cortex of macaque [46]. Their 
gyrencephalic cortex and skull thickness, which is 
close to that of humans, make macaque an ideal 
animal model. Their study revealed that the spike 
timing could only be modulated by tDCS with 
intensities similar to those used in clinical trials 
while the firing rate is not affected. In addition, 
intracellular recording from neurons in deep brain 
structures demonstrated that tACS with intensities 
within the range of human experiments affected 
spike timing but not spiking rate in alert nonhu-
man primate [47]. Overall, these results suggest 
that low-intensity electric fields are capable of 
shaping neural activity in the human brain.

What can explain these aforementioned sensi-
tivities to weak electric stimulation in an active 
state? One frequent argument is that neurons are 
close to the threshold of firing due to ongoing 
activity. Consequently, a small amount of polar-
ization can make a significant change in spiking 
behavior. It is important to emphasize that the 
level of amplification can depend on neuron types 
since the coupling constant is not the same for all 
types of neurons.
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and 0.7 nA/s (right) in control (black) and cathodal DCS 
(blue) conditions (Adapted from Ref. [7])

M. Sharma et al.



73

While low-intensity tES has subthreshold 
effects on neurons, simultaneous electric field 
stimulation with ongoing neural activity can result 
in suprathreshold responses and long- lasting 
changes in neurons. However, it is still an ongoing 
debate on whether to apply the electric field before 
or during a behavioral or cognitive task [48].

5.1.6  Seizure Threshold 
and Modulation

Since somatic polarization is a key factor in trig-
gering seizures during stimulation, considering the 
coupling constant can be insightful with regard to 
field intensities capable of modulating seizure 
activity. Conventional tDCS in humans can gener-
ate <1 V/m electric field in the brain resulting in 
subthreshold membrane polarization. In contrast, 
TMS or deep brain stimulation is able to produce 
fields of 100 V/m which generates suprathreshold 
activation of neurons. In vitro animal studies 
showed DCS over 20 V/m, which corresponds to 
>60  mA tDCS, can generate spikes in neurons 
with the most sensitivity to electric fields [7]. 
Additionally, it is reported that electric fields about 
100 V/m, which corresponds to >500 mA tDCS, 
are capable of triggering epileptiform activity in 
acute hippocampal slices [3]. It is noteworthy that 
these values were recorded in quiescent brain 
slices and they may vary in an active network. In 
line with somatic doctrine, experimental results 
suggest that electric fields as low as 1  mV can 
affect ongoing epileptiform activity [49–53]. In 
particular, negative DCS can suppress ongoing 
epileptiform activity due to hyperpolarizing soma, 
and positive DCS can enhance this activity because 
of further somatic depolarization.

5.2  Synaptic Processing 
and Plasticity

Many of the effects discussed above are acute, that 
is, they are observed during the period of stimula-
tion and disappear when stimulation stops. However, 
clinically we are interested in changes that outlast 
the period of stimulation.  It is often argued that the 

lasting effects of stimulation of tDCS may be medi-
ated by synaptic plasticity [40, 54–57]. Synaptic 
plasticity is known to be one of the underlying 
mechanisms of learning and memory formation 
[58]. This section addresses the contribution of ani-
mal studies to understanding plasticity generated by 
weak DC electric fields only. We do not have 
enough data on AC electric fields.

Animal studies in the 1960s established that 
weak DCS could produce lasting physiological 
changes in neural activity. These sustained 
changes could not be explained as persistent 
“reverberating circuit” of activation [27, 59]. 
Especially notable are the animal studies by 
Bindman and colleagues that showed that pro-
longed DCS can produce polarity-specific and 
lasting changes in cortical excitability [24]. This 
motivated their early work treating depressive 
patients with tDCS [60, 61]. Persistent changes in 
excitability were observed in a study using stimu-
lation protocols lasting up to 13 min in humans [9, 
62]. These multi-minute protocols are frequently 
adopted in tDCS research. Lasting changes with 
ACS have recently been demonstrated in animals 
when endogenous neural oscillations were pres-
ent [21]. Long-lasting changes beyond the tran-
sient effects of DCS- and ACS- induced 
polarization would require synaptic changes or 
changes in neuronal excitability [40, 54, 63, 64]. 
In a recent study, the impairment of LTP of cere-
bellar purkinje cells resulted in the elimination of 
the effect of anodal DCS on vestibulo- ocular 
reflex habituation [65]. This study depicts the 
dependency of DCS-induced positive effect on 
underlying plasticity during a cerebellar task. 
Moreover, both in humans and animal studies, 
changes in synaptically mediated evoked 
responses are considered reliable hallmarks of 
long-term plastic changes that could support last-
ing clinical effects [40, 46, 64, 66–68].

5.2.1  Paradigms for Modulation 
of Synaptic Plasticity by 
Electric Stimulation

Animal studies of tES allow us to formulate and 
test distinct theories on how stimulation can lead 
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to lasting changes in function. Electric fields gen-
erated by tES are subthreshold. They are too 
weak to trigger an action potential in quiescent 
neurons, resulting in only transient polarizations. 
These acute effects can lead to lasting changes in 
synaptic efficacy mediated through different par-
adigms such as the following:

 1. Modulation of membrane polarization due to 
the electric field may induce changes in syn-
aptic efficacy regardless of any past, ongoing, 
or future synaptic activity or state of the neu-
ron. However, weak polarization was not suf-
ficient to induce plastic changes in synaptic 
efficacy in cortical brain slice models, when 
there is no background activity [40].

 2. Changes in action potential rate or timing, 
secondary to neuronal polarization, may affect 
synaptic efficacy since they are important fac-
tors in determining synaptic plasticity. Classic 
animal studies indicated that weak DCS is 
sufficient to induce short- and long-term plas-
tic changes [25, 27]. However, these studies 
do not directly provide a causal link between 
altered neuronal activity during stimulation 
and prolonged after-effects.

 3. Incremental polarization of the membrane in 
combination with ongoing synaptic activity 
may induce synaptic plasticity. The theory is 
that the induction of plasticity requires syn-
aptic coactivation during ES.  It has been 
shown that in  vitro synaptic potentiation 
under anodal stimulation only occurs with 
concurrent synaptic stimulation at specific 
frequencies [40]. In a rabbit study, DCS was 
combined with repeated somatosensory 
stimulation leading to polarity-specific last-
ing changes with cathodal stimulation [64]. 
If one assumes that tES exerts a postsynaptic 
priming effect, that is, polarization of soma, 
then coactivation of afferent synaptic input 
could be conceived as Hebbian reinforce-
ment. This learning mechanism has been 
shown in cortical slice models as well as 
in  vivo [69, 70]. Clinically, this plasticity 
paradigm is broadly analogous to combining 
tES with a cognitive task or specific behavior 

that coactivates a targeted network or com-
bining tES with TMS [71–74].

 4. Incremental polarization of the membrane 
may boost ongoing endogenous synaptic plas-
ticity similar to a model of associative learning 
[64] and has been shown to follow the rules of 
Hebbian plasticity—specificity and associativ-
ity in hippocampal slices [54]. Clinically, this 
paradigm is analogous to combining tES with 
training [75]. Synaptic plasticity experiments 
typically distinguish between a long-term 
potentiation (LTP) of synaptic efficacy and 
long-term depression (LTD). It has been shown 
in rat visual cortex slices that the same tetanic 
stimulation induced LTD or LTP depending on 
the level of polarization of the postsynaptic 
neuron [76]. Hence, incremental polarization 
of the membrane may modulate LTP/LTD.

 5. Meta-plasticity is defined as sustained polar-
ization before or after the generation of endog-
enous plasticity that “primes” the brain to 
respond differently to potentiation [77]. 
Evidence from brain slices shows that priming 
with DCS modulates subsequent tetanus- 
induced synaptic plasticity in a polarity- 
specific manner [78].

 6. Oscillatory network dynamics that induce 
LTP, which when modulated, can result in 
lasting effects of electric fields [21, 79]. Such 
modulation may reflect interference with the 
finely tuned excitatory-inhibitory synaptic 
balance during oscillations [19].

 7. Synaptic tagging and capture hypothesis could 
offer another explanation for the observed effect 
of ES [80, 81]. In this case, ES might be guiding 
the process of formation of molecular tags for 
some plasticity proteins whose synthesis is 
induced by successive strong synaptic stimula-
tion, either tetanic or theta-burst. There might 
be different origins for the formation of these 
molecular tags ranging from ES exposure-
induced modification of existing proteins to 
changes in spontaneous neuronal spiking and/or 
miniature synaptic potentials, or even the 
expression of new proteins by early gene induc-
tion. DCS is indeed shown to modulate the 
response to a successive protocol of synaptic 
potentiation in a polarity-specific manner [78]. 
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The influence of DCS on cortical plasticity has 
also been demonstrated in humans [82, 83].

Aside from these possible synaptic plasticity 
effects, there may be nonsynaptic origins of last-
ing plastic changes following ES.  Though the 
synapse is typically considered the locus of plas-
tic changes, “nonsynaptic” changes have been 
noted after DCS in peripheral axons [63]. In brain 
slice models, where background synaptic activity 
is absent, orthodromic synaptic and antidromic 
nonsynaptic axonal inputs can be precisely iso-
lated. This allows more precise isolation of syn-
aptic and nonsynaptic mechanisms. However, 
functional outcomes of nonsynaptic changes in 
the CNS would still be expected to affect synap-
tic processing [84].

5.2.2  Effects of Direct Current 
Stimulation on LTP and LTD 
In Vitro

A wide array of animal studies using tetanic stim-
ulation to induce LTP/LTD have demonstrated 
multiple forms of plasticity involving distinct 
pre- and postsynaptic mechanisms on distinct 
time scales. DCS-induced lasting changes in 
excitability were reported [24] a decade before 
the well-lauded discovery of LTP by Bliss and 
Lomo [85]. However, the research on tetanic LTP 
outpaced the investigation of the DCS-induced 
plasticity changes.

LTP/LTD induced by either tetanic stimula-
tion or DC may, unsurprisingly, share some com-
mon molecular substrates [27, 78, 86]. NMDA 
receptor-mediated LTP/LTD are the most com-
mon forms [87] and have been implicated in last-
ing tDCS effects in both humans [88] and rodents 
in in vivo [89] and in vitro DCS-induced plastic-
ity [40, 55].

DCS with the anode closer to CA1 apical den-
drites is referred to as anodal stimulation as this 
corresponds to a positive inward current for corti-
cal pyramidal neurons. Conversely, DCS with the 
cathode closer to CA1 apical dendrites is referred 
to as cathodal stimulation. So anodal DCS would 
depolarize soma and basal dendrites and hyper-

polarize apical dendrites. Conversely, cathodal 
DCS would hyperpolarize soma and basal den-
drites and depolarize apical dendrites. A study 
done by the Grassi group in hippocampal 
CA3-CA1 synapses exhibited an increase and 
decrease in LTP with anodal and cathodal DCS, 
respectively [78]. Subsequent studies highlighted 
the fact that DCS modulation effects are not as 
binary and simple [54, 55]. These studies identi-
fied DCS as a modulator of synaptic activity, not 
its inducer. They also brought attention to the 
dependency of the DCS-modulation effects on 
spatial and temporal patterns of endogenous syn-
aptic activity. When DCS at 20 V/m was coupled 
with tetanic plasticity induction, anodal stimula-
tion enhanced LTP in basal dendrites while cath-
odal stimulation enhanced LTP in apical 
dendrites. Interestingly, both anodal and cathodal 
stimulation modulated LTD in the same direction 
[55]. This asymmetry of DCS effects might arise 
from ceiling effects of one/multiple cellular pro-
cesses that design the endogenous state in a way 
that its modulation is allowed only in one 
direction.

Afferent axonal polarization is shown to drive 
the changes in synaptic activity during DCS [39]. 
The observed changes are probably due to the 
orientation of pre- and postsynaptic neurons rela-
tive to the electric field. Paired pulse analysis in 
both rabbit and rodent models also pointed to the 
presynaptic origin of these tDCS-induced effects 
[64, 89], while the other studies did not find tDCS 
affecting the presynaptic component [55]. There 
is a unified emphasis on the DCS-induced change 
in the postsynaptic membrane potential during 
the endogenous synaptic activity that drives its 
effects on ongoing synaptic activity [39, 54, 55, 
78]. In any event of DCS, there is simultaneous 
depolarization and hyperpolarization of different 
compartments within the same neuron, that is, 
the polarity of soma and the basal dendrites is 
opposed to that of apical dendrites and that leads 
to varying effects as discussed below.

Contrary to the DCS-induced effects on 
tetanic-LTP, the modulation of TBS-LTP is not 
as complex as depicted by the studies done in 
CA1 Schaffer Collateral synapses (Fig.  5.3). 
Irrespective of the dendritic location of the elec-
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trodes, anodal stimulation augments the existing 
LTP, whereas cathodal DCS seemed to not affect 
LTP in either of the compartments [54]. Why is 
this discrepancy in the observation of DCS 
effects in the two scenarios? This could be 
explained by the general principle proposed by 
Kronberg et al. [54]. In an event of endogenous 
plasticity being primarily driven by the somatic 
sources of depolarization, for example, spikes, 
as is the case with TBS-LTP, DCS-induced 
polarization at the soma determines the effects 
on plasticity. In this case, no matter the dendritic 
location, anodal stimulation will depolarize the 
soma that will result in an enhanced LTP. Direct 
evidence from intracellular recording studies has 
demonstrated that DCS increased postsynaptic 
somatic spiking. This resulted in enhancement of 
TBS-LTP [90]. When dendritic sources of depo-
larization, for example, subthreshold depolariza-
tion of dendritic spikes, primarily drive the 
endogenous plasticity, such as in most of the 
tetanic-LTP forms, DCS-induced polarization at 
the dendrite determines the effects on plasticity. 
Since different dendritic segments do not share 
the same sign of polarity, the observed modula-

tion of synaptic plasticity varies depending on 
the type of stimulation and the location of elec-
trodes. It is, therefore, the interaction between 
the induced electric field, neuron morphology, 
and the endogenous brain dynamics that deter-
mines the DCS-mediated synaptic function out-
put [54].

In the same study, ACS (5 Hz) when coupled 
with TBS bursts that were timed to either the 
peak or the trough of the sinusoidal AC resulted 
in the modulation of TBS-LTP as described 
(Fig. 5.3c). The applied electric field at the peak 
of the AC was identical to anodal constant cur-
rent, whereas the one at the trough of the AC was 
identical to cathodal constant current. The effects 
of AC were similar to those of the analogous con-
stant current paradigm, indicating that plasticity 
modulation is consistent with the instantaneous 
incremental membrane polarization on a milli-
second timescale [54].

Another emerging aspect is the compliance of 
Hebbian rules by DCS modulation. The modula-
tion effects of DCS are not only input specific but 
also exhibit associative properties [54]. These 
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ization throughout a model pyramidal neuron in response 
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compartments are hyperpolarized by DCS. (b) Constant 
current stimulation applied during TBS modulates the 
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results align with the tDCS-induced facilitation 
of associative learning in the primate brain [46].

Since electric stimulation has a distinct modu-
latory effect on various compartments of the neu-
ron (see Sect. 5.6.1), the interaction between the 
multiple compartments makes it difficult to pre-
dict the outcome on synaptic plasticity. Prolonged 
tDCS will trigger effects operating on both 
shorter time scales, for example, membrane 
polarization and plasticity induction, as well as 
longer time scale, for example, cell motility and 
immune responses. Different mechanisms will 
then interact with each other to produce the 
results.

5.2.3  Molecular Mechanisms of tES- 
Induced Effects on Synaptic 
Plasticity

Since the tES-induced effects are primarily 
driven by the influence on the underlying synap-
tic plasticity, it is no surprise that the molecular 
underpinnings of these observed effects are sim-
ilar to what forms the basis of induction and 
maintenance of synaptic plasticity. For example, 
the BDNF/TrKB pathway, which is a potent 
modulator of these common forms of LTP/LTD 
[91], has also been implicated in lasting tDCS 
effects in both humans and in vitro animal stud-
ies [40, 78]. BDNF/ TrkB was also shown to 
mediate the metaplastic effect of anodal DCS on 
the induction of hippocampal CA1 LTP [92]. In 
addition, BDNF val66met polymorphism, which 
partially affects activity-dependent BDNF secre-
tion, impaired motor skill acquisition in both 
humans and mice [24]. The enhancement of 
anodal tDCS- induced motor learning was sub-
jective to the secretion of activity-dependent 
BDNF.

Toward the end of the twentieth century, stim-
ulated brain slices were probed for different pos-
sible molecular targets. DCS was found to affect 
cyclic adenosine monophosphate “cAMP,” the 
protein kinase C family “PKC,” and calcium, 
each of which play a role in LTP/LTD [86, 93]. 
Recent in vivo animal work has shown the depen-
dency of lasting tDCS effects on the adenosine 

A1 receptor [64] and NMDA receptor activation 
[89]. In vitro current stimulation of brain slices 
led to an immediate increase in the c-fos and 
zif268, two of the immediate early genes known 
to regulate downstream target genes [78]. These 
genes play an important role in the maintenance 
of long-term neuronal changes and memory for-
mation [94–98].

It is highly probable that multiple other signal-
ing events, including but not limited to phosphor-
ylation, recruitment, or shuffling of various 
synaptic proteins, mediate tDCS effects. The 
manner of interaction between the primary, polar-
izing effect of tDCS and the molecular mecha-
nism still eludes us. We are yet to fully leverage 
the wealth of techniques and tools developed by 
tetanic stimulation LTP as well as TBS-LTP 
research to deconstruct the mechanistic pathway 
of tDCS-induced modulation of synaptic 
plasticity.

5.3  Morphological Changes

A plethora of in  vivo and in  vitro studies have 
highlighted the influence of high-intensity elec-
tric fields of more than 50 V/m on nervous devel-
opment and regeneration [99, 100]. While not 
necessarily “weak” (as focused on in other sec-
tions of this chapter), and in some cases directed 
to peripheral nerves with microelectrodes, these 
results suggest a novel mechanism that may 
impact tDCS/tACS outcomes. Electric fields are 
known to govern the directed migration of neuro-
nal cells, also referred to as electrotaxis. This is 
further linked to development, membrane protein 
redistribution, cell proliferation, and recovery 
from injury [100–102]. A study in the medullary 
explants from chick embryos exposed to an elec-
tric field of ~60  V/m featured the preferential 
growth of neural processes toward the cathode 
and their stunted development toward the anode 
[103]. Electric fields also affected the growth rate 
of the neurites, as they could grow about three 
times faster toward the cathode at 70 V/m [104].

Electrotaxis has been extensively character-
ized in vivo. Application of 1 μA of current for 
3  weeks to a sprouting rat nerve resulted in an 
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increase in responsiveness with cathodal stimula-
tion, when cathode was placed in the direction of 
growth of the sprouting nerve, in the hind paw 
sensitivity assessment [105]. Physiological cor-
relates have also been measured in association 
with the functional recovery of the neurons 
exposed to low-intensity extracellular fields. 
Administration of 30-min currents generating 
fields of approximately 10 V/m for 20 days, after 
the cut-suture intervention of the sciatic nerve, 
resulted in nerve regeneration and electromyo-
graphic (EMG) activity in 67% of the animals 
receiving stimulation. Here too, growth was 
directed toward the cathode, as compared to only 
17% growth toward the reversed polarity [106]. 
Subsequent studies further supported an increase 
in neurofilament growth toward the cathode in 
damaged sciatic nerves [107], morphological 
regeneration after nerve transection [108], and 
complete recovery of associated function [109].

Two plausible mechanisms underlie the axo-
nal growth and guidance. First, the number of 
cytoplasmic projections that guide axonal growth, 
also referred to as filopodia, toward the cathode is 
double that of the ones growing toward the anode 
[110]. This might be serving as an augmentation 
mechanism, not a necessary one, since galvano-
tropic behavior is seen without filopodia. The 
second mechanism is electric field-induced 
receptor migration [110]. Acetylcholine (Ach) 
receptors were shown to cluster towards both the 
anode and the cathode during DC stimulation of 
Xenopus muscle cells at 400 V/m for 20–40 min, 
followed by continued accumulation toward the 
cathode [111, 112]. These receptors can increase 
intracellular calcium concentration via second 
messenger pathways. This localized shift of 
intracellular calcium might then promote the 
growth of neural processes.

In addition to affecting the axonal growth and 
guidance, electric fields are known to affect the 
dendritic spines as well. In an ischemia rat model, 
daily 10  Hz, 0.1  mA tDCS over a period of 2 
weeks increased spine density and improved 
motor function [113]. Anodal tDCS at 2.2 mA/
m2, when combined with electrical forepaw stim-
ulation, increased spine density and enlarged 
head sizes of new spines in the sensorimotor 

(M1/S1) cortex [114]. This tDCS-induced 
regrowth of dendrites and axons was further sup-
ported by the upregulation of MAP-2, a critical 
protein in dendritic outgrowth and remodeling, 
and GAP-43, a protein found in axonal growth 
cones [115]. DCS at 25 V/m and 50 V/m applied 
to differentiated neurons in vitro increased GAP- 
43 expression as well [102].

5.4  Network Effects

How electric field stimulation can modulate a 
neural network has been an active area of 
research. The activity of neurons in an active net-
work is different than those of neurons in a quies-
cent state. Similarly, electric field stimulation can 
produce responses in an active network not 
expected from single neurons. These responses 
are specific to the network’s architecture and 
level of activity. A key aspect of network activity 
is rhythmic firing which results in oscillatory 
brain signals. Both clinical trials and animal 
experiments reported that electric stimulation 
modulates oscillations in the brain [79, 116]. It is 
essential to emphasize that the underlying mech-
anisms are not the same for different endogenous 
oscillations in the brain, for example, slow-wave, 
alpha, or gamma oscillations have entirely differ-
ent physiological origins. Consequently, the 
effects of electric field stimulation on active net-
works are likely to depend on network dynamics 
leading to each type of oscillation. In this section, 
we summarize animal studies on how electric 
stimulation can affect activities within neural net-
works with different techniques of stimulation 
and outline the suggested explanatory mecha-
nisms to this date.

Slow-wave oscillations that are common dur-
ing sleep consist of a succession of high firing 
activity (Up state) and almost no spiking state 
(Down state) [117]. Frӧlich et  al. showed that 
anodal DCS (soma-depolarizing) can signifi-
cantly reduce the duration of the Down state, 
while the Up state was unchanged by weak 
 electric fields. Based on their hypothesis, this 
resulted in a reduction of the oscillation period. 
In rat hippocampal slices, amplitude of gamma 
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oscillations can be modulated with DCS, and the 
modulation is strongest when applied fields are 
oscillating at theta frequencies [19]. Later, the 
same group showed that prolonged DCS caused 
lasting effects on gamma oscillations and multi-
unit activity [21]. Recordings in nonhuman pri-
mates showed that tDCS with 2  mA had a 
significant effect on local field potentials in a 
broad range of frequencies [46], although there 
are some concerns that this may be the result of 
physiological artifacts also observed in human 
EEG [118].

tACS has been used as an intervention to tar-
get specific oscillatory patterns in the brain [119, 
120] (Fig. 5.4a). Studies on mechanisms of action 
include both in vivo and in  vitro experiments. 
One such mechanism is resonance whereby ACS 
modulates endogenous activity at the same fre-
quency of the stimulation [18, 19, 121]. For 
instance, fields as weak as 0.2  V/m are able to 
enhance the firing activity during gamma oscilla-
tion in hippocampal CA3 if the frequency of 
oscillation matches that of the endogenous 
rhythm [19]. ACS within the frequency range of 
cortical slow oscillations can also entrain endog-
enous activity in anesthetized rats [122]. Stronger 
fields managed to entrain a larger number of neu-
rons, consistent with findings from in vitro exper-
iments [6]. A study in awake head-fixed ferrets 

[123] suggests that low-intensity electric fields 
(<0.5 V/m) can selectively entrain alpha oscilla-
tions (11–17 Hz).

What are the mechanisms underlying the 
aforementioned effects of ACS? The proposed 
explanations are often tied to the specific mecha-
nism underlying a given endogenous oscillation. 
The temporal biasing of spikes is one possible 
mechanism for the ACS-induced effects. Small 
amounts of polarization generated by an exoge-
nous electric field can shift spike occurrence or 
spike timing when a neuron is close to the thresh-
old of action potential generation.  Network 
entrainment is another way ACS can influence 
oscillatory behaviors, particularly in a network 
with coherent oscillation. When the frequency of 
weak ACS is matched with the endogenous oscil-
lation, time shifts can accumulate over several 
cycles. This results in a temporal alignment of 
spiking activity in a network whereby there will 
be a constant phase difference between applied 
ACS and native rhythm. In the case of a network 
with less regular oscillation, ACS can exert its 
effects through enforcing a firing pattern. In this 
manner, the exogenous electric field counteracts 
with the endogenous oscillation. Imposing a 
 firing pattern requires the external electric field to 
be strong enough to overpower native rhythm.
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Fig. 5.4 Effects of ACS on a network of neurons (Adapted and modified from Ref. [79]). Schematics of the in vitro and 
in vivo animal models applying AC (sinusoidal) stimulation on oscillatory rhythms. Colors indicate frequency bands
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These endogenous oscillations can be the 
result of balanced interactions between excit-
atory and inhibitory neurons. In such networks, 
excitatory inputs drive inhibitory neurons to con-
trol the timing of the network. ACS, when 
applied, can enhance the temporal alignment of 
firing patterns of excitatory neurons. This ACS- 
induced elevated level of synchrony is followed 
by stronger activation of inhibitory neurons, 
resulting in increased suppression of excitatory 
neurons. This suppression can cause the network 
to “skip a beat” resulting in half as many cycles, 
that is, half harmonic [6, 19]. For example, the 
strong ACS-induced modulation of gamma oscil-
lations is a result of an overshoot of the dynamic 
balance between excitatory and inhibitory inter-
actions. A similar effect was observed with 
amplitude-modulated ACS [124]. The high- 
frequency carrier (2  kHz) had only minimal 
effects, but once modulated in amplitude at lower 
frequencies (10 Hz), there was a strong modula-
tion of the endogenous gamma rhythm. In tempo-
ral interferential stimulation (TIS), a similar 
amplitude-modulated high-frequency oscillation 
is generated. Grossman et al. have argued that the 
spatial selectivity observed in TIS is the result of 
this specificity of AM-modulated fields [125]. It 
is not yet clear how the high-frequency stimula-
tion of the carrier becomes more effective when it 
is modulated in amplitude at lower frequencies. 
One modeling study suggests an interaction of 
axonal activation with the high frequency and 
network adaptation effects as lower frequencies 
[125].

Networks with slow-wave oscillations 
(0.5–4 Hz) were also reported to be sensitive to 
applied ACS [18, 121]. Slow-wave oscillations 
are identified by synchronized neural activities 
alternating between Up and Down states. The 
high level of neural activities during Up state are 
governed by excitatory interactions. This height-
ened level of activity is followed by depletion of 
the available cellular resources and the collapse 
of the excitatory activities. This leads the net-
work to transition to Down state, where the neu-
rons become quiescent and there is simultaneous 
recovery of the resources. Consequently, a small 

amount of depolarization can shift the network to 
the active states again.

Another proposed mechanism of tACS is the 
attenuation of neural adaptation. In a nonhuman 
primate study, Kar et al. applied tACS with 2 mA 
peak-to-peak at 10 Hz to surface electrodes over 
the vertex and lateral to the middle temporal area 
(MT) on the scalp [126]. While they did not 
observe neural entrainment, they reported tACS- 
induced attenuation in spiking adaptation to the 
visual input. Sodium- and calcium-gated potas-
sium channels have been implicated in this adap-
tation mechanism; therefore, Kar et  al. suggest 
that the 10 Hz field oscillation may affect these 
channels.

5.5  Interneurons 
and Nonneuronal Effects

5.5.1  Interneurons

Many interneurons have a relatively symmetric 
morphology compared with pyramidal neurons. 
This will result in weaker somatic polarization as 
reported in both experimental results in cortical 
slices [4] and biophysically realistic computa-
tional models [42]. However, we cannot ignore 
the effects of polarization of other compartments 
such as dendrites and axon during stimulation. 
Additionally, interneurons have a great variety of 
morphology which includes neurons with asym-
metric dendritic trees [127]. The study of inter-
neurons is particularly important because they 
play a pivotal role in plasticity and brain oscilla-
tions [128]. Recent studies have explored the 
effects of weak electric stimulation on interneu-
rons. For example, DCS modulated paired-pulse 
facilitation in hippocampal slices suggest an 
effect of DCS on interneurons [13]. Similarly, 
computational modelling suggests that ACS 
could modulate the activity of fast-spiking inter-
neurons through indirect network effects [123]. 
Further studies are needed to fully characterize 
the effects of DCS and ACS on the functional and 
morphological attributes of interneurons.
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5.5.2  Glia

Glial cells represent about half of cells in the 
human brain while the precise glia-neuron ratio 
varies in different brain regions [129]. Astrocytes, 
microglia, and oligodendrocytes are three differ-
ent glial cell types in the CNS. It is increasingly 
recognized and understood that glial cells do not 
act only passively as a supportive role for neu-
rons, but rather are actively involved in informa-
tion processing [130]. There are few studies that 
have investigated the primary effects of electric 
stimulation on glia. Any activation of neurons or 
synaptic function will trigger a secondary glial 
response—in this sense any tDCS effects on neu-
rons include glial-neuronal interactions. This 
section however focuses on evidence for primary 
glial response to electrical stimulation.

Several studies reported that DCS can cause 
protrusion elongation in both astrocytes and 
microglia in culture preparations. In addition, 
cell alignment is possible at higher intensities of 
stimulation [102]. In such a case, the orientation 
of microglia is parallel and the orientation of 
astrocytes is perpendicular to the electric field 
direction [131]. These studies offered evidence 
for the responsiveness of glial cells to electric 
field stimulation as direct effects [131]. Since 
most in  vivo studies focusing on how electric 
field stimulation affects glial cells have investi-
gated the inflammatory response, we will review 
them in the next section. Here, we point out other 
possible mechanisms for modulation of glial cell 
activities due to electric stimulation.

A computational model suggested that 
applied electric fields can produce polarization 
in astrocytes which are within the range of their 
ongoing endogenous polarization [132]. This 
polarization is further influenced by the presence 
of voltage- sensitive channels across the mem-
brane of astrocytes. Astrocytes play a role in the 
regulation and reuptake of excess extracellular 
potassium and sodium changes produced by 
neuronal activity, including processes such as 
potassium spatial buffering that is driven by glial 
membrane polarization [133]. The application of 
direct current in  vivo can activate these ionic 
clearance processes [134]. While it has been 

reported that extracellular potassium concentra-
tion does not change during DCS in vitro [135], 
it should be noted that the brain slice preparation 
interferes with extracellular concentration mech-
anisms [136].

Calcium signaling is a means of communica-
tion between astrocytes and neurons [137]. 
Electrical activation of one astrocyte can cause 
activation of others in a local astrocytic network 
and thereby affect the neuronal processing [138]. 
In addition, learning can be impaired in the 
absence of astrocytic calcium signaling, high-
lighting the importance of astrocytes in learning 
[139]. Interestingly, the application of anodal 
tDCS with a current density of 50 A/m2 for 
10  min induced a high-level of astrocytic Ca+2 
surge across cortical areas of awake mice. As the 
authors did not observe a significant change 
in local field potential, they concluded that this is 
a direct effect of tDCS on astrocytes leading to 
metaplasticity mediated by noradrenergic trans-
mission [140].

Microglial cells function as immune cells and 
phagocytes in CNS; however, there is a growing 
body of evidence showing their active role in 
synaptic plasticity [141]. A recent study showed 
that in vivo anodal tDCS caused morphological 
changes of microglia such as enlargement of 
soma and decreased their motility in mice. These 
results were obtained 3  h after tDCS, and they 
were absent if the animals were under anesthesia 
during tDCS. The authors speculated that tDCS 
could slow down the surveillance of microglia, 
and this might help the initiation of synaptic 
changes.

Myelination and metabolic support are the 
main functions of oligodendrocytes in CNS. An 
in vivo ACS study in adult rats showed that stim-
ulation of corticospinal axons can promote the 
proliferation and differentiation of 
oligodendrocyte- specific progenitors after multi-
ple sessions of stimulation [142]. In addition, it 
has been reported that cathodal tDCS over the 
ischemic region recruited oligodendrocyte pre-
cursors toward the lesion in adult rats, while 
tDCS promoted neurogenesis regardless of its 
polarity [143].
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5.5.3  Inflammation, Angiogenesis, 
and Apoptosis

In addition to the above-stated effects, tES is 
known to modulate other vital physiological pro-
cesses of inflammation, angiogenesis, and apop-
tosis. In vitro studies demonstrated the 
high-intensity DCS-induced accelerated and 
polarized migration of different peripheral 
immune cells, including neutrophils [144], lym-
phocytes [145], macrophages [146], and poly-
morphonuclear cells [147, 148]. Stimulation of 
cultured primary astrocytes as well as astrocytic 
cell lines resulted in increased energy metabo-
lism [149] and perpendicular alignment to the 
electric field [150, 151]. Depending on the inten-
sity and direction, tDCS effects could be pro- 
inflammatory or anti-inflammatory in nature. 
Both cathodal and anodal stimulation at 500 μA, 
15 min for 10 sessions resulted in increased pro-
liferation of activated microglia in the ipsilateral 
side of motor cortex [152]. In another study, 
anodal tDCS at current strength of 200  μA, 
30 min for 10 days in the rat model of vascular 
dementia reduced the number of activated 
microglia and astroglia. There was a reduced 
expression of pro-inflammatory factors such as 
IL-1β, IL-6, and TNF-α, indicating the attenuated 
inflammatory response in the hippocampus [153]. 
Cathodal tDCS at 500 μA for 15 min for 5 con-
secutive days attenuated the activation of astro-
cyte and microglia, reduced the expression of 
pro-inflammatory IL-1β, IL-6, and TNF-α, and 
upregulated the anti-inflammatory IL-10  in rat 
model of middle cerebral artery occlusion [154]. 
Bicephalic tDCS at the current density of 33.4 A/
m2 also reduced the levels of IL-1β and TNF-α in 
the cerebral cortices of obese rats [155]. It is to be 
noted that most of these studies used higher- 
intensity electric fields than expected in human 
tDCS.

Large electric fields (50–400 V/m) applied for 
long periods of time are known to direct the 
migration, reorientation, cell-division, and elon-
gation of endothelial cells in culture [156–162]. 
In vitro DCS also stimulated the secretion of vas-
cular endothelial growth factor (VEGF) [156, 
159, 161], nitric oxide, and interleukin-8 [160, 

163]. All three are critical players in angiogene-
sis. Furthermore, DCS-induced increase in capil-
lary density in a rabbit model of myocardial 
infarction [164] and a rat model of hindlimb isch-
emia [156] suggests a positive modulatory effect 
on angiogenesis. Electric fields may induce sig-
nificant angiogenesis through the increased 
expression of VEGF [156, 165], activation of 
VEGF receptor 2 (VEGFR2), and downstream 
activation of phosphoinositide 3-kinase (PI3K)/
Akt, extracellular regulated kinase 1,2 (Erk1/2), 
as well as the c-Jun NH2-terminal kinase (JNK) 
signaling pathways [158, 159, 161, 163]. DCS 
induced the upregulation and increased activation 
of chemokine receptors CXCR4 and CXCR2 in 
an in vitro study [162]. Both chemokine recep-
tors are necessary for endothelial cell chemotaxis 
[166, 167]. Endothelial cells form the blood–
brain barrier (BBB) that tightly regulates trans-
port between the brain extracellular space and 
blood. As such, any action of DCS on endothelial 
cells would significantly affect the brain func-
tion. tDCS with a current density of 8.0 mA/cm2 
increased the permeability of BBB, and this mod-
ulation was dependent on nitric oxide [168].

Electric stimulation has been shown to affect 
apoptotic processes. In ischemic mice, cathodal 
tDCS significantly decreased the number of cor-
tical and striatal caspase-3 positive cells, but 
anodal stimulation had an opposite effect [169]. 
ACS (100 μA, 2 Hz) decreased the number of 
apoptotic cells in the cortex, but not in the stria-
tum of ischemic rats, and these antiapoptotic 
effects were exerted through Akt phosphoryla-
tion [165]. An in  vitro study with fibroblasts 
exposed to a 100 V/m stimulation demonstrated 
the upregulation of antiapoptotic proteins, 
namely apoptosis inhibitor 5, caspase 8, and 
Fas- associated death domain-like apoptosis reg-
ulator and the protein kinase C epsilon [170], 
which further highlights the ES-induced attenu-
ation of apoptosis. DCS at 100  V/m, when 
applied to injured rat dorsal root ganglion 
(DRG) cells for an hour, decreased the apoptotic 
rate of DRG cells [171]. In an in  vitro study 
with biofilms, low-frequency low-voltage AC 
accelerated the apoptotic process in bioelectri-
cal reactor biofilms [172].
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5.6  Applications to Clinical 
Pathologies

The noninvasiveness and low cost of tES meth-
ods have made it versatile and widely studied as 
a potential treatment for various diseases [173, 
174]. tES is especially favorable as a treatment 
tool for psychiatric disorders because of low- 
cost, portability, and ease of use. tES effects can 
be directly assessed with behavioral and cogni-
tive tests, which are more direct and informative 
in humans than animals [46, 153, 175–180]. It is 
easy to interpret human behavior and assess psy-
chological processes as compared to animals. For 
these reasons, a majority of published findings 
are of tDCS effects in humans and relatively few 
are in animal models. Among the animal studies, 
most involved highly invasive methodologies 
(e.g., tissue damage, brain slice, and protein- 
synthesis experiments). Nonetheless, some stud-
ies treating animal models of neuropsychiatric 
disorders with tDCS are briefly outlined below.

5.6.1  Stroke

Since the application of tES and more specifi-
cally tDCS has shown promising results as a 
therapeutic intervention in stroke patients, sev-
eral groups have attempted to use animal models 
of stroke to study the effectiveness of electric 
field stimulation and the underlying functional 
and cellular mechanisms explaining these effects. 
One important factor to consider is when tES 
should be applied after a stroke. While there are 
clinical studies that have delineated beneficial 
effects of tACS in patients during recovery after 
chronic stroke [181], animal studies have not 
attempted to investigate the efficacy of this tech-
nique of stimulation in stroke models yet. We can 
categorize studies based on the time of interven-
tion into acute, that is, less than<24 h after stroke, 
and subacute, 1–7 days after stroke groups [182].

Different reports outlined the potential benefit 
of ipsilateral cathodal tDCS within a few hours 
following the stroke induction, namely reduction 
in various stroke-related outcome measures such 
as infarct growth, edema, inflammation, and the 

number of apoptotic cells [169, 183]. Additionally, 
DCS can be used for the purpose of rehabilitation 
to regain cognitive and motor performances when 
it is applied in the subacute phase. While there is 
a debate on the effectiveness of DCS with regard 
to the polarity of the electric field, there is accu-
mulating evidence suggesting an improvement in 
the recovery and neural growth such as elevated 
levels of microtubule and growth-associated pro-
tein due to DCS application [115]. Overall, these 
results suggest a rehabilitative benefit of tDCS 
for stroke patients.

5.6.2  Addiction

A handful of studies using tDCS as a treatment 
for addiction in animals have been conducted. 
Anodal tDCS at 0.2  mA, when applied to the 
frontal cortex for 20 min twice a day for 5 con-
secutive days, was sufficient to reduce anxiety- 
and depression-like behavior in nicotine-addicted 
mice [184]. Repeated anodal tDCS impaired 
cocaine-induced place preference conditioning 
and locomotor activation [185]. In this study, 
repeated anodal tDCS also reduced cocaine- 
induced expression of Zif268 in specific cortico-
striatal circuits for 3 weeks in female mice. 
tDCS-mediated modulation of cortical excitabil-
ity is shown to have a beneficial impact on food 
addiction as well, and the underlying biochemi-
cal response involves lipid-, protein-, and metal-/
nonmetal ion-driven mechanisms [186].

5.6.3  Alzheimer’s Disease

The main methods of noninvasive brain stimula-
tion for Alzheimer’s disease are TMS and anodal 
tDCS, and preliminary findings suggest that both 
techniques reduced cognitive deficits in 
Alzheimer’s patients [121–123]. To replicate the 
cognitive symptoms of Alzheimer’s, intraperito-
neal injections of scopolamine were given to rats 
that subsequently received 0.1 mA of anodal tDCS 
for 20 min twice a day, five times a week [187]. 
After 2 weeks of treatment, rats treated with tDCS 
had slightly increased cognitive  function in com-

5 Animal Studies on the Mechanisms of Low-Intensity Transcranial Electric Stimulation



84

parison to the rats just treated with tacrine. After 
the 4 weeks of treatment, rats that received tDCS 
therapy had motor behavior improvements and 
increased acetylcholine activity. Improved cogni-
tive function and memory performance effects of 
repetitive anodal tDCS lasted for 2 months in a rat 
model of Alzheimer’s [188]. In another study, 
tDCS when delivered for 20 min/day, 5 days/week 
over 3 weeks at 50 μA to triple transgenic (3X Tg) 
Alzheimer’s mice failed to improve memory per-
formance and alter the expression of neuropatho-
logical hallmarks of Alzheimer’s [189]. Anodal 
tDCS when delivered for 30 min/day over 5 days 
at 200  μA alleviated the cognitive impairment, 
assessed by Morris Water Maze task, in a rat model 
of vascular dementia [153].

5.6.4  Chronic Stress and Depression

Though numerous tDCS studies have shown a 
therapeutic effect in humans and in animal mod-
els, the limits to tDCS effects were only recently 
tested [190]. In this study, tDCS efficacy was 
measured in chronic stress mice models. After 
subjecting rats to chronic restraint-induced stress 
(CRS) for 11  weeks, rats were given 20  min 
anodal tDCS treatment sessions for 8  days. 
Behavioral tests were performed after the 
11  weeks of CRS, immediately and 24  h after 
tDCS treatment. Control rats were not subject to 
CRS but were randomly given either sham or 
tDCS treatment. tDCS treatment reversed the 
stress-induced allodynia and increased the pain 
threshold in unstressed animals. tDCS was only 
able to decrease BDNF release in the spinal cord 
and brainstem of unstressed rats. Interestingly, 
CRS rats treated with tDCS had a weak reduction 
in pain sensitivity even though no change of 
BDNF levels was detected indicating that a dif-
ferent mechanism may be involved in the attenu-
ation of pain sensitivity. The results from this 
study highlight that tDCS treatments alone may 
not be sufficient to produce long-term effects 
when chronic stress is present. Chronic stress- 
induced pain threshold in rats was evaluated 
using a hot plate and tail flick latency (TFL) tests. 
In another study, active bicephalic tDCS increased 

the pain threshold and thereby reduced stress- 
induced hyperalgesia [191].

Anodal tDCS, when delivered at 200 μA for 
ten sessions, attenuated depression-like behavior 
induced by chronic corticosterone exposure in 
mice, and these effects were long-lasting [192]. 
tDCS at 0.1 mA for 10 min was also shown to 
alleviate depression-like behavior induced by 
chronic restrained stress in mice [140].

5.7  Prospects for Animal 
Research in tDCS/tACS 
Informing Ongoing Human 
Trials

A central challenge for tDCS/tACS studies is 
translating data collected from animal models of 
tDCS/tACS to inform the interpretation and 
design of human protocols. Historically, tDCS/ 
tACS animal studies have informed human test-
ing. Notably, the demonstration that prolonged 
DCS/ACS protocols, lasting for minutes, in ani-
mals can lead to short- and long-term plasticity 
encouraged the use of such protocols in humans 
[193]. The polarity dependence of DCS was first 
demonstrated in animal models [16, 25, 30]. 
Animal models demonstrated that low-intensity 
DCS/ACS can modulate ongoing neuronal activ-
ity, which provides a possible physiological sub-
strate for the effects observed in human clinical 
trials [3]—countering the argument that weak 
fields, such as those applied in tDCS/tACS, are 
physiologically inert. In some cases, animal stud-
ies of DCS/ACS were conducted contemporane-
ously with human testing providing confirmatory 
evidence, for example, that AC can entrain oscil-
lations [177, 194] or that tDCS plasticity is 
NMDA dependent [195]. On the other hand, 
there are scarce examples of modern animal tES 
studies influencing how human trials are con-
ducted and analyzed. This reflects how tES proto-
cols have remained largely unchanged with the 
majority of protocols applying 1–2  mA over 
10–30 min using two large pad electrodes with-
out any customization based on an individual’s 
biomarkers.
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Developments in tES protocols were driven by 
clinical neurophysiology [196] rather than extrap-
olated from animal models. Often animal studies 
confirm findings in humans rather than suggesting 
novel improvements to the current protocols; a 
notable example being the identification of the 
role of BDNF polymorphism [40]. We believe 
development in animal tES studies combined with 
an increased emphasis on designing these experi-
ments for clinical relevance would accelerate the 
development and application of tES in humans. 
This includes an increased emphasis of the plas-
tic, rather than acute effects of stimulation [40, 
197]. Simultaneously, results from human trials 
also point to a need to critically address issues 
such as nonlinear dose–response, state depen-
dency, and inter-subject variability.

Animal experiments provide a degree of cel-
lular resolution, state control, and rapid screening 
not available in human subjects to help detangle 
complex interactions [3]. We propose that mean-
ingful translation to human applications would be 
accelerated by the exploration of data that appears, 
at first glance, to be conflicting between animals 
and humans. For example, the acute effects of 
DCS in animals are monotonic across a very wide 
intensity and brain-state range, for example, 
anodal/cathodal almost always results in excit-
atory/inhibitory effects after accounting for orien-
tation of neurons relative to the field [16, 78]. This 
is in direct contrast with clinical neurophysiology 
studies showing that many pharmacological, 
dose-dependent, and brain-state perpetrators can 
qualitatively change the direction of neuromodu-
lation [19, 196]. As another example, ACS in ani-
mals can influence ongoing oscillations in a 
myriad of ways and is dependent on the nature of 
endogenous activity and stimulation frequency 
[21, 116, 194], while human testing with tACS 
and EEG are typically limited to testing one or a 
few frequencies [198]. Rather than speculating 
which protocols are effective, it would be useful 
to consider cellular effects from animals in com-
parison to network effects observed in human 
studies. The most impactful translational animal 
studies will be those that explain results from 
humans in previously unexpected ways and that 

can suggest nontrivial methods to optimize tES 
outcome in human trials.
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in Neuropsychiatric Disorders
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6.1  Introduction

Transcranial magnetic stimulation (TMS) allows 
direct probing of the human brain in a safe and 
noninvasive fashion, which ensues several poten-
tial applications in the study and treatment of 
neuropsychiatric disorders. Previous neurophysi-
ological studies using TMS focused largely on 
stimulation of the motor cortex, quantifying the 
response by accessing the motor evoked potential 
(MEP) with electromyography (TMS-EMG). 
Through these studies, several measurement par-
adigms were designed to aid the elucidation of 
neurophysiological underpinnings of neuropsy-
chiatric disorders, as well as the description of 
cortical responses to different neuroplasticity 
interventions [64]. However, by requiring motor 
cortex stimulation and motor evoked responses 
as a read-out, this technique entails limitations. 
First, there is an intrinsic restriction regarding the 
cortical regions that are amenable to be investi-
gated, since the method depends on targeting the 
motor cortex. Second, MEPs are a rather indirect 
measure of cortical responses, and as such imply 
the risk of confounding factors, which may come 
from spinal cord, peripheral nerves, and muscle. 
These are significant limitations if one aims to 

study neuropsychiatric disorders and related 
brain functions, which may involve predomi-
nantly brain regions other than the motor cortex.

To circumvent these limitations, an alternative 
method should be able to probe any cortical 
region and obtain read-out signals directly from 
the cortex. This was made possible by combining 
TMS with electroencephalography (EEG): 
Measuring EEG activity concomitant to the 
application of TMS allows the investigation of 
the local cortical responses to a stimulus applied 
to any cortical area (provided that such area can 
be effectively stimulated by TMS) [28, 70]. This 
development implies that a read-out can be 
directly extracted from the cortex, by means of 
EEG signals, unlike TMS-EMG which relies on 
an indirect measure of cortical responsivity such 
as motor evoked responses. Moreover, TMS- 
EEG provides multidimensional information: By 
recording the continuous EEG response over sev-
eral electrodes atop the scalp, it is possible to 
observe the evolution of the cortical responses in 
time and space across distributed networks. Here, 
we will describe the technical steps that are nec-
essary to perform a TMS-EEG measurement, as 
well as the nature of the obtained data and its 
caveats (Sect. 6.2). We will also describe current 
results regarding the neurophysiological basis of 
results obtained through TMS-EEG measure-
ment (Sect. 6.3); and finally, how TMS-EEG can 
be and has been applied to neuropsychiatric dis-
orders (Sect. 6.4).
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6.2  Technical Aspects

6.2.1  General Issues

In simple terms, TMS-EEG involves recording 
EEG activity in response to a focal cortical 
stimulation, which is provided by the TMS 
pulse. Therefore, any TMS-EEG experiment 
naturally requires the placement of electrodes 
on the surface of the scalp, which detect voltage 
differences produced by postsynaptic potentials 
in a large number of neurons underneath the 
electrodes. As with any EEG measurement, the 
signal obtained is the spatial and temporal sum-
mation of excitatory and inhibitory postsynaptic 
potentials originating from the activity of a large 
population of cortical pyramidal neurons and 
interneurons [35]. By analyzing the EEG signal 
that immediately follows a cortical stimulus (the 
TMS pulse), one can observe how this cortical 
region reacts and how the response evolves over 
time and propagates to other cortical areas. 
Also, by comparing the nature of these responses 
between different populations, or in the same 
population at different time points (e.g., differ-
ent states such as wakefulness vs. sleep, or 
before and after an intervention), one can draw 
conclusions regarding the underlying cortical 
mechanisms, which may explain the differ-
ences. Despite this seemingly straightforward 
rationale, it is imperative to keep in mind the 
several measures that should be taken into 
account to enable the feasibility of this method, 
as well as appropriate interpretation of its 
results. Below we will briefly describe the meth-
ods necessary for performing TMS-EEG studies 
and some specific issues that should be 
considered.

The first TMS-evoked EEG recordings were 
performed by Cracco et al. [12], and since then 
the technique has been significantly refined. 
Unlike simple EEG, which passively records cor-
tical potentials, TMS-EEG involves perturbation 
of cortical activity, by means of the induction of 
a brief but strong electromagnetic field in the cor-
tex. As would be expected, this electromagnetic 
field inevitably interacts with the EEG electrodes, 
placed between the TMS coil and the subject’s 

scalp, and thus always produces undesirable arti-
facts and potential risks. Standard EEG disk elec-
trodes are inappropriate for TMS-EEG, as the 
eddy currents induced by the magnetic field sig-
nificantly increase the electrodes’ temperature, 
interfering with conductivity proprieties and pos-
ing a safety hazard [65]. In order to minimize this 
effect, EEG electrodes for TMS-EEG should be 
small Ag/AgCl pellet or slit ring (“c-shape” ring) 
electrodes [28, 65, 73]. Ideally, special care 
should be taken when preparing the electrodes’ 
placement, aiming for impedances below 5 kΩ. 
At the same time, one should avoid the creation 
of “bridges” between electrodes, by limiting the 
amount of conductive gel applied [28]. The TMS 
coil should be positioned atop the subject’s head, 
but avoiding direct touch with the electrodes, 
which may cause disruption of the EEG signal 
and the smearing of conductive gel, which would 
create the aforementioned “bridges.” This may be 
done by placing a plastic spacer between the coil 
and the subject’s head [66], at the cost of higher 
stimulation intensity needed to effectively stimu-
late the brain.

Regarding coil placement, it is important to 
consider the use of neuronavigation for target 
selection and maintenance of coil placement, 
based on individual structural magnetic reso-
nance imaging (MRI). TMS applied to nonmotor 
areas lack a clear read-out, as is the case with 
MEPs from motor cortex stimulation, which 
could be used for proper coil placement with 
respect to the target. Neuronavigation allows 
identification of specific cortical targets with 
respect to the individual’s brain anatomy, also 
accounting for anatomical variations and moni-
toring proper coil directionality, for example, 
perpendicular to the targeted sulcus [21]. Finally, 
real-time monitoring during an experiment is 
desirable in order to correct possible coil dis-
placement during a session, minding that seem-
ingly small deviations of the coil’s location, 
orientation, and angulation can significantly alter 
evoked responses [37]. Therefore, neuronaviga-
tion should guide proper coil placement, and its 
use is generally recommended in TMS-EEG 
studies, in particular those involving nonmotor 
cortex targets [70].
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6.2.2  EEG Artifacts

Another issue of TMS-EEG is that the high cur-
rent discharge involved in TMS pulses generates 
a massive electrical artifact in the EEG signal, of 
amplitude several orders of magnitude higher 
than the average EEG signals from cortical activ-
ity. This saturates standard EEG amplifiers, hin-
dering the signal acquisition for hundreds of 
milliseconds after the pulse and precluding any 
meaningful interpretation of the signal following 
cortical stimulation. First solutions to this issue 
were the development of an amplifier with a 
sample- and-hold circuit, in which the incoming 
signal is decoupled from the amplifier within a 
few milliseconds around the TMS pulse, prevent-
ing its saturation [29, 73]. Currently, other solu-
tions have been developed and TMS-compatible 
EEG amplifiers can limit the information loss to 
a couple of milliseconds around the TMS pulse, 
thus allowing proper analysis and interpretation 
of the signal within approximately 10 ms follow-
ing the TMS [28].

There are other sources of artifacts beyond the 
TMS artifact that should be taken into consider-
ation. TMS-EEG responses are of small ampli-
tude compared to other sources of noise, and 
therefore are sensitive to being obscured by such 
sources, which also includes ongoing brain activ-
ity nonrelated to TMS response. In order to guar-
antee proper signal-to-noise ratio of these 
responses, it is recommended to record and then 
average approximately 100 trials [2, 42, 61]. This 
averages out signals not correlated to the direct 
cortical stimulation (non-time-locked to TMS), 
while the specific TMS-evoked activity remains 
in the averaged signal. Nevertheless, some 
sources of interference still significantly disturb 
EEG recordings despite the averaging, either due 
to very high signal amplitude in comparison to 
cortical activity, or because they are also evoked 
by the TMS pulse, such as eye blinks and scalp 
muscle activity. Dealing with these sources may 
involve extensive data postprocessing, for exam-
ple, the manual exclusion of the trials and chan-
nels severely contaminated by noise. Furthermore, 
signal components related to eye blinks and mus-
cle activity can be removed using independent 

component analysis (ICA) [62]. MATLAB tool-
boxes have been developed to aid this TMS-EEG 
data postprocessing, which helps making this 
rather complex data analysis more user-friendly 
and standardized [2, 61]. Application of ICA is 
not trivial, as the TMS-evoked brain responses 
and to be removed artifacts such as eye blinks 
and muscle responses are not independent. 
Therefore, more advanced techniques have been 
developed to separate the signals, such as signal- 
space projection (SSP) [44, 71] and the SOUND 
algorithm [47].

Yet another source of confounding signals in 
TMS-EEG data is the presence of sensory 
evoked potentials (SEP). In addition to direct 
cortical stimulation, the electromagnetic field 
induced by the TMS pulse inevitably depolarizes 
somatosensory nerve terminals in the scalp and 
cranial muscles at or near the stimulation site, 
provoking somatosensory perception. Also, 
TMS produces a loud high-pitched click when it 
discharges, leading to auditory perception. Both 
percepts lead to a cortical response that can be 
observed in the EEG, namely the SEPs [49, 53]. 
Dealing with this confounding factor is very 
challenging, as TMS invariably provokes senso-
rial perceptions, which generate signals that are 
not possible to reliably remove via standard data 
postprocessing such as ICA, since by nature 
these responses have a cortical source and are 
also time-locked to the TMS pulse. The use of 
masking noise (noise containing the same fre-
quency distribution as the TMS coil click deliv-
ered to the subject through earphones) has been 
advocated to suppress the auditory SEP, with 
good results [46, 68]. However, this does not 
prevent the bone- conducted component of audi-
tory stimulation. This can be addressed by using 
a spacer between coil and head. Moreover, this 
does not entirely prevent SEPs from somatosen-
sory inputs. Although this issue is still a matter 
of discussion, it is currently recommended to use 
a “sham” procedure in TMS-EEG experiments. 
A sham procedure would simulate all the senso-
rial stimuli of a TMS pulse (coil click, activation 
of somatosensory scalp receptors and muscles) 
but would not generate an electromagnetic field 
in the cortex. Sham procedures usually involve a 
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second TMS coil placed distant from the scalp, 
which reproduces the auditory stimulus, and 
short electrical pulses delivered by scalp elec-
trodes placed between the EEG electrodes, 
which reproduce the somatosensory stimulus 
[11, 23]. The removal of the signal correspond-
ing to the “realistic sham” condition from the 
“real” TMS-EEG trials would then reveal the 
true TMS-evoked activity, thus allowing the 
results to be attributed specifically to direct acti-
vation by the TMS pulse, rather than the 
unwanted indirect activation by peripherally 
evoked potentials.

6.2.3  Outcome Measures

As mentioned above, TMS-EEG data is 
extracted from several (typically at least 100) 
trials, representing instances in which a TMS 
pulse is applied while EEG is recorded. The 
averaging of the signal time-locked to the pulse 
allows the visualization of TMS-evoked poten-
tials (TEP), a series of deflections that peak at 
specific time points [42]. An example of this 
measure is shown in Fig. 6.1a. The location of 
these peaks in space (scalp distribution) and 
time (latency after TMS pulse) depend on the 
stimulated cortical site, and the amplitude of 
each peak is considered to represent different 
physiological properties of the cortex, modu-
lated by brain state, as discussed in the next ses-
sion [26, 38]. Results regarding the amplitude of 
these peaks can be compared in a few ways. A 
region of interest might be selected a priori and 
the signal from the respective electrodes aver-
aged to provide a single signal, with its ampli-
tude representing the measure of interest [28]. 
Alternatively, instead of selecting regions of 
interest, it is possible to integrate the signal 
from all the channels by means of the global 
mean field potential, which provides the evolu-
tion in time of an averaged cortical response 
over the entire scalp [70]. Concerning the statis-
tical comparison between two data sets (e.g., 
patients vs. healthy controls, or within a popula-
tion prior to and after intervention), an alterna-
tive to selecting regions and times of interest is 

the application of cluster-based permutation 
tests. Briefly, this method allows for a given sta-
tistical test to be carried out in several signal 
clusters in time and space. This procedure pro-
vides as a result a set of adjacent electrodes at a 
certain time window after the TMS pulse where 
the compared signals are statistically different. 
This allows the analysis of all data without 
resorting to dimensionality reduction, at low 
risk of false positive results [45, 52].

In addition, the signal can be analyzed in the 
frequency domain. Spectral analysis of EEG 
signals has been widely studied in the form of 
oscillations, which are believed to represent the 
underpinning of a broad variety of different 
neurophysiological processes and behaviors 
[5]. Differently from the resting-state EEG, 
which shows the overall activity of the cortex at 
rest, spectral analysis of TMS-EEG allows the 
probing into the oscillatory response of the tar-
geted cortical area, and its evolution as the neu-
ral activation propagates to other cortical areas. 
These results are exemplified in Fig. 6.1b. Focal 
cortical stimulation elicits different patterns of 
oscillatory activity, depending on the state and 
nature of the stimulated cortex [63]. In short, 
time-frequency analysis of TMS-EEG signal 
can be obtained by estimating the change in 
spectral distribution across time after the TMS 
pulse in each trial, and averaging the results 
across trials [54].

A further development of TMS-EEG data 
analysis is the estimation of neural response 
transmission between cortical regions following 
the TMS pulse. For example, the signal propaga-
tion from the stimulated left prefrontal cortex to 
the contralateral hemisphere can be quantified as 
a function of the concomitant activation of both 
hemispheres following the TMS pulse, estimated 
using TEP amplitude from these regions [74]. 
Frequency-based connectivity analyses have 
also been proposed as a measure of signal propa-
gation from the stimulated motor cortex to other 
regions [55]. Another example of a complemen-
tary TMS- EEG metrics is the perturbation com-
plexity index (PCI), which uses the signal to 
estimate the complexity of the evoked brain 
activity in response to a direct stimulus, yielding 
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a single value as outcome between 0 and 1 mea-
sure [8]. This estimate was developed to assess 
the severity of patients with disorders of con-
sciousness, assuming that more severe cases 

would account for a less complex cortical 
response to TMS due to the severity of brain 
damage and its inability to process inputs, thus 
yielding a comparatively lower index [9].
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Fig. 6.1 TMS-evoked and TMS-induced responses from 
a single subject, average of 160 trials of TMS applied to 
the dorsomedial prefrontal cortex at the time 0 seconds. 
(a) Time course of the TMS-evoked response amplitudes 
recorded by 126 electrodes, referenced to the average of 
all electrodes (in the butterfly plot, dark green refers to the 
Fz electrode, close to the site of stimulation). 
Topographical plots below show the distribution of the 
amplitudes on the scalp surface at different time points 

after the TMS pulse. (b) Time-frequency plot of the TMS 
response, averaged across all 126 electrodes. Color coded 
results refer to the change of the standardized value of the 
spectral power (z-value) with respect to the baseline (time 
before TMS pulse). Topographical plots to the right show 
the distribution of the power on the scalp surface in differ-
ent frequency bands and time windows after the TMS 
pulse
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6.3  Physiology

TMS-EEG can be seen as a development from 
TMS-EMG, allowing the probing and signal 
acquisition from multiple cortical areas other 
than motor cortex. The resulting signals can pro-
vide relevant information on the cortical func-
tioning and lead to a broader understanding of the 
neurophysiology and its alterations in clinical 
conditions. However, for that to be possible, the 
physiological significance of each measure first 
needs to be clarified.

The TEP components were proposed to repre-
sent each a particular process in the cortical 
response to the TMS pulse. Given that there 
exists a large body of neurophysiological studies 
of TMS-EMG responses, early TMS-EEG exper-
iments first targeted the motor cortex, aiming to 
relate TMS-EEG to TMS-EMG outcomes. It was 
observed that the amplitude of early TEPs (peaks 
from 15 to 80 ms after the TMS pulse) are corre-
lated with the MEP amplitude, and both are cor-
related to TMS intensity [19, 39]. This suggests 
that the amplitude of early TEPs represent the 
current local motor cortical excitability. The use 
of pharmacological agents has also helped to elu-
cidate this phenomenon. The administration of 
positive allosteric modulators at the GABA-A 
receptor (diazepam, alprazolam and zolpidem) 
increased the N45 potential (the amplitude of the 
negative peak observed 45  ms after the TMS 
pulse) elicited by TMS of motor cortex [57]. 
Similarly, the NMDA receptor antagonist dextro-
methorphan increased the N45 amplitude [40]. 
Indeed, local cortical excitability involves the 
interplay between GABAergic and glutamatergic 
interneurons, with the relative activity of these 
two neuronal systems determining the neuronal 
population’s excitability/inhibition balance and 
downstream signaling [27].

Later TEPs, on the other hand, were related to 
other neurophysiological processes, namely 
long-distance connections and GABA-B 
receptor- mediated activity. By delivering a con-
ditioning pulse around 100  ms before the test 
stimulus, the cortex is placed into a low respon-
sivity state, a paradigm named “long-interval 
intracortical inhibition” (LICI) [72], which was 

found to be mediated by GABA-B activity [77]. 
Applying this paired-pulse TMS technique in 
TMS-EEG experiments demonstrated that the 
N100 (negative peak observed 100 ms after the 
TMS pulse) can be suppressed both in the motor 
cortex [58] and the dorsolateral prefrontal cortex 
(DLPFC) [15, 17, 18]. Moreover, administration 
of a GABA-B receptor agonist (baclofen) 
increased the amplitude of the N100 at the site of 
stimulation [57, 58].

TMS-induced oscillatory cortical responses 
add additional information of relevant physiolog-
ical significance. Rosanova et  al. [63] reasoned 
that regions of the sensory cortex respond to 
incoming sensorial activation by oscillations in 
specific frequency bands, depending on the 
region (auditory, visual, somatosensory), propos-
ing that this reveals the “natural frequency” of 
that region; and in their experiment TMS pulses 
were used to provide direct activation of cortical 
areas other than sensory regions [63]. Results 
revealed that TMS of frontal cortex led to oscilla-
tory response in the high beta/gamma range 
(around 30 Hz), TMS of motor cortex in the high 
alpha/low beta range (around 18 Hz) and TMS of 
parietal cortex in the theta/low alpha range 
(around 8 Hz). Later studies found that changes 
caused by intervention in focal cortical responses 
were specifically found in their respective natural 
frequency. For instance, a pharmacological study 
of TMS to the motor cortex found that GABA-A 
(diazepam, alprazolam, zolpidem) and a 
GABA-B receptor agonist (baclofen) alter spe-
cifically TMS-induced oscillations in the alpha 
and beta band [56]. Furthermore, TMS to the 
occipital cortex elicits oscillatory response in the 
alpha band (around 10 Hz), a response that could 
be modulated by visual attention, further suggest-
ing the physiological function of induced oscilla-
tions as a natural oscillatory pattern specific for 
the cortical area of interest [25, 69].

6.4  Neuropsychiatry

The advantage of TMS-EEG in enabling read- 
outs from cortical regions beyond the motor cor-
tex offers particular benefits for the study of 
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neuropsychiatric conditions. This method has the 
potential to reveal diagnostic biomarkers of dis-
ordered cortical network function by comparing 
TMS-EEG measures between a clinical popula-
tion and healthy controls, thus potentially reveal-
ing pathophysiological mechanisms of the 
studied disorder. TMS-EEG measures can also be 
used to investigate the response to treatment in a 
clinical population, possibly delimiting the neu-
rophysiological processes associated with better 
prognosis and clinical response to treatment. 
These uses of TMS-EEG measures in neuropsy-
chiatric disorders will be exemplified below.

6.4.1  Attention-Deficit/
Hyperactivity Disorder 
(ADHD)

Bruckmann et  al. [4] proposed the use of the 
N100 amplitude as a disease marker for ADHD, 
observing that affected individuals had a reduced 
N100 amplitude evoked by TMS of the motor 
cortex compared to healthy controls, a result 
consistent across different age strata [4]. This led 
the authors to suggest that the reduced N100 
amplitude points to a deficient top-down control 
of motor inhibition, as proposed by disease mod-
els, and consistent with the later observed 
pharmaco- TMS- EEG findings summarized 
above, which showed increased N100 ampli-
tudes in higher inhibitory states. Also, a 
decreased N100 amplitude inhibition in no-go 
trials during the execution of a motor task (cued 
go/no-go task), corroborated the deficient motor 
control inhibition as a mechanism behind ADHD 
symptoms [13].

6.4.2  Schizophrenia

TMS-EMG studies have suggested a GABA-B 
cortical deficiency in subjects with schizophrenia 
[59], which is in line with results from genetic 
and neuroimaging studies pointing to a cortical 
inhibitory deficit in this population [67]. In agree-
ment with the hypothesis of GABA-B deficiency 
in the prefrontal cortex, N100 amplitude was 

found to be reduced in subjects with schizophre-
nia when targeting TMS to the DLPFC, but not 
motor cortex [51]. The capability of TMS-EEG 
in probing different cortical targets made this 
investigation possible, providing evidence on 
how the disease distinctly impacts different brain 
regions.

Combining the analysis of LICI (a TMS 
paired-pulse protocol that elicits GABA-B- 
dependent inhibitory cortical responses) and 
TMS-induced oscillatory responses revealed that 
in subjects with schizophrenia, paired-pulse TMS 
did not properly inhibit the oscillatory response 
in the gamma frequency band, which corresponds 
to the prefrontal cortex natural oscillatory 
response [17, 18, 60]. The authors suggested that 
the deficient prefrontal GABAergic activity in 
schizophrenia may be not only a disease marker, 
but also the cause of excessive gamma oscilla-
tions, which leads to aberrant plasticity, and ulti-
mately translating into learning disarray, 
inflexible thinking and consequently schizophre-
nia symptoms [60]. Indeed, subjects with schizo-
phrenia showed persistent oscillations in the 
gamma frequency range in response to TMS, a 
measure that was positively correlated with the 
severity of positive symptoms [22]. Future stud-
ies should investigate possible treatments that 
can return the cortical inhibition to normal levels 
in the prefrontal cortex, and whether this trans-
lates into clinical improvement, as has been done 
in the motor cortex with TMS-EMG [24, 34].

6.4.3  Mood Disorders

A study comparing healthy subjects to subjects 
with major depressive disorder (MDD) and bipo-
lar disorder has demonstrated that TMS of the 
premotor cortex induced less than normal oscilla-
tions in the high-beta (21–30  Hz) and gamma 
(>30 Hz) frequency bands in the clinical popula-
tions, these corresponding to the natural frequen-
cies of this cortical area [7, 63]. Concomitantly, 
subjects with MDD showed significantly lower 
amplitudes of early TEPs in response to DLPFC 
stimulation, with N45 amplitude reduction show-
ing significant diagnostic value, with 76% 
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 accuracy in correctly identifying subjects with 
MDD [75]. These two findings are intimately 
correlated: As mentioned before, early TMS 
responses relate to local cortical excitability, par-
ticularly the state of the glutamate/GABA-A 
dynamics, with enhancement of N45 amplitude 
after pharmacological challenge by positive allo-
steric modulators at the GABA-A receptor [57] 
and NMDA receptor inhibition [40]. A dysfunc-
tion of this dynamics observed in MDD, with 
reduced N45, can therefore explain the failure of 
the DLPFC in recruiting the local natural fre-
quency in the gamma band. This phenomenon 
might have central importance in the pathophysi-
ology of depressive disorders and might explain 
the efficacy of repetitive TMS protocols that 
induce prefrontal cortex facilitation in the treat-
ment of refractory MDD [41].

Aiming to use this phenomenon as a treatment 
response marker, one study investigated TMS- 
EEG oscillatory responses in subjects with bipo-
lar disorder prior and following treatment. 
Although findings confirmed a deficit of the 
TMS-induced response of prefrontal cortex in the 
high-beta/gamma frequency band in the clinical 
population compared to healthy controls, no 
change in the oscillatory response was seen fol-
lowing treatment, irrespective of clinical 
improvement, leading the authors to suggest this 
alteration as a static disease marker in people 
diagnosed with bipolar disorder [6].

6.4.4  Substance Abuse Disorders

Acute alcohol consumption was consistently 
shown to decrease N100 amplitude when target-
ing both the motor cortex and in DLPFC [32, 33, 
43], opposite to the N100 amplitude increase fol-
lowing administration of the GABA-B agonist 
baclofen [57]. This suggests that the neurophysi-
ological disinhibiting effect of alcohol involves 
disruption of GABA-B receptor-mediated corti-
cal activity. A pilot paired-pulse TMS study also 
pointed to deficient LICI when testing the DLPFC 
in subjects with alcohol abuse disorder under 
treatment, suggesting that the inhibitory defi-
ciency is not limited to alcohol consumption, but 

may be a disease marker [48]. Unfortunately, 
there is as of yet a lack of TMS-EEG studies 
involving clinical populations of patients with 
substance-related disorders.

6.4.5  Alzheimer’s Disease (AD)

Initial TMS-EEG studies with AD subjects 
pointed to a significant reduction of the P30 
amplitude to TMS of motor cortex, an abnormal-
ity that was also found in cortical areas distant 
from the stimulated motor cortex, such as the 
ipsi- and contralateral temporoparietal regions 
[30, 31]. As early TEPs are believed to reflect 
local cortical excitability at the site of stimula-
tion, it was suggested that cortical atrophy and 
loss of connectivity between cortical areas seen 
in AD might be responsible for the observed P30 
decrease. In line with this result, Casarotto et al. 
[10] found that early TEP amplitudes are 
decreased in subjects with AD, independent of 
age or cortical atrophy (the use of MRI-informed 
online estimation of the TMS-induced electric 
field guaranteed proper cortical stimulation 
despite cortical atrophy in AD) [10]. On the other 
hand, Ferreri and colleagues [20] found an 
increase in P30  in subjects with AD who were 
naïve to medication, suggesting cortical hyperex-
citability as a marker of AD, and that previous 
results were confounded by the use of 
medication.

TMS-EEG was also used to test the effects of 
an intervention, namely repetitive TMS to the 
precuneus, as a therapeutic measure to improve 
cognitive dysfunction. TMS-EEG showed 
increased cortical responsivity, with increased 
amplitude of evoked responses, only when the 
target was the precuneus, not a control region 
(posterior parietal cortex), pointing to the speci-
ficity of TMS-EEG in detecting change in a focal 
cortical area [36]. Moreover, the EEG response to 
the stimulus was observed both locally and also 
in a region corresponding to the medial prefrontal 
cortex, suggesting that the rTMS protocol had an 
effect over the frontal-parietal working memory 
network, which is centrally involved in the phys-
iopathology of AD [16].
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6.5  Future Directions

In addition to advancing the development of patho-
physiological models and disease markers, the 
combination of TMS and EEG can have further 
applications. Of particular interest is the use of 
EEG signals to guide the application of TMS 
pulses. TMS responses, and neurophysiological 
processes in general, are greatly influenced by the 
current neuronal state, which modulates the likeli-
hood of neuronal firing, downstream signaling, and 
neuroplasticity [46, 50]. Therefore, it is expected 
that the application of repetitive TMS might lead to 
differential immediate and neuroplastic effects 
when applied in different brain states. This was 
tested in the motor cortex, as TMS pulses applied 
to different phases of a relevant local oscillation 
(the sensorimotor μ-rhythm in the alpha frequency 
band) evoked MEPs of different amplitudes and led 
to different degrees of neuroplasticity [79]. Using 
this rationale, paradigms of EEG-informed repeti-
tive TMS are potentially highly interesting as a 
treatment tool, possibly enhancing efficacy of ther-
apeutic noninvasive brain stimulation for neuro-
psychiatric conditions [78].

Regarding its use in neurophysiological 
research, we have seen that TMS-EEG showed 
several relevant results in the study of neuropsy-
chiatric disorders. Nevertheless, there are funda-
mentally important issues that need to be 
addressed in advancing the field, such as uniform 
standards of data collection and data processing, 
so that results from TMS-EEG studies become 
reliable and valid across different centers around 
the world. This would need necessarily include 
the use of proper methods to remove spurious 
cortical responses, such as SEPs, to reveal the 
true nature of the brain response to TMS [3].

The physiological meaning of the TMS-EEG 
measures also deserves further attention. One of 
the advantages of TMS-EEG measures is the plu-
rality of information it can provide, from the 
amplitudes of evoked potentials to changes in 
oscillatory pattern and cortical-cortical connec-
tivity, probed in many different cortical areas. 
Nevertheless, most of our assumptions regarding 
the physiological nature of these measures are 
translated from other fields, such as the study of 

the motor cortex. However, there is already sub-
stantial evidence that TMS-EEG effects in areas 
other than motor cortex are different from those 
obtained with motor cortex stimulation. A solid 
understanding of the physiological meaning of 
TMS-EEG measures in different cortical areas is 
of significant importance for their proper inter-
pretation in healthy subjects and neuropsychiat-
ric disorders. With this aim, pharmaco-TMS-EEG 
studies using drugs with known and specific 
mode of action in the central nervous system can 
be of particular interest, revealing the relevance 
of different neurochemical pathways and the 
pharmaco-physiological mechanisms of TMS- 
evoked and -induced EEG responses [14].

Finally, studies in neuropsychiatry should con-
sider going beyond the description of focal 
changes in cortical functioning, and instead 
explore the network effects of disease and inter-
ventions. Ultimately, neuropsychiatric disorders 
are characterized by complex dysfunctions of 
brain networks, which are responsible for specific 
classes of neuronal functions and whose distur-
bance generates the clinical symptoms observed. 
TMS-EEG has the potential to probe the patho-
physiology of these networks, helping to bridge 
the gap between neurophysiological findings and 
clinical practice and thus providing a more accu-
rate description of the mechanisms behind these 
disorders, explaining their symptoms and propos-
ing personalized treatment pathways [1, 76].

In conclusion, despite the currently already 
available studies of TMS-EEG in neuropsychiat-
ric disorders, TMS-EEG is still an emergent tech-
nology, and there is much untapped potential for 
the application of TMS-EEG in the field, which 
will continue to provide insight into the neurobi-
ological underpinnings of neuropsychiatric dis-
orders and facilitate treatment options.
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Multimodal Association of tDCS 
with Electroencephalography

Nadia Bolognini and Lorenzo Diana

7.1  Introduction: A Brief Picture 
of the Present State 
of Research

In recent years, there has been an exponential rise 
in the number of studies that employ non- invasive 
brain stimulation to gain understanding of the 
neural substrates underlying normal and patho-
logical behaviour (see Parts III–IV of this book), 
as well as an adjuvant tool for treating brain dys-
function associated with neuropsychiatric disor-
ders (see Part V of this book). As clearly explained 
in the previous chapters of this book, non- invasive 
brain stimulation includes several methods that 
can be divided into two main categories: tran-
scranial magnetic stimulation (TMS) and tran-
scranial electrical stimulation (tES). The latter 
includes different modalities, namely, transcra-
nial direct current (tDCS), alternating current 
(tACS) and random noise (tRNS) stimulation. All 
of these methods involve the application of weak 

electrical currents to the scalp using at least two 
electrodes [1]. These currents induce changes in 
the electrical activity of neurons, thus modifying 
the neurons’ synaptic efficiency. Although these 
changes are insufficient to induce action poten-
tials, they introduce variation in the response 
thresholds of the stimulated neurons [2]. 
Typically, through this variation, anodal tDCS 
and tRNS increase neuronal excitability and 
cathodal tDCS decreases excitability, whereas 
tACS modifies neuronal excitability through the 
entrainment of the desired neuronal firing fre-
quency [3]. Thanks to the important develop-
ments that have been made in recent years, many 
technical difficulties that were originally faced 
during the development of tES in human research 
have been solved, the methodological founda-
tions have been laid [1] and we are now clarify-
ing the mechanisms of action of tES better and 
better. On these solid bases, we are now expand-
ing and refining the experimental and clinical use 
of tES: fostering an integrated use of this tech-
nique with neuroimaging is one of these future 
goals. This chapter aims to introduce the reader 
to some basic principles of the multimodal 
approach. We begin with a brief definition of 
“multimodal association” and then move on to a 
description of the advantages of such an approach. 
Afterwards, we provide a more specific descrip-
tion of how we can combine tES with electroen-
cephalography (EEG). In this respect, we list the 
basic technical elements that allow the best 
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 integration of tES, and in particular tDCS, with 
EEG. Finally, we show how this approach can be 
used for diagnostic or prognostic purposes in 
neuropsychiatry.

7.2  Principles of Multimodal 
Association

Over the last decade, we have observed an 
increase in the popularity of approaches that 
combine more than one method to establish, 
in vivo, the consequences of a given experimental 
manipulation, due to the increased accuracy of 
multiple imaging techniques [4]. The possibility 
of altering brain functions with tES, while simul-
taneously assessing those functions with neuro-
imaging, is essential to understand whether and 
how tES affects sensory motor, cognitive and 
affective functions. In general, every method 
used to track changes in brain activity has its pros 
and cons. For example, EEG has an excellent 
temporal resolution but has limitations in the spa-
tial component; functional magnetic resonance 
imaging (fMRI) has the opposite features: good 
spatial resolution and low temporal resolution. 
Moreover, electrophysiological and haemody-
namic/metabolic signals reflect distinct aspects 
of the underlying neural activity. From a method-
ological perspective, the combination of comple-
mentary approaches within the same experimental 
setting should boost the amount of information 
that we can obtain beyond what is achievable 
with each method independently. Therefore, the 
ideal situation is to combine non-invasive brain 
stimulation with the collection of both behav-
ioural indexes of changes and more than one 
measure of brain activity (e.g. EEG, fMRI or 
magnetic resonance spectroscopy) to overcome 
the intrinsic limits in spatial and temporal resolu-
tion of each recording technique. Such an 
approach will offer a more complete framework 
for understanding the effects of tES in vivo [5–7] 
by tracking changes at different levels of analysis 
(behavioural and neural). Moreover, electrophys-
iological correlates of tES effects can be 
employed to optimise important parameters, 
common to many neuromodulatory approaches, 

such as electrodes montage, current intensity and 
duration of stimulation, thus improving the effi-
cacy of such techniques both in experimental and 
clinical settings [6].

The main challenge of the multimodal associ-
ation approach is a technical one, given that the 
limits of combining different devices are mostly 
due to technical problems. This challenge implies 
clear understanding of the functional principles 
of the combined methods and of the distinct (due 
to the different measures), but linked, neural 
effects that are being measured (e.g. electrophys-
iological vs. haemodynamic). Moreover, we must 
be aware of, if and how, the recorded signal that 
is being altered by such combinations. For exam-
ple, tES involves the use of currents that not only 
change the function of neurons but also the capa-
bility of the EEG amplifier and electrodes to 
record the signal. Similarly, tES current flow pro-
duces a magnetic field, and MRI recording is sen-
sitive to local magnetic fields [8]. It follows that 
we need to identify a reliable method to record 
data during concurrent stimulation and registra-
tion without affecting signal quality to obtain a 
biological signal that accurately reflects the mea-
sured process, rather than a technical artefact.

7.3  Advantages of Combining 
tES with Other Methods

We are at the beginning of the development of 
these multimodal approaches, but we have at our 
disposal several methods that can be combined 
with tES to study brain functions. The simplest 
and best-known one is the use of TMS to track 
cortical excitability shifts induced by tES, as tra-
ditionally conducted in studies in the tES litera-
ture, such as in the seminal studies by Priori and 
colleagues [9] and by Nitsche and Paulus [10] at 
the turn of this century. Another approach 
involves the recording of the metabolic changes 
brought about by tES by means of fMRI, positron 
emission tomography (PET) and, more recently, 
functional near-infrared spectroscopy (fNIRS). 
PET and fMRI, in particular, offer a clear picture 
of the whole brain’s activity with uniform sensi-
tivity and high spatial resolution (see Chap. 12).
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One supplemental method that can be used to 
obtain images of human brain functioning is 
EEG. EEG allows measuring the electrical activ-
ity of populations of neurons while a subject is in 
a given state (e.g. at rest with open or closed eyes, 
or performing a perceptual or behavioural task). 
Neural activity generates electrical currents that 
pass through the skull and give rise to small 
potential fluctuations/differences, which can be 
recorded by means of electrodes fixed to the 
scalp. EEG has a relatively poor spatial sensitiv-
ity; nonetheless, it offers some important advan-
tages if combined with tES, given that both are 
based on the same electrophysiological basis. 
EEG is based on the theory of volume conduc-

tion, which describes the flow of ionic currents 
that are generated by nerves and cells in the 
extracellular space. tES uses the same principles 
to change neuronal states, although the current is 
applied to the scalp to reach the neurons. In other 
words, the advantage of recording the EEG dur-
ing tES lies in the fact that the measured signal is 
directly coupled to neuronal electrical activity 
and therefore reflects the electrical state of neu-
rons (Fig.  7.1). Currents recorded with EEG 
result from transmembrane currents in neurons, 
which are the currents that can be specifically 
modified by tES. In brief, tES can change mem-
brane permeability and, consequently, ionic cur-
rent flows [11–13], while EEG measures the 

Head volume
conductor 

Electrophysiological
state Neuromodulation

Integration to detect the affected network

EEG: Recording of
electrical changes 
using head surface

electrodes 

tES: Altering the
electrical activity in
an area by surface 

electrodes. 

Fig. 7.1 The currents 
that are recorded by 
electroencephalography 
(EEG) result from 
transmembrane currents 
in neurons; these 
currents can be 
specifically modified by 
transcranial electrical 
stimulation (tES). 
Stimulating a cortical 
area is likely to affect 
the underlying region in 
addition to other areas of 
the system, and this 
pattern of activation may 
be responsible for the 
final tES-induced 
behavioural effect. By 
combining tES and 
EEG, it becomes 
possible to acquire 
simultaneous 
measurements of the 
activity of the entire 
brain, providing a broad 
picture of cortical 
responses and a focal 
picture of which 
network has been 
affected
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voltage fluctuations that result from ionic current 
flows [14]. Consequently, the recording of EEG 
during tES provides an assessment of the effects 
of tES on neural processing in the stimulated 
brain region. Crucially, the local activation 
caused by tES spreads trans-synaptically to distal 
connected areas. Such activity propagation can 
be reliably traced by simultaneous EEG record-
ing, which therefore reflects rapid causal interac-
tions among multiple groups of neurons or, at 
least, areas. Hence, EEG offers the potential to 
simultaneously identify local and distal neural 
responses to tES, enabling elucidation of the 
stages of processing over time and across circuits 
[15, 16]. This property is relevant because 
although tES modifies neuronal activity in a cir-
cumscribed area under the stimulating electrode 
[17, 18], changes in cortical excitability do not 
remain confined to the stimulated area but spread 
to interconnected regions [19]. In tES research, 
one of the main goals of multimodal neuroimag-
ing is the evaluation of such network changes. 
Indeed, according to the process of emergence, 
the behavioural output of a complex system, such 
as our brain, arises via specific interactions 
between minor entities; consequently, the final 
tES effect cannot be merely ascribed to the 
response of simpler subunits that compose the 
stimulated area. Therefore, evaluating the effects 
at the level of network activity is fundamental for 
interpreting and predicting the final behavioural 
outcome of tES; in this sense, the EEG system is 
a valuable tool.

The objective of the next section is to describe 
the essential technical steps to create an optimal 
combination of tES with EEG recording.

7.4  Technical Aspects 
for the Combined Use of tES 
and EEG

There are two main methodological approaches 
to combining tES and EEG that depend on the 
temporal relationship between tES delivery and 
EEG recording: the “offline” method, which 
evaluates the short- and long-term after-effects 
that follow tES delivery; and the “online method,” 

which evaluates the immediate changes occur-
ring during tES [20]. Only the online method can 
be defined as a true multimodal approach (e.g. [7, 
21–39]), although the offline method can also 
provide important information. When designing 
an experiment, it is crucial to specify whether an 
online or an offline method is going to be adopted 
because these two approaches require completely 
different technical procedures and provide differ-
ent information about the mechanisms of action 
of tES. Pragmatically, the first technical problem 
to face is how to position the tES electrodes with-
out interfering with the EEG electrodes. The 
ideal situation is to have dedicated pre-cabled 
caps in which the stimulating electrodes are 
mixed with the recording electrodes (e.g. [7, 26, 
29, 40–42]). Nonetheless, when dedicated sys-
tems are not available, the simplest solution is to 
locate the so-called “active” (or target) rubber 
electrode under the cap, making sure that EEG 
electrodes are not over or too close to it. Here, a 
net-shaped elastic mesh tissue bandage can be 
used to fix the tES electrode; this will avoid inter-
ference with the EEG electrodes. However, this 
arrangement is not ideal because it does not pro-
vide easy access to the tES electrode if any prob-
lem occurs, and electrodes can drift from their 
original location. An additional issue is the pro-
duction of bridging between electrodes. 
Therefore, some researchers have placed plastic 
foil on the top of tES electrodes with the aim of 
preventing unwanted bridging or contact with the 
EEG cap [21, 43]. An alternative solution is to 
deactivate/remove the EEG electrodes that are 
positioned over the active tES electrode [35, 38, 
44], or to make a selection of electrodes based on 
the research question [32–34]. A final option is to 
create a dedicated tES-EEG cap by making some 
specific gaps (cuts) on the cap between EEG 
electrodes. This approach would enable direct 
access to the active tES electrode [23]. In addi-
tion, tES electrodes can be shaped in a more 
rounded form so that they can be fitted between 
EEG electrodes [45] or even as rings so that the 
EEG electrode can be located in the centre of the 
tES electrodes [46], as shown in Fig.  7.2. It 
should be noted that reducing the electrode’s sur-
face area increases current density; accordingly, 
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the current intensity should be adapted. With 
respect to the return (reference) electrode, it can 
be located outside the recording space (e.g. 
shoulder, cheek, part of the forehead, but it should 
be considered that locations like supraorbital or 
similar can affect the prefrontal cortex; see for 
instance [2] and other chapters). If it is necessary 
to locate it on the head, one of the procedures 
described above for the active electrode should 
be adopted. While in sequential recording (offline 
method), we face only the challenge of position-
ing the tES and EEG electrodes over the scalp to 
avoid reciprocal interference, the co-registering 
of the online method involves additional prob-
lems. As stated before, EEG is used to record 
electrical activity over the scalp, whereas tES 
involves the application of electrical current over 
the same scalp, but at a different order of magni-
tude (i.e. bigger). Therefore, the co-registering 
can be technically challenging because the tES- 
induced charges in the electrodes, amplifiers and 
skin can saturate the recording amplifier for few 
seconds before recovery of the EEG signal. In 
general, the new generation of amplifiers offers a 
large operational range for the registration of 
electrophysiological signals; this range is 
obtained by adjusting the amplifier sensitivity, 
which allows the co-registration without many 

problems, apart from a few seconds of saturation 
(~2 s) when the tES current is switched on and 
off or when an intensity variation is introduced. 
In some cases, the artefact appears only in the 
EEG channels close to the tES electrodes [22, 
34]. In this respect, although we can use, with 
some precautions, the “standard” tES electrodes 
placed in saline-soaked sponges during EEG 
recording, tES could also be delivered through 
sintered AgCl electrodes [41, 47], that is, the 
same electrodes used to record EEG. The advan-
tage of AgCl sintered ring electrodes, for record-
ing EEG, is that they are less sensible to 
polarisation effects and therefore have optimum 
long-term stability and low-frequency noise [48]. 
Generally speaking, in the standard approach, a 
physiological saline solution is applied to wet the 
sponge, taking care that the solution does not 
soak too much the hair (causing dripping) while 
ensuring that the sponges remain consistently 
wet. If caution is not used, the physiological solu-
tion can leak from the sponges; if this is the case, 
the features of the contact area will be modified, 
and they might even cause bridging between the 
tES and EEG electrodes or between EEG elec-
trodes. To improve scalp contact and avoid 
unwanted bridging between electrodes, it is pos-
sible to apply an electro-conductive gel under the 
surface of the electrode (without a sponge) to 
make the contact area, and therefore the current 
distribution, uniform (see [49] for suggestions on 
electrode setting and to avoid unwanted skin sen-
sations). In some cases, there is also the possibil-
ity to use conductive EEG “adhesive” and a 
relatively dry paste (i.e. Ten20®; Weaver and 
Company, Colorado, USA), which holds the 
electrodes in place and prevents bridging due to 
leaking of the gel [25, 27, 35]. In the attempt to 
overcome the previously mentioned disadvan-
tages, Wunder and colleagues [39] devised an 
integrated cap which features dry EEG electrodes 
(i.e. small polyurethane baseplates with Ag/
AgCl-coated multiple pins) and silicon-isolated 
textile pockets suitable for the conventional tES 
electrodes in saline-soaked sponges. In the last 
years, some integrated solutions have been made 
available on the market, but the presence of tES- 
related artefacts in the EEG signal still represents 

EEG electrode

tES electrode

Fig. 7.2 Depiction of an experimental setup that utilises 
two concentric electrodes: a central electrode to record the 
EEG signal and a ring electrode to deliver tES. (From 
Sehm et al. [46])
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a challenging problem for an optimal online co- 
registration [29, 36].

We will now address some important issues 
related to the noise introduced by the tES during 
EEG recording. Firstly, the stimulating device is 
composed of an electronic circuit that can be the 
source of unwanted external noise; this noise 
should be minimised by using a stimulator with 
adequate isolation. It is possible to test and quan-
tify these problems by performing experiments 
with a phantom head (e.g. a cantaloupe melon), 
as recently done [30, 50]. In this way, one can 
easily identify an unwanted artefact, such as 
instrumental frequency injection. “Phantom” 
data can be used to define the spectral character-
istics and the spatial distribution of tES-related, 
non-physiological artefacts; eventually the tES 
data retrieved from the phantom can be compared 
with the sham data. Complementary approaches 
to detect and remove tES-induced artefacts may 
include independent component analysis [41, 51] 
and filtering the data with a 0.5–70-Hz band pass 
filter [22].

When recording electrical brain activity, we 
have to take into account different sources of 
noise, like the electrical activity generated by 
eye, head or jaw movements. In some cases, these 
physiological artefacts can be minimised by 
instructing the subjects and by recording this 
activity (e.g. electro-oculography for eye move-
ments and blinks) for post hoc removal. However, 
it has to be noted that physiological artefacts, 
such as ocular and cardiac activity, can interact 
with tES-induced voltage changes during tES- 
EEG co-registration; hence, they should be care-
fully monitored (see [52] for a comprehensive 
discussion and possible solutions for tDCS-EEG 
setups).

While all the above-mentioned considerations 
are equally relevant for all tES modalities, tACS 
or tRNS involve an important additional chal-
lenge because they act by inducing an oscillation 
that contaminates the entire recorded signal. In 
this case, it has been suggested that it might be 
possible to clean the signal from tACS-induced 
artefacts with dedicated algorithms for data anal-
ysis [53, 54]. However, further developments in 
this direction are still needed.

In the next section, we will focus on the tDCS- 
EEG combination because the bulk of work 
regarding the multimodal association approach 
involves tDCS. A description of the combination 
of other tES techniques with EEG, with online 
and offline designs, can be found in the following 
works: tACS [55–64], pulsed/oscillatory stimula-
tion [65–68] and tRNS [44, 69].

7.5  tDCS–EEG in Studying 
Cortical Excitability, 
Connectivity and Plasticity

As discussed above, the basic mechanisms under-
lying the direct neuromodulatory effects of tES 
are well established due to several studies of ani-
mal models [70, 71] and in human subjects [72]. 
However, a number of works have also high-
lighted the complexity of the technique and the 
non-linearity of the induced effects [73–75], as 
well as the large inter-subject variability [76–78]. 
Overall, our understanding of tES-induced online 
and offline effects on neural activity remains 
fragmented. Given these premises, the impor-
tance of electrophysiological studies aimed at 
clarifying the consequences of neuromodulation 
by tDCS becomes evident. EEG-based investiga-
tions are even more important if we consider that 
tDCS-induced effects are sensitive to the specific 
state of the stimulated area [79–82].

Another issue is related to the spatial and tem-
poral resolution of tDCS, which are considered to 
be very low; however, recently, this picture has 
been shown to not always be true. Many lines of 
evidence, including those that combine tDCS and 
EEG, indicate that the final effect, on both behav-
ioural and neural activity, can be very focal [83]. 
The specificity of the effects of tDCS effects 
results from the fact that this form of brain stimu-
lation principally affects neurons that are close to 
the discharge threshold, which means that the 
final effect emerges from a change in the activity 
of a specific, circumscribed neural network, 
which is related to the subject’s state or to a given 
cognitive process [84, 85].

Since the beginning of this century, EEG has 
been used to track the products of cortical excit-
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ability shifts brought about by tES (e.g. [86]) and 
to predict the spatio-temporal dynamics of 
 functional connectivity (e.g. [19]). The online 
and offline methods described above, as well as 
the issue of how the combined tDCS-EEG 
approach can be utilised in interactive and rhyth-
mic (i.e. using repetitive TMS; [87]) manners, 
have been extensively discussed elsewhere [20, 
88]. In the following section, after reporting a 
gross description of the main studies in this field 
(both online and offline approaches), we will 
briefly describe only some recent advances (for 
an overview of the seminal works, see the review 
paper by Miniussi and co-workers [20]).

The majority of the studies have recorded 
EEG activity in the resting state, such as by ana-
lysing neural oscillations associated with tDCS 
by frequency changes [22, 24, 26, 28, 41, 43, 
89–94] or by recording the effects of tDCS on 
functional connectivity [19, 30, 31]. In some 
instances, TMS was also incorporated to probe 
changes in excitability or connectivity before and 
after tDCS [25, 69, 91, 95–97] and even during 
tDCS stimulation [35]. Several studies have 
recorded EEG activity to evaluate how tDCS 
modulates the activity of different sensory areas, 
including visual [21, 39, 86, 98], auditory [38, 
99] and somatosensory [46, 100–103] areas. 
Others studies have analysed event-related poten-
tials (ERPs) or changes in signal frequency in an 
active state, that is, during the execution of a task, 
in different contexts, including: decision-making 
[34], social cognition [104] mismatch negativity 
[82], inhibitory control [23, 105–107], working 
memory [36, 108–112], motor imagery [33, 113], 
motor performance (e.g. finger tapping [114]), 
language [115–118] and attention [37, 119, 120].

It is very difficult to compare and reconcile the 
results from all of these studies given their het-
erogeneity with respect to the stimulation param-
eters (e.g. density and duration), electrode 
montage (i.e. bipolar vs. unipolar), studied popu-
lation, targeted areas and the task performed by 
the subjects. Collectively, the main message 
offered is that the tDCS-EEG combination can be 
used to effectively evaluate changes in cortical 
excitability, connectivity and plasticity. Such 
changes depend on several factors, a finding that 

stresses the existence of a “non-linear” brain 
response to tDCS, which reflects the variability 
of behavioural outcomes [69, 77, 78]. In particu-
lar, investigations of cortical rhythms have shown 
that tDCS directly modulates rhythmic cortical 
synchronisation during and after its delivery. The 
majority of these studies found an increase in 
almost all bands (delta, theta, alpha and beta), 
which appeared to be more prevalent and reliable 
after anodal tDCS. Nonetheless, Donaldson and 
colleagues [94], stimulating the right temporopa-
rietal junction, found long-range, delta and theta 
power changes in the frontal region after cathodal 
stimulation, further highlighting the complexity 
of brain responses to electrical perturbations. 
Indeed, we have to keep in mind that neuronal 
networks are very sensitive to electric field mod-
ulation [121], and the efficacy of tDCS might 
depend on the intrinsic network structure [122]. 
In this regard, it has also been suggested that net-
work effects may be related to the concepts of 
noise and stochastic resonance [85], where a 
weak stimulation (such as the neuromodulation 
itself) that is added to the system’s fluctuations 
enhances (or reduces) the biological signal, in 
turn potentiating the response of the stimulated 
network.

An interesting result regarding the interaction 
between brain activity and stimulation was 
reported by Accornero et  al. [22]. The authors 
evaluated changes in EEG frequency as a marker 
of excitability changes induced by different elec-
trode montages, bipolar and unipolar, that tar-
geted the prefrontal cortex. The bipolar montage 
involved positioning both electrodes over pre-
frontal areas (cathodal right and anodal left, or 
vice versa), whereas in the unipolar montage, one 
electrode was positioned over the prefrontal cor-
tex, while the other was positioned on the oppo-
site wrist. The first finding was that anodal tDCS 
induced changes in the mean frequency of the 
EEG; these changes occurred very rapidly (after 
1  min of stimulation) and remained substantial 
and consistent throughout the whole stimulation 
period (15 min). The second, and most interest-
ing, finding was related to the interaction between 
the electrode montage and the stimulated cortex, 
as indexed by changes in the EEG mean fre-
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quency that were constrained to the cortical area 
that was stimulated. As illustrated in Fig.  7.3, 
anodal tDCS to the left prefrontal area, cathodal 
tDCS to the right prefrontal area or both together 
(bipolar stimulation) increased the EEG mean 
frequency; in contrast, when the montage was 
“reversed”, meaning cathodal tDCS to the left 
prefrontal area or anodal tDCS to the right pre-
frontal area, but not both together, the EEG mean 
frequency was decreased. The changes induced 
by unipolar anodal and cathodal tDCS were simi-
lar in terms of absolute size (anodal tDCS 
increased cortical excitability, whereas cathodal 

tDCS decreased it) but were specific for the stim-
ulated site. In other words, the primary aspect 
that determined the decrease or increase in the 
mean frequency was related to the circuitry of the 
frontal cortex that was stimulated [22]. This evi-
dence shows how prefrontal areas act “as a 
whole” to modulate the brain activity recorded by 
EEG, highlighting that the main factor that deter-
mines whether the mean frequency will decrease 
or increase is not only the stimulation, but the 
combination of stimulation type with the stimu-
lated network. This type of result is relevant when 
we want to test the efficacy of a montage for 
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-0.2 ± 1.0%
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Bipolar montages Unipolar montages

Fig. 7.3 Percentage change in the EEG mean frequency 
recorded after 15 min of stimulation compared with that 
recorded at baseline (5 min before tES). Values represent 

the mean ± standard deviation. The vertical arrow height 
indicates the magnitude of the intensity of the effect. A 
anodal, C cathodal. (Adapted from Accornero et al. [22])
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pathologies such as depression, because an 
imbalance in the activity of the prefrontal  cortices 
is considered to be of key importance in this type 
of application [123, 124]. This evidence may also 
be important as a potential explanation for the 
frequent finding, in both cognitive and perceptual 
studies, of the failure of some electrode montages 
(e.g. cathodal) to effectively modify (e.g. inhibit) 
prefrontal activity. Therefore, considering that 
EEG frequency correlates with many psychologi-
cal features also relevant for clinical symptoms, 
such as mental arousal level [125] and mood and 
performance in various tasks [126, 127], it 
becomes obvious that a priori knowledge of 
which tDCS montage and methodology is most 
effective in inducing changes in EEG frequency 
could guide the optimal therapeutic use of tDCS.

Additionally, several other works have shown 
that tDCS modulates the amplitude and latency 
of some ERP components in a very specific way 
(see Reinhart and Woodman [83] for a commen-
tary), although not to the same extent in every 
condition (e.g. [82]), nor in every single individ-
ual (e.g. [110]). Overall, the key point from these 
studies is that the final tDCS effect depends on 
the state of the neural system at the time of the 
stimulation. Impey and Knott [82] found that 
tDCS induces a modulation of the mismatch neg-
ativity elicited by an auditory sensory discrimi-
nation task, and the observed effect was 
condition-specific and not spatially constrained 
to the stimulated area. They found tDCS-induced 
changes in the mismatch negativity component, 
which originates from the prefrontal cortex, 
although the stimulating electrode was located 
over the temporal cortex. Of interest, the modula-
tion was present only when the deviant changes 
were difficult to detect, whereas it was absent in 
easy conditions. This last result suggests that the 
effects of tDCS are sensitive to task difficulty 
(e.g. [15, 79]). Along the same line, a study by 
Tseng and colleagues [110] showed that the out-
come of tDCS is not always uniform; rather, it 
depends on individual differences in performance 
level. In a visual short-term memory task, anodal 
tDCS over the posterior parietal cortex was able 
to improve performance and the related EEG 
components in low performers, but not in high 

performers. Indeed, after tDCS, low performers 
showed an increased amplitude in the EEG com-
ponents related to attentional deployment and 
memory access (i.e. the N2pc and contralateral 
delay activity or sustained parietal contralateral 
negativity), whereas high performers showed 
equally large waveforms in the above-mentioned 
EEG components, both before and after tDCS, 
along with the absence of tDCS effects on 
behaviour.

The take-home message from these few exam-
ples is that tDCS can change cortical excitability 
and that such changes can be reliably detected 
with EEG.  Importantly, the effects of tDCS are 
not mapped as a unidirectional, linear change 
solely on the stimulation features, such as polar-
ity, intensity and electrode montage; likewise, 
behavioural changes by tDCS are not always lin-
ear and systematic in every experimental condi-
tion. All these changes depend on the stimulation 
parameters, as well as the brain state during the 
tDCS delivery [128–130].

As discussed in the previous sections, apply-
ing an electrical field to a non-linear dynamic 
system, such as the brain, seems to have many 
non-trivial effects that preclude a simple extrapo-
lation to behaviour. For this reason, the use of the 
combination of EEG and tDCS offers additional 
insight into the level of action of tDCS, as EEG 
can contribute to the identification and under-
standing of the physiological conditions associ-
ated with non-linear tES-induced effects which 
may be, in some instances, even unforeseeable. 
For example, investigating the impact of different 
current intensities in healthy subjects, Hoy and 
co-workers [108] found that anodal tDCS at 
1  mA was able to induce a greater cognitive 
enhancement than when it was delivered at an 
intensity of 2 mA. Accordingly, increased theta 
event-related synchronisation and alpha event- 
related desynchronisation were detected with the 
EEG co-registration mainly following the stimu-
lation at 1 mA, as compared to sham tDCS [108]. 
More recently, Nikolin et al. [36] compared the 
effects of different tDCS intensities (1 and 2 mA, 
and three sham conditions) on working memory 
both at behavioural level (i.e. response times and 
accuracy in a 3-back task) and electrophysiologi-
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cal level (i.e. P3, an ERP component thought to 
originate in the dorsolateral prefrontal cortex). 
Although the behavioural performance was not 
affected by either stimulation intensity, the P3 
amplitude was significantly modulated by tDCS, 
with the largest effects after tDCS at 
1  mA.  Importantly, the electrophysiological 
effects (i.e. P3 modulation) were found even after 
one sham stimulation with a current intensity of 
0.034 mA, which was not expected to alter brain 
activity.

To conclude, the concurrent adoption of EEG 
will enable more reliable, clearer predictions of 
what we should expect after the application of 
tDCS in a given task and on specific neural mech-
anisms. This knowledge becomes even more 
important if tES is used with therapeutic pur-
poses because of the inherent difficulty in pre-
dicting clinical outcomes and determining the 
individual patient’s response to tES.  In the fol-
lowing section, an overview of the clinical feasi-
bility of simultaneous tDCS and EEG recording 
in neurological and psychiatric diseases is 
provided.

7.6  Multimodal Imaging 
as a Diagnostic/Prognostic 
Tool in Neuropsychiatric 
Disorders

Behavioural studies have revealed many potential 
therapeutic applications of tDCS, in particular as 
a rehabilitation tool for a wide variety of diseases 
that involve changes in cortical excitability (e.g. 
[2, 131–135]; see also Part IV of this book).

Deepening our understanding of the neuro-
plastic effects of tDCS is essential to improve 
clinical outcomes of rehabilitation. From this 
perspective, the combined use of tES and EEG in 
clinical practice should allow the identification of 
prognostic factors as well as predictors of the 
clinical response to stimulation. This knowledge 
should increase the success rate of tES-based 
rehabilitation programmes by making them indi-
vidually tailored. This is still a clinical challenge 
of the combination of tES and EEG, since, to 
date, too few clinical studies have been conducted 

following these lines, even though multiple 
opportunities can be foreseen.

Beginning with the simplest application, tDCS 
neuromodulatory features can be exploited to 
modulate the altered balance between excitatory 
and inhibitory patterns typical of human epilepsy, 
as well as other diseases with similar pathophysi-
ology [136, 137]. Abnormal increases in the 
excitability of the cerebral cortex are fundamen-
tal characteristics of epilepsy, and interictal activ-
ity on EEG reflects this indirectly. Therefore, 
EEG recording can be used to track online and 
offline whether cathodal tDCS can potentially 
reduce ictal events, allowing continuous monitor-
ing of interictal epileptiform activity, as bio-
marker, both during and after the stimulation. For 
example, Faria et al. [41] polarised, with tDCS, 
the brain of two patients with refractory epilepsy 
while recording online EEG to observe changes 
in epileptogenic activity. Repeated sessions of 
tDCS, with the cathode positioned over the area 
of epileptogenic activity, induced a significant 
reduction in interictal epileptiform EEG dis-
charges both during and after the stimulations. 
More recently, in the study by Lin and colleagues 
[138], nine patients with partial refractory epi-
lepsy received multiple applications of cathodal 
tDCS. The authors reported a cumulative effect 
of tDCS leading to a general reduction of seizure 
frequency. However, no reduction of epileptiform 
discharges was observed. These few examples 
suggest that further steps have to be taken to 
detect reliable EEG markers of tDCS efficacy, 
which need to take into account the inter- 
individual variability of patients. In this direc-
tion, a recent work [139] indicates that functional 
connectivity between the epileptic focus and 
other areas may contribute to explain the effects 
of cathodal tDCS.

Roizenblatt et al. [140] used EEG to evaluate 
whether tDCS-induced pain changes in fibromy-
algia are associated with changes in sleep struc-
ture by comparing changes in EEG sleep 
parameters induced by anodal tDCS over the pri-
mary motor cortex (M1) or over the dorsolateral 
prefrontal cortex (DLPFC); in both cases, the 
return electrode was placed over the contralateral 
supraorbital area. Anodal tDCS was shown to 
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affect sleep depending on the site of stimulation: 
whereas M1 stimulation increased sleep 
 efficiency, decreased arousal and increased delta 
activity in non-REM sleep, DLPFC stimulation 
decreased sleep efficiency, increased REM and 
sleep latency, increased alpha activity and 
decreased delta activity in non-REM sleep. 
Importantly, the decrease in REM latency and the 
increase in sleep efficiency by tDCS over M1 
were associated with an improvement in fibromy-
algia. These findings are relevant to understand 
the possible mechanisms at the basis of tDCS-
induced pain relief in fibromyalgia and suggest 
that the effects likely depend on sleep modulation 
that is specific to the modulation of M1 activity 
[140].

EEG can also be used to predict clinical 
responses to tDCS, as done by Vanneste and co- 
workers [141] who explored whether the func-
tional state of the brain at baseline could be used 
to discriminate between responders and non- 
responders to a bi-frontal tDCS-based treatment 
of tinnitus. Prior to tDCS application, the base-
line EEG activity of the responders showed 
increased functional connectivity in the gamma 
band, which was not detected in non-responders 
[141]. The relevance of EEG functional interac-
tions to elucidate tES effects in tinnitus was also 
showed by a recent tRNS study [142].

Another important aspect, as suggested by the 
study of Notturno et al. [114], is that tDCS can 
change the strength of synaptic connections 
between motor areas [19], which may favour 
motor recovery. Indeed, the induction of local 
modulation of membrane polarisation as well as 
long-lasting synaptic modifications by tDCS over 
M1 could result in changes in both local band 
power and in the functional architecture of the 
motor network. Therefore, the optimal use of 
tDCS in post-stroke motor rehabilitation may be 
based on the direct evaluation of EEG-derived 
functional connectivity changes during and after 
tDCS [16], or by analysing if baseline (before 
tDCS) functional connectivity can predict the 
clinical outcomes of brain stimulation [143, 144]. 
For instance, Hordacre and colleagues [143] 
assessed in chronic stroke patients whether mea-
sures of resting state functional connectivity 

could predict changes in corticospinal excitabil-
ity after anodal tDCS of the lesioned motor cor-
tex. Stronger functional connectivity in the alpha 
band between the lesioned M1 and two clusters 
of electrodes (i.e. ipsilesional parietal and con-
tralesional fronto-parietal) was associated with 
an increase of corticospinal excitability after 
anodal tDCS.  The message conveyed by this 
study is that EEG biomarkers may be used to 
improve the clinical use of tDCS for stroke as 
well as for other neurological diseases associated 
with alterations of oscillatory brain activity, for 
example, by taking specific connectivity thresh-
olds to identify patients who would more likely 
benefit from a neuromodulation therapy [144].

Another interesting development is the use of 
tDCS in combination with EEG-based brain–
computer (or machine) interface systems (BCIs 
or BMIs). BCIs are used to record, decode, and 
translate measurable neurophysiological signals 
that are associated with the user’s intention or 
state to drive external devices. EEG-based BCIs 
make use of specific EEG frequencies or event- 
related brain potentials [145]. Soekadar and col-
leagues [27] evaluated, in healthy subjects, the 
feasibility of combining EEG-based BCIs with 
tDCS by investigating the influence of simultane-
ous tDCS on EEG recordings across different fre-
quency bands. Participants were instructed to 
self-regulate EEG-recorded motor-related oscil-
lations (i.e. desynchronisation of mu rhythms 
associated with motor imagery), which were 
translated into online cursor movements on a 
computer screen. During the BCI session, sham 
or active tDCS was delivered: the active tDCS 
electrode was placed immediately anterior (1 cm) 
to the EEG electrode used for online BCI control 
(C4), and the reference electrode was placed over 
the left supraorbital region. The application of 
tDCS was associated with a significant signal 
increase across the lower frequency bands (delta 
and theta) in the proximity of the stimulation 
electrode as well as at larger distances (>8 cm). 
Similarly, an offline method was used to evaluate 
the increase of mu rhythm in stroke patients 
[146]. Mu rhythm of the affected hemisphere 
increased after anodal tDCS over the primary 
motor cortex, whereas it did not change after 
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sham tDCS [146]. This evidence provides the 
first demonstration that the delivery of tDCS in 
close proximity to an EEG channel for learned 
self-regulation of brain oscillatory activity is fea-
sible and safe. Furthermore, EEG changes can be 
used to characterise the mechanisms of motor 
recovery following tDCS-BCI treatments. A 
recent study by Mane et al. [147] investigated in 
chronic stroke patients the effects of a BCI treat-
ment, alone or combined with tDCS, on EEG 
spectral power and related motor improvements. 
Interestingly, the authors found that different 
EEG features were associated to BCI treatment 
(i.e. changes in theta power and interactions 
between theta, alpha and beta power) and tDCS-
BCI treatment (i.e. power-based asymmetry 
index), suggesting the involvement of distinct 
neural mechanisms of recovery associated to dif-
ferent treatments. The potential to modulate, with 
tDCS, the activity of brain areas that are func-
tionally related to BMI control is important for 
improving the therapeutic applicability of BMI, 
and it opens up new opportunities to investigate 
the association between learned self- regulation 
of brain activity, including oscillatory activity, 
and tDCS-induced behavioural changes.

More recently, tDCS has attracted consider-
able interest as a therapeutic option for disorders 
of consciousness (DoC; see Chap. 36), such as 
vegetative state/unresponsive wakefulness syn-
drome (UWS) and minimally conscious state 
(MCS). In patients with altered consciousness, 
where overt, behavioural responses may be at 
times absent or fluctuant, EEG can be useful to 
monitor the clinical course, to detect changes of 
cerebral activity after tDCS and to identify bio-
markers of response to brain stimulation (e.g. 
[148–151]). For example, Cavinato and col-
leagues [150], in a sham-controlled study, applied 
anodal tDCS to the left DLPFC of patients in 
UWS and patients in an MCS.  The analysis of 
EEG spectral power and functional connectivity 
(i.e. coherence analysis) after repeated sessions 
of tDCS revealed different patterns for the two 
groups of patients: whereas MCS patients showed 
some clinical improvements accompanied by 
increased power and coherence (mostly at alpha 
and beta frequency of fronto-parietal channels), 

UWS showed no clinical modifications and only 
small local changes on the site of stimulation. 
Notably, spared connectivity is quintessential for 
the brain to produce complex patterns of activity 
that are at the same time integrated and differenti-
ated; indeed, such a complexity can discriminate 
between different states of consciousness (see, 
e.g. [152]). The centrality of functional connec-
tivity was also highlighted by Thibaut et al. [149] 
who identified the preservation of theta band con-
nectivity as a biomarker of response to tDCS, 
and, more recently, by Hermann and colleagues 
[151] who found increased long-range cortico- 
cortical functional connectivity in the theta-alpha 
band in responders, compared to non-responders 
(see Fig. 7.4).

Finally, a number of recent studies looked at 
EEG frequencies and ERPs as indexes of tDCS- 
induced clinical improvements in psychiatric dis-
orders, such as schizophrenia (e.g. [153–155]) 
and depression (e.g. [156, 157]; see also [158] for 
a review). For example, in a study with schizo-
phrenic patients, Kim and collaborators [154] 
considered amplitude, latency and variability of 
the auditory P300, an ERP generated by the 
detection of a deviant tone within a set of same 
tones, which was found to correlate with symp-
tom severity of schizophrenia [159]. After 
repeated sessions of anodal stimulation of the left 
DLPFC, P300 latency and inter-trial variability 
were associated with an improvement of negative 
symptoms (e.g. blunted affects and apathy), 
whereas reduced P300, inter-trial variability and 
inter-trial coherence at theta frequency featured 
decreased positive symptoms, such as hallucina-
tions and delusions. In the field of psychiatric 
disorders, tDCS has been increasingly used to 
treat depression, although it is well known that 
not all patients respond to this intervention [133]. 
EEG may be particularly useful to address 
whether and how tDCS might be clinically help-
ful in depression. For instance, Al-Kaysi and col-
leagues [156] investigated whether baseline EEG 
spectral power (i.e. measured before the begin-
ning of the treatment) could identify responders 
and non-responders to a tDCS treatment for 
major depressive disorder. Despite the small 
number of participants, the authors found that 
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baseline brain activity in two frontal channels 
(i.e. FC4-AF8) could predict post-treatment 
mood improvements in eight out of ten of 
patients. Notably, altered activity of the right pre-
frontal cortex was previously found in depressed 
patients compared to healthy subjects [160]. 
Moreover, the activity of two parietal channels 
(i.e. CPz-CP2) showed very good predictive 
value with respect to cognitive improvements, at 
least in terms of processing speed, a main cogni-
tive marker of depression.

In brief, these examples illustrate how the 
combination of EEG and tES can be used in clini-
cal settings to identify patients who could poten-
tially respond to a rehabilitation protocol based 
on neuromodulation and which tES protocol 
would be suited for a given patient (predictive 
role); on the other hand, combining EEG and tES 
may allow the evaluation of cortical activity 
changes that form the basis of a clinical improve-
ment (assessment role), enriching our under-

standing of the mechanisms of action of 
neuromodulation in neuropsychiatric diseases.

7.7  Conclusions and Final 
Remarks

Research must certainly move ahead to improve 
the development of multimodal association 
approaches. There is still much work to do to 
determine the optimal implementation of tES 
with simultaneous EEG recoding. First of all, it is 
necessary to develop and share theoretical models 
and standardised procedures of application and 
analysis; the present knowledge provides inspira-
tion for important progresses in this field. As 
reported in this overview, at least in healthy sub-
jects, many behavioural effects brought about by 
tES have been substantiated by electrophysiologi-
cal data, and we are learning that changes in some 
tES parameters are fundamental for improving the 
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Fig. 7.4 (a) 3D representation of functional connectivity 
in the theta-alpha band in disorders of consciousness fol-
lowing anodal tDCS applied over the DLPC. Connectivity 
changes in the theta-alpha band were assessed by the 
weighted symbolic mutual information (wSMI θ), a mea-
sure of global information sharing across brain areas that 
evaluates the extent to which two EEG channels present 
non-random joint fluctuations, suggesting that they share 
common sources. A cluster of 5918 pairs of electrodes, 
located over a centro-parietal hub encompassing parietal 
and occipital cortices, showed increased functional con-

nectivity in responders (R+) after tDCS as compared to 
before the stimulation, while no change emerged in non- 
responders (R−). (b) Clinical effects of tDCS as assessed 
with the Coma Recovery Scale-Revised (CRS-R). The 
graph shows individual CRS-R scores before and after 
tDCS, which are represented for R+ (black lines) and R– 
(grey lines), along with the patients’ state: VS/UWS veg-
etative state/unresponsive wakefulness syndrome, EMCS 
exit minimally conscious state, MCS minimally conscious 
state. (Adapted from Hermann et al. [151], licensed under 
CC BY 4.0. https://creativecommons.org/licenses/by/4.0/)
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efficacy of the stimulation and for modelling 
behavioural effects. All of these aspects need to be 
further explored, in patients with psychiatric or 
neurological diseases as well, because we cannot 
take for granted that a protocol that has been 
found to be effective in healthy subjects could be 
simply and directly transferred to a clinical set-
ting. In particular, given that the effects of tES are 
strongly dependent on the system state, applica-
tion of the parameters that have been developed in 
healthy populations might not induce the same 
response in a system that has a completely differ-
ent homeostasis due to pathological alterations of 
brain functioning.

References

 1. Woods AJ, Antal A, Bikson M, Boggio PS, Brunoni 
AR, Celnik P, et al. A technical guide to tDCS, and 
related non-invasive brain stimulation tools. Clin 
Neurophysiol. 2016;127(2):1031–48.

 2. Brunoni AR, Nitsche MA, Bolognini N, Bikson 
M, Wagner T, Merabet L, et  al. Clinical research 
with transcranial direct current stimulation (tDCS): 
challenges and future directions. Brain Stimul. 
2012;5:175–95.

 3. Paulus W.  Transcranial electrical stimulation 
(tES–tDCS; tRNS, tACS) methods. Neuropsychol 
Rehabil. 2011;21:602–17.

 4. He B, Liu Z. Multimodal functional neuroimaging: 
integrating functional MRI and EEG/MEG.  IEEE 
Rev Biomed Eng. 2008;1:23–40.

 5. Hunter MA, Coffman BA, Trumbo MC, Clark 
VP.  Tracking the neuroplastic changes associated 
with transcranial direct current stimulation: a push 
for multimodal imaging. Front Hum Neurosci. 
2013;7:495.

 6. Bergmann TO, Karabanov A, Hartwigsen G, 
Thielscher A, Siebner HR. Combining non-invasive 
transcranial brain stimulation with neuroimag-
ing and electrophysiology: current approaches and 
future perspectives. NeuroImage. 2016;140:4–19.

 7. Giovannella M, Ibañez D, Gregori-Pla C, Kacprzak 
M, Mitjà G, Ruffini G, et  al. Concurrent measure-
ment of cerebral hemodynamics and electroen-
cephalography during transcranial direct current 
stimulation. Neurophotonics. 2018;5(1):015001.

 8. Antal A, Bikson M, Datta A, Lafon B, Dechent P, 
Parra LC, et  al. Imaging artifacts induced by elec-
trical stimulation during conventional fMRI of the 
brain. NeuroImage. 2012;85(Pt 3):1040–7.

 9. Priori A, Berardelli A, Rona S, Accornero N, 
Manfredi M. Polarization of the human motor cortex 
through the scalp. Neuroreport. 1998;9:2257–60.

 10. Nitsche MA, Paulus W. Excitability changes induced 
in the human motor cortex by weak transcranial 
direct current stimulation. J Physiol. 2000;527(Pt 
3):633–9.

 11. Liebetanz D, Nitsche MA, Tergau F, Paulus 
W.  Pharmacological approach to the mechanisms 
of transcranial DC-stimulation-induced after- 
effects of human motor cortex excitability. Brain. 
2002;125:2238–47.

 12. Medeiros LF, de Souza IC, Vidor LP, de Souza A, 
Deitos A, Volz MS, et  al. Neurobiological effects 
of transcranial direct current stimulation: a review. 
Front Psych. 2012;3:110.

 13. Nitsche MA, Fricke K, Henschke U, Schlitterlau 
A, Liebetanz D, Lang N, et  al. Pharmacological 
modulation of cortical excitability shifts induced by 
transcranial direct current stimulation in humans. J 
Physiol. 2003;553:293–301.

 14. Rugg MD, Coles MGH.  Electrophysiology of 
mind: event-related brain potentials and cognition. 
New York: Oxford University Press; 1995.

 15. Bortoletto M, Veniero D, Thut G, Miniussi C. The 
contribution of TMS-EEG coregistration in the 
exploration of the human cortical connectome. 
Neurosci Biobehav Rev. 2015;49:114–24.

 16. Luft CD, Pereda E, Banissy MJ, Bhattacharya J. Best 
of both worlds: promise of combining brain stimu-
lation and brain connectome. Front Syst Neurosci. 
2014;8:132.

 17. Miranda PC, Lomarev M, Hallett M. Modeling the 
current distribution during transcranial direct current 
stimulation. Clin Neurophysiol. 2006;117:1623–9.

 18. Wagner T, Fregni F, Fecteau S, Grodzinsky A, Zahn 
M, Pascual-Leone A.  Transcranial direct current 
stimulation: a computer-based human model study. 
NeuroImage. 2007;35:1113–24.

 19. Polania R, Nitsche MA, Paulus W.  Modulating 
functional connectivity patterns and topological 
functional organization of the human brain with 
transcranial direct current stimulation. Hum Brain 
Mapp. 2011;32:1236–49.

 20. Miniussi C, Brignani D, Pellicciari MC. Combining 
transcranial electrical stimulation with electroen-
cephalography: a multimodal approach. Clin EEG 
Neurosci. 2012;43:184–91.

 21. Accornero N, Li Voti P, La Riccia M, Gregori 
B.  Visual evoked potentials modulation during 
direct current cortical polarization. Exp Brain Res. 
2007;178:261–6.

 22. Accornero N, Capozza M, Pieroni L, Pro S, Davi L, 
Mecarelli O. EEG mean frequency changes in healthy 
subjects during prefrontal transcranial direct current 
stimulation. J Neurophysiol. 2014;112:1367–75.

 23. Cunillera T, Brignani D, Cucurell D, Fuentemilla 
L, Miniussi C.  The right inferior frontal cortex in 
response inhibition: a tDCS-ERP co-registration 
study. NeuroImage. 2016; https://doi.org/10.1016/j.
neuroimage.2015.11.044.

 24. Mangia AL, Pirini M, Cappello A.  Transcranial 
direct current stimulation and power spectral param-

N. Bolognini and L. Diana

https://doi.org/10.1016/j.neuroimage.2015.11.044
https://doi.org/10.1016/j.neuroimage.2015.11.044


121

eters: a tDCS/EEG co-registration study. Front Hum 
Neurosci. 2014;8:601.

 25. Romero Lauro LJ, Rosanova M, Mattavelli G, 
Convento S, Pisoni A, Opitz A, et al. TDCS increases 
cortical excitability: direct evidence from TMS- 
EEG. Cortex. 2014;58:99–111.

 26. Roy A, Baxter B, He B. High-definition transcranial 
direct current stimulation induces both acute and 
persistent changes in broadband cortical synchroni-
zation: a simultaneous tDCS-EEG study. IEEE Trans 
Biomed Eng. 2014;61:1967–78.

 27. Soekadar SR, Witkowski M, Cossio EG, Birbaumer 
N, Cohen LG. Learned EEG-based brain selfregula-
tion of motor-related oscillations during application 
of transcranial electric brain stimulation: feasibility 
and limitations. Front Behav Neurosci. 2014;8:93.

 28. Song M, Shin Y, Yun K. Beta-frequency EEG activ-
ity increased during transcranial direct current stim-
ulation. Neuroreport. 2014;25:1433–6.

 29. Boonstra TW, Nikolin S, Meisener AC, Martin DM, 
Loo CK. Change in mean frequency of resting-state 
electroencephalography after transcranial direct cur-
rent stimulation. Front Hum Neurosci. 2016;10:270.

 30. Mancini M, Brignani D, Conforto S, Mauri P, 
Miniussi C, Pellicciari MC. Assessing cortical syn-
chronization during transcranial direct current stim-
ulation: a graph-theoretical analysis. NeuroImage. 
2016;140:57–65.

 31. Vecchio F, Pellicciari MC, Miraglia F, Brignani 
D, Miniussi C, Rossini PM. Effects of transcranial 
direct current stimulation on the functional coupling 
of the sensorimotor cortical network. NeuroImage. 
2016;140:50–6.

 32. Fiene M, Rufener KS, Kuehne M, Matzke M, Heinze 
HJ, Zaehle T.  Electrophysiological and behavioral 
effects of frontal transcranial direct current stimu-
lation on cognitive fatigue in multiple sclerosis. J 
Neurol. 2018;265(3):607–17.

 33. Mondini V, Mangia AL, Cappello A. Single-session 
tDCS over the dominant hemisphere affects contra-
lateral spectral EEG power, but does not enhance 
neurofeedback-guided event-related desynchroniza-
tion of the non-dominant hemisphere’s sensorimotor 
rhythm. PLoS One. 2018;13(3):e0193004.

 34. Wischnewski M, Bekkering H, Schutter 
DJLG. Frontal cortex electrophysiology in reward- 
and punishment-related feedback processing dur-
ing advice-guided decision making: an interleaved 
EEG-DC stimulation study. Cogn Affect Behav 
Neurosci. 2018;18(2):249–62.

 35. Varoli E, Pisoni A, Mattavelli GC, Vergallito A, 
Gallucci A, Mauro LD, et al. Tracking the effect of 
cathodal transcranial direct current stimulation on 
cortical excitability and connectivity by means of 
TMS-EEG. Front Neurosci. 2018;12:319.

 36. Nikolin S, Martin D, Loo CK, Boonstra TW. Effects 
of TDCS dosage on working memory in healthy par-
ticipants. Brain Stimul. 2018;11(3):518–27.

 37. Brosnan MB, Arvaneh M, Harty S, Maguire T, 
O’Connell R, Robertson IH, et al. Prefrontal modu-

lation of visual processing and sustained attention in 
aging, a tDCS-EEG coregistration approach. J Cogn 
Neurosci. 2018;30(11):1630–45.

 38. Kunzelmann K, Meier L, Grieder M, Morishima 
Y, Dierks T.  No effect of transcranial direct cur-
rent stimulation of the auditory cortex on auditory- 
evoked potentials. Front Neurosci. 2018;12:880.

 39. Wunder S, Hunold A, Fiedler P, Schlegelmilch 
F, Schellhorn K, Haueisen J.  Novel bifunctional 
cap for simultaneous electroencephalography 
and transcranial electrical stimulation. Sci Rep. 
2018;8(1):1–11.

 40. Faria P, Leal A, Miranda PC.  Comparing differ-
ent electrode configurations using the 10-10 inter-
national system in tDCS: a finite element model 
analysis. Conf Proc IEEE Eng Med Biol Soc. 
2009;2009:1596–9.

 41. Faria P, Fregni F, Sebastiao F, Dias AI, Leal 
A.  Feasibility of focal transcranial DC polariza-
tion with simultaneous EEG recording: preliminary 
assessment in healthy subjects and human epilepsy. 
Epilepsy Behav. 2012;25:417–25.

 42. Schestatsky P, Morales-Quezada L, Fregni 
F.  Simultaneous EEG monitoring during tran-
scranial direct current stimulation. J Vis Exp. 
2013;76:e50426.

 43. Miller J, Berger B, Sauseng P. Anodal transcranial 
direct current stimulation (tDCS) increases frontal 
midline theta activity in the human EEG: a pre-
liminary investigation of non-invasive stimulation. 
Neurosci Lett. 2015;588:114–9.

 44. Van Doren J, Langguth B, Schecklmann 
M.  Electroencephalographic effects of transcranial 
random noise stimulation in the auditory cortex. 
Brain Stimul. 2014;7:807–12.

 45. Ambrus GG, Antal A, Paulus W.  Comparing cuta-
neous perception induced by electrical stimulation 
using rectangular and round shaped electrodes. Clin 
Neurophysiol. 2011;122:803–7.

 46. Sehm B, Hoff M, Gundlach C, Taubert M, Conde 
V, Villringer A, et  al. A novel ring electrode setup 
for the recording of somatosensory evoked poten-
tials during transcranial direct current stimulation 
(tDCS). J Neurosci Methods. 2013;212:234–6.

 47. Datta A, Bansal V, Diaz J, Patel J, Reato D, Bikson 
M.  Gyri-precise head model of transcranial direct 
current stimulation: improved spatial focality using 
a ring electrode versus conventional rectangular pad. 
Brain Stimul. 2009;2:201–7.

 48. Tallgren P, Vanhatalo S, Kaila K, Voipio 
J.  Evaluation of commercially available electrodes 
and gels for recording of slow EEG potentials. Clin 
Neurophysiol. 2005;116:799–806.

 49. Fertonani A, Ferrari C, Miniussi C. What do you feel 
if I apply transcranial electric stimulation? Safety, 
sensations and secondary induced effects. Clin 
Neurophysiol. 2015;126:2181–8.

 50. Veniero D, Bortoletto M, Miniussi C.  TMS-EEG 
coregistration: on TMS-induced artifact. Clin 
Neurophysiol. 2009;120:1392–9.

7 tDCS EEG Integration



122

 51. Coffman BA, Clark VP, Parasuraman R.  Battery 
powered thought: enhancement of attention, learn-
ing, and memory in healthy adults using transcranial 
direct current stimulation. NeuroImage. 2014;85(Pt 
3):895–908.

 52. Gebodh N, Esmaeilpour Z, Adair D, Chelette K, 
Dmochowski J, Woods AJ, et  al. Inherent physi-
ological artifacts in EEG during tDCS. Neuroimage. 
2019;185:408–24.

 53. Helfrich RF, Knepper H, Nolte G, Struber D, Rach 
S, Herrmann CS, et al. Selective modulation of inter-
hemispheric functional connectivity by HD-tACS 
shapes perception. PLoS Biol. 2014;12:e1002031.

 54. Kohli S, Casson AJ.  Removal of gross artifacts 
of transcranial alternating current stimulation in 
simultaneous EEG monitoring. Sensors (Basel). 
2019;19(1):E190.

 55. Cecere R, Rees G, Romei V. Individual differences 
in alpha frequency drive crossmodal illusory percep-
tion. Curr Biol. 2014;25:231–5.

 56. Herrmann CS, Strüber D, Helfrich RF, Engel 
AK. EEG oscillations: from correlation to causality. 
Int J Psychophysiol. 2016;103:12–21.

 57. Neuling T, Wagner S, Wolters CH, Zaehle T, 
Herrmann CS. Finite-element model predicts current 
density distribution for clinical applications of tDCS 
and tACS. Front Psych. 2012;3:83.

 58. Neuling T, Ruhnau P, Fusca M, Demarchi G, 
Herrmann CS, Weisz N. Friends, not foes: magneto-
encephalography as a tool to uncover brain dynamics 
during transcranial alternating current stimulation. 
NeuroImage. 2015;118:406–13.

 59. Polania R, Nitsche MA, Korman C, Batsikadze G, 
Paulus W.  The importance of timing in segregated 
theta phase-coupling for cognitive performance. 
Curr Biol. 2012;22:1314–8.

 60. Schmidt S, Mante A, Ronnefarth M, Fleischmann 
R, Gall C, Brandt SA. Progressive enhancement of 
alpha activity and visual function in patients with 
optic neuropathy: a two-week repeated session 
alternating current stimulation study. Brain Stimul. 
2013;6:87–93.

 61. Schroeder MJ, Barr RE. Quantitative analysis of the 
electroencephalogram during cranial electrotherapy 
stimulation. Clin Neurophysiol. 2001;112:2075–83.

 62. Voss U, Holzmann R, Hobson A, Paulus W, 
Koppehele-Gossel J, Klimke A, et  al. Induction of 
self awareness in dreams through frontal low cur-
rent stimulation of gamma activity. Nat Neurosci. 
2014;17:810–2.

 63. Lustenberger C, Boyle MR, Alagapan S, Mellin 
JM, Vaughn BV, Fröhlich F.  Feedback-controlled 
transcranial alternating current stimulation reveals a 
functional role of sleep spindles in motor memory 
consolidation. Curr Biol. 2016;26(16):2127–36.

 64. Ahn S, Mellin JM, Alagapan S, Alexander ML, 
Gilmore JH, Jarskog LF, et  al. Targeting reduced 
neural oscillations in patients with schizophre-
nia by transcranial alternating current stimulation. 
Neuroimage. 2019;186:126–36.

 65. Eggert T, Dorn H, Sauter C, Nitsche MA, Bajbouj 
M, Danker-Hopfe H. No effects of slow oscillatory 
transcranial direct current stimulation (tDCS) on 
sleep-dependent memory consolidation in healthy 
elderly subjects. Brain Stimul. 2013;6:938–45.

 66. Kirov R, Weiss C, Siebner HR, Born J, Marshall 
L.  Slow oscillation electrical brain stimulation 
during waking promotes EEG theta activity and 
memory encoding. Proc Natl Acad Sci U S A. 
2009;106:15460–5.

 67. Marshall L, Helgadottir H, Molle M, Born 
J. Boosting slow oscillations during sleep potentiates 
memory. Nature. 2006;444:610–3.

 68. Bueno-Lopez A, Eggert T, Dorn H, Danker-Hopfe 
H. Slow oscillatory transcranial direct current stimu-
lation (so-tDCS) during slow wave sleep has no 
effects on declarative memory in healthy young sub-
jects. Brain Stimul. 2019;12(4):948–58.

 69. Fertonani A, Pirulli C, Bollini A, Miniussi C, 
Bortoletto M. Age-related changes in cortical con-
nectivity influence the neuromodulatory effects of 
transcranial electrical stimulation. Neurobiol Aging. 
2019;82:77–87.

 70. Bindman LJ, Lippold OC, Redfearn JW. The action 
of brief polarizing currents on the cerebral cor-
tex of the rat (1) during current flow and (2) in the 
production of long-lasting after-effects. J Physiol. 
1964;172:369–82.

 71. Creutzfeldt OD, Fromm GH, Kapp H. Influence of 
transcortical d-c currents on cortical neuronal activ-
ity. Exp Neurol. 1962;5:436–52.

 72. Stagg CJ, Nitsche MA. Physiological basis of tran-
scranial direct current stimulation. Neuroscientist. 
2011;17:37–53.

 73. Batsikadze G, Moliadze V, Paulus W, Kuo MF, 
Nitsche MA. Partially non-linear stimulation inten-
sity- dependent effects of direct current stimulation 
on motor cortex excitability in humans. J Physiol. 
2013;591:1987–2000.

 74. Moliadze V, Atalay D, Antal A, Paulus W.  Close 
to threshold transcranial electrical stimulation 
preferentially activates inhibitory networks before 
switching to excitation with higher intensities. Brain 
Stimul. 2012;5:505–11.

 75. Pirulli C, Fertonani A, Miniussi C. Is neural hyperpo-
larization by cathodal stimulation always detrimen-
tal at the behavioral level? Front Behav Neurosci. 
2014;8:226.

 76. Krause B, Cohen Kadosh R. Not all brains are cre-
ated equal: the relevance of individual differences in 
responsiveness to transcranial electrical stimulation. 
Front Syst Neurosci. 2014;8:25.

 77. Li LM, Uehara K, Hanakawa T. The contribution of 
interindividual factors to variability of response in 
transcranial direct current stimulation studies. Front 
Cell Neurosci. 2015;9:181.

 78. Wiethoff S, Hamada M, Rothwell JC. Variability 
in response to transcranial direct current stim-
ulation of the motor cortex. Brain Stimul. 
2014;7:468–75.

N. Bolognini and L. Diana



123

 79. Bortoletto M, Pellicciari MC, Rodella C, Miniussi 
C. The interaction with task-induced activity is more 
important than polarization: a tDCS study. Brain 
Stimul. 2015;8:269–76.

 80. Furuya S, Klaus M, Nitsche MA, Paulus W, 
Altenmuller E.  Ceiling effects prevent further 
improvement of transcranial stimulation in skilled 
musicians. J Neurosci. 2014;34:13834–9.

 81. Gill J, Shah-Basak PP, Hamilton R. It’s the thought 
that counts: examining the task-dependent effects of 
transcranial direct current stimulation on executive 
function. Brain Stimul. 2015;8:253–9.

 82. Impey D, Knott V. Effect of transcranial direct cur-
rent stimulation (tDCS) on MMN-indexed audi-
tory discrimination: a pilot study. J Neural Transm 
(Vienna). 2015;122:1175–85.

 83. Reinhart RM, Woodman GF. The surprising tempo-
ral specificity of direct-current stimulation. Trends 
Neurosci. 2015;38:459–61.

 84. Dayan E, Censor N, Buch ER, Sandrini M, Cohen 
LG.  Noninvasive brain stimulation: from physiol-
ogy to network dynamics and back. Nat Neurosci. 
2013;16:838–44.

 85. Miniussi C, Harris JA, Ruzzoli M. Modelling nonin-
vasive brain stimulation in cognitive neuroscience. 
Neurosci Biobehav Rev. 2013;37:1702–12.

 86. Antal A, Kincses TZ, Nitsche MA, Bartfai O, Paulus 
W. Excitability changes induced in the human pri-
mary visual cortex by transcranial direct current 
stimulation: direct electrophysiological evidence. 
Invest Ophthalmol Vis Sci. 2004;45:702–7.

 87. Thut G, Miniussi C.  New insights into rhythmic 
brain activity from TMS-EEG studies. Trends Cogn 
Sci. 2009;13:182–9.

 88. Miniussi C, Thut G.  Combining TMS and EEG 
offers new prospects in cognitive neuroscience. 
Brain Topogr. 2010;22:249–56.

 89. Ardolino G, Bossi B, Barbieri S, Priori A.  Non- 
synaptic mechanisms underlie the after-effects of 
cathodal transcutaneous direct current stimulation of 
the human brain. J Physiol. 2005;568:653–63.

 90. Moliadze V, Andreas S, Lyzhko E, Schmanke T, 
Gurashvili T, Freitag CM, et  al. Ten minutes of 
1mA transcranial direct current stimulation was well 
tolerated by children and adolescents: self-reports 
and resting state EEG analysis. Brain Res Bull. 
2015;119:25–33.

 91. Pellicciari MC, Brignani D, Miniussi C. Excitability 
modulation of the motor system induced by tran-
scranial direct current stimulation: a multimodal 
approach. NeuroImage. 2013;83:569–80.

 92. Spitoni GF, Cimmino RL, Bozzacchi C, Pizzamiglio 
L, Di Russo F.  Modulation of spontaneous alpha 
brain rhythms using low-intensity transcranial 
direct current stimulation. Front Hum Neurosci. 
2013;7:529.

 93. Tadini L, El-Nazer R, Brunoni AR, Williams J, 
Carvas M, Boggio P, et  al. Cognitive, mood, and 
electroencephalographic effects of noninvasive 

cortical stimulation with weak electrical currents. J 
ECT. 2011;27:134–40.

 94. Donaldson PH, Kirkovski M, Yang JS, Bekkali S, 
Enticott PG. High-definition tDCS to the right tem-
poroparietal junction modulates slow-wave rest-
ing state power and coherence in healthy adults. J 
Neurophysiol. 2019;122(4):1735–44.

 95. Pisoni A, Mattavelli G, Papagno C, Rosanova 
M, Casali AG, Romero Lauro LJ.  Cognitive 
enhancement induced by anodal tDCS drives 
circuit-specific cortical plasticity. Cereb Cortex. 
2018;28(4):1132–40.

 96. Gordon PC, Zrenner C, Desideri D, Belardinelli 
P, Zrenner B, Brunoni AR, et  al. Modulation 
of cortical responses by transcranial direct cur-
rent stimulation of dorsolateral prefrontal cortex: 
a resting- state EEG and TMS-EEG study. Brain 
Stimul. 2018;11(5):1024–32.

 97. Hill AT, Rogasch NC, Fitzgerald PB, Hoy 
KE. Impact of concurrent task performance on tran-
scranial direct current stimulation (tDCS)-Induced 
changes in cortical physiology and working mem-
ory. Cortex. 2019;113:37–57.

 98. Strigaro G, Mayer I, Chen JC, Cantello R, Rothwell 
JC. Transcranial direct current stimulation effects on 
single and paired flash visual evoked potentials. Clin 
EEG Neurosci. 2014;46:208–13.

 99. Zaehle T, Beretta M, Jancke L, Herrmann CS, 
Sandmann P.  Excitability changes induced in the 
human auditory cortex by transcranial direct current 
stimulation: direct electrophysiological evidence. 
Exp Brain Res. 2011;215:135–40.

 100. Antal A, Brepohl N, Poreisz C, Boros K, Csifcsak 
G, Paulus W.  Transcranial direct current stimula-
tion over somatosensory cortex decreases experi-
mentally induced acute pain perception. Clin J Pain. 
2008;24:56–63.

 101. Csifcsak G, Antal A, Hillers F, Levold M, Bachmann 
CG, Happe S, et  al. Modulatory effects of tran-
scranial direct current stimulation on laser-evoked 
potentials. Pain Med. 2009;10:122–32.

 102. Dieckhofer A, Waberski TD, Nitsche M, Paulus W, 
Buchner H, Gobbele R. Transcranial direct current 
stimulation applied over the somatosensory cortex - 
differential effect on low and high frequency SEPs. 
Clin Neurophysiol. 2006;117:2221–7.

 103. Matsunaga K, Nitsche MA, Tsuji S, Rothwell 
JC.  Effect of transcranial DC sensorimotor cortex 
stimulation on somatosensory evoked potentials in 
humans. Clin Neurophysiol. 2004;115:456–60.

 104. Donaldson PH, Kirkovski M, Rinehart NJ, Enticott 
PG.  A double-blind HD-tDCS/EEG study exam-
ining right temporoparietal junction involve-
ment in facial emotion processing. Soc Neurosci. 
2019;14(6):681–96.

 105. Jacobson L, Ezra A, Berger U, Lavidor M. Modulating 
oscillatory brain activity correlates of behavioral 
inhibition using transcranial direct current stimula-
tion. Clin Neurophysiol. 2012;123:979–84.

7 tDCS EEG Integration



124

 106. Dubreuil-Vall L, Chau P, Ruffini G, Widge AS, 
Camprodon JA. tDCS to the left DLPFC modulates 
cognitive and physiological correlates of executive 
function in a state-dependent manner. Brain Stimul. 
2019;12(6):1456–63.

 107. Boudewyn M, Roberts BM, Mizrak E, Ranganath 
C, Carter CS.  Prefrontal transcranial direct cur-
rent stimulation (tDCS) enhances behavioral and 
EEG markers of proactive control. Cogn Neurosci. 
2019;10(2):57–65.

 108. Hoy KE, Emonson MR, Arnold SL, Thomson RH, 
Daskalakis ZJ, Fitzgerald PB.  Testing the limits: 
investigating the effect of tDCS dose on work-
ing memory enhancement in healthy controls. 
Neuropsychologia. 2013;51:1777–84.

 109. Keeser D, Padberg F, Reisinger E, Pogarell O, Kirsch 
V, Palm U, et al. Prefrontal direct current stimulation 
modulates resting EEG and event-related potentials 
in healthy subjects: a standardized low resolu-
tion tomography (sLORETA) study. NeuroImage. 
2011;55:644–57.

 110. Tseng P, Hsu TY, Chang CF, Tzeng OJ, Hung DL, 
Muggleton NG, et  al. Unleashing potential: tran-
scranial direct current stimulation over the right 
posterior parietal cortex improves change detec-
tion in low-performing individuals. J Neurosci. 
2012;32:10554–61.

 111. Zaehle T, Sandmann P, Thorne JD, Jancke L, 
Herrmann CS.  Transcranial direct current stimula-
tion of the prefrontal cortex modulates working 
memory performance: combined behavioural and 
electrophysiological evidence. BMC Neurosci. 
2011;12:2.

 112. Jones KT, Johnson EL, Berryhill ME. Frontoparietal 
theta-gamma interactions track working memory 
enhancement with training and tDCS. NeuroImage. 
2020;211:116615.

 113. Matsumoto J, Fujiwara T, Takahashi O, Liu M, 
Kimura A, Ushiba J.  Modulation of mu rhythm 
desynchronization during motor imagery by tran-
scranial direct current stimulation. J Neuroeng 
Rehabil. 2010;7:27.

 114. Notturno F, Marzetti L, Pizzella V, Uncini A, 
Zappasodi F. Local and remote effects of transcra-
nial direct current stimulation on the electrical activ-
ity of the motor cortical network. Hum Brain Mapp. 
2014;35:2220–32.

 115. Wirth M, Rahman RA, Kuenecke J, Koenig T, 
Horn H, Sommer W, et  al. Effects of transcranial 
direct current stimulation (tDCS) on behaviour 
and electrophysiology of language production. 
Neuropsychologia. 2011;49:3989–98.

 116. Wu D, Wang J, Yuan Y. Effects of transcranial direct 
current stimulation on naming and cortical excit-
ability in stroke patients with aphasia. Neurosci Lett. 
2015;589:115–20.

 117. Radman N, Britz J, Buetler K, Weekes BS, 
Spierer L, Annoni JM.  Dorsolateral prefrontal 
transcranial direct current stimulation modulates 
language processing but does not facilitate overt 

second language word production. Front Neurosci. 
2018;12:490.

 118. Baptista NI, Manfredi M, Boggio PS.  Medial pre-
frontal cortex stimulation modulates irony pro-
cessing as indexed by the N400. Soc Neurosci. 
2018;13(4):495–510.

 119. Luna FG, Román-Caballero R, Barttfeld P, Lupiáñez 
J, Martín-Arévalo E.  A high-definition tDCS and 
EEG study on attention and vigilance: brain stimula-
tion mitigates the executive but not the arousal vigi-
lance decrement. Neuropsychologia. 2020; https://
doi.org/10.1016/j.neuropsychologia.2020.107447.

 120. Zink N, Kang K, Li SC, Beste C. Anodal transcranial 
direct current stimulation (atDCS) enhances the effi-
ciency of functional brain network communication 
during auditory attentional control. J Neurophysiol. 
2020; https://doi.org/10.1152/jn.00074.2020.

 121. Francis JT, Gluckman BJ, Schiff SJ.  Sensitivity 
of neurons to weak electric fields. J Neurosci. 
2003;23:7255–61.

 122. Kutchko KM, Frohlich F. Emergence of metastable 
state dynamics in interconnected cortical networks 
with propagation delays. PLoS Comput Biol. 
2013;9:e1003304.

 123. Ho KA, Bai S, Martin D, Alonzo A, Dokos S, Puras 
P, et  al. A pilot study of alternative transcranial 
direct current stimulation electrode montages for 
the treatment of major depression. J Affect Disord. 
2014;167:251–8.

 124. Loo CK, Martin DM. Could transcranial direct cur-
rent stimulation have unexpected additional benefits 
in the treatment of depressed patients? Expert Rev 
Neurother. 2012;12:751–3.

 125. Makeig S, Jung TP. Changes in alertness are a prin-
cipal component of variance in the EEG spectrum. 
Neuroreport. 1995;7:213–6.

 126. Gruzelier J. A theory of alpha/theta neurofeedback, 
creative performance enhancement, long distance 
functional connectivity and psychological integra-
tion. Cogn Process. 2009;10(Suppl 1):S101–9.

 127. Klimesch W. EEG alpha and theta oscillations reflect 
cognitive and memory performance: a review and 
analysis. Brain Res Brain Res Rev. 1999;29:169–95.

 128. Benwell CS, Learmonth G, Miniussi C, Harvey M, 
Thut G.  Non-linear effects of transcranial direct 
current stimulation as a function of individual base-
line performance: evidence from biparietal tDCS 
influence on lateralized attention bias. Cortex. 
2015;69:152–65.

 129. Learmonth G, Thut G, Benwell CS, Harvey 
M.  The implications of state-dependent tDCS 
effects in aging: behavioural response is deter-
mined by baseline performance. Neuropsychologia. 
2015;74:108–19.

 130. Sarkar A, Dowker A, Cohen KR. Cognitive enhance-
ment or cognitive cost: trait-specific outcomes of 
brain stimulation in the case of mathematics anxiety. 
J Neurosci. 2014;34:16605–10.

 131. Bolognini N, Pascual-Leone A, Fregni F.  Using 
noninvasive brain stimulation to augment motor 

N. Bolognini and L. Diana

https://doi.org/10.1016/j.neuropsychologia.2020.107447
https://doi.org/10.1016/j.neuropsychologia.2020.107447
https://doi.org/10.1152/jn.00074.2020


125

training- induced plasticity. J Neuroeng Rehabil. 
2009;6:8.

 132. Bolognini N, Convento S, Banco E, Mattioli F, Tesio 
L, Vallar G.  Improving ideomotor limb apraxia by 
electrical stimulation of the left posterior parietal 
cortex. Brain. 2015;138:428–39.

 133. Brunoni AR, Moffa AH, Fregni F, Palm U, Padberg 
F, Blumberger DM, et  al. Transcranial direct cur-
rent stimulation for acute major depressive epi-
sodes: meta-analysis of individual patient data. Br J 
Psychiatry. 2016;208(6):522–31.

 134. Fregni F, Nitsche MA, Loo CK, Brunoni AR, 
Marangolo P, Leite J, et  al. Regulatory consider-
ations for the clinical and research use of transcra-
nial direct current stimulation (tDCS): review and 
recommendations from an expert panel. Clin Res 
Regul Aff. 2015;32:22–35.

 135. Kuo MF, Paulus W, Nitsche MA. Therapeutic effects 
of non-invasive brain stimulation with direct currents 
(tDCS) in neuropsychiatric diseases. NeuroImage. 
2014;85:948–60.

 136. Okun M, Lampl I. Instantaneous correlation of exci-
tation and inhibition during ongoing and sensory 
evoked activities. Nat Neurosci. 2008;11(5):535–7.

 137. Krause B, Márquez-Ruiz J, Cohen KR.  The effect 
of transcranial direct current stimulation: a role for 
cortical excitation/inhibition balance? Front Hum 
Neurosci. 2013;7:602.

 138. Lin LC, Ouyang CS, Chiang CT, Yang RC, Wu 
RC, Wu HC.  Cumulative effect of transcranial 
direct current stimulation in patients with partial 
refractory epilepsy and its association with phase 
lag index-A preliminary study. Epilepsy Behav. 
2018;84:142–7.

 139. Tecchio F, Cottone C, Porcaro C, Cancelli A, Di 
Lazzaro V, Assenza G. Brain functional connectiv-
ity changes after transcranial direct current stimu-
lation in epileptic patients. Front Neural Circuits. 
2018;12:44.

 140. Roizenblatt S, Fregni F, Gimenez R, Wetzel T, 
Rigonatti SP, Tufi KS, et al. Site-specific effects of 
transcranial direct current stimulation on sleep and 
pain in fibromyalgia: a randomized, sham-controlled 
study. Pain Pract. 2007;7:297–306.

 141. Vanneste S, Focquaert F, Van de Heyning P, De 
Ridder D. Different resting state brain activity and 
functional connectivity in patients who respond and 
not respond to bifrontal tDCS for tinnitus suppres-
sion. Exp Brain Res. 2011;210:217–27.

 142. Mohsen S, Mahmoudian S, Talebian S, Pourbakht 
A.  Multisite transcranial random noise stimulation 
(tRNS) modulates the distress network activity and 
oscillatory powers in subjects with chronic tinnitus. 
J Clin Neurosci. 2019;67:178–84.

 143. Hordacre B, Moezzi B, Ridding MC. Neuroplasticity 
and network connectivity of the motor cortex follow-
ing stroke: A transcranial direct current stimulation 
study. Hum Brain Mapp. 2018;39(8):3326–39.

 144. Hordacre B, Moezzi B, Ridding MC.  Towards 
targeted brain stimulation in stroke: connectiv-

ity as a biomarker of response. J Exp Neurosci. 
2018;12:1179069518809060.

 145. Daly JJ, Wolpaw JR.  Brain-computer interfaces 
in neurological rehabilitation. Lancet Neurol. 
2008;7:1032–43.

 146. Kasashima Y, Fujiwara T, Matsushika Y, Tsuji T, 
Hase K, Ushiyama J, et  al. Modulation of event- 
related desynchronization during motor imagery 
with transcranial direct current stimulation (tDCS) 
in patients with chronic hemiparetic stroke. Exp 
Brain Res. 2012;221:263–8.

 147. Mane R, Chew E, Phua KS, Ang KK, Vinod AP, 
Guan C.  Quantitative EEG as biomarkers for the 
monitoring of post-stroke motor recovery in BCI and 
tDCS rehabilitation. Conf Proc IEEE Eng Med Biol 
Soc. 2018;2018(07):3610–3.

 148. Bai Y, Xia X, Wang Y, Guo Y, Yang Y, He J, et al. 
Fronto-parietal coherence response to tDCS modula-
tion in patients with disorders of consciousness. Int J 
Neurosci. 2018;128(7):587–94.

 149. Thibaut A, Chennu S, Chatelle C, Martens G, Annen 
J, Cassol H, et al. Theta network centrality correlates 
with tDCS response in disorders of consciousness. 
Brain Stimul. 2018;11(6):1407–9.

 150. Cavinato M, Genna C, Formaggio E, Gregorio C, 
Storti SF, Manganotti P, et al. Behavioural and elec-
trophysiological effects of tDCS to prefrontal cor-
tex in patients with disorders of consciousness. Clin 
Neurophysiol. 2019;130(2):231–8.

 151. Hermann B, Raimondo F, Hirsch L, Huang Y, Denis- 
Valente M, Pérez P, et al. Combined behavioral and 
electrophysiological evidence for a direct cortical 
effect of prefrontal tDCS on disorders of conscious-
ness. Sci Rep. 2020;10(1):4323.

 152. Casarotto S, Comanducci A, Rosanova M, Sarasso 
S, Fecchio M, Napolitani M, et  al. Stratification 
of unresponsive patients by an independently 
validated index of brain complexity. Ann Neurol. 
2016;80(5):718–29.

 153. Kim M, Yoon YB, Lee TH, Lee TY, Kwon JS. The 
effect of tDCS on auditory hallucination and P50 
sensory gating in patients with schizophrenia: a pilot 
study. Schizophr Res. 2018;192:469–70.

 154. Kim M, Lee TH, Hwang WJ, Lee TY, Kwon 
JS. Auditory P300 as a neurophysiological correlate 
of symptomatic improvement by transcranial direct 
current stimulation in patients with schizophrenia: 
a pilot study. Clin EEG Neurosci. 2018; https://doi.
org/10.1177/1550059418815228.

 155. Rassovsky Y, Dunn W, Wynn JK, Wu AD, Iacoboni 
M, Hellemann G, et  al. Single transcranial direct 
current stimulation in schizophrenia: random-
ized, cross-over study of neurocognition, social 
cognition, ERPs, and side effects. PLoS One. 
2018;13(5):e0197023.

 156. Al-Kaysi AM, Al-Ani A, Loo CK, Powell TY, Martin 
DM, Breakspear M, et al. Predicting tDCS treatment 
outcomes of patients with major depressive disorder 
using automated EEG classification. J Affect Disord. 
2017;208:597–603.

7 tDCS EEG Integration

https://doi.org/10.1177/1550059418815228
https://doi.org/10.1177/1550059418815228


126

 157. Nikolin S, Martin D, Loo CK, Iacoviello BM, 
Boonstra TW. Assessing neurophysiological changes 
associated with combined transcranial direct cur-
rent stimulation and cognitive-emotional training 
for treatment-resistant depression. Eur J Neurosci. 
2020;51(10):2119–33.

 158. Kim M, Kwak YB, Lee TY, Kwon JS. Modulation 
of electrophysiology by transcranial direct current 
stimulation in psychiatric disorders: a systematic 
review. Psychiatry Investig. 2018;15(5):434–44.

 159. Higashima M, Nagasawa T, Kawasaki Y, Oka T, 
Sakai N, Tsukada T, et al. Auditory P300 amplitude 
as a state marker for positive symptoms in schizo-
phrenia: cross-sectional and retrospective longitudi-
nal studies. Schizophr Res. 2003;59(2–3):147–57.

 160. Saletu B, Anderer P, Saletu-Zyhlarz GM.  EEG 
topography and tomography (LORETA) in diagno-
sis and pharmacotherapy of depression. Clin EEG 
Neurosci. 2010;41(4):203–10.

N. Bolognini and L. Diana



127© Springer Nature Switzerland AG 2021 
A. R. Brunoni et al. (eds.), Transcranial Direct Current Stimulation in Neuropsychiatric Disorders, 
https://doi.org/10.1007/978-3-030-76136-3_8

tDCS and Magnetic Resonance 
Imaging
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8.1  Introduction

Transcranial direct current stimulation (tDCS) is 
a promising tool for neuroscience applications 
and a potential adjunct therapy for a range of 
neurological and psychiatric disorders. However, 
before we can fully utilize the potential of tDCS, 
more needs to be understood about the neural 
mechanisms underpinning stimulation. In the 
past, the effects of tDCS have been studied pri-
marily through experiments utilizing transcranial 
magnetic stimulation (TMS), sometimes in  
combination with pharmacological agents (see 
Chap. 38 in this volume and [1]) which have 
added greatly to our understanding of the local 
physiological effects of tDCS.

In recent years, however, there has been an 
increasing interest in using advanced neuroimag-
ing techniques to study the effects of tDCS, both 
in healthy controls and clinical populations. Once 
the technical difficulties are overcome (see 
below), the combination of tDCS with magnetic 
resonance (MR) is a powerful tool that allows to 
study not only of the brain regions directly stimu-
lated by tDCS, but unlike most TMS approaches, 
we can also understand how tDCS modulates 
activity in the rest of the brain.

It is worth noting, particularly in a book high-
lighting the use of tDCS in psychiatric disorders, 
that the effects of tDCS are dependent on the site 
of stimulation, the duration of stimulation and the 
electrode configuration used, to a greater or lesser 
extent. The vast majority of studies investigating 
the mechanistic underpinnings of tDCS have 
studied the ‘conventional’ electrode placement as 
first described by Nitsche and Paulus [2]
(Fig. 8.1a), with one electrode over the primary 
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motor cortex (M1) and one over the contralateral 
supraorbital ridge. We therefore concentrate here 
on studies using this montage, though we have 
highlighted important studies using different 
electrode placements where we believe that these 
will be of importance in the context of the poten-
tial treatment of psychiatric disorders. However, 
it is important to note that while some of the find-
ings from studies involving an M1 montage will 
be applicable to other sites, this cannot be 
assumed and further studies are warranted with 
any electrode montage of interest.

8.2  Combining tDCS and MRI

tDCS can be combined with MRI either in a 
sequential or concurrent approach. In sequential 
acquisition, the stimulation is delivered outside 
of the scanner with the participant placed in the 
scanner before and immediately following the 
stimulation period. Alternatively, stimulation can 
be delivered within the bore of the scanner (con-

current acquisition) either at the same time as 
collecting MR data or during rest (Fig. 8.1b).

Both approaches have been used successfully, 
with concurrent acquisition the most favourable 
in most cases due to logistical issues associated 
with removing and replacing the participant 
before subsequent MR data can be collected. 
Concurrent acquisition also has the advantage 
that pre- and post-stimulation data can be con-
trolled for reproducibility (in terms of placement 
for spectroscopy voxels or high-resolution fMRI 
slices). While there are obvious advantages to 
concurrent stimulation, integration of tDCS to 
MRI requires multiple extra considerations 
including MR-specific kit, additional setup crite-
ria and potential adverse effects on MR acquisi-
tions. The following should be seen only as a 
summary of the most significant risks of the 
approach, and given the inherent risks of the 
technique, tDCS should only be used in the scan-
ner environment by trained individuals.

Concurrent tDCS/MRI requires a specialist kit 
that is MR compatible and rigorously tested. The 

a b

Fig. 8.1 (a) Overview of the ‘conventional’ tDCS elec-
trode configuration most studied in the literature  – one 
electrode over the left primary motor cortex and one over 
the right supraorbital ridge. (b) Example set-up of tDCS 

in the MR environment, showing careful placement of 
extension leads and the stimulator kept out of the mag-
netic field
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electrodes used in this case should be fitted with 
high-ohmic resistors to prevent induction of eddy 
currents within the stimulating leads. Additional 
care should be taken to keep the leads away from 
the participant to prevent RF burns and run paral-
lel to the bore without loops to prevent eddy cur-
rents. The tDCS stimulator must be kept in the 
control room and monitored closely by a 
researcher for the duration of the stimulation.

In addition, and in contrast to tDCS outside of 
the scanner, electrodes must be carefully pre-
pared with high conductance electrical paste 
(such as that used for EEG) as saline-soaked 
sponges will dry out over time, making their use 
unsuitable for MRI scans that ordinarily last 
around 60–90  minutes. Dry sponges result in 
poor conductance of the electrical current, which 
can be uncomfortable or even painful for the par-
ticipant and may result in skin burning in severe 
cases. For more details on the use of tDCS in the 
MR environment, see [3].

8.3  Functional Magnetic 
Resonance Imaging

Functional magnetic resonance imaging (fMRI) 
is a versatile and non-invasive tool that can be 
used to inform our understanding of how tDCS 
can modulate activity within the brain. The 
majority of the studies discussed here rely on the 
quantification of the blood oxygen level- 
dependent (BOLD) contrast, the most widely 
used fMRI technique, although other fMRI tech-
niques are available, of which arterial spin label-
ling (see later) is perhaps the most relevant in the 
context of psychiatric disease.

8.4  BOLD Functional MRI

The BOLD signal relies on relative changes of 
deoxygenated haemoglobin (DeoxyHb) and oxy-
genated haemoglobin (OxyHb) caused by local 
changes in brain activity and is therefore an indi-
rect measure of neuronal activity. The BOLD sig-
nal is reliant on the magnetic properties of these 
two compounds. DeoxyHb contains an iron mol-

ecule making it paramagnetic, meaning it has a 
significant interaction with the applied magnetic 
field during MRI. By contrast, OxyHb is diamag-
netic, so it has little effect on the magnetic field. 
Therefore, if the ratio of OxyHb:DeoxyHb 
changes within a localized region of tissue as a 
result of local neuronal activity, this can be 
detected using BOLD fMRI. However, the precise 
relationship between changes in neuronal activity 
and a detectable change in the BOLD signal is 
complex and not yet fully understood [4].

8.4.1  Resting-State fMRI

Functional MRI acquired while the subject is lying 
in the scanner at rest, and commonly following the 
instruction ‘not to think of anything in particular’, 
is an increasingly used method of studying the 
brain. Without a super-imposed task to perform, 
the ongoing physiological fluctuations in the 
BOLD signal associated with quiet wakefulness 
can be recorded. In any given brain region, the 
BOLD signal will vary across time as a function of 
on-going neural activity, and by studying the rela-
tionship of the BOLD signal from one brain region 
to that of others, regions where the timecourse of 
fluctuations are highly correlated can be identified, 
and these regions are said to be ‘functionally con-
nected’. Studies of functional connectivity can be 
made using a wide array of statistical methods 
including those utilizing graph theory and inde-
pendent component analysis (ICA) approaches 
(for more details, see [5]).

‘Resting-state networks’ (RSNs) are robust 
distributed networks that show coordinated and 
highly reproducible fluctuations in activity 
between spatially distinct but anatomically 
closely connected areas while subjects lie at rest 
[6–8]. RSNs are identified using an ICA approach 
and are being widely investigated due to observed 
differences during different cognitive and clinical 
states. RSNs are thought to reflect intrinsic func-
tional architecture in the brain, and separable net-
works can be identified within resting fMRI data 
which closely reflect brain regions that are active 
during task performance [9, 10]. While the physi-
ological underpinnings of changes in RSN 
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connectivity are not understood and are still very 
much the focus of investigation and open to 
often complex interpretation [11], it is clear that 
RSNs are highly sensitive to changes in connec-
tivity in a wide range of diseases [12–14], and 
that resting- state fMRI is a potentially powerful 
approach for the study of a wide range of clinical 
conditions as it removes the confound of task 
performance [15].

 tDCS Has Significant, but Somewhat 
Unclear, Effects on Resting Functional 
Connectivity
The absence of any confound of task perfor-
mance, and the relative ease with which resting- 
state fMRI experiments can be performed, has 
meant the publication of a relatively large num-
ber of studies utilizing the combination of tDCS 
and rs-fMRI in recent years. tDCS has been dem-
onstrated in a number of studies to modulate rest-
ing functional connectivity between a number of 
brain regions, although to date no clear consen-
sus across the literature has emerged as to the 
specific pattern of stimulation-induced changes 
[16–21] (see Tables 8.1 and 8.2 for full details). 
This lack of agreement between studies as to the 
effects of tDCS most likely reflects differences in 
MR acquisition and stimulation parameters, as 
well as the likely sensitivities of different analy-
sis approaches, but makes interpretation of the 
literature as it stands somewhat problematic.

 tDCS As a Potential Tool to Understand 
the Basis of Resting Functional 
Connectivity
Recently, attempts have been made to understand 
the basis of the RSNs using magnetic resonance 
spectroscopy (see later), which allows the quanti-
fication of specific neurochemicals, particularly 
glutamate and GABA, within a region of interest. 
Two studies have now demonstrated a relation-
ship between GABA levels in M1 and the degree 
of functional connectivity within the motor RSN 
[21, 23], such that higher levels of inhibition are 
related to lower connectivity within the network 
(see Fig.  8.2). However, although anodal tDCS 
applied to M1 has been shown to modulate both 
GABA levels [21, 37, 48] and RSN strength [20, 

21], the degree to which GABA and RSN strength 
are modulated by tDCS does not seem to be 
related in the same individual [21]. In addition, 
other groups have demonstrated similar relation-
ships between both GABA and glutamate and 
functional connectivity outside the motor system 
[49–51]. These findings, if replicated, may begin 
to shed light on the physiological basis the RSNs, 
and the ability of tDCS to modulate both 
GABAergic and glutamatergic activity may play 
an important part in answering this potentially 
very important question. However, it is important 
to note that the finding that tDCS modulates rest-
ing connectivity has only been established to any 
great extent in healthy subjects, and how these 
findings may translate to clinical populations is 
not yet clear.

8.4.2  Task-Based fMRI

Task-based fMRI is a versatile tool that can be 
used to inform our understanding of how tDCS 
can modulate activity within the brain while a 
task is being performed. Task-based fMRI is reli-
ant on BOLD signal changes resulting from 
changing neural activity in task-based areas of 
the brain and can result in whole-brain data with 
a high spatial and reasonably high temporal reso-
lution. The ability to combine concurrent tDCS 
stimulation and fMRI imaging has allowed stud-
ies to characterize the effects of stimulation on 
various cortical regions; however, the motor cor-
tex is one of the most widely studied.

 Studies in Healthy Controls
Behaviourally, anodal tDCS applied concurrently 
to M1 with a motor task has been shown to 
improve performance in a variety of domains, 
including motor speed and dexterity [52, 53] and 
motor learning and adaptation [52, 54, 55]. By 
contrast, cathodal tDCS has been shown to have 
little or no effect on learning [52, 55] or simple 
reaction time [52]. Task-based fMRI has been 
utilized in a number of studies to understand not 
only the activity changes underlying these behav-
ioural effects within the stimulated cortex but 
also more anatomically distant neural changes.
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Baudewig and colleagues initially confirmed 
the feasibility of combining functional MRI and 
tDCS [56]. In this study, the BOLD signal was 
recorded in a sample of six subjects before and 
after 5  minutes of tDCS.  The authors reported 
small stimulation-induced changes in activation 
in the supplementary motor area (SMA), an effect 
still noticeable 15  minutes after the end of 
stimulation.

Since this work, a number of imaging studies 
in healthy controls have investigated the effects 
of tDCS on motor-related activity [37, 40, 41, 46, 
57]. Of these, one investigated the conventional 
electrode montage and a stimulation period of 
minutes, during the performance of a simple 
motor task [37]. Participants completed a simple 
visually cued serial reaction time task for 15 min-
utes before and immediately after 10 minutes of 
tDCS (anodal, cathodal or sham). The results 
indicated an expected increase in activation after 
anodal stimulation compared to sham in the stim-
ulated (left) M1, ipsilateral dorsal premotor 
 cortex (dPMC) and SMA. After cathodal stimu-
lation, an increase in BOLD signal was observed 
under the stimulating electrode (left M1). 
Additionally, an increase in task-related activa-
tion was observed in the contralateral (right) M1, 
dPMC and SMA (Fig. 8.3).

8.4.3  Arterial Spin Labelling (ASL)

As discussed in some detail above, BOLD fMRI 
is the most common method of assessing neural 
activity changes during or following 
tDCS.  However, while BOLD has a relatively 
high signal-to-noise ratio, meaning that data can 
be acquired over relatively short timescales, mak-
ing is highly suitable for clinical use, the physio-
logical underpinnings of the BOLD effect are 
complex and currently relatively poorly under-
stood. This may be of particular importance in 
clinical populations, where changes in blood sup-
ply or neurovascular coupling may be expected.

An alternative approach is that of arterial 
spin labelling (ASL). ASL is a relatively novel 
fMRI technique that is able to quantify changes 
in tissue perfusion directly in the brain. It has a 
much lower signal-to-noise ratio than BOLD 
fMRI, which initially limited its use in clinical 
populations, but with the advent of ultra-high 
field imaging, it has become more widely used. 
ASL has two significant advantages over the 
BOLD signal: (1) it is primarily sensitive to 
 low- frequency signals and is therefore the ideal 
modality to detect blood flow changes induced 
by the minutes-long tDCS protocols commonly 
used, and (2) the physiological basis of the con-
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Fig. 8.2 The neurochemical basis of RSN strength. (a) 
Group mean motor RSN. (b) Group mean default mode 
RSN, which served here as a control network to assess the 
specificity of any relationships seen. (c–e) A significant 
relationship was demonstrated between M1-GABA and 

functional connectivity within the motor RSN (r = −0.71, 
p = 0.01; c) but neither between M1-Glx and motor net-
work functional connectivity (d) nor between M1-GABA 
and functional connectivity within the DMN (e). (Figure 
reproduced with permission from Stagg et al. [23])
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trast is inherently simpler to understand than 
BOLD, a factor particularly important in clini-
cal populations where many factors may 
change.

Zheng and colleagues performed the first 
tDCS/ASL study and showed non-polarity- 
specific effects, with an increase in perfusion in 
the stimulated M1 after short periods of both 
anodal and cathodal tDCS [58] (Fig. 8.4). A sub-
sequent ASL study during concurrent tDCS to 
the left dorsolateral prefrontal cortex (DLPFC) 
found a polarity-specific effect of tDCS, with an 
increase in perfusion during and after anodal 
tDCS and a decrease in perfusion during and 
after cathodal tDCS [59], a finding in line with 
animal models [60]. This study also went on to 

analyse the tDCS-induced changes in perfusion 
across the whole brain and demonstrated signifi-
cantly increased perfusion during anodal tDCS 
in those areas anatomically connected to the 
DLPFC [59] (Fig.  8.4). Interestingly, the same 
increased perfusion effects were not seen in the 
period immediately following stimulation, 
despite increased cortical excitability continuing 
post stimulation in similar studies over the motor 
cortex. It is not clear why this should be the case, 
but as discussed above, the effects of tDCS are 
likely highly dependent on the site of stimulation 
and electrode placement, and it is also possible 
that further excitability changes post stimulation 
are maintained by factors that do not in them-
selves induce an increase in cortical perfusion in 
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Fig. 8.3 (a) An increase in task-related BOLD signal was 
observed after anodal stimulation to the left M1 compared 
with sham stimulation in the left M1, left primary somato-
sensory cortex (S1), left posterior parietal cortex (PPC) 
and supplementary motor area (SMA). (b) An increase in 

BOLD signal was observed after cathodal stimulation to 
the left M1 compared with sham in the left M1, right M1, 
right PPC and right dorsal premotor cortex (PMd). (Figure 
adapted with permission from Stagg et al. [37])
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the resting brain. Outside the motor domain, 
ASL has more recently been used to explore the 
neural basis of emotional processing, demon-
strating a reduction in cortical perfusion due to 
tDCS only in subjects who had experienced prior 
criticism [61].

8.5  Magnetic Resonance 
Spectroscopy

Understanding how transcranial direct current 
stimulation (tDCS) affects neuronal activity is 
of vital importance to discovering the mecha-
nisms by which tDCS alters behaviour. As well 
as studying BOLD and ASL signals, we can also 
use magnetic resonance (MR) techniques to 
investigate the effects of tDCS at a deeper level, 
by examining how tDCS affects the neurochem-
icals which go on to cause these activity 
changes. We can achieve this by using magnetic 
resonance spectroscopy (MRS), a technique that 
enables us to detect and quantify concentrations 
of different metabolites within a volume of 
tissue.

MRS was first performed in the human brain 
in 1985 [62] and since then has been primarily 
used to investigate metabolic changes in patho-

logical states. MRS relies on many of the same 
principles as magnetic resonance imaging (MRI); 
it measures signals produced by the behaviour of 
certain diamagnetic molecules within a magnetic 
field. While MRI focuses on the variations in sig-
nal across space, traditional MRS examines sig-
nals produced from only one or two large volumes 
of tissue [63]. However, recent sequence advances 
now allow MRS imaging (MRSI) of a slab of cor-
tex, with comparable in-plane resolution to that 
used in MRI [64], though this has yet to be used 
to assess tDCS-induced neurochemical changes. 
A number of atomic nuclei have diamagnetic 
properties, including 1H, 31P and 13C MRS, of 
which 1H MRS is used most widely. The ability 
of MRS to discriminate between different mole-
cules relies on the fact that the structure of the 
molecules within which these atoms are bound, 
and the environment surrounding these mole-
cules, influence the behaviour of the atoms within 
the magnetic field. MRS focuses on very small 
differences in the signals produced by the atoms 
contained within different metabolites in a vol-
ume of interest (VOI).

The spectra produced by specific metabolites 
can be determined by performing spectroscopy 
on a specifically designed object or ‘phantom’ 
that contains that metabolite alone. The charac-
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Fig. 8.4 Summary of arterial spin labelling (ASL) stud-
ies using tDCS. Anodal tDCS applied to the left M1 leads 
to an increase in perfusion under the stimulated electrode 
during stimulation (green line) and cathodal tDCS to a 
less substantial increase in the same region. (Figure repro-
duced from Zheng et  al. [58] with permission). Anodal 
tDCS applied to the left dorsolateral prefrontal cortex 

(DLPFC) leads to an increase in perfusion in the left pri-
mary sensory cortex, mid-cingulate cortex, paracingulate 
cortex and left parietal cortex during stimulation. Regions 
of decreased perfusion during cathodal stimulation. 
Decreases were seen in the thalami bilaterally and the 
right middle and inferior temporal gyri. (Figure adapted 
from Stagg et al. [59] with permission)
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teristic peaks and frequencies of many neuro-
chemicals are therefore known, meaning that 
these metabolites can be identified from sample 
spectra. The signal amplitudes of the peaks in a 
spectrum are directly proportional to the corre-
sponding compound’s concentration within the 
target volume of tissue (see Fig. 8.5 for an exam-
ple spectrum). Typical SNR of MRS sequences 
allows detection of metabolites present in milli-
molar concentrations. Fortunately, many neuro-
chemicals involved in neurotransmission and 
metabolism have concentrations above this 
threshold, but others (e.g. dopamine) are not, 
making their detection and quantification impos-
sible with current MRS methods.

8.5.1  1H-MRS

Hydrogen atoms form a part of many of the mol-
ecules within the brain and body. The molecule 
with by far the highest concentration is water, 
but many of the brain’s endogenous neurochemi-
cals, controlling metabolism and neural firing, 
also contain hydrogen at concentrations high 
enough to allow detection by 1H MRS. The neu-
rotransmitters glutamate and GABA (gamma- 
aminobutyric acid) are of most relevance and 
interest to research investigating the neurochem-
ical effects of tDCS. Both of these neurotrans-
mitters are involved in mechanisms that 
selectively alter synaptic strength, for example 
long-term potentiation-like (LTP-like) processes 
within the neocortex [66–70]. These LTP-like 
processes are thought to be the main mechanism 
controlling learning in the brain and therefore 
improvements across many tasks, particularly in 
the motor domain. Changed to LTP-like pro-
cesses have been demonstrated with anodal 
tDCS (see [1] for a review), and it has therefore 
been proposed that modulation of GABA and 
glutamate levels may be the mechanism by 
which tDCS exerts its behavioural effects, an 
argument strengthened by studies showing that 
drugs acting on glutamatergic and GABAergic 
receptors can alter tDCS behavioural after-
effects [71, 72].

 Neurochemicals of Interest
A number of neurochemicals can be measured 
using 1H-MRS, of which the following are of 
most interest for tDCS-MRS studies.

 Glutamate
Glutamate is the main excitatory neurotransmit-
ter in the brain and is essential for the develop-
ment of normal synaptic connections and 
learning. Glutamate is stored in synaptic vesicles 
before being released into the synaptic cleft. 
Once released at the synapse, glutamate can 
 contact either post-synaptic ionotropic receptors 
(NMDA, AMPA or kainate) or metabotropic 
receptors linked to G-proteins. A critical mecha-
nism of LTP is to increase the number of these 
post-synaptic receptors. This form of neuro- 
plastic change is invisible to MRS; however, the 
process is dependent on glutamate release. This 
glutamate release may result in an overall 
increase in glutamate concentration within the 
volume, a change which may be detected by 
MRS, though the relationship between receptor 
density changes and the MRS glutamate signal is 
not yet clear.

After binding and unbinding with post- 
synaptic receptors, most glutamate is taken up by 
neighbouring astrocytes and metabolized into 
glutamine. The H1 resonances produced by glu-
tamate and glutamine are difficult to separate, 
except at very high field strengths, due to the 
similarities in their molecular structures. Due to 
this, a composite Glx signal, made up of contri-
butions from both glutamate and glutamine, is 
often reported. An additional challenge to the 
interpretation of these MRS signals is their sum-
mation across a large volume of tissue. It is there-
fore not possible to discriminate between levels 
of neurotransmitter within different pools, or to 
gain information about where in the cell mole-
cules are located. Furthermore, while glutamate 
has a highly important role in neurotransmission, 
the significant majority of glutamate in the brain 
is involved in metabolism and not neurotransmis-
sion, making changes in this resonance some-
what difficult to link with changes in behaviour. 
For more, details see [73].
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Fig. 8.5 (a) An 
example of a spectrum 
produced by 1H MRS at 
3 Tesla using the 
SPECIAL sequence 
from a 2×2×2 cm M1 
voxel. The original MRS 
data is shown in the top 
row. The next row is the 
full model fit produced 
from LCModel [65]. 
The high quality of the 
fit is demonstrated by 
the small residual signal 
remaining after fitting, 
shown by the row 
labelled ‘residual’. 
Individual fits for all 
neurochemicals are also 
demonstrated – each 
neurochemical has 
multiple fitted peaks that 
reflect the individual 
protons within the 
molecule. Quantification 
of metabolites within a 
sample can be achieved 
by linear combination of 
these individual 
metabolite spectra. (b). 
Location of the left 
primary motor cortex 
(M1) voxel. (Figure 
reproduced with 
permission from [66])
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 GABA
GABA is the main inhibitory neurotransmitter 
within the brain, but it also has a role as a metab-
olite. It is metabolized from glutamate by the 
enzyme glutamic acid decarboxylase (GAD). 1H 
MRS has demonstrated a correlation between 
measures of GABA and glutamate [74], which is 
expected given their close relationship. GABA is 
found in three distinct pools within the brain: as a 
metabolite within the cytoplasm of GABAergic 
interneurons, within synaptic vesicles and extra-
cellularly both in the synaptic cleft and in the sur-
rounding intercellular fluid. Attempts have been 
made to correlate MRS measures of GABA with 
paired-pulse transcranial magnetic stimulation 
(ppTMS) measurements of GABA receptor 
activity. Neither GABAA nor GABAB receptor 
activity, nor a combination of the two, was able to 
describe the MRS GABA signal. One ppTMS 
measure, 1 ms SICI IO curves, which has been 
proposed to reflect the activity at extra-synaptic 
GABAA receptors [74], has however been shown 
to correlate with MRS GABA levels. Additionally, 
MRS-measured GABA levels have been shown 
to be closely related to CSF-GABA level [75], 
suggesting that in the resting state, MRS-assessed 
GABA probably most closely reflects extra- 
synaptic GABA tone. However, as extracellular 
GABA is derived from intracellular pools, it is 
still not clear what aspects of GABAergic pro-
cessing a change in the GABA signal, as a result 
of neuromodulation, may represent. For more 
details, see [76].

 N-Acetylaspartic Acid and Creatine
Other molecules which commonly produce peaks 
in 1H MRS spectra are N-Acetylaspartic acid 
(NAA) and creatine. NAA is one of the most con-
centrated molecules in the brain and is thought of 
as a marker for neuronal health, with reduced lev-
els being indicative of disease [77, 78], brain 
injury [79–81] or psychiatric disorders [82]. 
Within healthy brains, however, it is thought to 
be present at a stable concentration, and so is 
often used as a reference chemical within MRS, 
where concentration of other molecules in the tis-
sue volume is given as a ratio of NAA [83]. Total 

creatine, a measure made up of signal contribu-
tions from both creatine and phosphocreatine 
(Cr  +  PCr), can also be used for this purpose. 
Creatine and phosphocreatine are vitally impor-
tant molecules for energy storage and transmis-
sion within cells.

8.5.2  31P-MRS

Phosphorus MR spectroscopy (31P MRS) can be 
performed in much the same way as 1H MRS but 
is tuned to the range of resonant frequencies of 
phosphorus atoms. Many molecules, which the 
body and brain depend on for energy transport 
and release, contain phosphorus. High-energy 
phosphates within the energy transportation mol-
ecules ATP and phosphocreatine create large 
peaks, and lower amplitude peaks are created by 
sugars, lipids and inorganic phosphates, which 
are all present at lower concentrations within the 
brain. By measuring the concentrations of ATP, 
inorganic phosphate and phosphocreatine simul-
taneously, the energy metabolism of the volume 
can be estimated. However, despite this potential 
utility, 31P MRS is less widely used than 1H 
MRS as it requires specialized hardware to record 
the resonance frequencies. Additionally, 31P 
MRS only has approximately 7% of the sensitiv-
ity of proton MRS, meaning it requires long 
acquisition times and has only a low spatial 
resolution.

8.5.3  Combining tDCS with MRS

The majority of studies investigating the effects 
of tDCS on 1H MRS-measured neurochemistry 
have focused on so-called ‘anodal’ and ‘cath-
odal’ tDCS applied to M1 (where one electrode is 
over M1, the other on the contralateral supraor-
bital ridge). Work by our group and others [21, 
48, 84, 85] has demonstrated that anodal tDCS 
over M1 causes a decrease in MRS measured 
GABA levels in the stimulated area of cortex 
(Fig. 8.6a), which persist for at least 90 minutes 
following stimulation [86], and is associated 
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across individuals with the intensity of induced 
electric field [87]. Using a simultaneous two- 
voxel MRS sequence, our group also found a 
concurrent decrease in GABA concentration in 
the non-stimulated M1 [88].

The above studies indicate that a decrease in 
MRS-measured GABA may be a reliable effect 
of anodal M1 tDCS.  It has been proposed that 
this GABA decrease may be responsible for the 
accelerated learning effects seen when tDCS is 
performed in conjunction with motor training 
(see above), an idea which is supported by mul-
tiple lines of evidence. Normal motor training, 
without stimulation, causes a decrease in GABA: 
MRS-measured GABA has been demonstrated to 
decrease in the primary sensorimotor cortex after 
training the contralateral hand on an isometric 
motor sequence learning task [89, 90]. The 

decrease in GABA seen with tDCS correlates 
with the degree of motor learning: inter- individual 
responsiveness in MRS-measured M1 GABA 
levels to ipsilateral, anodal tDCS correlated with 
individual’s degree of motor learning on a serial 
reaction time task (performed without stimula-
tion) and the amount of fMRI signal change [48] 
(Fig. 8.6b). Baseline levels of GABA in patients 
are correlated with the behavioural gains induced 
by stimulation: higher initial GABA levels within 
the ipsilesional M1 of stroke patients predicted 
greater percentage improvement on a reaction 
time task [91]. Finally, GABA decrease after 
training on a motor adaptation task with tDCS 
has been shown to correlate with improvements 
on the task: anodal tDCS induced changes in ipsi-
lateral M1 MRS-GABA levels correlated with 
model-based motor adaptation learning [85, 92]. 
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Fig. 8.6 (a) A decrease 
in MRS-assessed GABA 
concentration in the left 
M1 is observed after 
anodal tDCS applied to 
this region. No 
significant decrease in 
seen after sham 
stimulation. (Figure 
adapted from Stagg et al. 
[84] with permission; 
copyright 2009 Society 
for Neuroscience). (b) 
The degree of anodal 
tDCS-induced decrease 
in GABA on 1 day 
correlates with the 
decrease in reaction 
times in an explicit 
sequence learning task 
(a marker of motor 
learning) performed on a 
separate day, such that 
subjects who have a 
greater decrease in 
GABA due to anodal 
tDCS are also those who 
learn most. (Figure 
adapted from Stagg et al. 
[48] with permission)
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Taken together, this indicates that the decrease in 
GABA as measured by MRS may be responsible 
for the behavioural effects of tDCS.

Decreases in MRS measured GABA levels 
after tDCS on M1 have been reliably demon-
strated [21, 48, 84], but changes in levels of other 
metabolites have also been reported. For exam-
ple, in a study by Rango and colleagues [93], a 
decrease in myoinositol concentration was the 
only change detected after 30 minutes of anodal 
tDCS over M1. However, the scanner sequence 
used in this study meant that the GABA signal 
was not examined, and this change in myoinosi-
tol has not been replicated [37].

Importantly, the effect of anodal M1 tDCS on 
neurochemistry varies depending on the location 
of the cathode. While the above studies place the 
cathode on the supraorbital ridge, altering this 
montage to place the cathode over the contralat-
eral M1 does not result in altered metabolite con-
centrations in the ‘anode-targeted’ M1 [88, 94, 
95]. It is not clear whether this difference in effect 
is due to differences in the direction of current 
flow through the cortex or due to changes in 
interactions between stimulated areas. However, 
these results highlight the fact that ‘anodal’ or 
‘cathodal’ tDCS are not merely exciting or inhib-
iting the area underneath the electrodes and rather 
are stimulating multiple interacting brain areas, 
not necessarily in an intuitive manner, meaning 
the effects of one montage may not be generaliz-
able to another.

The MRS-measured effects of tDCS on other 
brain areas have also been examined. Two studies 
from the same group targeting the parietal cortex 
found an increase in Glx beneath the anodal elec-
trode, while finding no change in the same region 
of the contralateral cortex [50, 96]. One of these 
studies also demonstrated an increase in NAA 
beneath the anodal electrode [96]. These studies 
show markedly different findings than those 
examining tDCS over M1 where Glx increases in 
the anodally stimulated cortex have not been 
demonstrated. Another well-studied montage 
involves placing both electrodes over the pre- 
frontal cortex, with papers reporting a decrease in 
Glu in the area under the cathode [51, 97], the 
magnitude of which depends on the intensity of 

induced electric field [51]. In contrast, Glu levels 
have been shown to increase in the PFC under the 
anode [98], and though group-level changes in 
GABA have not been reported, brain morphology 
in the DLPFC has been shown to correlate with 
GABA changes in the area under the anode [99].

As discussed, traditional MRS involves choosing 
one or two specific voxels of interest, but yet 
tDCS has been shown to induce an electric field 
which is dispersed across a large area [100], 
much of which may lie outside the examined vol-
ume or may be influenced by interactions with 
the target. Often a control region is tested to 
ensure that changes observed in the volume of 
interest are not in fact global changes. However, 
MRS still cannot tell us the whole story about the 
neurochemical implications of tDCS occurring in 
areas beyond the VOI. To be able to draw global 
conclusions on the effect of tDCS on neurochem-
istry across the whole brain, studies combining 
tDCS with MRS imaging are needed.

8.6  Current Density 
and Impedance Imaging

Recent years has seen the emergence of neuroim-
aging methods designed to measure the path that 
transcranially applied current takes through the 
head and brain. These methods can be used to 
assess how much current is entering the brain and 
the distribution of that current, either validating 
or being used in conjunction with computation 
current flow models. Understanding how current 
moves through the brain both at the group and 
individual level could guide the development of 
optimized montages, either targeting certain 
brain areas or standardizing current ‘dose’ across 
participants [101, 102].

Current density and impedance imaging meth-
ods require stimulation, either tDCS or transcra-
nial alternating current stimulation (tACS), to be 
applied during scanning. Current density imaging 
(CDI) involves measuring the tDCS current- 
induced magnetic fields along the direction of the 
static MRI Bz field [103]. While this is a relatively 
simple to acquire these magnetic field measure-
ments  – even allowing for concurrent measure-
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ment of fMRI BOLD signal [104]  – the 
information gained from a single run of the 
sequence only obtains magnetic field changes in 
one direction. Therefore, in order to construct cur-
rent density images, subjects need to be measured 
in at least three different orientations [105], which 
is clearly not possible in vivo with current MRI 
scanners.

Another method which can be used to con-
struct current flow maps and measure the elec-
trical impedance of brain tissues is known as 
diffusion tensor magnetic resonance electrical 
impedance tomography (DT-MREIT) [106]. For 
this technique, magnetic field images are 
obtained sequentially during current application 
in both the x and y scanner directions. These 
two Bz images are then combined with a basic 
computation model of current flow through a 
homogenous head, to create projected current 
densities. These current densities can then be 
combined with a diffusion-tensor image, assum-
ing that electrical conductance is proportional to 
diffusion, to create a conductance tensor image. 
This method has been applied in humans in vivo 
and obtained conductance values in line with 
values reported from studies on excised tissues 
and values currently used in computation cur-
rent flow models [65].

These imaging techniques are only beginning 
to be utilized in human research, and further 
refinement of sequences is needed. As well as pro-
viding detailed assessments of healthy tissue con-
ductivities, these protocols could be used to 
explore current flow and conductance in lesioned 
and degenerating tissue, allowing stimulation pro-
tocols to be optimized and current flow models to 
be updated for these populations that we believe 
may benefit from tDCS-enhanced therapies.

8.7  Conclusions and Future 
Directions

tDCS is showing increasing promise as a thera-
peutic tool in the treatment of psychiatric disor-
ders, but for that promise to be realized, more 
must be understood of the underlying effects on 
the brain, both in health and disease. However, 

while studies are beginning to increase our under-
standing of both the local and distant effects of 
tDCS, the combination of tDCS and MRI is 
within, at the moment, from the so-called infinite 
parameter space.

tDCS is a technique with a high number of 
degrees of freedom: there are several different 
stimulation types, multiple different electrode 
placement montages, varying stimulation intensi-
ties and lengths and important differences in its 
behavioural effects depending on whether stimu-
lation is performed concurrently or prior to the 
task. The number of neuroimaging approaches 
utilized and the significant question over which 
results from studies in healthy controls can be 
translated into clinical populations mean that 
there is currently little consensus over the likely 
neural correlates underlying the promising 
behavioural effects of tDCS seen in a range of 
psychiatric disorders.

However, neuroimaging offers great potential 
to allow the study of the neural effects of tDCS, 
once the technical difficulties of combining tDCS 
and MR have been overcome. It is to be expected 
that as stimulation parameters with clear clinical 
significance are developed, neuroimaging will 
play a vital role in refining our stimulation 
approaches in clinical populations.
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9.1  Introduction

Transcranial direct current stimulation (tDCS) is 
a noninvasive transcranial brain stimulation 
(NTBS) technique in which the cortical excitabil-
ity of the human brain is modulated by weak 
direct currents applied via scalp electrodes [37]. 
Numerous studies have been conducted with both 
healthy subjects and patients with neurological 
disorders (such as stroke and Parkinson’s dis-
eases) and psychiatric disorders (such as major 
depressive disorder [MDD] and schizophrenia) 
[36, 50, 72, 73]. However, the mechanisms of 
tDCS effect are not fully understood. Therefore, 
one way is to investigate the modulation of func-
tional connectivity by combining tDCS with 
brain imaging techniques.

Functional magnetic resonance imaging 
(fMRI) measures the blood-oxygen-level- 
dependent (BOLD) signal which is a proxy of 
neuronal activation [58]. In order to evaluate the 
tDCS effect, functional connectivity is studied 
either task-based or during resting states. Task- 
based functional connectivity can be investigated 
by administering an appropriate task according to 
the respective research question during fMRI. The 

resting-state fMRI (rsfcMRI), on the other hand, 
is used to measure the functional integration of 
neural networks when participants are asked not 
to follow any particular thoughts or tasks. During 
the resting state, the human brain still exhibits 
organized activity across distant regions, and this 
activity can be recorded by changes in fluctua-
tions of the BOLD signal [95]. In the resting state, 
previous studies have used seed-based analysis, 
independent component analysis (ICA), and 
graph analysis to extract major networks of acti-
vation, such as default mode network (DMN) 
[91], salience network [86], and central executive 
network [93]. The DMN is one of the most fre-
quently investigated resting-state network in clin-
ical research such as Alzheimer’s disease [12], 
schizophrenia [62], and major depressive disorder 
[32]. The DMN locates its major hubs in medial 
prefrontal cortex, posterior cingulate cortex, and 
angular gyrus [3]. These regions are significantly 
less activated while performing cognitive tasks in 
comparison with resting state [85], and it has been 
suggested that they are related to self-referential 
thinking, theory of mind, and moral decisions [11, 
80]. Wörsching et al. [102] from our group pub-
lished a comprehensive review on prior research 
combining prefrontal tDCS and multimodal MRI.

In this chapter, we critically review the effects of 
motor cortex as well as prefrontal tDCS on func-
tional connectivity in healthy subjects and patients 
with neurological and psychiatric  disorders using 
both resting-state and task-based fMRI paradigms.
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9.2  Motor Cortex

9.2.1  Effects of Anodal tDCS

tDCS of motor regions may modulate motor cor-
tex excitability including motor evoked potentials 
[51] and motor performance [47]. For example, 
anodal tDCS applied to the primary motor cortex 
(M1) shows an increase of neuronal activity in the 
ipsilateral hemisphere not only directly at M1 [49] 
but also in premotor regions [83] in the primary 
sensorimotor cortex (SM1) [40, 48] and in the 
supplementary motor area (SMA) [49]. However, 
the neuronal effect of motor tDCS is not only 
observed in regions close to the electrodes but also 
in distant areas via trans-synaptic paths. For exam-
ple, tDCS with the anode over M1 modulates neu-
ronal activity also at neighboring regions, that is, 
inducing an increase of activity within the parietal 
cortex [84]. Moreover, anodal M1 tDCS may 
reduce functional connectivity between SM1 and 
the rest of the brain [84] and increase functional 
connectivity between M1 and thalamus [83]. 
These findings suggest that tDCS exerts effects on 
corticocortical connectivity. Thus, tDCS appears 
to be an effective mediator for modulating brain 
function not only focally under the electrodes but 
also within networks involving distant intracorti-
cal as well as subcortical regions [38].

Finally, but importantly, it should be men-
tioned that the anodal stimulation side of tDCS 
does not always have a facilitating effect. For 
example, Amadi et al. [2] reported no significant 
changes in resting-state connectivity with anodal 
M1 tDCS. Furthermore, Antal et al. [4] found a 
reduced BOLD signal at the supplementary motor 
area (SMA) during finger tapping. Although tDCS 
with the anode over motor regions is a topic, 
which has been rather extensively studied com-
pared to others, its effects are not yet fully under-
stood and need further research.

9.2.2  Effects of Cathodal tDCS

Conversely, it is hypothesized that tDCS with the 
cathode over motor cortex regions exerts oppo-
site effects to anodal tDCS, that is, reduces motor 

cortical excitability. Cathodal tDCS over the left 
motor cortex leads to a decrease in neuronal 
activity at the underlying area, as is the case with 
SMA [6]. Moreover, a global decrease in func-
tional connectivity [6] as well as between the cor-
tical and subcortical areas [82] are reported. 
However, as it was the case for anodal stimula-
tion, the direction of the effect is not always the 
same. Cathodal tDCS on M1 could also increase 
resting-state functional connectivity on both 
motor and non-motor networks. For example, 
Amadi et  al. [2] showed that cathodal left M1 
tDCS leads to an increase of BOLD signal 
between the left- and right-hand regions of M1 
and between left and right supplementary motor 
area (SMA). Additionally, increased functional 
connectivity within motor and default mode net-
work was also observed, supporting the hypoth-
esis that diminished top-down control may 
contribute to the impaired motor performance 
induced by cathodal tDCS [2]. Another study 
suggested that cathodal left M1 tDCS could 
enhance regional connectivity in the dorsolateral-
 M1 region [83].

9.2.3  Effects of Dual tDCS

In addition to unilateral stimulation of motor 
regions, bihemispheric or “dual” tDCS of left and 
right M1 has been investigated as well, for exam-
ple, combined positioning of the anode over the 
nondominant motor cortex and of the cathode 
over the dominant motor cortex. This approach 
was found to improve performance significantly 
more than unihemispheric or sham tDCS [97] 
and facilitates motor recovery in chronic stroke 
patients [57]. Bihemispheric tDCS is thought to 
upregulate excitability of ipsilesional motor 
regions via anodal stimulation while concur-
rently downregulating contralesional motor 
regions via cathodal stimulation after stroke [57]. 
Therefore, Lindenberg et al. [56] investigated the 
effect of bihemispheric tDCS impacts on motor 
system activity and connectivity. Measuring neu-
ral correlates of dual and unihemispheric tDCS in 
healthy older subjects, they found that dual but 
not only anodal tDCS enhanced resting-state 

K.-Y. Chang et al.



161

connectivity of the left dorsal posterior cingulate 
cortex. Furthermore, dual tDCS showed stronger 
activations in bilateral M1 than anodal tDCS 
alone, regardless of whether participants used 
their left or right hand during the motor task. 
These results indicated that bihemispheric tDCS 
can induce complex networks modulations on 
left and right M1, including interhemispheric 
interactions and areas associated with motor con-
trol in the dorsal posterior cingulate cortex [56]. 
A further study showed that bilateral M1 tDCS 
(anode over right M1, cathode over left M1) 
induces the decrease in interhemispheric func-
tional connectivity during stimulation. On the 
other hand, an increase in intracortical functional 
connectivity within right M1 was also observed 
[87]. These studies suggest that the dual tDCS is 
a potentially more powerful method in order to 
modulate functional connectivity.

9.3  Prefrontal tDCS

The prefrontal cortex plays a pivotal role in exe-
cuting complex cognitive functions. Moreover, 
it is considered as a part of brain that, in addi-
tion to many functions, also determines the per-
sonality of individuals [67]. Previous studies 
have shown that anodal tDCS over the dorsolat-
eral prefrontal cortex (DLPFC) can improve 
performance in various cognitive domains, 
including verbal skills, executive functions, and 
working memory in healthy subjects [16, 30, 35, 
99]. Though we can observe the effects of pre-
frontal tDCS on multiple functional levels, the 
understanding of its neurophysiological action 
is still limited.

9.3.1  Prefrontal tDCS 
and Cognitive/Executive 
Functions

Prefrontal tDCS has been shown to be effective 
in modulating higher cognitive and executive 
performance such as verbal fluency [15], 
decision- making [19], and risk behavior [23]. 
Nevertheless, the neural basis of functional 

improvement remains unclear. Several combined 
tDCS-fMRI studies have addressed this neuro-
functional relationship. For example, it is known 
that tDCS over the DLPFC modulates risk-taking 
behavior [8, 23, 103]. Weber et al. [99] showed 
that dual DLPFC tDCS (anode over F4 and cath-
ode over F3 according to the 10–20-EEG system) 
reduces connectivity between right ACC and the 
rest of the brain, and the right ACC activity is 
positively correlated with risk behavior. Another 
example is anodal tDCS over the inferior frontal 
gyrus (IFG), that is, a region controlling the 
semantic retrieval process [96], which improves 
verbal function [52, 64]. The neurofunctional 
correlation of verbal improvement seems to be 
related to the reduced activity observed in the 
prefrontal cortex, especially at IFG, during the 
semantic word generation task [66]. Interestingly, 
anodal IFG tDCS reduces the hyperactivity in 
bilateral frontal cortices in elderly subjects. This 
may be associated with a neuronal mechanism 
corresponding to the temporal reversal of age- 
related verbal functional decline [65]. 
Furthermore, increased connectivity between 
IFG and other major hubs in language networks 
(such as bilateral inferior parietal, dorsolateral, 
medial prefrontal regions, and the left middle 
temporal gyrus) may represent a neuronal mech-
anism of language performance enhancement 
[66].

Working memory (WM) in healthy subjects 
showed a small but significant improvement 
after anodal tDCS of the left DLPFC, as sug-
gested by a recent meta-analysis of 31 studies 
in healthy volunteers, when stimulation was 
coupled with WM training [61]. In contrast, 
stimulation alone did not show a significant dif-
ference after correction of the publication bias. 
In an early neurophysiological study, we 
observed similar effects, that is, a significant 
reduction of mean current densities for the delta 
band in the left subgenual PFC, the anterior 
cingulate, and the left medial frontal gyrus, in 
parallel with effects on n-back performance at a 
higher working memory load (2-back), while 
the less challenging memory performance at 0- 
and 1-back did not show superiority over sham 
treatment [44, 45].
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9.3.2  Prefrontal tDCS and Resting- 
State Network

Several researchers investigated whether prefron-
tal tDCS modulates resting-state network con-
nectivity as well. For example, [44, 45] showed 
that anodal tDCS over the left DLPFC increases 
functional connectivity in both the default mode 
network (DMN) and in left and right frontopari-
etal network (FPN). Likewise, when anodal elec-
trode was placed over either the left or right 
DLPFC, DMN components showed reduced syn-
chrony, whereas the anticorrelated network (AN) 
showed increased synchrony [80]. The AN is 
associated with cognitive processing when atten-
tion to the external environment is required, and 
it is known to anticorrelate with DMN activity 
[28, 70]. Furthermore, Park et al. [79] also found 
that left DLPFC anodal tDCS increases DLPFC 
connectivity to the right hemisphere and 
decreases DLPFC connectivity to the brain 
regions around the stimulation site in the left 
hemisphere. These findings suggest that prefron-
tal tDCS modulates resting-state functional con-
nectivity at the primary stimulation site and at 
connected brain regions. Wörsching et al. [100] 
investigated a priori hypotheses on specific 
effects of prefrontal tDCS montage using multi-
modal fMRI in 32 healthy participants. After 
tDCS with an F3 cathode/ F4 anode montage, 
functional MRI connectivity decreased in the 
medial part of the left PFC at rest [100]. In addi-
tion, regional brain activity during a delayed 

working memory-retrieval task (DWM) 
decreased in this area more strongly after nega-
tive than neutral distraction, and responses to 
DWM tasks were faster, regardless of distractor 
type [100] (Fig. 9.1).

9.4  Therapeutic Application 
of tDCS

tDCS has been proposed as an effective interven-
tion in alleviating symptoms of neurological dis-
orders such as Parkinson’s disease [29] and 
chronic pain [5] as well as psychiatric disorders 
such as depression [71], schizophrenia [9], and 
addiction [59]. However, despite its enormous 
potential, tDCS still requires many efforts such as 
large randomized controlled clinical trials (RCTs) 
and individualized development of NTBS treat-
ment to achieve a broader clinical implementa-
tion. Individualization of treatment is an 
important and challenging factor in this regard, 
as there are distinct individual response patterns 
to frontal tDCS due to, for example, individual 
anatomical features, gender, or age. One reason, 
among many others, is that we do not understand 
the neural underpinnings of stimulation-enhanced 
neuromodulation in relation to the individual 
pathology. Therefore, combined tDCS-fMRI 
studies need to be extended to clinical popula-
tions in order to investigate the mechanisms of 
tDCS treatment in comparison of health and 
disease.
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Fig. 9.1 In pilot studies, we observed direct effects of 
prefrontal tDCS on medial prefrontal areas. Shown here 
for (a) functional MRI connectivity at rest [45], (b) simu-
lation in depressed patients using T1-weighted anatomies 

[14], (c) functional MRI connectivity at rest with different 
tDCS montages [100], and (d) EEG at rest [44]. Electrode 
localization for (a) F3-Fp2, (b) F3-F4, F4-F3, (c) F3-F4, 
and (d) F3-Fp2, 2 mA intensity, 20 minutes stimulation
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9.4.1  Neurological Disorders

 Stroke
tDCS over motor cortex can be used to treat 
neurological patients with motor disorders. For 
example, stroke patients benefit more from 
rehabilitation of motor skills when dual tDCS 
(anode over the lesion and cathode over the 
non-lesion hemisphere) is administered over 
M1 during motor training [53, 55]. Such effects 
were reported to be maintained for intervals of 
1 week [55] up to several months [1], and 
improvement of performance may even reach 
out to an untrained task as well [55]. However, 
as to the neuronal mechanisms of this effect, 
Lefebvre et  al. [55] suggested that the perma-
nent behavioral enhancement induced by tDCS 
is associated with activity of the ipsilesional 
motor skill learning network, which has a main 
hub in premotor regions [27, 33]. More recently, 
it was reported that tDCS increases activity in 
the ipsilesional motor and premotor cortex dur-
ing movement of the affected hand [1]. 
Additionally, Lefebvre et  al. [54] showed that 
connectivity between M1 and the dorsal premo-
tor cortex (PMd) is stronger in the lesioned 
hemisphere before dual tDCS treatment, but 
enhanced in the non-lesion site after treatment. 
Moreover, functional connectivity appears to 
increase between somatomotor network regions 
as well as within motor and premotor cortex 
[54]. Motor tDCS studies overall show both 
local effect within the motor cortex and net-
work effect between motor regions and other 
areas as discussed.

 Language Deficits
The interest in using tDCS for neurorehabilita-
tion of stroke patients has led tDCS-fMRI 
research also to another target region, that is, 
Broca’s area. Broca’s area is located around the 
posterior region of left inferior frontal gyrus and 
is involved in speech production [7]. tDCS over 
Broca’s area has been found to improve naming 
performance of aphasia patients [35, 43, 63]. 
Neuronal correlates of these functional changes 
were investigated by several researchers, leading 

to heterogeneous results at first glance. Holland 
et al. [35] observed that anodal tDCS over the left 
inferior frontal cortex during an overt picture- 
naming fMRI study reduced neuronal activity in 
Broca’s area while performance in naming pic-
tures improved in aphasic stroke patients. In con-
trast, Marangolo et al. [63] showed that bilateral 
tDCS (anode over left Broca) with simultaneous 
speech training increased functional connectivity 
in the left hemisphere of chronic stroke patients. 
These results may be explained by an interaction 
between neural priming and main effects [20]. In 
one study [35], the functional scan was obtained 
during task performance, whereas Marangolo 
et al. [63] investigated resting-state fMRI after a 
3-week treatment period. One may hypothesize 
that neuronal activity decreased in the study by 
Holland et al. [35] due to repeated picture nam-
ing tasks, and this regional priming effect tran-
scended the global hemispheric effect of anodal 
tDCS which was shown by Marangolo et al. [63]. 
Either way, these findings provide converging 
evidence from functional imaging and behavioral 
data that tDCS exerts effects on regional brain 
function at lesion sites, which may improve 
patients’ cognitive recovery.

Patients with Parkinson’s disease (PD) may 
also have verbal fluency problems such as pho-
nemic and semantic fluency deficits due to dis-
sociable processes mediated by different 
cortico-striatal circuits involving left frontal 
and temporal regions [94]. Therefore, Pereira 
et  al. [81] investigated the differential effects 
induced by tDCS (2 mA, 20 min) over frontal 
and temporo- parietal areas on verbal fluency 
networks in patients with PD. Patients under-
went a verbal fluency paradigm inside an fMRI 
scanner and received anodal tDCS over left 
DLPFC and temporo-parietal cortex (TPC) in a 
counterbalanced order with the cathode placed 
over the right supraorbital area. ICA showed 
that functional connectivity in verbal fluency 
and task- related deactivation networks is sig-
nificantly better with tDCS over left DLPFC 
than with TPC. In addition, DLPFC tDCS also 
improved performance on the phonemic flu-
ency task.
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9.4.2  Psychiatric Disorders

 Schizophrenia
tDCS has been demonstrated to exert therapeutic 
effects in a number of psychiatric disorders. 
Several research groups have combined tDCS 
with neuroimaging techniques to investigate the 
mechanisms of its putative therapeutic action. 
For example, the application of tDCS as treat-
ment of negative symptoms and auditory verbal 
hallucination (AVH) in schizophrenia is a field 
that is relatively well tested. With regard to nega-
tive symptoms, Orlov et  al. [76] showed that 
anodal tDCS over the left DLPFC (2 mA, 30 min, 
cathode over the right supraorbital area) in 
schizophrenia patients induces a positive correla-
tion between increased activation in the medial 
frontal cortex and consolidated working memory 
(n-back) performance 24  hours after 
tDCS. Regarding executive functions, behavioral 
improvement with Stroop task was associated 
with reduced activity in the anterior cingulate 
cortex after prefrontal tDCS, which is known for 
response conflict processing [46, 68]. Auditory 
hallucinations, which are common positive 
symptoms of schizophrenia, are known to be 
associated with abnormal hyperactivity in the left 
temporo-parietal areas (Wernicke’s area), left 
inferior frontal areas (Broca’s area), and in their 
right homologues [41]. Several studies have 
shown that cathodal tDCS over the left temporo- 
parietal junction (TPJ) and anode over the left 
DLPFC may reduce AVH symptom in schizo-
phrenia patients [24, 89, 90]. The neural repre-
sentation of AVH reported by Mondino et al. [69] 
included specific areas for inner speech produc-
tion and monitoring; in particular, a decrease in 
resting-state functional connectivity between left 
TPJ and left anterior insula as well as right infe-
rior frontal gyrus and an increase between left 
TPJ and left angular gyrus, left DLPFC, and pre-
cuneus was observed. A study on the effect of 
prefrontal tDCS in schizophrenia with predomi-
nantly negative symptoms investigated the effect 
of prefrontal tDCS on both negative and positive 
symptoms under double-blind conditions. 
Clinically, there were remarkable effects in the 
group receiving active tDCS treatment [78]. The 

results of this proof-of-concept study show that 
prefrontal tDCS added to stable antipsychotic 
medication can improve negative symptoms of 
schizophrenia in severely affected patients, as 
demonstrated by the significant change in scores 
on the Scale for the Assessment of Negative 
Symptoms (SANS). These effects were associ-
ated with a change in intrinsic resting network 
activity, particularly an increase in functional 
connectivity in the insular cortex [78]. However, 
it must be added that the sample size was very 
small, and the gender distribution differed 
between active and sham tDCS.

 Major Depressive Disorder
Numerous fMRI studies focused on functional 
connectivity at rest in major depressive disorder 
(MDD) patients. Bidirectional changes of con-
nectivity in distinct regions, circuits, and net-
works have been reported compared to controls. 
For a therapeutic application of NIBS, that is, 
particularly rTMS as focal stimulation approach, 
these alterations were conceptualized as guid-
ance for target sites on the group as well as on the 
individual level [21, 92]. In contrast, tDCS as 
nonfocal means for cortex stimulation may need 
another approach, where functional targeting is 
achieved by other specific interventions (e.g., 
cognitive tasks). For instance, working memory 
and sustained attention training are common cog-
nitive tasks for depression treatment, since these 
tasks are associated with DLPFC activity [10]. In 
the first place, however, connectivity changes 
elicited by tDCS need to be better understood on 
the background of specific pathophysiological 
changes observed in MDD.

Some regions, such as the basal amygdala, 
show reduced functional connectivity with the 
medial orbitofrontal cortex, which is involved in 
reward; and the dorsolateral amygdala had rela-
tively reduced connectivity with the lateral orbi-
tofrontal cortex in MDD [17]. However, 
numerous studies suggest that the prefrontal cor-
tex (PFC) is one of the most promising areas for 
connectivity-based target sites for NTBS. Among 
many findings, decreased whole brain functional 
connectivity homogeneity as proxy to voxel-wise 
changes of functional connectivity patterns 
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between the medial prefrontal cortex (MPFC) 
and the left angular gyrus has been reported in 
MDD [98], as well as a reduced default mode 
network (DMN) connectivity to the frontal pole 
in late-life depression [31]. Correlation coeffi-
cients also suggested an increased connectivity at 
the dorsomedial prefrontal cortex (DMPFC) in 
patients with MDD when compared to healthy 
subjects [88].

Very recently, two studies investigated gray 
matter (GM) volume as well as functional con-
nectivity of the PFC in relation to the antidepres-
sant response to tDCS within a large randomized 
placebo-controlled study, that is, the Escitalopram 
versus Electric Current Therapy for Treating 
Depression Clinical Study (ELECT-TDCS) [13, 
14]. The main finding was a positive association 
between improvement of depression after treat-
ment compared to baseline and the size of the 
GM volume in PFC subregions, which was only 
observed in the tDCS, but neither in the escitalo-
pram nor in the placebo group [14].

In contrast, there was no significant associa-
tion between resting-state connectivity within a 
priori defined regions of the PFC and the change 
in depression scores after tDCS treatment. A pos-
sible interpretation for these divergent findings 
would be that rsfcMRI rather reflects “brain 
states” [104] of the patients, while structural MRI 
data may provide trait measures. However, fur-
ther interpretation is hampered by the small sam-
ple size of the cohort.

9.5  Effect Variability and Test- 
Retest Reliability of tDCS

Test-retest reliability (TRT) and variability of 
tDCS-induced effects has been one of the major 
topics of discussion. Opitz et  al. [75] demon-
strated the importance of precise tDCS electrode 
placement and suggested that less than 1  cm 
accuracy is required in order to achieve a suffi-
cient reliability. Padberg et  al. [77] employed a 
specially manufactured cap in order to assure the 
precise electrode placement over the DLPFC for 
a multicenter trial. However, even though accu-
racy of the electrode positions is ensured, inter- 

and intraindividual variability can be affected by 
many other factors too.

In order to measure the variability of tDCS 
effects on M1 excitability, standardized MEPs 
(i.e., peak-to-peak MEP amplitude of 1 mV prior 
to tDCS or fixed output of the stimulator) or 
recruitment curves were compared after each 
tDCS session. With this approach, a significant 
interindividual [18, 34] as well as intraindividual 
variability [18, 22] of MEP amplitudes were 
observed. However, Madhavan et  al. [60] and 
Jamil et al. [39] reported a higher reliability (i.e., 
intraclass correlation coefficients [ICC] of 0.6–
0.9) for intraindividual responses after 1  mA 
anodal tDCS.

For nonmotor regions, the assessment of intra- 
or interindividual variability is less established, 
and more complex measures, for example, modu-
lation parameters for functional connectivity, had 
to be introduced. For example, Wörsching et al. 
[101] assessed individual responses to an active 
prefrontal tDCS over the three test sessions. This 
study showed a low test-retest reliability for the 
effects of 2 mA tDCS in terms of voxel-wise ICC 
of post-tDCS maps between sessions. Moreover, 
the distribution of voxel-wise ICC in the region 
of interest (ROI) analysis was shifted to lower 
TRT reliability after active, but not after sham 
tDCS. This result indicates that the neuromodu-
latory effects evoked by active tDCS are intra- 
and interindividually variable and may depend on 
brain state affected by various components such 
as time, mood, and hormone level. In sum, intra- 
as well as interindividual variation of tDCS 
effects have been reported and the underpinnings 
of this variability should be a focus for future 
research. This variation also hinders the use of 
tDCS paradigms for longitudinal assessment and 
a direct comparison of protocols [42]. Moreover, 
it emphasizes the need for even more standard-
ized methods (e.g., by including electric field 
parameters) to account for this uncertainty. 
Notably, Madhavan et al. [60] reported that even 
lower interindividual variability and high 
 test- retest reliability does not account for the reli-
ability of tDCS clinical efficacy.

In order to account for these variabilities and 
to improve reproducibility, the importance of 
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open science needs to be emphasized. As tech-
nology improves, Platform as a Service (PaaS) 
products enable to convey software in a package 
(called container) using an open-source standard 
data interchange format, such as JSON. By shar-
ing all available data, such as the version of the 
used analysis software and the exact computa-
tional method through the frame of open science, 
we may expect higher reproducibility of the each 
tDCS effect in the future.

9.6  Association Between 
Response Patterns 
and Baseline MRI Markers

Structural and functional MRI measures have 
been used to identify markers of clinical 
response to tDCS as individual prediction of 
therapeutic effects as an unmet need in the field. 
As outlined above, examples include gray mat-
ter volumes, cortical thickness, and DLPFC 
activation. The findings of Bulubas et  al. [14] 
demonstrated that the antidepressant response 
to tDCS in the ELECT-TDCS trial was related 
to GM volumes of a left-sided PFC region at 
baseline. This relationship was intervention-
specific for tDCS, that is, neither observed for 
escitalopram nor placebo. This finding con-
verges with data from other pilot studies investi-
gating such associations. The relationship with 
cortical thickness was also assessed by imple-
menting a disruptive left prefrontal stimulation 
during a decision-making task [25, 26]. Filmer 
et  al. [26] showed that an increased cortical 
thickness at the middle frontal sulcus and infe-
rior frontal gyrus as well as a decreased thick-
ness at the inferior frontal triangular gyrus were 
related to a higher disruption of the learning 
task after prefrontal anodal, but not cathodal 
stimulation. Furthermore, Filmer et  al. [25] 
showed that performance inconsistency during 
anodal stimulation is not only related to cortical 
thickness in inferior frontal gyrus but also to 
prefrontal neurochemical response patterns 
measured by magnetic resonance spectroscopy. 
These studies show that both cortical anatomy 
and neurochemical difference influence individ-

ual variability in the effect of tDCS to the 
behavior.

Another example is the study by Nord et al. 
[74] who conducted task fMRI prior to prefron-
tal tDCS treatment in MDD. Greater activation 
of the left PFC during a working memory task 
(i.e., n-back) at baseline was correlated with a 
larger improvement of depression scores after 
tDCS treatment. This research line may develop 
tDCS toward a personalized treatment with 
individual adjustment of tDCS parameters, 
such as electrode localization and stimulation 
intensity, and thus improve its therapeutic 
effectiveness.

9.7  Conclusions and Future 
Directions

This chapter has given an overview on experi-
mental and clinical studies that investigated 
changes of functional MRI connectivity in rela-
tion to nonfocal brain stimulation with tDCS. In 
the majority of studies, tDCS was used to induce 
changes in functional connectivity both at pri-
mary stimulation sites and connected brain 
regions. The results of these studies provide us 
with a better understanding of the brain’s intrin-
sic networks and may serve to improve therapeu-
tic effects of NTBS.

While most studies have focused on motor 
cortex and PFC regions, data for other brain 
areas (e.g., visual cortex) or other functional 
domains or systems (e.g., memory, executive, 
and visual) are very limited. In numerous stud-
ies, tDCS has been found to lead to an ameliora-
tion of clinical symptoms in neurological and 
psychiatric disorders; however, very few studies 
have included neuroimaging in order to eluci-
date mechanisms of tDCS action on a neuronal 
and system level. Further limitations we have 
identified in the field of functional connectivity 
research on tDCS are small sample sizes 
together with a large intra- and inter-individual 
variability of effects, a lack of test-retest 
designs, and active control conditions for com-
parison as well as systematic studies on the 
impact of stimulation parameters for establishing 
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dose-response relationships. Nevertheless, com-
bining tDCS with multimodal neuroimaging 
appears to be a promising avenue for developing 
NTBS toward an effective array of interventions 
for an individualized treatment in neuropsychi-
atric disorders.
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10.1  Introduction

This chapter reviews studies that combine non- 
invasive brain stimulation (NIBS) with neuroim-
aging in neuropsychiatry. The goal is to evaluate 
how neuroimaging can inform and improve the 

clinical application of NIBS. Since depression is 
the psychiatric condition that has most often been 
treated and investigated using NIBS, this chapter 
focusses on NIBS treatment of depression.

Since 2008, transcranial magnetic stimula-
tion (TMS) is an FDA-approved treatment for 
depression. It has been investigated extensively 
using neuroimaging. By contrast, transcranial 
direct current stimulation (tDCS) is currently 
under investigation as a potential antidepressant, 
and only very few studies combining tDCS and 
neuroimaging in depression have been published 
to date. The scientific and clinical questions that 
arise in the fields of tDCS and TMS (combined 
with neuroimaging) are conceptually very simi-
lar. Hence, this chapter addresses both stimula-
tion modalities together, highlighting issues that 
are specific to one modality or the other as they 
arise.

We address four key questions about the 
potential value of neuroimaging: (1) Does 
neuroimaging- guided target localization improve 
treatment? (2) How has neuroimaging advanced 
understanding of NIBS treatment action? (3) Can 
neuroimaging help to predict who will respond to 
NIBS treatment? (4) How can neuroimaging be 
used to personalize NIBS treatment?

For this review, we searched for studies com-
bining TMS or tDCS with functional magnetic 
resonance imaging (fMRI), positron emission 
tomography (PET) or single photon emission 
computed tomography in the context of depres-
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sion. Owing to methodological heterogene-
ity, it was not possible to conduct a systematic 
review of the existing combined NIBS/neuro-
imaging literature. Across studies, stimulation 
parameters vary greatly, including frequency, 
intensity,  number of sessions and overall dose. 
Moreover, older studies are characterized by very 
small sample sizes and low statistical power. So 
instead, this chapter provides a narrative review 
that outlines the conceptual framework within 
which research combining NIBS and neuroimag-
ing in depression is conducted and reviews the 
current state of progress in this field.

10.1.1  Non-invasive Brain 
Stimulation to Treat 
Depression

In 1996, Alvaro Pascual-Leone and colleagues 
performed the first blinded and controlled study of 
TMS to treat depression [1]. The rationale built on 
PET findings that depressed individuals had hypo-
metabolism in the left dorsolateral prefrontal cor-
tex (DLPFC) compared to healthy controls [2]. The 
authors hypothesized that excitatory stimulation 
of the left DLPFC might normalize this aberrant 
hypometabolism and thus improve symptoms. As 
predicted, 5 daily sessions of 10 Hz TMS applied 
in 20 trains of 10s had antidepressant effects com-
pared to sham TMS and also compared to stimu-
lation of control brain regions (vertex and right 
DLPFC). This pioneering proof-of-principle work 
laid the foundations for the scientific and clinical 
fields of NIBS treatment of depression. Following 
a series of pivotal clinical trials [3–5], in 2008, the 
US Food and Drug Administration approved the 
clinical use of TMS to treat drug-resistant depres-
sion. Other jurisdictions have followed suit (e.g. 
UK NICE [6]). High-frequency TMS (3000 pulses 
per session at a frequency of 10 Hz and 120% of 
resting motor threshold [7]) of the left DLPFC is 
the FDA-approved and most commonly used proto-
col, as recommended by the Clinical TMS Society 
[8]. Recently, the non- inferiority of intermittent 
theta burst stimulation has been demonstrated, sig-
nificantly shortening daily clinical treatment time 
from 37.5 to 3 minutes [9].

Response and remission rates to high- 
frequency TMS treatment to the left DLPFC 
are around 47% (Number Needed to Treat 
(NNT) 6) and 27% (NNT 8), respectively [9, 
10]. Importantly, these clinical trials were 
conducted on patients classified as “treatment-
resistant”, that is, more severe cases of depres-
sion that failed to respond to previous drug 
treatments.

Over the past 15 years, tDCS has been proposed 
as a safer and cheaper alternative to TMS. Unlike 
TMS, tDCS does not trigger action potentials, so it 
does not carry the same risk of inducing seizures. 
It is also significantly less expensive, is light and 
mobile compared to TMS and thus expands the 
potential reach of treatment to a larger number of 
patients and to a wider range of treatment settings, 
including home use [11, 12]. Since the eighteenth 
century, it was known that electric current applied 
to the scalp can induce neurophysiological effects 
(see [13] for a review). However, in the treat-
ment of depression, tDCS did not show reliable 
results (e.g. [14]). TDCS was “rediscovered” in 
the late twentieth century, around the time that 
the first successful TMS treatment attempts were 
reported. Pioneering studies in human volunteers 
by Alberto Priori [15], Michael Nitsche, Walter 
Paulus [16] and colleagues showed that tDCS can 
induce sustained changes in cortical excitability 
that vary with stimulation polarity. Using the same 
rationale as for TMS treatment, Andre Brunoni 
and colleagues pioneered the use of anodal tDCS 
in depression targeting the left DLPFC to try and 
increase its excitability [17]. Subsequent clinical 
trials have shown mixed evidence for efficacy 
of this approach, some reporting effect sizes for 
tDCS that are comparable [18, 19] and others 
inferior [20] to other antidepressant treatments. 
Hence, while evidence for efficacy is emerging, 
tDCS for depression is currently for investiga-
tional use (e.g. UK NICE review [21]). In contrast 
to TMS, which is indicated for patients with drug 
treatment resistant depression (TRD), tDCS stud-
ies often include a wider range of patients, notably 
less severe cases and those without a formal diag-
nosis of TRD. Response and remission rates for 
tDCS treatment of depression in studies to date 
are 34% (NNT = 7) and 23.1% (NNT = 9) [19].
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The next section outlines two complemen-
tary theories of depression that offer a useful 
 framework for appraising potential applications 
of NIBS in depression.

10.1.2  Network Theories 
of Depression

Neuroimaging studies have had significant influ-
ence on reconceptualizing mental disorders as 
manifestations of altered structure and function 
of dysfunctional networks distributed across the 
brain, rather than localized dysfunction of single 
brain regions [22]. Contemporary neuropsychi-
atric theories emphasize that depression reflects 
dysfunction within multiple interacting brain 
networks. This network perspective can help to 
explain heterogeneity, whereby individuals with 
the same diagnosis (“depression”) can have non- 
or only partially overlapping symptoms, poten-
tially reflecting partially shared and partially 
distinct brain network dysfunction.

Boxes 10.1 and 10.2 highlight two current 
network theories of depression: the triple net-
work model of psychopathology [22] and the 
neurobiological model of biased processing of 
negative stimuli [23]. The models are mutually 
compatible but highlight different aspects of the 
same underlying theory. While the triple network 
model emphasizes pathophysiology, the biased 
processing model focuses on dysfunctional infor-
mation processing. Together, they offer a useful 
framework for understanding depression as dys-
functional brain network interactions that lead to 
negatively biased information processing.

Box 10.1 Triple Network Model of 
Psychopathology [22]
• Most mental disorders can be explained 

by dysfunctional interplay of three brain 
networks (Fig. 10.1):
 – Default mode network:

Involved in self-referential thinking 
and episodic memory retrieval; 
deactivated during task performance

Regions: medial prefrontal cortex, 
medial parietal regions, angular 
gyrus, precuneus, posterior cingu-
late cortex and posterior 
hippocampus

 – Executive control network:
Activated during task perfor-
mance; responsible for executive 
control processes (such as plan-
ning or inhibition of task- 
irrelevant functions) and emotion 
regulation
Regions: bilateral DLPFC and lat-
eral posterior parietal regions

 – Salience network:
Detection of salient stimuli in the 
environment; enables switching 
between default mode network and 
executive control network [24]
Regions: dorsal anterior cingulate 
cortex, amygdala, anterior insula 
and anterior hippocampus

• In a healthy brain, the salience network 
reacts to external stimuli and initi-
ates switching appropriately between 
internal (default mode network) and 
external (executive control network) 
goal- directed behaviour; pathologi-
cal disturbance of the balance between 
the three systems can lead to excessive 
internal (e.g. depressive rumination) or 
external focus (e.g. threat vigilance in 
anxiety) [25].

• In depression, the salience network 
seems to be more strongly connected to 
the default mode network than to the 
executive control network (salience net-
work – default mode network hypercon-
nectivity), which could cause difficulties 
in guiding attention away from internal 
processes and towards external stimuli 
(salience network  – executive control 
network hypoconnectivity), which 
could lead to depressive symptoms such 
as rumination and loss of interest in 
daily life activities [25, 26].
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Salience network

Central executive control network (right)

Default mode network

Fig. 10.1 Illustration of 
the three brain networks 
whose interactions play 
a major role in the 
psychopathology of 
most mental disorders 
according to the triple 
network theory of 
psychopathology [22]. 
According to the triple 
network model, the 
salience network, which 
reacts to external 
stimuli, enables 
switching between the 
default mode network 
and executive control 
network. In depression, 
the salience network is 
more strongly connected 
to the default mode 
network, which is 
hypothesized to lead to 
increased attention 
towards internal 
processes at the cost of 
attention to external 
stimuli [25]. 
(Reproduced from Ref. 
[22] with permission)

Box 10.2 Neurobiological Model of Biased 
Processing of Negative Stimuli in 
Depression [23]
• Based on Beck’s cognitive model of 

depression [27].
• This model outlines how dysfunctional 

interactions between the executive con-
trol network (DLPFC), the salience net-
work (dorsal anterior cingulate cortex, 
amygdala) and the default mode net-
work (which the subgenual anterior cin-
gulate cortex is connected to) are 
hypothesized to contribute to the devel-
opment and maintenance of depressive 
symptoms (Fig. 10.2):
 – Negative stimuli evoke a hyperactive 

response in the thalamus [28].
 – This signal induces a (pathological) 

increase in activity in the amygdala 
and the subgenual anterior cingulate 
cortex (subgenual ACC), a way sta-

tion connecting the limbic system to 
higher cortical areas [28–30].

 – The dorsolateral prefrontal cortex 
(DLPFC), a cortical region associ-
ated with cognitive control, is hypo-
active in depression [31]  – this 
contributes indirectly to depressive 
symptoms by decreasing the regulat-
ing influence of the dorsal anterior 
cingulate cortex on the amygdala.

➔ Increased attention towards and 
increased processing of negative stimuli
• Core pathophysiological features com-

mon to both models include hyper- active 
bottom-up emotional drive from the lim-
bic system (and subgenual ACC), reflected 
in salience network  – default mode net-
work hyper-connectivity, combined with 
hypometabolism in DLPFC leading to 
reduced top-down cortical regulatory 
influence on limbic emotional drive.
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These two network theories of depression 
frame the current conceptual approach to NIBS 
treatment in depression: (1) Depression does 
not arise from dysfunction of discrete brain 
regions, but from dysfunctional interplay within 
and between distributed cortico-subcortical 
brain networks. This perspective suggests sev-
eral potential alternative novel brain targets for 
stimulation, a topic which will be discussed in 
more detail later. (2) A key feature of depression 
pathophysiology is abnormal functional inter-
actions between cortical and subcortical areas. 
More precisely, subcortical limbic regions seem 
to overreact in response to negative stimuli, while 
prefrontal cortical areas show impaired down-
regulation of those negative emotional responses 
[23]. Hence, restoring normal functional inter-
actions within cortico- limbic circuits may be 
an important mechanism of effective treatment 
action. (3) Within the triple network perspective, 
hyperconnectivity between subgenual ACC and 

the default mode network, which is associated 
with rumination, seems to be a key psychopatho-
logical feature of depression [28].

This third point has gained increasing atten-
tion and has had a significant influence on 
how NIBS is applied in depression treatment. 
Resting- state connectivity between the subgenual 
ACC and default mode network is increased in 
depressed compared to healthy participants, and 
connectivity strength has been shown to correlate 
with the length of the current depressive episode 
and with rumination and brooding [28, 32]. In 
patients with severe treatment-resistant depres-
sion, invasive deep brain stimulation target-
ing the subgenual ACC has been shown to both 
decrease subgenual ACC hyperactivity and suc-
cessfully treat symptoms [33] (but see [34, 35]). 
In treatment responders, deep brain stimulation 
also restored healthy brain activity by decreas-
ing activity in other subcortical areas, such as the 
hypothalamus, and increasing activity in cortical 

PFC

DLPFC

Dorsal ACC Amygdala Subgenual
cingulate

Thalamus

Negative stimulus

Increased processing
of negative stimulus

Fig. 10.2 Cognitive neurobiological model of biased pro-
cessing of negative stimuli. In depression, increased pro-
cessing of negative stimuli is hypothesized to arise from 
increased activity in the thalamus, amygdala (salience 
network) and subgenual cingulate (which is connected to 
the default mode network) in response to negative stimuli, 
accompanied by decreased regulatory influence from the 

dorsal anterior cingulate cortex and dorsolateral prefron-
tal cortex (DLPFC) on these interconnected subcortical 
regions. Hyperactive areas are shown in red, hypoactive 
areas in blue. Dashed arrow indicates attenuated con-
nectivity, thicker arrows indicate increased connectivity. 
(Reproduced from Ref. [23] with permission)
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prefrontal regions. This invasive brain stimula-
tion work has strongly influenced thinking about 
desired brain changes to induce in order to ame-
liorate symptoms: suppress subcortical limbic 
(hyper)activity and restore cortical regulatory 
(hypo)activity. In the context of DLPFC-targeted 
NIBS, this network perspective has led to nor-
malization of subgenual ACC-default mode net-
work hyperconnectivity being hypothesized as 
a key potential mechanism of TMS treatment 
action [36], and efforts to specifically engage this 
target have been associated with better treatment 
outcomes [36, 37].

10.1.3  Why Combine NIBS 
and Neuroimaging?

By providing a window on the brain to both 
localize and characterize aberrant brain changes 
in depression, neuroimaging has provided the 
data that underpin the conceptual rationale for 
using stimulation to treat depression. The origi-
nal work of Pascual-Leone, George and col-
leagues was informed and inspired by PET and 
aimed to use TMS to normalize a discrete region 
of cortical hypometabolism that differed between 
depressed patients and controls. Positive efficacy 
trials have provided apparent validation of this 
mechanistic rationale. Subsequent imaging case- 
control findings have led to an expansion of this 
stimulation intervention approach, informed by 
brain changes observed in other brain regions 
as a consequence of TMS treatment. Hence, in 
addition to exciting left DLPFC, other protocols 
in common use target and inhibit right DLPFC 
[38], or combine both manipulations [39], with 
a goal of “re-balancing” inter-hemispheric excit-
ability [40]. There is evidence for efficacy of all 
of these approaches [38, 39]. Thus, the primary 
mode of treatment intervention has been to excite 
and/or inhibit left and/or right DLPFC, in order 
to restore normal excitability, metabolism and 
presumably function. Imaging has inspired this 
rationale and confirmed it.

Neuroimaging has led to the development 
of network theories of the psychopathology of 
depression, which in turn suggest how NIBS 
could or should be applied to restore healthy brain 

function. From a network perspective, the anti-
depressant efficacy of TMS is unlikely to reflect 
brain changes that are confined solely to the local 
DLPFC stimulation target. Instead, network mod-
els emphasize the key role of inter- areal brain 
interactions, in particular between hyper-active 
subcortical regions signalling negative stimuli 
and hypo-active cortical regions emotional regu-
lation. These theories identify hyperactive limbic 
drive as key for negative affect, indicating that to 
be effective NIBS treatment should aim at inhib-
iting subcortical hyperactivity.

This raises the question of how NIBS can reach 
these deeper target regions, given it is applied 
transcranially to the cortex. The analysis of elec-
tric field distributions induced by stimulation, 
based on anatomical brain scans, has contributed 
to answering this question. Theoretically, there 
are two possibilities: (1) NIBS reaches subcorti-
cal regions directly by passing through the skull 
and cortical brain tissue. (2) Stimulation causes 
indirect changes in deeper regions via anatomical 
and functional connectional spread.

 How Can NIBS Reach Deep Brain 
Regions?
In the case of TMS, there is evidence for both 
routes. Using a standard figure-of-eight-shaped 
coil, routinely used to deliver treatment under 
the conventional FDA protocol, the maximum 
induced current density is within the cubic centi-
metres of superficial cortical layers immediately 
underlying the centre of the coil. However, newer 
coil designs can reach deeper brain regions (e.g. 
H-coil, [41]). Electric field modelling suggests 
that these coils (with the halo circular assembly 
coil reaching the deepest regions) can induce an 
electric field in deep brain regions with a maxi-
mum of 30–50% of the electric field strength on 
the cortical surface [41]. A drawback of deep 
TMS is the trade-off between depth and focality, 
that is, stimulation reaching deep brain regions is 
also less focal. Despite the development of newer 
coils reaching deeper regions, most studies to 
date have used the conventional figure-8-shaped 
coil. Hence, observed changes in subcortical 
areas induced by TMS in those studies are likely 
to instead reflect connectional spread of cortical 
effects. TMS pulses depolarize neurons, induc-
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ing action potentials. Thus, local stimulation 
spreads to distal regions via anatomical connec-
tions and functional inter-areal brain interactions. 
Treatment protocols require daily doses over sev-
eral weeks. Thus, TMS-induced excitatory/inhib-
itory effects accumulate gradually over time with 
brain changes stabilized through plasticity.

Unlike TMS, which induces a local electrical 
field in the superficial cortical layers immediately 
underlying the centre of the figure-8-shaped coil, 
tDCS uses a dipole arrangement of two electrodes 
placed at distance across the scalp, which induces 
a diffuse electrical field to flow from the anode 
to the cathode, polarizing the tissue in between 
and thus affecting excitability across a large 
area of the brain [42]. Electric field modelling 
of the bipolar tDCS montages commonly used 
in depression studies has revealed that the high-
est e-field strength is actually found between the 
electrodes, rather than locally underneath each 
[43]. This means that the highest field strength 
induced is not in the DLPFC but rather in the 
medial prefrontal cortex [44, 45]. Although the 
original rationale for tDCS montages in depres-
sion was to stimulate the DLPFC, as for TMS, 
recent network theories suggest that stimulating 
the medial prefrontal cortex might actually prove 
more effective – since the medial prefrontal cor-
tex is part of the default mode network [45]. This 
example highlights how important neuroimaging 
is for understanding and improving the clinical 
application of NIBS.

Unlike TMS, TDCS does not induce action 
potentials. Instead, it polarizes tissue, modu-
lating neuronal excitability by changing the 
resting membrane potential in a direction that 
depends on the current polarity (anodal-excit-
atory, cathodal- inhibitory). Work in animals has 
shown that tDCS can induce long-term brain and 
behavioural changes via neuroplasticity, resem-
bling long-term potentiation-like effects [46]. 
Treatment protocols, involving daily stimula-
tion over weeks, are likely to engage and alter 
network- level functional interactions via plastic-
ity, including subcortical areas. Apart from these 
indirect effects on subcortical regions, recent 
reports indicate that tDCS might also reach 
deeper regions more directly [47].

A recent novel approach in tDCS is the con-
cept of network-targeted stimulation using multi- 
electrode arrays [48]. This approach embraces 
the insight that brain functions (and dysfunctions) 
rely on the distributed activity of functionally 
interacting brain networks. Instead of targeting a 
single region (node in a network) using a con-
ventional dipole electrode montage, and obtain-
ing network-level changes as a by- product, this 
approach uses multiple electrodes to simultane-
ously target several nodes to more directly engage 
the distributed network target. For instance, mul-
tifocal tDCS targeting the  primary motor cortex 
and additional interconnected regions within the 
distributed motor network increased motor cor-
tex excitability compared to a traditional dipole 
montage targeting primary motor cortex alone 
[49]. In Parkinson’s disease, multifocal tDCS 
simultaneously targeting both the primary motor 
cortex and DLPFC led to symptom improve-
ment, whereas conventional dipole tDCS over 
the motor cortex or sham tDCS did not [50]. 
In depression treatment, this approach could be 
applied by positioning electrodes to engage mul-
tiple regions of the default mode network, which 
might yield larger modulation effects than using 
only a single electrode dipole.

 Contributions of Neuroimaging 
to the Clinical Application of NIBS
One of the most important uses of imaging 
is that it provides a means to confirm “target 
engagement”  – for example, whether DLPFC 
stimulation aimed at altering subgenual ACC 
metabolism has effectively done so. The impor-
tance of imaging for verifying target engagement 
is reflected in recent requirements from the US 
NIMH to include such verification data in psy-
chiatry treatment trials [51]. This promises to 
increase the information gain from clinical trials 
(notably including negative trials), by enabling 
efficacy outcomes to be better interpreted, based 
on the degree to which the intended stimulation 
target was successfully engaged [52].

Neuroimaging also provides an opportunity 
to identify new and potentially more effective 
targets for stimulation. While there is significant 
focus on DLPFC-subgenual ACC interactions, 
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these two regions are not directly anatomically 
interconnected. Instead, engaging frontal regions 
more directly connected to subgenual ACC, such 
as dorsomedial prefrontal cortex (DMPFC), 
might be more effective. Indeed, TMS of 
DMPFC has been shown to have antidepressant 
effects, including in patients who did not respond 
to DLPFC stimulation [53]. Alternatively, the 
default mode network, which is implicated in 
depressive rumination, includes a lateral corti-
cal component in the left angular gyrus. TMS 
targeted at left angular gyrus has been shown to 
induce neurotransmitter changes in the default 
mode network [54] and functional changes in 
hippocampal-dependent memory [55] both via 
anatomical and functional connectional spread. 
To date, few novel targets are under serious clini-
cal investigation as alternatives for depression, 
with notable exceptions of DMPFC and lateral 
orbitofrontal cortex, both pioneered by Jonathan 
Downar’s laboratory [53, 56, 57].

10.2  Does Neuroimaging-Guided 
Brain Target Localization 
Improve Treatment?

Prior to the ready availability of neuroimaging 
and frameless stereotaxy, scalp measurements 
relative to the hand motor “hotspot” were used 
to target TMS to stimulate the DLPFC. The more 
recent development of neuronavigation allows 
for precision targeting based on individual ana-
tomical brain images. Given the cost and time of 
scanning procedures, the key question is whether 
this actually improves the clinical effects of 
NIBS treatment compared to standard localiza-
tion methods using motor hotspot or EEG-based 
scalp coordinates that have been applied success-
fully in treatment protocols for many years.

10.2.1  TMS

In one of the first single-case studies using TMS 
for depression treatment, George and colleagues 
aimed to stimulate the left DLPFC, to remediate 
local hypometabolism [2, 58]. They identified the 
motor hotspot, the region in the primary motor 

cortex that elicited the strongest motor response 
to TMS in the contralateral hand and stimulated 
a region 5 cm anterior to this motor hotspot, the 
putative “DLPFC”. This localization method was 
derived based on the inferred distance between 
the central sulcus (the putative motor hotspot) 
and the DLPFC in the Talairach atlas, a brain 
map created for neurosurgery. This “5-cm rule” 
became the standard method for targeting the 
DLPFC and is still used in clinical trials today.

The precise subregion of the DLPFC that is 
the intended target in most studies is Brodmann 
Area 46. There are two general approaches to 
target localization – applying a heuristic method 
based on scalp measurements or localizing an 
area more precisely using neuronavigation.

Regarding heuristic approaches, the accuracy 
of the 5-cm rule has been criticized since it does 
not take differences in head size into account, 
such that the anatomical area identified by this 
method varies considerably between partici-
pants [59–62]. An alternative that does take head 
size into account uses the EEG 10–20 system, in 
which the F3 electrode position is proposed to 
correspond to the left DLPFC. This method has 
been shown to be more accurate than the 5-cm 
rule [59, 62] but still lacks the individualized 
precision obtainable from MRI-guided localiza-
tion [63].

 Does Localization Accuracy Matter?
A number of studies have been conducted to 
investigate to what extent accuracy in target 
localization actually matters and what is the most 
efficient target subregion of DLPFC. In one study 
[64], TMS was targeted at left DLPFC as identi-
fied by the 5-cm rule. Across participants there 
was a relationship between the stimulated brain 
area and treatment response. A more lateral and 
anterior stimulation position – overlapping with 
the anatomical region Brodmann Area 46 – was 
associated with higher treatment success, sug-
gesting that small differences in the target loca-
tion do matter. One study investigated directly 
if stimulating a region identified by neuronavi-
gation leads to a better clinical outcome than 
stimulating a region identified by the 5-cm rule 
[65]. The group that received stimulation to the 
neuronavigation- based target showed greater 
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symptom reduction than the group whose target 
region was localized with the 5-cm rule. These 
studies suggest that the antidepressant effective-
ness of TMS treatment varies with the precision 
of the DLPFC subregion target location.

A seminal study by Fox and colleagues [36] 
(see Box 10.3 for a more detailed description) 

Box 10.3 Efficacy of Transcranial Magnetic 
Stimulation Targets for Depression Is 
Related to Intrinsic Functional Connectivity 
with the Subgenual Cingulate
(Michael D.  Fox, Randy L.  Buckner, 
Matthew P.  White, Michael D.  Greicius, 
and Alvaro Pascual-Leone)

Based on findings highlighting the role of 
the subgenual ACC in depression [28, 33], 
Fox and colleagues [36] hypothesized that 
differences in the clinical efficacy of differ-
ent TMS target regions within the DLPFC 
are related to differences in connectivity 
of the target region to the subgenual ACC. 
They retrospectively analysed data from 
several previous TMS studies by comparing 
connectivity of the target region with clini-
cal efficacy across studies. Resting- state 
connectivity of each target region was esti-
mated based on group-averaged connectiv-
ity in a large sample of healthy individuals.

They found that more effective tar-
get regions displayed a stronger negative 
correlation to the subgenual ACC in the 
sample of healthy participants. Direct com-
parisons between more and less effective 
target regions showed clear differences 
in connectivity to the subgenual ACC, as 
illustrated in Fig.  10.3, for the study by 
Fitzgerald and colleagues [65].

The meaning of targeting a region of 
negative functional coupling between the 
DLPFC-subgenual ACC becomes clear in 
the context of the triple network model [22] 
outlined in the introduction. The DLPFC is 
part of the executive control network, and 
the subgenual ACC is strongly connected 
to the default mode network. The executive 
control network and default mode network 

are opposing networks; the executive con-
trol network is activated during active brain 
states whereas the default mode network is 
activated at rest, that is, their activity tends 
to be negatively correlated. Depression is 
characterized by hyperactivity of the default 
mode network. Targeting negative func-
tional connectivity between the DLPFC and 
subgenual ACC indicates that excitatory 
stimulation of the DLPFC is likely to have 
inhibitory effects on the subgenual ACC 
and the connected default mode network, 
which would be expected to have a benefi-
cial effect in depression treatment.

Three major conclusions can be drawn 
from this study:

 1. The antidepressant effect of TMS 
applied to the DLPFC might rely on 
downregulation of the subgenual ACC 
and default mode network via negative 
connectivity between the subgenual 
ACC and the DLPFC stimulation site.

 2. The strength of the negative functional 
connectivity between stimulation site 
and subgenual ACC could predict treat-
ment response.

 3. Treatment efficacy could be enhanced 
by stimulating each patient’s individual 
subregion within the DLPFC that shows 
the strongest negative correlation to the 
subgenual ACC. 
Limitations: It should be kept in mind 

that these findings are based on the retro-
spective analysis of pre-existing datasets. 
The connectivity between the DLPFC 
target region and subgenual ACC was not 
calculated based on individual patient data. 
The connectivity was estimated based 
on the group-averaged connectivity in a 
sample of healthy participants. This means 
that the findings from this study need to 
be validated in a sample of patients with 
individual resting-state data. Prospective 
clinical trials are needed to test whether 
individualizing treatment based on indi-
vidual resting-state connectivity profiles 
actually improves clinical outcome.
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revealed that the clinical effectiveness of a 
DLPFC target relates not so much to its local 
properties as to its distributed functional con-
nectivity with subgenual ACC. Within DLPFC, 
those TMS target locations that had stronger 

negative connectivity to subgenual ACC were 
associated with better treatment outcome. This 
suggests that patients might respond better to 
TMS if stimulation is targeted individually at the 
subregion within the DLPFC with the strongest 
negative functional connectivity to the subgen-
ual ACC. For future use of neuroimaging-guided 
target localization, this suggests that in addition 
to the use of structural scans for frameless ste-
reotaxy, resting-state functional scans to localize 
the DLPFC target will improve treatment out-
come [37].

10.2.2  tDCS

In the more recent field of investigating tDCS for 
depression treatment, not much evidence is avail-
able yet to answer the question how far imaging- 
guided target localization can improve clinical 
outcome. Given that in tDCS induced current is 
distributed much less focally than in TMS, elec-
tric field modelling is essential to investigate 
how tDCS leads to clinical changes and how to 
target stimulation to optimize efficacy. Recent 
evidence comes from the first study correlating 
electric field strength to symptom improvement. 
Suen and colleagues [66] found that the field 
strength in the ACC correlated with symptom 
improvement, indicating that the ACC might be a 
key region that needs to be stimulated in order to 
induce antidepressant effects.

Recent e-field modelling studies have pro-
vided insights into the complexity of tDCS 
effects and target optimization. As outlined 
above, the field strength for bifrontal montages is 
maximal between the electrodes, not underneath 
them [43]. A standard montage with the elec-
trodes placed on the left and right DLPFC thus 
induces the highest field strength in the medial 
prefrontal cortex. Second, modelling studies have 
found that the current induced by this montage 
produces a speckled pattern of anodal (inflowing 
current) and cathodal (outflowing current) effects 
since the current often enters a gyrus on one side 
and leaves it on the other side [43]. This indicates 
that the assumption that the areas underneath the 
anode or cathode only receive anodal or cathodal 
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Fig. 10.3 Fox and colleagues [36] reanalysed the data 
from the study by Fitzgerald and colleagues [65] described 
in Sect. 10.2.1. This study tested the efficacy of TMS 
applied to the DLPFC based on neuronavigation versus 
the 5-cm rule. (a) Average target location determined by 
neuronavigation or 5-cm rule. Treatment was more effec-
tive in the neuronavigation condition (“Fitzgerald tar-
get”). (b) Difference of resting-state connectivity of the 
target regions (red areas: connectivity to target region was 
more positive in neuronavigation group; blue areas: con-
nectivity to target regions was more negative in neuro-
navigation group). Connectivity to the subgenual ACC 
(indicated by red circle) was more negative in the neuro-
navigation group. (c) Correlation of the two stimulation 
sites with the subgenual ACC. The more effective target 
region (neuronavigation) showed a stronger negative con-
nectivity to the subgenual ACC. (Reproduced from Ref. 
[36] with permission)
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stimulation is oversimplified. For the bilateral 
montages applied in depression treatment, it has 
been observed that the medial frontal part of the 
brain actually experiences the opposite polar-
ity of the electrode placed on that hemisphere 
(Fig.  10.4b, d). Finally, modelling studies have 
demonstrated that the shape and strength of the 
electric field induced by tDCS depend on aspects 
of head and brain anatomy, so that there is large 
variability in the electric field experienced by dif-
ferent individuals [42]. Together, these findings 
indicate that the tDCS effects are far more com-
plex than initially expected with high interindi-
vidual variability.

 Neuroimaging Is Necessary to Test 
for Target Engagement
The most important use for neuroimaging in 
tDCS research on depression is to test for target 
engagement. The electric fields induced by tDCS 
are complex, and it is not yet clear what physi-
ological changes they induce or how these relate 

to clinical improvement. For example, the finding 
that the medial prefrontal cortex mainly experi-
ences the opposite polarity compared to the lateral 
cortex of the same hemisphere [43] is difficult to 
interpret. To understand and improve the clini-
cal application of tDCS, it is key to investigate 
how complex electric fields translate into physi-
ological changes. Electric field modelling on its 
own can be used to determine where the high-
est electric field strength is reached, but not what 
physiological changes this induces. For instance, 
the field strength in a specific area might not be 
high enough to induce physiological or func-
tional changes, such as improved emotion regu-
lation, that are necessary precursors for clinical 
gains. Therefore, future studies will need to cal-
culate the electric fields induced across individu-
als, based on anatomical brain scans, and relate 
these to functional measures (e.g. fMRI) to better 
understand the functional relevance of induced 
electric field patterns. Physiological changes, in 
turn, will need to be correlated to clinical scores 
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Fig. 10.4 Electric field of prefrontal tDCS predicted by 
electric field modelling. (a, c) illustrate the electric field 
induced by a bilateral electrode montage commonly used 
for depression treatment. The field strength is highest 
between the electrodes in the medial prefrontal cortex. (b, 
d) Current flow from the anode on the left DLPFC to the 

cathode on the right DLPFC leads to opposite polarities 
experienced by the cortical structures underneath the elec-
trode (cathodal) and frontal midline structures (anodal) in 
the same (right) hemisphere. (Reproduced from Ref. [43] 
(CC BY 4.0))
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to better understand which physiological changes 
are associated with beneficial effects for depres-
sive symptoms. In future, such data should allow 
for imaging-based target localization to optimize 
stimulation montages to better drive physiologi-
cal changes thought to cause clinical gains. Due 
to the large interindividual variability in head 
and frontal cortex anatomy and induced electric 
fields, stimulation montages should ideally be 
personalized for each individual.

These findings from electric field modelling 
studies offer important insights into the physio-
logical effects of tDCS and should be considered 
when choosing an electrode montage. Electric 
field modelling software such as SimNIBS [67] 
can be used to determine the optimal electrode 
position based on a standard brain image or 
individual brain scans. Electric field models 
should be used to test for target engagement, 
as has recently been required by the US NIMH 
for clinical trials [51]. This is especially impor-
tant for tDCS since evidence for the clinical 
efficacy of tDCS is mixed and its mechanisms 
of putative treatment action are unclear. While 
the targeting aim of the first tDCS studies was 
to stimulate the DLPFC, electric field evidence 
has since shown that the highest field strength is 
induced in the medial (not dorsolateral) prefron-
tal cortex, serendipitously suggesting that the 
default mode network may be modulated more 
directly by “DLPFC” tDCS montages compared 
to DLPFC TMS.

10.2.3  Summary

10.3  Mechanisms of NIBS 
Treatment

This section evaluates studies investigating the 
effects of NIBS on brain activity and connec-
tivity in the context of depression treatment. 
Understanding the mechanisms of stimula-
tion action should help to improve future treat-
ment effectiveness. For instance, identifying 
brain changes associated with clinical improve-
ment opens up the possibility of engaging these 
regions more directly, as de novo stimulation 
targets, which could improve upon existing treat-
ment strategies.

10.3.1  Effects on Brain Metabolism

The first insights about the physiological effects 
of TMS came from studies in which the primary 
motor cortex was targeted. It was observed that 
high frequencies (>5 Hz) increase whereas low 
frequencies (≤1  Hz) decrease motor evoked 
potentials [68, 69]. This was interpreted as 
high- frequency TMS having excitatory and low- 
frequency TMS having inhibitory effects on cor-
tical excitability. However, since the brain is not 
homogenous in its structure or function, it was not 
clear whether stimulating other “non- eloquent” 
brain regions outside motor cortex, such as the 
DLPFC, with these same protocols would cause 
comparable excitatory and inhibitory effects.

Hence, some of the early TMS/PET studies 
were conducted to determine whether different 
TMS frequencies applied to the DLPFC did in 
fact cause excitatory versus inhibitory effects. 
Speer and colleagues acquired PET scans before 
and after 10 daily sessions of 20  Hz and 1  Hz 
TMS, using a within-subject design [70]. Both 
types of stimulation led to changes in regional 

Summary: Does Neuroimaging-Guided 
Brain Target Localization Improve 
Treatment?
• Small differences in the target region 

within DLPFC have an influence on 
treatment efficacy.

• Treatment efficacy appears related to 
connectivity of the stimulated DLPFC 
with the subgenual ACC.
➔  Importance of neuronavigation based 

on functional brain images.

• In the field of tDCS, current research 
aims at understanding which brain areas 
are engaged by different montages and 
how the engagement of different brain 
regions relates to clinical effects.
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cerebral blood flow in prefrontal and subcorti-
cal regions. 20  Hz TMS was associated with 
increases of blood flow whereas 1  Hz stimula-
tion was associated with decreases in blood flow, 
effects on metabolism that are consistent with the 
hypothesis of high-frequency/excitatory and low- 
frequency/inhibitory TMS effects.

Loo and colleagues measured acute effects of 
stimulation after one session [71]. They applied 
high- or low-frequency TMS and injected a 
radiotracer at the beginning of stimulation onset, 
acquiring a PET scan directly after the end of the 
stimulation session. Compared to sham stimula-
tion, both high- and low-frequency TMS induced 
increases and decreases of regional cerebral 
blood flow in focal regions throughout the whole 
brain. A region-of-interest analysis of the left 
DLPFC showed that 15  Hz increased, whereas 
1 Hz slightly decreased, the mean blood flow in 
this region. This study contributed significantly 
to the field by demonstrating the complexity of 
TMS effects, with both high and low frequencies 
causing increases and decreases of blood flow 
throughout the brain.

Other studies have used PET to test specific 
hypotheses about the mechanisms of TMS treat-
ment. Based on the observation that some patients 
show hypermetabolism whereas others show 
hypometabolism in prefrontal cortex, Kimbrell 
and colleagues hypothesized that TMS improves 
depressive symptoms by bringing brain metabo-
lism back within normal range, that is, the clini-
cal efficacy of high- versus low-frequency TMS 
should depend on baseline metabolism [72]. 
They observed a correlation between baseline 
metabolism and clinical improvement for high- 
frequency but not low-frequency TMS.  Given 
their limited sample size, an unambiguous con-
clusion cannot be drawn.

Based on the observation that high-frequency 
TMS to left DLPFC and low-frequency TMS to 
right DLPFC induce similar clinical effects, it 
has been hypothesized that the antidepressant 
effect reflects normalization of the ratio of activ-
ity in the left versus right frontal hemispheres 
[73]. In baseline single photon emission com-
puted tomography scans, a left-right asymmetry, 
with larger activity in the right hemisphere, was 

observed in depressed patients. This asymmetry 
is commonly observed in depression across dif-
ferent imaging modalities, consistent with the 
right hemisphere association with negative emo-
tions and thinking patterns [74, 75]. After 2 weeks 
of high-frequency TMS treatment, blood flow in 
the right hemisphere decreased to the same level 
as in the left hemisphere in treatment responders.

 Physiological Effects of the Two 
Standard TMS Approaches
Several PET studies have investigated physiolog-
ical effects of the two most common treatment 
protocols: high-frequency TMS to left DLPFC 
and low-frequency TMS to right DLPFC. Baeken 
and colleagues [76] observed that left DLPFC 
stimulation increased metabolism in the dorsal 
anterior cingulate cortex in responders. This is 
in line with the idea that TMS increases activity 
in hypoactive frontal regions. In a second study, 
the same group conducted a region-of-interest 
analysis focusing on the subgenual ACC in which 
they observed a decrease in metabolism [77]. The 
reduction in subgenual ACC metabolism corre-
lated with symptom improvement, consistent 
with the triple network theory that inhibition of 
the subgenual ACC and default mode network is 
a key component to restore healthy brain func-
tion. Kito and colleagues conducted two studies 
using left-sided high-frequency and right-sided 
low-frequency TMS [78, 79]. In response to 
putatively inhibitory stimulation to the right 
DLPFC, they observed decreased metabolism 
in the right DLPFC, as well as in limbic regions 
including the subgenual ACC and amygdala, 
consistent with the importance of cortico-limbic 
connections and the idea that TMS might reduce 
the left-right hemisphere activation asymmetry 
commonly observed in depression and associated 
with negative emotions [74, 75]. Unfortunately, 
no relationship between brain changes and symp-
tom improvement was reported, which limits the 
conclusions that can be drawn from this study. 
In response to putatively excitatory left-sided 
stimulation, there were increases in blood flow in 
the stimulated DLPFC, as well as a positive cor-
relation between activity increases in prefrontal 
regions, the subgenual ACC and limbic regions 
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and symptom improvement. While increased 
activity in the prefrontal cortex and ACC might 
suggest improved emotion regulation, increases 
in activity in limbic regions might suggest a 
counterproductive effect on emotion processing, 
which contradicts most other studies. Both treat-
ment approaches were compared by Richieri and 
colleagues [80]. They found that responders ver-
sus non-responders showed decreases in perfu-
sion in the left perirhinal cortex, a region strongly 
connected to the hippocampus and amygdala, 
independent of stimulation type.

 Critical Assessment of the Reported 
Literature
These early studies have contributed significantly 
to our understanding of the physiological effects 
of TMS in depression treatment. Nonetheless, 
the information value of most studies is limited 
due to aspects of the study design. The follow-
ing points apply to the vast majority of imaging 
studies to date, including the methods discussed 
in next sections. First, these studies measured 
physiological changes and changes in depres-
sion symptoms but did not include tasks assess-
ing cognitive or affective functions. These would 
be helpful to test what cognitive changes are 
induced by the physiological changes. Second, 
all of these studies used a similar experimental 
design  – they all acquired neuroimaging data 
before and after the treatment to identify changes 
associated with mood improvement. One prob-
lem with this approach is that two very differ-
ent states are compared, that is, the depressed 
state at baseline versus the non-depressed state 
after successful treatment. With this contrast, it 
is unclear whether observed changes are caused 
by stimulation, or simply reflect differences 
between a depressed versus a non-depressed 
brain. In order to evaluate how TMS induces 
changes in the brain that lead gradually to clini-
cal improvement over time, several brain scans 
would need to be acquired to track stimulation-
induced changes over the course of the treatment 
period. Third, most studies reported above lack 
a control group with sham stimulation. Sham 
stimulation is expected to act like a placebo, that 
is, some patients should improve over the “treat-

ment” period despite receiving sham stimulation 
(e.g. owing to weeks of daily social interaction 
with clinic staff). A comparison of the effects 
of real versus sham stimulation would be help-
ful to differentiate between effects induced by 
the stimulation and changes occurring over time 
independently of TMS. Fourth, changes observed 
in the neuroimaging data should ideally be cor-
related to symptom improvement  – to identify 
which changes are clinically meaningful. This 
test is missing in some studies. Finally, some 
studies report contrasts between responders ver-
sus non-responders, but symptom improvement 
is a continuous variable, so a correlation between 
brain changes and symptom improvement would 
arguably be more informative.

Taken together, these studies suggest that 
TMS treatment induces short-term physiological 
effects in prefrontal cortical areas as well as in 
subcortical limbic areas, that is, the regions asso-
ciated with dysfunctional emotion regulation in 
the neurobiological model of depression. TMS 
is also associated with long-term changes in 
prefrontal and limbic areas; however, the direc-
tions of the effects reported in different studies 
partly disagree. For subcortical regions such as 
the subgenual ACC, increases and decreases 
have been reported, which suggests that the 
relationship between activity changes in single 
brain regions and symptom reduction is com-
plex. Discrepancies in the findings might also be 
caused by methodological differences and differ-
ent characteristics of the patient groups, given 
that depression is a heterogenous disorder and 
most studies report small sample sizes. In gen-
eral, due to the design of these studies, it is not 
possible to conclude if the changes reported are 
caused by TMS or whether they simply reflect 
spontaneous clinical mood improvements over 
time.

10.3.2  Effects on Brain Networks 
in the Resting State

Consistent with the field of depression research 
moving towards network approaches, more 
recent imaging studies have focused on con-
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nectivity analyses. Most have used resting-state 
functional connectivity  – brain networks with 
correlated patterns of spontaneous fluctuations 
in activity over time measured while participants 
simply rest in the scanner. Connectivity is rele-
vant to TMS since the magnetic field induced by 
TMS is focal, so changes in remote regions can 
only occur indirectly through connections from 
the stimulated brain region. Resting-state func-
tional connectivity analyses can be used to inves-
tigate how focal stimulation to a cortical target 
is propagated within and across interconnected 
networks. Since depression is associated with 
limbic dysfunction, induced change in cortico-
limbic functional connectivity is likely to play an 
important role in NIBS treatment action.

Regions coactivated in a task-active state also 
tend to correlate at rest, which has been shown 
for several networks such as visual, auditory 
and language networks [81]. Resting-state fMRI 
has some advantages over task-related fMRI, 
including better signal-to-noise ratio, no con-
founds from task-related aspects, short acquisi-
tion time and higher participant compliance [82]. 
Moreover, it is a whole-brain approach, that is, 
networks and regions distributed across the entire 
brain can be observed simultaneously, making it 
possible to visualize the propagation of stimula-
tion effects within and across networks.

Resting-state connectivity measures may 
be particularly important in treatment studies 
of depression. The default mode network, nor-
mally deactivated during task states, becomes 
active at rest. In depression, it is hyperactive at 
rest and this is associated with rumination [28, 
32]. Dampening down default mode network 
hyperactivity is a candidate mechanism underly-
ing NIBS treatment, similar to other treatment 
modalities that have been shown to have this 
effect (e.g. pharmacological [83]).

 TMS Effects on Resting-State Networks
In a recent study, TMS-induced changes in 
resting- state functional connectivity of the cor-
tical stimulation target, the left DLPFC, were 
analysed [84]. At baseline, global connectivity 
of the DLPFC was reduced in depressed patients 
compared to healthy controls. In response to 

TMS, connectivity increased, which correlated 
with clinical improvement. More detailed analy-
ses showed that, consistent with a normalization 
mechanism, TMS induced negative connectiv-
ity between DLPFC and amygdala, which was 
absent in their sample of depressed patients at 
baseline and which is usually observed in healthy 
controls.

Another study used single photon emission 
computed tomography data to analyse connec-
tivity and found that TMS decreased functional 
connectivity between the stimulated DLPFC and 
some regions of the default mode network, and 
this change correlated with symptom improve-
ment [85]. In response to stimulation of the dor-
somedial prefrontal cortex, connectivity between 
the stimulated region and the amygdala and 
insula decreased, while connectivity to the thala-
mus increased [56]. These changes were also 
associated with clinical response.

These studies support the hypothesis that TMS 
not only stimulates the cortical target region, but 
that the effects are also transmitted indirectly 
via structural and functional connectivity to sub-
cortical regions. The correlations with symptom 
improvement indicate that the antidepressant 
effects might rely on the interaction between 
prefrontal and subcortical regions, especially 
regions related to emotion regulation. Moreover, 
these findings suggest that the clinical effect of 
brain stimulation could be enhanced if cortical 
regions with strong connections to specific sub-
cortical regions were specifically targeted.

The Clinical Effect of TMS Is Associated 
with Connectivity Changes 
in the Subgenual ACC
Fox and colleagues’ influential study used the 
DLFPC TMS target coordinates from several 
treatment trials and computed the strength of rest-
ing-state connectivity with the subgenual ACC 
for each [36] (see Box 10.3 for a more detailed 
description of the study). They found that stimu-
lation sites with a stronger negative connectivity 
to the subgenual ACC were associated with bet-
ter clinical outcome. Their findings, in line with 
the triple network model of depression, suggest 
that downregulation of the subgenual ACC and 
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the default mode network might be a potential 
mechanism of TMS treatment. Based on these 
findings, subsequent studies directly investigated 
connectivity changes of the subgenual ACC in 
response to stimulation. Baeken and colleagues 
found that TMS changed the negative functional 
coupling of the subgenual ACC with the perigen-
ual anterior cingulate cortex and superior medial 
frontal gyrus into a positive coupling [86]. In a 
study using accelerated intermittent theta burst 
stimulation, a speeded treatment protocol, clinical 
improvement correlated with induced changes in 
connectivity between subgenual ACC and medial 
orbitofrontal cortex [87]. Connectivity changes 
between the subgenual ACC and regions of the 
default mode network have also been observed 
in several other studies [56, 88, 89, 90], suggest-
ing that this might be an important mechanism 
underlying the antidepressant effect of TMS.

These findings have direct clinical implica-
tions, since they suggest that TMS treatment 
could be improved by targeting individual sub-
regions within the DLPFC that have the highest 
anticorrelation with the subgenual ACC. This is 
further discussed in Sect. 10.5. However, some 
limitations remain. As discussed previously, it is 
often unclear if changes in neuroimaging mark-
ers after treatment are specifically induced by the 
stimulation. The results of studies often diverge 
in terms of the specific connections and the 
directionality of connectivity changes (increased 
or decreased) observed, which might be due to 
methodological differences. Most research has 
focused on subgenual ACC connectivity, which 
seems to be a promising approach. Nonetheless, 
other connections are likely to be equally or even 
more important and such data are lacking.

TMS Effects on the Three Major Resting- 
State Networks
Based on findings that depression is associ-
ated with disturbed interactions between brain 
networks, a few studies have investigated how 
TMS treatment changes connectivity within and 
between the three key networks implicated in 
depression  – default mode network, executive 

control network and salience network. Liston 
and colleagues correlated signal within two seed 
regions, the DLPFC and subgenual ACC, with 
regions in the default mode network and execu-
tive control network [90]. They found that TMS 
reduced hyperconnectivity of the subgenual ACC 
to the default mode network and induced nega-
tive connectivity between DLPFC and medial 
prefrontal cortex. In another study, positive clini-
cal outcome was associated with decreased con-
nectivity between subgenual ACC and default 
mode network regions, as well as reduced con-
nectivity between the hippocampus and regions 
of the salience network [88]. In a third study, 
symptom improvement was associated with 
decreased connectivity of the subgenual ACC to 
the default mode network, executive control net-
work and a network related to affective processes 
[89]. However, similar changes were observed in 
the sham stimulation condition, suggesting that 
these brain changes were associated with symp-
tom improvement in general rather than specifi-
cally with TMS treatment.

Similar to the PET studies reported in the 
previous section, a major limitation is that the 
absence of a sham control condition and the 
comparison of neuroimaging markers before 
versus after treatment makes it unclear whether 
observed changes are induced by NIBS or are 
more generally associated with clinical improve-
ment. Nonetheless, such studies are valuable as 
their findings can be used to infer what imaging 
markers are associated with better mental health, 
and to guide the application of non-invasive 
brain stimulation to try and induce this desired 
brain state. Another important limitation in this 
research field is methodological heterogene-
ity. Overall, there is a substantial overlap in the 
networks implicated in depression and treat-
ment response, but the exact regions as well as 
the direction of brain signal change often differs 
between studies. These methodological differ-
ences, especially the choice of regions of interest, 
make comparisons across studies very difficult, 
such that it is currently unclear how well results 
replicate across studies.
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 tDCS Effects on Resting-State Networks
Effects of tDCS on resting-state networks are 
reviewed in Chap. 9. Here, we therefore limit our 
text to highlighting just a few points.

TDCS Effects on the Three Major Resting- 
State Networks
tDCS has been shown to induce physiological 
changes in networks associated with depres-
sion. Two pre-clinical studies investigated 
the effects of prefrontal tDCS on resting-state 
fMRI in healthy participants. In both studies, 
participants underwent fMRI directly after the 
application of a single tDCS session. In the first 
study, real compared to sham tDCS induced 
changes in connectivity close to the electrodes 
as well as in more remote regions – the default 
mode network and bilateral fronto-parietal net-
work [91]. In the second study, active tDCS 
led to increased synchrony in the executive 
control network and decreased synchrony in 
the default mode network [92]. Another study 
investigated the effects of prefrontal tDCS on 
resting-state networks using arterial-spin label-
ling [93]. During anodal stimulation, tDCS 
induced increases in areas close to the stimu-
lation site. After the stimulation, a decrease in 
regions associated with the default mode net-
work was observed. These studies demonstrate 
that DLPFC-targeted tDCS induces metabolic 
changes in networks implicated in depression. 
More precisely, tDCS decreased activity in 
the default mode network and increased activ-
ity in the executive control network, consistent 
with the triple network theory of  antidepressant 
effects. However, these studies were conducted 
in healthy participants and measured the effects 
of a single tDCS session. Hence, it remains 
unclear both what the long-term effects of a 
daily tDCS treatment protocol over several 
weeks would be and how those physiological 
effects would be related to clinical improve-
ment. There are a number of ongoing clinical 
trials investigating the effects of tDCS on fMRI, 
which should cast light on these questions, 
including: “Imaging-Guided tDCS Therapy in 
Major Depression” (NCT03556124), “Disorder- 
Tailored Transcranial Direct Current Stimulation 

(tDCS) of the Prefrontal Cortex: fMRI Study 
on Major Depression and Schizophrenia” 
(NCT02715128) and “Functional MRI Study 
of Transcranial Electric Stimulation in Major 
Depression” (NCT04031547).

Resting-State Analysis Suggests 
Alternative Target Regions
Resting-state studies of tDCS network effects 
have value in suggesting potential alternative 
treatment targets. The antidepressant effects of 
TMS and other treatment modalities seem to rely 
importantly on modulation of the default mode 
network. Hence, cortical areas closely coupled 
with the default mode network, and that are easy 
to reach with NIBS (e.g. medial prefrontal cortex 
or angular gyrus), might be good alternative tar-
gets for depression treatment. One recent study 
investigated this potential using resting-state con-
nectivity. Zhang and colleagues [94] conducted a 
meta-analysis to identify brain regions associated 
with depression. Next, in a sample of depressed 
patients, they analysed resting-state connec-
tivity to identify cortical regions connected to 
those brain areas identified by the meta-analysis. 
Figure  10.5 depicts the resulting maps, which 
indicate a number of cortical regions that could 
be targeted by NIBS and potentially serve as a 
“gateway” to modulate depression networks. 
This study highlights that the DLPFC is only one 
out of several possible target regions.

This is further supported by a study that com-
pared effective target regions across invasive and 
non-invasive stimulation modalities [95]. Deep 
brain stimulation for depression targets the sub-
genual ACC directly and reduces hyperconnec-
tivity of the default mode network. NIBS targets 
DLPFC, which has negative functional coupling 
with the subgenual ACC, and there is evidence 
that the effect of NIBD might rely on reducing 
hyperconnectivity of the subgenual ACC and 
default mode network [88, 90]. These findings 
suggest shared mechanisms of treatment action, 
despite the stimulation modality and target 
regions (DLPFC vs. sgACC) differing. It further 
supports the idea that stimulating different sub-
regions of the same network (e.g. default mode 
network) might induce similar clinical effects.
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10.3.3  Physiological Effects During 
Concurrent NIBS and fMRI

Most studies investigating the effects of NIBS 
have analysed changes in neuroimaging mark-
ers after the treatment period. While this kind 
of design can reveal what has changed in a 
depressed brain after treatment, it does not illu-
minate how these changes develop over the 
course of the treatment. This could be addressed 
by designs that measure repeatedly throughout 
the treatment period. For instance, the simultane-
ous use of NIBS and fMRI offers the opportunity 
to measure the direct physiological effects of the 
stimulation. This offers the potential to charac-
terize dynamic treatment-induced changes over 
time.

To date, only a few studies have combined 
TMS and fMRI concurrently, and these have 
focused on the effects of single TMS pulses, 
enabling brain changes to be linked straightfor-
wardly to stimulation without intervening com-
plications (such as plasticity or mood change 
associated with chronic repetitive protocols). 
These studies have aimed to confirm hypotheses 
derived from previous PET and fMRI studies 
that could only provide correlative evidence. For 
instance, two TMS-fMRI studies have confirmed 
that single TMS pulses applied to the DLPFC 
can reach subcortical regions relevant to emo-

tion regulation, such as the subgenual ACC and 
amygdala [96, 97]. Similar work has also shown 
that TMS pulses applied to the DLPFC can 
modulate activity and connectivity of the default 
mode  network [97, 98]. Collectively, such stud-
ies have provided direct evidence that TMS can 
indeed induce effects in deep regions and distrib-
uted networks implicated in the pathophysiology 
of depression, such as the default mode network 
and the subgenual ACC.

 The Value of Measuring the Direct 
Physiological Effects of NIBS
Information about the direct physiological effects 
of TMS pulses could be leveraged to improve the 
future clinical application of TMS. For example, 
stimulation protocols could be optimized to select 
those that induce greater physiological responses 
in regions thought to be core to depression patho-
physiology or to underlie treatment effects, fol-
lowed by tests to determine if this causes better 
clinical improvement. TMS/fMRI can be used 
to advance personalization, such as by targeting 
the subject-specific subregion of DLPFC with 
the highest anticorrelation to the subgenual ACC 
[36] or the subregion that induces the strongest 
physiological change in subgenual ACC. Oathes 
and colleagues stimulated DLPFC subregions 
with particularly strong connections to subcorti-
cal regions of interest and found that stimulation 
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Fig. 10.5 Map of potential cortical target regions con-
nected to areas associated with depression. The different 
colours refer to three different analysis pipelines. Yellow: 
cortical regions that are part of the clusters associated with 
depression. Light blue: cortical areas most strongly corre-

lated to the regions associated with depression (positive cor-
relation). Red and green: Cortical regions correlated with 
the highest number of depression-associated areas (red: 
positive correlation, green: negative correlation). (Figure 
provided by Binlong Zhang, adapted from Ref. [94])
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reliably modulated activity in these subcortical 
targets [97]. Future studies could test the degree 
to which personalized connectivity- guided TMS 
leads to greater physiological engagement of 
subcortical targets. Clinical studies using per-
sonalized stimulation sites are discussed in Sect. 
10.5.1.

Differences in the response to single TMS 
pulses are relevant to understanding heterogene-
ity in treatment response to TMS. Across healthy 
participants, Vink and colleagues [96] found 
large variability in the brain changes induced by 
TMS to the left DLPFC. Significant effects in the 
subgenual ACC were observed in only four out 
of nine participants. Understanding the sources 
of variation in physiological response is an 
important precursor to understanding why some 
patients respond to TMS treatment whereas oth-
ers do not. Known sources of variability in the 
response to NIBS include cortical thickness [99], 
hormones [100] and genetic factors [101] (see 
[102] for a meta-analysis).

Regarding tDCS, in a recent study anodal, 
cathodal or sham tDCS was applied during 
resting- state and task-related fMRI during a 
simple choice reaction task [103]. This study 
demonstrated that stimulating the right inferior 
frontal gyrus, a cortical region of the salience 
network modulates functional connectivity 
within that network and between the salience 
and default mode network, regions implicated in 
the psychopathology of depression. The changes 
in functional connectivity induced by tDCS var-
ied not only with stimulation polarity but also 
with brain state (i.e. changes differed during 
task performance vs. at rest). The effects of 
NIBS are known to vary with brain state [104]. 
Typically NIBS treatment is applied during rest, 
but brain-state dependency suggests that stimu-
lating during a task that engages cognitive and 
affective processes relevant to depression could 
potentially enhance antidepressant effects. For 
instance, stimulation during a task designed to 
counteract the negative cognitive biases that 
maintain depressive symptoms [105] or com-
bining NIBS with cognitive therapy [106, 107] 
could induce better long-term clinical gains. 
Cognitive effects of tDCS are reviewed in the 
Chaps. 17 and 29.

10.3.4  Effects on Task fMRI

Task-related imaging characterizes brain activ-
ity (or connectivity) during the performance of 
a behavioural task. In the analysis of data, brain 
activity is usually contrasted between two differ-
ent task conditions (one of which might be rest) 
so that the resulting contrast images display brain 
regions that are activated to a greater or lesser 
extent in one condition compared to the other. 
In contrast to resting-state imaging, which visu-
alizes the whole brain, task-related imaging is 
focused on brain regions where there are differ-
ences in activity between task conditions.

Therefore, the greatest challenge of investi-
gating task-related effects is the choice of behav-
ioural paradigm. The chosen task should engage 
brain circuits associated with depression, ideally 
prefrontal cortical regions as well as limbic areas. 
One possible approach for task selection would 
be to pilot cognitive and affective tasks in partici-
pants with varying levels of depressive symptoms 
and test for task parameters that are associated 
with depression. Neuroimaging could then be 
used to assess differences in task-related brain 
activity in healthy versus depressed participants 
and, for example, test whether TMS treatment 
normalizes task performance and related imaging 
markers.

To date, most research combining NIBS and 
imaging has focused on resting state for two good 
reasons: the practical advantages, such as short 
acquisition time and good comparability of data 
across studies, and because rumination, a cardi-
nal feature of depression, is associated with the 
default mode network, which is activated dur-
ing rest. However, in everyday life, the difficul-
ties caused by depressive symptoms manifest in 
situations where patients interact with others and 
their environment, and such behaviours depend 
on brain circuits that are recruited during cogni-
tive and affective processing [108]. For instance, 
patients with depression commonly exhibit a 
negative cognitive bias in which they focus more 
on negative than positive information. Effective 
antidepressant treatments, such as drugs and cog-
nitive behavioural therapy, have been shown to 
reduce negative biases, and this has been shown 
to precede and predict clinical response [109]. 
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This suggests the hypothesis that depression 
treatments may share common cognitive mecha-
nisms of treatment action, such as reducing nega-
tive bias, which may also contribute to effective 
NIBS treatment [23, 110, 111]. Task-related 
imaging could be used to investigate this.

A number of proof-of-concept studies have 
investigated the effects of NIBS on task-related 
imaging in healthy volunteers. In one study, 
healthy women were presented with positively 
or negatively valenced baby faces after one 
TMS session. Right-sided (but not left-sided) 
high- frequency stimulation resulted in blunted 
responses of the amygdala to negative faces 
[112]. In a second study in healthy women using 
the same task, sham stimulation compared to left- 
sided high-frequency prefrontal TMS increased 
activity in the left superior frontal cortex and 
right inferior parietal cortex in response to posi-
tive faces, and decreased activity in the right 
insula in response to negative faces [113].

With respect to tDCS, two studies showed 
that prefrontal tDCS can reduce vigilance to 
threatening stimuli in healthy participants and 
individuals with high state anxiety, suggest-
ing a potential cognitive mechanism that could 
contribute to symptom improvement [110, 111]. 
This behavioural effect was associated with a 
reduced response of the amygdala to negative 
stimuli and increased activity in cortical control 
regions [110]. Another study analysed the influ-
ence of tDCS targeting the medial prefrontal cor-
tex on the processing of negative or neutral video 
clips [114]. Compared to sham stimulation, real 
tDCS reduced participants’ intensity ratings and 
self- reported stress levels in response to nega-
tive stimuli. tDCS also increased activity in the 
medial prefrontal cortex in response to negative 
stimuli, a possible correlate of enhanced regula-
tion of negative affect. There was a trend-level 
increase in subgenual ACC activity, which would 
normally be associated with increased experi-
ence of negative emotions and might thus indi-
cate an unfavourable effect. The stimulation also 
modulated connectivity in a network related to 
emotion regulation, comprising the ventromedial 
prefrontal cortex, subgenual ACC, amygdala and 

ventral striatum. In another study, anodal com-
pared to cathodal tDCS targeting the ventrome-
dial prefrontal cortex led to increased activity in 
occipital, temporal and frontal areas in response 
to pleasant scenes [115]. Two studies analysed 
tDCS effects on women scoring high on per-
ceived criticism. In response to real compared 
to sham tDCS, decreased perfusion in the peri-
genual anterior cingulate cortex and medial pre-
frontal cortex was observed after being criticized, 
which might indicate a downregulation of nega-
tive emotion processing [116]. In a second study, 
reduced connectivity between the left DLPFC 
and insula were observed in response to tDCS, 
indicating modulation of the interplay between 
executive control network and salience network 
[117]. Neither study on perceived criticism found 
effects of tDCS on mood.

These studies suggest that NIBS has effects 
on networks relevant to processing of affec-
tive stimuli and emotion regulation. Overall, 
the physiological effects seem to be in the 
direction beneficial for depression treatment, 
that is, increased processing of positive stim-
uli and downregulation of negative emotions. 
Corresponding behavioural changes have not 
always been observed, potentially because more 
than one stimulation session might be necessary 
to induce such changes. These studies also inves-
tigated the effects of a single stimulation session 
in healthy participants, so that it is unclear what 
effects repeated stimulation sessions would have 
on patients suffering from depression.

Two studies investigated the effects of TMS 
treatment on task-related imaging in patients suf-
fering from depression. In one study, single pho-
ton emission computed tomography was used to 
investigate brain perfusion related to a verbal flu-
ency task before and after the first TMS session 
of a 10-day treatment [118]. Verbal fluency tasks 
have been shown to induce wide-spread activity 
in areas relevant to depression, such as the pre-
frontal cortex and subcortical regions [119]. The 
task was performed directly after injection of a 
radiotracer. TMS led to increased activation of 
the ACC and increased connectivity of dorsolat-
eral and medial prefrontal to limbic regions. In 
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another study [120], differences in fMRI acti-
vation in relation to a planning task before and 
after 3 weeks of TMS treatment were analysed. 
Responders showed significant changes in task- 
related activity in prefrontal areas, depending on 
the stimulation frequency applied.

The value of both studies is limited by their 
small sample sizes, especially regarding the fact 
that different frequencies were applied within 
the studies. The observed connectivity changes 
between cortical control regions and limbic areas 
are in line with the hypothesis that TMS improves 
processes involved in emotion regulation. 
However, no convincing relationship between 
the physiological effects and symptom improve-
ment was observed. More research is needed to 
evaluate how the physiological effects of NIBS 
treatment relate to clinically relevant cognitive 
changes. Future studies could try to use behav-
ioural paradigms that are more closely associated 
with depression than verbal fluency or planning 
tasks, for example a task testing for negative 
attentional or cognitive biases (such as the one 
used in the studies on vigilance to threat [110, 
111]), since changes in such tasks are more likely 
to have clinical relevance (see Chaps. 17 and 29 
for a review of cognitive effects of tDCS).

10.3.5  Structural Changes 
in Response to NIBS 
Treatment

Depression has been associated with structural 
brain change, especially in fronto-limbic net-
works involved in emotion regulation [121]. 
Animal models have demonstrated that TMS 
can induce structural changes by increasing 
neurogenesis in the hippocampus [122]. In 
humans, structural changes have been observed 
in response to electro-convulsive therapy [123, 
124], suggesting the possibility that this might 
also contribute to TMS treatment effects.

A few studies have tested whether TMS treat-
ment induces structural changes in medial tempo-
ral lobe areas. In one study, treatment responders 

showed a trend-level increase in the volume of 
the left amygdala, but not the hippocampus [125]. 
Another study observed the opposite pattern, that 
is, significant volume increases in the left hippo-
campus, but not in the amygdala [126]. Volume 
increases in the hippocampus were also observed 
by Noda and colleagues [127] although neither 
of these two studies found a correlation between 
volume increase in the hippocampus and clinical 
improvement. Similar structural changes in the 
temporal lobe have been observed in response 
to electro-convulsive therapy, also without any 
association with clinical improvement [128].

One study focused on whole-brain grey matter 
to test whether TMS can induce structural changes 
in brain areas that show abnormal structure in 
depression [129]. They found that increases in 
grey matter volume in the left ACC, a region 
which showed reduced volume in depressed 
patients compared to healthy controls at baseline, 
correlated with symptom improvement.

Another study investigated whether TMS 
alters structural connectivity by inducing 
changes in white matter microstructure [130]. 
The authors compared white matter integrity 
between patients and healthy controls and found 
reductions in patients in the left middle frontal 
gyrus. Compared to sham, TMS increased white 
matter integrity in this area and this correlated 
with symptom improvement. These results sug-
gest increases in white matter integrity in the left 
middle frontal gyrus might be a structural cor-
relate of TMS treatment effects.

All of these studies compared structural neu-
roimaging data before versus after treatment. In 
most studies, no relationship between structural 
changes and symptom improvement was found. 
In general, it is unclear how structural changes 
relate to functional changes. Nonetheless, these 
studies support the hypothesis that NIBS has an 
effect on subcortical, especially limbic areas, 
which might mediate antidepressant effects. 
Further research on structural effects might 
help to understand how these relate to clinical 
change and hence how TMS parameters could be 
improved to maximize the relevant effects.
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10.3.6  Summary

10.4  Predictors of Treatment 
Response

The central clinical challenge in treating depres-
sion is to find the right treatment for the right indi-
vidual. For NIBS, as for other treatments, clinical 
response varies a lot between patients, so it would 
be very beneficial to be able to predict in advance 
whether an individual is likely to respond to a 
given treatment or not. Neuroimaging treatment 
predictors are analysed by acquiring structural 
or functional brain images at baseline and relat-
ing brain characteristics to the clinical outcome 
after the treatment period. The most common 
approach is to categorize patients into “respond-
ers” versus “non-responders” and then analyse 
differences in baseline brain imaging markers 
between these two groups. Treatment response is 
typically defined as a reduction of at least 50% in 
a standard clinical depression questionnaire after 
4–6 weeks of treatment.

The prediction of treatment response is still a 
young field of research. The current state of the 
field is at the beginning of testing the first algo-
rithms for prediction in prospective clinical trials.

10.4.1  Predictors Based on PET

One of the first studies to investigate treatment 
predictors was by Kimbrell and colleagues [72] 
in which they hypothesized that global brain 
metabolism at baseline could predict clinical 
response to high- versus low-frequency stimula-
tion. The results of the study were not convinc-
ing, but nonetheless this early study had value in 
suggesting that baseline neuroimaging markers 
might have predictive utility.

Later studies focused on the metabolism in 
mainly frontal regions that had previously been 
associated with treatment effects. Kito and col-
leagues hypothesized that treatment response 
depends on relative metabolism in dorsolateral 
prefrontal regions associated with top-down 
control versus ventromedial regions related to 
emotional response [131, 132]. Therefore, they 
calculated a ratio metric, by dividing the average 
metabolism in the DLPFC by the metabolism in 
the ventromedial prefrontal cortex. They found 
that the response to high-frequency left-sided 
TMS correlated with the ratio of DLPFC/ventro-
medial prefrontal cortex activity, with a smaller 
ratio predicting better response [131]. With 
respect to low-frequency stimulation to the right 
hemisphere, better treatment outcome was asso-
ciated with higher ventromedial prefrontal cortex 
baseline activity [132]. Taken together, for both 
types of TMS treatment, high baseline activity 
in the ventromedial prefrontal cortex seemed to 
be associated with successful improvement. With 
respect to the triple network model of psycho-
pathology, this is consistent with the theory that 
depression is associated with hyperactivity in the 
default mode network, and that this is reduced by 
effective treatment.

Based on the findings that TMS modulates 
activity in frontal cortical and related subcorti-
cal areas, other studies have conducted region-
of- interest analyses of these areas. Baeken and 
colleagues tested whether baseline metabolism 
in the DLPFC and ACC could predict treatment 
response [76]. They found that higher levels of 
metabolism in both areas were associated with 
better clinical outcome. Higher ACC metabolism 

Summary: Imaging Insights into 
Mechanisms of NIBS Treatment Action
• The modulation of subcortical limbic 

areas related to emotional response 
seems to play an important role in the 
antidepressant effect of NIBS 
treatment.

• Therefore, connectivity between the 
cortical target area and subcortical 
regions (in particular, the subgenual 
ACC) is especially relevant.

• Resting-state network analysis suggests 
several potential novel NIBS target 
regions (cortical regions of the default 
mode network) of which very few have 
been investigated so far.
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was also found to be predictive of better response 
in another study [133]. In response to accelerated 
high-frequency treatment, patients with higher 
subgenual ACC metabolism showed better clini-
cal improvement [77].

The importance of the ACC has also been 
highlighted in the general literature on psycho-
pathology. Reduced grey matter volume in the 
dorsal ACC has been shown to be a common 
neurobiological substrate across several mental 
disorders, including depression, addiction and 
schizophrenia [134]. The predictive potential of 
ACC neuroimaging markers in depression has 
also been reported in other treatment modalities. 
For instance, activity and connectivity of the ACC 
has been found to predict treatment response 
to selective serotonin reuptake inhibitors [135, 
136]. Therefore, the ACC might be a general pre-
dictor of treatment response in depression across 
different treatment modalities including NIBS.

There are some methodological problems that 
make conclusions about the predictive potential of 
baseline metabolism difficult. First, some studies 
only contrast responders versus non- responders, 
whereas clinical improvement is a continuous 
variable (patients improve to a certain extent) and 
so correlations between baseline metabolism and 
degrees of improvement could arguably be more 
informative. Second, many studies use region-
of-interest approaches, that is, they restrict their 
analysis to certain pre-defined brain regions. This 
is a useful approach to test specifically whether 
a certain brain area might have predictive value, 
but it does not allow for comparison of predic-
tive potential across brain regions. This also hin-
ders comparison across studies that use different 
regions of interest. Finally, most studies do not 
report the prediction accuracy of the neuroimag-
ing markers found to have predictive potential. 
This is a major problem, since prediction accu-
racy is the metric that allows for quantification of 
the predictive value and for relative comparison 
across studies and different potential predictors.

One positive example is a study conducted by 
Richieri and colleagues, who used a whole-brain 
approach [137]. They found that non-responders 
compared to responders showed decreased perfu-

sion in four clusters, the left and right prefron-
tal cortices, the left parahippocampal cortex and 
the right thalamus. Based on these four clusters, 
a discriminant analysis was performed which 
yielded an area under the curve (a standardized 
measure for prediction accuracy) of 0.89 (sen-
sitivity = 0.94, specificity = 0.73). This study is 
worth highlighting, since it used a whole-brain 
approach and reported a standardized measure of 
prediction accuracy.

10.4.2  Predictors Based on Resting- 
State Connectivity

The majority of studies investigating resting-state 
connectivity as a predictor of treatment response 
have focused on subgenual ACC functional con-
nectivity and have built upon a seminal study 
by Fox and colleagues [36] (for details see Box 
10.3). Based on findings highlighting the role of 
the subgenual ACC in depression [28, 33] that 
study tested the hypothesis that variation in TMS 
clinical efficacy would be related to differences 
in the precise location of the TMS target within 
DLPFC.  Specifically, stronger clinical response 
would be associated with stronger negative func-
tional coupling between DLPFC and subgenual 
ACC. They used a large sample of healthy par-
ticipants to calculate group-averaged resting- 
state connectivity between the subgenual ACC 
and the different DLPFC target coordinates used 
in previous treatment studies. They confirmed the 
hypothesis both for the group-averaged DLPFC 
coordinates as well as for the coordinates from 
individual patients.

This same study suggests a model of treatment 
action: that DLPFC TMS reduces the hyper-
activity in the default mode network typically 
observed in depression. The negative functional 
connectivity between DLPFC (part of the execu-
tive control network) and subgenual ACC (con-
nected to the default mode network) suggests that 
exciting DLPFC would induce inhibitory effects 
in the default mode network, and this would be 
expected to have antidepressant effects. Further, 
this study suggests that DLPFC-subgenual ACC 
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functional connectivity strength might predict 
treatment outcome, thus indicating a personaliza-
tion approach: to improve efficacy, apply TMS 
to the subregion of the DLPFC with the stron-
gest negative correlation to the subgenual ACC 
in each individual.

A number of studies have been conducted to 
replicate and extend these findings. It has been 
shown that measures of connectivity strength 
between parts of the DLPFC and subgenual 
ACC can be reproduced across sessions [138]. 
Subgenual ACC connectivity has also been found 
to correlate with improvements in affective and 
cognitive but not somatic symptoms, suggesting 
that the clinical efficacy of this approach might 
depend on individuals’ symptom profile [139].

This line of work is a positive example of a 
research finding that has been replicated and 
extended by other groups. While these stud-
ies above have aimed at identifying the optimal 
(individual) target region, other studies have ana-
lysed connectivity features to predict who will 
respond to a given treatment.

For instance, Baeken and colleagues tested 
in two studies whether whole-brain subgenual 
ACC connectivity could predict response to 
TMS treatment [86, 87]. Negative connectivity 
between subgenual ACC and superior middle 
frontal gyrus predicted better response to accel-
erated high- frequency stimulation while positive 
connectivity between subgenual ACC and medial 
OFC predicted better response to accelerated 
intermittent theta burst TMS. Ge and colleagues 
tested the predictive value of connectivity of the 
subgenual ACC and rostral ACC to all other areas 
of the brain [140]. They found that decreased 
connectivity between subgenual ACC and right 
DLPFC and increased connectivity between 
rACC and inferior parietal lobe predicted clinical 
improvement. These two connectivity features 
reached classification accuracies of 84% and 
76%, respectively.

While most studies have focused on sub-
genual ACC connectivity, it is important to also 
consider connectivity between other regions, 
since taking multiple connectivity features into 
account is likely to improve prediction accuracy. 
For instance, one study found that not only sub-

genual ACC but also perigenual ACC connec-
tivity to the stimulation site was predictive of 
clinical effectiveness, indicating that subgenual 
ACC connectivity is not the only potentially use-
ful predictor [141].

Other studies have focused on connectivity 
between networks, rather than discrete regions, 
thereby considering a larger number of areas 
throughout the brain. Liston and colleagues [90] 
analysed connectivity from the DLPFC and sub-
genual ACC to the default mode and executive 
control networks and found that higher connec-
tivity of the subgenual ACC to the default mode 
and executive control networks predicted better 
treatment outcome. Another study [88] found 
that more negative connectivity of the subgenual 
ACC to the default mode network and stronger 
connectivity between the amygdala and ventro-
medial prefrontal cortex was associated with bet-
ter treatment response. Unfortunately, neither of 
these studies reported prediction accuracy, so it 
is difficult to judge whether prediction based on 
these connectivity features would have significant 
clinical value, or how these connectivity markers 
compare to other potential predictors from other 
studies. To achieve prediction accuracy high 
enough to be applied in clinical practice, it will 
likely prove useful to combine multiple imaging 
biomarkers.

With respect to multivariate analyses, a study 
by Cash and colleagues [142] is worth high-
lighting. They compared patients and healthy 
controls at baseline and found that patients 
showed decreased BOLD power in the medial 
prefrontal cortex and some subcortical regions 
and decreased functional connectivity within a 
network involved in emotion regulation. Better 
clinical improvement in response to TMS was 
associated with three imaging markers: lower 
BOLD signal power in the medial prefrontal cor-
tex and subcortical regions including the ACC 
and decreased functional connectivity within 
the emotion regulation network and the default 
mode network. The authors developed multi-
variate classifiers based on these three imaging 
markers and reached an accuracy level of 85% 
(sensitivity  =  75%, specificity  =  92%). When 
they included “clinical improvement after one 
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week of treatment” as a fourth predictor vari-
able, classification accuracy improved to 93% 
(sensitivity = 95%, specificity = 92%). Individual 
improvement in depressive symptoms score 
could be predicted with an average error of 16%. 
The results of this study need to be validated in 
a larger clinical sample, but they nonetheless 
illustrate how machine learning can be used to 
identify and combine different potential outcome 
predictors. Another positive aspect is that the 
authors applied a regression method to predict 
the expected amount of clinical improvement, 
rather than classifying patients into responder 
versus non-responder categories. This is relevant 
since clinical improvement is a continuous vari-
able, and classification into a binary outcome is 
less precise and less meaningful than predicting 
the degree of clinical improvement.

10.4.3  Predictors Based on Task- 
Related Activity

Only a small number of studies have investigated 
task-related activity as a treatment response pre-
dictor. One TMS study [143] used a word gen-
eration task, chosen because the task activates a 
distributed network of areas relevant to depres-
sion, such as the prefrontal cortex and subcortical 
regions, thus providing a measure of functional 
recruitment of these networks [119]. Patients per-
formed the word generation task in the scanner 
prior to treatment onset. Symptom improvement 
was correlated with baseline characteristics of 
smaller task-induced deactivations in the peri-
genual cortex, medial orbitofrontal cortex and 
middle frontal cortex and larger task-induced 
activations in parts of the putamen. These results 
suggest that task-related activity in regions asso-
ciated with emotion processing, such as prefron-
tal and limbic regions, might have predictive 
value.

One study examined imaging predictors of 
clinical response to a treatment involving tDCS 
and psychotherapy [106]. At baseline, greater 
activation of the stimulation target, the left 
DLPFC, during a working memory task was 
associated with better clinical improvement in 

the active but not in the sham tDCS group, sug-
gesting that DLPFC activity specifically pre-
dicted improvement in response to combined 
tDCS/psychotherapy rather than psychotherapy 
alone. This suggests baseline activation of the 
DLPFC as a candidate predictor of response to 
tDCS treatment.

Further research is needed to evaluate how 
far task-related imaging markers can contribute 
to outcome prediction relative to resting-state 
measures.

10.4.4  Structural Predictors

To date, only a small number of studies have 
explored structural predictors of TMS treatment 
response. Some indicate that structural charac-
teristics might have predictive value, including 
cortical thickness of the left rACC [144], the 
volume of medial temporal lobe structures [145], 
structural connectivity between the individual 
stimulation site and parts of the cingulate cortex 
[146] as well as structural integrity, an alternative 
measure of network connectivity, of the executive 
control network [147]. More research is needed 
to evaluate the relative predictive value of struc-
tural markers versus resting-state connectivity 
markers.

With respect to tDCS, brain anatomy seems 
to be an important factor determining the physio-
logical effects. Opitz and colleagues [42] showed 
that the distribution and strength of electric fields 
induced by tDCS depend strongly on individual 
anatomical features, including skull thickness 
and composition, thickness of cerebral spinal 
fluid and sulcal depth. The brain regions stimu-
lated by the same electrode montage can differ 
considerably across individuals. The influence 
of anatomical factors is so strong that, in some 
individuals, different stimulation hotspots in 
the brain can arise that will receive a high field 
strength even if the electrode position is varied. 
This implies that adjusting the electrode position 
to target a specific brain region might be more 
difficult than expected. Therefore, structural fea-
tures might be particularly relevant features for 
predicting clinical response to tDCS treatment.
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To date, only one clinical tDCS trial involv-
ing neuroimaging has been completed [148]. 
There were two important findings regard-
ing structural predictors. First, prefrontal grey 
matter volume at baseline was found to cor-
relate with clinical improvement [44]. The 
region associated with clinical improvement 
was located medial to the electrode placed on 
the left DLPFC, in line with the finding that the 
e-field strength induced by a bilateral electrode 
montage is highest in the medial prefrontal 
cortex [45, 43]. Second, correlations between 
the simulated electric field strength in the ACC 
and DLPFC with reduction in negative affect 
and between field strength in the left ACC and 
depressive symptom improvement were found 
[66]. Although these findings need to be repli-
cated in future clinical trials, they suggest that 
anatomical aspects might play an essential role 
in the prediction of clinical response to tDCS 
treatment and highlight the importance of the 
combined use of individual structural imaging 
and electric field modelling.

10.4.5  Summary

10.5  Individualized Treatment

Depression is a very heterogenous disease  – 
symptoms and brain dysfunctions vary widely 
across patients. Consequently, it is unlikely that 
all patients will respond to the same treatment. 
A potential solution is to tailor treatment to indi-
viduals. With regard to brain stimulation, such 
research has mostly focused on individualizing 
the target region.

The idea of personalizing TMS treatment is 
not new, but successful approaches have only 
been reported in recent years. The earliest studies 
attempted to personalize treatment by identifying 
individual prefrontal cortical regions displaying 
hyper- or hypometabolism and applying a TMS 
frequency in order to “normalize” metabolism in 
this area. These failed attempts include a study 
in which the target region was personalized by 
applying the stimulation to the less active side 
of the DLPFC, as determined by PET [149]. 
In another study [150], the personalized group 
received high-frequency TMS to a hypoactive 
region and low-frequency TMS to a hyperactive 
region. In a third study [151], TMS was applied 
to the least active region of the left or right pre-
frontal cortex. None of these studies observed a 
significant difference between personalized and 
standard stimulation. In a more recent study 
[152], personalizing the target region based 
on hypometabolism showed a better response 
rate. In the personalized condition, TMS was 
applied to a hypometabolic prefrontal region, 
and this was more effective than standard treat-
ment. However, due to the small sample size (13 
patients in the personalized group, 7 patients in 
the standard group), the generalizability of this 
finding is questionable.

One general problem of these studies is the 
use of small sample sizes, since this increases 
the risk of false positive findings and at the same 
time reduces the likelihood of detecting differ-
ences between conditions, particularly given the 
heterogeneity of patient populations [153]. More 
recent findings have suggested that the antide-
pressant effect of TMS relies on induced changes 
in activity and connectivity of subcortical areas 
(see previous sections), such that adjusting TMS 

Summary: Predictors of Treatment Response
• Activity and connectivity in several 

brain regions have been proposed as 
potential predictors for clinical response 
to TMS treatment.

• The most promising predictor seems to 
be connectivity between the stimulated 
region and subcortical areas related to 
the default mode network.

• Rather than predicting a binary outcome 
(i.e. response vs. non-response), the 
degree of symptom improvement could 
be predicted on a continuous scale.

• Future studies should test what predic-
tion accuracies can be achieved by com-
bining multiple biological markers.

• Prospective clinical studies are needed 
to test how proposed predictors would 
perform in practice.
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treatment based on metabolism in prefrontal 
cortical areas, as above, is unlikely to be key to 
improving treatment outcome.

In recent literature, two general approaches 
to treatment individualization have emerged. 
One approach is to optimize stimulation target-
ing at the cortical level to take account of indi-
vidual differences in structural and functional 
anatomy. Another is to categorize patients into 
different subgroups and tailor stimulation differ-
ently for each group based on what the imaging 
data indicates is likely to be the most effective 
stimulation target.

10.5.1  Adjusting the Target Region 
Based on Individual Anatomy

Most effort has aimed to optimize coil placement 
to the coordinates that overlap with DLPFC- 
sgACC negative functional coupling, based on 
Fox and colleagues’ influential finding that this 
connectivity strength measure relates to clinical 
improvement [36] (see Box 10.3). Their finding 
suggests that coil targeting could be personalized 
by stimulating in each individual that subregion 
within DLPFC with the strongest anticorrela-
tion to subgenual ACC. However, the study used 
group-averaged connectivity, precluding direct 
conclusions about the relationship between indi-
vidual connectivity and treatment response. Two 
studies have tried to replicate the findings on an 
individual-patient level. One study [154] found 
that treatment outcome could be predicted based 
on individual DLPFC-sgACC connectivity. In 
another study [155], no such relationship was 
found. Therefore, it is currently unclear whether 
this approach to personalization is likely to 
enhance treatment effectiveness. Translating neu-
roimaging analyses based on group averages to 
individuals is often difficult due to methodologi-
cal problems such as low signal-to-noise ratio in 
the areas of interest or low retest reliability of 
functional connectivity measures.

A point that highlights that treatment indi-
vidualization is still in early stages is the fact 
that all of these studies that built on the findings 
by Fox and colleagues [36] used retrospective 

analyses. None has yet attempted to personal-
ize the stimulation site in advance of treatment. 
A notable exception is one ongoing clinical trial 
[37] in which personalized prospective targeting 
of DLPFC-subgenual ACC based on maximal 
functional connectivity anticorrelation is being 
combined with a new accelerated high-dose 
iTBS protocol. With this protocol, a response 
rate of 90% was observed in the open-label pilot 
study. However, there was no control group, so 
it is currently unclear whether the high response 
rate was a consequence of the personalized target 
position, the accelerated stimulation protocol or 
both. Further conclusions await the results of the 
placebo- controlled double-blinded clinical trial.

10.5.2  Categorization into Different 
Subtypes of Depression

An alternative approach is to categorize patients 
into different depression subtypes and target 
stimulation at the brain regions thought to best 
engage the relevant dysfunctional brain circuitry. 
Downar and colleagues [53] used this approach 
to retrospectively investigate potential predictors 
of treatment response to dorsomedial prefrontal 
cortex TMS.  Non-responders had significantly 
stronger anhedonia at baseline and lower connec-
tivity in a reward pathway comprising the ventral 
tegmental area, the striatum and lateral orbito-
frontal cortex. The authors suggested the exis-
tence of two different depression subtypes, one 
with preserved hedonic function that responds 
to dorsomedial prefrontal cortex TMS treatment 
and one with pronounced anhedonia that is unre-
sponsive to dorsomedial prefrontal TMS.  This 
latter group had abnormal connectivity in lateral 
orbitofrontal cortex, suggesting that region as a 
potential alternative personalized TMS treatment 
target.

In that study, the categorization into sub-
types was based on the clinical response to TMS 
treatment. In contrast, Drysdale and colleagues 
[156] hypothesized that depressed patients could 
be grouped into subtypes based on correlated 
clinical and imaging markers. They found four 
distinct “biotypes” of depression  – patterns of 

10 The Value of Neuroimaging for Treating Depression with Brain Stimulation



200

abnormal functional connectivity in limbic and 
fronto-striatal networks (Fig.  10.6a) that covar-
ied with differing levels of anhedonia and anxiety 
symptoms. These four biotypes also differed in 
their responsiveness to TMS treatment applied 
to the dorsomedial prefrontal cortex (Fig. 10.6b, 
c), which suggested that the different subtypes 
may have different optimal TMS treatment tar-
gets. Because of the potential clinical implica-
tions, this study has attracted a lot of attention 
but needs to be interpreted with caution since it 
has also earned criticism regarding methodologi-
cal shortcomings [157, 158].

While the previous studies aimed at identify-
ing subcategories of depression, another study 
investigated how target regions are associated 
with improvement in specific symptom clusters 
[159]. The authors created connectivity maps for 
the TMS targets of individual patients based on 
the resting-state data of a large connectome data-
base. Across patients, each voxel’s connectivity 
to the target region was correlated to improve-
ment in each depressive symptom, so that each 
of the resulting maps corresponded to the degree 
to which each voxel’s connectivity with the target 
region predicted improvement in a specific symp-
tom. Since there were similarities between these 
symptom-response maps, they were categorized 
into two clusters. The “dysphoric” cluster included 
symptoms such as sadness, decreased interest and 
suicidality, whereas the “anxiosomatic” cluster 
was associated with irritability, sexual disinterest 
and insomnia (Fig. 10.7). In further analysis steps, 

symptom-response maps for the two clusters were 
combined, which resulted in a map indicating to 
what extent stimulating a region would result in 
the reduction of “dysphoric” or “anxiosomatic” 
symptoms. This map retrospectively explained 
improvements in different symptoms across 14 
different TMS studies. The results of this study 
have potential clinical value since the map could 
be used to personalize the target region based on 
the symptom profile of a given patient. This needs 
to be validated in a prospective clinical trial to 
test whether individually tailored treatment does 
improve outcomes.

10.5.3  Summary
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Fig. 10.6 The four different biotypes of depression iden-
tified by Drysdale and colleagues [156] based on connec-
tivity profiles. (a) The clusters of the four biotypes plotted 
along the two connectivity scores. (b) Percentage of TMS 

response for each of the four biotypes. (c) Percent of 
improvement in depression score in response to TMS. 
(Reproduced from Ref. [156] with permission)

Summary: Individualized Treatment
• Approaches for personalizing NIBS treat-

ment can be grouped into two categories:
 – Categorize patients into different 

subgroups based on symptoms and/
or neuroimaging markers and apply 
the treatment that this patient cate-
gory should respond best to adjust 
stimulation positioning to accommo-
date individual anatomical variation, 
such as the optimal scalp location for 
stimulation to engage specific 
cortico- limbic circuits.
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10.6  Conclusions and Challenges

This chapter, especially the last sections, clearly 
highlights the progress that has been made in 
this field over the course of the last decade. The 
field of combined NIBS/neuroimaging research 
in psychiatry has moved from simply contrast-
ing brain activity before versus after treatment 

to more sophisticated approaches aimed at treat-
ment prediction and personalization using con-
nectivity analyses and machine learning.

The most important methodological barrier to 
progress in this field at present is lack of com-
parability across studies. Most studies differ in 
their methods, including stimulation and imag-
ing parameters, as well as analysis approaches, 
which makes comparisons across studies very 
difficult. To enable the comparison of predic-
tive values across studies, criteria of prediction 
accuracy need to be reported, which is now being 
done more frequently than in the past.

Several issues remain that need to be addressed in 
the future. For instance, large intra-individual vari-
ability in the response to tDCS has been observed 
both behaviourally and in resting-state connectivity 
[160]. More research is needed to understand what 
factors underlie variability and how the treatment 
can be adjusted to induce more reliable effects.

Fig. 10.7 Association between potential target regions 
and improvement in two different symptom clusters as 
proposed by Siddiqi and colleagues [159]. The two maps 
the predicted improvement in dysphoric or anxiosomatic 

symptoms for potential TMS target regions. The overlaid 
dots represent common target areas. (Figure provided by 
Shan Siddiqi, adapted from Ref. [159])

• Although there are promising findings in 
retrospective analyses, all findings 
reviewed here still need to be validated in 
large prospective clinical trials to com-
pare their efficacy to standard treatment.

• Personalizing other protocol parameters 
such as stimulation frequency or intensity 
is likely to further optimize treatment.
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Another challenge is to move the analyses 
from the group level to the individual patient 
level. Most studies have analysed group-averaged 
data so that it is unclear how claims translate to 
the individual level. For instance, the influential 
findings of the study by Fox and colleagues [36] 
were in group-averaged data and were not repli-
cated in a study of individual patient data [155].

Although various approaches for predicting 
treatment outcome and personalizing treatment 
have been proposed, large-scale clinical trials 
have not yet been conducted. These are necessary 
to determine how accurate predictions for individ-
ual patients are and to what extent  individualized 
treatment improves clinical improvement com-
pared to standard treatment.

Ongoing clinical trials include the 
“DepressionDC” trial using tDCS as add-on 
therapy to an antidepressant drug [161], the 
“PsychotherapyPlus” trial combining tDCS and 
psychotherapy [162] and a clinical trial investi-
gating the antidepressant effect of tACS [163]. 
All of these trials include the acquisition of neu-
roimaging data which will help to gain a better 
understanding of the effects and predictors of 
tDCS treatment.

Another factor worth considering with regard 
to clinical translation is that time, effort, analy-
sis expertise and costs limit the practicability 
of advanced neuroimaging procedures in alter-
ing routine clinical practice. From this point of 
view, a treatment predictor based on clinical or 
behavioural data would be easier to translate 
than one based on functional neuroimaging data. 
Therefore, practicability is an important con-
sideration in the development of predictors and 
treatment personalization.
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Transcranial electric stimulation (tES) applies a 
weak electric current to the scalp which causes an 
electric field in the brain that can modulate neu-
ronal activity and behavior. Despite the rapidly 
growing number of studies that report successful 
modulation of behavior by tES, comparably little 
is known about how tES modulates brain activity. 
In this chapter, we discuss what we know and 
what we do not know about the targeting of brain 
networks with tES.  We provide an in-depth 
review of studies that use computational models, 
in vitro and in vivo animal models, and human 
participants to elucidate the mechanism of action 
of tES. The main emerging themes are that (1) 
the stimulation interacts with endogenous net-

work dynamics resulting in state-dependent tar-
get engagement, (2) spatial and temporal 
targeting of specific neuronal network oscilla-
tions can be used to modulate and restore cogni-
tive function, (3) low-frequency cortical 
oscillations during sleep represent a promising 
network target to elucidate the mechanisms of 
tES, and (4) that transcranial alternating current 
stimulation (tACS) has shown promise as a safe 
and potentially efficacious strategy to modulate 
impaired neuronal network oscillations and asso-
ciated symptoms in psychiatry.

It has been known for a long time that electric-
ity interacts with both the central and peripheral 
nervous systems. Today, electric brain stimula-
tion is used both as a research tool for the study 
of brain function and as a clinical tool for the 
treatment of neurological and psychiatric disor-
ders. In this chapter, we focus on one form of 
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noninvasive brain stimulation, transcranial elec-
tric stimulation (tES, also referred to as 
 transcranial current stimulation, tCS), which has 
recently attracted broad attention due to a large 
number of promising study results.

TES applies a weak electric current to the scalp. 
There are two main types of tES: transcranial 
direct current stimulation (tDCS) applies a con-
stant current and transcranial alternating current 
stimulation (tACS) uses a sine-wave stimulation 
waveform. The aim of tES is to modulate brain 
function; the target of tES is the electrical activity 
in brain circuits. Most tES studies, however, only 
use behavioral outcomes and do not measure the 
changes in brain activity caused by stimulation. 
Therefore, the questions of how and by what 
mechanism tES engages network-level targets in 
the brain have remained mostly unanswered.

Here, we review the research that is aimed at 
uncovering the mechanisms by which tES modu-
lates neuronal network dynamics and behavior. As 
we see, the mechanisms of action by which weak 
electric fields modulate neuronal activity have been 
studied with a range of different methods. In vitro 
studies using live brain slices have contributed to a 
mechanistic understanding of the effect of weak 
electric fields on neuronal activity at the cellular 
and microcircuit levels. In vivo animal studies have 
enabled the characterization of the effects of tES on 
intact brains with invasive recording methods with 
microscale spatial resolution. Noninvasive electro-
physiology and imaging studies in humans have 
contributed insights into how stimulation interacts 
with endogenous network activity. In addition to 
these experimental approaches, computational 
modeling studies have provided important insights 
into targeting specific networks and their endoge-
nous network dynamics. The combination of these 
methods has proven to be very useful to understand 
how a weak electric field can change brain function 
by vertical integration.

In this chapter, we provide an overview of the 
potential mechanisms of tES that have been 
uncovered using these diverse methodological 
approaches. First, we review in vitro and in vivo 
studies. This is followed by a discussion of com-
putational modeling studies, which provide 
mechanistic insights on the effects of tES at a cel-

lular and network level. Next, we focus on human 
studies that measured changes in brain activity by 
tES. Then, we turn our attention to the future and 
delineate what we believe are the rising new 
areas of tES research that deserve particular 
attention by the field. First, we discuss recent 
innovative strategies to target brain network 
oscillations in time and space for restoring and 
enhancing cognitive function. Second, we look at 
one promising network target where the different 
methodological approaches discussed here have 
come together in a synergistic way: low- 
frequency oscillations during sleep. Third, we 
provide a brief outlook toward mechanism-based 
clinical trials. Together, this chapter aims to equip 
the reader with a comprehensive understanding 
of how tES engages network targets.

11.1  Mechanistic Insights 
from Animal Studies

Although tES is a noninvasive stimulation modal-
ity with an outstanding safety track record for the 
use in humans, studies in animal models are of 
high importance. They play a crucial role in 
understanding the mechanisms by which tES 
modulates brain activity. First, animal experi-
ments allow for the use of invasive electrophysi-
ology such as the insertion of recording 
microelectrodes into the brain. This enables the 
investigation of how neuronal spiking is modu-
lated by external electric fields. Second, reduced 
in vitro preparations such as the slice preparation 
offer the opportunity to study the effects of weak 
electric fields under controlled experimental con-
ditions, which bypass the questions about deliv-
ery of the electric field through the scalp and the 
skull in the intact animal.

11.1.1  Effect of Electric Fields 
on Individual Neurons

One of the first observations of the effect of elec-
tric fields on neurons goes back many decades 
when Terzuolo and Bullock [1] applied a 1 mV/
mm field to spontaneously active cardiac  ganglion 
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neurons of a lobster. The spontaneous firing rate 
of the cells was increased by the electric field. 
Similar modulation of neuronal firing rates by 
constant electric fields was also reported for other 
species [2, 3]. In 1988, Chan and colleagues [4] 
demonstrated that an applied electric field depo-
larizes the membrane voltage even when action 
potentials were blocked with the sodium- channel 
blocker tetrodotoxin. This demonstrated that the 
membrane depolarization caused by electric 
fields was a passive event, that is, no opening or 
closing of ion channels was required. The under-
lying mechanism of fields altering the membrane 
voltage is that the ions within neurons change 
position in the presence of an external electric 
field. As the charge carriers redistribute within 
the cell to compensate for the applied field, the 
intracellular potential changes. As a result, the 
membrane voltage that is defined as the differ-
ence between the intracellular and extracellular 
potentials changes. The two distal poles of the 
structure aligned with electric field exhibit a 
depolarization and a hyperpolarization, respec-
tively. This process is called polarization and 
depends on the overall length of the neuron as 
measured along the direction of the applied elec-
tric field. Specifically, there is a concomitant 
change in the membrane voltage in the apical 
dendrites of cortical pyramidal cells of opposite 
polarity to the effect in the soma [5, 6]. Therefore, 
the orientation, morphology, and size of the cell 
play a role in the response to the application of 
electric fields.

In addition, the change in the membrane volt-
age also depends on both the amplitude and fre-
quency of the applied field. To demonstrate that 
the change in membrane voltage is dependent on 
the strength of the electric field, fields ranging 
from −40 to +60 mV/mm were applied along the 
somato-dendritic axis of CA1 cells and the 
change in membrane voltage at somata was 
recorded in acute hippocampal slices [7]. The 
resulting polarization linearly depended on the 
strength of the applied electric field. This work 
was then extended to sine-wave (AC) electric 
fields in CA3 pyramidal cells [8]. The change in 
membrane potentials resulting from AC electric 
fields was less than those of DC fields of the same 

strength. The relationship between the field 
strength and the membrane depolarization was 
still linear but the slope, which quantifies the 
change in membrane voltage for every V/m of 
electric field, was decreased with increased fre-
quency. Frequencies ranging from 5 to 100  Hz 
were applied and the change in the slope expo-
nentially decays with the frequency of the applied 
electric field. This frequency dependence is 
caused by the low-pass filtering property of the 
passive cell membrane. Further, computational 
models demonstrate that AC-induced, frequency- 
dependent resonance in neurons (especially api-
cal dendrites) is shaped by the dynamic interaction 
of the somato-dendritic morphology and the 
high-pass filtering property of the 
hyperpolarization- activated depolarizing cation 
current (Ih) [5, 6].

11.1.2  TES Effect on Neuronal Firing 
Rate and Spike Timing

To understand the neuronal mechanism of tES, 
in vivo animal research with invasive recordings 
of the neuronal spiking activity is essential. The 
modulation of both neuronal firing rate and 
spike timing are two candidate mechanisms 
through which tES may shape neuronal network 
dynamics. Using intracellular and extracellular 
recordings in rats, Vöröslakos et al. showed that 
at least 1 mV/mm EF is necessary to affect the 
neuronal spiking rate [9]. Another mechanism 
through which tACS affects neuronal activity is 
through entrainment (spike timing modulation 
such that spikes lock to a preferred phase of the 
sine-wave electric field), especially when tACS 
is too weak to induce firing rate changes. Krause 
et al. applied tACS (4 mA peak to peak, similar 
to human studies) through two scalp electrodes 
in two rhesus macaques and measured the effect 
on single-unit neural entrainment in the hippo-
campus and basal ganglia via depth electrodes. 
They found that tACS consistently influences 
the timing, but not the rate, of spiking activity 
[10]. TACS applied on awake ferrets also 
showed entrainment of cortical neurons but no 
change in firing rate [11].
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An alternative hypothesis is that the tES effect 
may be mediated by the stimulation of peripheral 
nerves in the scalp. Single neuron activity record-
ings in the rat motor cortex have shown that tran-
scranial and transcutaneous electrical stimulation 
can entrain neuronal oscillations (~1  Hz), and 
that anesthetizing the scalp significantly 
decreases the effect of tACS on tremor in humans 
[12]. This particular study caused quite some dis-
cussion but was ultimately recognized as limited 
in implications due to lack of construct validity 
(human tremor as a marker of cortical oscilla-
tions) and statistical conclusion validity (lack of 
statistical significance due to low sample size). 
Follow-up work that employed appropriate neu-
rophysiological strategies showed that, when 
somatosensory input was blocked (by topical 
anesthesia), tACS (2 mA) entrained hippocampal 
and visual cortex neurons, suggesting that periph-
eral input is not required for tACS to entrain neu-
rons [13]. Nevertheless, it cannot be excluded at 
this point that the two mechanisms have a com-
bined effect on neuronal entrainment and behav-
ioral performance, and more research is needed.

11.1.3  Interactions of Network 
Oscillations and Electric Fields

The change in membrane voltage of a single neu-
ron by tES electric fields is too small to evoke 
action potentials in a cell at its resting potential in 
absence of synaptic input. Therefore, the effects 
of tDCS and tACS depend on the interaction of 
the applied stimulation and the endogenous net-
work dynamics. In particular, slice experiments 
have provided important insights on the interac-
tions between the ongoing network activity and 
the applied electric fields. Few slice preparations 
exhibit spontaneous network oscillations, pre-
sumably because of (1) the relative lack of synap-
tic inputs due to the deafferentation inherent to 
this preparation and (2) impaired neuromodula-
tory tone in tissue slices in comparison to the 
intact brain. However, oscillations may occur 
spontaneously in the slice preparation in more 
in vivo–like ionic conditions [14] and in response 
to pharmacological activation [15]. More 

recently, optogenetic stimulation has uncovered 
in vivo–like activity patterns in the slice prepara-
tion [16]. Therefore, these experimental strate-
gies can be combined with the application of 
external electric fields for the study of the mecha-
nisms of tES. For example, pharmacological acti-
vation of hippocampal slices caused the 
emergence of gamma oscillations that were sus-
ceptible to weak DC electric fields [17]. 
Interestingly, the effect of the DC field was asym-
metric with regards to the polarity. 
Hyperpolarizing fields were more effective at 
suppressing this network oscillation than depo-
larizing fields were at enhancing the same activ-
ity pattern. This asymmetry is supportive of the 
framework where ongoing activity shapes the 
response to stimulation. In the case of AC fields, 
for sufficiently low stimulation frequency, the 
amplitude of the gamma oscillation was periodi-
cally modulated, reminiscent of the theta-nested 
gamma oscillation [18]. The most complex effect 
occurred if the stimulation frequency was similar 
to the frequency of the endogenous oscillation. In 
this case, three simultaneous frequencies were 
observed. The endogenous oscillation was 
reduced (but still present) while oscillations half 
a harmonic above and below the endogenous fre-
quency appeared. However, in  vivo, tACS 
entrains neural oscillations in a triangular Arnold 
tongue pattern  – with only a small amplitude 
needed to entrain at the endogenous frequency 
and higher amplitudes needed for frequencies 
further away from the endogenous frequency 
[11]. The Arnold tongues refer to the parameter 
space where phase locking appears in a coupled 
oscillators system [19]. This model-driven pre-
diction supports the mechanistic understanding 
of AC stimulation effects.

The interaction of electric field stimulation 
and endogenous oscillations appear to not only 
depend on the frequencies of both but on their 
relative amplitudes as well. In a study of low- 
frequency (1 Hz) oscillations evoked by optoge-
netic stimulation, it was observed that electric 
fields of a mismatched frequency would enhance 
the power of the endogenous oscillation often 
without increasing power at the frequency of the 
electric field [20]. This occurred when the 
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 optogenetic drive, and therefore, the “endoge-
nous” oscillations, were strong and the electric 
field was relatively weak. However, the power of 
the oscillations at the stimulation frequency was 
enhanced when the magnitude of the endogenous 
oscillation was reduced (lower light intensity for 
optogenetic stimulation) or the strength of the 
electric field was increased. Taken together, the 
response of neural networks depends both on the 
frequency and the power (relative to the endoge-
nous oscillation) of the electric field used for 
stimulation. Furthermore, these results suggest 
that the response of cortical networks to tES may 
be nonlinear in nature.

So far, we have focused on the response to sta-
tionary stimulation waveforms; however, endog-
enous neural activity is not stationary. To this 
end, endogenous activity may be better manipu-
lated with feedback control algorithms than with 
static preprogrammed stimulation waveforms. 
One such example is the modulation of seizure- 
like, epileptiform electric events in slices. The 
application of DC fields can suppress epilepti-
form activity in hippocampal slices which exhibit 
spontaneous seizure-like activity; however, the 
network quickly adapted to the stimulation and 
epileptiform activity returned [21]. In a follow-
 up study, nonstationary electric stimulation was 
applied to suppress seizure-like activity [22]. The 
authors were able to suppress seizure activity for 
16  min using a negative feedback stimulation 
paradigm in a hippocampal slice which exhibited 
electrographic seizure events every 40  s. 
Critically, spontaneous activity still occurred 
while epileptiform activity was suppressed. Thus, 
in the case of suppression of epileptiform activity 
with tES, these studies show that adaptive feed-
back stimulation may have greater effect on net-
work dynamics than constant stimulation. Indeed, 
there is also evidence that feedback stimulation 
has uses outside of suppression of aberrant activ-
ity. In spontaneously oscillating slices of ferret 
visual cortex, positive feedback stimulation with 
electric field was shown to decrease the length of 
time between cortical up states and increase the 
strength of the endogenous oscillation [23]. 
Conversely, the application of negative feedback 
stimulation to the slices reduced strength of the 

endogenous oscillation. Interestingly, this effect 
was accomplished with stimulation amplitudes 
similar to the amplitude of endogenous electric 
fields recorded in vivo (1 mV/mm). These results 
are at the core of our current understanding of 
how weak endogenous electric fields act as an 
amplifier of endogenous rhythmic activity [24].

11.1.4  Outlasting Effects of Electric 
Fields

One of the most exciting aspects of tES is that the 
effects of stimulation can outlast the stimulation as 
demonstrated by sustained modulation of motor 
evoked potentials after completion of stimulation 
[25]. This “outlasting effect” of tDCS has been 
studied in animal models and slice preparations. In 
contrast, most in  vitro studies have reported no 
outlasting effects of weak electric fields. However, 
the stimulation duration in these studies was typi-
cally short. With a longer stimulation duration, 
outlasting effects were observed more than 10 min 
after the end of 10 min DC stimulation with higher 
field amplitudes (i.e., 10  V/m and higher) than 
what can be expected to occur with tES in humans 
[26]. In vivo, tDCS over somatosensory cortex 
applied to rabbits modulated eye blink condition-
ing; however, an outlasting effect of tDCS only 
occurred for cathodal stimulation [27]. The under-
lying mechanism was probed by paired pulse 
experiments, which revealed that spike time-
dependent long-term depression (LTD) was acti-
vated by tDCS. Moreover, the resulting LTD was 
suppressed by pharmacological blockade of ade-
nosine receptors by a local injection. Similarly, 
evoked potentials were enhanced by application of 
electric fields in  vivo in anesthetized rats with 
effects that outlasted the stimulation for hours 
[28]. Both long-term potentiation (LTP) and 
paired-pulse facilitation (PPF) were increased 
after DC field application in hippocampal slices 
[29]. Intriguingly, LTP (but not PPF) was also 
enhanced in hippocampal slices of rats which had 
received anodal tDCS 24 h earlier. Application of 
an NMDA antagonist prevented LTP induction but 
not paired pulse facilitation. In slices of mouse 
motor cortex, the application of DC field enhanced 
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synaptic strength when paired with a low-fre-
quency electric stimulation of afferent pathways 
[30]. Importantly, this observed form of LTP 
depended on NMDA receptors and brain- derived 
neurotrophic factor (BDNF). Today’s limited evi-
dence, therefore, suggests that tDCS activates 
multiple, diverse plasticity mechanisms, both pre- 
and postsynaptic, depending on the brain region, 
polarity (anodal vs. cathodal) of stimulation, and 
other poorly understood factors. In addition, 
enhancement of oscillation following tACS have 
also been attributed to plasticity [31]; however, 
direct experimental evidence for such a mecha-
nism is lacking. More recently, it was reported that 
the enhancement of alpha oscillations with tACS 
depended on BDNF genotype [32], which sug-
gests a role for synaptic plasticity in enabling “out-
lasting effects.”

11.1.5  Interaction of Cellular 
and Network Mechanisms

The main targets of tES are cortical networks due 
to their positions closest to the stimulation elec-
trodes. The circuits in neocortex are composed of 
different cell types that exhibit distinct morphol-
ogy and electrophysiological properties. 
Importantly, not all cell types respond equally to 
weak electric fields. This was demonstrated by 
the combination of patch recordings of the 
somatic membrane voltage with careful recon-
struction of cell morphology [33]. Layer 5 (L5) 
pyramidal cells had largest change in membrane 
voltage in response to externally applied electric 
fields due to their morphology and orientation 
within cortex. These cells exhibit an elongated 
somato-dendritic axis that spans from L5 to L1. 
In addition, the somato-dendritic axis is approxi-
mately perpendicular to the surface of the brain 
meaning that the cells are properly aligned to 
receive energy from an external electric field 
orthogonal to the skull. Note that the folding of 
cortex may introduce additional complexity. 
Since L5 pyramidal neurons are the likely pri-
mary targets of tES, we can expect that their 
response to stimulation play a critical role in the 
modulation of cortical network dynamics. 

Therefore, considering the intrinsic dynamics of 
this cell type will provide clues with regards to 
the network-level effects of stimulation. The 
response of L5 pyramidal cells to subthreshold 
changes in membrane voltages, particularly in 
the prefrontal cortex, has been well studied by 
current-clamp whole-cell patch clamp experi-
ments; these cells respond best to subthreshold 
perturbations in the theta-frequency (4–8  Hz) 
band [34, 35]. This suggests that electric fields of 
a given strength will cause the largest subthresh-
old oscillations in the theta band and that AC field 
stimulation preferentially modulates low- 
frequency oscillation in cortex. However, in vivo 
study has shown that tACS more strongly entrains 
narrow-spiking neurons (presumed fast-spiking 
inhibitory interneurons) than broad-spiking neu-
rons (presumed pyramidal cells), which can be 
explained by the tighter phase locking of the for-
mer to the endogenous rhythmic network activity 
[11]. More direct experimental evidence confirm-
ing this link among single cell excitability, cell 
morphology, and network level effects is needed. 
In addition, non-neuronal cells have also been 
shown to be activated by tES. For example, both 
anodal and cathodal tDCS applied to the awake 
mouse brain induce microglia activation and neu-
rogenesis from the subventricular zone [36].

11.2  Computational Models

Despite the extensive investigation of cognitive and 
clinical applications of tES, the exact mechanisms 
of tES in modulating neuronal activity in humans 
have remained only partially understood. In the 
above section, we have discussed key findings on 
mechanisms of tES from animal experiments. 
Here, we provide an up-to-date review of computa-
tional models of tES, focusing on recent advances 
in modeling techniques and their applications.

11.2.1  Forward Models

Computational forward models determine the 
current flow in biological tissue and can predict 
the resulting electric field during tES. The current 
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density distribution in the head depends on a 
number of dose parameters, including electrode 
number, position, size, shape, and electric current 
amplitude and waveform. Different electrode 
montages, positioning of the stimulation elec-
trodes, result in distinct current flow through the 
brain. Although such flexibility allows for cus-
tomization and optimization of tES paradigms, it 
also renders the optimal choice for engaging a 
specific brain circuit more difficult to identify. 
Perhaps most importantly, forward models allow 
us to relate the amount of current applied to the 
scalp to the magnitude and the direction of the 
resulting electric field in the targeted brain areas 
[37]. By calculating current density distributions, 
forward models provide accurate and detailed 
description of current flow patterns, thus greatly 
facilitating the rational design and optimization 
of tES parameters.

Computational forward models of tES have 
evolved from the simple concentric sphere mod-
els assuming simplified geometries to low- 
resolution anatomy-based models to 
high-resolution anatomically accurate models 
based on individual structural magnetic reso-
nance imaging (MRI) scan. Lacking regional 
anatomical differences, the concentric sphere 
models were successfully used to determine the 
main effects of different electrode montages [37]. 
Such simplified models are particularly benefi-
cial for initial evaluation of the effects of differ-
ent electrode configurations. For example, a 
finite-element concentric sphere human head 
model for simulating a range of different elec-
trode configurations showed that concentric ring 
electrodes cause electric field distributions with 
higher spatial focality than more commonly used 
electrode types and montages [38]. In contrast, 
low-resolution anatomy-based models incorpo-
rate both anatomical structure and individual 
patient-specific features, but the anatomical accu-
racy is limited because cortical folding, ventri-
cles, and tissue anisotropy are usually not taken 
into account. Consequently, such models are not 
able to capture local nonuniformities in electrical 
field distribution [39]. Despite these limitations, 
low-resolution models have offered valuable 
insights in informing tES montage design and 

how pathological changes in brain and skull anat-
omy affect current density distribution. A number 
of low-resolution models developed by Wagner 
et al. (2004, 2006 and 2007) serve this purpose. 
In one tDCS study [40], the comparison of sev-
eral electrode montages commonly used in clini-
cal application showed that smaller electrodes 
led to greater current shunting through the scalp. 
In the same study, the analysis of the current den-
sity distribution between healthy and stroke head 
models under tDCS demonstrated that lesions 
substantially altered spatial targeting, which may 
interfere with the treatment outcome. Finally, 
high-resolution anatomically accurate models 
based on MRI scans have become a promising 
tool in assisting the design of customized and 
individualized tES protocols as they allow for 
accurate representation of current density distri-
bution in the brain (for a comprehensive review, 
see [41]). These high-resolution models advance 
our understanding of tES effects and may eventu-
ally lead to improved stimulation for optimized 
and customized therapy. Below we review a few 
examples to illustrate the potential merit and util-
ity of high-resolution models in the design and 
analysis of tES. It is important to note that most 
of these modeling results are awaiting physiolog-
ical proof, but see [42, 43] for experimental vali-
dation (at the macroscopic scale).

The actual pattern of current flow produced by 
tES is greatly shaped by anatomy and tissue 
properties [37]. To achieve similar treatment out-
come despite patient-to-patient variability in 
head and brain anatomy, it is important to know 
the sensitivity of electrical field distributions to 
normal anatomy variation for a given electrode 
montage. High-resolution models provide an 
ideal tool to analyze the underlying basis for indi-
vidual variation during tES.  For example, a 
detailed analysis of the influence of cerebrospinal 
fluid (CSF) showed that electric fields may be 
clustered at distinct gyri/sulci sites due to details 
of CSF flow [44]. Together with other 
 high- resolution models [45–47], this study sug-
gested that individual variability in dosing of tES 
could arise primarily due to gyri-specific disper-
sion of current flow more than differential skull 
dispersion as previously thought.
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High-resolution models have contributed sig-
nificantly to the design of new tDCS montages. 
The conventional tDCS applies weak direct cur-
rents to the scalp via sponge-based rectangular 
pads. High-definition tDCS (HD-tDCS) uses 
arrays small scalp electrodes for stimulation [27]. 
A high-resolution MRI-based finite-element 
model of the human head demonstrated that the 
4 × 1 ring electrode configuration (four “return” 
[cathode] disc electrodes arranged in a circular 
fashion around an “active” [anode] center elec-
trode) resulted in significant improvement of spa-
tial focality [44]. To what extent such increased 
spatial focality improves treatment outcomes 
remains an open question. In fact, the number of 
direct comparisons of the effects of “conven-
tional” tDCS and “multi-electrode tDCS” on 
(network) neurophysiology remains limited.

Furthermore, high-resolution models allow 
for safety analysis of tES application in popula-
tions at increased risk of negative side effects. 
For example, there is a growing interest in apply-
ing tES in children for the treatment of disorders 
such as autism spectrum disorder and epilepsy. 
However, due to anatomical differences, the same 
stimulation dose that is safe for adults may be 
hazardous to children. In order to establish the 
comparable safety and tolerability dose in chil-
dren, cortical electric field maps at different stim-
ulation intensities and electrode configurations 
were determined [48] using a high-resolution, 
MRI-derived, finite-element model of a typically 
developing, anatomically normal, 12-year-old 
child. Simulation results indicated that, for a 
given stimulus intensity, the maximal electric 
fields in the adolescent brain were twice as high 
as in the adult brain for conventional tDCS and 
nearly four times as high as for a 4  ×  1 high- 
definition tDCS electrode configuration. Thus, 
special caution needs to be taken when applying 
tES to the pediatric population. Another vulnera-
ble population is patients with traumatic brain 
injury or decompressive craniectomy, who often 
have skull defects or surgically implanted plates. 
To safely apply tES in these patients, safety 
guidelines needed to be established. In order to 
evaluate the impact of skull defect on current 
density distribution under tDCS, a MRI-derived 

finite-element head model with several conceptu-
alized skull injuries including two types of skull 
defects and two types of skull plates was devel-
oped [49]. Interestingly, simulation results indi-
cated that skull defect provided a preferential 
pathway for current flow to concentrate in the 
brain. Under such conditions, the underlying cor-
tex would be exposed to a higher intensity of 
focused current flow, raising important clinical 
and safety considerations. Together, these studies 
show that computational forward models are an 
essential tool for safe (and optimal) targeting of 
the brain structure of interests.

11.2.2  Computational Neural Models

Different from computational forward models, 
computational neural models of tES focus on the 
effects of electrical stimulation on neuronal excit-
ability and network dynamics. Neural models of 
tES are desirable since they provide a solid com-
putational framework to readily explore the neu-
ral mechanisms underlying tES-induced 
behavioral/treatment outcome and the effects of 
stimulation parameters such as frequency and 
amplitude in the case of tACS.  Although there 
exists a number of cellular and network models of 
electrical stimulation [50–58], few are dedicated 
to the study of tES. Below, we focus on three neu-
ronal network models that specifically investigate 
the effects of tES on cortical activity [56–58].

During neural activity, the superimposition of 
electrical currents from a large population of neu-
rons that have similar spatial orientation gives 
rise to a potential in the extracellular medium. 
This electric field is the source of the electroen-
cephalogram (EEG) recorded from the scalp [59, 
60]. Scalp EEG activity shows oscillations in a 
variety of frequency bands which reflect the syn-
chronous activity of thousands (up to millions) of 
cortical neurons [61] and are associated with 
 different behavioral states (e.g., waking and sleep 
[62]). Abnormal or disrupted cortical oscillations 
are a hallmark of a number of neurological and 
psychiatric disorders including schizophrenia 
and depression [63]. The mechanisms by which 
externally applied fields modulate the activity of 
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cortical neurons remain unclear. The three com-
putational studies [56–58] aim to elucidate how 
cortical dynamics are modulated by tES.

The computational study by Molaee-Ardekani 
and colleagues [58] analyzed in detail how corti-
cal neuronal assemblies are affected by the elec-
trical field induced by tDCS and how local field 
potentials (LFPs) respond to the applied electrical 
field. The authors constructed a macroscopic 
computational model (neural mass model) of the 
cerebral cortex including subpopulations of pyra-
midal cells and inhibitory interneurons connected 
with realistic models of synapses. Model param-
eters were adjusted to reproduce evoked poten-
tials (EPs) recorded from the somatosensory 
cortex of the rabbit in response to air puffs applied 
to the whiskers. The application of tDCS was 
modeled as a perturbation on the mean membrane 
potentials of pyramidal cells and/or interneurons. 
Simulation results demonstrated (1) that a feed-
forward inhibition mechanism must be included 
in the model to accurately replicate the actual EP 
and (2) that electric fields had to modulate inter-
neurons to replicate the experimental findings.

EEG signals usually contain oscillations in 
multiple frequency bands that can be analyzed by 
power spectrum. To capture the origin of tDCS- 
induced alterations in the EEG power spectrum, 
Dutta and Nitsche [57] developed a thalamo- 
cortical neural mass model that contained four 
subpopulations of cortical cells (excitatory pyra-
midal cells, excitatory interneurons, slow inhibi-
tory interneurons, and fast inhibitory 
interneurons) and two subpopulation of thalamic 
neurons (excitatory thalamo-cortical cells and 
inhibitory reticular thalamic neurons). This 
thalamo- cortical network model was used to sim-
ulate the subject-specific EEG power spectrum 
changes during and following tDCS by varying 
synaptic parameters. Model simulation showed 
that anodal tDCS enhanced activity and excitabil-
ity of the excitatory pyramidal neurons at a popu-
lation level in a nonspecific manner and led to 
mu-rhythm (9–11  Hz) desynchronization. The 
model further showed that the tDCS effects on 
mu-rhythm desynchronization depended on the 
stimulation polarity, consistent with experimen-
tal observations [64].

Recent human studies have demonstrated that 
sine-wave stimulation waveforms (tACS) induce 
frequency-specific effects on brain dynamics 
measured by EEG [65–67], suggesting that tACS 
may present a targeted stimulation paradigm for 
the enhancement of cortical oscillations. 
However, it remains unknown how periodic, 
weak global electric fields alter the spatiotempo-
ral dynamics of large-scale cortical networks. To 
address this question, Ali and colleagues [56] 
developed a large-scale two-dimensional cortical 
network consisting of 160,000 (400 × 400) pyra-
midal cells and 40,000 (200 × 200) interneurons 
modeled by Izhikevich neural dynamics [68, 69]. 
Simulations revealed distinct roles of the depo-
larizing and hyperpolarizing phases of tACS in 
oscillation entrainment, which entailed moving 
network activity toward and away from a strong 
nonlinearity provided by the local excitatory cou-
pling of pyramidal cells. Interestingly, the model 
demonstrated that recovery of synaptic depres-
sion played an important role in entrainment of 
network activity by tACS and that sparse global 
stimulation was more effective than spatially 
localized stimulation. The simulations further 
revealed that entrainment by tACS was mediated 
by “network resonance” dynamics so that stimu-
lation frequency matched with the endogenous 
frequency was most effective in entraining the 
oscillating network. Entrainment effects were 
centered on the endogenous network frequency 
and expanded to neighboring frequencies with 
increasing stimulation amplitude (Arnold 
tongue). These findings were subsequently repli-
cated in other computational simulation studies 
(e.g., [11, 70]). These findings provide a detailed 
mechanistic understanding of tACS at the level of 
large-scale network dynamics and give support 
for tACS as a targeted stimulation paradigm for 
the treatment of neuropsychiatric illnesses with 
impaired cortical oscillations.

11.2.3  Future Directions

Together, computational models of tES play a 
critical role in visualizing the electrical field dis-
tribution, understanding the mechanistic action of 
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tES on neuronal network dynamics, and optimiz-
ing stimulation parameters to guide the design of 
the next-generation tES.  While anatomically 
accurate high-resolution MRI-based forward 
models guide the rational design and optimization 
of tES electrode montages, neuronal models con-
strained by neurophysiological measurements 
provide a mechanistic understanding of the effects 
of tES on cellular and network dynamics and 
thereby provide guidance for the rational design 
of the stimulation waveform. As most existing 
neural models of tES are either neural mass mod-
els or simplified spiking models that lack accurate 
ion channel dynamics, it is desirable to construct 
biophysically realistic neuronal models of 
tES. We anticipate that such models will further 
illustrate at both the cellular and network levels 
how the stimulation dynamics interact with the 
intrinsic neuronal dynamics to give rise to the 
state-dependent effects of tES. Furthermore, there 
is an increasing demand for the incorporation of 
neural models into computational forward models 
of electric current flow to thoroughly explore how 
tES-induced electric fields modulate cellular 
excitability and network dynamics as a function 
of time and space.

11.3  Effects of Weak Electric 
Fields on the Human Brain

Even before observations of interactions between 
electricity and brain activity, electrical currents 
have been used for treating various disorders like 
headache and epilepsy. Initial treatments involved 
using live electric rays and electric catfishes [71]. 
Efforts by a number of pioneers including Walsh, 
Galvani, Volta, and Aldini led to the establishment 
of the field of bioelectricity and subsequently the 
development of electrotherapy [72]. Interest in 
electrically polarizing brain regions using tran-
scranial weak current stimulation for treating 
symptoms of psychiatric disorders increased in 
the 1960s and 1970s with a number of studies 
showing positive outcomes [73–76]. However, 
development of drugs which appeared to be more 
effective in treating psychiatric disorders led to 
waning interest in transcranial stimulation.

During this period, the predominant under-
standing of how stimulation produces such effects 
was based on evoked potentials observed in ani-
mal studies. When a positive polarization is 
applied across the cortex, there is an increase in 
evoked response amplitude and conversely, there 
is decrease in evoked potential amplitude when a 
negative polarization is applied [77, 78]. In 
essence, stimulation was thought to affect the 
excitability of neurons. In humans, one of the first 
studies to look at excitability change after tran-
scranial direct current stimulation (tDCS) was 
performed by Priori et al. [79]. Weak DC current 
(<0.5  mA) was applied over motor cortex and 
excitability was tested using single-pulse tran-
scranial magnetic stimulation (TMS) to trigger an 
evoked response. The resulting motor evoked 
potential (MEP) amplitudes served as a physio-
logical measure of change in excitability. Anodal 
and cathodal stimulation indeed modulated the 
MEP amplitude, however, perhaps surprisingly, 
factors such as the temporal order of the stimula-
tion paradigm appeared to matter. A clearer result 
emerged from a more comprehensive study by 
Nitsche and Paulus [25] where they showed that 
anodal stimulation led to an increase in MEP 
amplitude and conversely cathodal stimulation 
led to a decrease in MEP amplitude. Interestingly, 
the change in amplitude lasted for a few minutes 
after completion of tDCS and returned to baseline 
after 5  min. Also, the size and duration of the 
after-effect depended on the stimulation duration 
and current intensity. This landmark study pro-
vided the foundation for the field of tDCS. This 
result has been replicated several times, including 
a recent study that combined tDCS with rigorous 
double-blind placebo- controlled trial design and 
sophisticated source localization of transcranial 
evoked potentials [80].

11.3.1  Neurophysiology of tDCS 
in Humans

Increasing interest in tDCS has led to an explora-
tion of possible modalities that can provide more 
insight into neurophysiological effects. 
Consequently, tDCS has been used in conjunc-
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tion with other neurophysiological approaches. 
Electroencephalography (EEG) was also one of 
the earliest modalities used in studying the effect 
of current stimulation [81].

Analogous to the approach of using MEPs for 
evaluating excitability change in motor cortex, 
Antal et  al. [82] used visual evoked potentials 
(VEPs) to study excitability change caused by 
tDCS.  They found that the amplitude of N70 
component of the VEP in EEG was increased by 
anodal stimulation and, conversely, decreased by 
cathodal stimulation over visual cortex. In 
another study [83], tDCS was found to affect the 
P100 component (anodal tDCS caused decrease 
in amplitude while cathodal tDCS caused 
increase in amplitude) of the VEP and the dura-
tion of the after-effect of tDCS dependent on the 
duration of stimulation. Of note, as so often in 
this literature, the choice of return electrode was 
different. This may explain the different findings 
across studies. In both studies, stimulation did 
not affect the latency of the VEP. Similarly, the 
effects of tDCS on somatosensory evoked poten-
tials (SEPs) have been studied. A 9-minute appli-
cation of cathodal tDCS to somatosensory cortex 
decreased the N20 component of the SEP for up 
to an hour after stimulation while there was no 
significant change with anodal tDCS [84]. In 
another study, tDCS applied over motor associa-
tion areas produced changes in SEP amplitudes 
as well as MEP amplitudes. Interestingly, the 
effects were inversely related. Anodal stimulation 
decreased amplitudes of MEPs while amplitudes 
of SEP components increased compared to cath-
odal stimulation [85]. Other studies have evalu-
ated pain perception using laser evoked potentials 
(LEPs) after tDCS and found that only cathodal 
stimulation produced a change in the amplitudes 
of N2 and P2 components of LEPs [86, 87]. The 
effects of tDCS on auditory evoked potentials 
(AEPs) have also been evaluated and significant 
effects of stimulation polarity and stimulation 
locations (temporal vs. temporo-parietal) have 
been found [88].

Apart from evoked potentials, EEG oscilla-
tions have also been investigated for elucidating 
the effect of tDCS. In a study accompanying the 
previously mentioned study by Antal et al., cath-

odal tDCS was found to decrease power in the 
beta band (15.625–31.25  Hz) as well as the 
gamma band (31.25–62.5  Hz) related to VEPs 
[89]. A study by Ardolino et al. [90] evaluated the 
changes in spontaneous EEG activity following 
application of cathodal tDCS over motor cortex 
and found increases in power in the delta and 
theta bands. In another study, the effect of tDCS 
on mu event-related desynchronization (ERD) 
caused by imagined hand movements was stud-
ied [64]. The change in power of mu-rhythms 
was used as a measure of ERD.  Anodal tDCS 
increased mu ERD while cathodal tDCS 
decreased mu ERD. The changes were attributed 
to the change in excitability caused by 
tDCS. There have also been studies which evalu-
ated tDCS-induced changes in EEG activity pat-
terns observed during sleep. These are covered in 
detail in the last section of this chapter.

The use of tDCS and EEG can be divided into 
two approaches  – the offline approach, where 
EEG is collected after tDCS application, and the 
online approach, where EEG is collected concur-
rently with tDCS application. The former 
approach allows evaluation of the after-effects of 
stimulation while the latter approach allows 
study of the effect of stimulation on ongoing 
dynamics. Most of the studies described above 
fall in the category of offline investigations. In 
addition, a few of the studies have attempted to 
concurrently record EEG signals when stimulat-
ing with tDCS and have found noise to be the 
limiting factor. In a study assessing the efficacy 
of tDCS as a treatment for epilepsy, tDCS pro-
duced high-frequency artifacts that contaminated 
the EEG [91]. These artifacts were removed 
using an independent component analysis (ICA) 
algorithm. In another study [92], tDCS electrodes 
were placed between EEG electrodes and a band- 
pass filter between 0.5 Hz and 70 Hz was found 
sufficient to remove the artifacts produced by 
tDCS.

Magnetoencephalography (MEG), which 
records brain activity by measuring magnetic 
fields produced by neuronal activity, is a similar 
modality that has been used with tDCS. MEG (at 
least partially) overcomes the main limitation of 
using tDCS concurrently with EEG, namely the 
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limited source localization capability due to vol-
ume conduction. Soekadar et  al. [93] applied 
tDCS over motor cortical areas of healthy volun-
teers performing a button-press task and assessed 
task-related changes in alpha- and beta-frequency 
bands from concurrently recorded MEG. Using a 
mathematical approach that provided spatially 
selective noise reduction and source localization, 
they were able to successfully isolate the stimula-
tion current as a source. By separating this identi-
fied source from other sources that corresponded 
to brain oscillations, they were able to remove the 
stimulation artifacts.

Functional magnetic resonance imaging 
(fMRI) which relies on blood oxygenation levels 
(BOLD) to detect changes in activity in different 
brain regions is another commonly used approach 
to measure neurophysiological changes associ-
ated with tDCS.  Compared to EEG and MEG, 
fMRI provides higher spatial resolution in terms 
of identifying the anatomical regions affected by 
stimulation. However, the temporal resolution is 
poorer as the changes in BOLD are observed a 
few seconds after neuronal activation. In one of 
the earliest studies, cathodal tDCS over motor 
cortex was shown to produce decreased activa-
tion [94]. As in the case with early tDCS–EEG 
studies, this study used an offline approach, that 
is, there was no stimulation during fMRI data 
acquisition. This was due to the potential safety 
hazard caused by magnetic fields from the MRI 
scanner inducing currents in the stimulation elec-
trodes. Once this concern was resolved by the 
addition of current-limiting resistors, it became 
possible to perform concurrent fMRI-tDCS stud-
ies [95]. Overall, such studies have helped to 
understand the spatial distribution of the effects 
of tDCS in terms of motor and visual functions as 
well as functional connectivity between different 
regions.

11.3.2  Mechanisms of tDCS 
in Humans

A common observation in most neurophysiologi-
cal studies discussed above is that tDCS produces 
a change in excitability of the region being stimu-

lated. Alterations in membrane potential changes 
are thought to be the main mechanism underlying 
the change in excitability in both anodal and 
cathodal stimulation. Blocking sodium and cal-
cium channels using pharmacological agents led 
to decrease or complete abolition of the effects of 
anodal tDCS in humans. While there was no 
change in the effects of cathodal tDCS, this still 
supported the hypothesized hyperpolarization 
effect of cathodal tDCS [96]. The outlasting 
effects of stimulation have been attributed to syn-
aptic plasticity such as LTP that depends on 
NMDA receptors. Indeed, an NMDA antagonist 
suppressed the outlasting effects of tDCS [97]. 
The effect of cathodal tDCS is likely also the 
result of synaptic plasticity since it is also abol-
ished by blockade of NMDA receptors [96]. 
Synaptic long-term depression [98] is, thus, a 
strong candidate mechanism. Further supporting 
the idea that synaptic plasticity underlies the out-
lasting effects is the observation that individuals 
with brain-derived neurotrophic factor (BDNF) 
Val66Met polymorphism showed lower effect of 
tDCS-induced change in MEP compared to indi-
viduals without the polymorphism [30].

Moreover, studies involving magnetic 
resonance spectroscopy have shown that tDCS 
polarity affects local accumulation of neu-
rotransmitters. Stagg et  al. [99] showed that 
anodal tDCS reduced concentrations of GABA 
while cathodal tDCS reduces concentration of 
glutamate (with a correlated decrease in GABA 
concentrations as well). Given the fact that 
increased firing rates have been shown to 
decrease GAD-67 activity and decreased firing 
rate is correlated with decreased glutamate/glu-
tamine cycling, the idea that anodal tDCS 
increases and cathodal tDCS decreases excitabil-
ity (and consequently firing rate) is, therefore, 
further supported by these spectroscopy results. 
In another study by Clark et al. [100], applica-
tion of anodal tDCS over parietal cortex led to an 
increase in glutamate and glutamine levels. The 
effect was local as only the region in the ipsilat-
eral hemisphere showed an increase compared to 
the same region in the contralateral hemisphere. 
The relation between reduction in GABA levels 
and motor learning suggests that modulation of 
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GABA levels is another possible mechanism 
which explains the observed effects of 
tDCS. This idea has received further support in a 
recent study [101] which showed that the effect 
of anodal tDCS over primary motor cortex pro-
duced a local decrease in the GABA concentra-
tions and the tDCS-induced concentration 
change predicted motor learning performance.

11.3.3  Neurophysiology of tACS 
in Humans

The growing interest of the scientific community 
in tDCS has led to the recent development of 
novel tES paradigms. One particular approach, 
transcranial alternating current stimulation 
(tACS), has garnered considerable interest is now 
the topic of a large and rapidly growing number 
of scientific studies [102–104]. Transcranial 
alternating current stimulation is a type of nonin-
vasive electrical brain stimulation where oscillat-
ing (typically), sinusoidal currents are applied to 
the scalp and underlying brain tissue of an indi-
vidual. Many different frequencies have been 
used throughout the literature, but it is the most 
common to apply currents in the frequency range 
of observed periodic phenomena in the brain 
such as local field potentials and EEG oscilla-
tions. This follows from the assumption that 
mimicking the structure of endogenous electrical 
brain activity is the best way to interact with and 
influence the sources of such activity. Various 
studies have combined neurophysiological mea-
surements with tACS in attempts to show that 
oscillatory noninvasive brain stimulation indeed 
influences the activity of the human brain. Most 
of these studies have found outlasting effects of 
tACS when examining EEG before and after 
stimulation, providing the first evidence that 
approximately matching the stimulation fre-
quency to the frequency of prominent endoge-
nous oscillatory brain activity yields effects on 
EEG activity at that frequency. A smaller number 
of studies have also measured the effects of tACS 
during its administration.

One of the first studies to record EEG and 
apply tACS found no effect of tACS on EEG 

activity or motor evoked potentials [105], but 
several subsequent studies found outlasting 
effects of theta-frequency tACS on EEG theta 
power [106], alpha-frequency tACS on EEG 
alpha power [31, 67, 107], and gamma-frequency 
tACS on EEG gamma coherence [108, 109] and 
alpha power [108]. The first evidence for outlast-
ing effects of tACS on EEG was found by [67]. In 
this study, participants performed a vigilance 
monitoring task for the stimulation portion of a 
single 16-min session (3 min of EEG recording, 
10 min of stimulation, and 3 min of EEG record-
ing). During the task, participants were required 
to fixate on a crosshair on a computer monitor 
and press a button whenever the crosshair rotated 
45 degrees. At the beginning of the session, the 
authors determined the peak individual alpha fre-
quency (IAF) from the single-channel EEG data 
by calculating the spectral peak in the alpha band 
during a 1  min closed-eyes recording. Either 
sham tACS or ~1 mAmp tACS at the IAF was 
applied under the assumption that matching the 
stimulation frequency would best enhance endog-
enous alpha power. The tACS amplitude was 
titrated just below the thresholds of visual phos-
phene induction or skin sensation. They com-
pared the average amplitude spectrum of 1-s 
windows between the baseline and the poststimu-
lation epochs for both stimulation conditions and 
found a significant increase in alpha power rela-
tive to baseline in the IAF-tACS condition and 
not for the sham stimulation condition. 
Specifically, this increase was found to be in the 
neighborhood of the IAF across participants 
(IAF ± 2 Hz). Neuling et al. then investigated if 
the effects of tACS were also dependent on the 
brain state of participant [107]. They utilized the 
well-known alpha power difference between the 
eyes-open and eyes-closed conditions to test the 
hypothesis that the state of endogenous alpha 
oscillations would in part determine the EEG 
response to alpha-frequency tACS. The authors 
recorded 5 min of whole-head EEG activity, then 
applied the sham or verum IAF-tACS during an 
auditory oddball task, and finally recorded EEG 
for 30  min after the task. The protocol for the 
other experimental group was exactly the same 
except participants had their eyes closed for the 
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entirety of the experiment. In this study, tACS 
enhanced the alpha power for the entire 30-min 
post-tACS recording window. This effect was 
specific to the eyes-open (low endogenous alpha 
power) experiment, and no such power enhance-
ment occurred during the eyes-closed (high 
endogenous alpha power) experiment. They also 
found that IAF-tACS enhanced coherence 
between P3 and P4 alpha activity for the eyes- 
closed condition, but not the eyes-open condi-
tion. These electrophysiological changes did not 
result in a change in oddball task performance as 
measured by reaction time and sensitivity. While 
the authors argue that the effects seen in these 
studies result from the entrainment of endoge-
nous alpha oscillators to the tACS frequency, 
Vossen et al. found similar alpha power enhance-
ments in the absence of evidence for entrainment 
[31]. The authors conducted a four-session 
within-participant study with three active tACS 
conditions and one sham tACS condition. During 
each session, participants performed a basic 
visual detection task for 22–30 min with a 2-min 
EEG recording before and after. During the task, 
the authors administered tACS at IAF (deter-
mined in the first session and used for all subse-
quent sessions) with individually adjusted 
intensity (1.35 mAmp to 2 mAmp). Each tACS 
protocol consisted of intermittent bursts of tACS, 
two of which were 80 cycles on followed by 80 
cycles off and the other 30 cycles on followed by 
30 cycles off. The difference between the two 80 
cycles on/off conditions was whether or not the 
tACS phase was continuous throughout the 
experiment relative to the phase of a virtual sine 
wave at the tACS frequency for the full duration 
of the task. This was termed the “long continuous 
condition.” The “long discontinuous condition” 
shifted the start of each tACS burst such that the 
phase difference between the virtual sine wave 
and the administered tACS changed by a ran-
domly selected 0, 90, 180, or 270 degrees. For the 
30 cycles burst condition, the onset phase was not 
disrupted (short continuous). The comparison of 
the prestimulation and poststimulation EEGs 
showed significant alpha power enhancement for 
both the long conditions and long discontinuous 
conditions relative to sham stimulation, but no 

significant difference between the two condi-
tions. For the uncontaminated EEG epochs dur-
ing the stimulation protocols, they assessed the 
degree of phase locking present after each burst 
of stimulation in terms of intertrial phase coher-
ence (ITPC) in the alpha band. They hypothe-
sized that entrainment “echoes,” or brief periods 
of phase consistency in the alpha oscillation 
across trials, would likely be present if each tACS 
burst entrained the endogenous alpha oscillation 
to its phase. However, they found no difference in 
ITPC between the stimulation conditions or the 
sham condition (essentially measuring spontane-
ous phase consistency in the alpha oscillation). 
These results have been interpreted in favor of a 
spike timing-dependent plasticity framework to 
explain outlasting elevation of alpha power after 
tACS.

While studies that observe the after-effects of 
tACS have elucidated a robust set of neurophysi-
ological changes attributable to oscillatory nonin-
vasive brain stimulation, they can merely 
speculate about the changes that occur during 
stimulation to achieve the observed results. This 
is why studies that performed tACS while acquir-
ing neurophysiological data such as EEG [110] 
and MEG [111] are of particular interest. Helfrich 
et  al. [110] devised an artifact removal method 
that allowed them to measure EEG during a 
visual oddball task accompanied by the adminis-
tration of 10 Hz tACS. In this study, participants 
performed a standard color-mismatch visual odd-
ball paradigm where the presentation of each 
stimulus was aligned to one- of four-phase bins 
of the tACS waveform. The authors recorded 
59-channel whole-head EEG while administer-
ing the 1 mApp current. To remove the artifact 
potential from the EEG, which is approximately, 
but not exactly, a sine wave at 10 Hz due to fluc-
tuations in scalp impedance and various other 
sources of nonstationarity, the authors first con-
structed artifact templates from moving 
 neighborhoods of recording epochs by a moving 
average approach. These artifact templates were 
then subtracted from their respective artifact- 
contaminated EEG segments to yield semi- 
cleaned EEG data. The remaining tACS artifacts 
were captured by decomposing each EEG time 
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series into its principal component subspace via 
principal component analysis (PCA). 
Components that were clearly artifactual in 
nature were removed and the time series recon-
structed from the remaining components in this 
final step. The authors assessed the validity of 
this approach by contaminating artifact-free data 
with similar artifacts found when they applied 
tACS (somewhat nonstationary 10 Hz sine waves 
2–4 orders of magnitude greater than typical 
EEG potentials). The study of the preprocessed 
EEG showed an enhancement of mainly occipital 
alpha power during tACS application, and the 
enhancement was strongest at the stimulation fre-
quency. The phase-locking value (PLV) between 
the tACS waveform and alpha-band frequencies 
of the EEG was significantly greater during tACS 
application than that during sham stimulation, 
and this PLV enhancement was constrained to 
occipital brain regions. Interestingly, the authors 
found a phasic modulation of oddball target 
detection accuracy as a function of the tACS 
phase during target presentation. Given that the 
phase of the alpha oscillation is known to influ-
ence the perception of visual stimuli [112–114], 
combined with the observed enhancement in 
endogenous alpha power, this study provides 
compelling evidence that 10 Hz tACS over occip-
ital brain regions may entrain disparate endoge-
nous alpha oscillations to a similar phase, 
resulting in an increase in occipital alpha syn-
chronization. While this approach is a promising 
direction for the study of the neurophysiology of 
tACS, it has caused quite some debate in the field 
due to potential nonlinear distortion of the 
recorded signal during stimulation [115, 116].

More recently, a study by Neuling et  al. 
detailed a different approach to study the “online” 
effects during stimulation [111] based on 
MEG.  The authors applied IAF-tACS at weak 
(50 μApp) and strong (between 100 μApp and 
1.5  mApp) current levels while acquiring 
306-channel MEG.  Participants performed sev-
eral tasks well established to induce alpha modu-
lations and each participant completed three 
blocks consisting of sham stimulation, weak 
tACS, or strong tACS.  The authors found sub-
stantial contamination of the sensor-level signals 

by tACS-induced magnetic artifacts but were 
able to recover meaningful event responses by 
using linearly constrained minimum variance 
(LCMV) beam forming to project the measured 
magnetic fields into a grid of dipolar sources 
within the Montreal Neurological Institute (MNI) 
coordinate system. The source signals deter-
mined with this method showed alpha activa-
tions/suppressions and auditory/visual average 
event responses that were surprisingly similar to 
those obtained during sham stimulation. 
Importantly, these effects are all within condition 
and localized to the same regions as seen during 
sham tACS, whether or not that happened to be 
near or away from the stimulation electrodes. 
Furthermore, the presence of similar enhance-
ments and reductions in alpha power during all 
three tACS conditions strongly supports that 
measured source activity is physiological in 
nature during all three conditions.

Additionally, as with tDCS [25, 79], the com-
bination of tACS and TMS over the motor cortex 
has provided a useful model to identify the influ-
ence of oscillatory electric fields on network 
dynamics. By pairing tACS with causal probes of 
motor cortex excitability (i.e., TMS), researchers 
can causally test the instantaneous and additive 
influences of specific frequency modulations 
across the phase-frequency parameter space. The 
earliest investigations of tACS applied to the 
motor cortex found no effects of stimulation 
[105]; however, shortly thereafter, several studies 
that followed demonstrated a slowing of move-
ments [117] as well as an increase in the ampli-
tude of TMS motor evoked potentials (MEP) 
[118] by beta-frequency tACS. These investiga-
tions inspired Fuerra and colleagues (2013) [119] 
to test the state dependency frequency modula-
tions in the motor cortex. The researchers applied 
tACS at 5, 10, 20, and 40 Hz to the left motor 
cortex and to the parietal cortex as an active con-
trol region. In addition, MEPs were tested under 
conditions of rest or while performing a motor 
imagery task (imagined finger pinching). MEPs 
collected during the motor imagery task were on 
average higher when compared to rest. After con-
trolling for this overall effect, a frequency- 
specific double dissociation was identified where 
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5 Hz tACS facilitated MEPs during motor imag-
ery and 20  Hz tACS facilitated MEPs at rest. 
Indeed, the resting facilitation effect of beta tACS 
has become a well-substantiated finding. A recent 
meta-analysis of studies applying beta tACS (15–
25 Hz) to modulate corticospinal excitability cal-
culated the effects of various tACS study 
parameters (i.e., amplitude, montage, and online/
offline testing) [120]. The authors found that 
stimulation intensities greater than 1  mA most 
consistently showed significantly increased MEP 
amplitudes with beta tACS.  Furthermore, the 
classic M1-Pz/Oz montage and high-density 
montages were also associated with increased 
MEP amplitudes. No differences were observed 
as a function of whether testing was online or 
offline; MEPs were increased under both condi-
tions. These findings run contrary to the intuition 
that motor cortex beta oscillations reflect a rest-
ing maintenance signal [121]. Furthermore, 
alpha-tACS also increased MEP amplitudes dur-
ing motor imagery in Fuerra [119], albeit to a 
lesser extent and contrary to the typical interpre-
tation that alpha is an inhibitory signal [122].

To address this topic, Fuerra et  al. [123] had 
participants view a hand making a pinching move-
ment during tACS presented at 5, 10, 20, or 40 Hz 
and during an active sham condition (tRNS with a 
30 s ramp up and ramp down). These conditions 
were also tested observing a hand at rest. MEPs 
were recorded from hand muscles involved in the 
observed pinching movement (index finger) and 
from muscles not involved (pinky finger). As in 
[119], the authors found that 20 Hz tACS induced 
a nonselective facilitation of MEPs in both mus-
cles at rest. However, 10 Hz tACS only increased 
MEPs in the muscle involved in the observed hand 
motion (index finger) leading the researchers to 
conclude that alpha rhythms in the motor cortex 
serve a role in selective action; possibly through 
surround inhibition for nonselected muscle groups. 
By contrast, 40 Hz tACS facilitated MEPs in both 
muscles during movement observation.

While several studies have used 40 Hz as a stan-
dard frequency for the gamma-band, movement- 
related gamma oscillations tend to appear at 
frequencies between 60 and 90  Hz [124, 125]. 
Joundi and colleagues [125] compared the effects 

of 20 and 70  Hz tACS on performance of a go/
no-go task. Under the go condition, 20 Hz tACS 
slowed the time to peak force exerted in response, 
replicating prior results [117]. This effect was 
much more pronounced in no-go error trials where 
a participant is required to inhibit a prepotent 
response but fails to do so, supporting the notion of 
beta as an antikinetic “hold” signal [121].

How then does one reconcile the role of motor 
cortex beta oscillations with reports demonstrat-
ing an increase in corticospinal output? A prelimi-
nary answer can be deduced from studies 
investigating the impact of tACS phase on TMS- 
MEPs. Nakazono et al. [126] and Schilber et al. 
[127] both sought to address this question by ana-
lyzing the changes in MEP amplitudes as a func-
tion of the phase of ongoing tACS.  Nakazono 
et al. [126] found that both 10 Hz and 20 Hz tACS 
demonstrated phase-specific effects whereby 
10  Hz tACS attenuated MEPs and 20  Hz tACS 
facilitated MEPs at the same preferred phase 
(identified as 90 degrees by the authors). A few 
years later, Schilberg et al. [127] approached the 
same question using individually defined alpha- 
and beta-frequency tACS. As before, MEP ampli-
tudes significantly modulated with respect to beta 
phase, but these effects were larger for partici-
pants with lower natural beta frequencies. Alpha 
tACS had no effect. Though, in a secondary 
experiment, Nakazono et al. [126], alpha tACS at 
the preferred 90 degree phase was not signifi-
cantly different from a sham condition while 
20  Hz tACS still significantly increased MEP 
amplitudes. These studies demonstrate a cyclical 
modulation of cortical excitability showing a net 
excitatory effect at preferred phases of beta tACS 
which presents as an overall elevated MEP in 
online studies due to trial averaging. Collectively, 
tACS-TMS protocols have provided causal evi-
dence that tACS alters cortical  excitability in 
ways predicted by correlational EEG studies.

11.3.4  Mechanism of tACS in Humans

The interest in tACS as a tool for manipulating 
cortical dynamics as well as a therapeutic option 
for treating CNS disorders with aberrant cortical 
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and thalamo-cortical oscillations is relatively 
recent when compared to tDCS. Correspondingly, 
the mechanisms by which tACS produce change 
are also less certain.

The primary targets for tACS in humans are 
oscillations observed in EEG and different stud-
ies have shown that tACS indeed alters the 
strength of oscillations [31, 67, 107, 110]. Given 
the periodic nature of stimulation as well as the 
stimulation target, concepts from dynamical sys-
tems are generally used to explain the mechanism 
of action of tACS. The different cortical oscilla-
tions are considered to be generated by self- 
sustained oscillators with phase as a free 
parameter [128]. Depending on the level of 
abstraction, neurons or networks of neurons or 
individual brain regions are treated as these oscil-
lators. One leading hypothesis is that the brain 
region targeted by tACS is composed of many 
oscillators and tACS produces a realignment of 
the phase of the oscillators to the phase of stimu-
lation waveform. This is defined as entrainment 
[129]. Once the oscillators are aligned, it is 
assumed that oscillations continue even after the 
removal of stimulation until entropy of the sys-
tem pulls them back to the initial state. An alter-
nate hypothesis is that tACS preferentially 
strengthens synapses between neurons by spike 
timing-dependent plasticity (STDP) and this 
facilitates the effects of stimulation to be present 
after the removal of stimulation.

Studies involving tACS and EEG in humans 
have attempted to elucidate which of the above-
mentioned mechanisms might be prevalent. The 
study by Helfrich et al., where healthy volunteers 
were stimulated with 10 Hz tACS during a visual 
oddball task, found an increase in phase-locking 
value between stimulation waveform and EEG 
waveform (after stimulation artifact removal) 
during stimulation [110]. This was postulated as 
evidence for entrainment as the results satisfied 
the key requirements for entrainment as proposed 
by Thut et  al. [129]. In another study, tACS 
applied at the individual alpha frequency pro-
duced an enhancement in alpha power when the 
participants had their eyes open compared to the 
condition where they had their eyes closed [107]. 
This result provides additional support to the 

entrainment hypothesis. In the eyes-closed con-
dition, the phases of the oscillators within the 
region targeted by tACS can be considered to be 
aligned to each other resulting in a strong endog-
enous alpha oscillation. In the eyes-open condi-
tion, however, the phases of the oscillators are not 
aligned with each other and tACS is able to cause 
synchronization of the phases of the oscillators 
resulting in stronger alpha oscillations. However, 
in the study where tACS was applied in an inter-
mittent manner, scrambling the phase of stimula-
tion current between consecutive trials did not 
produce effects different from the stimulation 
where the phase of the stimulation current was 
maintained to be continuous across all trials [31]. 
The authors argue that the results imply entrain-
ment is not the underlying mechanism as the 
enhancement produced by stimulation with 
scrambled intertrial phases should have been 
lesser than that produced by stimulation with 
continuous phase. Also, enhancement was stron-
ger when stimulation frequency was closer to the 
individual alpha frequency. If entrainment was 
true, the enhancement should have been higher at 
stimulation frequency and not individual alpha 
frequency. Additionally, as mentioned before, the 
absence of difference in intertrial phase coher-
ence between sham and stimulation conditions 
suggested that the outlasting effects of stimula-
tion were not caused by entrainment. The authors 
propose a simplified STDP model to account for 
the effects of stimulation. Plasticity is a plausible 
mechanism underlying the outlasting effects of 
tACS and recent tACS-TMS studies of the motor 
cortex are providing preliminary support for this 
hypothesis.

As discussed in the section Neurophysiology 
of tACS in Humans, the online effects of tACS on 
the human brain is likely via recruitment of 
 cortical circuits that are modulated by the appli-
cation of electric fields that mimic endogenous 
rhythms. As such, the likelihood of STDP-related 
mechanisms is plausible insofar as cortical oscil-
lations shape STDP. In that vein, McNickle and 
Carson [130] tested modified paired associative 
stimulation (PAS) protocol to use tACS instead 
of TMS.  In TMS-PAS, electrical stimulation of 
the median nerve is paired with TMS applied to 
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the motor cortex at a fixed latency matched to 
individual corticospinal conduction latencies 
[131]. If the TMS pulse precedes the arrival of 
the median nerve signal, the MEP is depressed. If 
the TMS pulse is timed to the arrival of the 
median nerve signal, the MEP is potentiated. 
McNickle and Carson [130] leveraged a similar 
protocol by pairing 500 ms of 10 Hz peripheral 
nerve stimulation with 500  ms of tACS at 80, 
140, and 250  Hz. The onset of both trains was 
lagged by 25 ms to mimic the expected conduc-
tion delay. Paired associative tACS at 80 Hz elic-
ited the strongest and fastest potentiation of 
MEPs, but all frequencies resulted in potentiation 
at 30-min poststimulation. The 80  Hz tACS 
potentiation effects were further enhanced when 
the tACS duration was longer (1  s) and when 
using an 80 Hz vibratory stimulus instead of elec-
trical stimulation. The potentiation observed by 
Nickle and Carson demonstrates that tACS can 
induce STDP-like effects in the human motor 
cortex. Future studies will need to determine 
whether lower-frequency tACS (i.e., <80 Hz) can 
induce PAS-like effects or if the aftereffects 
observed at those frequencies rely on some other 
mechanism.

Pharmacological manipulation offers a more 
traditional method to study the relationship of 
STDP to tACS effects. However, to date, only 
one study has used this approach in humans to 
identify the cellular mechanisms implicated in 
tACS.  Wischnewski et  al. [132] conducted a 
double- blind, placebo-controlled study of the 
NMDA receptor antagonist, dextromethorphan 
(DMO), to measure the degree to which tACS- 
induced changes in cortical excitability are medi-
ated by NMDA receptors. Participants were 
administered DMO or placebo prior to receiving 
20  Hz tACS over the motor cortex in a high- 
density montage. MEP amplitudes increased dur-
ing the placebo visit as expected from prior 
literature. DMO blocked these aftereffects, sug-
gesting that NMDA-related plasticity mecha-
nisms likely underlie the typical increases 
associated with 20 Hz tACS. The lack of further 
cellular mechanistic studies emphasizes the need 
for investigators to leverage pharmacological 
methods in conjunction with tACS. In the mean-

time, we must rely on animal studies and compu-
tational modeling to infer the neural drivers of 
such effects.

Nevertheless, several researchers have lever-
aged the wide literature of pharmaco-TMS stud-
ies [133] to infer the active mechanisms 
underlying tACS. Returning to the topic of phase 
dependency of beta tACS effects, Guerra and col-
leagues [134] used a variety of paired-pulse TMS 
techniques applied at multiple phases of 7 Hz and 
20  Hz tACS.  Guerra et  al. [134] applied short- 
latency and long-latency intracortical inhibition 
(SICI and LICI), which are considered to index 
GABA-A and GABA-B receptor-mediated inhi-
bition [133, 135, 136]. In addition, the research-
ers indexed glutamatergic tone by measuring 
intracortical facilitation (ICF; [133, 135]) and 
cholinergic inhibition through short afferent inhi-
bition (SAI; [137, 138]), in which a conditioning 
electrical stimulation to the median nerve is 
applied before applying a test TMS pulse to the 
cortex. TACS at 20  Hz significantly modulated 
MEP amplitudes from single-pulse TMS, ICF 
(i.e., glutamatergic), SICI (i.e., GABA-Aergic), 
and SAI (i.e., cholinergic). SAI was blunted dur-
ing 20 Hz tACS but did not demonstrate phase- 
specific effects. By contrast, ICF and SICI 
followed antiphase relationships to each other—
when SICI was up, ICF was reduced, and vice 
versa. These findings present compelling evi-
dence that the application of tACS modulates 
existing cellular mechanisms underlying neuro-
nal circuits in a manner that mimics endogenous 
oscillations. Finally, the nonphase specificity of 
the SAI findings emphasizes the presence of both 
phase (i.e., momentary) and continuous effects of 
stimulation which indicates that tACS recruits 
neuromodulatory circuits as well.

We are now seeing converging evidence that 
tACS modulates brain activity and excitability 
through multiple mechanisms. While the ideas of 
entrainment and plasticity seem mutually exclu-
sive, it is apparent that this is not necessarily true. 
A realignment of phase may lead to strengthen-
ing of synaptic connections between the neurons 
because of STDP.  Conversely, strengthening of 
synapses may lead to increased phase locking 
and consequently entrainment. Future studies 
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trying to answer this question will be well served 
to include this consideration when designing the 
study as well as when trying to interpret the 
results.

11.4  Spatial and Temporal 
Targeting to Improve 
Cognition

Deficits in cognitive capacity are now realized to 
be ubiquitous across psychiatric illness and com-
monly experienced in aging. Thus, novel inter-
ventions to improve cognitive function are of 
critical need. However, a meta-analysis of the 
impact of transcranial magnetic stimulation on 
performance finds an overall cognitive detriment 
from online stimulation [139] (but see [140–
142]). The relatively weaker influence of tACS to 
modulate, but not dominate, brain activity (see 
Effect of Electric Fields on Individual Neurons) 
may prove to be the optimal technique for 
improving cognition. Recent advances in the spa-
tial localization of stimulation effects using high- 
density tACS and temporal localization using 
custom waveforms designed to mimic cross- 
frequency coupling provide greater controllabil-
ity of brain dynamics. As cognitive neuroscience 
elucidates the neural correlates of higher-order 
cognition, tACS will continue to causally probe 
their mechanistic role and build a foundation of 
evidence that tACS can be utilized to improve 
cognition when properly targeted.

11.4.1  Frequency-Specific Effects 
of tACS

Working memory, or the ability to maintain and 
manipulate information over time, is the founda-
tion of higher-order cognitive abilities [143], and 
deficits in working memory appear in a variety of 
illnesses [144–146]. A better understanding of 
the neural basis of working memory provides 
refinement of the targets for neurostimulation to 
engage in order to improve working memory. 
Theoretical models on how the brain implements 
working memory suggest that higher-frequency 

activity is nested within lower-frequency activity 
[147]. The higher-frequency activity (gamma 
oscillations [30–50 Hz]) encodes the individual 
items of memory and the lower-frequency oscil-
lations (theta oscillations [4–8 Hz]) support the 
maintenance and sequencing of these items 
[148]. A consequence of this model is that slower 
theta oscillations are able to contain a greater 
number of gamma cycles, which may support 
greater working memory capacity. Indeed, inva-
sive recordings of the human hippocampus dur-
ing working memory found that slower theta 
oscillations coupled to high-frequency gamma 
oscillations as the load of a working memory task 
was increased [149]. A recent study provided 
causal evidence for the speed of theta oscillations 
in working memory [150]. Wolinski et al. deliv-
ered tACS at the slower end of the theta band 
(4 Hz) or at the faster end of the theta band (7 Hz) 
as participants performed a visuospatial working 
memory task. Participants that received tACS in 
the slower theta frequency demonstrated 
improved working memory capacity relative to 
those that receive faster theta-frequency stimula-
tion. These data provide evidence that the partic-
ular frequency of stimulation is critically 
important, and that stimulation may need to be 
delivered offset to the endogenous peak 
frequency.

While the previous section on the Arnold 
tongue explained that the efficacy of stimulation 
is strongest at the endogenous frequency, some 
studies found that the specific frequency of peak 
resonance was consequential for performance 
[151] and could even be manipulated by task 
demands [152]. Individual differences in pain 
perception were found to correlate with peak 
alpha frequency of sensorimotor cortex [153]. In 
patients with chronic pain, the peak frequency of 
the alpha oscillations is slower with greater expe-
rience of chronic pain [154]. Thus, stimulation 
for the treatment of chronic pain might be more 
effective when delivered at the canonical peak 
frequency of the alpha oscillation rather than the 
individual alpha frequency. In a recent clinical 
trial on the treatment of chronic pain, symptoms 
of chronic pain were reduced when stimulation 
was delivered targeted to sensorimotor cortex at 
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the canonical alpha frequency [155]. These 
effects might not have been observed if stimula-
tion was delivered at the individual alpha fre-
quency, although this study did not compare 
stimulation at individual frequency to canonical 
frequency.

11.4.2  High-Density Spatial 
Targeting

As current enters the scalp from the stimulation 
electrodes, the skull shunts the majority of elec-
tric current through the skin. Thus, stimulation 
techniques historically focused on using large 
electrodes placed on opposite sides of the scalp. 
However, recent availability of electric field 
modeling toolboxes allowed scientists to design 
novel electrode montages that optimized for 
focality of stimulation of effects rather than mag-
nitude. High-density tACS is the application of 
many small electrodes, typically with a central 
electrode encircled by three or four electrodes. 
The central electrode is the current source, and 
the encircling electrodes are the current sink. 
Thus, the current enters the brain maximally 
under the central electrode and returns in a more 
diffused manner. Unlike other forms of current 
stimulation, high-density tACS can be used to 
target a single brain region. For example, 
Alekseichuk et al. used high-density tACS to tar-
get a relatively focal region of left lateral prefron-
tal cortex during a working memory task and 
found an improvement in working memory per-
formance from theta-frequency stimulation 
[156].

High-density tACS can also be used to inves-
tigate functional connectivity between regions. In 
traditional tACS montages using two electrodes, 
the two regions targeted by stimulation receive 
current antiphase to each other. As the current 
depolarizes one region, the other region is hyper-
polarized. Thus, stimulation with two electrodes 
is unable to investigate functional connectivity, 
except by way of disruption. In order to increase 
functional connectivity, tACS must be delivered 
with a minimum of three electrodes. Current is 
delivered in sync to two regions, and out of sync 

with the third region. However, the three- 
electrode montage introduces a third location that 
is necessarily in antiphase. The potential nui-
sance of a desynchronized region is minimized 
by using a larger electrode for the current sink. 
High-density tACS introduces a novel approach 
for manipulating connectivity as the two regions 
can be targeted independently, each with their 
own high-density arrangement. Two recent publi-
cations utilized high-density tACS to two regions. 
In one study, participants received stimulation to 
either both lateral and medial prefrontal cortex 
in-phase using high-density tACS or the elec-
trodes were rigged such that the regions received 
canonical-like antiphase tACS [157]. When stim-
ulation was delivered in phase, performance in a 
cognitive task was improved and when stimula-
tion was delivered antiphase, performance 
decreased.

In another study, Reinhart and Nguyen used 
two high-density tACS montages to target lateral 
prefrontal cortex and temporal cortex during per-
formance of a working memory task [158]. When 
stimulation was delivered to both sites in phase at 
theta frequency, working memory performance 
was improved in older adults. However, when 
stimulation was delivered to only lateral prefron-
tal cortex or only the temporal cortex, there was 
no benefit to performance. This study leveraged 
the unique capabilities afforded by tACS to target 
individual regions and to deliver in-phase stimu-
lation to two sites.

11.4.3  Cross-Frequency tACS

Cross-frequency coupling increases during tasks 
that demands higher levels of cognitive control 
[159]. Low-frequency oscillations, typically in 
prefrontal cortex, couple to high-frequency activ-
ity. One form of cross-frequency coupling is 
phase-amplitude coupling where the phase of the 
low-frequency oscillations is locked to the ampli-
tude of high-frequency oscillations. This pattern 
of activity was first discovered in the hippocam-
pus between the theta and gamma oscillations 
(see [147] for review). The electrical waveform 
of tACS can be customized to simulate phase- 
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amplitude coupling [156, 160]. A high-frequency 
waveform is superimposed on a low-frequency 
waveform such that a high-frequency modulation 
occurs at a particular phase of the low-frequency 
component. In a previous experiment, cross-fre-
quency tACS that mimicked theta-gamma cou-
pling was delivered to left lateral prefrontal 
cortex using high-density tACS during perfor-
mance of a working memory task [156]. When 
the gamma component was delivered at the peak 
of the theta phase, then working memory perfor-
mance was increased. However, when the gamma 
component was at the trough of the theta phase, 
performance did not improve. These findings 
provide causal evidence for the role of theta-
gamma phase-amplitude coupling in working 
memory. Furthermore, the authors included a 
condition with theta-frequency tACS only. Theta-
only stimulation also improved working memory 
performance, but the benefit to performance was 
improved further with theta-gamma cross- 
frequency tACS.  This experiment demonstrates 
the unique ability for tACS to enhance cross- 
frequency coupling with the use of customized 
waveforms.

11.5  Application of tES to Sleep 
Oscillations

A complete understanding of the effects of tES on 
human brain activity and behavior will require 
linking the findings of the microscopic domains 
(cellular recordings and computational models) to 
the discoveries from the macroscopic domains 
(human studies with EEG, MEG, and fMRI). 
Sleep is a promising frontier in terms of bringing 
these different levels of analysis together. More 
specifically, the slow oscillation (<1  Hz) repre-
sents a strong candidate for such an undertaking 
for several reasons. First, we have an advanced 
understanding of the cellular and synaptic mecha-
nisms underlying slow oscillations (SO). Second, 
weak electrical fields with frequencies mimicking 
the frequency of cortical SO have been applied in 
brain slices in vitro, in rats in vivo, and humans, 
and also studied in computational models. We dis-
cuss these two points in more detail.

11.5.1  Mechanisms of Slow 
Oscillations

In order to understand the effects of DC, oscilla-
tory DC (rhythmic stimulation with a DC offset), 
or AC stimulation, we need to understand the 
mechanisms underlying different endogenous 
brain rhythms. SO are prevalent during slow- 
wave sleep and can be observed under anesthesia 
in  vivo and in  vitro, when the medium mimics 
in  vivo conditions of the cerebrospinal fluid. 
Mechanistically, SO have been very well studied 
and have been suggested to be generated and sus-
tained in the neocortex [161–163], although tha-
lamic circuits may also contribute [164]. This 
allows for investigating these rhythms in cortical 
slices [14]. The SO represents a low-frequency 
oscillation (~1 Hz) in the membrane potential of 
cortical neurons [165, 166] with the neurons 
alternating between so-called up and down states 
[163, 167]. The up state is associated with the 
depolarized, that is, active, phase of cortical neu-
rons and most cortical neurons fire action poten-
tials during the up state [168]. During the down 
state, neurons are silent and do not fire action 
potentials. These down states can last for several 
hundreds of milliseconds and represent the pro-
longed hyperpolarizing phases of cortical neu-
rons [168]. The synchronization of the slow 
oscillation of many neurons leads to the charac-
teristic slow waves (<4  Hz) seen in depth and 
 surface EEG [166, 167, 169]. Of note, the pro-
longed silent or hyperpolarized phase, synchro-
nized across many neurons, is unique to the slow 
oscillation during natural sleep and anesthesia 
[170, 171].

Internal dynamics need to be taken into 
account to understand which aspects of the 
slow oscillation can be modulated by weak 
electrical fields [172]. Specifically, for SO, the 
transition to the down state is associated with 
activity- dependent reduction in synaptic 
strength that is maximal at the end of the up 
state [172–175]. Thus, modulating the termina-
tion of up states that are intrinsically deter-
mined [172] may be difficult. In contrast, the 
transition from down to up state is driven by 
slight depolarizations that shorten the down 
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state [172]. This idea of differential susceptibil-
ity of different phases of the SO cycle has been 
supported by an in  vitro study of ferret slices 
[23] and a computational model [176].

11.5.2  Modulating the Slow 
Oscillation with Weak Electric 
Fields

Modulation of SO using AC, DC, and oscillatory 
DC has gained significant interest in the last 
decade for the following reasons. First, SO have 
been implicated in coordinating other sleep 
rhythms (e.g., sleep spindles), providing a restor-
ative function and promoting memory consolida-
tion. Thus, applying electrical stimulation to 
further boost SO will help to prove their causal 
role in the proposed processes [177]. Second, SO 
induce very pronounced endogenous electric 
fields and are, therefore, ideally suited to study 
the importance of those extracellular fields in 
entraining physiological neocortical network 
activity [23]. Thus, manipulation of SO with 
weak electrical stimulation has been probed in 
slices, in vivo in rats and ferrets, in humans, and 
in computational models.

Frohlich and McCormick [23] used the in vitro 
neocortical slow oscillations from acute slices of 
ferret visual cortex to demonstrate that externally 
applied weak electrical fields (physiological 
amplitudes that are found in vivo) and endoge-
nous electric fields can directly modulate neuro-
nal dynamics. Recorded oscillations are, 
therefore, not only a mere epiphenomenon of the 
underlying neuronal activity but rather actively 
modulate neuronal activity. The application of 
constant depolarizing currents (corresponding to 
anodal tDCS in humans) accelerated the slow- 
oscillation frequency by shortening the duration 
of the down states (with no concurrent modula-
tion of the up-state duration). Frohlich and 
McCormick [23] further highlighted the impor-
tance of ongoing network activity for weak elec-
trical fields to have an effect. They applied 
sine-wave electrical fields that approximately 
matched the frequency of the spontaneous net-
work oscillation and found that the SO became 

more periodic and entrained to the applied field. 
Importantly, weak external electrical fields pref-
erentially enhanced the slow oscillation when 
their frequency was matching the intrinsic fre-
quency. Along this line, Schmidt et al. [20] used 
an optogenetic approach to further confirm that 
weak alternating electric fields only enhanced 
endogenous oscillations when the stimulation 
frequencies were matched to the endogenous 
oscillations. In addition, ongoing network activ-
ity is necessary to amplify the effect of weak 
electrical fields by bringing the membrane volt-
age of neurons close to the threshold [23]. These 
important in vitro results hint at the fact that the 
amplification of network-wide weak perturba-
tions by synaptic interaction may be an important 
aspect of the mechanism of tES.

Frohlich and McCormick [23] provided fur-
ther support for this hypothesis with a computa-
tional network model showing that neuronal 
activity modulations by weak electric fields can 
be explained by small but simultaneous somatic 
depolarization of all neurons in the network. In a 
multiscale computational model, Reato et  al. 
[176] showed that that intrinsic network dynam-
ics of slow-oscillatory activity can rectify mixed 
polarizations leading to a unidirectional increase 
in firing rates in case a monophasic alternating 
current is used (on/off periods with ramp-up/
ramp-down properties). Due to the cortical fold-
ing of the cortex, the applied electric fields show 
bi-directional polarities throughout the cortex, 
thus some regions might receive anodal stimula-
tion while others experience cathodal stimula-
tion. Thus, applying a constant DC would lead to 
both an increase and decrease in firing rates. In 
contrast when using monophasic alternating DC, 
the computational model predicts that entrain-
ment occurs regardless of polarity (this applies 
for monophasic stimulation) via a modulation of 
the duration of the endogenous up and down 
state. Specifically, up states will align with the on 
phase of the anodal stimulation and the down 
states with the on states of the cathodal stimula-
tion and, therefore, only a rectified increase but 
no decrease in firing rate will be obtained [176]. 
However, this model only holds true if the off 
period of the alternating current field has a cur-
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rent strength of zero. Collectively, the findings in 
in vitro and computational studies emphasize that 
if and how tES affects neuronal activity depends 
on the intrinsic network activity (and on the 
applied field parameters).

To fully understand how tES affects SO in 
humans, we need a comprehensive physiological 
understanding of tES-induced effects on neuro-
nal activity in the intact brain. This issue has been 
investigated by applying tES at frequencies of 
cortical slow oscillations to multiple cortical 
regions in both anesthetized and awake rats [178, 
179], and anesthetized ferrets [56]. Ozen et  al. 
[178] placed the stimulation electrodes on the 
surface of the skull or on the dura. Extra- and 
intracellular recordings showed an entrainment 
(phase locking) of neurons to the externally 
applied sinusoidal electrical field. This effect was 
more pronounced if the network already exhib-
ited intrinsic slow oscillations (anesthesia), fur-
ther emphasizing that effectiveness of tES rests 
upon the internal network dynamics. Considering 
that rodents have lissencephalic brains and the 
human cortex exhibits pronounced folding, 
which leads to uncontrolled and mixed field ori-
entations, it is difficult to directly interpolate 
in vivo findings in rodents to humans. The ferret 
represents a model species with a gyrencephalic 
brain that at least partially helps overcome this 
limitation. Applying tACS at different slow- 
oscillatory frequencies (0.5–3.5  Hz), Ali et  al. 
[56] showed that multiunit activity in anesthe-
tized ferrets is entrained to the specific applied 
frequency. Whether this effect is restricted to a 
stimulated network that already exhibits intrinsic 
slow-oscillatory activity remains unknown 
because only anesthetized ferrets were 
investigated.

Slow oscillations have been proposed to play a 
key role in sleep-dependent memory consolida-
tion [180]. Marshall et al. [177] were the first to 
demonstrate causality in this memory process by 
applying monophasic, slow-oscillatory tDCS 
(0.75  Hz, also compare [176]) during the first 
half hour of NREM sleep in healthy sleeping sub-
jects. They found a significant increase in declar-
ative memory along with increased 
slow-oscillatory and slow-spindle activity 

(8–12  Hz) in stimulation-free EEG intervals 
(1  min intervals without stimulation in alterna-
tion with five 5-min stimulation periods). As 
mentioned in previous parts of this book chapter, 
the pronounced stimulation artefacts in the EEG 
prevent an accurate analysis of the EEG during 
tES application. Along this line, Reato et al. [176] 
predicted with their computational model 
(approximating the stimulation settings from 
[177]) that the rectified increase in firing rate 
leads to a faster downscaling of synaptic strength. 
Convincing evidence exists that slow oscillation 
is involved in downscaling synaptic connections 
to ensure the synaptic homeostasis of the brain 
[181] with high firing rates favoring synaptic 
depression [182, 183]. In addition, this downscal-
ing process might lead to an increased synaptic 
signal-to-noise ratio that could explain the bene-
ficial effect of sleep on memory consolidation 
[181, 184, 185]. Assuming that stimulation accel-
erates synaptic downscaling by increasing the fir-
ing rate, the rate of downscaling should be 
decelerated after the stimulation has stopped 
[176]. Their assumption was confirmed in the 
human dataset recorded by Lisa Marshall et  al. 
[177]. Marshall et al. were further able to repli-
cate the behavioral and EEG findings in rats [186, 
187]. In addition, some studies were able to rep-
licate, at least partially, the findings from Marshall 
et al. (2006) in both healthy humans and patients 
with neurologic or neurodevelopmental disorders 
[188–194]. However, other groups found contra-
dicting results on EEG and memory consolida-
tion when applying monophasic slow-oscillatory 
tDCS [195–198]. One of the differences between 
the studies was the waveform of the used tDCS 
pulse; for example, Marshall et  al. (2006) were 
using ramp-up, ramp-down shaped pulses, and 
Sahlem et al. [195] were applying square waves. 
Whether and how the tDCS pulse shape is critical 
for the effectiveness of oscillatory tDCS needs to 
be further investigated with the interdisciplinary 
toolkit discussed in the previous sections of this 
chapter. Koo and colleagues [193] also bring up 
the importance of interindividual difference in 
the susceptibility to slow-oscillatory tDCS for 
which they hypothesize to strongly depend on the 
network state, for example, on task-induced (pre-
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sleep period) endogenous network activity dur-
ing sleep. Along these lines tES approaches use 
weak fields and, therefore, the success of modu-
lating brain oscillations will rely on the extent of 
endogenous oscillations, that is, if the modulated 
system has an ongoing oscillation at the fre-
quency of interest and is close to threshold 
according to the principle of the Arnold tongue 
[11, 56, 70]. Thus, for a rational design of electri-
cal stimulation approaches during sleep (e.g., 
oscillatory tDCS or tACS), feedback-controlled 
systems that consider endogenous activity pat-
terns when stimulating might increase effective-
ness of the stimulation (reviewed in [199]). 
Specifically for slow oscillations, individually 
and dynamically matching the stimulation fre-
quency to the endogenous slow wave to optimally 
target the on and off periods is of interest. A few 
studies have established feedback-controlled 
tACS in the slow-oscillatory frequency range 
[200–202], yet only two report effects in human 
participants [200, 201]. Ketz et  al. (2018) and 
Jones et al. (2018) report results from the same 
experiment in healthy young volunteers, in which 
they used frequency matching of the stimulation 
waveform (sine-wave AC at the frequency of 
slow oscillations) to a short prestimulation win-
dow before. They used a dynamic approach 
matching a sine wave to the endogenous slow 
wave for a few cycles and then applied stimula-
tion for a few cycles following this matched sine 
wave. This process was repeated during noctur-
nal NREM sleep allowing for an online match-
ing/updating in short intervals. They found a 
significant increase in EEG power in the slow- 
wave frequency range (poststimulation interval) 
and a superior overnight effect on memory con-
solidation (target detection task). Besides slow 
oscillations, a feedback-controlled approach dur-
ing sleep is also attractive to modulate sleep spin-
dles due to their transient nature. These 
thalamo-cortically generated NREM oscillations 
(11–16 Hz) only occur for 0.5–3 s and then van-
ish again for a certain amount of time (reviewed 
in [203]). Keeping in mind that tES paradigms 
resembling the temporal structure of endogenous 
activity patterns are likely the most effective 
approaches, we applied spindle-like tACS during 

online detected sleep spindles [204]. This 
approach significantly enhanced spindle activity 
in the poststimulation window and improved 
overnight finger-tapping performance, revealing 
for the first time their functional role in motor 
memory consolidation.

To date, one major drawback of assessing the 
direct effects of tES on sleep oscillations nonin-
vasively in humans is the pronounced artifact of 
the stimulation. Currently, new and potentially 
promising avenues have been proposed to remove 
the artifact, yet other factors like breathing and 
heartbeat that nonlinearly affect the artifact ren-
der its removal a particular challenge [115]. 
Therefore, for all the abovementioned human 
sleep studies, it remains unclear what effects the 
stimulation had on sleep oscillations for the 
whole duration of the sleep period. Lafon et al. 
(2018) assessed the effect of slow-oscillatory 
tACS in patients with intracranial EEG record-
ings [205]. They indirectly estimated the effi-
ciency of slow-oscillatory tACS by taking 
advantage of the nesting behavior of sleep spin-
dles to specific phases of slow oscillations. 
Therefore, if the stimulation were effective, one 
would expect that sleep spindles align to the 
externally applied slow-oscillatory phase. They 
failed to find a significant effect. Together with 
the discrepancies in previous studies and the 
inability to directly assess the stimulation effect 
on the EEG, efficacy of tES in modulating sleep 
(brain) oscillations has been heavily criticized. 
Therefore, rational designs of the stimulation 
paradigms by taking underlying endogenous 
activity into account (e.g., feedback-controlled 
approaches as described above) may indeed be 
essential for more effective stimulation outcomes 
when weak electrical fields are applied [24, 199].

11.6  Clinical Trials of tACS

More recently, tACS has been considered in the 
context of modulating pathophysiological brain 
rhythms in psychiatric disorders. Initial findings 
of tACS in clinical trials support continued inves-
tigations into how tACS frequency and electrode 
placement alter network connectivity in multiple 
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disorders such as schizophrenia and major 
depressive disorder. Crucially, studies that use 
tACS often do not investigate target engagement 
in the form of changes in oscillation and power 
network connectivity but solely focus on behav-
ioral or symptom outcomes, limiting their useful-
ness in understanding the mechanisms by which 
tACS alters physiology. As such, we will limit 
our discussion to trials that include target engage-
ment outcomes.

Our group published the first study of tACS on 
symptoms of major depressive disorder and EEG 
oscillations [206]. In this double-blind, random-
ized pilot trial, participants received daily 40-min 
sessions of 10 Hz tACS, 40 Hz tACS, or active 
sham stimulation for 5 consecutive days. Two 
electrodes (delivering together in-phase 2 mA 
(zero-to-peak) sine-wave electric current) were 
placed on bilateral frontal sites (F3 and F4) with 
a centrally located third electrode (CZ). Symptom 
changes on the Montgomery-Åsberg Depression 
Rating Scale (MADRS) and the Hamilton 
Depression Rating Scale and changes in alpha 
power at 2- and 4-week post -treatment were 
assessed in 32 patients. Ten-Hz tACS signifi-
cantly reduced alpha power over the left frontal 
regions, in agreement with the overall model that 
synchronization of alpha oscillations can restore 
pathologically altered hemispheric asymmetries 
of alpha oscillations in depression [207]. While 
we found no significant group effect on symptom 
changes at 4 weeks post treatment, those who did 
experience a reduction in symptoms 2 weeks post 
treatment were more likely to be in the group 
receiving 10 Hz tACS. We used a similar design 
to investigate the effects of both tACS and tDCS 
on auditory hallucinations in treatment-resistant 
schizophrenia and found alterations in alpha 
power for the tACS group [208, 209]. Participants 
were clinically stable, but with persistent audi-
tory hallucinations (≥3 per week). Treatment ses-
sions were extended to twice daily for 2 weeks, 
with 1-week and 1-month post-treatment study 
visits. Symptom changes were assessed with the 
auditory hallucination rating scale, and physio-
logical changes were measured as alpha oscilla-
tions and functional connectivity in the 
alpha-frequency band. Stimulation electrodes 

were placed on the left side between F3 and Fp1 
(targeting dorsolateral prefrontal cortex) and 
between T3 and P3 (temporoparietal junction), 
with a return electrode placed centrally at CZ. For 
tACS, the former two electrodes delivered an in- 
phase sinusoidal waveform with 1 mA (zero-to- 
peak) amplitude, while +2  mA current was 
delivered to the frontal site and −2 mA current 
was delivered to the posterior site in the tDCS 
condition. Compared to tDCS and active sham, 
alpha power was increased on day 5 (p < 0.05) 
and at the 1-week and 1-month follow-up ses-
sions (though not statistically significant). 
Additionally, global functional connectivity 
strength was shifted to 10 Hz (frequency of 10 Hz 
waveform) and the auditory response to click 
trains was enhanced in the tACS group, but not in 
the other conditions. Enhanced alpha oscillations 
were correlated with both auditory responses and 
negatively associated with auditory hallucina-
tions. Another lab reported a decrease in residual 
delusions after 5 days of alpha tACS, with even 
greater improvement after an additional 5  days 
[210], although they did not report the physiolog-
ical effects of treatment and did not use a ran-
domized controlled trial (RCT) design leading to 
concerns about statistical conclusion validity. In 
our ongoing trials, we hope to clarify the promis-
ing relationship between symptom reductions 
and alterations in alpha power by delivering 
10 Hz tACS and measuring the resulting behav-
ioral and physiological changes.

11.7  Outlook

In this chapter, we have attempted to pull 
together results from a vast set of different neu-
roscience methods to delineate how tES engages 
network targets in the brain. By necessity, this 
chapter is incomplete despite our best efforts and 
we express our apologies to authors of other 
important work that did not fit this current chap-
ter. Briefly, we have first introduced basic results 
on changes in excitability of individual neurons, 
followed by a discussion of modulation of net-
work dynamics in  vitro and in  vivo. We then 
considered computational models as a comple-
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mentary strategy to investigate the spatial target-
ing (forward models) and the targeting of 
neuronal dynamics (neural models). Next, we 
reviewed studies in humans that used noninva-
sive monitoring of brain activity (EEG, MEG, 
and fMRI) to demonstrate targeting of brain net-
work dynamics by tES. In particular, we focused 
on the underlying dynamic principles that guide 
the interaction between tES and endogenous net-
work dynamics. We then provide three unique 
perspectives that we believe will be central to 
furthering our understanding of targeting brain 
networks with tES.  First, we look at how tar-
geted stimulation waveforms can be used to 
understand the causal role of oscillations in cog-
nition and the potential of tACS for restoring 
cognitive deficits. Second, we consider low-fre-
quency rhythms during sleep as a case study for 
how the different methods discussed in earlier 
sections of the chapter can come together not 
only for understanding the mechanisms of tES 
but also for the design of effective tES strategies 
to modulate memory consolidation. Third, we 
briefly summarized the first clinical trials of 
tACS in psychiatry. We hope that this tour de 
force provides an integrated overview of today’s 
research on how tES targets network dynamics 
and inspires a new area of rational design of 
brain stimulation to target physiological and 
pathological network states.

Given the noninvasive nature and the low cost 
combined with the promising behavioral results 
of tES, it is imperative to understand what the 
underlying mechanisms of tES are. The various 
levels of investigation described in this chapter, 
from microscopic to macroscopic and from in 
silico to in vivo domains, are essential to arrive at 
a holistic understanding of the mechanisms of 
tES. Once this is achieved, rational design of tES 
paradigms to target specific network dynamics 
will become the norm. Ultimately, this will help 
to usher in a new area of neuroscience in which 
tES serves as a broadly used, effective research 
tool for probing and understanding functional 
networks of the human brain as well as a trans-
formative therapeutic tool for treating disorders 
of brain networks.
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Cerebellar and Spinal tDCS

Roberta Ferrucci, Tommaso Bocci, 
and Alberto Priori

12.1  Cerebellar Transcranial 
Direct Current Stimulation: 
Technique’s Overview 
and Clinical Applications

The cerebellum has been considered for a long 
time to play a role in motor function (in the con-
trol of balance and intentional voluntary move-
ment). However, neuroimaging [1], clinical/
lesional [2], and neuromodulation [3] studies 
have shown that the cerebellum also plays a key 
role in many motor, cognitive, and emotional 
processes. In addition, studies have also shown 
that the cerebellum is implicated in many psychi-
atric disorders including attention-deficit hyper-
activity disorder, autism spectrum disorders, 
schizophrenia, bipolar disorder, major depressive 
disorder, and anxiety disorders [4].

The cortico-ponto-cerebellar and cerebello- 
thalamo- cortical pathways allow the cerebellum 
to affect information processing in cortical areas 
responsible for cognitive and emotional pro-
cesses [4]. These intricate connections between 
the cerebellum and other structures can explain 
why cerebellar damage can lead to various psy-
chiatric disorders.

A recent possible way of gathering insights 
into the functional role of the human cerebellum 
in psychiatric and neurological disorders may be 
provided by transcranial direct current stimula-
tion (tDCS) [5].

The need for a noninvasive tool to influence 
cerebellar function in normal and pathological 
conditions led researchers to develop cerebellar 
tDCS [3]. Cerebellar tDCS depends on the prin-
ciple that weak direct currents delivered at around 
2  mA for minutes over the cerebellum through 
surface electrodes induce prolonged changes in 
cerebellar function [6]. Usually, the stimulating 
electrode is placed over one or two cerebellar 
hemispheres and the other (return electrode) over 
the buccinator muscle, over the scalp, or over the 
right shoulders [6].

Though current evidence leaves open pos-
sible (transsynaptic or antidromic) changes in 
other brain or brainstem structures, the physi-
ological effects elicited by cerebellar tDCS arise 
mainly from functional changes in the cerebel-
lum itself. Cerebellar tDCS could interfere with 
membrane polarization in Purkinje cells and in 
other  neurons, fibers (mossy fibers and climbing 
fibers), and glial cells. DC stimulation applied 
to the cerebellar cortex in the decerebrated cat 
influences Purkinje and granular cell activ-
ity in a polarity- specific manner; while anodal 
DC flowing in the dendrite–axonal direction 
increases tonic neuronal activity, cathodal DC 
decreases it [7].
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Cerebellar tDCS modulates several cerebellar 
skills in humans including motor control, learn-
ing, and emotional processing [3]. Several studies 
suggest that tDCS may be a valuable tool for the 
treatment of neuropsychiatric conditions such as 
depression, schizophrenia, addiction, and chronic 
pain [8, 9]. Research has also demonstrated cog-
nitive improvement in some patients undergoing 
tDCS [10].

For instance, tDCS treatments for depression 
have used bifrontal montages with anodal (excit-
atory) stimulation targeting the left dorsolateral 
prefrontal cortex (DLPFC) [11]. There is limited 
research examining the effects of alternative elec-
trode montages.

The first study aimed to examine the feasi-
bility, tolerability, safety, and efficacy of two 
alternative electrode montages was conducted 
by Ho and colleagues [12]. They studied two 
different montages, fronto-occipital (F-O) and 
fronto- cerebellar (F-C), to target respectively 
midline brain structures and the cerebellum in 
14 depressed participants. For F-O montage, the 
anode electrode was placed over the left supra-
orbital area and the cathode over the occipital 
area; for F-C montage, the anode electrode was 
placed over the cerebellum and the cathode over 
the occipital area. The intensity of stimulation 
was set at 2 mA and delivered for 20 min/die for 
3 consecutive weeks. Mood and neuropsycho-
logical functions (memory and frontal lobe func-
tions) were assessed at baseline and after 4 weeks 
of tDCS. Using a computational modeling based 
on one healthy participant, they demonstrated 
that the novel montages resulted in greater acti-
vation in the anterior cingulated cortices and cer-
ebellum than the bifrontal montage. They also 
showed that after 4 weeks of tDCS, overall mood 
improvement was observed under the F-O and 
F-C conditions and no significant neuropsycho-
logical changes were found. Results of this open- 
label pilot study found both montages safe and 
feasible. The small sample size and the absence 
of a sham control group are major limitations of 
the study.

Successively, Minichino and colleagues [13] 
aimed to improve sleep quality of 25 euthymic 
outpatients with a diagnosis of bipolar disorder 

(BD) type I or II through the administration of 
prefronto-cerebellar tDCS. They placed the cath-
ode electrode over the right cerebellar cortex and 
anode over the left dorsolateral prefrontal cortex 
(DLPFC); the intensity of stimulation was set at 
2 mA and delivered for 20 min/die for 3 consecu-
tive weeks. The sleep quality was assessed at base-
line and after the tDCS treatment using Pittsburgh 
Sleep Quality Index (PSQI). They demonstrated 
that PSQI total score and all PSQI subdomains 
significantly improved after treatment.

Furthermore, Minichino and colleagues [14], 
using the same previous protocols [13], studied 
the effects of tDCS applied to cerebellar and 
prefrontal cortices on neuropsychological func-
tioning of 25 euthymic patients with BD. All par-
ticipants were assessed through the Rey Complex 
Figure Test delay and copy and the Neurological 
Examination Scale at baseline and after therapy 
with tDCS.  The results of the present research 
suggest that concomitant prefrontal- excitatory 
and cerebellar-inhibitory tDCS might have a pos-
itive effect on visuospatial memory and executive 
functioning in euthymic BD patients, quantified 
through neuropsychological and neurological 
measures. The small sample size and the absence 
of a sham control group are major limitations of 
these two studies.

More recently, Bation and colleagues [15], 
in an open-label pilot study, assessed the effi-
cacy and the safety of orbitofrontal cortex (OFC) 
cathodal tDCS coupled with cerebellum anodal-
tDCS in eight patients with treatment-resistant 
obsessive–compulsive disorder (OCD). Cathode 
electrode was placed over the left OFC and the 
anode over the right cerebellum for ten sessions 
(twice a day) of 2  mA.  Patients were assessed 
four times, once before tDCS and three times 
after: immediately after the ten sessions of tDCS, 
1 and 3 months later. The effect of tDCS on the 
severity of obsessive and compulsive symptoms 
was assessed using the Yale–Brown Obsessive 
and Compulsive Scale score (Y-BOCS) and a 
self- reporting OCD Visual Analog Scale (OCD-
VAS) given to the participant. The effect of 
tDCS on the severity of depressive symptoms 
was assessed using the Montgomery and Asberg 
Depression Rating Scale (MADRS).
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They reported a significant 26.4% decrease 
of Y-BOCS score, and the beneficial effect 
lasted during the 3-month follow-up. No effect 
of tDCS was observed on depressive symptoms. 
This open-label pilot study demonstrates for the 
first time the clinical interest of orbitofrontal 
and cerebellar tDCS in combination with SSRI 
in patients with treatment-resistant OCD. These 
promising results should be confirmed in large 
placebo-controlled trials.

The few cerebellar tDCS studies in psychi-
atric patients we reviewed here taken together, 
despite their heterogeneities, show that cerebel-
lar tDCS is safe, feasible, and might improve 
psychiatric symptoms. Cerebellar tDCS probably 
could influence psychiatric symptoms through 
highly complex mechanisms; it could induce 
neuroplasticity throughout a distributed cortico-
subcortical network. Premised that the clinical 
efficacy of cerebellar tDCS in patients with psy-
chiatric disorders remains to be ultimately estab-
lished by large, controlled clinical studies, future 
research work should systematically assess the 
clinical patient features predicting the optimal 
response: type and site of stimulation, time since 
the pathology occurred, age, gender, concurrent 
drug treatments, and comorbidities can all influ-
ence the tDCS effect.

Future research directions should include 
studies to clarify whether cerebellar tDCS 
could be combined with behavioral therapy, and 
whether these noninvasive techniques could be 
used to stimulate multiple brain sites. A study 
in a larger homogeneous population is needed to 
further investigate the possible therapeutic ben-
efit of cerebellar tDCS.

12.2  Transcutaneous Spinal 
Direct Current Stimulation: 
Technique’s Overview

As for the cerebellum, a new and fascinating target 
for noninvasive current stimulation has emerged 
in the recent years. Spinal cord is a critical, yet 
less understood, final pathway for motor control, 
but also acts a “highway” for modifying brain 
and brainstem function. Transcutaneous spinal 

direct current stimulation (tsDCS) is a noninva-
sive technique for modulating spinal cord activity 
in animals and humans [16–20]. DC stimulation 
intensity ranges from 1.5 to 2.5 mA, with effects 
lasting for minutes to hours [21]. After the first 
reports [19], this technique has come into increas-
ingly widespread use, especially for modulating 
conduction along lemniscal pathways and noci-
ceptive spinal system [22–24]. The device is the 
same used for transcranial direct current stimula-
tion, but no conclusive remark has been reached 
so far regarding the position of electrodes over the 
spinal cord, ultimately influencing current density 
and distribution in biological tissues [25]. This 
remains a critical issue, together with interindi-
vidual variability due to genetic polymorphisms, 
thus modifying neurophysiological and psycho-
physical response in an unpredictable way [26].

For lumbar spinal cord stimulation, the active 
electrode is commonly placed over the spinous 
process of the tenth thoracic vertebra and the ref-
erence above the right shoulder [19, 20], while 
for cervical modulation, the active electrode is 
positioned on the seventh cervical vertebra and 
the reference either on the right shoulder [27] 
or on the anterior neck [28]. By analogy with 
the tDCS, placing the return electrode over the 
shoulder is the preferred montage, as it reduces 
interference between anodal and cathodal effects.

12.3  Mechanisms of Action

12.3.1  Putative Mechanisms 
of Action at a Spinal Level

Recent modeling studies have proved that, despite 
some interindividual differences due to age and 
anatomical variability, the electrical field induced 
by tsDCS is longitudinally directed along all the 
vertebral column, especially when the return 
electrode is placed over the right arm or over Cz 
[25], confirming that both ventral (motor) and 
dorsal (sensitive) spinal tracts undergo identical 
electric field strength. Different from transcranial 
direct current stimulation (tDCS), anodal tsDCS 
has probably an overall inhibitory effect on spinal 
cord activity [19, 20, 28, 29]. Particularly, while 
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anodal polarization could act directly on corti-
cospinal descending pathways, without changes 
in postsynaptic motor neuronal excitability, the 
cathodal one seems to interfere with interneuro-
nal networks [17, 27, 30]. By analogy with the 
effects of direct currents on peripheral nerves, 
it has been hypostasized that anodal tsDCS 
leads to a hyperpolarizing “anodal block” [31]. 
Conversely, there is an extensive debate whether 
cathodal tsDCS has or not polarity-specific effects 
on segmental activity [28]. Overall, as suggested 
for tDCS [32], rather than be simply specular, 
anodal and cathodal tsDCS may have quite simi-
lar effects on different targets. That widens the 
field of therapeutic applications, raising at the 
same time the possibility of a combined use of 
transcranial and spinal polarization in a number 
of clinical conditions, as proved in chronic stroke 
[33]. From a practical point of view, the same DC 
device could be used to simultaneously stimulate 
the cerebellum spinal cord and cerebral cortex, 
thus enhancing the tDCS aftereffects.

12.3.2  Putative Mechanisms 
of Action at a Supraspinal 
Level

Many studies have proved possible supraspinal 
mechanisms of action of spinal direct current 
stimulation, both in animal [34] and human mod-
els [30, 35], possibly synchronizing the activ-
ity among different cortical areas and inducing 
neuroplasticity [36]. That is not surprising also 
considering the literature about invasive current 
stimulation (SCS), suggesting a possible modu-
lation of glutamatergic cortical interneurons in 
patients with neuropathic pain [37]. Moreover, it 
is known that alternating currents epidurally deliv-
ered to the posterior columns of the spinal cord 
are able to modify sensory processing at thalamic 
relays and cortical levels [38]. Recently, studies 
from our laboratories have explored two main no-
spinal targets, (a) the GABA(a) cortical interneu-
rons, mediating the so-called short intracortical 
inhibition (SICI) [30] and (b) the interhemispheric 
processing [35]. Other groups did not confirm data 
about GABA(a); nonetheless, they studied a dif-

ferent anatomical region, with different recording 
montage and stimulation intensity [39].

12.4  Perspective on Clinical 
Studies

Different from cerebellar tDCS, only few stud-
ies have been published to date about the appli-
cation of tsDCS in human disorders, and little is 
known about its spinal and long-range (supraspi-
nal) effects both in health and disease. Although 
elusive, the possibility to interfere with cogni-
tive processes by using spinal polarization is 
intriguing. First studies showed that tsDCS 
modulates somatosensory potentials evoked by 
stimulation of posterior tibial nerve, the post-
activation H-reflex dynamics [23, 24], and the 
flexion reflex in the human lower limb [40]. In 
this view, Truini and colleagues [29] have proved 
that anodal spinal polarization leads to a signifi-
cant decrease of the amplitudes of laser-evoked 
potentials (LEPs) derived from lower limb, thus 
modulating both the sensory-discriminative and 
affective- emotional dimension of pain. More 
recently, tsDCS has been successfully used for 
both interfering with maladaptive phenomena 
taking place in spinal cord-injured patients [22] 
and improving symptoms in patients with rest-
less legs  syndrome [41]. Mechanisms of action 
of tsDCS have only partly been elucidated, but 
likely rely on both local (spinal) and supraspinal 
effects. The later aspect is particularly attract-
ing; in spinal cord injury (SCI), tsDCS may 
interfere with the maladaptive reorganization 
of cortical sensorimotor maps, thus improving 
motor output and preventing central pain sensi-
tization [36]. That implies that tsDCS could be 
useful also as an early rehabilitation strategy in 
patients with acute brain lesions, such as stroke, 
when other NIBS tools are not indicated due to 
safety concerns.

Theoretically, spinal DC may be also used to 
improve the effects of tDCS in a number of neu-
ropsychiatric disorders likely characterized by 
impaired interhemispheric balance, ranging from 
schizophrenia and obsessive–compulsive disor-
der [42, 43] to major depression [44].
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Putative ways to nonspinal targets are to date 
only speculative, but evidence in animals showed 
that supraspinal effects of invasive spinal polar-
ization could be induced by the modulation of 
indirect spinal projections to noradrenergic locus 
coeruleus (LC) neurons, which has widespread 
projections to the neocortical brain [45–47]. 
Alternatively, a critical role in brain plasticity 
after an SCI seems to be played by a reorgani-
zation of the serotonergic ascending pathways 
[48–51]; serotonergic system interferes also with 
bottom-up and top-down modulation of motor 
responses, especially through parallel and par-
tially overlapping projections arising from the 
median and dorsal raphe nuclei [52–54]. As the 
serotonergic projections seem to participate in 
the regulation of different functional systems 
(motor, somatosensory, limbic), tsDCS may ulti-
mately modulate this connectivity.

tsDCS could be of particular interest as a 
noninvasive, safe promising therapeutic tool in 
managing a number of human diseases. This 
technique could be useful also as a rehabilitation 
strategy in patients with brain lesions or even in 
the treatment of neurological disorders character-
ized by abnormal interhemispheric processing. 
In addition, the possibility to modulate supraspi-
nal and intracortical processing of motor inputs 
makes tsDCS a useful approach, complementary 
to either SCS or noninvasive brain stimulation 
techniques, to modify spinal drive through non-
spinal mechanisms.

12.5  Why Should Psychiatrists 
Be Interested in Cerebellar/
Spinal DC Stimulation?

Despite the uncertainties, cerebellar and spinal 
tDCS for its simplicity, low cost, and possibility 
of online use has a great potential in the field of 
restorative psychiatry symptoms. This potential 
must however be developed through strictly con-
trolled and methodologically sound experimental 
and clinical research work [55].

Delivering DC currents for few minutes over 
the cerebellum or spinal cord can induce per-
sistent, polarity-dependent excitability changes 

persisting several minutes after the current off-
set. Cerebellar DC stimulation can elicit neuro-
physiological and behavioral changes both in 
the motor functions and in cognitive-behavioral 
domain. Spinal cord DC stimulation elicits not 
only neurophysiological and behavioral changes 
related to spinal cord functions, but, interestingly, 
also changes in the brain functions that may arise 
from the activation of tonic afferent systems to 
the brain.

Future studies should endeavor to assess 
whether experimental data translate into benefits 
in real life, lengthen behavioral benefits, inves-
tigate how changing stimulation variables influ-
ences tDCS-induced effects, determine possible 
interactions with other treatments, and improve 
patients’ selection.
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13.1  Introduction

Transcranial direct current stimulation (tDCS) 
is applied via surface electrodes attached to the 
scalp. The induced electrical field in the targeted 
cortex is thought to cause tonic shifts in the mem-
brane potentials of cortical neurons that remain 
below firing threshold. This subthreshold effect 
on axonal excitability is thought to alter the 
intrinsic firing rate of the stimulated neurons in 
the brain and thereby the signaling in neural net-
works. By reversing aberrant signaling in those 
neural networks that are affected by neurologi-
cal and neuropsychiatric conditions, tDCS offers 
a low-cost treatment option. The current state of 
evidence suggests moderate treatment effects in 

mental disorders, for example, depression [1], 
and in ameliorating motor and cognitive symp-
toms in nonprogressive (e.g., stroke [2, 3]) and 
progressive neurological disorders ([4]; see also 
[5] for review). The treatment effects of tDCS 
show substantial interindividual but also intra-
individual variations. This variability hampers 
the clinical application of tDCS as therapeutic 
intervention [6]. In this chapter, we argue that the 
personalization of tDCS is critical to the future 
advancement of tDCS as a scientific and thera-
peutic tool. By tailoring the tDCS intervention to 
the individual brain, one can render tDCS more 
precise and induce more reliable and robust after- 
effects. Taking a brain network perspective, we 
highlight how the combination of tDCS and brain 
imaging can reveal basic insights into the mecha-
nism of action of tDCS and inform the personal-
ization of tDCS.

13.1.1  Identifying and Targeting 
Dysfunctional Large-Scale 
Brain Networks

Genetic, environmental, and neurodevelopmental 
factors play important roles in the manifestation 
of psychiatric syndromes [7]. The interplay and 
extent of these factors are thought to alter molecu-
lar pathways in the cell as well as the functional 
interplay between neurons and surrounding glia 
at the micro-circuit level, for instance by altering  
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neurotransmitter release or neuronal firing  patterns. 
However, it is the resulting large-scale circuit dys-
function that ultimately causes mental dysfunc-
tion and psychiatric symptoms [8] (Fig.  13.1). 
Emotional, cognitive, and self- reflective mental 
functions critically rely on the integrated activity 
and connectivity of large-scale brain circuits. This 
implies that a clinically relevant mental dysfunc-
tion (e.g., excessive anxiety or fear) first emerges, 
when aberrant processes at the cellular and micro-
circuit level produce a significant dysfunction of 
the macro-scale brain circuit that underpins the 
affected brain function (e.g., affective limbic brain 
circuit of emotional processing). This implies 
that the way a psychiatric disorder affects large-
scale functional brain networks determines which 
behavioral dimensions are impaired and how they 
are impaired.

Figure 13.1 illustrates the complex etiology of 
psychiatric disorders. Polygenetic and neurode-
velopmental factors lead to changes in multiple 
neurotransmitter systems and alters micro-circuit 
activity in multiple brain regions. The spatial 
expression of these micro-scale changes affects to 
a varying extent the activity and connectivity of 
several large-scale brain networks. The individual 
profile of large-scale brain circuit dysfunction 
determines the type and severity of symptoms that 
characterize the patient’s clinical phenotype (i.e., 
the specific expression of symptoms and course of 
the disorder in an individual patient).

Pharmaceutical therapies with molecular 
and cellular targets are currently the first-in-line 
treatment but inherently lack “circuit specificity,” 
impacting on all large-scale brain networks that 
express the molecular target structure (Fig. 13.1). 

Polygenetic risk
Neurodevelopment

Environment 

Abberant network activity:
Large-scale circuit dysfunction

Regional micro-circuit dysfunction

Clinical diagnosis
“Syndrome” (e.g. major depression)

Behavioural domain / Symptom: 
e.g. fear, anxiety, anhedonia, paranoia

Altered cell function
(altered neurotransmission, 
altered electrophysiological 

properties)

Pharmacotherapy

Stimulation-based therapy

Behavioral therapy

Fig. 13.1 Multilevel neurobiological framework of the 
pathogenesis and treatment of brain disorders
Psychiatric and neurologic disorders have a poly-causal 
origin. Multiple genetic factors and environmental expo-
sures lead to multiple alterations of cellular pathways. The 
molecular changes at the cell level give rise to dysfunction 
in neuronal micro-circuits and large-scale brain circuits. 
The disease- related circuit dysfunctions (network level) 
are ultimately causing a range of symptoms in a given 
patient which leads to a clinical diagnosis (syndrome 
level). The black lines illustrate the polygenetic contribu-
tion to changes in neurotransmission and the polycaus-

ative molecular background leading to abnormal signaling 
in neural networks. The vertical green and red lines denote 
the close relationship between network signaling and a 
behavioral expression within specific domains of func-
tions or cluster of symptoms. While pharmacological 
therapies have molecular targets and aim at improving 
cellular biology, therapeutic interventions are tailored to 
the symptoms expressed in a given patient. Brain stimula-
tion therapies have an intermediate target, because they 
primarily are geared to improve the regional and network 
dysfunction that leads to a clinical dysfunction
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Furthermore, the causative relation between their 
molecular targets and the therapeutic effect is 
often blurred. This is illustrated by the delayed 
clinical response to antidepressant pharmaco-
therapy which contrast with the immediate action 
at the cellular level (e.g., inhibition of serotonin 
reuptake from the synaptic cleft) [9]. Behavioral 
interventions such as cognitive behavioral ther-
apy or motor training are also relatively non-
selective. They usually engage multiple brain 
networks to a variable degree, and the magnitude 
of functional engagement of the various networks 
can be expected to vary from patient to patient. 
Transcranial brain stimulation techniques, such 
as tDCS, complement pharmacological and 
behavioral therapies, because they offer the 
opportunity to selectively target large-scale cir-
cuit dysfunction in a symptom-causing brain 
network, opening up interesting possibilities for 
a patient-specific “personalized” treatment. Of 
note, tDCS can be combined with pharmacologi-
cal and behavioral interventions to manipulate 
circuit activity in the stimulated target network 
(see below).

The classical approach to investigate circuit- 
dysfunction in mental disorders is to identify syn-
drome-related changes in functional brain circuit 
activity and connectivity based on group compar-
isons between “affected” and “healthy” persons. 
The last decades have witnessed a paradigm shift 
away from grouping patients according to clini-
cal diagnosis toward focusing on general domains 
of human functioning in order to enable a better 
mechanistic understanding of mental health and 
illness. The National Institute of Mental Health’s 
(NIMH) Research Domain Criteria (RDoC) 
(https://www.nimh.nih.gov/research/research- 
funded- by- nimh/rdoc) has been proposed as 
an open, matrix-like framework, which aims to 
identify the varying degrees of dysfunction in 
general psychological and neurobiological sys-
tems, currently focusing on six domains: nega-
tive valence systems, positive valence systems, 
cognitive systems, systems for social processes, 
regulatory (arousal) systems, and sensorimotor 
systems. The RDoC framework links genetic, 
molecular, and cellular aspects of neural systems 
with behavioral dimensions. Critically, circuit 

abnormalities in large-scale neuronal networks 
are seen as the causal link between aberrant 
neural systems and the resulting dysfunctional 
behavior. The RDoC framework has important 
implications for the therapeutic use of tDCS in 
mental disorders [10]. If one has identified a spe-
cific property of the brain network that causes a 
specific symptom, the individual expression of 
this circuit-biotype can guide the stratification 
and personalization of neuromodulatory tDCS.

13.1.2  Neuromodulation of Large- 
Scale Brain Circuits with tDCS

The traditional view is that tDCS has immedi-
ate polarity-dependent effects on intrinsic neu-
ral excitability. When given continuously for 
several minutes, tDCS may produce longer last-
ing polarity- specific shifts in intrinsic neuronal 
activity in the stimulated brain regions. Such 
polarizing effects have been shown in invasive 
recordings of cortical neuronal activity, while the 
cortex was exposed to a DC current running per-
pendicular to the cortical layers [11]. In humans, 
polarity- dependent, neuromodulatory effects of 
tDCS on cortical excitability were first demon-
strated in the human motor cortex [12]. Placing 
one electrode over the motor hand area and the 
other electrode over the contralateral supraorbital 
region, bipolar tDCS can induce lasting changes 
in corticospinal excitability [12].

 How Does tDCS Stimulate Neurons 
in the Brain?
The mechanisms through which tDCS affects 
neural spiking and patterns of network activity 
are still to be determined, but they are likely to 
be dose dependent. Current tDCS protocols pro-
duce relatively low currents in the cortical tis-
sue. Approximately, 75% of the current that is 
applied to the scalp is shunted along low-resis-
tance pathways (e.g., fluid, bone, skin, and sub-
cutaneous tissue), while only 25% of the current 
pass through the brain [13–15]. Therefore, tDCS 
does only cause subtle effects on the membrane 
potential of cortical axons. These subtle polariz-
ing effects may add stochastic noise to ongoing 
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activity (see [16]) and “tune” the level of ongo-
ing (intrinsic) neuronal activity but are too weak 
to trigger action potentials. Thus, the weak intra-
cranial currents cannot evoke synchronized extra 
activity in the stimulated cortex.

The intensity of the intracranially induced 
electrical field is highest at the gyral crowns 
and relatively weak in the gyral sulci [14]. 
Neuromodulatory effects of tDCS on the excit-
ability and activity of cortical neurons are there-
fore more likely to occur in cortical regions close 
to the surface [17]. Depending on the orientation 
of the electrical field with respect to the axon, 
tDCS induces slight changes in the membrane 
potential, which in turn can alter neuronal excit-
ability. The direction of polarization depends 
on the orientation of the axonal structures with 
respect to the orientation of the induced electrical 
field and is illustrated in Fig. 13.2. Changing the 
orientation of the induced electrical field relative 
to the main neuron’s soma-dendritic axis, from 
parallel to perpendicular, substantially changes 
which axonal structures are polarized as well 
as the strength and direction of the polarizing 
effects. The immediate or acute effects on axonal 

excitability may change how efficient the neuron 
interacts with connected neurons, for instance by 
changing synaptic or ephaptic couplings or the 
interaction of both (see [18] for review). Due 
to the complex biophysical-neurophysiological 
interactions, the functional impact of tDCS on 
the targeted brain networks cannot be simply 
accounted for by polarity-dependent increase 
or decrease in neuronal excitability and conse-
quently neural activity.

From a network perspective, tDCS can modu-
late not only task-specific activity below the elec-
trodes, but also the connectivity within large-scale 
network [19]. The polarization of neurons during 
tDCS not only changes how they process informa-
tion but also their propensity to undergo plastic 
changes (see [20]). The common notion is that 
tDCS evokes lasting after-effects at the site of stim-
ulation by inducing prolonged changes in intrinsic 
circuit activity in the stimulated regional micro-
circuits [21]. In addition, tDCS may also change 
the integration of neuronal activity in large-scale 
bran networks by changing inter- regional func-
tional coupling of the stimulated brain region with 
other remote network nodes [22].

Micro- and large-scale
 network effects

Regional changes in intrinsic
excitability of pyramidal neurons  
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Fig. 13.2 Interactions of tDCS with brain function: from 
the single-cell level to signal integration in large-scale 
brain networks
Exposed neuronal compartments are depolarized or 
hyperpolarized dependent on orientation relative to the 
electric field. The left panel illustrates the polarization of 
a pyramidal cell depending on a current flow. Below the 

anode, the radial component of the electric field depolar-
izes basal neural compartments and hyperpolarized apical 
dendrites, whereas a radial component excites axonal 
kinks and bends. The neuronal effects, that is, on mem-
brane potential, are miniscule but augment and tune ongo-
ing activity in neural networks (left panel), which leads to 
behavioral and clinical effects
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13.2  Precision tDCS: How to Tailor 
tDCS-Based Research 
to the Individual Brain

The vast majority of tDCS research applies the 
same tDCS regime to a group of individuals 
to study and modulate brain function, match-
ing the electrode positions and current intensity 
across individuals (Fig.  13.3). Such one-size-
fits-all approach is inherently imprecise as it 
does not consider interindividual variations in 
brain structure and function (brain-trait features) 
and ignores the fact that tDCS effects critically 
depend on the “brain state” at the time of stimu-
lation (brain-state features). We therefore argue 
that the tDCS community should thrive toward 
a personalization of tDCS that tailors the tDCS 
intervention to the individual brain anatomy 

and function. Personalization and precision can 
only be achieved by leveraging the explanatory 
potential offered by brain imaging techniques. 
This applies equally to the neuroscientific and 
therapeutic use of tDCS in humans. Only a com-
prehensive use of neuroimaging can unravel the 
underlying neuromodulatory mechanisms of 
tDCS at the brain circuit level. The combination 
of tDCS and brain mapping can lead to neuro-
biologically informed, causal models that can 
predict how tDCS will change the function of tar-
geted brain networks and thereby improve target 
symptoms. The potential contributions of brain 
mapping to the personalization and optimization 
of tDCS interventions are illustrated in Fig. 13.4. 
We elaborate in the following sections how brain 
mapping can guide precision tDCS providing 
illustrative examples from the literature. This 

Non-neural tissue differences
(e.g. scalp to cortex distance)

Cortical Macromorphology
(Brain ‘shape’ and gyrification)

Brain State
(vigilance, task, mood etc.)

Fixed 2.0 mA input

Variability in physiological effects

Peak e-field in cortical 
target: 0.25 -0.5 V/m

Up to 90% attenuation 

Non-neural tissue differences
(e.g. scalp to cortex distance)

Cortical Macromorphology
(Brain ‘shape’ and gyrification)

Brain State
(vigilance, task, mood etc.)

Individualized intensity
1.4-2.8 mA 

Variability in physiological effects

One-size-fits-all approach Computational dosimetry

Fig. 13.3 The impact of individualized computational 
dosimetry
The left panel illustrate the variability in the physiological 
outcome when applying a one-size-fits-all tDCS protocol. 
Both stabile individual traits such as nonneural tissue 
properties (top boxes) and cortical anatomy (middle 
boxes) as well as rapidly changing brain states (bottom 
boxes) contribute to the variability. The right panel depicts 
the effect of individualizing the dose using sMRI-based 

computational models of the electric field. The variability 
caused by interindividual differences in stable anatomical 
traits can be accounted for by adjusting the individual 
tDCS setup (montage, current intensity), but variability 
caused by differences in the state of targeted and intercon-
nected neural networks are still present. To minimize 
these, online imaging-based state control is needed (not 
illustrated here). Values for input intensity, attenuation, 
and electric field strength are taken from [26, 47]
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does not only entail neuroimaging informed 
planning of a tDCS intervention at the individual 
level (i.e., personalization), but also identifying 
intrinsic brain states that are more susceptible to 
the neuromodulatory effects of tDCS (i.e., state 
dependency).

13.2.1  Identification of Brain Circuit 
Targets with Offline Brain 
Mapping Before tDCS

Task-related and task-free functional MRI (fMRI) 
or EEG/MEG studies can reveal spatiotemporal 
patterns of functional integration in large-scale 
networks that are consistent at the group level. 
Hence, researchers can use this information to 
identify cerebral regions that constitute a promis-
ing target for a tDCS intervention, for instance, 
because a given region shows strong functional 
engagement in an experimental task that probes 
the brain function of interest (Fig. 13.4). However, 
not only regional brain activity and inter-regional 

functional connectivity (identified with fMRI, 
EEG/MEG or PET) but also structural connec-
tivity (revealed by structural MRI, diffusion sen-
sitive MRI, and changes in the neurochemical 
profile, evidenced by magnetic resonance spec-
troscopy (MRS) or PET can assist researchers in 
the decision on which brain region to target with 
tDCS.  Since reproducibility of functional brain 
mapping studies is often poor, one may apply 
meta-analytical tools such as activation likeli-
hood estimation (ALE) to identify brain regions 
that express a brain activity profile consistently 
across many studies [23]. An illustrative example 
for neuroimaging-guided target selection is the 
left dorsal prefrontal cortex (dlPFC) as cortical 
target for transcranial stimulation therapies in 
major depression disorder (MDD). This region 
is chosen because it expresses local functional 
(hypoactivity) and structural (reduced gray mat-
ter volume) abnormalities as well changes in 
functional connectivity to anterior cingulate 
cortex in MDD [24]. Moreover, local metabolic 
changes in the shape of reduced regional GABA 

Probing immediate changes
in circuit activity and state-

dependent effects

IDENTIFICATION 
of circuit targets

(offline brain
mapping

before tDCS)

VALIDATION: Probing functional
engagement of circuit targets
(online functional brain mapping

during or just after tDCS)

VALIDATION: Assessing long-
lasting after-effects of tDCS

on circuit targets and behaviour
(offline mapping after single or

multiple tDCS sessions)

PERSONALIZATION
of tDCS montage

and tDCS intensity
(offline structural
MRI before tDCS)

Scientific
use of tDCS

Therapeutic
use of tDCS

Individual
brain circuit
phenotyping

Linking persisting brain circuit
reorganization with behavioural

or clinical outcome

Closed-loop or
open-loop  tDCS

informed by
neuroimaging

read-outs
of target circuits

PERSONALIZATION of tDCS
to a ”BRAIN STATE”

Computational
dosimetry

and montage
optimization

Fig. 13.4 Brain mapping informs precision tDCS
Brain imaging is necessary and sufficient to enable and 
ensure precision tCDS stimulation. Identifying the cir-
cuitry phenotype and adjusting stimulation intensity to the 
individual brain increases the likelihood of changing sig-
naling (exclusively) in the affected networks. Only 

through online validation as well as state-informed and 
controlled stimulation can target engagement be ensured. 
Offline validation provides mechanisms of actions under-
lying the therapeutic effects of tDCS, which informs 
future application
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and glutamine (GLX) have been revealed in sev-
eral prefrontal cortical regions with MRS [25].

How can the knowledge provided by brain 
mapping studies be used in practice when plan-
ning a tDCS study? Let us assume that a range of 
task-related fMRI studies point to an abnormal-
ity “X” in cortical region “Y,” and the hypoth-
esis is that by applying anodal tDCS to region 
“Y,” a symptom “Z” will improve. One option 
is to extract the peak location derived from the 
group- based activation maps, at which abnormal-
ity “X” is maximally expressed in region “Y” and 
use this peak as “hot spot” for tDCS targeting. 
An alternative option is to perform task-related 
fMRI in the participants before the tDCS inter-
vention and use the individual activation pattern 
in cortical region “Y” as individual “hotspot” for 
tDCS targeting.

13.2.2  Personalization of tDCS: 
Computational Dosimetry 
and Montage Optimization

Modeling of the tDCS-induced electrical field can 
be used to reduce individual differences in cur-
rent field distribution and intensity. The effects of 
individualized dosing are illustrated in Fig. 13.3. 
Modeled e-fields corresponds well to intracranial 
measurements and are preferable to both one-
size-fits-all approaches and unifactorial correc-
tions based on, for example, scalp to gray matter 
distance (see [26]). A recent post-hoc analyses 
of the clinical outcome following 10  weeks of 
tDCS treatment in the ELECT trial underscores 
the clinical potential of electrical field modeling 
to inform the dosing of tDCS [27]. Improvements 
in negative affect scaled positively and linearly 
with the modeled electrical field strength in bilat-
eral DLFPC and ACC.  In contrast, no relation 
between the induced electrical field strength and 
positive affect or anxiety was found. The results 
suggest the existence of a therapeutic range that 
is associated with positive outcomes, and future 
studies may use this knowledge to prospectively 
adjust the necessary dose (i.e., current intensity) 
to reach the target range with the help of electri-
cal field modeling.

A precise model of the tDCS-induced electri-
cal field is contingent on the ability to segment 
both neural and nonneural head tissues precisely. 
Hereinto, segmentations based on both T1- and 
T2-weighted sMRI have been demonstrated to 
outperform segmentations from T1 alone in terms 
of DICE scores and variability. Recent develop-
ments in automated segmentation pipelines have 
improved T1-based segmentations substantially 
[28], but the inclusion of T2-weighted brain scans 
is recommended to minimize fat-shift artifacts.

Modeling the tDCS-induced electrical field 
based on high-resolution anatomical head mod-
els can reveal interindividual and between-group 
variability in the tDCS-induced electric fields 
[29]. This has been shown for tDCS of the left 
dlPFC, a common target in brain stimulation 
studies designed to treat MDD.  A recent study 
applied computational modeling to simulate 
the spatial distribution of tDCS-induced elec-
tric fields in 20 frontal regions, considering 
several bi-hemispheric, bi-polar tDCS and left- 
hemispheric, multielectrode tDCS montages 
[30]. Bi-hemispheric, bi-polar tDCS montages 
placed electrodes symmetrically over right and 
left dlPFC and produced comparable e-field 
strength in the left dlPFC and medial prefron-
tal cortex. In contrast, the multielectrode tDCS 
montages with a central electrode placed over 
left dlPFC produced a more local e-field in 
the  targeted dlPFC.  Depending on stimulation 
parameters, the magnitude and focality of tDCS-
induced electrical fields varied considerably [30]. 
These findings suggest that individual modeling 
of tDCS protocols may substantially improve 
individual cortical targeting as well as standard-
izing therapeutic tDCS interventions across sub-
jects. This also applies to scientific tDCS studies 
of human brain function that lack a therapeutic 
context. Here, electric field calculations can be 
used to compare and optimize different tDCS 
strategies for selective spatial targeting of the 
cortical region of interest [31].

Choosing the optimal montage for selective 
engagement of a specific region can be difficult. 
Concentric electrode or multielectrode montages 
with a central anode (or cathode) and surround-
ing cathodes (anodes) can increase the spatial 
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specificity at the expense of a reduced strength 
of the induced electrical field [32] which further 
increases the need for spatial guidance. Several 
automatized pipelines exist that enables reversed 
e-field modeling; that is, based on an anatomical 
target and a predefined electrical field intensity, 
the optimal montage within the safety limitation 
can be found (see [17]). An important notion is 
that even with careful brain imaging-guided elec-
trode placement and individual computed dos-
ing, the effect of ongoing activity in the target 
and interconnected network can still shape the 
neuronal effects of tDCS.  Hence, modeling the 
tDCS- induced electrical fields in the brain is only 
a first step. Future work will need to implement 
anatomically realistic biophysical models that 
can be used to predict the effects of the induced 
electrical fields on axonal structures in terms of 
depolarization or hyperpolarization as well as 
the dependency of these de- or hyperpolarizing 
effects on physiological factors.

13.2.3  Probing Functional 
Engagement of Brain Circuit 
Targets by tDCS

As evident from early studies targeting the peri-
central cortex, the effects of tDCS substantially 
depend on the functional state of the cortex at 
the time of stimulation, changing radically when 
stimulation is given when subjects are relaxed 
(idling state) or while they generate motor activ-
ity (active state) [33]. Both immediate- and 
after- effects of tDCS are emergent properties of 
the applied current (extrinsic variable) and the 
ongoing neuronal activity (intrinsic variable). 
The interaction between these variables explains 
the state dependency of the functional responses 
of both neural networks and individual neuronal 
compartments exposed to the e-field. In general, 
it is assumed that tDCS only engage those axonal 
compartments that are already active by adding 
stochastic noise to the system. However, oppos-
ing mechanisms may operate. Ongoing activity 
changes the biophysical properties of membranes 
such as decreased resistance, which in terms 
may augment hyperpolarization and antagonize 

depolarization by anodal stimulation (see [34] for 
discussion). This implies that regional and net-
work effects most likely scale nonlinearly with 
the intensity of the locally induced electrical field 
strength and that this relationship depends on the 
brain state.

These uncertainties regarding the functional 
impact of tDCS on the target region motivate the 
need to assess the functional engagement of cir-
cuit targets with online functional brain mapping 
during or shortly after tDCS and to validate effi-
cacy of stimulation as demonstrated in a recent 
study by Li et  al. [35]. Using concurrent tDCS 
and fMRI, they found tDCS of inferior prefron-
tal gyrus to cause polarity-specific and state- 
dependent activity changes in remote cortical 
nodes of the default mode (DMN) and salience 
(SN) networks [35]. In regions active during a 
choice reaction time task, the largest accentua-
tion of activity was found with cathodal stimula-
tion that conversely attenuated regional activity 
across both networks when delivered during rest. 
Functional connectivity in the interrogated net-
works also changed with tDCS in a polarity- 
and task-specific manner. Whereas these results 
showcase the potential of brain imaging to probe 
the immediate impact of tDCS and thereby con-
firm functional engagement of the targeted brain 
networks. This is particularly important in all 
tDCS studies that do not stimulate motor cortex 
and thus cannot use MEP measurements as func-
tional readout.

We wish to emphasize that the absence of 
changes in a neuroimaging readout during con-
current brain imaging and tDCS cannot be inter-
preted as a failure to engage the target node or 
network. Regarding BOLD-fMRI, the BOLD 
signal in a single voxel is an average signal that 
reflect the net effect of tDCS on a wide range 
of different neural compartments with different 
orientations and different neuronal populations, 
including excitatory and inhibitory neurons. The 
multitude of regional tDCS effects might very 
well oppose each other in terms of changing the 
BOLD signal and thereby cancel each other out, 
leaving the BOLD signal in that voxel unchanged. 
In addition, artifacts below the electrode may be 
mistaken as changes in neural activity, as evi-
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dent from the BOLD signal changes under the 
stimulation electrodes observed during tDCS in 
cadavers [36] (but see also [37]). Independent of 
the imaging modality, non- transcranial off-target 
effects of tDCS may also confound the neuroim-
aging readout (see below).

13.2.4  Mapping tDCS-Induced 
After-Effects with Brain 
Imaging

Brain imaging conducted (before and) after tDCS 
can delineate functional changes at the regional 
and inter-regional level that underpin the behav-
ioral and clinical after-effects of tDCS inter-
ventions. In basic science, this is a critical step 
toward establishing causal relationship between 
brain network features and behavioral variation 
in health (e.g., abilities) or disease (e.g., dis-
abilities). The characterization of longer lasting 
(hours to weeks) after-effects on circuit targets 
and behavior is key to validation of tDCS effi-
cacy (Fig. 13.4). Offline mapping after single or 
multiple tDCS sessions has the potential to link 
long-lasting brain circuit reorganization with 
behavioral or clinical outcomes at the single- 
person level. If a tDCS-induced reversal of 
aberrant brain activity predicts a mitigation of a 
preexisting disability, this corroborates a causal 
relation and validates the tDCS protocol and con-
firms efficient modulation of the tDCS target at 
the brain network level.

13.2.5  State-Informed tDCS 
to Achieve Contextual 
Precision

It is well known that the neuromodulatory effects 
of tDCS critically depend on the functional state 
of the targeted brain networks (i.e., the neuronal 
context) [35, 38], but the mechanistic rules that 
govern the state dependency of tDCS are poorly 
understood. Given the importance of state depen-
dency, it should be a priority of tDCS research in 
the coming years to systematically study how the 
“neuronal context” of the targeted brain circuits 

frames the efficacy of tDCS and how tDCS can 
be aligned to the expression of a favorable brain 
state to achieve conceptual precision.

Modeling of the tDCS-induced electrical 
fields in the brain can be used to optimize spatial 
precision and standardize the electrical field in 
the target region across persons. Functional brain 
mapping can indicate functional engagement 
of the targeted brain network and its outlast-
ing modulation by tDCS. While these are major 
milestones in the pursuit to realize precision 
tDCS, they cannot contribute to advance the con-
textual precision of tDCS. This requires the use 
of techniques that can extract information about 
the current brain state at high temporal resolution 
without significant temporal delay. One experi-
mental strategy is to “standardize” the brain state 
during tDCS by asking the subjects to perform 
a well-defined task during tDCS. Another option 
is to record measures of the bodily state (respi-
ration, pupillometry, sympathetic skin response) 
and use these bodily signals to adjust tDCS for 
instance by online tuning tDCS intensity accord-
ing to fluctuations of these bodily signals. A third 
option is to directly record brain activity with 
electroencephalography (EEG). Because of its 
excellent temporal resolution, EEG can instan-
taneously extract fluctuations in the brain state 
of interest, and this information can be used to 
inform precision tDCS.  The optimal hardware 
solution would be an integrated tDCS-EEG sys-
tem that can record brain activity and apply tDCS 
simultaneously. For therapeutic applications, 
such integrated tDCS-EEG systems should be 
easy to operate and should allow home-based use 
and remote, web-based control.

Two control principles can be used for state- 
informed EEG-tDCS (Fig.  13.4). Firstly, one 
may adopt an open-loop approach that uses an 
EEG-based readout of the brain state of inter-
est to ensure contextual precision of tDCS. For 
instance, subjects can be instructed to engage in 
a specific task that previously has been demon-
strated to increase the neuromodulatory (after)
effects of tDCS and treatment efficacy. In this 
setting, EEG could be used to monitor whether 
the task-related brain state is sufficiently increas-
ing contextual precision of tDCS. Secondly, one 
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may adopt a closed-loop approach, in which the 
EEG-based readout of the brain state of inter-
est is used in a rule-based adaptive fashion. For 
instance, if the oscillatory power expressed in 
the target network does not shift toward the tar-
get frequency, a closed-loop system could adjust 
tDCS variables to improve target engagement. If 
focal stimulation of one node does not achieve 
the desired state change in the target network, 
one may increase intensity stimulus intensity or 
increase the number of targeted brain regions by 
altering the weighting of current in a multielec-
trode tDCS setup (see [39]).

13.2.6  Mind Peripheral Effects When 
Personalizing tDCS!

When applying transcutaneous electric current, 
less than a quarter reaches the brain. Most of 
the current is shunted through more conductive 
superficial tissue which causes simultaneous 
costimulation of peripheral components of the 
nervous system in the head, including peripheral 
nerve fibers and peripheral receptors in the skin, 
eye (retina), or inner ear [40–42]. Peripheral 
costimulation is a relevant issue when using 
tDCS as a scientific or therapeutic tool, because 
it may contribute to the behavioral effects of 
tDCS and should be controlled for by “sham” 
stimulation [31]. Especially when using pseudo- 
monopolar (multielectrode or center-ring) mon-
tages, tDCS-induced excitation of the peripheral 
somatosensory system leads to sensory side 
effects, including itching, tingling, and burn-
ing sensations under the electrode. Depending 
on the electrode positions, bi-polar tDCS setups 
may cause vertigo or visual phenomena such as 
phosphenes during the ramping- up and ramp-
ing-down phase of tDCS (for further details on 
side effects, see [40]).

Peripheral costimulation during tDCS may 
contribute to therapeutic or behavioral after- 
effects of tDCS and should be controlled for 
by “sham” tDCS that matches the peripheral 
costimulation without causing neurobiologically 
relevant brain stimulation [31]. The somatosen-
sory effects of tDCS render it possible for the 

subjects to recognize when the tDCS is applied. 
This may unintentionally change their brain state 
during the intervention by, for instance, introduc-
ing expectancy or changing the emotional state. 
Even if somatosensory costimulation does not 
cause conscious perception, it may induce indi-
rect brain modulation through a tonic change in 
afferent input to sensory brain networks.

Since conscious perception of costimula-
tion may change overall alertness to a task and 
induce placebo effects, a realistic “sham tDCS” 
condition should be included in the experimental 
design. This is however challenging, because it 
is difficult in practice to match subjective expe-
riences. Accordingly, real tDCS can often be 
distinguished from sham tDCS.  When asked 
directly, subjects frequently report the strongest 
experience of, for example, skin sensations to 
be at the beginning of stimulation, correspond-
ing with the ramping phase of the current. It can-
not be excluded that some sensory receptors are 
more susceptible to the change in voltage gra-
dient, rather than the gradient alone, meaning a 
shorter range between ramp-up and -down phase 
(as used in sham conditions) can be detected by 
the subject. It would therefore be too simplistic 
to assume that the sham stimulation induces the 
exact same peripheral effects as the real tDCS.

Some studies have tested the effect of apply-
ing numbing cream before stimulation, and found 
a reduction in the sensation of pain and other sen-
sory modalities associated with nociceptive pro-
cessing, such as tingling, sharpness, and pinching 
(specific receptor or fiber type has however not 
been reported) [43, 44]. Even though numbing 
cream can alleviate some mechanistic properties 
of pain and discomfort, there are still issues with 
the apparent ability to distinguish between tDCS 
and sham stimulation (placebo) [45, 46].

Modeling the tDCS-induced electrical field in 
the scalp may contribute to minimize peripheral 
effects. As mentioned previously in this chapter, 
recent developed computational models of cur-
rent flow provide accurate estimations of induced 
electrical fields from tDCS.  Toolboxes, such as 
SimNIBS, use individual MRI head anatomy for 
precise modeling of peripheral costimulation, for 
example, cutaneous stimulation. Electrical field 
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simulations can show how the field distribution 
differs in the cortex and skin depending on the 
electrode type, the number of electrodes and their 
position on the scalp. This, in terms, can help to 
minimize peripheral costimulation or to design 
sham tDCS conditions that only stimulate the 
peripheral extracranial neuronal structures, while 
sparing the cortex, thereby avoiding unwanted 
direct modulation of the target network. This 
might be achieved by placing smaller electrodes 
in proximity to each other. In conclusion, there 
is no simple solution that can fix the method-
ological issues caused by peripheral costimula-
tion during tDCS. The inherent methodological 
challenges should not prevent one to take proper 
precautions to minimize peripheral costimula-
tion and to ensure optimal sham-tDCS conditions 
based on individual simulation of the induced 
electrical fields outside the brain.

13.3  Conclusion and Perspectives

The combination of tDCS with a wide range of 
brain mapping techniques offers powerful oppor-
tunities to advance the scientific and therapeu-
tic use of tDCS.  The computational modeling 
of the tDCS-induced electrical field distribution 
in the brain is already well established and an 
important step toward personalization of dos-
ing and increased spatial precision (Fig.  13.3). 
Future research will expand the precision 
tDCS approach by mapping and modeling the 
biophysical- neurobiological interactions and 
their state dependency. This research will yield 
insights which can be used to ensure functional 
precision and to personalize tDCS to the individ-
ual properties of the stimulated functional brain 
networks (Fig. 13.4).
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Clinical Research 
and Methodological Aspects 
for tDCS Research
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14.1  Introduction

Transcranial direct current stimulation (tDCS) 
was reintroduced as a modern method for noninva-
sive brain stimulation (NIBS) in humans approxi-
mately 20 years ago, in 1998–2000 [1, 2]. Since 
its reintroduction to the scientific and clinical 
community, the application of tDCS across a vari-
ety of healthy, psychiatric, and neurological popu-
lations has increased exponentially. However, like 
many nascent fields, methods used to apply tDCS 
have varied over the past 20 years. This variation, 
together with a lack of standardized reporting 
methods for the field, have likely played a role in 
issues of reproducibility for certain effects previ-
ously demonstrated with tDCS [3]. Specifically, 
variability in tDCS application methodology, 
design, stimulation parameters, and other factors 
have undermined the ability to reproducibly apply 
tDCS within and between patients and healthy 
subjects. For example, inconsistent placement 
of electrodes alters the location and intensity of 

stimulation to various brain regions [4]. In con-
trast, different levels of stimulation intensity (e.g., 
1 vs. 2 mA) result in partially nonlinear changes 
in depolarizing versus hyperpolarizing resting 
membrane potentials under anode versus cathode 
electrodes, respectively [5]. Furthermore, certain 
medications can alter excitability effects of tDCS 
on resting membrane potentials (e.g., serotonin 
selective reuptake inhibitors, SSRIs [6]) relative to 
effects previously shown in healthy adults not tak-
ing these medications. These are only a few exam-
ples of methodological and design factors that 
significantly alter the potential outcomes of clini-
cal or research applications of tDCS.  However, 
studies often do not provide the level of method-
ological detail required to guide neither clinicians 
and researchers new to the field of tDCS nor expe-
rienced researchers attempting to replicate study 
effects. These details are of critical importance for 
not only reproducing effects from a given study 
and consistent clinical outcomes, but also for edu-
cating new tDCS researchers and clinicians.

In this chapter, we will provide guidance on 
methodological and design aspects of tDCS, 
covering basic methodological issues, effective 
approaches, and reproducible methods for the 
application of tDCS in both clinical and research 
settings. These materials are intended to provide 
easily implemented and reproducible methods 
for both new and experienced tDCS researchers 
and clinicians.
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14.2  Clinical/Research Trial 
Designs

14.2.1  Protocol Intensity/Duration/
Repetition

When designing an experimental or interven-
tion protocol, it is important to choose tDCS 
parameters (i.e., stimulation intensity, electrode 
locations, duration, and repetition) based on the 
outcome being investigated (i.e., neurophysi-
ological, cognitive, or behavioral), as well as the 
clinical population being studied. This is because 
findings with the use of particular parameters for 
one outcome may not directly correspond with 
another similar or different outcome, or in a dif-
ferent subject population. Neurophysiological 
responses (e.g., MEP amplitudes) to tDCS and 
other noninvasive brain stimulation techniques, 
for example, have been shown to have little or 
no correspondence to motor learning capacity 
[7]. As such, stimulus parameters chosen based 
on findings of effects on MEP amplitudes mea-
sured in the motor cortex in healthy participants 
may not produce equivalent effects on alternative 
outcomes (e.g., cognitive or behavioral) when 
assessed following stimulation of the same or dif-
ferent brain regions. This principle also can apply 
to the administration of stimulus parameters 
found effective for healthy subjects to clinical 
populations. While 1  mA stimulation intensity 
given to the left dorsolateral prefrontal cortex for 
10 min improved working memory performance 
in healthy participants [8], 2 mA but not 1 mA 
stimulation intensity for 20 min was necessary to 
produce similar effects in patients with schizo-
phrenia [9]. Prior research using TMS evoked 
MEPs consistently suggests that 1 mA tDCS pro-
duces increased excitability under the anode elec-
trode and decreased excitability under the cathode 
electrode [10]. However, recent research suggests 
that 2 mA stimulation may result in increases in 
excitability under both anode and cathode elec-
trodes [5, 11–13]. In contrast, a recent study 
suggests that higher doses of 3 mA tDCS (e.g., 
3  mA or more) results in increased excitability 
under the anode and reduced excitability under 

the cathode, similar to 1  mA stimulation [11]. 
Thus, selection of stimulation intensity should be 
chosen carefully based on the desired change in 
excitability for a given application of tDCS.

Similarly, this principle may equally apply 
when choosing the interval for repeated tDCS 
administrations, for example, in intervention 
protocols. This appears to be the case, as both 
the stimulus polarity and interval between ses-
sions can interact to cause different effects on 
outcomes. In healthy subjects, differently spaced 
intervals (i.e., 0 min to 24 h) between consecu-
tively applied tDCS given with the cathode elec-
trode over the motor cortex has been shown to 
directly affect both the magnitude and duration of 
post-stimulation neurophysiological effects [14]. 
Similar differential behavioral effects due to both 
the polarity and duration of the spaced interval 
on cognitive outcomes have been found, with 
improvement in working memory performance 
following two sessions of tDCS with the cathode 
electrode over the left prefrontal cortex, although 
not when the anode electrode was placed over the 
same region, given 10 min apart [15]. This lat-
ter finding additionally highlighted the potential 
role of metaplastic effects within the stimulated 
region on outcomes (i.e., when tDCS is admin-
istered again during the aftereffects of a previous 
tDCS administration).

Unlike other noninvasive brain stimula-
tion methods (e.g., TMS, ECT), tDCS typically 
applies a fixed dose of tDCS parameters across 
participants rather than individual dosing titra-
tion. Recent computational modeling research 
suggests that titration of stimulation intensity 
may serve as a significant factor contribut-
ing to interindividual variability of response to 
tDCS. Indahlastari et al. demonstrated significant 
variability in the distribution of current density 
in the brain as a function of age-related atrophy, 
as estimated through MRI-derived finite element 
computational modeling of current in a cohort of 
587 older adults [16]. This work suggested that 
for those with the greatest signs of atrophy, the 
intensity of current would need to be increased 
by almost twofold to reach equivalent levels of 
current intensity induced in younger adults with-

A. J. Woods and D. M. Martin



267

out atrophy. Wang et al. have proposed an initial 
method for titrating the generated E-field gener-
ated by tDCS as a possible method for individ-
ual titration of tDCS intensity dose [17]. While 
robust methods for individual dose titration in 
tDCS is still in development, this area represents 
an important evolution in tDCS approaches for 
future studies.

Taken together these collective findings thus 
suggest that if no prior reference study exists 
when designing an experimental or intervention 
protocol, titration of tDCS parameters in rela-
tion to stimulus intensity, duration, and repetition 
should be considered. This can be achieved, for 
example, through a pilot study. Such piloting can 
also be invaluable for informing future studies.

14.2.2  Methodological Aspects 
of Online and Offline 
Protocols

A potentially important methodological consid-
eration when designing an intervention or study 
using tDCS is the timing of tDCS administration 
in relation to task execution. That is, when tasks 
are given, it is important to determine whether 
these are performed during the application of 
tDCS (i.e., “online”) or following tDCS adminis-
tration (i.e., “offline”). This consideration is based 
on evidence indicating that both the physiological 
and behavioral effects of tDCS are different dur-
ing and after stimulation. For example, functional 
neuroimaging has shown that while an increase in 
regional blood activity occurs during stimulation, 
activity is reduced immediately following stimu-
lation [18]. Different behavioral outcomes have 
also been demonstrated with “online” compared 
to “offline” protocols. While improved motor 
learning was found to occur with “online” stimula-
tion, decreased learning was found when the same 
task was performed “offline” [19]. Similarly, bet-
ter performance on a cognitive training task was 
found with “online” compared to “offline” tDCS, 
with greater maintenance of learning found the 
following day [20]. When evaluating outcomes 
in interventions involving repeated tDCS admin-

istrations, these effects should also be considered 
as “offline” or “after”effects immediately follow-
ing tDCS administration may affect task perfor-
mance and/or other measurements, for example, 
cognitive or neurobiological changes following a 
course of tDCS for depression. While these after-
effects have primarily been shown in the context 
of research studies [1, 21, 22], their impact should 
be carefully considered in multisession treatment 
studies.

A further methodological consideration is 
the relative effect of task related activity within 
stimulated regions, as this has also been shown to 
affect outcomes. For example, different effects on 
post-stimulation cortical excitability have been 
found depending on whether subjects were sit-
ting passively at rest during tDCS, paying atten-
tion to a cognitive task, or actively engaging the 
stimulated region with performance of a motor 
task [23]. Further, the relative level of task- related 
activity has also been found to be relevant. While 
performance of a slow motor task during anodal 
stimulation over the motor cortex significantly 
improved learning and increased cortical excit-
ability, poorer learning and decreased cortical 
excitability was found when subjects performed 
a fast motor task [24]. Relative activity levels 
during tDCS have further been shown to affect 
whether neuroplastic changes occur following 
stimulation, with ongoing background activity 
shown to be necessary to induce long-term poten-
tiation in an in vitro animal model [25].

As such, both the timing of task execu-
tion together with the relative state of stimu-
lated regions in relation to tDCS administration 
together are potentially important consider-
ations when assessing outcomes for a particular 
study or intervention. Correspondingly, attempts 
should be made to control for potential brain state 
effects whenever behavioral or physiological out-
comes are examined during or after tDCS admin-
istration. This could be achieved, for example, 
by requiring subjects to sit at rest for a given 
period prior to commencement of tDCS and 
 implementing methods to standardize or restrict 
behavioral activity (e.g., talking) during and fol-
lowing stimulation.
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14.2.3  Blinding, Sham, and Active 
Control

Appropriate blinding methods is a critical feature 
for interpretability of non-invasive brain stimu-
lation studies and trials. The usual approach for 
blinding subjects is to apply a “sham” stimula-
tion protocol which typically involves ramping 
the stimulation up and down similar to active 
stimulation, although only providing constant 
stimulation for a few seconds. The advantage of 
this methodology is while subjects will feel the 
initial itching/tingling sensation suggestive of 
active stimulation, the overall stimulation dura-
tion is too short to induce aftereffects, provid-
ing the stimulator is turned off after the ramping 
down period. If this latter step is not done, there 
is the potential for undesired neuromodulatory 
effects from the delivery of a constant very low 
level current with some devices when left on or 
in standby mode [26]. For 1 mA tDCS with an 
electrode size of 25 cm2, this method has been 
shown to reliably blind subjects [27]. As stronger 
stimulation intensities induce larger sensations, 
providing a brief constant stimulation at the 
maximum intensity, however, may compromise 
blinding [28]. An alternative approach is to apply 
topical anesthetics to abolish skin sensations 
[29]. Care should be given if this approach is 
taken, as local anesthetics may reduce cutaneous 
sensations indicative of skin damage which could 
in turn increase the risk for adverse side effects. 
However, prior research found no relationship 
between increased skin sensation and probabil-
ity of skin burns, suggesting that the use of topi-
cal anesthetics may be a safe alternative in the 
sham procedure [30]. Nonetheless, care should 
be taken when considering the use of topical 
anesthetics. In recent years, the efficacy of tDCS 
blinding approaches has been called into ques-
tion. This has been driven, in part, by insufficient 
assessment of blinding efficacy within studies, 
lack of consistent assessment of blinding efficacy 
across studies, and variation in sham techniques 
applied serving as potential sources of variabil-
ity between studies [31]. To date, the most com-
monly used approach is the brief sham approach 

described above (ramp up, on for a few seconds, 
ramp down, and machine off).

Experimenter blinding is accomplished by use 
of tDCS stimulators, which include a sham stim-
ulation function that enables the experimenter 
to remain unaware of the stimulation condition. 
However, even in this situation, it is important to 
note that the presence of skin erythema due to 
vasodilation, as well as sensations reported by 
subjects during and following stimulation, can 
nevertheless compromise experimenter blinding. 
Skin erythema can be reliably reduced by ace-
tylsalicylate or topical application of ketoprofen 
[32]. Having one experimenter recording side 
effects following tDCS (e.g., skin reddening), 
while another one only assessing efficacy mea-
sures can further blind the primary interventionist 
to study conditions. Alternatively, allowing elec-
trodes to remain in place on the participant’s head 
for a period (e.g., 10 minutes) after stimulation 
has stopped can enable any skin erythema to dis-
sipate and electrodes to return to room/body tem-
perature levels prior to removal. This approach 
addresses both potential unblinding features 
potentially notable by experimenters. For reli-
able double blinding in sham/placebo- controlled 
studies, several different approaches should thus 
be considered. Any blinding procedures imple-
mented must be accurately reported in scientific 
papers to facilitate replication in future studies.

On a related note, assessment of stimulation 
sensation and blinding efficacy is an impor-
tant consideration for both clinical trials and 
research studies comparing active to a placebo/
sham stimulation condition. Assessments of sen-
sation should ideally evaluate a range of sensa-
tion types (e.g., tickling, burning, pain, warming, 
etc.) before, during, and after stimulation. This 
data can provide important information for direct 
comparison of the sensation experience between 
active and sham/placebo conditions of relevance 
for assessing sham/placebo blinding. Further, 
direct assessment of blinding of both participants 
and experimenters should occur at the end of the 
last stimulation session. While some studies sim-
ply inquire as to which condition the participant 
and experimenter believe was applied, expand-
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ing this to include assessment of the confidence 
in their selection can provide additional useful 
information for assessing the integrity of blind-
ing [33]. While a study/trial may show a signifi-
cant difference in a selected outcome between 
active and sham/placebo conditions, this finding 
should be considered viable only in the context of 
a direct demonstration of sham/placebo-blinding 
efficacy within the trial/study.

Alternatively, or in addition, the inclusion of 
an active control condition may be considered. 
This may be useful to determine specificity if 
the overall goal is to demonstrate that stimula-
tion applied over one cortical region induces a 
particular effect. Application of tDCS over an 
alternative brain region (i.e., as an active control) 
therefore may provide a stronger foundation for 
interpretation of results. For such designs, use of 
high-definition tDCS electrode montages (e.g., 
4 × 1) could be considered, as this enables better 
localization of the stimulation effects particularly 
for cortical regions [34–37]. Notwithstanding, 
the choice of the control (i.e., sham or active) 
should be hypothesis driven, as this can have a 
profound impact on study conclusions.

14.3  Patient/Participant 
Screening

Using modern stimulation parameters, tDCS 
given either over a single treatment session or 
over several sessions spaced apart has been safely 
administered to healthy subjects and patients 
with diverse psychiatric (e.g., schizophrenia, 
attention deficit hyperactivity disorder, anorexia) 
and neurological conditions (e.g., stroke, epi-
lepsy, traumatic brain injury) in experimental 
protocols [38]. Increasingly, tDCS has also been 
given over multiple repeated sessions to patients 
as a therapeutic intervention. Careful screening, 
however, is critical for minimizing the risk for 
adverse side effects for all protocols using tDCS 
in both healthy and patient populations.

Prior to stimulation, it is necessary to con-
duct formal screening for potential comorbid 
neuropsychiatric and neurological conditions as 

well as structural abnormalities. This is impor-
tant both to accurately characterize the particular 
patient/participant population being investigated 
and to determine the relative risk for unexpected 
side effects for particular subjects. For example, 
mood switching in patients with major depressive 
disorder and bipolar disorder have been reported 
in several case reports [39]. For neuropsychiat-
ric conditions, this can be achieved using pub-
lished formal structured interviews, for example, 
the Structured Clinical Interview for DSM-5 
(SCID- 5: [40]) or the M.I.N.I.6. International 
Neuropsychiatric Interview (M.I.N.I. 6.0: [41]). 
Potential neurological conditions can be screened 
either through either patient interview or self- 
report questionnaires (e.g., Transcranial Magnetic 
Stimulation Adult Safety Screen; TASS; [42]). 
Due to the potential for local enhancement of 
current density as a result of anatomical abnor-
malities (e.g., to the skull), exclusion criteria 
for tDCS (i.e., metal in the head, no stimulation 
over fissures, or cranial holes) are also typically 
implemented. Recent research suggests that car-
diac pacemakers are not affected by tDCS [43].

Screening for concurrent medication use 
is also important, as particular psychoactive 
medications can interact with tDCS effects. For 
example, D-Cycloserine, a common treatment 
for tuberculosis, has been shown to prolong the 
neuromodulatory effects of tDCS [44]. Other 
common medications, including selective sero-
tonin reuptake inhibitors (SSRIs; [45]), mood 
stabilizers (i.e., sodium and calcium channel 
blockers; [6]), antipsychotics (i.e., dopamine 
antagonists; [46]), and common pain killers and 
sedatives (e.g., benzodiazepines; [47]), have also 
been shown to interact with tDCS. Concomitant 
medication use should therefore be kept stable 
throughout the study period and ideally for at 
least 4–6  weeks prior to tDCS administration 
in therapeutic interventions. Furthermore, the 
experimenter should be notified immediately of 
any medication changes during any tDCS study, 
as this may affect outcomes.

Lastly, as tDCS is administered using elec-
trodes place upon on the scalp, it is necessary 
to inspect the skin where the electrodes will be 
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placed. Skin damage to these areas (e.g., disease, 
irritation, or lesion) during administration of 
tDCS can potentially increase the likelihood of 
further skin damage or skin burns [48].

14.4  Electrodes and Contact 
Medium

The role of electrodes in tDCS is to facilitate 
delivery of current from the stimulation device to 
the scalp. Teams of clinical trial researchers have 
reported application of thousands of tDCS ses-
sions without any skin injury using rigorous con-
trol of electrode selection and preparation, along 
with adherence to established tDCS protocols, 
operator training, and use of certified devices 
[45, 49–52]. The tDCS electrode assembly most 
commonly comprises (1) a metal or conductive 
rubber (e.g., biocarbon) electrode, (2) an elec-
trode sponge, (3) an electrolyte-based contact 
medium (e.g., saline, gel, or conductive cream) to 
facilitate current delivery to the scalp, and (4) any 
materials used to shape these components or oth-
erwise direct current flow (plastic casing, rivets).

The metal or conductive rubber electrode is 
the site of electrochemical reactions during tDCS 
[53] and should never directly contact the skin. 
An electrolyte must be used as a buffer between 
the electrode assembly and the skin. Sufficient 
electrolyte volume prevents chemicals formed 
at the electrode during the electrochemical reac-
tion occurring during stimulation from reaching 
the skin [54]. The electrolyte can be placed in a 
sponge encasing the electrode (i.e., saline) or, in 
the case of electrode cream, placed directly on 
the electrode surface. For saline, oversaturation 
of the electrode sponge can significantly under-
mine reproducibility of tDCS application and 
effects. When sponges are over-saturated, saline 
is evacuated from the sponge and covers an area 
of the scalp outside of the surface area electrode 
sponge. Rather than delivering current through a 
specified surface area on the scalp under the elec-
trode (e.g., 5 × 5 cm), the electrode surface area 
and area of current delivery now encompasses the 
entire area of the scalp that is covered in saline. 
This creates an unreproducible and amorphous 

area of current delivery within and between sub-
jects. It is important to obtain good contact under, 
and only under, the electrode with the electrode 
sufficiently, but not overly saturated. Methods 
allowing quantification of saline (e.g., syringes) 
can assist in achieving a consistent and appropri-
ate amount of contact medium.

Consistent with issues introduced by oversat-
uration of sponges, the shape/size of electrodes/
sponges significantly alter the distribution of cur-
rent delivered to the scalp and the brain [55, 56]. 
At a constant current intensity level (e.g., 1 mA), 
increases in electrode size or differences in elec-
trode assembly shape result in differences in the 
distribution of the current across the surface area 
of the scalp, resulting in differences in the distri-
bution of current throughout the brain [55, 56]. 
Thus, it is critical for investigators to consistently 
report not only the current intensity applied and 
the amount of contact medium used, but also the 
shape and size of the electrode assembly.

14.5  Electrode Location

Another critical consideration for tDCS is deter-
mining where to place electrodes on the head. 
Studies monitoring physiological changes fol-
lowing tDCS and computational modeling stud-
ies of predicted current flow demonstrate that the 
relative location of electrodes results in signifi-
cant differences in where and how much current 
is delivered to the brain [4, 57, 58]. For example, 
Nitsche and Paulus [1] demonstrated that relative 
differences in electrode locations altered whether 
or not tDCS impacted TMS-generated motor- 
evoked potentials (MEPs). Numerous modeling 
studies have demonstrated significant differences 
between relative locations of electrodes, with 
results varying from stimulation of the whole 
brain to more selective stimulation of particu-
lar lobes of the brain [4, 57, 58]. Woods et  al. 
[59] further demonstrated that as little as 1  cm 
of movement in electrode position significantly 
altered the distribution of predicted current flow 
in the brain, as well as the intensity of stimulation 
in specific brain regions. Recent research using 
intracranial recording and careful manipulation 
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of electrode positioning on the scalp directly 
demonstrated that a 1 cm shift in electrode posi-
tioning significantly alters the underlying E-field 
generated by tDCS [60]. Computational model-
ing of electric current through the brain can be a 
useful tool for the a priori design of tDCS elec-
trode positions for a given study. In this same 
context, the importance of electrode location 
also highlights yet another critical consideration, 
preparation of a stable electrode placement on 
the head.

Head size and shape vary from person to per-
son. Thus, it is necessary to use a method for 
common localization of electrode position. There 
are several methods for addressing this issue: (1) 
International 10-20 (or 10-5) Electrode Placement 
System [61, 62], or another gross anatomical 
coordinate system [63], (2) neuronavigation sys-
tems (e.g., MRI guided), or (3) physiology-based 
placement (e.g., TMS-generated MEPs). Each 
method can be used to consistently center each 
electrode on the head, accommodating varied 
head shape or size, and has relative strengths and 
weaknesses (e.g., accuracy vs. time and cost).

For example, even when using a method like 
the 10–20 Electrode placement, inaccuracy of 
electrode placement can occur due to human error 
in the measurement process or in placing the EEG 
cap over the head. Recent work provides methods 
for direct measurement of electrode placement 
using 3D scanning of the scalp using inexpensive 
hardware (e.g., iPad with an attached 3D scan-
ning camera) to capture accurate models of elec-
trode positioning on the scalp [64]. Prior work 
also provides for less technologically dependent 
methods for capturing errors in electrode posi-
tioning using physical measurements taken on the 
scalp [4]. Regardless of method, these techniques 
provide valuable information regarding the con-
sistency of electrode location on the scalp both 
within and between participants. As prior work 
has demonstrated that electrode locations play a 
central role in the distribution of the E-field gen-
erated by tDCS, these measures provide a form of 
quality control measurement for studies and can 
provide metrics for inclusion in statistical analy-
ses to assess or control for application variability 
in electrode location.

14.6  Electrode Placement

Once desired locations are identified based on 
specific study design needs, the electrode assem-
bly must be affixed to the head for delivery of 
current. Nonconductive headgear used to position 
the electrodes on the body or scalp (e.g., elastic 
straps) are not typically included in the electrode 
assembly but are critical for appropriate electrode 
placement [4]. For tDCS using sponge-covered 
electrodes, elastic straps are the most commonly 
used headgear for electrode placement. If these 
straps are under- or over- tightened, electrodes 
have a strong tendency to move/shift over the 
course of a tDCS session. Thus, the distribution 
of current delivery changes over the duration of 
a tDCS session [4]. This too undermines tDCS 
replicability. Furthermore, if electrode straps are 
over-tightened, there is an increase in the prob-
ability of evacuation of saline from the electrode 
sponges. Regardless, the contour at the base of 
the skull below the inion and the flat of forehead 
provide for stable placement of a strap around 
the head. For participants with long hair, place-
ment of the back of the strap under the hairline 
also improves stability of the strap preparation, 
whereas placement over the hair leads to a high 
probability of upward drift of the strap and the 
electrodes placed on the head. Use of cross straps 
over the head should also avoid over-tightening 
of the cross-strap to avoid this same issue. Use of 
a cross-strap under the chin can counteract this 
tendency, but may be uncomfortable to partici-
pants. If under-chin straps are used, these should 
be used for all participants to maintain consis-
tency of participant experience in the study.

As the field of tDCS has progressed, a wider 
array of electrode positioning systems has 
become available. Some of these systems pro-
vide rigid systems for placement of electrodes 
on the scalp, while others are individually adjust-
able. Other approaches have worked to integrate 
electrodes within EEG-like cap systems. Thus, 
a variety of electrode placement methods now 
exist. Regardless of selected electrode position-
ing approach, the user must evaluate whether the 
selected system provides a stable and consistent 
positioning and placement of the electrodes on 
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the scalps of participants/patients—evaluating 
these methods across different head sizes.

In addition, at-home based approaches to 
delivery of tDCS has significantly advanced 
over the past 5 years [65]. At present, there are 
a number of different available options for at-
home approaches. Typically, at-home approaches 
involve a remote-supervision component where 
staff can remotely observe self-application of 
tDCS head-gear by the participant/patient. These 
systems typically involve a head strapping sys-
tem with integrated electrodes that stretch to fit 
the electrodes over the desired target locations. 
Some of these available options require partici-
pants to individually prepare electrodes for each 
session, while others come with pre-prepped 
electrodes that are attached to the placement 
headgear. Commonly, participants will receive 
at least one or more in-clinic/lab or home visit 
training sessions on self-placement of at-home 
equipment prior to remotely supervised sessions. 
In addition, at-home systems typically involve 
controlled access to stimulation features on the 
at home device. For example, some systems pro-
vide single use stimulation cartridges while other 
involve input of a stimulation code that is only 
active for a dedicated period of time (e.g., 1 day) 
to activate a stimulation session. This provides 
the clinic/study staff with a level of control in 
terms of the interval at which participants/patients 
can deliver stimulation to themselves. At-home 
methods continue to advance, but may provide a 
viable remote option for delivery of multisession 
stimulation treatment in the future—for example, 
for depression [66].

14.7  tDCS Stimulator Selection

A limited but growing number of certified tDCS- 
stimulators are currently available [67]. These 
devices are designed to deliver constant cur-
rent through two or more electrodes [68, 69]. 
Available stimulators differ based on specific 
features, such as: suitability for alternative stimu-
lation protocols (e.g., transcranial alternating 
current stimulation, transcranial random noise 
stimulation, transcranial pulsed current stimula-

tion), custom programming capabilities, number 
of stimulation channels, available stimulation 
intensity level, stimulator size, stimulator weight, 
stimulator portability, compatibility with mag-
netic resonance imaging (MRI), blinding options, 
and sham options. Certified tDCS stimulators 
provide the basic features required to deliver 
tDCS. Thus, selection of a stimulator depends on 
the planned application and study protocol (e.g., 
number of electrodes, requirements for blind-
ing, desired stimulation intensity, sham options, 
etc.). In any case, exactness of delivered current, 
as programmed, is of crucial importance and 
should be tested at a regular interval (e.g., by 
aid of an oscilloscope), as minor deviances can 
result in prominent alterations of experimental 
outcomes. Thus, while a certified stimulator from 
a manufacturer may be delivered performing to 
exact specifications, repeated stimulation may 
result in alteration of the exactness of delivered 
current (i.e., delivery of less than or more than 
2 mA when stimulator set to 2 mA) and should be 
tested for consistent delivery of tDCS to patients 
and participants. Certified tDCS stimulators also 
have the advantage of limiting the intensity of 
current to, typically, less than 3 mA, and limit-
ing the duration of stimulation. In contrast, many 
stimulation devices repurposed for tDCS (e.g., 
iontophoresis stimulators) provide the ability to 
deliver stimulation up to and beyond 1 mA. This 
is a significant safety concern regarding skin 
lesions/burns, for example, if an error is made 
with stimulation settings. Stimulators should be 
chosen that provide optimal safety for partici-
pants and patients, as well as based on the spe-
cific features required for a given stimulation 
protocol.

14.8  Assessment 
of Safety/Adverse Events 
and Monitoring During 
Stimulation

It is important to make the distinction between 
tolerability and safety aspects in relation to 
tDCS. While tolerability refers to the presence of 
uncomfortable and unintended effects (e.g., tin-
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gling and itching sensation under the electrodes), 
safety refers to damaging effects. Using modern 
protocols, comfort ratings for tDCS have gener-
ally shown a favorable tolerability profile [70, 
71]. The most frequently reported side effects are 
tingling and itching sensations under the elec-
trodes, headache, and tiredness [52]. The sen-
sation of phosphenes elicited by abrupt current 
on- or offset is avoided by ramping current inten-
sity in both active and sham conditions. Erythema 
under the electrodes is caused by tDCS-induced 
vasodilation and hence is not a safety issue [72].

In relation to safety aspects, no structural dam-
age of brain tissue as examined with diffusion- 
weighted and contrast-enhanced MRI [73] or 
neural damage as assessed using neuron- specific 
enolase [73, 74]have been reported using the 
modern protocols introduced by Nitsche and col-
leagues. Nevertheless, caution should be taken to 
systematically assess safety when using protocols 
with stimulation settings beyond those typically 
used in modern research studies (e.g., higher cur-
rent intensities), including those involving pro-
longed multisession treatment in clinical settings. 
To date only one seizure, which potentially may 
be attributed to tDCS, has been reported since 
the introduction of modern tDCS protocols. This 
occurred when repeated tDCS sessions in com-
bination with administration of escitalopram was 
given to a 4-year-old boy who had a prior history 
of epileptic activity and a recent adjustment to his 
antiepileptic medication regime [75]. This report 
thus further highlights the importance for careful 
patient screening and monitoring, as well as titra-
tion with the use of both novel tDCS protocols 
and established protocols used in different clini-
cal populations.

Another potentially relevant aspect to safety 
is the application of tDCS using an extracephalic 
reference electrode based on adverse side effects 
reported in an early study [76]. Computer mod-
eling of the use of an extracephalic electrode 
placed upon the shoulder suggests that cardiac 
or brainstem activities should not be affected 
[77, 78]. Data in healthy subjects suggests that 
using an extracephalic electrode reference does 
not modulate brainstem autonomic activity [79]. 
Notwithstanding, this assumption does not neces-

sarily apply for any tDCS protocol, independent 
from current intensity, and stimulation duration, 
and without regard for inclusion/exclusion cri-
teria. Hence, careful patient monitoring to dem-
onstrate safety is recommended particularly for 
novel protocols.

The most immediate safety risk for tDCS is 
the potential for skin lesions or burns follow-
ing repeated treatments [30, 80]. Risk to sub-
jects, however, can be substantially ameliorated 
through the implementation of several previously 
outlined recommendations [81, 82]. (1) Subjects 
should be screened for skin disease, irritation, or 
lesions underneath where the electrodes will be 
placed to minimize focalization of current den-
sity. Skin should also be checked prior to every 
tDCS administration. (2) A single-use sponge 
should be placed between the electrode and the 
scalp, as repeated use of sponges may lead to the 
build-up of substances, which could cause elec-
trochemical reactions [80]. (3) Sponges should 
be evenly saturated with contact medium (e.g., 
saline) so that no dry portion of the sponge is in 
contact with the skin. If using electrolyte cream 
directly on an electrode, the thickness of the 
cream application should be consistent (~5 mm) 
and should cover the electrode completely, pre-
venting direct contact of the electrode with the 
skin [82]. (4) Care should be taken to ensure 
adequate and even contact of the electrode skin 
interface is achieved. (5) Finally, standardized 
monitoring of patient comfort (e.g., discomfort/
pain during stimulation) and side effects follow-
ing stimulation should be implemented [81, 83], 
to regularly assess subjects’ skin condition and 
risk for burns.

14.9  Monitoring Functional 
Effects of tDCS

There are several possible approaches to moni-
toring the functional effects of tDCS. Effects on 
motor cortex plasticity and motor cortex excit-
ability, for example, are typically examined 
through experimental designs which involve 
firstly determining the motor cortex hotspot for 
a targeted muscle (e.g., first dorsal interosseous) 
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using single pulse TMS, obtaining a measure of 
baseline excitability, and then measuring physi-
ological changes following tDCS stimulation 
[74, 84]. Another commonly used approach is to 
examine cognitive effects either during or follow-
ing tDCS administration (for review, see [85]).

Increasingly, investigators are additionally 
employing neuroimaging tools (e.g., EEG and 
fMRI) to further explore functional effects. 
EEG, while lacking the spatial resolution of 
other techniques, has the advantage of allowing 
for enhanced temporal resolution for assessing 
tDCS-related functional effects. EEG measures 
voltage fluctuations resulting from ionic current 
flow via scalp recorded activity and thus is useful 
for elucidating changes in processing over time 
within specific regions or across circuits [24]. 
Similar to the assessment of functional cogni-
tive changes, functional effects can be measured 
“online” or “offline” following stimulation. Both 
methods, however, are associated with meth-
odological challenges. Firstly, the tDCS elec-
trodes will need to be integrated together with 
the EEG electrodes, so as to avoid both types of 
electrodes being in direct contact and potential 
bridging between tDCS and nearby EEG elec-
trodes via spreading of the conductive medium. 
The latter can be potentially avoided through the 
use of small-sized electrodes, similarly to those 
used with HD-tDCS [34]. Secondly, for “online” 
protocols, as tDCS involves the application of 
an electrical current and EEG directly measures 
very small electrical changes within the brain, 
there is the potential for direct interference from 
tDCS.  This can thus result in saturation of an 
EEG recording amplifier that does not have suf-
ficient range. Artifacts related to the tDCS device 
can also introduce external noise. Such effects 
may potentially be accounted for by the use of 
a phantom head so as to identify potential arti-
facts introduced by the tDCS device [86]. Recent 
research on the integration of tDCS and EEG has 
also evidenced that tDCS during EEG can pro-
duce local changes in skin impedance around the 
site of stimulation electrodes [87]. This, in turn, 
may significantly alter the amplitude of EEG 
data through improvement of impedance for the 
recording electrodes—which may be entirely 

unrelated to effects of tDCS on the brain and 
EEG signal therein. Continuous recording of 
impedance from recording electrodes may pro-
vide for methods to covary out artificial changes 
in impedance and recover interpretability of 
EEG data during tDCS.  In addition, prior work 
also demonstrates that recording electrodes are 
able to detect a significant and variable heartbeat 
artifact around the site of stimulation electrodes 
[87]. This artifact is presumably produced by 
changes in  local blood flow response under the 
stimulating electrodes and appears as a variable 
~1  Hz signal within EEG data. Filtration/pro-
cessing methods have been proposed as a pos-
sible method for addressing this artifact source. 
Nonetheless, EEG provides a promising method 
for integrated assessment of tDCS effects on the 
brain, but special considerations are required for 
production of interpretable data.

Functional effects may further be investigated 
using magnetic resonance imaging (MRI), which 
incorporates several methods including blood- 
oxygen- level-dependent (BOLD) fMRI [88, 89], 
arterial spin labeling [18], as well as proton and 
nonproton MR spectroscopy [90]. tDCS can be 
applied within the bore of the magnet, with the 
option of assessing effects either during “online” 
or “offline” stimulation, where subjects are 
removed from the scanner, have tDCS applied, 
and then are returned in the scanner. There are 
several methodological considerations in regards 
to the use of tDCS within the MR bore [91]. 
Firstly, due to the potential for premature drying 
out of the electrodes during concurrent scanning 
(which may last up to or over an hour), biocarbon 
electrodes should be attached to the participant 
using thick electrical conductance paste (e.g., 
Ten-20 paste), rather than saline soaked sponges 
or low viscosity electrode gel. Secondly, elec-
trodes should be marked with oil capsules, so 
their position can be checked on the resulting 
images. It is also very important that electrodes 
are not in contact with the head coil, or sound 
attenuating headphones, to prevent electrode dis-
placement and unexpected interactions between 
the stimulator and the scanner. Specially designed 
MRI-compatible (nonferrous or appropriately 
shielded) tDCS cables and electrodes passed 
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through the magnet suite waveguide and into 
the magnet bore are also necessary, with loops 
avoided and placed away from subjects to avoid 
the risk of eddy current induction and potential 
RF burns. Lastly, when analyzing data, consider-
ation should also be given to the potential warp-
ing of the magnetic field due to the introduction 
of tDCS resulting in false positive findings.

14.10  Concluding Remarks

In this chapter, we deliver guidance for techni-
cally sound application of tDCS.  Although the 
technique is seemingly simple and easy to apply, 
specific aspects must be taken into careful con-
sideration to perform reproducible application 
and obtain reliable results. In the absence of 
careful consideration for the topics covered in 
this chapter, it is difficult, if not impossible, to 
interpret study findings, and difficult to facilitate 
attempts to replicate prior findings. In addition 
to other available technical guides to tDCS [92], 
this chapter will arm researchers and clinicians 
new to tDCS with insight into methodological 
considerations necessary for consistent applica-
tion of tDCS in both clinical and research set-
tings. For experienced researchers, this chapter 
provides a critical review of methodological 
aspects of tDCS important for consideration in 
attempts to replicate existing effects in the lit-
erature and important for inclusion in reports of 
tDCS effects. In summary, with careful consid-
eration of the topics covered in this chapter, cli-
nicians and researchers should be well equipped 
to perform consistent and reproducible tDCS in 
clinical and research settings.
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15.1  Introduction

Since the introduction of tDCS in its modern form 
in the last two decades, it has been exponentially 
applied in humans for studying and modifying brain 
physiology that underlies cognition as well as for 
improving symptoms in clinical populations that 
suffer from plasticity-related symptoms/deficits. 
The number of currently available studies in chil-

dren and adolescents is still limited compared to 
adults and according to a review of tDCS studies 
conducted until 2015, less than 2% of subjects who 
underwent tDCS interventions were under 18 years 
of age [1]. In the last couple of years, however, 
tDCS has been increasingly used in children and 
adolescents, which warrants specific attention to 
its application in the developing population. What 
makes the use of tDCS worth further investigation 
in these populations is the developmental aspect of 
brain physiology. The brain undergoes pervasive 
neuronal changes during development. While this 
makes the brain more permeable to neuroplastic 
changes and thus could be potentially an advanta-
geous feature especially in clinical pediatric popu-
lations, it raises safety and ethical considerations 
concerning stimulation dosage.

Standard and safe application of tDCS in 
the developing population, especially children 
and adolescents, requires a comprehensive and 
updated overview of the currently available stud-
ies. In this chapter, we attempt to approach this 
by first providing a conceptual overview of the 
underlying physiological mechanisms of tDCS 
effects on the brain, considering developmental 
aspects. Next and in the major section of this 
chapter, we discuss the findings of tDCS studies 
conducted to date in child and adolescent psychi-
atric disorders in line with the DSM-5 organiza-
tional structure of disorders to internalizing and 
externalizing categories. Importantly, we also dis-
cuss tDCS stimulation parameters from a devel-
opmental perspective highlighting the need to 
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adapt stimulation protocols to the developmental 
age. In the final section of this chapter, we discuss 
other promising but understudied approaches of 
transcranial electrical stimulation that might be 
promising in the developing population. Safety 
aspects of tDCS use in children and adolescents 
are exclusively covered in Chap. 38 of this book.

15.2  Cortical Excitability 
and Neuroplasticity 
in the Developing Brain

Cortical excitability and neuroplasticity are two 
central concepts that have been increasingly men-
tioned in noninvasive brain stimulation (NIBS) 
research, including tDCS studies over the past 
two decades. The acute and longer-lasting effects 
induced by tDCS are linked to these concepts. 
Cortical excitability refers to responsiveness and 
response selectivity of cortical neurons to an 
input processed by the brain and is, therefore, a 
fundamental aspect of human brain functioning 
and cognition. Glutamate-mediated cortical facil-
itation and GABA-mediated cortical inhibition 
are major aspects of neuronal excitability and 
thereby synaptic plasticity [2, 3]. Neuroplasticity 
is an intrinsic property of the nervous system 
that allows an individual to adapt to a changing 
environment through strengthening, weaken-
ing, pruning, or adding of synaptic connections. 
The latter is specifically important for learning 
and memory formation, including during devel-
opment [4, 5]. The therapeutic effects of NIBS 
techniques, including tDCS, rely on these basic 
physiological mechanisms of the human brain 
[6, 7] whose functionality differs across devel-
opmental stages [8]. It is, therefore, essential to 
understand these mechanisms in the developing 
brain and design and adapt stimulation protocols 
in children and adolescents accordingly.

Our knowledge about cortical excitability 
and neuroplasticity in the developing brain 
mostly comes from preclinical research in ani-
mal models and a limited number of physiolog-
ical studies in children. Physiological studies 
in immature rodent brains show that N-methyl-
d-aspartate (NMDA) and alpha-amino-3-hy-
droxy-5-methylisoxazole-4-propionic acid 
(AMPA) receptors, which are important units 

for brain neuroplasticity, and involved in tDCS 
effects [9, 10], are more sensitive in early 
development, enhancing the effects of excit-
atory neurotransmitters (e.g., glutamate) in the 
developing brain [11, 12]. This developmental 
overweight of cortical excitation can make the 
immature brain vulnerable to NMDA receptor 
overstimulation [11] and can affect the brain 
potential for neuroplasticity induction as well. 
Cortical excitability in the brain depends on the 
balance between both excitatory and inhibitory 
processes. GABA is the major inhibitory neu-
rotransmitter in the brain and involved in the 
observed tDCS after-effects too [6, 13]. The 
GABAergic inhibitory system reaches its full 
functionality in the adult brain and is normally 
compromised in the developing brain [14, 15]. 
TMS studies in children, in this line, show a 
low level of GABA-mediated intracortical inhi-
bition in the motor cortex [16].

Neuroplasticity of the brain depends on long- 
term potentiation (LTP) and long-term depres-
sion (LTD) of synaptic strength, which can be 
induced by tDCS [7]. Synaptic plasticity in the 
developing brain has a heterogeneous pattern, 
but in general, it seems more malleable than the 
adult brain. For example, synapses are produced 
at a rapid rate in the postnatal period, which 
provides an excess of synapses to be selected 
by external demands of the environment, and 
reach a density that is twice of that of the adult 
brain by the age of 2 years, and then is reduced 
to the adult level until early adolescence [8]. 
This enhanced plasticity in the developing brain 
allows it to be influenced more strongly by envi-
ronmental experience and external modulation 
[8, 17]. Synaptic LTP- and LTD-like plastic-
ity have not been studied systematically across 
pediatric ages in humans, but preclinical ani-
mal studies deliver valuable information. It has 
been shown that LTP and LTD are age depen-
dent [18], but the results of available studies are 
somewhat heterogeneous. It has been reported 
that LTP induction is facilitated in the visual 
cortex and hippocampus of adult mice, com-
pared to 4–5-week mice (4–11 years in humans) 
[19]. In contrast, hippocampal LTD induction 
was shown to be enhanced and requires a lower 
threshold in immature rats compared to older 
ones [20]. While these studies compared LTP/
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LTD in immature versus adult animal brains in 
general, there are critical or “sensitive” periods 
during development of the brain, in which both 
LTP and LTD induction are facilitated [21, 22]. 
These critical developmental changes of neu-
roplastic responses in the developing brain are 
in line with the observation that the develop-
ing brain is characterized by periods, where the 
effects of interventions affecting the brain are 
unusually strong [23] and thus should be con-
sidered in stimulation protocols aimed to affect 
the developing brain.

In sum, cortical excitability, and its underly-
ing neurotransmitter systems (glutamate-related 
facilitation, GABAergic-related inhibition), 
which are fundamental aspects of behavior and 
cognition, differ in the developing, as compared 
to the adult brain. Findings from animal studies 
suggest that the brain is prone to higher facili-
tation and lower inhibition in the developing 
period [14]. Furthermore, induction of neuro-
plasticity (LTP/LTD), as another core mecha-
nism underlying learning and cognition, differs 
in the developing, as compared to the adult 
brain, and specific differences might depend on 
sensitive periods of the developing brain. The 
effects of tDCS on behavior and cognition are 
achieved via its modulatory effects on corti-
cal excitability and neuroplasticity, and these 
developmental differences in brain physiology 
can affect tDCS effects. It is therefore important 
to consider that stimulation parameters from 
adult studies cannot be transferred one to one 
to children and adolescents. The amount of neu-
rophysiological studies (in both, animals, and 
humans) exploring neurophysiological aspects 
of tDCS effects in children and adolescents is 
still limited at present but required for the devel-
opment of safe and effective NIBS- based thera-
peutic interventions.

15.3  Physiology of tDCS—The 
Developmental Perspective

The potential of tDCS in effectively modulating 
a wide range of clinical and cognitive symptoms 
and functions depends on its underlying physi-
ological mechanism, the modulation of cortical 

excitability. Modulation of cortical excitabil-
ity with tDCS can induce both primary acute 
effects and secondary longer-lasting neoplas-
tic effects. The primary effects of tDCS dur-
ing stimulation are polarity-dependent shifts 
in the resting membrane potential of neurons 
[24]. In standard protocols, anodal stimulation 
is assumed to induce its excitability-enhancing 
effects due to depolarization of the membrane 
potential of the soma and basal dendrite of 
respective neurons, while cathodal stimulation, 
which generates a negative current flow point-
ing outward from the cortex, results in an inhibi-
tory effect due to hyperpolarization respective 
neuronal compartments [25]. Acute effects of 
tDCS have been confirmed in both animal [26] 
and human studies where polarity- dependent 
changes of cortical excitability are monitored 
via motor-evoked potentials (MEPs) gener-
ated by transcranial magnetic stimulation [24, 
27]. Pharmacological studies further confirmed 
that these acute effects of tDCS are likely the 
result of membrane potential polarization, since 
administration of voltage-dependent calcium 
and sodium channel blockers abolished anodal 
tDCS-induced excitability changes, while mod-
ulation of NMDA and GABA receptor activity 
was without effects [9].

The primary effects of tDCS can turn into 
longer-lasting neuroplastic effects in the central 
nervous system if the stimulation duration is suf-
ficiently long [28–30]. Physiological studies in 
humans based on the motor cortex model have 
shown that tDCS can induce after-effects in the 
range of early-phase LTP- and LTD-like plastic-
ity (after-effects lasting for 60–90 min following 
stimulation) [29, 30]. Pharmacological studies 
revealed an abolishment of these after-effects 
by NMDA receptor block, and a prolongation 
of LTP-like plasticity induced by anodal tDCS 
under an NMDA receptor agonist, suggesting 
that these after-effects depend on the glutamater-
gic system [10, 31]. GABA is another major neu-
rotransmitter relevant for plasticity which is also 
involved in tDCS-induced plasticity. Results of a 
magnetic resonance spectroscopy (MRS) study 
showed that GABA is reduced by anodal and 
cathodal tDCS, which might gate glutamatergic 
plasticity [32].
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Taken together, the modulatory effect of 
tDCS on cortical excitability and plasticity, 
which is the suggested mechanism for its pro-
cognitive and symptom-improving effects, 
depends on a complex interaction of glutamate-
related cortical facilitation, GABA-dependent 
cortical inhibition, and LTP/D-like plasticity. 
Importantly, the activity of respective transmit-
ters and receptors differ in developing and adult 
brains. The concentration of synaptic glutamate 
concentration, calcium influx, and AMPA recep-
tor permeability is higher in the immature rat 
brain, implicating that the brain is overexcitable 
in the developmental stage as compared to the 
adult brain [14]. Furthermore, the concentration 
of GABA and its tDCS- dependent modulation 
in the developing brain might differ from the 
adult brain. A recent tDCS study using MRS in 
children showed that neither conventional nor 
high-definition (using a smaller electrode size) 
stimulation protocols changed GABA concen-
tration in the sensorimotor cortex after 5 con-
secutive days anodal tDCS over the right motor 
cortex applied concurrently with a motor task 
[33]. Although in this study the concentration 
of GABA was not examined during stimulation, 
which could at least partially explain the dif-
ferent results, as compared to a related study in 
humans (see above), the observed effect could 
also be related to the delayed maturation of the 
GABAergic system in the developing brain [14]. 
These physiological differences between adult 
and developing brains highlights (1) the need 
for further investigations of acute and neuro-
plastic effects of tDCS on the developing brain 
physiology, and (2) the importance to systemati-
cally explore the specific impact of stimulation 
parameters on tDCS after-effects, which may 
not be directly transferrable from adult studies. 
In this respect, physiological studies in children 
have shown a “paradoxical excitatory” effect of 
cathodal stimulation with 1 mA on MEP ampli-
tudes, which was associated with a suppressed 
inhibitory TMS-EEG-generated N100 amplitude 
component [34, 35]. These results differ from the 
typical MEP changes in adults following identi-

cal protocols. Interestingly, cathodal tDCS with 
0.5 mA intensity, which has no effects in adults 
[36], resulted in LTD-like effects in the same 
group of children, suggesting that stimulation 
parameter-dependent tDCS effects differ in chil-
dren compared to adults. This topic is discussed 
in more detail from a developmental perspective 
later in this chapter.

15.4  Overview of tDCS Studies 
in Child and Adolescent 
Psychiatry

In this section, we provide an overview of the 
available tDCS studies conducted in child and 
adolescent psychiatric populations to date. We 
present the disorders in two broad categories of 
“neuropsychiatric disorders” and “neurodevelop-
mental disorders.” For each category, we discuss 
the disorders according to the new organizational 
structure introduced in the latest version of the 
Diagnostic and Statistical Manual of Mental 
Disorders (DMS-5), which is based on a model 
of internalization-externalization [37] that has 
gained increasing support over the last years [38].

15.4.1  Child and Adolescent 
Neuropsychiatric Disorders

According to the DSM-5 organizational struc-
ture, psychiatric disorders of children and 
adolescents are organized in the internalization-
externalization structure. Internalizing disor-
ders include schizophrenia spectrum disorders, 
mood disorders, anxiety disorders, obsessive-
compulsive and related disorders, trauma, and 
stress-related disorders, and feeding and eating 
disorders. Externalizing disorders include dis-
ruptive, impulse control, and conduct disorders. 
Here we provide an overview of those disor-
ders that have been examined with tDCS inter-
ventions in child and adolescent populations 
so far and summarize details of each study in 
Table 15.1. We limited the scope of this section 
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to neuropsychiatric disorders; neurological disor-
ders and intellectual disabilities are not covered.

 Internalizing Disorders

Schizophrenia Spectrum
Schizophrenia is one of the widely targeted neu-
ropsychiatric populations in tDCS studies in the 
adult population. Due to the executive dysfunc-
tions and frontal-prefrontal abnormalities in the 
pathophysiology of schizophrenia, tDCS has 
been applied in schizophrenic patients [39, 40]. 
In childhood-onset schizophrenia, however, only 
a very limited number of studies is available. In 
the only available tDCS study in childhood-onset 
schizophrenia, 12 children underwent repeated 
2  mA of anodal tDCS (10 sessions, 20  min) 
(see Table  15.1) [41]. The study was designed 
to examine safety and tolerability of tDCS in the 
clinical pediatric population. No clinical/symp-
tomatic decompensation or worsening of psy-
chotic/cognitive symptoms were described due 
to tDCS.

In an animal study using a neurodevelopmen-
tal rodent model of schizophrenia, the efficacy of 
tDCS during adolescence for prevention of the 
development of positive symptoms and related 
neurobiological alterations of the disease was 
investigated [42]. This study showed that anodal 
tDCS over the prefrontal cortex during adoles-
cence, prior to any overt schizophrenia-related 
behavioral abnormalities, successfully prevented 
the manifestation of sensorimotor gating deficits 
and abnormal rapid reversal. The results of this 
study provide supportive evidence for the appli-
cation of tDCS during adolescence for prevention 
of schizophrenia symptoms, given that the onset 
of the disease is typically in early adulthood [43].

Mood Disorders
No studies have been published about the use 
of tDCS in child and adolescent depression. 
However, at present an ongoing, randomized, 
sham-controlled tDCS study investigates whether 
tDCS targeting the dorsolateral prefrontal cortex 
(DLPFC) can enhance the therapeutic effect of 
mindful breathing training (MBT) in adolescent 
depression. This study also aims to investigate 
the connectivity between the DLPFC with the 

amygdala and default mode network (DMN) 
circuits via electroencephalographic (EEG) and 
magnetic resonance imaging (MRI) (clinicaltri-
als.gov, NCT03897699; no results posted at this 
time).

Although studies of tDCS in adolescent 
depression are lacking, tDCS- and NIBS-based 
interventions might be promising consider-
ing the pathophysiology of adolescent depres-
sion [44] and the promising results from adult 
depression studies [45, 46]. Current interven-
tions for adolescent depression (e.g., pharmaco-
therapy and psychotherapy) are not consistently 
effective [47, 48] with poor adherence [49, 50], 
which could be the case because these interven-
tions might not target the relevant pathophysi-
ology of adolescent depression in an ideal way 
[44]. Adolescent depression involves altered 
medial prefrontal cortical connectivity with brain 
regions involved in executive functioning, emo-
tion regulation, attention, and reward processing 
[51, 52]. Accordingly, tDCS as a neuromodula-
tory intervention might be used to modulate and/
or balance cortical activity in these regions and 
thus develop as a novel intervention for adoles-
cent depression.

Eating Disorders
Only one tDCS study in adolescents is available 
for the treatment of anorexia nervosa. In this open-
label study, 7 patients were recruited, including 4 
adolescents, and patients received anodal tDCS 
(2 mA) for 25 minutes over the left dorsolateral 
prefrontal cortex once daily for 10  days [53]. 
TDCS significantly improved scores of Eating 
attitudes and behavior in 6 patients and the Beck 
Depression Inventory scores in all patients. Due 
to the very limited number of patients, and study 
design, these results should be interpreted with 
caution and warrant further investigation.

Anxiety Disorders, Obsessive-Compulsive 
and Related Disorders, Trauma, and Stress- 
Related Disorders
Recently, a case report was published about 
application of tDCS in two adolescent twins 
diagnosed with multiple neurodevelopmental 
disorders (autism, ADHD), anxiety states, and 
compulsive symptoms with an additional OCD 
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diagnosis in one of the twins. The authors inves-
tigated the impact of 10 sessions anodal tDCS 
over the right inferior frontal gyrus paired with 
cognitive training on compulsivity in a double- 
blind, between-subject, sham-controlled design 
(Table 15.1) [54]. One twin received ten sessions 
of active (1  mA) tDCS paired with cognitive 
training tasks over 1 week and the second twin 
received sham stimulation combined with the 
same tasks. Compulsive symptoms (measured by 
parent report, but not clinician-rated impulsivity) 
decreased in the twin that received active tDCS, 
and a significant reduction of OCD symptoms 
was observed as well. These preliminary findings 
suggest that tDCS might be useful for the treat-
ment of compulsive symptoms in adolescents. 
Beyond this case report, no studies of tDCS in 
children and adolescents with OCD, anxiety, 
and stress-related disorders are available so far. 
Functional imaging studies on pediatric OCD 
patients indicate altered functional activation of 
affective and cognitive cortico-striatal-thalamic 
(CST) circuits, similar to those reported for adult 
OCD patients [55], which could be relevant tar-
gets for tDCS studies. Moreover, a recent system-
atic review showed that patients with early-onset 
OCD may not respond well to pharmacological 
interventions [56], indicating the need for alter-
native therapeutic approaches. Similar cortical 
regions (prefrontal and cingulate cortices), sub-
cortical areas (e.g., amygdala), and brain net-
works (e.g., default mode, executive control, and 
salience networks), though with different activa-
tion patterns, are involved in the pathophysiology 
of anxiety and trauma-related disorders in both 
adults and children/adolescent populations [57, 
58]. Based on promising results of NIBS applica-
tion in these disorders in the adult population [59, 
60], tDCS over respective target areas could be a 
promising intervention also in child and adoles-
cent populations.

 Externalizing Disorders

Disruptive, Impulse-Control, and Conduct 
Disorders
Disruptive, impulse-control, and conduct dis-
orders include oppositional defiant disorder 
(ODD), conduct disorder (CD), pyromania, and 

alcohol- related and other substance use disorders 
(SUDs) according to the DSM-5 new classifica-
tion [61]. So far, only one case study is avail-
able which reports positive effects of repeated 
anodal tDCS over the left DLPFC concurrent 
with mindfulness- based prevention treatment on 
smoking cessation in an 18-year-old adolescent 
[62]. The clinical assessment showed reduced 
nicotine dependence, aggression and stress, 
subjective craving, and cigarette consumption 
after the treatment for up to a 3-month follow-
up (Table 15.1). Besides this case report, which 
leaves the question open if tDCS, the mindful-
ness training, or a combination of both interven-
tions caused the clinical effects, no tDCS studies 
have been published in these disorders in children 
and adolescent populations, which is surprising. 
A high comorbidity rate, as well as shared brain 
activity alterations, are present in ODD/CD and 
attention-deficit hyperactive disorder (ADHD) 
[63, 64], which is the most- studied disorder of 
children and adolescents with respect to tDCS 
intervention [65, 66]. Furthermore, recent find-
ings of functional neuroimaging studies show that 
these disorders show similar alterations of brain 
physiology that might benefit from neuromodu-
lation interventions. Alterations of four major 
neurocognitive systems have been described 
in individuals with conduct problems (i.e., CD, 
ODD, SUD, or antisocial/impulsive behavior), 
including empathy (medial PFC, temporoparietal 
junction), acute response to stress and distress 
(amygdala, VMPFC), reinforcement- based deci-
sion-making, and response inhibition (prefrontal 
and cingulate cortices, inferior frontal gyrus) sys-
tems [67]. Application of tDCS over respective 
areas might thus be promising in these disorders 
but remains to be explored.

15.4.2  Neurodevelopmental 
Disorders

 Internalizing Neurodevelopmental 
Disorders

Language and Learning Disorders
Most of the tDCS studies on learning disorders 
focus on dyslexia (7 of 10 studies). In the first 
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study conducted on dyslexia [68], the effect of 
single-session tDCS (1 mA, 20 min) was investi-
gated on reading and reading-related skills of 19 
children and adolescents. The authors compared 
the effects of three stimulation protocols (left 
anodal/right cathodal, right anodal/left cathodal, 
and sham stimulation) over the parietotemporal 
region (in the midway between P7/8 and TP7/8) 
in counterbalanced order, with a 24-hour or larger 
interval between sessions. They found a polarity- 
dependent effect of tDCS.  Reading accuracy 
improved after left anodal/right cathodal stimu-
lation (compared with baseline, sham, and right 
anodal/left cathodal tDCS), and errors increased 
after right anodal/left cathodal stimulation (com-
pared with baseline, sham, and left anodal and 
right cathodal stimulation).

The next study was an extension of the pre-
vious one. In this study, the effect of repeated 
stimulation on enhancing reading abilities of 
children and adolescents with dyslexia was 
investigated [69]. 18 children and adolescents 
(aged 10–17  years) with dyslexia underwent 
18 sessions of tDCS (3 sessions per week over 
6  weeks) with the same protocol that yielded 
an performance- improving effect in the previ-
ous study (1 mA, 20 min, left anodal/right cath-
odal), and concurrent with cognitive training. 
The outcome measures for reading abilities were 
accuracy and speed in reading aloud low- and 
high-frequency word and nonword stimuli. The 
results show reduced low-frequency word read-
ing errors and improved nonword reading time 
(speed) in the active tDCS groups, as compared 
to sham stimulation. These positive effects were 
stable for at least 1 month after the end of inter-
vention. Using the same tDCS parameters, the 
same researchers investigated the long-lasting 
effects of the intervention in 26 children and 
adolescents with dyslexia (aged 10–17 years) in 
a double-blind, sham-controlled trial [70]. They 
replicated the findings of the previous study for a 
6-month follow-up.

Another tDCS study investigated the impact 
of 5 consecutive once-daily sessions of 2  mA 
anodal tDCS on reading skills of 12 children 
and adolescents with dyslexia (12.5 years ±3.18, 
8–17  years age range) [71]. In this study, the 

anodal electrode was placed over the left supe-
rior temporal gyrus (between T3 and T5) and 
the cathode was placed over the contralateral 
supraorbital area (5 × 7 cm2). The finding from 
this study shows a significant increase in cor-
rect responses for nonword and word reading 
after transcranial direct current stimulation. 
Importantly, this was an open-label study with-
out sham condition. Another study conducted in 
dyslexia investigated the effect of single- session 
tDCS (1 mA, 20 min) on auditory processing and 
its electrophysiological correlates in 17 children 
and adolescents (10.35 years ±1.36, 9–12 years 
age range) [72]. tDCS conditions were (1) anodal 
left/cathodal right superior temporal gyrus, (2) 
anodal left superior temporal gyrus/cathodal 
right shoulder, and (3) sham tDCS. Both active 
protocols significantly improved temporal infor-
mation processing and its electrophysiological 
correlates (larger P1, P2, N1 components) in this 
patient population. Two recently published stud-
ies in 2021 also confirm improving effects of 
anodal tDCS over the left temporoparietal region 
[73] and left DLPFC [74] on both reading abili-
ties and neuropsychological functioning (e.g., 
working memory, attention) of children with dys-
lexia (see Table 15.1).

In addition to dyslexia, a very limited number 
of studies conducted in children with other learn-
ing disabilities is available. A recent study com-
pared the efficacy of tDCS and cognitive training 
to improve sustained attention in 45 children with 
specific learning disorders. The tDCS groups 
(N = 15) received 10 daily secessions of anodal 
tDCS over the left DLPFC (1.5 mA, 20 min) [75] 
and showed significantly improved visual atten-
tion processing following the intervention, as 
compared to the control group. In another study, 
the effect of 10 sessions of anodal tDCS over the 
left DLPFC (1 mA, 10 min) was investigated with 
respect to its effect on working memory in 10 
children with dyscalculia (7–14 years old range) 
[76]. The active tDCS group showed improved 
working memory performance immediately fol-
lowing the intervention. No follow-up data are 
available for this study (Table 15.1).

In sum, available evidence suggests promising 
effects of tDCS in learning disorders, especially 
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developmental dyslexia. Nevertheless, random-
ized, clinical trials with long-term follow-up 
measurements are required to establish the clini-
cal efficacy of this intervention. Based on current 
evidence, improving visuospatial attention and 
modulation of neural oscillations are suggested 
as novel potential targets for remediation in dys-
lexia [77]. Finally, for other DSM-5-based neu-
rodevelopmental disorders of the internalizing 
spectrum (e.g., developmental arithmetic, intel-
lectual disabilities, social communication disor-
ders), tDCS has not been probed as a therapeutic 
intervention. These disorders have similar genetic 
risk factors, shared neural substrates, and similar 
clinical features as compared to syndromes in 
which an impact of tDCS has been shown [78], 
which encourages to explore tDCS as treatment 
option also in these disorders.

 Externalizing Neurodevelopmental 
Disorders
The neurodevelopmental disorders most fre-
quently studied with tDCS so far belong to the 
externalizing group according to the DSM-5 clas-
sification. Externalizing neurodevelopmental dis-
orders include autism spectrum disorder (ASD), 
attention-deficit/hyperactivity disorder (ADHD), 
Tourette’s and tic disorders, and developmental 
coordination disorder (DCD) [61]. ADHD is the 
most studied neurodevelopmental disorder with 
a rapidly increasing number of studies in the last 
couple of years [65, 66], and ASD is the second 
most studied neurodevelopmental disorder [79]. 
In contrast, there are very few or no published 
tDCS studies in Tourette’s and tic disorders and 
DCD in child and adolescent populations. Details 
of the tDCS studies conducted in ADHD and 
ASD are summarized in Table 15.1. In what fol-
lows, we briefly discuss recent tDCS findings and 
potential applications of this technique in these 
disorders.

Autism Spectrum Disorder (ASD)
ASD is characterized by deficits in social com-
munication (including verbal and nonverbal 
communication) and restricted, repetitive pat-
terns of behavior [80]. ASD affects 1 out of 68 
children in the USA, and <1% to 52% across 

outpatient and inpatient populations [81], impos-
ing a significant burden on families and society. 
Increasing evidence for atypical brain structure 
and function [82], imbalanced cortical facilita-
tion and inhibition [83], and impaired functional 
domains (e.g., language, social cognition, motor 
behavior) make NIBS a potential promising 
treatment strategy for this disorder. While appli-
cation of repetitive TMS (r-TMS) in ASD has 
shown promising results [84], tDCS has been 
less frequently explored so far, but early findings 
are also encouraging. A recent review of stud-
ies (N = 5) published in 2018 suggests a poten-
tial usefulness of tDCS for treatment of ASD in 
children and adolescents, although evidence is 
sparse and studies have heterogeneous quality 
[79]. More studies became available during the 
last 2  years. We identified ten reports of tDCS 
application in children and adolescents with 
ASD up to May 2021, spanning from case reports 
and open-label trials to single- and double-blind 
randomized- controlled trials. Details of these 
reports are summarized in Table  15.1. Anodal 
tDCS over the left DLPFC (in 6 out of 10 studies) 
[85–90] and cathodal stimulation over the same 
region (in 2 out of 10 studies) [91, 92] are the 
most often applied protocols in ASD. Two recent 
studies also report improving effect of fronto-
cerebellar tDCS on behavioral symptoms [87] 
and anodal stimulation over the primary motor 
cortex on motor skill training in children with 
ASD [93]. A recent tDCS study has also reported 
promising effect of tDCS over the right tempo-
roparietal junction on improving theory of mind 
abilities in children with ASD [94]. All of these 
studies reported an improving effect of tDCS, 
and repeated daily sessions resulted in improved 
behavioral and social functioning for up to 1 
[85] and 6  months [91] after the intervention. 
Hadoush et  al. (2020) conducted a study in 50 
children with ASD, the largest sample reported 
thus far, in a double-blind, parallel-group design 
and found a significant improving effect of 
bilateral anodal stimulation over the DLPFC on 
overall behavioral symptoms. A novel aspect of 
this study was the application of bilateral anodal 
stimulation over both left and right DLPFC, with 
a 4x1 electrode arrangement.
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Polarity of stimulation (anodal vs. cathodal) 
of the respective target regions (e.g., left DLPFC) 
should be considered with respect to target symp-
toms, stimulation parameters (intensity, duration, 
and repetition rate), and the excitatory/inhibitory 
dysbalance in ASD. Cathodal stimulation of the 
left DLPFC was theoretically motivated to miti-
gate hyperactive behavior and restore inhibition 
[91, 92], while left DLPFC anodal stimulation 
was applied to compensate for left hemispheric 
hypoactivity. Nonetheless, the classical concept 
of anodal-excitatory/cathodal-inhibitory has 
been questioned by recent studies on the human 
motor cortex in both adults [95] and children. 
In this line, it has been shown that 1 mA cath-
odal stimulation, like 1 mA anodal stimulation, 
has an excitatory effect on motor cortical excit-
ability in children and adolescents [34, 35]. The 
beneficial effect of cathodal tDCS over the left 
DLPFC reported in autism studies should thus be 
interpreted carefully with respect to mechanisms 
of action, as these stimulation protocols might 
indeed have an excitability-enhancing effect. 
Because of increasing evidence for an involve-
ment of the cerebellum in autistic-like behavior 
[96], investigating the efficacy of cerebellar tDCS 
as a treatment option is worth to be investigated 
in the future. In conclusion, from a clinical stand-
point, future studies should investigate long-term 
effects of tDCS on ASD symptom reduction and 
optimize intervention protocols including stimu-
lation polarity and site in ASD patients.

ADHD
Since ADHD is fully covered in Chap. 28 of 
this handbook, here we only briefly discuss 
recent tDCS findings. ADHD is the disorder 
most- widely studied with respect to tDCS inter-
ventions in children and adolescents [66]. The 
hallmark symptoms of ADHD are inattention, 
hyperactivity/impulsivity [80], and executive 
dysfunctions [97, 98]. We found 14 tDCS studies 
conducted on ADHD patients in the developing 
age [99–111]. Cognitive deficits and executive 
dysfunctions were the primary targets in 11 of the 
studies, and one study specifically targeted clini-
cal core symptoms. Details of these studies are 
summarized in Table 15.1. Overall, the results of 
these studies suggest partially improving effects 

of tDCS on cognitive deficits (response inhibi-
tion, working memory, attention, cognitive flex-
ibility, reward processing) or clinical symptoms 
(e.g., inattention), but the clinical utility of tDCS 
in ADHD cannot yet be concluded and requires 
further investigation in larger sample sizes [65, 
66]. Left and right DLPFC were the most often 
targeted regions, and anodal tDCS—the most 
often applied protocol—showed promising 
results. The promising, yet preliminary, find-
ings of DLPFC tDCS in ADHD encourages the 
exploration of other stimulation parameters that 
might further enhance efficacy. Additional corti-
cal regions (e.g., lateral vs. medial PFC, inferior 
frontal gyrus) involved in the pathophysiology 
of ADHD and specific symptoms, stimulation 
parameters (e.g., intensity, duration, polarity, and 
electrode size), and types of symptoms/deficits 
are potential determinants of tDCS efficacy in 
ADHD to be explored in the future.

Tourette’s and Tic Disorders
The application of tDCS in children and ado-
lescents with Tourette’s and tic disorders is at a 
very early stage. The first publication was a case 
report that applied 10 daily sessions of cathodal 
tDCS over the pre-supplementary motor area 
(pre- SMA) in a 16-year-old boy with refrac-
tory and severe Tourette’s syndrome [112]. 
Both motor and vocal tics were improved with 
a 41% decrease in tic severity immediately after 
the intervention and 39% at the 3- and 6-month 
follow-ups. Dyke and coworkers [113] conducted 
the only available randomized sham-controlled 
study of tDCS in adolescents and young adults 
with Tourette’s syndrome. The sample included 
10 participants, and 6 of them were adolescents 
(21 years old or younger, age range = 16–20.5). In 
this cross-over study, the effects of tDCS on the 
occurrence of tics and motor cortical excitability 
were investigated. Tic occurrence and motor cor-
tex excitability were monitored before and after 
20 min of cathodal tDCS (1 mA) over the pre-
SMA. Tic impairment scores were significantly 
lower following cathodal tDCS compared to the 
sham stimulation, but motor cortical excitability 
(measured by single-pulse TMS of the motor cor-
tex) did not significantly change. These prelimi-
nary findings are encouraging for the application 
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of tDCS for the treatment of Tourette’s syndrome 
and tic disorders. Future randomized controlled 
trials are needed to support these conclusions.

Developmental Coordination Disorder 
(DCD)
DCD is a relatively underrecognized neurode-
velopmental disorder that affects 5–6% of all 
school- aged children [114]. It is characterized 
by poorly coordinated motor abilities and motor 
challenges during performing daily living tasks 
[80]. Neuroimaging findings show that the patho-
physiology of motor learning deficits in DCD is 
related to motor regions of the brain, including the 
 premotor and motor cortical regions, cerebellum, 
and basal ganglia as well as prefrontal regions 
such as the DLPFC and orbitofrontal cortex [115, 
116]. These findings, along with the promising 
effects of tDCS on motor learning, and other NIBS 
techniques on motor-related disorders, make tDCS 
an appealing option to modulate neural activity 
and augment motor learning in children with DCD 
[117]. No tDCS studies have been conducted how-
ever in DCD yet. There is an ongoing randomized, 
sham-controlled clinical trial in 30 children aged 
10 to 15 years with DCD (NCT03453983), which 
examines the effect of 1 mA anodal tDCS over the 
primary motor cortex on motor and sensorimotor 
functioning. The results from this study will give 
valuable information about the efficacy and prom-
ises of tDCS in DCD.

 Future Directions: Child 
and Adolescent Neuropsychiatric 
Disorders
There has been a significant increase in tDCS 
studies conducted in child and adolescent psy-
chiatric disorders since 2015. Overall, current 
research provides preliminary evidence that 
tDCS has therapeutic potential for the treatment 
of several disorders in children and adolescents. 
The distribution and frequency of disorders 
targeted by tDCS are quite heterogeneous, and 
some disorders have remained less or widely 
unexplored (Fig.  15.1). The number of tDCS 
studies in child/adolescent neuropsychiatric dis-
orders is considerably limited as compared to 
application of tDCS for treatment of neurode-
velopmental disorders in the same population. 
In light of recent evidence from large datasets 
that confirm the safety of tDCS in children 
and adolescents [118], substantial promise for 
research and clinical application in the adult 
population, and pathophysiological alterations 
of the brain in these diseases that are modifi-
able with neuromodulatory interventions, appli-
cation of this technique in child and adolescent 
psychiatric disorders appears to be promising. 
Lines of research needed to be addressed in 
future studies to establish tDCS as a clinical 
intervention are multifold. First, the literature 
lacks double-blind, sham- controlled trials that 
are required to improve the interpretation of the 

00% Mood disorders

00% Disruptive disorders

00% Conduct disorders

00% Developmental coordination disorder

00% Impulse control disordersTotal = 40

2.50%    Schizophrenia spectrum disorders
2.50%    Eating disorders
2.50%    Anxiety, OCD, trauma/stress-related disorders
25.00%  Language and learning disorders
25.00%  Autism spectrum disorders
35.00%  ADHD
5.00%    Tourette’s syndrome and Tic disorder
2.50%    Alcohol/substance use disorders

Fig. 15.1 Proportion of tDCS studies in child and adolescent psychiatry (updated April 2021)

M. A. Salehinejad et al.



303

current results. Secondly, the use of objective 
physiological measures (e.g., EEG correlates, 
neurophysiological parameters), complemen-
tary to primary behavioral measures, is needed 
to improve understanding of the underlying 
mechanism of effects. Finally, stimulation pro-
tocols should be adapted to the developmental 
aspects of pathophysiology, including specific 
activation patterns in the child and adolescent 
brain and adaptation of respective stimulation 
parameters (e.g., stimulation intensity, polar-
ity, duration, electrode size). We discuss this in 
detail in the next section.

15.5  Developmental Aspects 
of Stimulation Parameters

The acute and neuroplastic effects of tDCS 
depend on the stimulation protocol parameters, 
including stimulation polarity, intensity, dura-
tion, repetition rate, and interval. There are 
unique practical considerations about the appli-
cation of tDCS in the developing brain with 
respect to these parameters. It is believed that the 
developing brain in childhood and adolescence is 
more plastic than the adult brain especially in the 
critical periods of brain development [17, 119], 
and thus the effects of plasticity-inducing inter-
ventions might be stronger, especially during 
sensitive developmental periods [23]. Moreover, 
the smaller head size of children and adolescents 
likely results in a stronger electrical field, as com-
pared to adults [66, 120]. Adapting stimulation 
parameters to the developing brain is therefore 
essential in tDCS studies. But in order to adapt 
stimulation parameters, first, an understanding 
of stimulation parameters and mechanism of 
their impact on modulating brain physiology is 
needed. In this section, we briefly discuss devel-
opmental aspects of tDCS with a specific focus 
on the above-mentioned stimulation parameters.

The modulatory effect of tDCS on cortical 
excitability is polarity-specific, with anodal 
stimulation and cathodal stimulation increas-
ing and decreasing cortical excitability respec-
tively within certain parameters of stimulation. 
In recent years, however, nonlinear effects have 

been observed and replicated, especially for 
cathodal tDCS, and it was shown that the direc-
tion of plasticity is determined by parameters 
like stimulation duration, intensity, and repeti-
tion interval [121, 122] (for a brief review, see 
[123]). Previous studies in the adult population 
have shown a nonlinearity of tDCS-induced 
after-effects for cathodal tDCS depending on 
stimulation intensity. Specifically, a conver-
sion of excitability- diminishing after-effects of 
cathodal tDCS to excitability-enhancing after-
effects has been observed and replicated in 
adults when stimulation intensity was enhanced 
to 2 mA from 1 mA [95]. A similar conversion 
of the directionality of effects is observed in 
children where cathodal tDCS with 1 mA inten-
sity, which has excitability- diminishing effects 
in adults, had excitatory effects in children 
and adolescents and reduced cortical inhibi-
tion markers [34, 35]. This conversion of after-
effects should be considered, especially if an 
excitability-diminishing effect is expected from 
the intervention.

Regarding stimulation intensity, computational 
modeling of electrical current flow shows that the 
electrical field induced by the same stimulation 
intensity is different in a developing compared to 
an adult brain. In a recent study [66], it was shown 
that the required stimulation intensity to generate 
an electrical field comparable to that achieved in 
adults (2 mA, 0.8 V/m) is almost half in children 
(1 mA, 0.6 V/m), under otherwise identical condi-
tions (Fig. 15.2a, b). Previous computational stud-
ies had similar results and suggest that on average, 
children will be exposed to higher peak electrical 
fields for a given applied current intensity than 
adults [120]. Therefore, stimulation intensity might 
have to be adjusted in children, to achieve similar 
effects as in adults. In this line, higher stimulation 
intensities might modulate areas beyond the target 
electrode, with possibly nonintended effects on the 
tackled clinical symptoms. However, a reduction 
of stimulation intensity might not be warranted for 
all targets. It is possible that the stimulation inten-
sity that modulates surface-near cortical regions 
such as DLPFC might not be sufficient to reach 
deeper regions such as the inferior frontal gyrus 
[66]. A priori modeling of electrical current flow 
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induced by the target protocol might be helpful to 
solve this problem.

Electrode size is also an important aspect 
in this respect. A smaller electrode size has the 
principal advantage to generate the current den-
sity aimed for at the brain level with less cur-

rent intensity [124], and with higher focality, 
which is relevant for tDCS application in pedi-
atrics because of the smaller head size, as com-
pared to adults. The distance between electrodes 
should be sufficient to minimize current shunting 
through the skin, which requires attention espe-

anodal F3 - cathodal F4 – 2 mA
elctrode size 7 x 5 cm (adult)

anodal F3- cathodal Fp2 – 1 mA
elctrode size 5 x 5 cm (child)

anodal F3- cathodal Fp2 – 1 mA
elctrode size 5 x 7 cm (child)

anodal F3- cathodal Fp2 – 1 mA
elctrode size 5 x 5 cm (child)
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Fig.  15.2 Three- 
dimensional models of 
electrical current flow in 
the head induced by 
common stimulation 
montages with the head 
sizes of an adult (1 and 
2; the New York 
(ICBM-NY) head [128]) 
and a 9-year-old child (3 
and 4; open-source 
ABIDEII-OHSU child 
MR datasets). (Note: 
Pictures are adopted 
from Salehinejad et al. 
[66] with the permission 
of the publisher)
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cially if target regions are close. For example, the 
use of electrodes with 35 cm2 over frontal target 
regions (e.g., left DLPFC and right orbitofrontal 
area) does not in each case guarantee the required 
minimum distance between the electrodes and 
can result in an unintended high amount of cur-
rent shunting. Therefore, in these case, smaller 
electrodes are preferable. As shown in Fig. 15.2c, 
d, the current intensity of 2  mA with 35  cm2 
 electrode size results in an induced electrical 
field of ~0.7 V/m, while 1 mA with 252 cm elec-
trode size induces an electrical field of 0.6 V/m in 
the same target regions with the same electrode 
arrangement. In this respect, differences in elec-
trode shape can also result in differences in the 
distribution of the current across the surface area 
of the scalp, and in turn, different distribution of 
current throughout the brain [125], which needs 
to be considered.

In addition to stimulation intensity, param-
eters like stimulation duration, repetition rate, 
and repetition interval are other determinant 
factors for the direction and duration of tDCS 
after- effects so far not systematically addressed 
in children and adolescents. The efficacy of 
prolonged stimulation for improving efficacy 
of the intervention needs to be investigated in 
different cortical regions; however, similar to 
stimulation intensity, prolonged stimulation 
duration might induce nonlinear effects [28, 
126], which should be considered in children 
and adolescents as well. Repeated session tDCS 
approaches are reported to be safe [127] and 
are expected to lead to cumulative effects espe-
cially in clinical populations. In order to evalu-
ate the efficacy of tDCS in child and adolescent 
psychiatry, especially in disorders that have 
been addressed by previous tDCS studies (e.g., 
ADHD, ASD), trials with repeated stimula-
tion sessions are needed. In ADHD studies, the 
effects of repeated tDCS were explored in two 
studies [103, 106]. Similarly, in ASD, studies 
with multisession approaches reported improv-
ing effects of the intervention on autism symp-
toms [85–87, 91–93]. In learning disorders, 
studies with multisession approaches showed an 
improving effect of tDCS on reading abilities as 
well [68, 70, 71, 75]. The results of these studies 

suggest that indeed repeated tDCS is valuable to 
obtain clinically useful effects.

15.6  Other NIBS Approach 
in Child and Adolescent 
(tRNS, tACS)

While most of the transcranial electrical stimu-
lation studies have focused on tDCS, we would 
like to also highlight the potential of other NIBS 
approaches that are underused but could allow 
further exciting possibilities. tDCS delivers a 
direct current to the scalp. However, other meth-
ods that use alternating current, such as transcra-
nial alternating current stimulation (tACS) and 
random noise stimulation (tRNS), have been 
also used to modulate neural activity [129] with 
promising preliminary results in some neurode-
velopmental disorders [111].

In tACS, electrical current is alternated 
between electrodes, usually in a sinusoidal wave. 
The prevalent suggestion is that instead of altering 
neuronal excitability as in tDCS, tACS entrains 
neuronal firing from a large number of underly-
ing neurons to the exogenous frequency [130]. 
Neuronal entrainment is achieved by the applied 
current altering the transmembrane potential 
of the neurons. The polarization of the neurons 
reflects the current applied to it, leading to a sinu-
soidal fluctuation of the membrane potential. As 
this fluctuation is both frequency dependent and 
linearly proportional to the applied current, lower 
frequency stimulation induces larger polariza-
tion than higher frequencies [131]. The ability to 
entrain the neurons in a specific brain region to 
fire at a predetermined frequency can be attrac-
tive to alter pathophysiology that is associated 
with different psychiatric conditions. However, 
one of the caveats with tACS is that currently 
when it is applied during wakefulness, it does not 
show long-term effects beyond a couple of hours 
post stimulation.

Similar to tACS, also tRNS uses an alternat-
ing current. However, instead of stimulating at 
a fixed frequency throughout the stimulation 
period, tRNS alternates at a random frequency 
and amplitude within a specific range. The 
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frequency of stimulation used is normally dis-
tributed between 0.1 and 640 Hz [132], although 
it seems to be more effective at high frequency 
stimulation (101–640 Hz) [132, 133]. Similar to 
tACS, short durations of tRNS have also been 
shown to be effective in modulating behavior 
[134].

While the mechanisms behind tRNS are not 
clearly understood in humans, in the rat, periods 
of repetitive high frequency stimulation have 
been shown to cause inward sodium currents 
within the neuron as well as weak depolariza-
tion [135]. In humans, the excitability-enhancing 
effects of tRNS are significantly decreased by 
blocking voltage-gated sodium channels [136].

A dominant explanation for the effect of tRNS 
is based on stochastic resonance. Stochastic reso-
nance describes the phenomenon of introducing 
an appropriate level of random noise to enhance 
the output of subthreshold signals. With respect 
to tRNS, it suggests that the application of weak 
electric currents amounts to an introduction of 
neural noise [137]. Information processing at 
the neuronal level is sensitive to stochastic reso-
nance [138]. tRNS at different intensities over the 
visual cortex has been shown to lead to behav-
ioral changes in a manner that corresponds to an 
inverted-U function, a characteristic of stochastic 
resonance [139]. Alternatively, it was suggested 
that the mechanism of action of tRNS is based on 
repeated subthreshold stimulations, which may 
prevent homeostasis of the system and potentiate 
task-related neural activity [133].

Research using tRNS has shown long-lasting 
effects, similar to those observed with tDCS 
[140–143]. In addition, compared to other NIBS 
methods, such as tDCS and tACS, tRNS is the 
most comfortable intervention technique, which 
is also a key advantage for effective blinding (i.e., 
placebo/sham vs. active tRNS) [144] and appli-
cation in children [145]. tRNS is also polarity 
independent, so that both electrodes can induce 
excitatory effects [132]. In addition, tRNS is less 
sensitive to cortical folding than other stimula-
tion methods [132], reducing the impact of ana-
tomical variations between participants.

tRNS during 5-day executive functions train-
ing improved clinical outcomes in children with 

attention deficit hyperactivity disorder (ADHD), 
and this improvement was significant compared 
to the clinical symptoms reported before the 
intervention started. Moreover, tRNS yielded 
greater effect in comparison to the same dura-
tion of executive functions training coupled with 
tDCS [146]. This improvement was also asso-
ciated with improvement in working memory, 
which was part of the components in the execu-
tive functions training, and is one of the cognitive 
core deficits in ADHD [147].

To the best of our knowledge, tACS has not 
been used so far in minors with psychiatric 
disorders, although it has been used in minors 
with developmental learning difficulties [148]. 
In this study, the authors also used tRNS [148]. 
However, the efficacy of tACS and tRNS on task 
performance (phoneme categorization) differed 
as a function of age, with tACS at 40 Hz showing 
improvement for minors, while tRNS showing 
improvement for adults. These results highlight 
how a successful stimulation protocol in one age 
group might not have a straightforward extrapo-
lation to another age group.

While the application of non-tDCS methods 
is sparse as indicated by our chapter, we believe 
that further research into tDCS and non-tDCS 
methods and the comparison between differ-
ent methods is required. In addition, further 
understanding of the mechanisms behind these 
stimulation methods could contribute to better 
understanding and greater rationale of which 
methods should be applied in a given age group 
and psychiatric condition.

15.7  Conclusion

In this chapter, we first discussed the physiology 
of the developing brain especially with respect 
to the parameters that determine tDCS acute 
and neuroplastic after-effects. We then provided 
the most up-to-date findings of tDCS studies in 
child and adolescent psychiatric disorders, which 
remarkably increased since 2015. At the end 
of this chapter, we discussed the importance of 
adapting stimulation parameters in the develop-
ing population and provided an overview of other 
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tES techniques with promising use in children 
and adolescents. Taken together, current research 
provides preliminary evidence for the therapeutic 
potential of tDCS in several disorders in child-
hood and adolescence. However, we still have a 
long way ahead to establish tDCS-based inter-
ventions in the developing population.

But what should be the approach for future 
studies conducted in developing populations? The 
answer to this question is not easy at present, con-
sidering the lack of large-scale, sham- controlled 
studies, and translational studies covering the 
range from basic neurophysiology to application 
in cognitive-clinical neuroscience. However, some 
aspects relevant for future approaches should be 
highlighted. As with the NIBS studies in adult 
populations, the “one-size- fits-all” approach might 
not dominate future studies. Stimulation protocols 
applied in the most-studied neurodevelopmental 
disorders (e.g., ASD, ADHD) show that we need 
to develop symptom-specific stimulation proto-
cols that take disorder-specific conditions into 
account. In this line, interindividual variabilities 
should be also considered, in line with a “person-
alized” approach in NIBS research. This is even 
more important in the developing brain, which 
undergoes vast physiological changes. Adopting 
a personalized approach would allow us to pur-
posefully target deficits and symptoms and apply 
tDCS in individuals that will likely respond to the 
treatment.

The following lines of research are needed 
to be systematically explored in order to reach a 
clear and comprehensive picture of tDCS efficacy, 
safety, and application in child and adolescent psy-
chiatry in future: (1) preference for double-blind, 
sham-controlled trials, (2) systematic investiga-
tion of stimulation parameters in order to identify 
adaptive stimulation protocols, (3) conduction 
of multisession studies in tDCS applications 
which showed promising effects in single-session 
approaches for examining clinical relevance of 
these interventions, (4) longitudinal studies dedi-
cated to safety aspects of tDCS in children, (5) use 
of other NIBS techniques with potential effects in 
children and adolescents (e.g., tACS, tRNS), (6) 
and finally use of tDCS in those disorders that 
might respond to tDCS but remained unexplored 
so far, such as pediatric and early-onset psychosis, 

disruptive, impulse- control, and conduct disor-
ders, Tourette’s syndrome, anxiety and mood dis-
orders, and eating disorders.
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Transcranial Direct Current 
Stimulation in the Perinatal Period

Ana Ganho-Ávila, Raquel Guiomar, 
and Francisca Pacheco

16.1  Definition of Perinatal 
Mental Mood and Anxiety 
Disorders

Perinatal or peripartum mental illness encom-
passes all mental health disorders that are fre-
quent during pregnancy and/or up to 12 months 
after childbirth [1], from mild depression to psy-
chosis. Among the most common complications 
are the perinatal mood and anxiety disorders 
(PNMAD). These include, for example, anhedo-
nia, and major unipolar and bipolar depression 
(MDD and BD), panic disorder (PD), social anxi-
ety disorder (SAD), generalized anxiety disorder 
(GAD), obsessive compulsive disorder (OCD), 
and postpartum psychosis (PP), with a prevalence 
of 10–20% of women in the perinatal period [2]. 
While not all symptoms or clusters of symptoms 
reach mild-to-moderate levels, these are never-
theless experienced by women with significant 
impairment and distress in daily activities.

PNMAD affects the mother but also the 
antenatal and postnatal neurodevelopment. For 
example, antenatal depression increases the risk 
of delayed intrauterine growth, premature birth, 
and lower birth weight [3]. In the postpartum 
period, PNMAD clinically significant symptoms 
can lead to less effective, less sensitive, and less 
contingent serve-and-return interactions. The 
negative impact of PNMAD on mothers’ visual 
and verbal communication ultimately compro-
mises the quality of the mother-baby dyad bond-
ing, with deleterious consequences on the infant 
sleep, breastfeeding routine or feeding distur-
bances, avoidance behavior, difficulties in affect 
regulation, and failure to thrive [4]. In the long 
term, such consequences are associated with 
child avoidant attachment and decreased cogni-
tive, verbal, and social competencies [5].

Persistent sadness, anhedonia, lethargy, guilt, 
irritability, psychomotor agitation, and sleep, 
weight, and appetite disturbances are common 
manifestations of depression in the perinatal 
period [6]. Estimates of peripartum minor and 
major (non-psychotic) depression range between 
7% and 15% in high-income countries and 19% 
and 25% in low-income countries [7]. A meta- 
analysis across 56 countries showed that the 
global prevalence of depression during preg-
nancy can escalate as high as 38% [8].

The first months postpartum are particu-
larly vulnerable. Studies suggest that the high-
est incidence of depression in the peripartum 
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period occurs during pregnancy (33%) [9] or in 
the acute postpartum period (18.4% and 19.3%) 
[2, 10, 11]. For some authors, the most criti-
cal postpartum period can be extended to up to 
5 to 9 months after delivery [12–14]. However, 
27% of diagnosed depression in the peripartum 
period may have its onset earlier than pregnancy. 
Therefore, previous history of depression out of 
the peripartum period is a predictive factor for the 
future development of postnatal depression [11]. 
Of importance, the moment of onset of symp-
toms, symptoms severity, and the phenotype are 
the three core variables that currently support the 
literature on the existence of distinctive patterns 
of the disorder [10, 15].

Although peripartum depression shares phe-
nomenological similarities with major depres-
sion disorder [2], peripartum depression has two 
distinguishing features. Firstly, the comorbidity 
with anxiety-related symptoms [6, 16] in the peri-
partum period occurs approximately in 50–60% 
women during the first 12 months after delivery 
[16–19]. However, because depression and anxi-
ety share several transdiagnostic processes, such 
distinction is subtle. Secondly, the association 
between non- perinatal diagnosis of depression 
and anxiety with the experience of anxiety symp-
toms during childhood or adolescence is not fre-
quent in PNMAD [11].

The rate of formal diagnosis for anxiety disor-
ders during pregnancy is set to 6.6% [20], and the 
prevalence of anxiety symptoms without formal 
diagnosis in antenatal women is 15.6%, ranging 
from excessive worry to panic episodes [21]. A 
recent study confirmed previous data that sug-
gested anxiety to be more frequent than depres-
sion during pregnancy (35.3%) with a decreasing 
tendency toward the first week after birth and sta-
bilizing around 17.3% across the first year post-
partum [16, 22].

In contrast with the consensual distinctiveness 
between perinatal depression and non-perinatal 
depression, the field is unclear regarding whether 
former anxiety disorders differ from those with 
perinatal onset [23]. However, antenatal anxi-
ety is a clear risk factor for the development of 

postnatal depression and this association is inde-
pendent of the presence of depressive symptoms 
before delivery [17]. For in-depth review, we sug-
gest the systematic review and meta-analysis by 
Furtado and colleagues [23].

The third most common PNMAD is bipo-
lar depression with 14% of women seeking 
psychiatric support for the first time within 
the 30  days postpartum converting into bipo-
lar disorder within the following 15  years 
[24]. Additionally, according to Wisner and 
colleagues’ large-scale study, up to 22.6% of 
women screening positive in the Edinburgh 
Postnatal Depression Scale (EPDS) [25] were 
later diagnosed with bipolar disorder [11]. 
However, the prevalence of bipolar disorder 
might be even higher, because EPDS is not 
designed to screen bipolar depression as there 
are no items questioning for (hypo)maniac 
symptoms. Women diagnosed with bipolar 
disorder I or II are particularly vulnerable to 
experience a psychotic episode during the first 
months postpartum. The so-called puerperal or 
postpartum psychosis is described as a sudden 
maniac, severe depressive, or mixed episode, 
which includes delusional thoughts and/or hal-
lucinations, and is characterized by a rapid 
onset, usually immediately after delivery [26].

16.2  Transdiagnostic Mechanisms 
of Perinatal Mood 
and Anxiety Disorders: 
The Central Role 
of Rumination

Transdiagnostic mechanisms have been 
accounted as vulnerability factors for the devel-
opment of depression, anxiety, and psychotic 
disorders across the lifespan [27, 28]. Excessive 
worry or rumination, defined as repetitive think-
ing about negative self-relevant information [29], 
is one of such mechanisms that has been associ-
ated with increased severity of perinatal illness 
[30]. Moreover, anticipatory worry and rumina-
tion are suggested as predictors of delusion and 
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hallucinations which in turn exacerbate experi-
enced stress [31]. In the perinatal period, brood-
ing, in particular, seems to be associated with 
depression [32].

A common cognitive process that is denomi-
nator to the pervasiveness of ruminative think-
ing, worry, and obsessions across disorders is 
cognitive control—the capacity to adjust cogni-
tive and behavioral processes to current context 
demands [33]. Attention (e.g., attentional switch-
ing and attentional flexibility shifting), inhibitory 
control (e.g., overriding prepotent responses and 
thoughts), and working memory updating are 
especially relevant and present a bidirectional 
association with rumination and depression [34]. 
Whereas decreased attentional control leads to 
the inability to detach from persistent negative 
thoughts, increased attentional control leads to 
enhanced inhibition of prevailing thoughts, con-
tributing to increased cognitive flexibility and the 
effective implementation of emotion regulation 
strategies.

Impaired executive functioning associated 
to ruminative thinking negatively impacts not 
only women wellness and perception of self-
efficacy but also the uniqueness of the mother-
baby relationship, which during the first year of 
life strongly supports child neurodevelopment 
[35]. For example, anxiety symptoms may lead 
to intrusive interactions from the mother that are 
associated with infant protest behavior [36]. Such 
an asynchronous pattern of interaction with the 
baby is well described in the depression model of 
rumination and its effects on parenting behavior 
[34]. According to DeJong’s model, deficits in 
top-down cognitive control (e.g., impaired work-
ing memory and short-term memory and compro-
mised task switching) and bottom-up cognitive 
bias (e.g., memory bias to negative events, nega-
tive attention, and negative interpretation) can 
contribute to rumination and worry, which in turn 
may compromise accurate information process-
ing of baby cues, ultimately leading to ineffective 
parenting behaviors.

16.3  The Neural Underpinnings 
of Perinatal Mood 
and Anxiety Disorders

The maternal brain results from the interplay 
between environmental experiences and genetic 
expression, impacting a complex system that 
combines fluctuating reproductive hormones 
[37], the hypothalamic-pituitary-adrenal Axis 
(HPA) function [38], and the neuroimmune 
changes that occur during pregnancy and post-
partum [39]. This multifactorial system and 
its bidirectional associations with the maternal 
brain lead to altered morphology and function 
in particular brain regions directly and indirectly 
related to motherhood behaviors [40].

At the network level, the maternal brain refers 
to changes in overlapping regions that partici-
pate in the maternal caregiving network [41]. 
This network combines the motivational/reward 
system, the salience/fear system (SN), the dorsal 
attention network (DAN), the central executive 
network (CEN), the frontoparietal network (FP), 
the default-mode network (DMN), and regions 
responsible for social attachment and empathic 
and theory of mind driven behavior [41, 42].

Structural brain changes happening during the 
perinatal period have been found to be both hor-
monal and experience dependent. From the side 
of hormonal-driven changes, Carmona and col-
leagues found that the monthly rate of decreased 
gray matter volume observed during pregnancy 
is equivalent to that happening during adoles-
cence [43]. From the experience-dependent side, 
the brain specialization toward caregiving tasks 
increases in the postpartum period and corre-
sponds to the increase of the grey matter volume 
of some regions involved in motivation, somato-
sensory processing and executive functions [44].

The neural activity of the motivational and 
reward system involved in maternal grooming 
(e.g., the medial preoptic area, the bed nucleus 
of the stria terminalis, the ventral tegmental area, 
and the nucleus accumbens) is unsurprisingly 
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enhanced in the perinatal period [45]. Hence, 
the motivation network is closely interconnected 
with the executive system involved in planning 
(e.g., the dorsal striatum) and cognitive and 
 emotional regulation, overlapping with the SN 
(the amygdala, the hippocampus, and the pre-
frontal cortex) [40]. In fact, several studies have 
found an increased neuronal activity in the right 
amygdala, and in the middle frontal and inferior 
frontal gyrus, in postpartum vs non-postpartum 
women when processing emotional stimuli [46]. 
However, contrasting evidence suggests a gen-
eralized diminished activity of the ventrolateral 
prefrontal cortex characterizing the postpartum 
period [47], and a decreased spontaneous and 
task-based neural activity in the left posterior 
cingulate and in the prefrontal frontal region that 
seem to be unrelated with psychopathology [48, 
49]. In sum, such as any other period of enhanced 
brain plasticity, the abovementioned changes 
that prepare woman’s brains during pregnancy 
and support motherhood skills during the early 
postpartum period represent simultaneously a 
highly adaptive stage, but also an increased risk 
to develop perinatal mental illness.

So far, unipolar depression is the peripartum 
psychiatric disorder that has attracted the high-
est interest amongst the PNMAD.  Thus, most 
functional neuroimaging data available today 
concerns peripartum depression (PPD). fMRI 
studies found that women diagnosed with PPD, 
when compared to healthy controls, showed a 
decreased activity in the thalamus, the nucleus 
accumbens, the caudate, the anterior cingulate 
cortex, the amygdala, the hippocampus, the dor-
solateral prefrontal cortex, and the orbitofrontal 
areas [50, 51]. This altered activity is in turn asso-
ciated with reduced responsiveness of depressed 
mothers to their babies’ calls [51].

Enhanced anxiety in the perinatal period was 
found to be associated with decreased brain 
activity in regions of the reward system [52]. In 
fact, the dysfunctional reward system in postpar-
tum depressed women leads to the rapid habitu-
ation to reward and the unsustained activity of 
the ventral striatum compared to non-depressed 
postpartum women [53].

Resting state fMRI studies showed decreased 
homogeneity in frontal and temporal regions in 
women diagnosed with depression in the postpar-
tum when processing their own baby crying [54]. 
Another study found that depressive symptoms 
and anxiety-related cognitive processes were 
positively associated with an increased activity 
in the left medial prefrontal cortex [55], similar 
to the pattern that is typically found in depressed 
patients across the life span.

Cortical and corticolimbic connectivity, in 
particular the projections between the posterior 
cingulate and the amygdala, and the projec-
tions between the amygdala and the dorsolateral 
prefrontal cortex, are impaired in postpartum 
depression [50, 56]. These data show that, as 
happens with depression outside the peripartum 
period, the altered connectivity between the SN, 
the DMN, and the CEN may have a central role 
in depressive states of young mothers. Hence, 
this altered connectivity negatively impacts pro-
cesses of self-perception, and self-referential and 
emotional appraisal. For an in-depth review on 
the altered connectivity in PPD, we suggest the 
review by Duan and colleagues [57].

Particularly important to the complexity of 
the clinical decision and the potential of tDCS 
regarding the management of mood and anxi-
ety in the perinatal period are the distinctions 
between the depressed brain and the anxious 
brain, inside and outside the perinatal period. For 
example, the typical hyperactivity observed in the 
middle line and limbic regions that characterizes 
MDD is not always present in PND.  Similarly, 
the increased connectivity between the amygdala 
and the insula in response to emotional salient 
stimuli that is typically observed in generalized 
anxiety disorder (GAD) patients is not present 
in postpartum women that report anxiety-related 
symptoms [40].

In postpartum psychosis (PP) several brain 
dysfunctions have been presented as neural 
substrates candidates of the pathophysiological 
mechanisms associated with the development of 
the disorder. fMRI data shows that reduced vol-
ume in the anterior cingulate cortex (involved in 
decision-making and emotional regulation) [58], 
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along with reduced activity in the orbitofrontal 
cortex and altered ventricular/brain ratios and 
lesions in the corpus callosum [59, 60] may play 
a central role in the development of PP. However, 
data is disperse and further and updated research 
is needed to better understand the specificities of 
PP so that the most  adequate treatment alterna-
tives are chosen. For in-depth reading on the neu-
ral changes occurring in the postpartum period, 
we recommend the review by Pawluski and col-
leagues [40]. For an overall view of the neurobio-
logical underpinnings of postpartum depression 
we recommend the review by Payne and Maguire 
[41].

16.4  tDCS Applications 
in Perinatal Mood 
and Anxiety Disorders 
and Psychosis

Health interventions implemented to address the 
impact of PNMAD aim to improve the environ-
ment of the newborn, as well as mothers’ clini-
cal symptoms, boosting maternal self-efficacy 
and functional status in the peripartum period. 
Choosing for the most adequate treatment to 
symptoms of PNMAD depends on many fac-
tors, such as individual characteristics (e.g., the 
peripartum period, quality and severity of symp-
toms, the mother willingness to breastfeed, pre-
vious history of psychiatric disorders, previous 
successful and unsuccessful treatments and, of 
course, the women preferences). Furthermore, 
interventions designed to decrease psychiatric 
symptoms or aiming at improving sensitive and 
high-quality parental skills must observe the dis-
tinctive phenotypes of PNMAD [10].

For mild to moderate peripartum depression 
and mild to moderate anxiety disorders, psycho-
therapy is the most commonly recommended 
treatment and has been shown to be the women’s 
preference during pregnancy and after delivery 
[61] while frequently disregarded due to stigma 
[62]. For new depressive episodes and non-
severe cases, most guidelines consider cognitive 
behavioral therapy and interpersonal therapy 

as the preferred treatments [63]. However, the 
availability of psychotherapy across countries is 
limited due to the high cost per session and its 
non-universal accessibility in public health care 
services. Thus online or phone-based interven-
tions seem to be a promising alternative with 
evidence of efficacy being found across studies, 
particularly those applying CBT programs in the 
postpartum period [64].

Based on a reduced number of clinical trials 
conducted with small samples, overall clinicians 
suggest that antidepressants are safe to use in the 
peripartum period, particularly during pregnancy. 
So, it is common practice that, regardless the 
severity of symptoms, women are treated with 
medication [65, 66]. However, besides recent 
systematic reviews suggesting caution about the 
use of medication during pregnancy [67, 68], 
49% of medicated pregnant women show low 
adherence to pharmacotherapy (from antidepres-
sants to anxiolytics/sedatives and antipsychot-
ics) [69]. In the postpartum period, due to the 
absence of teratogenic effects, most guidelines 
encourage breastfeeding even when antidepres-
sant medication is used, being particularly favor-
able to sertraline due to its low levels found in 
breast milk [63]. Notwithstanding, adherence 
to antidepressants seems to be associated with 
lower rates of breastfeeding (although other fac-
tors such as mothers psychiatric illness and neo-
natal outcomes status may be involved as well) 
[70]. Additionally, in the postpartum period 
medication seems to present no extra benefit over 
psychotherapy as stand- alone or in combination 
[71]. Of interest, according to the latest available 
meta-analysis, the effect size of interventions 
(from distinctive modalities of psychotherapy to 
medication) is equivalent to what is found in gen-
eral depressive patients (g = 0.65) [72].

Of importance, psychotherapy alone is not 
recommended when symptoms of depression are 
severe [68] and although medication combined 
with psychotherapy could be more frequently 
suggested to women, evidence of its efficacy 
is scarce and outdated [72]. Electroconvulsive 
therapy is the third-line treatment for psychotic 
or treatment-resistant postpartum women, but 
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again, few studies fully confirm its evidence [73, 
74]. For an in-depth review on peripartum treat-
ments we recommend Nillni and colleagues’ 
publication [71].

The clinical decision about the most adequate 
treatment in PNMAD should be defined individu-
ally, according to women characteristics, the clin-
ical setting conditions, the best clinical  evidence, 
accessible treatments, and women preferences. 
Due to current limited options, new evidence-
based alternatives that support woman needs and 
values in the peripartum period and inform treat-
ment decisions are deemed necessary.

Given the negative impact of PPD, the lack of 
consensus concerning the use of pharmacother-
apy, the low adherence to treatment, and current 
knowledge about tDCS efficacy, tolerability and 
safety profile in MDD [75], the upscale of tDCS 
for the treatment of pre- and postnatal depression 
has been suggested [76].

tDCS has a subthreshold effect on neurons 
resting membrane potential, inducing depolar-
ization or hyperpolarization according to the 
direction of the current. The effects of longer 
and repeated stimulation sessions lead to local 
and distal neuroplastic changes [77]. Local tDCS 
effects target calcium-dependent synaptic plas-
ticity and distal effects alter the networks’ con-
nectivity, synchronicity, and oscillatory patterns 
[78]. tDCS applications to reduce depressive 
symptoms are aimed to counteract the hypoactiv-
ity of the FP network and the left sided hyperac-
tivity of the DMN. This pattern of brain activity 
is known to be associated with depressive symp-
toms [79], ruminative thinking, and negative 
bias, which are typically observed in PNMAD 
and to which we referred to in previous sections 
[57]. This pattern of brain activity is particularly 
associated with negative thoughts and self-refer-
encing processes, as well as with avoidance and 
withdrawal behaviors outside [80] or inside the 
perinatal period [40].

The antidepressant effect of tDCS is well 
described in the literature with studies showing 
superiority to placebo, and antidepressant effect 
comparable to medication and transcranial mag-
netic stimulation [81], leading to greater and 

faster response to treatment [82]. On the contrary, 
the anxiolytic effect of tDCS is far from con-
firmed, both due to the reduced number of stud-
ies up to now conducted, as well as because the 
small number of studies show conflicting find-
ings. For example, Movahed and colleagues [83] 
described the benefits of 10 sessions of cathodal 
tDCS over the right PFC in GAD patients. On 
the contrary, de Lima study [84] observing the 
effect of five sessions of bilateral stimulation in 
GAD (with the anode placed over the left DLPFC 
and the cathode over the right supraorbital area) 
did not confirm the expected improved mood and 
anxiety symptoms though showing improved 
physical stress symptoms. As for results from 
preclinical studies, tDCS seems to contribute to 
reduced negative bias [85, 86]. For an overview 
of the state-of-the-art about tDCS anxiolytic 
effects, we suggest Stein et al. [87].

In what concerns the application of tDCS in 
severe depression or psychosis, current literature 
recommends caution, due to the risk of tDCS- 
induced hypomania/mania (two of which refer to 
patients diagnosed with bipolar disorder and five 
refer to patients that started tDCS simultaneously 
to sertraline) observed in some studies. Of impor-
tance, despite the fact that the highest number of 
tDCS-induced psychotic episodes was reported 
in active stimulation groups, differences between 
active and sham groups were not statistically sig-
nificative [88].

16.4.1  Summary of Findings of tDCS 
Studies in Perinatal 
Depression and Anxiety 
Disorders (and Psychosis)

The likelihood of obtaining clinically signifi-
cant antidepressant effects using tDCS in peri-
natal depression is supported by previous work 
involving other noninvasive neuromodulatory 
approaches, such as repetitive transcranial mag-
netic stimulation (rTMS). To date, 16 studies 
were published on the rTMS antidepressant 
effect during pregnancy, enrolling 87 women and 
showing promising results [89–104]. Similarly, 
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five studies were published to tackle depres-
sion in the postpartum period, which enrolled 49 
women and showed rTMS antidepressant ben-
efits [105–109]. The latest systematic review on 
the application of rTMS/iTBS in the peripartum, 
found medium to large effect sizes in pregnancy 
(d = 0.40–2.18) and large effect sizes in the post-
partum period (d = 2.27; [110]). However, inter-
pretation of results warrant caution as those are 
mostly non-randomized controlled studies and 
thus suffer from common bias.

In what concerns tDCS, seven studies were 
conducted so far to observe tDCS effect in psy-
chiatric disorders during pregnancy, but no report 
exists on the tDCS effects in the postpartum 
period. Four studies about tDCS in PNMAD con-
cern the management of major depression disor-
der [76, 111–113] and two case studies observe 
tDCS effect in auditory hallucinations in the peri-
natal period (potentially not postpartum psycho-
sis; [114, 115]. Finally, one study observed the 
effect of transcranial alternating current stimula-
tion (tACS; [113]. Of these, only one study was 
a randomized controlled trial [116], one was 
open- label study [111], and four were case stud-
ies [112, 113].

Sreeraj and colleagues [112] published the 
first case report that observed the effect of tDCS 
in recurrent moderate depressive and anxious 
symptoms, starting tDCS protocol at the 6th week 
of pregnancy. The tDCS course consisted of 10 
daily tDCS sessions, of 30 min at 2 mA, using the 
bifrontal dorsolateral prefrontal cortex montage 
(F3-F4) and electrode sponges of 25  cm2. One 
week after treatment an 11th boost session was 
delivered. The patient achieved remission, and 
depression and anxiety scores were kept bellow 
clinical significance at one- month follow-up.

Palm et  al. [111] published an abstract pro-
ceeding for an open-label study protocol aiming 
at observing the efficacy of 10 tDCS sessions of 
30 minutes at 2 mA, to be delivered twice daily 
during an inpatient stay. After the first inpatient 
stay, a second optional tDCS course would fol-
low in outpatient regime which included 10 ses-
sions of 30 min tDCS delivered once daily. The 
dorsolateral prefrontal cortex montage was again 

adopted (F3-F4). Although the study goal was 
to recruit 10 pregnant women diagnosed with 
MDD, the available data concerns just three 
patients between the 19th and the 31st gestational 
week who have completed the second course of 
treatment. Whereas no statistically significant 
results were reported, cognitive performance 
and depressive symptoms decreased for all three 
patients and one achieved remission.

In Vigod et al. study [76], the authors observed 
the effects of 3 weeks (15 sessions) of 30-minute 
daily tDCS sessions at 2  mA, in an outpatient 
setting. The study included 10 depressed preg-
nant women in the active treatment group and 10 
patients in the sham control group. Participants 
were enrolled between the 20th and the 26th week 
gestation, had several comorbid anxiety disorders 
(GAD, PD, OCD), and were medication free. 
The same bifrontal montage was adopted with 
the anode electrode placed over the left and the 
cathode electrode placed over the right DLPFC 
(35 cm2 soaked sponges were used). The authors 
reported a remission rate of 75% at week 4 post-
partum, maintained at 1-year follow- up. Clinical 
improvement was extended to anxiety- related 
symptoms. As this was a pilot study, it was not 
properly sampled, so that despite its encouraging 
results the effect size was small (d = .48).

Overall, these are encouraging findings. 
Besides confirming tDCS safety profile, the data 
suggest that 10 to 15 daily sessions of tDCS at 
2  mA, using the F3-F4 montage and electrode 
between 25 to 35 cm2 has a potential antidepres-
sant effect across the three trimesters of preg-
nancy, extending its benefits to the typically 
comorbid anxiety symptoms. Additionally, tDCS 
may contribute to improve cognitive perfor-
mance in depressed women. The clinical option 
regarding once or twice a day session should be 
discussed according to the available conditions.

Wilkening and colleagues [113] reported the 
first case study of a pregnant woman that pre-
sented moderate symptoms of depression that 
were managed with transcranial alternating cur-
rent stimulation (tACS). The treatment course 
started at the 6th week of her second pregnancy. 
The authors aimed at altering endogenous oscil-
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lations by applying nine sessions of Gamma 
tACS for 20 min (at 40 Hz, 48,000 cycles, 2 mA 
range, and offset at 1 mA). The F3-F4 montage 
was used and the electrodes were placed inside 
saline soaked sponges of 35  cm2. The authors 
reported the safeness and positive results with 
complete remission achieved at 3 months follow-
 up (27 weeks pregnancy). No other studies report 
results concerning tACS which leads to the need 
for further research on the benefits of target-
ing particular patterns of brain function toward 
increased precision treatments.

The study of Shenoy et al. [114] reported the 
first case study on the use of tDCS as add-on to 
daily 12 mg iloperidone aimed to treat auditory 
verbal hallucinations during pregnancy. Starting 
treatment at the 18th week gestation, the tDCS 
montage used placed the anode at the left dor-
solateral prefrontal cortex and the cathode at the 
left temporo-parietal junction (TP3). The patient 
completed 10 twice daily 20 min tDCS sessions at 
2 mA intensity, with 3 h-interval in between, for 
5 consecutive days. The hallucinations reduced 
progressively during the course of treatment and 
in the following weeks with no adverse effects 
for the mother nor for the fetus and no changes 
nor abnormalities across the remaining gestation 
weeks were reported.

Following these promising effects, Strube and 
colleagues [115] reported the first case study of 
stand-alone tDCS treatment in schizophrenia 
during pregnancy. The authors used a similar 
tDCS protocol as Shenoy et  al. (2015), admin-
istering twice daily 30 min tDCS sessions with 
3-hours interval at 2 mA, but extended the treat-
ment duration to two weeks. The patient was in 
her 32nd gestational week, registered one previ-
ous episode of paranoia 2  years earlier, and by 
the time of the report presented relapsed persecu-
tory delusions, vocal auditory hallucinations, and 
thought insertions. The anode electrode was posi-
tioned over the left dorsolateral prefrontal cortex 
(F3), and the cathode was positioned over the 
left temporoparietal junction (TP3). At 2 weeks 
of treatment the auditory hallucinations were 
remitted and remained so at 5 weeks follow-up. 
Global clinical and daily functioning assessment 
was markedly improved with overall enhanced 

quality of life. Together, these two case reports 
suggest tDCS can be effective to decrease audi-
tory hallucinations, with global improvement of 
the mother functioning and positive impact in the 
future mother-baby dyad.

Overall, among studies during pregnancy, 
tDCS seems to be well tolerated, and no adverse 
or unexpected effects were found for the mother 
besides transient mild phosphenes [113] and 
minor burning sensations [112]. Of the utmost 
importance, no teratogenic effects or physiologi-
cal impact was observed on the normal course 
of the pregnancy. Moreover, tDCS acceptability 
across studies seems favorable as suggested by 
dropout rates. All women enrolled in case stud-
ies completed the prescribed protocol and their 
extensions when available. Hence, whereas the 
RCTs reported a dropout rate of 10% (suggest-
ing that withdrawal of patients is due to the nega-
tive impact that the daily visits to the clinic have 
on individuals and family’s routines) [116], the 
open-label study was unclear as to the expected 
seven patients that were not reported [111].

Despite the encouraging findings, the quality 
of the data is still low as it is characterized by 
critical risk of biases due to attrition, absence of 
blinding procedures regarding intervention and 
assessments, incomplete reports, failure to estab-
lish a priori outcomes, and due to the short fol-
low- up periods, which hamper the observation of 
important adverse events and negative outcomes 
that may occur during pregnancy (e.g., medical 
complications or teratogenic effects), the partum 
(e.g., premature delivery), or postpartum (e.g., 
low weight at birth). Considering these promis-
ing data, and the secure postpartum period (dur-
ing which fear of adverse effects to the newborn 
have to be considered), it would be expected to 
find studies regarding the effect of tDCS during 
the postpartum period.

16.4.2  Safety Issues

Women in the peripartum period are considered 
a vulnerable population, and fetal safety is a core 
concern to researchers designing tDCS related 
studies and to clinicians deciding on the adequate 

A. Ganho-Ávila et al.



321

treatments in the perinatal mental health. This 
means that besides considering cumulative effi-
cacy, researchers and clinicians must account for 
evidence on cumulative safety data.

The most common adverse effects after tDCS 
sessions are mild, and disappear short after stim-
ulation [117]. Bikson and colleagues [118], in 
their review of more than 33,200 repeated tDCS 
sessions and 1000 subjects, spotted that when 
conventional tDCS protocols are followed (cur-
rent intensity below or equal to 4 mA, for 40 min-
utes or less and 7.2 or less Coulombs), no serious 
adverse effects were found.

To show that the application of tDCS in the 
mother’s scalp does not affect the baby, we may 
rely on full body finite element method (FEM) 
studies to understand the current field and the 
peaks it may reach in fetal volume. Evidence 
shows that, when using tDCS cephalic mon-
tages, peak current densities occur on the edges 
of the pad or between the pads [119]. Thus, it is 
not expected to have current passing beneath the 
neck and no current is expected to impact the 
fetal volume. From the six articles published so 
far observing tDCS in PNMAD and psychosis 
(all conducted during pregnancy), half reported 
no evidence of negative neonatal physiologi-
cal impact. The remaining three failed to report 
neonatal safety outcomes. Regarding mothers’ 
safety, three studies reported mild and temporary 
adverse effects (16% reported burning, buzz-
ing, or tingling sensations at the electrode site, 
and 33.3% reported fleeting phosphenes) and no 
study reported serious adverse effects suggesting 
that tDCS is well tolerated.

As home-based tDCS seems to be a promis-
ing option for tDCS in mood and anxiety disor-
ders, it is important to consider not only the ease 
of use of portable devices but also the safety 
specificities associated to its use in at-home set-
tings [120]. For that, and to prevent over use and 
over dosage, the home-based devices must have 
a blocking system and in-built automatic sys-
tems to end stimulation if impedance levels are 
too high [121]. Moreover, for a responsible use 
of home-based tDCS devices, educating users, 
supervising the application process and adverse 
effects inspection should be implemented as part 

of the clinical protocol routine [120, 122, 123]. 
These should include the systematic (1) assess-
ment of fetal and baby development and (2) 
reporting of potential side effects related to tDCS 
both in mothers and babies [124].

16.5  The Future of tDCS 
in Perinatal Mental Health

The decreased adherence to medication by 
pregnant women and women breastfeeding, the 
limitations of psychotherapy, and the absence 
of other evidence-based treatments to peripar-
tum mental health disorders, suggest the need 
to urgently develop adjusted alternatives for the 
treatment of peripartum depression and anxiety 
disorders. tDCS safety profile and its potential 
efficacy strongly support tDCS scalability to the 
perinatal mental healthcare system, in particular 
to peripartum depression and akin phenotypes, 
as safety protocols have been tested and data 
strongly suggests its antidepressant benefits.

According to the literature, tDCS protocols 
could be implemented in PNMAD as stand-alone 
treatments (addressing the need for the develop-
ment of medication-free alternatives) or as add- on 
to medication as suggested by evidence in psy-
chosis—to reduce medication dosage and even-
tually boost treatment response. In particular, in 
depression-related phenotypes of PNMAD, the 
collection of further evidence is deemed neces-
sary. The validation of the efficacy of traditional 
tDCS protocols targeting the dorsolateral pre-
frontal cortex and aiming to alter extant regional 
networks that participate in maternal brain func-
tioning should be on the spotlight for the follow-
ing years. This is especially true for the networks 
involved in transdiagnostic emotional and cogni-
tive processes such as ruminative thinking.

Albeit the available data concerning the F3-F4 
montage efficacy in peripartum depression and 
its extended effect to anxiety symptoms, other 
electrodes positioning await further investigation. 
Aiming at shaping current intensity targeting the 
dorsolateral prefrontal cortex, high-resolution 
FEM models showed that the OLE-system may 
be a strong candidate for future studies, as it offers 
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reduced electric field variability while maintain-
ing the advantage of being easy to handle and use 
at the home setting [125].

Hence, in what regards perinatal depres-
sion the field is now ready for properly sampled 
randomized controlled studies, informed by the 
data regarding phenotypes and neuroendocri-
nal underpinnings and finally achieve the next 
leap on defining biomarkers toward precision 
tDCS. As for postpartum psychosis though, the 
field is still on its first stages and proof-of-con-
cept studies should be the next step to confirm 
the benefits of tDCS in this particular diagnosis.

Although currently, tDCS is starting to be 
accessible in general psychiatric/mental health 
units, tDCS treatments are still limited to special-
ized medical centers, and its treatment courses of 
10–20 sessions across 5–20 daily visits are too 
intensive and costly for patients and families. To 
address tDCS intensiveness, progress has been 
made toward remotely supervised, home-based, 
portable, preprogramed devices that guarantee 
the correct electrode positioning and avoid over 
dosage. So far, one home-based tDCS trial was 
successfully conducted for depression [122] with 
response and remission rates equivalent to clinic-
based systems and large effect size (d  =  1.53; 
[122]). Additionally, no evidence of adverse 
events was reported in this particular study or 
across distinctive studies in different neuropsy-
chiatric disorders [126]. Following the trend of 
at-distance technological medical care, home-
based tDCS devices may as well be added by 
virtual care systems and app-based psychologi-
cal interventions promoting self-management 
of symptoms, increasing patient’s engagement 
and perception of self-efficacy, and ultimately 
empowering patients in the management of their 
health condition. However, for the responsible 
uptake of home-based tDCS systems to perina-
tal disorders, further research is needed, and new 
studies should be implemented to test home- 
based programs efficacy and feasibility.

To our knowledge, so far, no cost- effectiveness 
study regarding tDCS in the peripartum depres-
sion was conducted. A cost-utility analysis study 
in non-resistant depression comparing treatment 
as usual vs treatment as usual add-on with tDCS 

is currently ongoing and its findings are expected 
by 2022 [127]. This study will further advance 
knowledge about the benefits of implementing 
tDCS in the pathways of care in perinatal mental 
health.

Finally, research on women’s health is 
underdeveloped across biomedical fields. 
Particularly in the perinatal period, women, 
fetus, and newborns fall into the concept of 
vulnerable population. While acknowledging 
women in the peripartum and their babies as 
vulnerable groups have protected them from 
harmful interventions, it has also prevented 
faster progress in perinatal mental health care. 
In this sense, gender focused studies are needed 
to boost the understanding of the pathophysi-
ological mechanisms in PNMAD. Recognizing 
the importance of investigating the psychologi-
cal, neurocognitive, endocrinal, and epigenetic 
changes in the perinatal period will advance 
knowledge toward the development of novel 
therapies that may be translated into the clini-
cal practice, improving high-quality perinatal 
pathways of care.
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17.1  Introduction

To date, most studies that have examined the 
effects of transcranial direct current stimulation 
(tDCS) on human cognition and the underlying 
neurophysiological principles assessed young 
healthy adults. We review the effects of tDCS on 
high-level cognitive functions in this population, 
specifically focusing on attention, executive func-
tions, language, numerical cognition and general 
learning and memory. Additionally, we further 
address individual differences for stimulation 
outcomes. Given the observed heterogeneity, the 
standards for minimum participant numbers for 
study designs have evolved. Appreciating this 
issue while also attempting to provide a com-
plete picture of the literature, references to ear-
lier studies are integrated in the main body of the 
text, while we applied the current standards to 
the studies that are listed in the respective tables. 
Accordingly, only studies fulfilling the following 
criteria were included in the tables: number of par-
ticipants per condition ≥15, information regard-
ing age and gender was provided, age <40 years 
and >18 years. Further, studies with a wash-out 
period between conditions <1 day or without an 
appropriate control condition were excluded.

17.2  Effects of tDCS on Attention

Attention is a complex construct that can be 
divided into three distinct subcomponents: ori-
enting, alerting and executive control, each of 
which has specific neural correlates in fronto-
parietal networks [150, 153]. As attention is 
fundamental to cognition, many tDCS studies 
include attention paradigms in addition to their 
primary cognitive function of interest to exclude 
the possibility of general effects on attention. The 
present chapter, however, deals with the studies 
specifically modulating attentional processes 
through tDCS. Table 17.1 summarises the meth-
odological parameters employed by the relevant 
studies to date.

Nikolin and colleagues [133] examined the 
effects of tDCS on the alerting component of 
attention, as assessed by a continuous perfor-

mance task. They targeted the left dorsolateral 
prefrontal cortex (DLPFC) with high-definition 
(HD) anodal tDCS.  With HD-tDCS, a centre 
electrode is surrounded by an array of return 
electrodes (typically four) or by a ring-shaped 
return electrode, providing more focal stimula-
tion compared to conventional montages involv-
ing only two electrodes. The authors neither 
observed any difference on attentional perfor-
mance between sham and anodal tDCS applied 
over the left DLPFC nor for tDCS applied over 
the planum temporale (PT) or left medial tem-
poral lobe (MTL). This lack of an effect follow-
ing left DLPFC stimulation is at odds with other 
studies, which used the more conventional two- 
electrode montage [34, 130]. Likewise, Fukai and 
colleagues [62] applied tDCS bilaterally to the 
DLPFC.  Subsequently, participants performed 
a sustained visual attention task and the activa-
tion of their dopamine system was assessed with 
[11C]-raclopride positron emission tomography 
(PET) scans. Active stimulation improved reac-
tion times compared to sham. In agreement with 
the behavioural effect of the stimulation, PET 
measurements also found a significant release 
of dopamine in the right ventral striatum, which 
correlated with the behavioural improvement, 
thus corroborating the crucial role of dopamine 
in cognitive control.

A study by Stone and Tesche [177] constituted 
the first successful modulation of attentional ori-
enting using tDCS.  Therein, both anodal and 
cathodal tDCS over the left posterior parietal 
cortex (PPC) was associated with a diminished 
ability to shift the focus of attention (i.e. spatial 
orienting) from stimuli subtending narrow visual 
angles to those subtending wide visual angles 
(local-to-global attention shift). There was no 
change from baseline to active tDCS conditions 
in this study, but the relative difference between 
active and sham tDCS rested primarily on the 
increased performance in the sham condition 
relative to the baseline assessment. Two subse-
quent studies confirmed that the right PPC plays 
an important role in attentional orienting, while 
anodal tDCS applied to either the left PPC or the 
left DLPFC did not modulate the assessed atten-
tional functions [110, 161].
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Roy and colleagues [161] also demonstrated 
that the stimulation specifically enhanced mean 
network efficiency for targets presented in the 
contralateral hemispace (i.e. the left visual field), 
while weakening network efficiency for targets 
appearing in the ipsilateral hemispace (i.e. the 
right visual field). Likewise, Chechlacz and col-
leagues [29], who examined the influence of bipa-
rietal tDCS on a visual attention task, reported 
asymmetric results depending on visual field. In 
more concrete terms, left anodal/right cathodal 
tDCS relative to the reverse electrode montage 
and sham lowered the accuracy specifically in the 
detection of left targets with similar distractors. 
Along with a previous study by Sparing and col-
leagues [174], this result provided novel causal 
support for the classical concept of inter-hemi-
spheric rivalry, which was originally proposed by 
Kinsbourne [99].

In contrast, Roe and colleagues [160] found 
an interaction between tDCS and task load in 
multiple object tracking. More precisely, accu-
racy was decreased in the high-load condition 
with left cathodal/right anodal tDCS over the 
PPC. The authors suggested that cognitive load 
needs to be carefully considered in the design 
of tDCS studies as the stimulation may under-
mine attentional capacity in an overtaxed system. 
Employing once more the attention network test 
that captures the performance in all three atten-
tional subcomponents, Miler and colleagues 
[127] investigated the differential of tDCS on 
these subcomponents when targeting the left and 
right DLPFC in a bilateral montage. No effect 
of stimulation was found on alerting or orient-
ing components or on global reaction times and 
error rates. However, executive attention control 
was enhanced compared to the sham condition. 
This finding suggests potential promise for using 
of tDCS to attenuate impairments in specific sub-
components of attention.

Weigl and colleagues [191] further tested 
whether attentive and pre-attentive stimulus dis-
crimination can be modulated via tDCS to the left 
DLPFC.  In an auditory oddball paradigm, they 
examined mismatch negativities (MMNs) for 
duration, intensity and frequency deviants as well 
as novelty and target ERPs to assess pre-attentive 

stimulus discrimination and attentive stimulus 
discrimination respectively. Whereas no tDCS 
effects were found in the active oddball paradigm 
for neither target reaction times nor ERPs, dur-
ing the passive oddball paradigm, tDCS effects 
were observed for duration and intensity deviants 
on MMNs. In both cases, anodal tDCS, com-
pared to cathodal and sham tDCS, was associ-
ated with decreased MMN amplitudes. No such 
reduction became evident for frequency deviants. 
Therefore, these results not only suggest that dif-
ferent kinds of sound deviants are processed in 
distinct cortical areas, but also that the DLPFC 
may be part of an inhibitory network that pre-
vents allocation of attentional resources to audi-
tory input that does not require a response.

Other studies indicated that the orienting 
component of attention could be modulated via 
tDCS.  Hanenberg and colleagues [76] tested 
whether a single dose of 1 mA tDCS applied for 
16 min unilaterally to the right posterior superior 
temporal cortex could modulate auditory selec-
tive spatial attention simulating a ‘cocktail party’ 
situation. As shown by a decreased error rate, par-
ticipants profited from anodal tDCS in localising 
the target numeral out of four directions, particu-
larly with regard to ipsilateral right targets. At the 
same time, neither cathodal nor sham stimulation 
led to any significant changes in attentional per-
formance. Additionally, the significant correla-
tion between increased accuracy and increased 
N2 amplitude after tDCS was restricted to ipsilat-
eral targets. This account conflicts directly with 
the previously mentioned asymmetrical tDCS 
effect with a preference for targets at the contra-
lateral side of the stimulation. The authors argue 
that their results may be attributable to an anodal 
tDCS-related enhanced suppression of irrelevant 
input as opposed to an improvement in coding of 
the target, thus also resulting in improved loca-
tion coding. A complementary study from the 
same research group [106], using the same task 
but applying anodal tDCS in a double monopo-
lar montage to both hemispheres of the tempo-
ral lobe, reproduced comparable performance 
gains derived from anodal tDCS.  Focusing on 
the visual domain, McDermott and colleagues 
[123] explored the effect of anodal, cathodal and 
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sham tDCS over the occipital lobe on perfor-
mance in an arrow- based version of the flanker 
task while simultaneously imaging oscillatory 
responses with MEG. Under anodal tDCS, par-
ticipants demonstrated increased reaction times 
and elevated spontaneous activity in theta and 
alpha bands in prefrontal and occipital cortices, 
as well as decreased task-related theta activity in 
the left insula and bilateral DLPFC.  Moreover, 
task- related theta activity in the three aforemen-
tioned brain regions was inversely related to reac-
tion time, with lower task-related theta responses 
being associated with greater response latencies. 
These changes have been interpreted as an inhibi-
tory impact of anodal tDCS on visual attention 
processing. Taken together, these studies indicate 
a supramodal tDCS-related effect on attention. 
The incongruence between these effects, how-
ever, merits further investigation.

Apart from cortical structures, the cerebel-
lum has been suggested to control attentional 
processes. Indeed, Mannarelli and colleagues 
[118] found a decrease in the efficiency of the 
executive attention network (without a concur-
rent impact on other attentional subcomponents) 
when delivering cathodal tDCS to the left cere-
bellar hemisphere. No change relative to baseline 
was detected for anodal and sham conditions. 
Moreover, compared to baseline, reaction times 
were reduced for congruent and incongruent stim-
uli in anodal and sham conditions after 20 min 
of stimulation, whereas for cathodal tDCS, this 
reduction only persisted for the congruent but not 
for the incongruent stimuli. The role of the cer-
ebellum in the function of attentional networks 
was further corroborated in another study by the 
same group [117] that additionally measured 
ERPs arising from an auditory novelty task. With 
cathodal tDCS leading to lower P3, N1 and N2 
amplitudes as well as a reduced N1 latency post- 
compared to pre- stimulation, the authors propose 
that the application of cathodal tDCS perturbed 
the initial phase of attentional processing as well 
as the subsequent phase of attentional orient-
ing. They further annotate that, similarly to the 
motor domain wherein the cerebellum is mainly 
assigned a coordinating function, the involve-
ment of the cerebellum in attention may be indi-

rect and restricted to the temporal coordination of 
cortical activity and inhibition.

Given the findings summarised here, it is 
apparent how tDCS-induced improvements in 
attention could have important implications for 
enhancing performance and safety in a multitude 
of real-world applications. Yet, more work is 
required still to determine whether these effects 
are reliable and whether they extend beyond for-
malised test settings.

17.3  Effects of tDCS on Executive 
Functions

17.3.1  Decision-Making

Decision-making describes the cognitive process 
of selecting one option from several possible 
alternatives after having weighted the potential 
outcomes against each other to choose the course 
of action in which potential gains exceed poten-
tial losses according to objective and/or subjec-
tive values and preferences [25, 49]. This section 
will exclusively consider individual decision- 
making, attending to personal profits and costs 
only. For an overview of the studies included in 
this section and their methodological parameters, 
see Table 17.2.

Often, not all variables that would ensure 
absolute certainty regarding the consequences 
of a choice are freely available, wherefore 
decision- making also involves a certain amount 
of risk- taking. To assess risk-taking behaviour 
in the laboratory, studies draw on a number of 
well- established tasks such as the risky-gains 
task (RGT [144]), the balloon analogue risk task 
(BART [103]) or the Iowa gambling task (IGT 
[8]), all of which require participants to develop 
and adapt their strategy to increase their (typi-
cally monetary) rewards. These tasks are known 
to activate frontal cortical areas that have conse-
quently been chosen as target regions in tDCS 
studies.

Nejati and colleagues [129] investigated 
the impact of cathodal and anodal tDCS to the 
left DLPFC on risk-taking behaviour and risky 
decision- making. Compared to sham, both stimu-
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lation conditions decreased the number of pumps 
in the BART and decreased the discounting rate 
in a temporal discounting task, both indicative 
of a more risk-averse and disciplined response 
style. Cheng and Lee [31] measured the influ-
ence of bilateral tDCS over the left and right 
DLPFC on performance in two risk-taking tasks, 
RGT and BART. Interestingly, participants’ risky 
attitude was influenced differentially depending 
on the task. While there were no significant dif-
ferences between conditions in the BART, par-
ticipants made significantly fewer risky choices 
combined with a larger number of safe choices 
in the RGT in the left cathodal/right anodal elec-
trode configuration relative to sham. Effect sizes 
were particularly large in individuals exhibiting 
high baseline impulsivity, hinting at a therapeutic 
potential for tDCS in patients that engage in psy-
chopathological risky behaviour such as addic-
tion or deliberate self-harm. On the other hand, 
no effect emerged when the electrode montage 
was reversed. Employing the same electrode 
montage, Edgcumbe and colleagues [48] corrob-
orate the role of the DLPFC in governing the ana-
lytical process in decision-making that inhibits 
initially more impulsive responses, thus, leading 
to more correct judgements. Given their bilateral 
application of tDCS, the latter two studies leave 
a particular question unanswered, namely, which 
of the two electrodes subserves the increase in 
self-reflection observed for the stimulation of 
the DLPFC, or whether this effect is specifi-
cally facilitated by the bilateral montage. This 
montage question was partially addressed by 
Guo and colleagues [70], who used an HD-tDCS 
setup targeting the left DLPFC with either anodal 
or cathodal tDCS.  They found a trend towards 
smaller earnings in the BART when cathodal 
tDCS was applied, whereas there was no signifi-
cant difference between anodal tDCS and sham. 
Furthermore, no significant differences between 
any of the conditions arose for number of balloon 
explosions or the adjusted number of pumps. 
Transferring these findings into real-world sce-
narios, Wen and colleagues [193] assessed uni-
versity students’ attitudes and intentions towards 
realistic everyday scenarios, which were either 
carrying minimal risk (e.g. visiting a webshop, 

engaging in social activities) or were consid-
ered risky (e.g. unsafe road crossing, unpro-
tected intercourse, unethical academic conduct). 
In accordance with the aforementioned studies, 
the application of cathodal tDCS, once more 
employing an HD setup, resulted in a decline in 
risky behaviour in risky but not normal scenarios, 
whereas no change from baseline values was 
observed in the sham condition. Even though the 
discrepancies between tasks require further elu-
cidation, these studies hint at a caution-inducing 
influence of cathodal tDCS over the left DLPFC, 
possibly by down-regulating its processing of 
positive aspects in choices, thus emphasising the 
risky side of choices.

Yet, these results are not entirely consistent 
across all studies. Specifically, Ye and colleagues 
[200] assessed whether bilateral tDCS to the 
DLPFC would modulate risk-taking behaviour. 
Comparing baseline and post-tDCS choices, 
they observed that in the sham condition partici-
pants preferred the safer options at the second 
time point, which was attributed to the wealth 
effect, that is, the reluctance to forsake previous 
gains. This wealth effect was counteracted by 
both active conditions in which no differences 
between baseline and post-tDCS assessments 
emerged. It remains to be shown whether this dis-
crepancy is related to the involvement of strategic 
thinking based on prior knowledge, a component 
that was factored out in the study by Ye and col-
leagues, but was inherent in the tasks employed 
in other studies.

A set of four studies further investigated the 
influence of tDCS on different decision biases. 
Grounded in the framework of cognitive disso-
nance, which illustrates how people are aligning 
current choices to previous decisions, Mengarelli 
and colleagues [126] examined the impact of 
cathodal tDCS on choice-induced preference 
changes. Typically, a forced choice between 
equally desirable alternatives leads to a change 
in desirability judgements during the re-evalua-
tion of the options in alignment with the forced 
choice. When applying the stimulation to the 
left, but not the right, DLPFC, this effect was 
reduced. In another bias known as the sunk-
cost effect, people are reluctant to abandon an 
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option once they have invested in it. As shown 
by Bogdanov and colleagues [16], this bias was 
even further pronounced when anodal tDCS, but 
not sham or cathodal tDCS, was applied over the 
right DLPFC, especially in options with a low 
expected value. Thus, the latter two studies pro-
vide converging evidence that the DLPFC plays a 
role in sticking with a previous choice. However, 
the effect of anodal tDCS over the right DLPFC 
found by Bogdanov and colleagues in combina-
tion with the effect of cathodal tDCS over the left 
DLPFC observed by Mengarelli and colleagues, 
speak to the need to systematically assess the 
specificity of these behavioural findings in terms 
of both tDCS polarity and hemispheric laterali-
sation in future studies. Additionally, Soutschek 
and colleagues [172] probed the influence of both 
polarities of tDCS over the left frontopolar cor-
tex on pre-commitment in a self-control task, in 
which participants either received a small reward 
sooner or a larger reward later. Anodal tDCS 
promoted pre-commitment to the larger reward 
later, whereas pre-commitment scores did not 
significantly differ between cathodal and sham 
stimulation, suggesting a possible application 
in enhancing self-control. At the same time, this 
study found no tDCS-related changes in impul-
sivity or reward preferences. The fourth study 
[173] applied anodal or cathodal tDCS over the 
right frontopolar cortex while participants had to 
decide whether to engage in cognitive or physi-
cal efforts to obtain a reward. Compared to sham, 
anodal tDCS reduced the discounting of rewards 
due to effort level without modulating the iso-
lated sensitivity for gains and losses. In contrast, 
cathodal tDCS did not alter the willingness of 
participants to engage in rewarded efforts relative 
to sham. These findings support the notion that 
the right frontopolar cortex acts as a facilitator of 
motivation when weighing effort against rewards.

Moving the focus away from the DLPFC, 
Ouellet and colleagues [141] were interested in 
the involvement of the orbitofrontal cortices in 
decision-making and impulse control. Again, 
outcomes of the BART remained unaffected by 
bilateral application of tDCS for both electrode 
montages. Yet, both active conditions resulted in a 
higher net score in the IGT and an improved cog-

nitive impulse control in the Stroop task, making 
it the first study to demonstrate the involvement 
of the OFC in these cognitive functions.

In a two-stage study, Hämmerer and colleagues 
[75] investigated the underlying mechanisms of 
decision-making, starting out with in silico simu-
lations of perturbing neural dynamics. According 
to their simulation, depolarising a population 
of pyramidal neurons increases their sensitiv-
ity to background noise, ultimately resulting in 
a decreased choice accuracy at the behavioural 
level. These predictions were confirmed by the 
second part of their study, in which they applied 
anodal tDCS to either the ventromedial prefron-
tal cortex (VMPFC) or the left DLPFC. Choice 
accuracy was lower when targeting the VMPFC 
compared to the sham condition, while no such 
effect could be established when applying the 
stimulation to the left DLPFC.  Additionally, 
anodal tDCS over the VMPFC also increased 
randomness in choices compared to sham, while 
stimulation of the left DLPFC was indistinguish-
able from the sham condition. On the other hand, 
relative to sham, only anodal tDCS over the left 
DLPFC, but not the VMPFC, increased the learn-
ing rate. With this identification of site-specific 
effects of anodal tDCS by means of a compu-
tational neurostimulation approach, this study 
contributes to a more nuanced understanding 
of stimulation effects that do not solely rely on 
electrode polarity. Future stimulation studies in 
the domain of decision- making should strive to 
integrate similar approaches in their experimen-
tal designs as this could enable the resolution of 
some of the discrepancies outlined above.

In summary, the studies in this section demon-
strate that tDCS can modulate decision-making 
bi-directionally, bringing out more audacious or 
more cautious attitudes, depending on the cho-
sen stimulation parameters. Always under the 
premise that the applied stimulation protocols are 
sufficiently reliable, bias in both directions could 
be advantageous in the clinical setting where 
patients show aberrations towards over-caution 
(e.g. in major depressive disorder or schizophre-
nia) or, conversely, excessive recklessness (e.g. 
in borderline personality disorder or substance 
abuse [105]).
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17.3.2  Inhibitory Control

While cognitive function is oftentimes equated 
with the ability to produce an adequate response 
to a stimulus, response inhibition, that is, the abil-
ity to abort or suppress an inadequate response, is 
equally vital [185]. In the laboratory setting, the 
corresponding capacity to withhold a pre-potent 
response is principally assessed with one of the 
two paradigms. Developed by Logan and Cowan 
[111], the stop-signal task (SST) requires the par-
ticipant to respond as quickly as possible to a go 
signal while aborting any response as soon as a 
stop signal is presented. Correspondingly, in the 
go/no-go task (GNGT), participants are likewise 
asked to promptly respond to the appearance 
of a go signal and withhold it upon the presen-
tation of a less frequent no-go signal. The dual 
task demands of conflicting go and stop/no-go 
processes is also appreciated by the separate 
evaluation of accuracy and reaction times in the 
two types of trials. In line with other executive 
functions, engagement in these tasks activates 
frontal and parietal brain regions [64, 189]. With 
few exceptions [109, 115, 199], tDCS studies 
also focus on these cortical areas when attempt-
ing to influence inhibitory control processes 
(Table 17.3).

Cunillera and colleagues [38] used an adapted 
GNGT that incorporated components of an 
SST. By applying tDCS bilaterally with a right 
anodal/left cathodal montage to the inferior 
frontal cortex (IFC) during task performance, 
they demonstrated increased reaction times 
in go trials and decreased stop-signal reaction 
times (SSRTs). Based on these dual results, the 
authors conclude that the stimulation improved 
both proactive inhibition and reactive inhibition 
simultaneously. Two additional studies [164, 
178] reported congruous findings regarding the 
positive influence of anodal tDCS over the right 
IFC on reactive inhibition but failed to corrobo-
rate the data concerning proactive inhibition. The 
designs of these studies do not permit deducing 
whether this discrepancy can be ascribed to the 
offline application of tDCS, the unilateral elec-
trode montage or yet another factor.

However, Sandrini and colleagues [164] further 
strengthened the evidence for the facilitating role 
of the right IFC in response inhibition by acquir-
ing complementary neuroimaging data. More 
precisely, anodal tDCS increased functional con-
nectivity between the frontobasal ganglia inhibi-
tory network at rest, while stop responses were 
accompanied by a significant increase in connec-
tivity between the right pre- supplementary motor 
area (preSMA) and the subthalamic nuclei, both 
of which are regarded as integral nodes for rapid 
inhibitory responses. Indeed, a previous study 
by Liang and colleagues [109], in which they 
applied 10 min of anodal tDCS to the preSMA, 
also resulted in a beneficial impact on inhibitory 
control indicated by a shortening of SSRTs. This 
prompts the question whether the nodes within 
the frontobasal ganglia inhibitory network can be 
used as interchangeable targets for tDCS.  Thus 
far, the effects observed when applying anodal 
stimulation to the IFC and the preSMA are simi-
lar, whereas stimulation of the right DLPFC fails 
to produce significant behavioural effects [178]. 
Nevertheless, additional exploratory analyses 
conducted by Sandrini and colleagues [164] 
revealed a decreased BOLD activity during go 
responses in the right DLPFC, which was predic-
tive of SSRT, verifying the contribution of this 
cortical region to inhibitory control. Moreover, 
Friehs and Frings [60] corroborated this notion 
with their study, in which cathodal tDCS with a 
current intensity of only 0.5 mA applied to the 
right DLPFC lead to an increase in SSRT, indi-
cating a declined capacity for response inhibition.

Deviating from the focus on the right hemi-
sphere, two studies from the same research group 
[51, 120] selected the left DLPFC as the target 
region for tDCS prior to the execution of SSTs. 
While neither of the two reported significant 
effects on overall task performance, Fehring and 
colleagues [51] demonstrated that anodal stimu-
lation effects depend on the level of expertise in 
an SST. To that effect, improvements in proactive 
and reactive inhibitory control within a session 
were restricted to week 1 in the anodal condition, 
while they occurred in both weeks 1 and 2 under 
sham. Furthermore, Mansouri and colleagues 
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[120] revealed a differential effect of stimulation 
condition on the rule shift cost. When receiving 
anodal tDCS, compared to sham and cathodal 
tDCS, participants were significantly slower in 
a go trial after failing to suppress their response 
in the preceding no-go trial. Interestingly, this 
post- error slowing was also observed when 
subjects performed the Wisconsin Card Sorting 
Test (WCST, [69]), another test that is used to 
assess executive control, but only under cathodal 
tDCS. This generalisation of the effect to another 
paradigm corroborates the assumption that tDCS 
has successfully modulated the neural circuitry 
that supports inhibitory control as opposed to a 
more task-specific effect. In turn, this provides 
basis for being optimistic that these finding could 
have translational potential beyond laboratory 
test settings.

As argued by Raud and colleagues [156], tasks 
such as SST and GNGT, which are oftentimes 
employed interchangeably, do not necessarily tap 
into the same inhibitory processes. More specifi-
cally, an SST demands a stronger reactive inhibi-
tion compared to the more proactive inhibitory 
demands inherent in a GNGT.  Consequently, 
their interchangeable use is also complicating 
the evidence base for tDCS results in this field. 
Acknowledging these subtle but significant differ-
ences between these tasks, Leite and colleagues 
[102] evaluated the distinct effects of tDCS on 
performance of different inhibitory control tasks 
in a single study. Applying uni- or bi-hemispheric 
tDCS to the inferior frontal gyrus (IFG), unilat-
eral tDCS over the right IFG improved accuracy 
at the expense of response speed in a pre-potent 
response inhibition task, while at the same time 
no significant behavioural changes were elicited 
in the GNGT in either stimulation conditions. As 
opposed to the relatively consistent significant 
findings observed for SSTs, a number of stud-
ies using GNGT paradigms have not found any 
significant effects on overall inhibitory control 
performance [26, 28, 39, 163]. Again, a subset 
of these studies demonstrated that the adjuvant 
use of neuroimaging techniques might reveal 
more subtle tDCS- related changes, which fail to 

translate to the behavioural level. Even though 
the rate of commission errors did not differ pre-
post anodal tDCS, Campanella and colleagues 
[26] detected a decrease in the P3d amplitude in 
response to correctly inhibited trials. This effect 
was specific for the application of anodal tDCS 
to the right IFC and did not emerge in the sham 
condition. Additionally, Sallard and colleagues 
[163] showed that right lateralised prefrontal 
anodal tDCS abolishes the discrepancy in BOLD 
activity in the ventrolateral prefrontal cortex 
(VLPFC) between go and no-go trials observed 
during sham stimulation by increasing BOLD 
activity during go trials. This observation hints at 
a possible brain-state-dependent effect (stimula-
tion during go vs. no-go trials) of tDCS on BOLD 
activity. Choosing the left DLPFC, rather than 
the IFC, as a target region, Nejati and colleagues 
[129] demonstrated performance gains in a 
GNGT when applying anodal tDCS. Intriguingly, 
the improvements in accuracy and reaction times 
in the GNGT were associated with a better per-
formance in the Tower of Hanoi, a more cautious 
approach to the BART as well as a preference for 
larger delayed as opposed to smaller immediate 
rewards in a temporal discounting task. In line 
with these results, another study [18] ascertained 
that anodal tDCS over the left DLPFC can also 
modulate performance in another proactive con-
trol paradigm. Participants were asked to respond 
to a specific target when this was preceded by a 
cue pattern and withhold the response in case of 
non-targets or non-cued targets. Results showed 
that participants in the anodal tDCS group relied 
more heavily on the target-preceding cues than 
their peers in the sham condition, exhibiting a 
higher rate of false alarms in the cued non-tar-
get condition and a lower rate of false alarms in 
the non-cued target condition. This effect was 
driven by an increased low gamma power fol-
lowing non-cues relative to cues in the delay 
period for the active stimulation condition. An 
increased use of contextual cues under tDCS was 
also shown in another study [148], which used 
a bilateral left anodal/right cathodal electrode 
montage over the DLPFC.  While these results 
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collectively corroborate the multifaceted role 
of the DLPFC in various executive functions, a 
more recent study by Wynn and colleagues [199] 
also provided evidence that anodal stimulation of 
the medial cerebellum can positively influence 
response accuracy in a GNGT. As such, it would 
be of value for future research to systematically 
compare how the magnitude and the longevity of 
tDCS-related performance gains on the GNGT 
vary as a function of the specific cortical region 
that is targeted.

From the suppression of false responses in a 
single GNGT paradigm, Strobach and colleagues 
[180] directed their attention to the influence 
of tDCS on inhibitory control when switching 
between different tasks. In the dual-task setting, 
participants had to select the adequate response 
to the attributes of auditory and visual stimuli, 
which were presented with a short 200 ms or a 
longer 400 ms delay while receiving either anodal, 
cathodal or sham stimulation over the right infe-
rior frontal junction. In line with previous obser-
vations by Savic and colleagues [165], anodal 
tDCS did not have an effect on task- switching 
performance as it only increased response accu-
racy at short stimulus delays in the same order 
condition compared to sham. Cathodal tDCS, 
however, impaired task- switching performance, 
as evidenced by a decrease in response accuracy 
towards the first task in the sequence in the dif-
ferent order condition. These results are comple-
mented by another study [3], in which cathodal 
tDCS to the VLPFC decreased cognitive flex-
ibility during probabilistic reversal learning. On 
the other hand, a reduction in task-switching 
costs was achieved in a study by Sdoia and col-
leagues [169]. They used a bilateral right anodal/
left cathodal montage over the DLPFC and 
PPC.  Both montages decreased reaction times 
when participants had to switch back to a previ-
ously inhibited task. Yet, gains derived from the 
bilateral stimulation of the PPC were less specific 
since performance was also enhanced in the non-
inhibited task.

Building on promising findings in the work-
ing memory domain (see Sect. 17.4) that revealed 

that tDCS can further augment cognitive training 
gains, Filmer and colleagues [54] tested whether 
this observation held true for a multi-tasking 
paradigm. While multi-tasking training generally 
improved performance levels, especially in dual 
tasks as compared to single tasks, anodal tDCS 
over the left DLPFC did not further increase 
the benefit in the trained multi-tasking para-
digm and no effect of cathodal tDCS was found. 
Instead, training combined with anodal tDCS, 
but none of the other stimulation conditions, 
improved performance in an untrained multi-
tasking paradigm, as well as a visual search task. 
However, these transfer effects did not extend to 
a GNGT.  In the absence of tDCS gains on the 
trained multi- tasking paradigm, the restriction of 
tDCS gains to untrained tasks is difficult to inter-
pret. Nevertheless, these results indicate the wide 
scope of secondary benefits from tDCS that still 
require exploration.

Apart from inhibiting a competing set of 
rules that are introduced in a task, or a set of 
tasks, inhibitory control is also crucial to block 
task- irrelevant salience of stimuli that interfere 
with on-going task demands. A few studies 
have addressed the question whether tDCS also 
modulates the resolution of these types of con-
flicts. Using a visual flanker task, Gbadeyan and 
colleagues [66] showed that anodal HD-tDCS 
over the left and right DLPFC enhanced the 
conflict adaptation effect insofar as the flanker 
effect increased following congruent trials and 
decreased following incongruent trials. Given 
that no such enhancement was obtained with 
electrode montages targeting the left or right pri-
mary motor area, the authors also demonstrated 
that the effect was region specific. The role of 
the left DLPFC in evaluating implicit associa-
tions was also confirmed in a study by Schroeder 
and colleagues [168], in which the application 
of cathodal tDCS over the left DLPFC reduced 
the implicit bias in an implicit association test 
compared to the sham condition. Furthermore, 
Adelhöfer and colleagues [1] tested whether 
anodal stimulation over the right DLPFC would 
modulate an auditory perceptual-attentional 
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bias. Results from the dichotic listening task 
revealed that relative to sham, participants’ abil-
ity to resolve the conflict was enhanced under 
anodal tDCS in the high conflict condition only 
when attention was focused on the left ear. 
Neurophysiologically, a decreased N1 amplitude 
at electrode position C6 and an increased N450 at 
electrode position FC4, which have been related 
to a decrease in early sensory conflict percep-
tion and an enhancement in conflict resolution, 
respectively, bolstered these behavioural results. 
Of note, source analysis of the N450 component 
retraced it to right frontal areas, corroborating 
the causal role of these cortical regions in cog-
nitive inhibition. Di Rosa and colleagues [43] 
reported a reduction in salience processing in a 
parity judgement task when applying cathodal 
tDCS to the right PPC, in line with the impor-
tance of the frontoparietal network for cognitive 
control [202]. In contrast, cathodal cerebel-
lar tDCS did not modulate performance in the 
Stroop task [115].

Whereas differences in experimental para-
digms may explain incongruous results between 
studies, additional attention has been dedicated to 
the investigation of inter-individual determinants 
of behavioural tDCS benefits. In their study, 
Nieratschker and colleagues [131] reported a 
detrimental effect of cathodal tDCS to the left 
DLPFC on response inhibition in a GNGT. While 
this effect was statistically significant on the 
group level, additional analyses conducted on 
the individual level revealed that this effect was 
exclusive to COMT Val/Val homozygotes and 
not present in Met allele carriers. Beyond that, 
Weidacker and colleagues [190] determined that 
even personality traits that are easily accessible 
by means of questionnaires can have an impact 
on participants’ responsiveness to tDCS in a 
GNGT (see Sect. 17.7).

This review of the tDCS-related effects on 
inhibitory control highlights the potential prom-
ise of tDCS for patients who exhibit poor self- 
control, such as in attention deficit hyperactivity 
disorder (ADHD) or addiction. Based on the pre-
sented studies, not only the IFC and DLPFC, but 
also the preSMA, appear to be promising target 

regions for this line of application. Yet, the inter-
play and distinct contributions of each of these 
regions, particularly with regard to differential 
task demands, merits further elucidation. This 
might be expedited in future tDCS studies by 
supplementing behavioural measurements with 
the acquisition of neural signals, for example, in 
the form of EEG or fMRI.

17.3.3  Working Memory

Working memory (WM) refers to the mental 
workspace that facilitates the temporary storage 
and online manipulation of goal-relevant infor-
mation, while ignoring non-relevant information 
[6]. WM is required for a wide range of cognitive 
abilities such as problem-solving, reasoning, lan-
guage and learning, and is accordingly critically 
involved in many aspects of daily functioning. 
WM also appears to be particularly vulnerable 
to disruption, as evidenced by several psychiat-
ric and neurological conditions that are charac-
terised by WM impairments. At the neural level, 
WM processes primarily rely on the frontopari-
etal network comprised of the DLPFC [171] and 
the PPC [142]. The DLPFC is particularly critical 
for updating goal representations based on con-
text [7, 41, 42] and encoding task-relevant rules, 
associated responses, stimulus features and con-
flict [119]. The PPC, on the other hand, is primar-
ily involved in the storage of perceptual attributes 
relating to spatial locations [138]. Consistent with 
this knowledge about the neural basis of WM, 
the vast majority of tDCS studies have targeted 
either the DLPFC or PPC. Even though there are 
slight variations between studies with regard to 
the employed paradigms, the n-back task is used 
in the majority of studies. This task requires the 
participants to monitor a string of visual or audi-
tory stimuli and compare each stimulus to the 
stimulus presented n trials before. The task load 
typically varies between 0- and 3-back, which 
corresponds parametrically to the cognitive 
demands of the task. Performance on the n-back 
task is evaluated in terms of response times and 
accuracy of stimulus detection. The methodolog-
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ical parameters for tDCS studies reviewed in this 
section can be found in Table 17.4.

Fregni and colleagues [58] were among the 
first to examine the effect of tDCS on WM.  In 
their proof-of-concept study, they showed that 
after only 10  minutes of anodal tDCS over the 
left DLPFC, participants produced significantly 
fewer errors and more correct responses on a 
3-back WM task. In a control experiment with 
only seven participants, they also demonstrated 
that these effects were polarity and site specific 
as neither cathodal tDCS over the same area nor 
anodal tDCS over the primary motor cortex had 
any effect. Using a very similar task, Ohn and 
colleagues [136] demonstrated that the beneficial 
effects of anodal tDCS on performance accuracy 
remained stable for up to 30 minutes after the end 
of stimulation, an observation that is of particu-
lar importance for the translational potential of 
these findings. Even longer lasting performance 
gains in n-back task performance substantiated in 
a similar study by Talsma and colleagues [181], 
wherein the beneficial effects of a single session 
of anodal tDCS persisted for 24 hours. However, 
contrary to the expectations of the authors, tDCS 
benefits were not augmented further in the fol-
lowing two sessions. Other than improving WM 
per se, Bogdanov and Schwabe [15] showed that 
anodal tDCS applied to the right DLPFC attenu-
ates the disruptive impact of stressors on perfor-
mance in a visuospatial WM task, as well as the 
digit span backwards task.

Another set of studies that investigated the 
effect of anodal tDCS over the left DLPFC on 
WM did not find changes in performance accu-
racy. Instead, cognitive improvements were 
restricted to response time parameters [86, 133, 
201] or were completely absent on the group level 
[114]. The reasons for these disparate results are 
not clear. It is possible that in some cases dif-
ferent results may have been due to greater 
emphasis being placed on speed over accuracy 
when instructing participants [143]. Aside from 
that, ceiling effects in accuracy at baseline or 
in the sham condition may have prevented fur-
ther improvement. Yet, many other differences 
in stimulation protocols may have played a role. 

For instance, Hoy and colleagues [86] showed 
that 1 mA resulted in more pronounced decreases 
in reaction time compared to 2  mA.  Notably, 
this behavioural effect was also reflected in an 
increase in event-related theta synchronisation 
and alpha desynchronisation.

Indeed, given the heterogeneous effects of 
tDCS at the behavioural level, particular atten-
tion should be devoted to the additional collec-
tion of neurophysiological data to test for tDCS 
effects at the neural level that are a prerequisite 
for stimulation effects at the behavioural level. 
Performance on n-back tasks has been associ-
ated with differential theta and alpha band activ-
ity [149]. In line with this, Zaehle and colleagues 
[201] reported polarity-specific effects on oscil-
latory power in alpha and theta bands. More spe-
cifically, oscillatory activity in these bands was 
amplified after anodal tDCS to the left DLPFC 
and decreased after cathodal tDCS. These find-
ings fit in with the assumed role of alpha band 
activity in the inhibition of task-irrelevant pro-
cesses and the role of theta band activity in the 
executive aspects of WM.  An increase in fron-
tocentral theta power upon frontoparietal anodal 
tDCS (with HD montages targeting EEG posi-
tions F3 and P3 simultaneously), but not when 
applying HD-tDCS to the left DLPFC alone, 
was also demonstrated in a study by Hill and 
colleagues [85]. Further, they demonstrated the 
impact of the stimulation on cortical excitabil-
ity as indexed by an enhanced P60 component 
in the transcranial magnetic stimulation (TMS) 
evoked potential in the wake of applying anodal 
tDCS in DLPFC and DLPFC+PC montages, 
thus replicating one of their previous findings 
[84]. Confirming the apparent subtlety of neuro-
physiological tDCS-related changes that do not 
necessarily translate to an altered performance, 
Nikolin and colleagues [135] found an increased 
frontal P3 amplitude for current intensities of 
2 mA, 1 mA and 0.034 mA (the latter constitut-
ing a sham condition) compared to a condition in 
which there was no current flow at all. Of note, 
this effect was largest with 1 mA and moderately 
correlated with changes in WM accuracy from 
baseline to post- tDCS assessments, highlighting 
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how greater  current intensities do not necessarily 
coincide with greater tDCS-related gains.

Earlier in this section, we mentioned that the 
translational potential of tDCS findings is con-
tingent on the persistence of effects beyond the 
stimulation period [137]. In addition to this, 
the near- and far transfer of stimulation effects 
to untrained tasks, which rely on the same neu-
ral networks targeted during the stimulation, 
is another sought-after aspect in application- 
oriented contexts. Appreciating this consider-
ation, Trumbo and colleagues [183] combined 
anodal tDCS over the left or right DLPFC with 
either spatial or verbal WM training. For the spa-
tial WM training, only marginal effects of the 
active stimulation conditions compared to sham 
emerged and no gains arose in the transfer tasks, 
verbal WM and a matrix-reasoning task to mea-
sure general fluid intelligence, for near and far 
transfer respectively. At the same time, both left 
anodal and right anodal stimulation resulted in 
improved performances in the trained verbal WM 
task. Additionally, compared to baseline, signifi-
cant numerical improvements were observed in 
the right anodal condition in both spatial WM and 
fluid intelligence performances, while only the 
latter improved in the sham condition. This sug-
gests that cognitive benefits from pairing tDCS 
with WM training in a specific modality can be 
conferred to untrained tasks. Previous studies 
already revealed that stimulation effects can be 
further augmented by using multiple, as opposed 
to single, sessions of tDCS [121, 158]. Following 
up on this notion, Ruf and colleagues [162] 
examined the impact of three WM training ses-
sions combined with anodal versus sham tDCS 
applied to the left or right DLPFC.  Assigning 
participants to either spatial or verbal WM train-
ing, the study not only revealed that the stimula-
tion boosted the learning rates during the online 
training sessions and performance gains at fol-
low- up, but also that these effects relied on the 
application of anodal tDCS to the task-congruent 
hemisphere. Specifically, participants in the spa-
tial WM training group profited from right anodal 
tDCS, while showing no significant difference 
in the left anodal condition compared to sham. 
Reciprocally, participants in the verbal train-

ing group exclusively scored higher in the left 
anodal tDCS condition. These effects lasted for 
up to 9 months and transferred to the respective 
untrained task. Further increasing the number of 
training sessions, another study [5] supplemented 
six sessions of visuospatial WM training with 
anodal tDCS to the left or right DLPFC com-
pared to sham. Once again, the gain scores in the 
combined active conditions exceeded the ones 
observed in the sham condition. Interestingly, 
gain scores between training sessions 3 and 4, 
were found to be greater for the group of partici-
pants who had their fourth session following a 
weekend break as opposed to the consecutive day. 
This implies a crucial influence of offline stimu-
lation effects, which have also been reported by 
others [61], but are not given much consideration 
in the literature at large. Returning to the study by 
Au and colleagues [5], right anodal, but not left 
anodal, tDCS resulted in cognitive improvements 
selectively in an untrained visual n-back as well 
as a backward block-tapping task. Furthermore, 
the authors demonstrated that the tDCS-derived 
gain in the trained task relative to the sham group 
was maintained at an approximately 3-month 
follow-up (221 ± 82 days, range: 97–393 days). 
Following up on the same participants after, 
on average, 12  months (355  ±  73  days, range: 
97–471  days), the same research group [97] 
reported that participants in the active conditions 
continued to outperform their peers in the sham 
group. These observations suggest that repeated 
sessions of tDCS in conjunction with WM train-
ing, as opposed to either WM training or tDCS on 
their own, may hold particular promise for foster-
ing lasting gains in WM performance.

A single study [192] chose the VLPFC as the 
target site for anodal HD-tDCS, testing the con-
tribution of frontal regions other than the DLPFC 
on WM performance. In this sense, Weintraub- 
Brevda and Chua showed that the proportion of 
correct responses was greater in the left anodal 
condition compared to sham, whereas perfor-
mance levels in the WM task did not differ 
between groups that received right anodal tDCS 
or sham.

Heinen and colleagues [81] explored the effect 
of parietal tDCS on a visual WM task. In three 
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separate experiments, they applied tDCS bilater-
ally or unilaterally to the PPC, while switching 
the positions of anode and cathode. Their results 
showed that independent of electrode polarity, 
bilateral tDCS improved performance levels, 
especially in initial low performers. These per-
formance gains were, however, attributed to the 
suppression of different kinds of errors. While the 
right anodal/left cathodal configuration decreased 
the probability of random responses, performance 
gains in the reverse electrode configuration mani-
fested as a lower rate of misbinding errors. With 
regard to the unilateral application of tDCS, the 
stimulation benefits were restricted to the cathodal 
condition and were solely observed in participants 
who exhibited a low performance at baseline. 
Thus, the latter experiment is yet another example 
of how cathodal tDCS rather than anodal tDCS 
can produce gains in cognitive performance.

Two tDCS studies also examined the role of 
the cerebellum in WM [14, 115]. Boehringer and 
colleagues [14] found that cathodal, relative to 
sham, tDCS over the cerebellum was associated 
with poorer performance on the digit span task, 
and additionally blocked a practice-dependent 
increase in digit span. In contrast, cathodal cer-
ebellar tDCS did not modulate performance in a 
Sternberg task [115].

Potential indirect effects of tDCS on WM 
performance gains by way of modulating atten-
tional processes also need to be considered. 
For instance, an elegant study conducted by Li 
and colleagues [108] provided evidence to sug-
gest that the improvements in performance in a 
visual WM task may be traced back to the dif-
ferential roles of the right DLPFC and the right 
PPC in attentional control and attentional scope, 
respectively.

In sum, a respectable body of evidence has 
accumulated to suggest that tDCS applied over 
DLPFC, PPC, VLPFC and cerebellum is capable 
of altering WM performance in young healthy 
adults. However, results are not entirely consis-
tent, and discrepancies with regard to stimula-
tion parameters and study designs are currently 
limiting the interpretation of results. Indeed, 
the same conclusions were drawn by two recent 
meta- analyses of the effects of tDCS on WM per-

formance [21, 83] have drawn the same conclu-
sions, and have emphasised the need for future 
studies to systematically probe the impact of 
various stimulation parameters with the view to 
both elucidating the factors that mediate incon-
sistent findings, and optimising performance 
gains. However, as will be discussed below, even 
when stimulation protocols are identical, inter- 
individual differences can also confound tDCS 
studies (Sect. 17.8).

17.4  Effects of tDCS on Language

Language refers to the complex capacity to 
understand as well as express mental contents 
with highly structured sets of sounds, manual ges-
tures and written symbols. To date, most studies 
that investigated the effect of tDCS on language 
in healthy young adults have focused on picture 
naming, verbal fluency and reading comprehen-
sion. These functions rely predominantly on left 
lateralised, albeit distributed, frontal, temporal 
and parietal cortical regions. However, a few 
studies [46, 175] also appreciate the role of pre-
frontal-cerebellar loops in supporting language 
functions. Table 17.5 lists the studies reviewed in 
the section and their methodological parameters.

Applying 2  mA of anodal or cathodal tDCS 
to Wernicke’s area, Sparing and colleagues [174] 
tested whether they could modulate the perfor-
mance in picture naming. Subjects responded 
significantly faster with anodal tDCS over 
Wernicke’s area when compared to sham and 
cathodal stimulation. Response times did not 
differ between cathodal stimulation and sham, 
nor did the application over the homologous 
region in the right hemisphere produce any sig-
nificant effect. However, the authors observed 
that the facilitatory effect did not outlast the 
online stimulation. Applying anodal tDCS over 
Wernicke’s area also proved to be beneficial dur-
ing associative language learning, while cathodal 
 stimulation did not have a significant impact on 
the acquisition of new vocabulary [57].

Based on the successful modulation of lan-
guage production in earlier studies with smaller 
numbers of participants [53, 88], Wirth and col-
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leagues [196] selected the left DLPFC as their 
target region for anodal tDCS.  Additionally, 
they sought to investigate the electrophysiologi-
cal underpinnings of tDCS-induced changes in 
picture naming and a semantic interference task 
with EEG.  In the latter task, semantic interfer-
ence was defined as the difference in response 
time when subjects are required to respond to 
objects displayed in semantically homogeneous 
as opposed to heterogeneous contexts. At the 
behavioural level, the authors observed a reduc-
tion in semantic interference during online 
anodal tDCS.  Similar to the study by Sparing 
and colleagues [174], no offline effect of anodal 
tDCS was found for picture naming. With regard 
to EEG results, it was found that the behavioural 
reduction of semantic interference correlated with 
an increase in amplitude of event-related poten-
tials over left, but not right, temporal electrode 
sites. These results were interpreted as reflecting 
a superior tuning of neural responses within lan-
guage-related substrates. Despite the absence of 
behavioural after effects on picture naming, delta 
activity was reduced during picture naming and 
at rest after the stimulation was terminated. This 
finding is consistent with the notion that anodal 
tDCS had an excitatory impact on frontally 
mediated neural processes and related language 
functions, which outlast the stimulation period. 
Further work is required to determine whether 
the electrophysiological aftereffects of the stimu-
lation can be extended to behavioural results. It 
should, however, be noted that effects on task per-
formance that outlast the effect of online stimula-
tion does not equal effects of stimulation applied 
before task onset. Following a previous study 
[55] that indicated that the application of anodal 
tDCS to Broca’s area was associated with more 
accurate and faster articulation of tongue twist-
ers, Wong and colleagues [198] used an almost 
identical stimulation protocol with the excep-
tion of applying the stimulation at rest prior to 
the task. Contrary to the beneficial effects found 
in the online-tDCS study, neither speech rate nor 
response accuracy could be improved in the sub-
sequent study by Wong and colleagues, which 
used an offline- tDCS paradigm. It should, how-
ever, be noted that a previous study [195] did not 

find a significant stimulation effect even though 
applying anodal tDCS concurrent with the task.

De Vries and colleagues [40] explored the 
effects of anodal tDCS over Broca’s area when 
applied during an artificial grammar learning 
paradigm. Anodal tDCS was associated with an 
improved performance on a subsequent gram-
matical decision task, as compared to sham tDCS, 
and anodal tDCS over contralateral hemisphere. 
This tDCS-related improvement was particularly 
apparent for the detection of syntactic violations, 
a finding which may have future implications for 
facilitating recovery in some patients with post-
stroke aphasia.

The acquisition of neurophysiological data 
in conjunction with cognitive measurements 
can prove helpful for interpreting null effects in 
tDCS studies. In line with this, Herrmann and 
colleagues [82] measured cortical activity in the 
prefrontal cortex with near-infrared spectroscopy 
(NIRS) while targeting the left and right DLPFC 
with bilateral tDCS during a phonemic verbal 
fluency task. Neither verbal fluency nor corti-
cal activation was influenced by the stimulation, 
leading the authors to the conclusion that the left 
DLPFC is not involved in phonemic verbal flu-
ency performance. The importance of the inter-
action between task-related brain activity and 
the tDCS-induced modulations of cortical excit-
ability has been further elucidated by Pisoni and 
colleagues [151]. They applied anodal tDCS to 
the left IFG during a verbal fluency task while 
probing site-specific plasticity changes by means 
of TMS-EEG.  Improvement in the task was 
positively correlated with increases in cortical 
excitability in terms of greater TEP amplitudes 
following anodal tDCS.  This electrophysiologi-
cal effect was restricted to the area involved in 
the functional network underlying verbal fluency 
(left BA6) and did not arise in an area uninvolved 
in this network (left BA7). Fiori and colleagues 
[56] targeted the same cortical area, the left IFG, 
with anodal tDCS and investigated the neural 
correlates of stimulation effect in a verbal learn-
ing task in an fMRI paradigm. Compared to 
sham stimulation, participants gave more correct 
responses in the anodal tDCS condition. This 
increase in accuracy was negatively correlated 
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with task-related functional coupling between the 
left IFG and the right insula. Moreover, anodal 
tDCS decreased task-related activity in the tar-
geted left IFG as well as the homologous area 
of the right hemisphere. This reduction of the 
BOLD signal in Broca’s area in relation to the 
tDCS- derived performance gains hints at a non-
linear relationship between cortical activity and 
task performance, plausibly in the form of an 
inverted U curve.

A set of studies has corroborated how apply-
ing anodal tDCS over Broca’s area reduced the 
interference effect in a word production task 
[125] while also elevating performance levels 
in the comprehension of sentences [67, 113]. 
Interestingly, both anodal and cathodal tDCS 
decreased reaction times in tasks on categori-
cal perception and word naming in a study by 
Rodrigues de Almeida and colleagues [159]. 
The authors proposed that the beneficial effect 
of cathodal tDCS, which goes against common 
assumptions [89], is indicative of compensatory 
mechanisms shifting relative contributions of dif-
ferent nodes in the execution of the task.

Turning towards semantic processing, two 
studies selected the angular gyrus as a target 
region [37, 154]. In the former, Price and col-
leagues found that anodal tDCS to the left 
angular gyrus resulted in significantly shorter 
reaction times in the identification of meaning-
ful compared to non-meaningful word pairs. 
This effect was graded on the single-item level 
such that greater semantic coherence of the 
word pair resulted in a larger stimulation effect. 
Neither cathodal nor sham stimulation resulted 
in a similar dissociation effect. A complemen-
tary interdependency between semantic content 
and stimulation effect was revealed in the study 
by Cummine and colleagues [37]. Therein, the 
positive effect of the imageability score on read-
ing times of the respective word was reduced 
by both anodal and cathodal tDCS, particularly 
in participants who showed the largest image-
ability effect pre-stimulation. With the inten-
tion to likewise influence semantic processing, 
Brückner and Kammer [20] administered anodal 
or cathodal tDCS over Wernicke’s area prior to a 
lexical decision task, in which participants had 

to decide whether the presented noun was a real 
word or not. While the accuracy of the responses 
was not altered by either of the two stimulation 
conditions compared to sham, cathodal tDCS 
significantly decreased reaction times, whereas 
anodal tDCS showed a trend in the same direc-
tion. These studies solidify the conclusion of a 
meta- analytical review [89] that the canonical 
assumption ‘anodal excitatory, cathodal inhibi-
tory’, that was principally in the motor cortex, 
should not be transferred unseen to other corti-
cal regions, especially not with the expectation to 
find a linear positive relationship between excit-
ability and task performance. In fact, inhibitory 
control is often crucial to limit disruptive influ-
ences and thus ultimately improves cognitive 
performance. This notion is further reinforced 
by a study [107] in unbalanced Chinese-English 
bilinguals, in whom cathodal tDCS applied to 
the right DLPFC decreased language switching 
costs, supposedly by suppressing the interference 
of the non-target lemma. The analysis of late 
positive components of ERPs also revealed that 
cathodal tDCS reduced the asymmetry in switch-
ing costs between the two languages.

Choi and Perrachione [33] carried out an 
interesting study wherein they explored the 
effects of both anodal and cathodal tDCS to the 
left superior temporal lobe on speech processing. 
Participants had to identify whether they heard 
‘boat’ or ‘boot’ while talker variability (single 
or mixed talkers) and speech context (isolated 
words or connected speech) where manipulated. 
Neither anodal nor cathodal tDCS had a sig-
nificant impact on response times, whereas both 
stimulation conditions interfered with the benefi-
cial effect derived from connected speech in the 
mixed talker condition. The authors argue that 
this outcome is consistent with the conjecture that 
superior temporal lobe structures are principally 
recruited when the phonetic category of a word 
is ambiguous. Hence, altering the  excitability of 
this cortical region in the unambiguous condition 
may have produced the observed disruption in 
talker adaptation. This speaks to how the identi-
fication of target regions for tDCS, especially in 
the extensive language network, should take into 
account the fine-grained contributions of diverse 
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and distributed brain areas involved in executing 
the task under scrutiny.

Beyond the identification of an appropriate 
target region, there are numerous other param-
eters that must be determined when endeavour-
ing to design efficacious stimulation protocols. 
Particularly in the language domain, there are 
conspicuous heterogeneities across studies, 
mainly regarding the use of diverse electrode 
montages to target the same brain region. This 
approach does little to advance the field as it 
reduces the likelihood that effects will be rep-
licated, and hampers efforts to disentangle the 
influence of distinct brain regions in the chosen 
paradigm, as changes in montages lead to differ-
ent distributions of current flow. Nevertheless, the 
studies reviewed in this section demonstrate the 
potential of tDCS to modulate neural function-
ing in language networks and associated behav-
ioural indices in the healthy brain. Provided the 
necessary fine-tuning of stimulation protocols to 
increase their reliability, the findings also hold 
promise for promoting functional recovery in 
patients that suffer from language impairments.

17.5  Effects of tDCS on Numerical 
Cognition

Spanning representation and manipulation of 
quantities and numbers, numerical cognition is 
a key component of intellectual development. In 
the light of our society’s increasing preoccupation 
with computation and data, it has become an ever 
more essential skill in everyday life. Accordingly, 
dyscalculia, a deficit in comprehending arith-
metics, can pose serious personal, social and 
economic problems [9, 24]. So far, functional 
neuroimaging and TMS studies have consistently 
highlighted the importance of the intraparietal 
sulcus (IPS) and surrounding parietal lobe struc-
tures in numerical processing. Likewise, a small 
number of tDCS studies corroborate the role of 
the IPS in this capacity (Table 17.6).

In a study by Hauser and colleagues [78], tar-
geting the left IPS with anodal tDCS prior to arith-
metic operations significantly enhanced accuracy 
in a number comparison task and decreased reac-

tion times in a subtraction task. Neither anodal 
stimulation of the right IPS, bilateral anodal nor 
bilateral cathodal stimulation resulted in any 
changes in performance compared to sham.

Consistent with these results, Kasahara and 
colleagues [96] corroborated the importance 
of the left IPS in their study wherein they also 
acquired fMRI measures. Here, additional atten-
tion was directed to the question whether individ-
ual differences in the laterality of parietal activity 
during mental calculation would moderate the 
extent to which participants would subsequently 
benefit from left anodal/right cathodal or left 
cathodal/right anodal tDCS. They found that left 
anodal/right cathodal tDCS was associated with 
reduced reaction times exclusively in those par-
ticipants that had previously shown a left hemi-
spheric dominance for brain activity when they 
solved the same arithmetic problems at baseline, 
whereas participants with a bilateral activation 
did not show this effect. As one of many, this 
finding highlights the critical role of individual 
differences in brain state and structure in deter-
mining tDCS outcomes (see Sect. 17.7).

Apart from subdividing the study popula-
tion according to individual characteristics, the 
inclusion of neuroimaging measures in tDCS 
studies also contributes to a better understand-
ing of the mechanisms underlying behavioural 
gains or their absence. In this regard, Hauser 
and colleagues [79] used concurrent fMRI 
to elucidate how the effect of tDCS on task-
related neural network activity may mediate the 
effects on complex subtraction problems. While 
participants experienced no cognitive benefits 
from left anodal tDCS, relative to sham, in 
either repeated or novel arithmetic problems, 
tDCS exerted task- specific effects on neural 
activity. More precisely, the right IPS showed 
a decreased activation for novel relative to 
repeated problems in the sham group, whereas 
no such discrepancy emerged in the group 
who received 30  min of active tDCS to their 
left IPS concurrent with the task. The authors 
ascribed the effect to the impact of the excit-
ability decreasing effect of the cathode. Placed 
over the right supraorbital area, the edges of the 
cathode bordered on the right IFC in which the 
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fMRI effect was found and for which the cur-
rent density simulations predicted the largest 
effect.

Employing a crossover design, Artemenko 
and colleagues [4] tested the impact of tDCS in 
five different electrode setups. They adminis-
tered stimulation of both polarities (i.e. anodal 
or cathodal) unilaterally to either the right or the 
left IPS or a sham condition. Overall, reaction 
times in a subtraction task did not differ between 
stimulation conditions. However, tDCS over the 
right IPS modulated a specific task component, 
namely place-value integration, with anodal 
tDCS increasing the effect compared to cathodal 
stimulation.

For the most part, tDCS studies reviewed in 
this section converge on the notion that the pari-
etal lobes are critical neural substrates for numer-
ical cognition. Yet, discrepancies are likewise 
manifesting across studies. Currently, the origin 
of the latter cannot be unambiguously attributed 
to methodological irregularities, individual dif-
ferences within and across study samples or the 
reliability of tDCS to modulate behavioural and 
neural indices of numerical cognition. While uni-
lateral anodal tDCS may be sufficient to elicit 
improvements, effects observed with bilateral 
montages have prompted authors to speculate 
that a reduction in inter-hemispheric competi-
tion might mediate the effect on numerical pro-
cessing. Hence, it would be of interest for future 
work to systematically compare the effect sizes 
produced with unilateral and bilateral montages 
that have been found to be effective.

17.6  Effects of tDCS on Learning 
and Memory

Studying his own processes of learning and 
forgetting, Ebbinghaus [47] set the research on 
memory rolling. Since then, different types of 
memory have been identified [36]. Alongside 
working memory (see Sect. 17.4), these are 
short- term and long-term memory that have been 
found to be closely linked to each other [77, 139, 
140, 155]. Within these processes, the hippocam-
pus is acknowledged as a crucial node in binding 

information from different sources [13, 19, 23] 
and may thus be considered an appropriate target 
for tDCS. While some studies argue that indirect 
stimulation of the hippocampus [11, 133], by 
way of its high connectivity to more accessible 
cortical regions, is possible, most studies on the 
effects of tDCS on learning and memory focus 
on cortical targets, prefrontal and parietal cor-
tices in particular. In the following section, we 
provide a synopsis of studies investigating the 
impact of tDCS on short- and long-term memory 
(Table 17.7).

To date, only few, largely underpowered stud-
ies investigated the impact of tDCS on short-term 
memory. One study reported beneficial effects 
of tDCS over the left DLPFC when applied dur-
ing a modified Sternberg task [68]. However, 
the authors observed significant improvements 
in reaction time only when additional distractor 
stimuli were presented during the delay period. 
Such a specific effect indicates that it might result 
from modulation of executive functions, such as 
inhibitory processes, which are known to involve 
frontal networks. No effects on accuracy were 
reported.

Studies that have targeted the parietal cortex 
additionally produced discrepant effects on short- 
term memory. Berryhill and colleagues [10] found 
that cathodal tDCS over the right parietal cortex 
applied during learning, impaired recognition, 
but not free recall in a visual short-term mem-
ory task. Contrarily, Heimrath and colleagues 
[80] found an improvement in a spatial delayed 
match-to-sample task when placing the cathode 
over the right parietal cortex. It should be noted, 
however, that in each study the anode was placed 
over the left cheek and the contralateral parietal 
cortex, respectively, which likely resulted in dif-
ferent current flow. For Heimrath and colleagues, 
the improvement was observed for stimuli that 
were presented in the left visual hemifield. On 
the other hand, short-term memory decreased 
when the anode was placed over the right parietal 
cortex (with the cathode over the contralateral 
parietal cortex). Electrophysiological measures 
obtained simultaneously showed a decrease in 
alpha power after cathodal stimulation, which 
has previously been associated with inhibitory 
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processes. The involvement of the right PPC in 
short-term memory has been corroborated by 
Wang and colleagues [188], whose adequately 
powered crossover study on 20 participants dem-
onstrated that visual short-term memory capacity, 
but not precision, can be increased with anodal 
tDCS. This effect only occurred with the highest 
set size, that is, when the number of items to be 
remembered exceeded the capacity limit.

Ferrucci and colleagues [52] applied anodal 
and cathodal tDCS to the cerebellum and found 
an impairment of practice-dependent improve-
ments in reaction times in a modified numerical 
Sternberg task, while accuracy was not affected. 
Generally, problems with ceiling effects tend to 
be common with short-term memory tasks, as is 
often the case with simple cognitive paradigms. 
This might explain why most studies show effects 
on reaction time, but not accuracy.

The enhancement of learning and long-term 
memory processes with tDCS has been investi-
gated in a number of studies, mostly attempting 
to modulate the learning phase. Based on the 
known underlying neurobiological mechanisms 
of the respective domain tested, some studies 
targeted left prefrontal areas, some frontal or 
parietal areas and a few targeted right prefrontal 
areas. Consequently, the use of different stimu-
lation and testing paradigms makes it difficult 
to synthesise the findings from these studies. 
In previous studies, improvements in long-term 
memory have been reported when placing the 
anode over the DLPFC [91, 98] or other prefron-
tal areas [194]. We previously discussed a study 
by Nikolin and colleagues [133] wherein they 
attempted to modulate sustained attention using 
HD-tDCS (see Sect. 17.2). In the same study, 
they also assessed the effects of HD-tDCS over 
left DLPFC, PT and left MTL on declarative 
verbal learning and memory. HD-tDCS over the 
left DLFPC significantly improved the rate of 
declarative verbal learning. However, no effects 
on verbal learning, retention or retrieval were 
found tDCS applied over the PT and left MTL, 
with which the authors hoped to target the hip-
pocampus. In line with this, Leshikar and col-
leagues [104] found that anodal tDCS applied 
to the left DLPFC enhanced the free recall per-

formance in a face-name association task, both 
on the same day on which learning occurred 
and the day after. In contrast, impairments in 
different word-based learning paradigms were 
reported when the cathode was placed over 
the DLPFC [50, 73, 91] or the supramarginal 
gyrus [186]. Silas and Brandt [170] found that 
directed forgetting was reduced when bilateral 
tDCS with the anode over the left and the cath-
ode over the right DLPFC was administered 
prior to a word list learning. Notably, some 
studies found no detrimental effect when plac-
ing the cathode over frontal areas [98, 165, 179] 
or improvement when placing the anode over 
frontal areas [73, 147, 165, 186]. It is, however, 
worth mentioning that in the absence of a ben-
eficial group-level effect of anodal tDCS, stim-
ulation-related gains may still emerge in subsets 
of study samples. For instance, Habich and col-
leagues demonstrated that stimulation gains in 
a word list learning task were restricted to ini-
tially low performers [71] and likewise, that the 
excitatory tone at baseline may be predictive of 
subsequent stimulation gains [72] (for further 
elaboration on inter-individual differences see 
Sect. 17.8). An extensive study by Wong and 
colleagues [197], comprising four experiments, 
contributed additional evidence that benefi-
cial stimulation effects might be connected to 
suboptimal cognitive processing. While their 
first three experiments failed to replicate the 
beneficial impact of stimulation applied to the 
left or right DLPFC on various episodic mem-
ory paradigms, explorative analyses revealed a 
potential effect of time of day. The latter was 
confirmed by a fourth experiment, in which 120 
participants were pseudorandomly allocated to 
morning (9 a.m.) or afternoon (1 p.m.) sessions. 
Stimulation reversed the typically observed 
diurnal performance pattern by significantly 
improving recollection accuracy in the morn-
ing session, while stimulation in the afternoon 
even exhibited a trend towards impairing recall 
performance. Accordingly, this study attests 
to the selectivity of tDCS effects, even within 
a relatively homogeneous population of young 
healthy adults that might even take on greater 
significance in more heterogeneous patient pop-
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ulations in which even more stringent stimula-
tion protocols, not least with regard to timing, 
may be required.

In a study by Zwissler and colleagues [203], 
anodal tDCS over the left DLPFC applied during 
the encoding of pictures, resulted in an increase 
of false alarms, whereas cathodal tDCS decreased 
false alarms during the recognition testing. The 
authors attribute the beneficial effect of cath-
odal stimulation to its potential noise filtering 
capacity. The poorer performance under anodal 
stimulation, on the other hand, was attributed to 
a deterioration of the signal-to-noise ratio due to 
the excitability enhancing impact of the stimula-
tion. Two other studies confirmed the occasional 
detrimental influence of anodal tDCS applied to 
the left DLPFC in a verbal paired-associates task 
[65] as well as in a word list learning task [22]. 
An explanation for this seemingly counterintui-
tive effect may be found in the small margin for 
improvement in the tested task, especially when 
retrieval is assessed via a recognition test, which 
is often perceived as less demanding than free 
recall.

Numerous studies also focused on the 
involvement of parietal cortical areas in mem-
ory processes. Jones and colleagues [93] placed 
the anode either over the left or right PPC and 
found a significant improvement in learning and 
retrieval only when stimulation was administered 
over the left but not right parietal area, and only 
during encoding but not prior to retrieval. In a 
study by Bjekić and colleagues [12], applying 
anodal tDCS to both left and right PPC proved to 
be beneficial for face-word associative memory 
performance. It stands to reason that this dis-
crepancy may have been caused by the different 
choices of cathode placements in the two stud-
ies, with one positioning it over the contralateral 
supraorbital area [93] and the other positioning 
it extracephalically on the contralateral cheek 
[12], thus creating different electric field distri-
butions. Furthermore, Bjekić and colleagues [11] 
provided evidence to support the persistence of 
left parietal stimulation effects, with performance 
gains in free recalls lasting for up to 4 days fol-
lowing the stimulation. Analogous to findings in 
the DLPFC, cathodal tDCS over the left PPC, but 

not the primary motor cortex, which served as an 
active control region, decreased source memory 
performance, while old/new recognition perfor-
mance remained unaffected [30]. In the same 
study, no significant effect emerged for anodal 
tDCS.

Jacobson and colleagues [90] found improved 
verbal memory when administering bilateral 
tDCS with the anode over the left and the cath-
ode over the right parietal cortex, during verbal 
encoding, but not vice versa. Contrarily, a simi-
lar bilateral montage over the PPC as well as the 
reversed electrode arrangement led to higher false 
alarm rates [146]. Moreover, the study revealed 
that subjective aspects of memory were also 
altered with a higher confidence in false alarms 
relative to misses with a CP3/CP4 montage.

Boggio and colleagues [17] placed the anode 
over the left anterior temporal lobe and the cath-
ode over the contralateral homologue area. The 
latter was either the same size as the anode or 
enlarged in order to mimic a unilateral stimula-
tion. Irrespective of the size of the cathode, both 
active conditions significantly reduced false 
memories compared to sham. A more recent 
study [45] also demonstrated benefits of anodal 
tDCS over the left anterior temporal lobe, this 
time placing the cathode on the right shoulder, 
in decreasing false recognition for associative 
but not categorical lists. Perceval and colleagues 
[145] conducted a study on face-name associa-
tive memory. Anodal HD-tDCS over the tempo-
roparietal cortex reduced reaction times but did 
not affect accuracy in the recognition task.

Finally, Schaal and colleagues [167] inves-
tigated the contribution of the left and right 
supramarginal gyrus to pitch and rhythm mem-
ory. Their study revealed a hemisphere-specific 
impact of anodal tDCS. Specifically, pitch mem-
ory was facilitated with left anodal stimulation, 
while rhythm memory was unaffected. The oppo-
site pattern emerged for right anodal stimulation, 
which augmented memory span for rhythm with-
out modulating pitch memory.

As evident from the literature reviewed in this 
section, tDCS has been shown to successfully 
modulate many aspects of learning and memory. 
It is, however, important to note that many of the 
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memory paradigms employed require compo-
nents of executive functioning such as inhibitory 
control, decision-making and working memory, 
as well as attention, which are known to draw on 
frontal and frontoparietal networks. For instance, 
Pergolizzi and Chua [148] found that correct 
rejection rates during a recognition task were 
increased due to a more efficient use of cues, pin-
pointing that advantageous results in the memory 
domain might, at least partially, reflect indirect 
effects on executive functions (see Sects. 17.2, 
17.3 and 17.4).

17.7  Inter-Individual Differences 
in Cognitive Benefits 
from tDCS

While benefits of tDCS have been demonstrated 
for a wide variety of cognitive functions, results 
from studies that examine similar questions also 
feature a persistent heterogeneity if not outright 
contradictions. It is widely acknowledged that the 
wide variety of stimulation protocols employed 
in the studies significantly affect the reproduc-
ibility of results [32, 122]. However, even if 
methodological parameters are held constant, 
inter-individual variability in response to tDCS 
can still confound results. Many studies on the 
electric current flow induced by tDCS suggested 
that inter-individual differences in micro- and 
macro-anatomical features (e.g., skull thickness, 
gyration and volume of cortical regions) impact 
the spread of the electric current and thus underlie 
different effect sizes of the stimulation. Leaving 
those universal determinants of tDCS effects 
aside, in the following  section, we focus on stud-
ies that have provided insights into behavioural, 
genetic and neurophysiological characteristics of 
participants, which influence their responsive-
ness to tDCS in cognitive domains (Table 17.8).

A growing number of studies are reporting that 
individual differences in baseline cognitive abil-
ity modulate tDCS outcomes, even in the rela-
tively homogenous group of healthy young adults 
[11, 71, 87, 97, 180, 184]. Habich and colleagues 
[71] showed that the application of anodal tDCS 
during the encoding phase of a verbal episodic 

memory task did not produce a beneficial group 
effect during the delayed recall of the word list. 
Instead, stimulation gains were restricted to ini-
tially low performers. Similarly, in a study by 
Katz and colleagues [97] the advantage of active 
compared to sham stimulation accompanying 
a visuospatial memory training declined with 
increasing baseline scores. Likewise, Tseng and 
colleagues [184] found that performance in a 
visual short-term memory task was enhanced with 
anodal tDCS to the right PPC only in participants 
who had initially exhibited poor performance. 
It did not improve for participants with initially 
high performance. Furthermore, concurrent EEG 
recordings revealed that the improvement in the 
visual short- term memory task performance with 
tDCS was accompanied by increased amplitude 
of ERPs related to attention deployment. On the 
other hand, those who did not further improve 
exhibited relatively large amplitude ERPs at 
baseline. Employing a very similar change detec-
tion task, Hsu and colleagues [87] demonstrated 
a similar interaction between stimulation gains 
and natural memory capacity with only low but 
not high performers benefitting from anodal 
tDCS.  This dissociation was also reflected in 
changes in oscillatory activity in the alpha band. 
In low performers, relative to sham, anodal tDCS 
led to a decrease in pre-stimulus alpha power in 
parieto- occipital regions. By contrast, no such 
change in pre-stimulus alpha power was revealed 
in high performers, who possessed a low alpha 
power to begin with. Another of these three-way 
connections between initial performance level, 
tDCS- induced cognitive improvement and neural 
oscillatory power was revealed by Splittgerber 
and colleagues [176]. Corroborating previous 
results, their multi-channel stimulation of the left 
DLPFC mainly improved the working memory 
capacity of low performers, while high perform-
ers tended to show poorer tDCS-related perfor-
mance. The importance of baseline performance 
was corroborated by the observation that task- 
related theta power increased more, the worse the 
baseline performance level. On the other hand, 
initial high performers showed increased alpha 
power after tDCS compared to the sham condition. 
Furthermore, Liang and colleagues [109] found 
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that a group difference in multi-scale entropy of 
the EEG signal interacted with improvements in 
a stop-signal task under anodal tDCS.  Therein, 
anodal tDCS specifically increased the small and 
medium multi-scale entropy in frontal and pari-
etal lobes of low performers, while the already 
high multi-scale entropy of high performers 
could not be enhanced further, hinting at a natural 
neurophysiological limit for tDCS-induced cog-
nitive improvements.

Another set of studies provides evidence that 
the relationship between baseline performance 
and tDCS outcomes is not necessarily always 
unidirectional and/or linear. First, London and 
Slagter [112] tested the effects of anodal and 
cathodal tDCS on the attentional blink. In the 
absence of a stimulation effect of either of the 
two stimulation conditions on the group level, 
they found that individuals who exhibited a 
large attentional blink at baseline exhibited a 
less pronounced attentional blink under anodal 
tDCS, while participants with a small attentional 
blink at baseline showed an increased atten-
tional blink. By contrast, Learmonth and col-
leagues [101] demonstrated that anodal tDCS to 
the left PPC of low performers decreased their 
sensitivity compared to baseline, while high 
performers retained their initial performance 
level under anodal tDCS to their right PPC. The 
authors suggest that these observations could be 
related to inter- hemispheric competition during 
visuospatial attention. Specifically, initial high 
performers might be more robust in the face of 
disrupting the balanced activity between left and 
right hemispheres, since they activated their right 
hemisphere more  efficiently than low performers. 
Additionally, Jones and Berryhill [92] found that 
when cognitive demands of a working memory 
task were high, both anodal and cathodal tDCS 
over the right PPC improved change detection 
performance in high-performing participants, but 
impaired performance in low-performing indi-
viduals. The authors suggest that low performers 
may not efficiently recruit their right PPC dur-
ing task performance and are, thus, precluded 
from experiencing stimulation benefits. The 
importance of a favourable interaction between 
engaged brain regions and stimulation has also 

been demonstrated in a study by Kasahara and 
colleagues [96]. Split according to the lateralisa-
tion of parietal activity during a mental calcula-
tion task, only participants with left-hemispheric, 
but not bilateral, activation responded faster 
under bilateral tDCS when the anode was placed 
over the left and the cathode over the right pari-
etal cortex.

Apart from cognitive skills at baseline, differ-
ential tDCS effects have also been associated with 
personality traits. Gordon and colleagues [31] 
showed that tDCS applied bilaterally, with the 
cathode over the left and the anode over the right 
DLPFC, reduced risk-taking behaviour under the 
context of haste. This effect was even larger in 
individuals with high attentional impulsivity. In 
addition, a positive relationship between higher 
scores of cold-heartedness, and relative improve-
ment in a GNGT task under anodal tDCS in the 
high load condition, was reported in a study by 
Weidacker and colleagues [190]. The authors put 
forth the notion that this personality trait appears 
in the context of a disrupted ratio between inhibi-
tory and excitatory inputs to the DLPFC and that 
the observed improvement with cathodal tDCS 
results from a rebalancing of the system towards 
a more optimal range of excitation.

Moreover, a number of studies have high-
lighted the role of genetic polymorphisms in 
moderating the susceptibility to tDCS effects. 
For instance, Plewnia and colleagues [152] found 
that the application of anodal tDCS to the left 
DLPFC had a deleterious effect on performance 
in a GNGT task in COMT Met/Met homozygotes 
compared to carriers of the Val-allele. A subse-
quent study [131] from the same research group 
showed that cathodal tDCS over the left DLPFC 
impaired response inhibition in participants who 
were homozygous for the COMT Val-allele but 
had no effect on carriers of the Met-allele. The 
COMT gene is known to be an important regula-
tor of dopaminergic transmission, particularly in 
the prefrontal lobes. Interestingly, Lachman and 
colleagues [100] established that Val/Val homo-
zygotes possess the lowest levels of prefrontal 
dopamine, heterozygotes show intermediate lev-
els and Met/Met homozygotes exhibit the high-
est levels. Further, it has been hypothesised that 
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cognitive performance is not linearly related to 
dopamine levels but that the relationship is bet-
ter characterised as an inverted U shape [2, 35, 
128]. Hence, these studies suggest that increas-
ing neuronal excitability via anodal tDCS shifts 
the characteristically high dopaminergic activ-
ity of Met/Met homozygous participants to the 
extreme right and thus beyond the optimal range 
for cognitive performance. Vice versa, cathodal 
tDCS further decreases the already low baseline 
dopaminergic activity of Val/Val homozygotes to 
the extreme left of the inverted U shape, push-
ing them out of the optimal range for cognitive 
performance as well. This proposed role of dopa-
mine levels on tDCS effects has been further 
corroborated by Jongkees and colleagues [94]. 
In their study, no difference between stimulation 
conditions emerged in the group that received a 
placebo preparation. However, the administration 
of the dopamine precursor l-tyrosine reversed the 
previously observed and usually predicted effects 
of tDCS on working memory performance. More 
specifically, left cathodal/right cathodal tDCS 
increased task performance compared to bilateral 
stimulation with the opposite polarity. Despite 
the coherence between these findings, it should 
also be noted that a highly powered study involv-
ing the same first author [95] could not replicate 
the distinctive influence of the COMT Val158Met 
genotype on tDCS effects. Whether this can be 
attributed to the slightly different electrode mon-
tage, the use of a different task or yet another 
parameter, remains to be tested. Generally, it 
should be noted that individual differences on dif-
ferent levels may interact with each other result-
ing in a multi- factorial influence on the induction 
of tDCS effects. Going forward, highly powered 
multi- modal studies that thoroughly characterise 
their participants might remedy the current per-
plexing heterogeneity in stimulation outcomes.

17.8  Conclusion

Research investigating the modulation of cogni-
tion using tDCS is one of the most rapidly grow-
ing fields in cognitive neuroscience today. The 

technique holds considerable promise as a tool for 
exploring novel theoretical hypotheses, as well as 
for improving cognitive function. Nevertheless, 
the field has become more measured in its enthu-
siasm regarding the neuroenhancing potential of 
tDCS, especially in young healthy populations, 
which has also been reflected in numerous meta-
analyses [21, 63, 116, 124, 182].

The future success of harnessing the potential 
of tDCS is contingent on identifying the sources 
for inconsistent findings across studies. Beyond 
the current heterogeneity of tDCS protocols, an 
improved understanding of the sources of inter- 
as well as intra-individual differences in stimula-
tion outcomes, as it has a significant impact on the 
nature, magnitude and direction of tDCS effects 
reported across studies is required to harness the 
potential of tDCS.  Incorporating physiological 
measures, such as MRS, EEG, fMRI and genetic 
profiling, more routinely in tDCS studies will 
facilitate more informed interpretation of results. 
The increasing efforts to recruit sufficiently large 
sample sizes are already laudable. Increased sam-
ple sizes not only obviate the risk of underpow-
ered studies, they also enable sub- group analyses 
to be carried out, which may elucidate the subject 
profiles that exhibit the optimal response to tDCS, 
and which in turn, could be of great importance 
for the real-world application of findings.

Furthermore, the vast majority of studies 
reviewed only reported short-term improvements 
in cognitive functioning following single ses-
sions of tDCS, and rarely examined the extent to 
which the tDCS-induced effects generalised to 
related tasks that should rely on the same under-
lying neural processes. This currently constrains 
the translational potential of these findings, as 
cognitive enhancement regimes are only worth-
while if they can produce long-term changes in 
cognition that confer benefits to activities of daily 
living. Some studies have begun to investigate 
the impact of multiple tDCS sessions and yielded 
promising results. Yet, more work is required 
before we will have a reasonable understanding 
of the optimal tDCS protocols for maximising 
long-term benefits, while also minimising poten-
tial side effects.

17 Modulating Cognition in Healthy Young Adults with tDCS
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18.1  Introduction

Regular exercise is being recognized as an essen-
tial practice for both physical and mental health 
[1–4]. Despite its benefits, most individuals do 
not exercise regularly, especially in developed 
countries [5, 6]. Although the lack of time is 
one of the top reasons for not exercising, other 
motives may be related to low exercise tolerance 
and high fatigability, which results in increased 
perceived exertion (RPE) and unpleasant sensa-
tions. These unpleasant and exacerbated effortful 

sensations may create an unpleasant experience 
that results in exercise withdrawal. In fact, sys-
tematic-review-level of evidence shows that 
affective responses (i.e., pleasure/displeasure) 
to exercise influence future exercise behavior [7, 
8]. On the other hand, improved exercise perfor-
mance is aimed at both individuals who train for 
health and fitness (i.e., nonathletes), and those 
seeking sport performance (i.e., athletes).

Ergogenic agents are defined as any means 
of enhancing physical  performance in physi-
cal activities, sports, or occupational activities. 
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Ergogenic aids are traditionally attributed to 
mechanical aids (e.g., especially shoes or cloth-
ing), psychological aids (e.g., hypnosis), physi-
ological aids (e.g., injection of red blood cells), 
pharmacological aids (e.g., steroids), and nutri-
tional aids (e.g., nutritional supplements) [9]. 
Many ergogenic aids are used aiming at improv-
ing exercise performance, especially nutritional 
ergogenic aids such as creatine, caffeine, bicar-
bonate, and proteins [9]. Some of these had their 
efficacy confirmed, such as caffeine and bicar-
bonate, while others not [10]. This is especially 
important in the elite-level sports performance 
where even seemingly trivial differences have 
an important sportive outcome. For instance, 
Christensen et al. [10] pointed out that Olympic 
endurance medal rankings would be different by 
only 1% change in average speed of events last-
ing ~45 s to 8 min, such as 100 m swimming, 
400 m running, 1500 m running and 4000 m track 
cycling, and 2000 m rowing.

Exercise performance is determined by dif-
ferent physical, physiological, and psychologi-
cal factors that influence pacing and fatigue. 
Muscle fatigue may be defined as any exercise-
induced reduction in the ability to produce 
force or power with a muscle or muscle group 
[11]. It has been demonstrated that fatigue may 
occur not only due to processes at or distal to 
the neuromuscular junction, which is termed 
as “peripheral fatigue,” but also due to process 
in the central nervous system (CNS) that limits 
its capacity to stimulate muscle fibers, which 
also contributes to decline in muscle activation 
and limits performance, this latter is termed as 
“central fatigue” [11]. Most importantly, despite 
the earlier assumption of a secondary or absent 
role of the brain in regulating exercise perfor-
mance and fatigue, more recently, it has been 
recognized as a crucial factor in both exercise-
induced fatigue and exercise-related perceptions 
(e.g., exertion and pleasure) [12–15]. In this 
regard, several approaches focusing on the cen-
tral nervous system have been used to improve 
exercise performance which spans from mental 
rehearsal and motor imagery [16], meditation 

[17], psychological interventions [18], and bio-
feedback [19, 20].

Currently, there are different forms of neu-
romodulation with potential usefulness in the 
exercise context. Transcranial direct current stim-
ulation (tDCS) is considered as one of the most 
promising due to its low cost, ease of use, and 
high portability [21]. tDCS consists of applying 
a weak electric current on the scalp using electric 
conductive electrodes over a brain area of inter-
est. This electric current may change the neuro-
nal excitability pattern, increasing it if a positive 
charge is applied (i.e., anodal tDCS, a-tDCS) or 
decreasing it if a negative charge is used (i.e., 
cathodal tDCS, c-tDCS) [22]. tDCS aftereffects 
may last tens of minutes after stimulation is fin-
ished [23], which presents an important window 
of opportunity to be used for both treatments in 
patients with clinical conditions or healthy indi-
viduals aiming to boost performance.

At present, several studies have tested the 
effects of tDCS on exercise-related measures 
and presented promising results on both sensa-
tions related to exercise and exercise perfor-
mance. Curiously, some researchers have coined 
the term “neurodoping” to refer to the possible 
performance enhancement effect of tDCS [24]. 
In this chapter, we review the current evidence 
related to the use of tDCS application in the exer-
cise science field aiming to summarize the results 
and guide future interventions in the research and 
practical field.

18.2  Target and Mechanisms 
of tDCS Use for Performance 
Enhancement

In recent years, several studies used neuroimaging 
techniques to assess how the brain controls exer-
cise, and exercise affects the brain. In this regard, 
several brain regions are potentially involved in 
the processing of exercise-related cues, and the 
generation of exercise-related sensation as well 
as exercise  performance. Studies investigated 
some brain areas with tDCS to evaluate its effects 
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on exercise- related measures. Here, we present a 
summary of these areas and the possible mecha-
nisms through which tDCS may impact on exer-
cise. Figure 18.1 presents an illustration of tDCS 
montages targeting brain regions related to exer-
cise performance.

The primary motor cortex (M1) – M1 is the 
most obvious target for tDCS considering its 
direct role in the control of the muscles. During 
prolonged exercise, the excitability of the motor 
neuron pool decreases, which results in dimin-
ished stimulus to the muscle [11]. If exercise is 
to be continued, there should be an increase in 

tDCS montages targeting the motor cortex

Abdelmoula et al. (2016) Cogiamanian et al. (2007)
Kan et al. (2013)
Muthalib et al. (2013)

Angius et al. (2016)

Angius et al. (2015) Sasada et al. (2017)

Flood et al. (2017)
Radel et al. (2017)

Angius et al. (2018)

Lattari et al. (2016)

Lattari et al. (2018)
Radel et al. (2017)

Okano et al. (2015)

Sales et al. (2016)
Barwood et al. (2016)

Angius et al. (2016)

Frazer et al. (2013)

Hazime et al. (2017)
Maeda et al. (2017)Hendly et al. (2014)

Williams et al. (2013)

Montenegro et al. (2015)

Vitor-Costa et al. (2015)

tDCS montages targeting the dorsolateral prefrontal cortex tDCS montages targeting the temporal  cortex

Fig. 18.1 Examples of transcranial direct current stimu-
lation montages used in different studies in the exercise 
science field targeting the primary motor cortex, dorsolat-
eral prefrontal cortex, and temporal cortex. The red color 

represents the anodal electrode (positive), the blue color 
represents the cathodal electrode (negative), and the yel-
low color represents the sponge that involves the 
electrodes
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the descending neural drive from M1 and other 
supraspinal areas [11]. If this supraspinal neural 
drive is suboptimal, a decrease in muscle activa-
tion will occur, which ultimately will result in a 
decrease in pace or exercise termination. In this 
regard, increased excitability of M1 due to tDCS 
could heal to maintain an adequate neural drive to 
compensate for the decrease in the motor neuron 
pool in prolonged exercise and, thus, postpone 
fatigue.

Alternatively, exercise-induced pain has been 
suggested to play a key role in exercise tolerance 
and performance [25–27]. In this regard, M1 has 
connections to subcortical areas involved in pain 
processing [28, 29]. Moreover, it has been sug-
gested that tDCS may modulate the corollary 
discharge from M1, which in turn influences 
sensory feedback and, ultimately, pain process-
ing [30]. In fact, meta-analytical evidence has 
shown that tDCS over M1 may modulate pain 
perception and pain threshold in both healthy 
individual and clinical samples [29]. Therefore, 
tDCS over M1 may improve exercise perception 
and exercise performance via its impact on pain 
processing.

The dorsolateral prefrontal cortex (DLPFC) – 
the DLPFC is another region involved in exercise 
performance and perception due to its involve-
ment in cognitive and emotional processing [31]. 
In addition, considering the voluntary nature of 
the exercise, its termination would be a conscious 
decision to disengage from the tasks [32]. Finally, 
studies have demonstrated that performing a cog-
nitively demanding task previous to exercise 
may affect the physiological and psychological 
response to exercise as well as exercise perfor-
mance [18, 33, 34]. tDCS over DLPFC would 
strengthen cognitive and emotional processing 
that would increase the conscious capacity to 
ignore or deal with the overwhelming negative 
interoceptive stimuli generated by prolonged or 
high-intensity exercise, hence improving exer-
cise perception and performance. tDCS over 
DLPFC is also suggested to promote a corollary 
discharge stronger than M1 that could also affect 
the sensory feedback and pain processing [30], 
which could be an alternative mechanism.

The insular cortex (IC) – the IC is a subcortical 
region involved in several processes including the 
processing of the interoceptive signals, emotional 

response, and autonomic cardiovascular control. 
For instance, during an operative procedure, the 
electrical stimulation of the left IC resulted in an 
increase in blood pressure and heart rate, while 
stimulating the right IC resulted in opposite 
effects [35]. The involvement of the IC in cardiac 
autonomic control has also been confirmed in 
neuroimaging studies [36]. Also, the IC has been 
demonstrated to play a crucial role in interocep-
tion (i.e., sense of the physiological condition of 
the entire body) [37, 38], which influences the 
perceptions related to exercise (i.e., RPE and 
pleasure) and also influences pacing and exer-
cise performance. Interoception also influences 
the emotional state [37, 38]. Therefore, tDCS 
targeting IC may improve exercise performance 
and exercise-related perceptions via alteration of 
the cardiac autonomic control, which may influ-
ence the cardiovascular responses to exercise 
(i.e., lower HR and blood pressure), modulation 
of interoception (i.e., perception of body signals), 
and emotional processing.

The supplementary motor area (SMA) – the 
SMA is involved in the generation of RPE, which 
is an important factor for exercise performance 
[14, 32] and also influences the affective response 
to exercise [39, 40]. Zénon et al. [41] performed 
an experiment in which participants were asked 
to perform a handgrip force exercise and to 
report their RPE.  After each trial, participants 
were offered varying ammounts of reward (i.e., 
money) in order to repeat the effort, which they 
could or not accept. During the handgrip strength 
task, however, the activity of M1 or SMA was 
disrupted using theta-burst TMS. They found that 
disruption of SMA, but not M1, decreased RPE 
[41]. Thus, tDCS over SMA could reduce RPE 
which would result in improved exercise perfor-
mance or exercise experience.

18.3  Effect of tDCS on Exercise 
Performance

Studies on the effect of tDCS on exercise per-
formance have assessed different exercise types 
and physical fitness-related capacities. In the next 
subtopics, we summarized the current evidence 
describing the results of some of these studies 
individually, pointing out the type of exercise/
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physical capacity assessed as well as the tDCS 
protocol used (electrode positions, current inten-
sity, and duration). It is noteworthy that the sys-
tematic reviews with meta-analysis (SRMA) 
are considered as the highest level of evidence. 
Therefore, in addition to the description of some 
individual studies, we also present the results of 
the SRMA published in this field. One measure 
of effect in SRMA may be presented as the mean 
difference (MD) that represent the difference 
between the raw results of the experimental con-
dition (e.g., a-tDCS) and a control condition (e.g., 
sham tDCS), which is interesting when the stud-
ies included in the SRMA use the same type of 
outcome (i.e., continuous data) and unit of mea-
sure (e.g., exercise time in seconds or minutes). 
The other type of measure of effect in SRMA is 
the standardized mean difference (SMD), which 
is used when the included studies use different 
outcome measures (e.g., average power in a time 
trial and time to reach exhaustion). Both MD and 
SMD are presented with the corresponding 95% 
confidence interval (95% CI) to represent the 
variation of the effect.

The MD interpretation is pretty much straight-
forward and the significance of the effect depends 
on the specific context, for instance, a reduction 
in the time trial by 10 s in sedentary or physically 
active individuals may seem of little significance, 
but for competitive athletes, it may represent the 
difference between winning or losing a compe-
tition. Regarding the SMD, the interpretation 
is similar to the effect size in an original study. 
Researchers, in general, use the classification 
proposed by Cohen: small (0.2), medium (0.5), 
and large (0.8). Although these limits and labels 
may also depend on the research field, in the 
exercise sciences they are used as described.

18.3.1  Muscle Strength Exercise

The first study assessing the effect of a-tDCS 
on exercise performance was performed by 
Cogiamanian et  al. [42]. They applied a-tDCS 
over M1 (1.5  mA for 10  min) in healthy indi-
viduals before performing a second time to 
exhaustion (TTE) task of a sustained isomet-
ric contraction at 35% of maximum isometric 
contraction (MIVC). They found that the TTE 

decreased significantly after a-tDCS compared to 
c-tDCS and no stimulation. This result served as 
the basis for several posterior studies. Other stud-
ies using similar methods either confirmed [43, 
44] or found null results [45, 46]. Interestingly, 
Williams et al. [47] applied a-tDCS online dur-
ing a sustained submaximal contraction (at 20% 
of MIVC) of the elbow flexors until task failure 
and found no change when assessing the entire 
sample. However, a subgroup analysis showed a 
31% long TTE in the group where task failure 
occurred prior to the termination of tDCS com-
pared to the group where failure occurred after 
tDCS had finished [47]. Radel et al. [48] found 
no change in TTE of sustained isometric elbow 
flexion with a-tDCS over M1 or DPFC in 22 
healthy individuals.

Some studies have also assessed the effects of 
a-tDCS on isometric muscle performance of the 
lower limbs. Angius et  al. [49] found increased 
TTE in a sustained isometric knee extension (at 
20% of MIVC) after a-tDCS (2 mA for 10 min) 
over M1. Interestingly, the improvement was 
found only when the return (cathodal) electrode 
was placed over the shoulder but not when it 
was placed on the contralateral supraorbital area 
[49]. Other studies using conventional a-tDCS 
(i.e., which used large electrodes pads) over M1 
(1  mA or 2  mA for 10  minutes), anodal high-
definition tDCS (HD-tDCS) over M1 [50], and 
left DLPFC [50, 51] have failed to replicate the 
positive results.

Few studies assessed the effect of tDCS on 
isokinetic muscle performance. Sales et al. [52] 
found an increased isokinetic performance (total 
work) of knee extension at 60°.s-1 and 180°.s-1 
and a trend toward significance in both veloci-
ties for peak torque after a-tDCS over TC (2 mA 
for 20  min) in 19 trained men. On the other 
hand, a-tDCS over TC (2  mA for 30  min) did 
not change the average torque and fatigue index 
of isokinetic knee extension (50 maximum reps 
at 180°.s-1) in 20 healthy individuals [53]. Also, 
a-tDCS over M1 (2  mA for 20  min) did not 
improve total work and peak torque of knee flex-
ors and extensors (3 sets of 10 reps at 60°.s-1) 
in 14 healthy individuals. An interesting study 
was performed by Washabaugh et al. [54] found 
that performing low-level intermittent quadri-
ceps activity (5% of MIVC for 10  s with 20  s 
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resting interval) during a-tDCS over M1 (2 mA 
for 12 min) improved isokinetic knee extension 
torque compared to receiving tDCS while rest-
ing and sham. In this regard, Maeda et  al. [55] 
applied a-tDCS over M1 (2 mA for 10 min) dur-
ing eccentric strength training of the knee exten-
sors and flexors of the nondominant side in seven 
sessions (over 3 weeks). The peak torques of knee 
extension and flexion improved in both groups 
that received a-tDCS and sham, with no differ-
ence between groups. It should be noted that a 
recent study found increased fatigability with a 
moderate- to-large effect size of the knee exten-
sors isokinetic fatigue testing (40 maximal reps, 
120°.s-1) with a-tDCS over M1 with 2  mA and 
4 mA for 20 min in 16 healthy young adults [56].

Finally, regarding dynamic isotonic muscle 
strength performance, a series of studies by 
Lattari and colleagues [57–59] have found posi-
tive results on resistance exercise volume (num-
ber of repetitions) and RPE. In the first study with 
a model of exercise closer to the daily training 
routine, they found a-tDCS over DLPFC (2 mA 
for 20 min) increased the total number of repeti-
tions for elbow flexion performed with a load of 
ten repetition maximum (10RM) and also found 
decreased RPE in ten men experienced with 
resistance training [58]. Similar results regarding 
the training volume were presented recently by 
the same authors using similar tDCS protocol for 
leg press exercise with 10RM load, but no change 
for RPE was found with a-tDCS, while c-tDCS 
increased RPE [59]. They also recently found 
that combining a-tDCS over DLPFC (2 mA for 
20 min) with caffeine or a-tDCS alone increased 
the total number of repetitions and the former 
decreased RPE in bench press exercise with 
10RM load in 15 young healthy men [57]. Alix- 
Fages et al. [60] found increased volume, reduced 
movement speed loss, and decreased RPE per-
forming five sets of repetitions to momentary 
muscular failure with 75% of one maximum rep-
etition (1RM) after a-tDCS over DLPFC (2 mA 
for 15 min). Finally, Kamali et  al. [61] applied 
a-tDCS simultaneously over TC and M1 (2 mA 
for 13  min) and assessed the performance in 
maximal strength (1RM) and total volume (rep-
etitions  ×  load) in leg extension until momen-
tary failure with 30% of 1RM in 12 experienced 

bodybuilders (≥2 years of consistent bodybuild-
ing exercise). After real a-tDCS, they found an 
increased maximal muscle strength (1RM), total 
volume, decreased RPE, decreased HR, and 
decreased muscular electrical activity [61]. The 
results on dynamic isotonic strength seem, so far, 
to be the most consistent regarding the effects of 
tDCS on exercise performance.

A summary of the effect of a-tDCS on strength 
performance was presented in a recent meta- 
analysis by Lattari et al. [62]. The authors found 
a small but significant effect of a-tDCS on MIVC 
(SMD = 0.29; 95% CI = 0.05–0.54) and also a 
significant effect on muscular endurance with 
greater TTE in a sustained isometric contraction 
(MD = 43.66; 95% CI = 29.76–57.55). However, 
when considering muscular endurance based on 
the total work (i.e., repetition × sets × load) a non-
significant small effect was found (SMD = 0.22; 
95% CI = −0.11 to 0.54). It is important to note 
that while the results on MIVC was based on the 
inclusion of studies that applied a-tDCS over M1, 
the results of TTE and total work also included 
studies applying a-tDCS over DLPFC and TC in 
the same meta-analysis. Patel et  al. [63] found 
an increased muscle strength (SMD = 0.10; 95% 
CI = 0.08–0.13) and a trend toward increased TTE 
(SMD = 0.04; 95% CI = −0.01 to 0.10). However, 
besides including studies with tDCS over dif-
ferent targets and at different timing (before vs. 
during), their meta- analyses present high hetero-
geneity (I2 = 63.8), especially for the analysis of 
muscle strength (I2 = 98.6% and 99.9%). Holgado 
et al. [64] found a small and significant effect of 
a-tDCS on objective measures of performance 
(SMD = 0.36; 95% CI = 0.16–0.56) but included 
both muscle strength and whole-body dynamic 
exercise, tDCS over different areas and timing. 
Finally, Machado et al. [65] analyzed the effect 
of a-tDCS on TTE in a sustained isometric con-
traction including in the meta-analysis only stud-
ies applying tDCS over M1 and also separated 
between upper and lower limbs as well as studies 
that applied tDCS before and during exercise. No 
significant effect was found for any comparison 
[65]. Taken together, a-tDCS seems to improve 
performance in muscle strengthening exercises 
with a small magnitude, but the level of evidence 
is still weak.
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18.3.2  Whole-Body Endurance 
Exercise

Endurance performance is an important feature 
of several sports. To differentiate from localized 
muscular endurance (which involves low muscle 
mass and generally single joint), as described in 
the previous topic, we refer to whole-body endur-
ance performance characterized by dynamic 
and cyclic exercise that involves multiple joints 
and large muscle mass. The whole-body endur-
ance tests may be divided into two main groups 
named closed- and open-loop exercise tests. The 
former is characterized by a defined endpoint 
(e.g., 20 km time trial), while the later individu-
als do not know the exercise endpoint (e.g., time 
to exhaustion [TTE]). Due to the proximal rela-
tionship between whole-body endurance per-
formance with performance in several sports, 
this physical capacity has been a target of tDCS 
studies.

Most studies assessing the effects of tDCS 
on whole-body endurance performance have 
used open-loop protocol. The first study of this 
nature was published by Okano et  al. [66] who 
applied a-tDCS over TC (2 mA for 20 min), tar-
geting the left IC, in 10 elite-level cyclists before 
a maximal incremental test. They found that 
a-tDCS improved peak power and TTE, as well 
as decreased RPE and HR in submaximal work-
loads. Other studies that followed targeted mostly 
M1. Vitor-Costa et al. [67] applied tDCS over M1 
(2 mA for 13 min) in 11 physically active individ-
uals (i.e., who performed physical activities ≥3 
times a week for ≥6 months) before performing 
a TTE test with 80% of peak power. They found 
improved TTE after a-tDCS compared to c-tDCS 
and sham, with no effect of c-tDCS. The improve-
ment in TTE in cycling (70% of peak power) has 
also been corroborated by Angius et al. [68] with 
bilateral a-tDCS (2 mA for 10 min) in 12 recre-
ationally active participants. Park et al. [69] found 
improved running performance (80% of the VO2 
max load) in 10 trained men after a-tDCS over 
M1 (1.98 mA for 20 min).

The PFC has also targeted whole-body endur-
ance performance enhancement. Lattari et  al. 
[70] applied a-tDCS over the left DLPFC (2 mA 

for 20  min) before a TTE test (100% of peak 
power) in 11 moderately active women (i.e., aer-
obically active during the last 6 months with a 
frequency of 3 days per week for 30–90 min) and 
found longer TTE compared to sham. Recently, 
Angius et al. [71] used a similar protocol, a-tDCS 
over the left DLPFC (2  mA) but with a longer 
duration (30  min) in 12 recreationally trained 
participants before a TTE test (70% of peak 
power). Participants were able to cycle for longer 
durations after a-tDCS, with lower HR and RPE 
compared to sham. Interestingly, cognitive per-
formance also improved after the TTE test in the 
a-tDCS condition.

It is important to note that despite the posi-
tive results previously reported, some studies, 
however, have found null results using rela-
tively similar protocols to the previous studies 
regarding electrode montage, current intensity, 
and duration with a-tDCS over M1 in cycling, 
running, and swimming [72–76], a-tDCS 
over TC in cycling [74], and a-tDCS over left 
DLPFC [75]. These studies presented samples 
ranging from 6 to 13 individuals, except for 
Holgado et  al. [75] who assessed 36 trained 
male cyclists.

Recent meta-analyses have indicated a sig-
nificant, despite weak, evidence that a-tDCS 
improves whole-body endurance exercise per-
formance. Machado et  al. found that a-tDCS 
over M1 improved TTE in cycling by 93.4  s 
(95% CI  =  27.4–159.4  s), but a single study 
presented ~85% of the weight in the meta-
analysis. Other meta-analyses have also indi-
cated a positive effect of a-tDCS on whole-body 
endurance performance with a small effect size 
(Hedge’s g  =  0.34, 95% CI  =  0.12–0.52) [64] 
and (SMD  =  0.26; 95% CI  =  0.07–0.45) [77]. 
However, these studies have included in the same 
meta-analysis studies that assessed whole-body 
and single-joint exercise, strength, and dynamic/
cyclical exercise, measures of performance and 
RPE, and/or tDCS over different areas [64, 77]. 
Therefore, more studies may still change the 
current evidence status either showing a null or 
positive consistent effect. The current evidence 
indicates that a-tDCS may improve whole-body 
endurance performance.

18 tDCS in Exercise, Sport Performance, and Recovery Process



420

18.3.3  Sprint Exercise

Two studies have assessed the effect of tDCS 
on sprint performance. Sasada et  al. [78] com-
pared the effect of tDCS (2  mA for 15 min) 
over the M1 representation of the lower limbs 
to another neuromodulatory technique called 
transcutaneous spinal direct current stimula-
tion (tsDCS), which consists of applied direct 
current to the spine to modulate spinal neurons 
activity. The researcher used anodal, cathodal, 
and sham stimulation before performing a single 
maximal effort sprint cycling for 30  s under a 
constant load with a group of 23 athletes from 
different sports (track and field n = 13, basketball 
n = 2, baseball n = 3, triathlon n = 1, water polo 
n = 1, cycling n = 1, lacrosse n = 1, and soccer 
n = 1). The authors found that the mean power 
was greater after a-tDCS compared to c-tDCS, 
although a-tDCS was not statistically differ-
ent from sham. Interestingly, cathodal tsDCS 
also resulted in greater mean power than anodal 
and sham tsDCS. Note that only 13 individuals 
received tDCS and 15 received tsDCS.

A recent study by Huang et al. [79] tested the 
effect of a-tDCS over M1 (2 mA for 20 min) on 
repeated sprint performance in nine physically 
active individuals. Participants performed five 
sprints of 6  s duration with a load of 10% of 
body weight, interspersed by a 24 s of unloaded 
cycling between sprints. Their results showed 
that a-tDCS improved mean power in all sprints, 
except for the first one. Interestingly, a-tDCS 
also improved the accuracy in incongruent trials 
of the Stroop task (inhibitory control) after the 
sprint task. Hence, despite only two studies that 
have been published so far, their results suggest 
that a-tDCS over M1 may improve sprint per-
formance. These results have to be replicated by 
other studies, especially with larger sample sizes.

18.3.4  Flexibility

Few studies have investigated the effect of tDCS 
on flexibility. Mizuno and Aramaki [80] applied 
tDCS (2 mA for 10 min) over Cz (motor repre-
sentation of the lower limbs) and assessed the 

wrist and ankle flexibility in 10 healthy men. 
Cathodal tDCS improved the range of motion of 
the ankle by 10.5%, but the effect of anodal or 
sham tDCS was not found [80]. More recently, 
Henriques et al. [81] assessed the effect of tDCS 
(2 mA for 20 min) with two montages: (a) cath-
odal electrode placed horizontally over M1 and 
anodal electrode over left DLPFC and (b) oppo-
site polarity (anode over M1 and cathode over left 
DLPFC). c-tDCS over M1 (montage a) improved 
hip range of motion, while a-tDCS over M1 
(montage b) decreased it. Moreover, only c-tDCS 
over M1 decreased pain perception compared to 
baseline and also compared to a-tDCS over M1 
and sham at post-intervention [81]. This is still 
a field of study with the preliminary result and 
certainly warrants further investigation.

18.3.5  Balance

Few studies have assessed the effect of tDCS on 
measures of balance. Considering that the main 
focus of the present chapter is on healthy indi-
viduals, the results presented so far are found 
to be mixed. For instance, two studies applied 
tDCS over the cerebellum and found either 
unchanged (2.8  mA) [82] or impaired balance 
performance with c-tDCS (1  mA for 13  min) 
[83]. A recent systematic review and meta-anal-
ysis on the effect of tDCS on postural balance 
claimed that tDCS may improve balance with 
the most prominent effects in healthy individu-
als and individuals with cerebral palsy, and the 
M1 was the only target with comparable results 
that yielded a  significant result [84]. However, 
this meta- analysis presents several aspects that 
warrant mention. First, most comparisons pre-
sented high heterogeneity, which limited the 
number of studies included in the analysis. 
Second, the general comparison showing posi-
tive results included not only young healthy indi-
viduals but also patients with cerebral palsy and 
older adults. Finally, the comparison including 
only studies with healthy participants was able 
to compare two studies. Hence, at present, it is 
difficult to draw any conclusion regarding the 
effects of tDCS on balance.
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18.3.6  Sport-Specific Performance

Despite some of the aforementioned results that 
may translate into sport-specific performance 
(e.g., cycling exercise), the direct link with com-
petitive performance is relatively weak. Few 
studies have tested individuals in conditions 
closer to their sportive context. Valenzuela et al. 
[76] found no improvement in 800-m swimming 
performance in eight elite triathletes after a-tDCS 
over M1 (2 mA for 20 min). Mesquita et al. [85] 
applied a-tDCS over M1 (1.5  mA for 15  min) 
in 19 taekwondo athletes and found a worsened 
taekwondo-related performance (i.e., reduced 
number of kicks). These are two recent studies, 
and testing of tDCS efficacy with more direct 
measures of sports outcome remain to be tested.

18.3.7  Cognitive Performance

An alternative perspective on the use of tDCS 
in the exercise/sporting context is the modula-
tion of cognitive performance, which plays a 
key role in sports performance, especially in 
team sports. Several recent meta-analyses have 
shown a positive effect of a-tDCS on some 
measures of cognitive performance in healthy 
individuals and neuropsychiatric populations 
[86–89]. Specifically, a-tDCS over the DLPFC 
demonstrated to improve working memory (i.e., 
increased accuracy, faster response times, a lower 
percentage of error responses) [86, 87], as well as 
a decrease in response times and an increase in 
accuracy, in particular, for the executive function-
ing tasks [88, 89].

An interesting result was reported by 
Borducchi et  al. [90] who tested the effects of 
2 mA of a-tDCS over the DLPFC for 10 days on 
professional athletes (judo [n = 4 athletes], swim-
ming [n = 3 athletes], and rhythmic gymnastics 
[n = 3 athletes]). They showed an improvement 
in cognitive performance including a signifi-
cant improvement in alternated, sustained, and 
divided attention and in memory scores. More 
recently, Angius et al. [71] applied a-tDCS over 
the left DLPFC (2  mA for 30  min) and found 

increased TTE in cycling exercise at 70% of peak 
power output and also increased inhibitory con-
trol performance in recreationally trained healthy 
participants. Other studies have also reported 
improved both exercise and cognitive perfor-
mance with a-tDCS in repeated sprint [79] and 
strength exercise [61].

Improved cognitive performance may increase 
top-down control over the exercise-related body 
signals and sensations, which could help to 
ameliorate exercise perception (exertion and 
pleasure), ultimately generating a better exer-
cise psychological experience, which is related 
to exercise adherence. Additionally, improved 
cognitive performance may attenuate the effects 
of mental fatigue, either due to exhaustive train-
ing routine, prolonged exposure to smartphones/
computer/tablets, or a hard day of work, also 
improving psychological responses to exercise 
and help to maintain performance. A recent 
study showed improved cognitive response dur-
ing exercise without a change in performance in 
a sustained knee extensor isometric contraction 
at 30% of MVC, after HD-tDCS over the right 
DLPFC [51].

18.3.8  Recovery Strategy in Athletes

Participation in competitions can result in fatigue 
and perceptions of soreness while inducing 
decreased alertness and motivation to train during 
days postexercise [91]. Altered decision- making, 
mood disturbances, and motivation changes [92] 
suggest that a type of predominantly brain-related 
fatigue should be addressed. In this regard, it was 
demonstrated that applying tDCS with the anode 
electrode over the left DLPFC and the cathode 
over the right DLPFC (bilateral montage) induced 
beneficial and long-lasting effects on vigilance, 
reaction time, and aspects of mood which are 
negatively influenced by fatigue in active-duty 
military subjects [93]. Indeed, a-tDCS over the 
left DLPFC has been shown to improve cognitive 
abilities in healthy individuals and patients. These 
data, together with reports demonstrating that 
a-tDCS over the DLPFC results in large amounts 
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of electric current in the anterior insula [94] and 
to produce significant peaks of electric current 
in PFC [95], suggest that applying a bilateral 
tDCS montage (F3-F4) over the DLPFC might 
emerge as an alternative recovery strategy to be 
adopted in professional athletes as well. Among 
the few studies that have used the application of 
the tDCS as a recovery strategy in professional 
athletes [96],  applied a bilateral DLPFC mon-
tage (+F3/-F4; 2 mA, 20 min) among a sample 
of professional male soccer athletes following 
official matches and reported improvements in 
perceived well-being and cardiac autonomic con-
trol with both a-tDCS and sham conditions. In 
another investigation [97], examined the effect of 
tDCS (2 mA for 20 minutes; +F3/-F4 montage) 
combined with a recovery training session on the 
well-being and self-perceived recovery of profes-
sional world-class female soccer players after 
official matches. The results of this study suggest 
that a-tDCS (+F3/-F4 montage) combined with 
a recovery training session may slightly improve 
perceived well-being beyond the level of changes 
after only the recovery training session. In con-
junction, the results of these studies suggest the 
potential for adopting the tDCS as a recovery 
strategy in athletes. However, further study is still 
needed prior to its widely adoption in the sports 
setting.

If tDCS can improve the athletes’ recovery 
from competitions, it could also be used during 
the training process as a whole not only aiming at 
improving short-term recovery but also to coun-
teract the sports-related stress and non-sports 
environment in which athletes are submitted con-
stantly during many years. The stress imposed 
on elite-level athletes may come from various 
sources, including uncontrollable conditions, 
which adds a higher complexity to the phenom-
ena. Taking into account the definition suggested 
by McEwen [98], the “type” of the stress imposed 
on the individual is one that could be defined as 
the “toxic stress.” McEwen [98] explains that this 
“toxic stress” would occur “when something bad 
happens,” in addition to a feeling of a lack of per-
sonal resources or support systems to deal with 
that, and, as a consequence, the individual would 
have a sense that he/she does not have any control 

over it. If the situation is not interrupted (i.e., not 
resolved), mental and physical health problems 
might occur over time.

The concept of allostatic load appropriately 
describes this condition and its consequences. 
The allostatic load refers to the cumulative 
changes in the body and brain, as a result of dys-
regulation and overuse of the so-called “media-
tors” of allostasis. Allostasis is defined as a 
process aimed to maintain physiological stability 
by changing parameters (mediators) of its inter-
nal milieu in order to match them to environmen-
tal demands [99]. The mediators (i.e., cortisol, 
catecholamines, and cytokines) aid the organic 
adaptation, responding (“turned on”) when fac-
ing a challenge, and in “normal” conditions, 
they are turned off due to the end of the chal-
lenge. While these mediators help us to adapt, 
a failure to habituate to a repetition of the same 
stressor, or in case of prolonged response due to 
a delayed shutdown [100], for example, could 
cause unhealthy changes in the brain and body.

A stressful and sustained experience leading 
to increases in allostatic load would therefore 
result in these unhealthy changes in brain and 
body, considering that the brain is the key organ 
of the stress response [100]. These changes could 
in turn impact on neurons in brain areas, such as 
the hippocampus, prefrontal cortex, amygdala, 
and nucleus accumbens [98]. Due to these inte-
grated and complex processes, it is imperative to 
seek strategies to minimize stress from partici-
pating in professional sports settings.

Indeed, possible changes in athletes’ behavior 
due to stressful and sustained experiences might 
be attributed to changes in brain areas involved in 
the activity of the mesolimbic dopaminergic (DA) 
system. Felger and Treadway [101] proposed that 
deficits in motivation are associated with changes 
in corticostriatal neurocircuitry, consistent with 
abnormalities in mesolimbic and mesostriatal 
dopamine (DA). A primary function of the meso-
limbic DA system is to determine motivational 
drive that can be understating as an interpretation 
from the brain of the value of investing effort in 
the rewarding pursuits [102].

The “reward system” of the brain and the 
dopamine neurotransmitters play a key role in 
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the motivation-related behavior and decision-
making related to mental exertion and fatigue. 
The brain reward circuit consists of dopaminer-
gic projections from the ventral tegmental area to 
the nucleus accumbens (NAc). The NAc has been 
implicated in several behavioral functions related 
to motivation [103]; indeed, dopaminergic pro-
jections have interactive connections with the 
basolateral amygdala and prefrontal cortex [104]. 
Boksem and Tops [102] suggested that dopami-
nergic pathways and the basal ganglia are major 
efferent targets of the anterior cingulate cortex, 
orbitofrontal cortex, basolateral amygdala, and 
insula and that the feeling of fatigue corresponds 
to a drive to abandon behavior when energetical 
costs continue to exceed perceived rewards of a 
given goal-directed behavior.

Regarding the activity of the DA system, a 
recent double-blind and sham-controlled study 
with 32 healthy individuals applied a-tDCS 
over the DLPFC while measuring brain activity 
with a positron emission tomography scan using 
[11C]raclopride binding [105]. They found that 
a-tDCS caused a significant decrease in the [11C]
raclopride binding potential ratio in the striatum, 
suggesting an increase in extracellular dopamine 
in the striatum’s reward–motivation network area 
[105]. Additionally, Mondino et  al. [106] had 
previously shown that applying bilateral tDCS 
montage (F3–F4) induced beneficial emotional 
and attentional processing in healthy subjects. 
Moreover, clinical improvements in psychiat-
ric conditions involving dopamine transmission 
abnormalities, such as major depressive disorder 
[107] and the cognitive alterations in Parkinson’s 
disease were also demonstrated [108].

Alterations in the neuroplasticity of the brain 
regions such as the prefrontal cortex, amygdala, 
and hippocampus, for instance, can affect the 
emotional responses, recovery, and coping [100]. 
Due to the critical role of the brain structures 
associated with motivated behavior and decision- 
making, and their involvement with the issues 
related to exertion, fatigue, and cognitive fea-
tures, it is reasonable to propose that neuromodu-
lation, notably, tDCS, might be used as a strategy 
to ameliorate the athletes feeling of fatigue and 
recovery while increasing their motivation, and 

likely positively affecting the cognitive process, 
which could aid them in coping with the stress of 
the professional setting. This could possibly help 
reduce the risks of the accumulated allostatic 
load, related to the permanent stressful experi-
ence, that could generate unhealthy conditions in 
the long term. This hypothesis, however, remains 
to be tested.

18.3.9  Gaze Behavior

Another alternative tDCS could improve sport 
performance is by changing the ocular activity 
or gaze behavior. The gaze behavior/pattern has 
been investigated in sports for a long period and 
provided interesting results [109]. For instance, 
expert athletes differ from novice athletes regard-
ing specific sports parameter [110]. In fact, there 
are several suggestions in the sport setting as 
how one could control his/her gaze behavior to 
increase the likelihood of a successful sportive 
action such as where to look at before/while 
kicking a ball toward the goal or shooting a ball 
to the basket, especially in sports that involves 
aiming to a target. With advanced technology, 
recent studies have addressed the issue of ocu-
lar behavior using eye-tracking devices. In fact, 
there is an intimate relationship between the ocu-
lar behavior and cognitive processes. The quiet 
eye is a phenomenon that describes the relation-
ship between ocular behavior and attentional 
process, which frequently occurs in elite athletes. 
The quiet eye is defined as the final fixation or 
tracking gaze that is located on a specific location 
or object in the task environment within 3° or less 
of the visual angle for a minimum of 100 milli-
seconds [111]. Studies indicate that the quiet eye 
in elite performers occurs earlier and lasts lon-
ger compared to lower skilled individual [112, 
113], which may represent a specific adaptation 
to long-term sports training or a feature of better 
performers. In this regard, the PFC is a source 
of top-down signals that bias selection in early 
visual areas favoring the attended features plays 
an important role in attention processing and skill 
[114]. Moreover, subregions of the PFC, namely, 
the DLPFC, interact with posterior visual areas 
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which also contribute to the modulation of atten-
tion [114, 115]. Hence, considering that a-tDCS 
over the DLPFC may improve cognitive per-
formance in both clinical and healthy popula-
tion, as discussed earlier (see Sect. 18.3.7), it 
could be speculated that applying tDCS over the 
DLPFC could improve attention, change the gaze 
behavior, and improve sportive performance, for 
instance, in tasks such as shootings in basketball. 
This is also a hypothesis that needs to be experi-
mentally tested.

18.3.10  Perceptual Responses

The modulation of subjective perception by 
tDCS may have a promising impact on exer-
cise experience and performance. One of the 
first studies to demonstrate the modulation of 
exercise-related perception was performed by 
Okano et  al. [66] who found decreased RPE in 
submaximal intensities of a maximal incremental 
test in professional cyclists after a-tDCS (2 mA 
for 20  min) over the left TC, targeting the left 
IC.  Decreased RPE in dynamic cycling whole-
body exercise was also found in the TTE test 
[68, 70], dynamic resistance exercise [58, 60], 
isometric exercise [49] with tDCS targeting M1, 
and DLPFC.  On the other hand, other studies 
did not find a positive effect of tDCS on RPE in 
cycling [72, 74, 75, 116], running [73], swim-
ming [76] with tDCS targeting either M1, TC, or 
DLPFC. Interestingly, improved exercise perfor-
mance has been reported even in the absence of 
changes in RPE [67, 69].

While RPE is a measure present in several 
studies, fewer studies have assessed the effect 
of tDCS on the affective response to exercise 
(pleasure/displeasure), and yet, there is no report 
on other behavioral measures that could be, for 
example, related to sensations associated with 
recovery from exercise. This approach could be 
tested in future studies to investigate the effect of 
tDCS on perceived fatigue and well-being in ath-
letes. Considering that the affective responses to 
exercise influences future exercise behavior [7, 
8], improving the affective response to exercise 
using tDCS could help improve exercise adher-
ence, which is extremely important considering 

the role of physical activity and exercise in the 
public health as well as the fact that the majority 
of the population do not exercise regularly. So 
far, however, only two studies assessed the effect 
of tDCS on the affective response to exercise. 
The first study was performed by Okano et  al. 
[116] who applied a-tDCS (2  mA for 20  min) 
over the left TC, targeting the left IC, before per-
forming 30 min of exercise with constant load at 
a vigorous intensity (81.68  ±  6.37% of HRmax) 
in 13 sedentary men. There was no change in 
the affective responses, RPE, HR, or heart rate 
variability measured every 5 minutes [116]. The 
second study applied a-tDCS over M1 (2  mA 
for 20  min) before a maximal incremental 
test in 13 healthy recreational endurance run-
ners and found no effect of tDCS on the affec-
tive response or RPE [73]. However, one study 
reported a reduction in negative affect at rest in 
young healthy individuals (1 mA for 20 min over 
left DLPFC) [117].

Interestingly, there were some reports of posi-
tive changes in mood, specifically vigor, in eight 
elite triathletes (2 mA for 20 min over M1) [76] 
and a decrease in depressive symptoms in 10 
professional athletes (judo, swimming, rhythmic 
gymnastics) (2 mA for 20 min over left DLPFC) 
[90]. Also, no effect of a-tDCS (2 mA for 20 min 
over M1) on mood in 12 physically active indi-
viduals has been reported [67].

The reduction in RPE may be explained 
by the fact that a meta-analytical evidence 
level has shown that a-tDCS over M1 and the 
primary sensory cortex (S1) have a positive 
effect on pain threshold and sensory threshold 
in both clinical and healthy individuals [29]. 
Interestingly, c-tDCS over M1 and S1 has also 
resulted in an improvement in pain and sensory 
thresholds [118]. This mechanism could also 
apply for a possible improvement in the affec-
tive response, but the currently limited research 
found no change in affective response during 
exercise. In addition, a recent study reported 
that tDCS over the left DLPFC (2  mA for 
20  min) did not enhance endurance exercise 
performance in a sustained isometric contrac-
tion of the leg extensors (25% of MVC) nor 
manipulate perceptions of pain intensity and 
affect (i.e., unpleasantness) [119].
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18.4  Safety

tDCS has been demonstrated to be a safe tech-
nique [21, 120]. In fact, a recent update on 
tDCS safety showed that the use of conventional 
tDCS protocols in human trials (≤40  min, ≤4 
 milliamperes, ≤7.2 Coulombs) has not produced 
any reports of a serious adverse effect or irrevers-
ible injury across over 33,200 sessions and 1000 
subjects with repeated sessions, which includes a 
wide variety of subjects, including persons from 
potentially vulnerable populations [21]. The con-
traindications for tDCS may vary from study 
to study, but most commonly includes metal-
lic implants, epilepsy or history of epilepsy at 
family, seizure or history of seizure, neurologic 
disease, cognitive or consciousness disturbance, 
psychiatric disease, use of neuropsychoactive 
drugs, pacemaker, pregnancy, previous stroke, 
uncontrolled medical condition, skin or skull 
abnormalities, brain injury, surgery to the head, 
adverse reaction to TMS/tDCS [121, 122]. A 
safety screening questionnaire may be found in 
Villamar et al.’s study [121].

A study assessing 567 sessions of tDCS over 
motor and nonmotor areas in 102 healthy indi-
viduals (75.5%) and patients (24.5%) found that, 
during tDCS, a mild tingling sensation was the 
most common reported adverse effect (70.6%), 
followed by moderate fatigue (35.3%) and light 
itching sensation under the stimulation electrodes 
(30.4%) [123]. After tDCS, headache (11.8%), 
nausea (2.9%), and insomnia (0.98%) were 
reported fairly infrequently [123]. Examples of 
tools for assessing the sensations related to tDCS, 
side effects, adverse effects, and blinding of tDCS 
may be found in Villamar et al. [121] or Fertonani 
et al. [124]. The sensations related to tDCS (pain-
fulness and unpleasantness of any scalp sensa-
tions) may also be assessed using numeric rating 
scales (e.g., 0 = no pain to 10 = worst pain imag-
inable) [125].

18.5  Limitations and Future 
Perspectives

At present, there is a huge variability in the tDCS 
technique. Several studies failed to present a 

clear and consistent rationale for using tDCS for 
a specific purpose, as well as the reason for using 
given tDCS parameters such as electrode mon-
tage (i.e., positioning), electrode type, electrode 
size, current intensity, and duration. This makes 
it difficult to compare studies as well to sug-
gest specific parameters. For instance, Machado 
et  al. [65] in a systematic review of the effects 
of tDCS on exercise performance found that the 
current density (i.e., current intensity  ×  elec-
trode area) ranged from 0.043 to 0.44  mA/cm2 
(mean  ±  SD  =  0.104  ±  0.110  mA/cm2); this 
represents a coefficient of variation of 105.8%. 
Furthermore, the role of the position and size of 
the return electrode has also been overlooked 
[126]. Especially considering that studies have 
demonstrated the position of the return elec-
trode influenced the tDCS-induced performance 
enhancement effect [49].

Moreover, recent studies have shown that 
there is a large variability in response to tDCS. 
tDCS has long been assumed to cause a polarity- 
dependent effect on cortical excitability, espe-
cially due to the previous report on the effects 
of tDCS on corticospinal excitability [127, 128]. 
However, a more detailed investigation of indi-
vidual responses to tDCS has shown that this 
polarity-dependent change does not always occur 
expectedly. For instance, López-Alonso et  al. 
[129] assessed the effects of a-tDCS over the 
motor cortex (1 mA for 13 min) on corticospinal 
excitability and found that only 45% responded 
as expected to the stimulation (i.e., increased cor-
ticospinal excitability). Similarly, Wiethoff et al. 
[130] applied a-tDCS and c-tDCS over the motor 
cortex (2  mA for 10  min) and found that 50% 
of the individuals had poor or absent responses. 
In addition, from those who responded to tDCS, 
only 36% of the participants showed the “clas-
sical” polarity-dependent effect (anodal excites 
and cathodal inhibits), while 21% showed an 
inverted “classical” response (anodal inhibits and 
cathodal excites). For 38%, both polarities were 
facilitatory, and for 5%, both polarities were 
inhibitory [130]. The source of this high variabil-
ity has also been studied [131]. Li et  al. [131], 
in a literature review, showed that anatomical 
characteristics, functional organization of local 
circuits, the baseline level of function, individual 
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differences in task-related neurophysiological 
responses, psychological status, levels of neu-
rotransmitters and receptor sensitivity, baseline 
neurophysiological state, genetics, development, 
and aging, would affect tDCS effectiveness while 
contributing to creating large interindividual 
variability in response to tDCS.

Considering the present limitations, future 
investigations are urged to include forms of pre-
dicting the effects of tDCS such as computational 
modeling, preferably individualized [132, 133]. 
Readers may refer to Chapter 4 on “Computer- 
Based Models of tDCS and tACS” and some 
interesting references on this topic [94, 134]. 
Also, the online correction of tDCS using neuro-
imaging techniques such as EEG is also desirable 
considering the data-driven approach [135, 136]. 
Moreover, considering the variables that may 
influence the effect of tDCS on exercise perfor-
mance, an important advance in the field will be 
also measures of predictors of the effect of tDCS 
on exercise performance in order to identify 
potential “best” candidates for tDCS.

Moreover, there is a linear relationship 
between the current intensity and the rate of 
neuronal polarization as well as the current dura-
tion. However, studies with humans have failed 
to prove the linear relationship for both current 
intensity and duration [137, 138]. For this reason 
and safety concerns, most studies have tested the 
effects of tDCS with current intensity up to 2 mA 
and with durations up to 20  min. In fact, stud-
ies using tDCS for performance enhancement 
have tested current intensities of 1.5 or 2 mA and 
duration ranging from 10 to 20 min [65]. More 
recently, however, studies have expanded the cur-
rent intensity and duration. For instance, the cur-
rent intensity of up to 4 mA has been suggested 
and tested [56, 139].

Most studies available in the literature are 
based on single-session tDCS. Despite the posi-
tive results shown so far, it is likely that if tDCS- 
induced plasticity is to occur, it would be more 
probable to occur with repeated exposure to the 
stimulation (i.e., multiple sessions). For instance, 
it has been shown that five sessions of tDCS 
over the left DLPFC decreased alcoholic relapse 
6 months later [140]. Although in a different con-
text, this result demonstrates that multiple ses-

sions of tDCS may induce long-lasting plasticity, 
which has to be tested in the context of exercise. 
Another important limitation is the low sample 
sizes which sometimes are as little as six or eight 
participants. A systematic review found that 
the mean and standard deviation of the sample 
size per study was 14.4 ± 5.7 (from 6 to 24 par-
ticipants) with a median of 12 individuals [65]. 
Recently a study was published with 33 individu-
als, which is by far the largest sample size [75].

Recent studies have also suggested that the 
induction of long-term potentiation-like (LTP) 
plasticity is also dependent on a brain state 
so that the pairing of tDCS with a stimulus 
improves tDCS-induced plasticity [141–143]. 
In this regard, the use of tDCS paired with a 
physical training/task (i.e., online) may also be 
beneficial, but it is still poorly investigated. A 
previous study found that performing low-level 
intermittent quadriceps activity (5% of MIVC 
for 10 s with 20 s resting interval) during a-tDCS 
over M1 (2 mA for 12 min) improved isokinetic 
knee extension torque compared to receiving 
tDCS while resting and sham [54]. Another study 
applied tDCS online during a sustained submaxi-
mal contraction (at 20% of MVC) of the elbow 
flexors until task failure and found no change 
when assessing the entire sample [47]. However, 
a subgroup analysis showed a 31% long TTF in 
the group where task failure occurred prior to 
the termination of tDCS compared to the group 
where failure occurred after tDCS had finished 
[47]. More studies are needed to replicate these 
findings and expand on other exercise types.

It is noteworthy that a recognized feature of 
the so-called conventional tDCS, which uses 
large electrode pads with a high contact area with 
the scalp, induced a diffused electric field that 
results in stimulation of both target and nontar-
get areas (i.e., low focality), sometimes in a non-
predicted fashion [23, 144]. This represents an 
important limitation that could explain the mixed 
findings in the previous studies. Recently, a new 
tDCS technique named high-definition tDCS 
(HD-tDCS) showed to improve focality with gyri 
precise stimulation [144] and provide modulation 
of corticospinal excitability of greater magnitude 
and longer duration of its aftereffects (>2 h and 
<6 h) [23]. However, no study has so far tested 
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whether this improved focality, greater modula-
tion of corticospinal excitability, and prolonged 
duration would translate into improved motor 
performance. A practical tutorial on the use of 
HD-tDCS including a video may be found else-
where [121].

Finally, there are other forms of transcranial 
electrical stimulation (tES) such as transcranial 
alternating current stimulation (tACS) and tran-
scranial random noise stimulation (tRNS) that 
could also be used as stand-alone techniques or 
can be used to prime the effects of other move-
ment training to improve motor/cognitive perfor-
mance [145]. However, to the best of the authors’ 
knowledge, there is no study performed so far 
evaluating the effects of these techniques on 
exercise performance.

18.6  Conclusion

tDCS is a promising tool for the exercise science 
field with a great beneficial potential for improv-
ing the exercise-related perception (perceived 
exertion and pleasure) which may impact on 
exercise adherence for a nonathletic sample and 
also with a potential to improve exercise perfor-
mance in sporting setting. It is noteworthy that so 
far there is no solid evidence of its positive effect 
and systematic reviews and meta-analysis have 
shown only weak evidence of its effects on some 
measures of exercise performance and perception. 
Considering that tDCS in exercise science is a fast-
growing field, it is possible that in the near future it 
could be elucidated whether tDCS works, as well 
as to whom, when, for what, and how tDCS works. 
Also, other forms of tES such as tACS and tRNS 
are still to be tested in the exercise field.
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19.1  Introduction

Social and affective neurosciences are topics of 
increasing popularity and great urgency in con-
temporary brain research. The social and emo-
tional aspects of cognition are inexorably linked, 
since the adaptive value of emotions is closely 
related to its social relevance and most social 
interactions seem to be related to some level of 
affective processing [1]. Social neuroscience is, 
therefore, an interdisciplinary field that com-
bines methods and knowledge from cognitive 
and behavioral neuroscience, as well as social 
sciences, aiming to unveil how the human brain 
processes social information and how it can be 
modified by the complex social world that sur-
rounds us [2]. Affective neuroscience is also an 
interdisciplinary field, combining cognitive and 
behavioral neuroscience for the understanding of 
emotion processing [3, 4].

Before the introduction of the main noninva-
sive brain stimulation methods used presently, 
most of the research on social and emotional 
processes relied on behavioral methods, brain 
lesions, and electrophysiological studies, all of 
them considered as correlational methods. As dis-

cussed before in the present book, the possibility 
to noninvasively and transiently interfere with the 
ongoing brain function using a site- specific tech-
nique as transcranial direct current stimulation 
(tDCS) allows us to understand brain-behavior 
relationships with another level of causality that 
cannot be achieved with imaging or behavioral 
methods alone.

In this chapter, we will review how tDCS has 
been used in social and emotional neuroscience 
studies. With this purpose, this chapter is orga-
nized in two main sessions: emotion studies 
(including those that might involve some relevant 
social phenomena) and social cognition studies 
(gathering the ones that are not mostly focused 
on emotional processes). We will focus on basic 
research, as there are specific chapters in this 
book addressing tDCS effects on social and emo-
tional processes related to neurological and psy-
chiatric disorders.

19.2  tDCS on Emotion Studies

Emotions are present in our daily life, influ-
encing the way we perceive the world and our 
behavior. According to Fridja [5], emotion is 
defined as a physiological, behavioral, and sub-
jective response to a given situation. It is very 
important for decision-making, helping us to 
predict and rapidly react to internal or external 
demands [4].
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Lippold and Redfearn [6], in one of the first 
studies investigating tDCS effects on emotion, 
reported that tDCS could affect participants’ 
mood. In this study, tDCS was placed bilaterally 
over the frontal lobes with the reference placed on 
the leg. However, posterior attempts to replicate 
these results have failed so far [7, 8], probably 
due to participant selection: most of the partici-
pants recruited in the Lippold and Redfearn [6] 
study presented a history of psychiatric disorder. 
In addition, Lippold and Redfearn evaluated, 
mood subjectively, a procedure that could have 
biased the results. Furthermore, replication stud-
ies used only healthy subjects and double-blind 
designs.

Some studies have also tried to assess tDCS 
effects on healthy participants’ mood [9–14], 
all of them stimulating the dorso-lateral pre-
frontal cortex (DLPFC) but finding no sig-
nificant results. Nonetheless, two studies were 
successful in modulating mood by stimulat-
ing the DLPFC of healthy volunteers [14, 15]. 
In these studies, participants were exposed to 
negative stimuli [15] or performed a task aimed 
at inducing frustration feelings [14]. In both 
studies, active tDCS significantly suppressed 
negative feelings in comparison to sham. In 
these cases, tDCS appeared to affect mood 
indirectly, preventing changes evoked by exter-
nal stimuli, probably by controlling emotion 
regulation processes [16] or other interference 
mechanisms on emotion processing, rather than 
directly modulating mood.

What do these conflicting results tell us about 
tDCS effects on emotional processing? Some 
of them suggest that tDCS does not influence 
mood directly, as first proposed by Lippold and 
Redfearn [6]. Instead, it might have indirect 
effects on mood; probably by interfering with 
other cognitive processes involved in emotion 
processing, such as encoding and retrieval of 
emotional memory, detection of emotional pros-
ody, detection of emotional facial expressions, 
emotion regulation, and fear conditioning.

19.3  Emotional Memory Encoding 
and Retrieval

A well-known phenomenon is that emotional 
events and stimulus are usually better remem-
bered than neutral ones. Two important phases 
in memory consolidation are the encoding and 
retrieval: the former is the process involving the 
mechanisms related to the storage and creation 
of a memory and the latter is the process related 
to retrieval of already consolidated memories. At 
least two studies have assessed emotional mem-
ory encoding and retrieval after tDCS [13, 17]. 
Penolazzi et  al. [17] stimulated fronto-temporal 
areas bilaterally (left cathodal/right anodal and 
the opposite) during the encoding of emotional 
stimuli. They found that right cathodal and left 
anodal stimulation inhibited memory retrieval 
of pleasant stimuli, while the opposite montage 
inhibited retrieval of unpleasant stimuli. Using 
also a bilateral electrode montage, but this time 
over DLPFC, Morgan et  al. [13] investigated 
whether stimulation of this area influenced mem-
ory retrieval of emotional stimuli; however, no 
significant effects were found.

These studies in tDCS and emotional memory 
addressed a promising topic, since they could help 
to clarify neural circuitries involved in emotional 
memory and could point to the possibility of using 
tDCS clinically, for example, in post- traumatic 
stress or depression. However, given their conflict-
ing results, the limited number of investigations in 
the field and some limitations of the tDCS tech-
nique, it is not yet possible to circumscribe the 
role of DLPFC and fronto- temporal areas in emo-
tional memory encoding and retrieval. The effects 
found by Penolazzi et al. [17] are intriguing, since 
anodal tDCS is typically related to facilitation or 
increased cortical activity and would most likely 
be associated with enhanced memory processing. 
In this case, a possible explanation could be that 
the anodal stimulation enhanced a competing neu-
ral population that disrupted the activity of emo-
tional memory circuitry.

P. S. Boggio et al.



435

19.4  Emotional Prosody

Indeed, many cognitive and affective processes 
involve complex circuitries, recruiting various 
brain areas that may sometimes compete or share 
mutually inhibitory connections. This hypothesis 
may also explain the results found by Alexander 
et  al. [18], who evaluated the effects of anodal 
and cathodal tDCS over the right inferior fron-
tal gyrus (IFG) in emotional prosody stimuli 
presented on a dichotic listening paradigm. The 
authors have found that cathodal tDCS improved 
emotional prosody detection, probably inhibit-
ing competing neural activations and acting as a 
noise filter. These results illustrate the complexity 
involved in using tDCS to address such intricate 
processes that rely on multiple interdependent 
neural populations.

19.5  Emotional Face Processing

Another relevant topic is how people process 
emotional faces, an ability that is on the core 
of our social skills. Most studies using tDCS to 
assess emotional face processing have focused 
on the role of temporal areas, DLPFC, and cer-
ebellum in face processing [11, 19–21]. Boggio 
et  al. [19] have applied bilateral tDCS with the 
anode over the left and cathode over right tempo-
ral cortex in subjects performing a go-no-go task 
with positive and negative-valence emotional 
face expressions as stimuli. They found differ-
ent effects according to gender when seeing sad 
faces, with a disrupted performance in men and 
an enhanced performance in women. The authors 
suggested that this effect was due to possible dif-
ferent networks subserving the perception of sad 
faces in women and men. These results also sug-
gested the specialization of the temporal cortex 
role only on sad face processing, as no significant 
effects were found for positive facial expressions.

The role of temporal cortex on negative valence 
stimulus is not only restricted to faces, as another 

tDCS study has suggested by investigating biolog-
ical bodily motion from point-light displays [22]. 
In this study, Vonck et al. [22] showed that anodal 
tDCS over right temporal lobe and contralateral 
supra-orbital reference enhanced recognition of 
light points copying a biological body motion in a 
negative emotional state, both in male and female 
participants. This study further suggests the role of 
the left temporal areas in negative emotion recog-
nition not only from facial stimulus. An interest-
ing point not addressed by the authors is a possible 
gender interaction effect, what could endorse the 
findings by Boggio et al. [19].

The role of other brain areas besides the tem-
poral cortex in emotional face processing was 
also investigated. Ferrucci et  al. [20] assessed 
the role of the cerebellum in emotional face rec-
ognition, finding that anodal and cathodal tDCS 
over the cerebellum could enhance the recogni-
tion of sad and angry faces [20], which highlights 
the role of the cerebellum in negative emotional 
face recognition. Also, anodal tDCS over the 
left DLPFC improved recognition of positive 
emotional faces, supporting the hemispheri-
cal specialization hypothesis for specific emo-
tion processing, named the valence theory (see 
[23]). However, right DLPFC tDCS did not alter 
the recognition of negative emotional faces as 
expected [20], since this area has been believed 
to be involved in emotional face processing [24], 
at least for negative valence stimulus [23]. In fact, 
right DLPFC tDCS has only enhanced the recog-
nition of fear faces in men [21].

In sum, these findings showed the role of the 
investigated areas in emotional face processing, 
suggesting specific circuitries for specific emo-
tions. One question still unsolved is the role of 
lateralized prefrontal areas in emotional face and 
other emotional processing. The tDCS studies have 
suggested that DLPFC does not appear to have 
a general lateralized functioning for emotional 
valence, but a lateralized functioning linked to spe-
cific emotions, probably through the employment 
of cognitive resources in emotional processing.
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19.6  Emotion Regulation

Emotion regulation is defined as the process by 
which one attempts to regulate his or her emo-
tional experience and/or resulting behavior by 
cognitive control (for example, by attention 
deployment or reappraisal of emotional stimuli), 
aiming to achieve a more adaptive emotional 
respons0065Transcranial direct current stimu-
lation (tDCS):emotional face processing. The 
emotion regulation can be divided in two main 
techniques, those focusing to enhance (upregu-
lation) or to diminish (downregulation) an emo-
tional response. Almost all tDCS studies targeted 
the DLPFC, a critical brain area for executive 
functioning and emotional regulation [16]. Feeser 
et al. [25] investigated the role of right DLPFC in 
the emotional regulation of negative stimuli. The 
participants received anodal tDCS over the right 
DLPFC (reference on supraorbital contralateral 
area) while exposed to negative valence stimuli 
and were asked to upregulate or downregulate 
their emotions. Active tDCS altered skin conduc-
tance response (SCR) and arousal ratings of par-
ticipants in comparison to sham tDCS, enhancing 
these responses in upregulation and decreasing in 
downregulation condition; findings that clarify 
the right DLPFC role in cognitive control and 
emotion regulation through reappraisal.

This assumption was supported by Pripfl and 
Lamm [26], in which anodal tDCS over the right 
DLPFC was related to higher levels of cognitive 
control during affective pictures appraisal, specif-
ically of negative valence. This study also evalu-
ated anodal stimulation over the left DLPFC, but 
without significant effects. These results are also 
in agreement with Rêgo et al. [15], in which right 
anodal DLPFC seemed to control the impact of 
negative valence stimulus on mood. However, 
in contrast to Pripfl and Lamm, Rêgo et al. [15] 
found the same effect in anodal stimulation of 
left DLPFC.

The effect of anodal stimulation over left 
DLPFC on mood control was also observed 
in the study by Plewnia et  al. [14]. Likewise, 
PeñaGómez et  al. [9] found decreased valence 
evaluation for negative valence pictures after 
tDCS of the left DLPFC.  Moreover, previous 

studies found that anodal tDCS over the left 
DLPFC increased physical pain thresholds [27], 
and decreased unpleasantness and discomfort 
assessment during pain-related pictures observa-
tion [28, 29]. These contradictory results between 
those studies and Pripfl and Lamm could be due 
to adopted methods. Importantly, Pripfl and 
Lamm have used a high-definition tDCS. These 
devices are associated with a much higher focal-
ity than the standard tDCS procedures and this 
must be taken into account when analyzing these 
results [26].

tDCS might also have a substantial effect on 
peripheral physiological responses, suggesting 
an impact in autonomic processes. For instance, 
Brunoni et  al. [30] showed that during anodal 
left/cathodal right DLPFC tDCS, participants 
presented increased heart rate variability and 
decreased salivary cortisol, especially during 
the visualization of negative valence pictures, 
supporting the role of right DLPFC on the top-
down regulation of autonomic and neuroendo-
crine responses. Furthermore, as presented in 
a study conducted with patients with anxiety 
disorders by Heeren et  al. [31], anodal tDCS 
over left DLPFC combined with attentional 
bias modification (ABM) strategy promoted 
shorter eye gaze fixations during the observa-
tion of visually threatening stimuli, suggest-
ing a role of left DLPFC on the modulation of 
attentional control. Notwithstanding, we sug-
gest that future tDCS studies should further 
investigate hemispheric and interhemispheric 
roles of DLPFC on emotion- related cognitive 
control, considering that the number of studies 
is still limited and that this could lead to new 
clinical applications in individuals with mood 
and anxiety disorders [32].

19.7  Social Pain

These studies illustrate the potential of neuro-
modulation techniques for the investigation of the 
neural mechanisms behind understanding other’s 
emotions. In this same line, there are numerous 
works investigating pain perception and judgment 
of painful situations. More recently, social pain, 
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which can be characterized as the experience of 
suffering due to personal losses or rejection and 
ostracism [33] has been studied using tDCS. Riva 
et al. [34] showed that anodal tDCS over the right 
ventro-lateral prefrontal cortex (VLPFC) could 
reduce the discomfort and feelings of pain. More 
recently, the same group showed that, under the 
same protocol, participants who received active 
tDCS reported lower levels of aggressiveness 
after being ostracized in a Cyberball task [35]. 
Anodal tDCS stimulation over the right DLPFC 
also had a similar effect in aggressive behavior, 
leading to lower levels of self-reported aggres-
siveness in men [36]. Furthermore, when assess-
ing the impact of DLPFC on the control of 
emotional suffering due to social pain, Kelley 
et  al. [37] showed that when submitted to right 
DLPFC anodal tDCS, participants showed higher 
levels of rumination while being ostracized in the 
so-called Cyberball task (see [38] for review). 
Altogether, these studies provide causal evi-
dence for the role of the DLPFC and VLPFC in 
emotional control processes and emotional reap-
praisal [16], highlighting the relevance of tDCS 
for the study of pain, empathy for pain (see [39] 
for a discussion of this issue), and social pain 
phenomena.

19.8  Fear Conditioning

Two studies have investigated the modulation of 
fear conditioning with tDCS, suggesting different 
roles for the left and right DLPFCs [40, 41]. In 
the study by Asthana et al. [40], cathodal tDCS 
over the left DLPFC (reference over the left mas-
toid) inhibited fear memory consolidation, while 
anodal stimulation did not show any significant 
effects. Mungee et  al. [41] showed that anodal 
tDCS over the right DLPFC (reference over 
contralateral supraorbital area) led to enhanced 
fear memory consolidation. These results indi-
cate different roles for left and right DLPFC, as 
suggested by the previous literature. However, 
it is important to remember that these different 
effects between Asthana et al. [40] and Mungee 
et al. [41] could be due to differences in the meth-
ods adopted (stimuli used or task demands could 

have directed participants to use distinct emo-
tion regulation methods), or even in the reference 
electrode location, that could change current 
direction and effects.

In this topic, we have discussed some of the 
main tDCS studies in affective neuroscience. It 
is important to highlight some issues: first, tDCS 
is a suitable technique to modulate cortical areas, 
but its efficiency for modulating activity of sub-
cortical areas appears to be only indirectly, prob-
ably through cortico-subcortical connections 
(e.g., [42–44]). Therefore, as affective process-
ing is particularly dependent on many subcorti-
cal areas, many of these studies here presented 
aimed to indirectly interfere with emotional 
processes by top-down mechanisms or by tar-
geting cortical areas that are known to indirectly 
modulate relevant subcortical structures. As we 
have mentioned before, the DLPFC is one of the 
main areas involved in top-down emotional regu-
lation. Both left and right DLPFC appear to be 
involved in distinct aspects of emotion regulation 
by mechanisms that are not clear yet.

19.9  Social Neuroscience

As mentioned in the introduction section, it is 
not reasonable to disentangle the social from 
the affective aspects of the human experience. 
Therefore, the separation between emotional 
and social aspects in the current text is strictly 
didactical and does not reflect the complexity 
of the interaction between these two constructs. 
With that being said, we will highlight some of 
the most successful investigations that have used 
tDCS in the elucidation of the neural correlates of 
prejudice and the neural processes behind social 
interaction and social decision-making, which 
have been intensively investigated in contempo-
rary literature.

19.10  Implicit Prejudice

Although this is a controversial topic, it could 
be argued that the frequency of explicit demon-
strations of prejudice (racial, social, and gender) 

19 Transcranial Direct Current Stimulation in Social and Emotion Research



438

might be declining in many cultures. Implicit 
prejudice— hidden biases that are not always 
explicit but may influence some behavioral 
responses—is a topic of great relevance in con-
temporary social neuroscience. It is important 
to note that there are substantial methodological 
challenges involved in investigating a behavioral 
bias of which subjects are frequently not aware 
of (see [45] for a review). The case of tDCS in 
implicit prejudice research is an example of how 
this technique may be elegantly integrated with 
classic behavioral paradigms in order to shed 
a new light on methodologically demanding 
research questions.

The implicit association test (IAT) is one of 
the most robust paradigms to investigate implicit 
prejudice. It allows for the investigation of inter-
actions between different stimuli categories (e.g., 
faces of different ethnicities with words of dif-
ferent valences) in a fast forced choice task that 
unveils biases that are frequently not explicitly 
accessible [46]. More recently, some groups 
started to investigate prejudice and its implicit 
associations using neuromodulation techniques 
as transcranial magnetic stimulation (TMS) and 
tDCS. These investigations have showed that the 
inhibition of the left DLPFC function was able to 
increase participant’s gender bias [47] and reli-
gious bias [48] during IAT. These findings sug-
gest that the left DLPFC may play a central role 
in inhibiting these stereotyped responses.

In this same line but using nonsocial stim-
uli, a recent tDCS work has also modulated the 
left DLPFC and found some interesting results. 
Gladwin et  al. [49] found that tDCS of the left 
DLPFC did not affect the implicit bias processes 
in the association of insect images and insect 
names when using an IAT. Taken together with 
the works of Cattaneo et al. [47] and Crescentini 
et  al. [48], these results could be interpreted as 
suggesting that there is a left DLPFC specializa-
tion for the processing of social (in contrast to 
nonsocial) bias.

19.11  Social Decision-Making

Social decision-making may be defined as the 
process by which a person chooses between alter-
natives in the context of social interaction [50]. 
So far, most studies combining social decision- 
making and neuroscience have focused on neuro-
imaging methods, but some new relevant studies 
have used noninvasive brain stimulation tech-
niques and found exciting results. We will start 
by presenting studies that have investigated the 
role of the perception of fairness and social norm 
compliance in social decision-making.

A seminal investigation of this issue was 
conducted by Knoch et  al. [51] using TMS 
during the ultimatum game (UG). The UG is a 
resource- sharing task used to investigate reac-
tion to unfairness, where a player (the responder) 
have to respond to money-sharing proposals from 
another player (the proposer) that might range 
from very fair to very unfair. If the responder 
accepts the offer, both players gain the amount, 
whereas if the responder rejects the offer, both 
players get nothing. Knoch et  al. [51] inhibited 
the right DLPFC activity during the UG and 
found that participants playing as responders 
had increased acceptance rates of unfair propos-
als, suggesting that the right DLPFC may medi-
ate unfairness evaluation. These exciting results 
were later replicated by the same group using 
cathodal tDCS [52], a finding that supports tDCS 
as a suitable tool for social neuroscience research 
and that tDCS and TMS results may be compat-
ible in many cases.

A few other works have also paired tDCS with 
modified versions of the UG with exciting results, 
in contrast to the standard task that just assesses 
the effect of unfairness from the point of view of 
the responder. Recent experiments have started 
to investigate the effects of unfairness when the 
responder has to decide for himself (“myself 
condition”) or on behalf of a third-party [53] and 
found that inequity aversion may be observed on 
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both “myself” and “third-party” conditions. Civai 
et  al. [53] have also found that the medial pre-
frontal cortex (MPFC) is particularly active in the 
myself condition.

In a subsequent study, Civai, Miniussi, and 
Rumiati [54] have used tDCS in order to better 
understand the causal role of MPFC in inequity 
evaluation. They found that cathodal tDCS over 
left MPFC (midpoint between Fpz and Fp1) led 
to diminished rejection of unfair proposals in the 
“myself” but not on the “third party” condition, 
supporting the hypothesis derived from previous 
functional magnetic resonance imaging (fMRI) 
studies suggesting that the MPFC is particularly 
engaged in the judgment of fairness in more 
egocentric conditions. This adds new relevant 
information on the fact that there is a distinct and 
complex neural circuitry to deal with egocentric 
vs. allocentric conditions.

A more recent study introduced the variable 
punishment in the UG.  Ruff, Ugazio, and Fehr 
[55] have used a task developed by Spitzer et al. 
[56] in which two players should divide an ini-
tial endowment. One player was a proposer and 
should suggest a division rate to a second player, 
the receiver. Two different conditions are avail-
able: a control and a punishment one. In the con-
trol condition, the receiver could only accept the 
proposal passively, similar to a dictator game, 
while in the punish condition the receiver could 
spend money to punish the proposer. The authors 
found, in this neuroimaging study, that the pun-
ishment condition led the proposers to comply 
with the social norms and share the endowment 
more fairly and that this behavioral adaptation 
was related to an enhanced activation of right 
DLPFC, left VLPFC, and bilateral orbitofron-
tal cortex. Ruff et  al. [55] modulated the right 
DLPFC with anodal and cathodal stimulation to 
investigate the role of the right DLPFC on norm 
compliance. They found that, in the punishment 
condition, the anodal stimulation (compared to 
sham) led the proposer to transfer more money 

after punishment, enhancing norm compliance. 
Contrary to that, the cathodal stimulation turned 
the proposers more self-interested and less ori-
ented by social norms of fairness, diminishing 
the quantity transferred to the receivers. In the 
control condition (where the receiver could only 
accept passively), the stimulation acted in the 
opposite way. These results help to support the 
role of the right DLPFC in a network linked to 
norm compliance, but as highlighted by Sanfey 
et al. [57], the fact the punishment and the con-
trol conditions were oppositely affected by tDCS 
suggest that this network may be more complex 
than previously expected.

As social norm compliance may be affected 
in many clinical conditions, studies showing 
a significant modulation of these processes by 
tDCS highlight its potential as a social cogni-
tion rehabilitation tool for clinical populations. 
Social interaction is another field of research in 
social neuroscience where tDCS might have a 
promising clinical relevance too. Below are some 
basic research examples that not only support this 
clinical potential, but also seem to have helped 
to overcome some methodological challenges in 
investigating higher-order cognitive processes 
such as this one.

19.12  Perspective Taking

Perspective taking is a critical skill for effective 
social interaction and closely related to empa-
thy and consequently to the development and 
maintenance of positive social connections (for 
a review see [58]). As Conson et al. [21] dem-
onstrated, although promoting faster negative 
emotion recognition in males, right anodal/left 
cathodal tDCS over DLPFC decreased partici-
pants’ ability to assume the perspective of others 
during a visual perspective taking task. Another 
relevant study has investigated the neuromodula-
tion of temporo-parietal junction (TPJ) in par-

19 Transcranial Direct Current Stimulation in Social and Emotion Research



440

ticipant’s performance on three social cognition 
tasks: on a motor imitation task, a spatial per-
spective-taking task, and a self-referential task 
[59]. Although some neuroimaging studies have 
suggested the involvement of the TPJ in abilities 
related to the execution of these tasks, TPJ tDCS 
effects were not the same for all tasks. This study 
has showed that anodal TPJ tDCS improved the 
control of self-other discrimination related to the 
imitation and perspective-taking tasks, while did 
not have any effect on mental attribution abil-
ity, as evaluated by the self-referential task [59]. 
This study has helped to clarify the involve-
ment of TPJ in empathy and its role in self-other 
discrimination.

Hogeveen et al. [60] have expanded these find-
ings by testing the effects of anodal tDCS over 
the right TPJ or right inferior frontal cortex (IFC) 
on imitative control functions. Interestingly, 
anodal tDCS of the right IFC improved the abil-
ity to inhibit imitation in a task when it was 
required but, at the same time, increased the imi-
tation behaviors during a social interaction task 
(which is related to better social interaction). 
Thus, it seems that IFC is somehow involved in 
imitation, but in a way that is dependent on the 
task performed. In addition to that, anodal tDCS 
over TPJ was associated with increased ability to 
inhibit imitation but had no effect on the imita-
tion during the social interaction task. These find-
ings suggest a direct role of the IFC in imitative 
behavior and an indirect one of the TPJ in a way 
that is dependent on the social demands.

19.13  Conclusions

We have presented an overview of some of the 
most relevant investigations of social and affec-
tive neuroscience involving tDCS. We would like 
to argue that two things are clear after this review. 
First, that tDCS is indeed a valuable tool for 
contemporary social and affective neuroscience 
research, bringing important new insight into 
classical research questions and complementing 
the current knowledge of the field with another 
level of causality in bridging brain and behav-
ior. Second, that the technique is still not used as 

much as would be appropriate given its potential. 
In fact, if we consider the works that have been 
presented here, we may argue that tDCS is indeed 
a technique that has brought a number of new 
insights into technically challenging questions 
of classical psychological science. Assessing 
causality and not being time limited in the same 
way as other brain investigation techniques (e.g., 
event-related potentials and fMRI) may be high-
lighted as some of its major strengths. Given that, 
we hope to see more tDCS in social and affective 
neuroscience research in the future.
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Neurodegenerative Cognitive 
Disorders

Tarek K. Rajji

Neurodegenerative cognitive disorders, also 
referred to as dementias, affect more than 46 mil-
lion people worldwide [1]. By 2050, this number 
is estimated to be more than 131 million. The 
current costs associated with dementia are esti-
mated to be US $818 billion. To date, there are 
no interventions to prevent, cure, or even slow 
down the underlying disease even though some 
pharmacological treatments could slow down 
the symptoms or for some of these disorders 
the underlying risk factors could be modified. 
Alzheimer’s dementia (AD) is the most com-
mon form of dementia. Other forms of dementia 
include vascular dementia, Lewy body dementia, 
frontotemporal dementia, Parkinson’s disease 
dementia, and others.

Transcranial direct current stimulation (tDCS) 
is a non-invasive brain stimulation method that 
can be safely administered to conscious outpa-
tients (i.e., it does not require general anesthesia 
or surgical implantation of a device). It utilizes 
low intensity electrical current either to typi-
cally increase cortical excitability with an anodal 
electrode or suppress cortical excitability with a 
cathodal electrode [2]. Given its ease of use, por-
tability, and high potential of scalability, several 
studies have tested the effect of tDCS in patients 
with dementia. Most studies have focused on 

patients with AD, and more recently studies have 
focused on mild cognitive impairment (MCI) or 
other forms of dementia and cognitive impair-
ments. In this chapter, these studies are reviewed 
and classified based on the clinical condition they 
targeted. Specific details and summaries of the 
clinical and cognitive findings are also presented 
in Table 20.1.

20.1  Alzheimer’s Dementia

In Ferruci et  al. [3], 10 participants with 
Alzheimer’s dementia (AD) received 3, 15-min 
tDCS sessions in a random order and 1 week 
apart: anodal transcranial direct current stimula-
tion (tDCS), cathodal tDCS, and sham tDCS. Two 
stimulators were used. For each stimulator, one 
electrode was placed over the temporoparietal 
area (left or right) and the other over the right 
deltoid muscle. Current was 1.5 mA. Cognition 
was assessed before and 30 min after each ses-
sion. Anodal tDCS improved word recognition 
and discrimination by 17% while cathodal tDCS 
impaired both.

In Boggio et al. [4], 10 participants with AD 
received 2, 30-min sessions of unilateral anodal 
tDCS – 1 session to the left dorsolateral prefrontal 
cortex (DLPFC), another to the left temporal cor-
tex – and a third session of sham tDCS. Cathodal 
electrode was placed over the right supra-orbital 
area. Current was 2 mA. Cognition was assessed 
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during stimulation. Anodal tDCS at both sites 
improved performance on a visual recognition 
memory task by 18% for the DLPFC and 14% 
for the temporal cortex [4].

The above two studies were followed by oth-
ers that assessed the impact of a course of tDCS 
on cognition. In Boggio et al. [5], 15 participants 
with mild-to-moderate AD received daily con-
secutively for 5 days, 30-min sessions of bilateral 
anodal or sham tDCS in a random order. Anodes 
were placed over the temporal lobes. Cathodal 
electrode was placed over the right deltoid mus-
cle. Current was 2 mA. Cognition was assessed 
before the first tDCS session, at the end of treat-
ment on day 5, 1 week later, and then 4 weeks 
later. Anodal tDCS resulted in improvements in 
visual recognition memory, and these improve-
ments persisted for 4 weeks following the course 
of tDCS.  The percent change from baseline 
was about 11%. tDCS was well tolerated by all 
participants.

In Khedr et al. [6], 34 participants with mild- 
to- moderate AD were randomized to receive 
anodal tDCS, cathodal tDCS, or sham tDCS. 
tDCS was applied to the left DLPFC for 25 min 
daily for 10  days. The reference electrode was 
placed over the contralateral supra-orbital region. 
Current was 2 mA. Follow-up assessments were 
conducted immediately, and 1 and 2 months fol-
lowing the tDCS course. Other than for a couple 
of participants experiencing transient itching, 
headache, and dizziness, tDCS was well toler-
ated. Both anodal and cathodal tDCS resulted in 
improvement on Mini-Mental State Examination 
(MMSE) [7] compared with sham tDCS.  The 
two forms of active tDCS did not differ in effi-
cacy. Improvement on MMSE was by about four 
points with an initial improvement immediately 
following tDCS, an additional improvement 1 
month later, and persistence of this improvement 
one additional month later. Such is a change is 
considered clinically significant.

In Bystad et  al. [8], 25 participants with 
mild- to- moderate AD were randomized to 
receive anodal tDCS applied to the let tempo-
ral cortex with the cathodal electrode over the 
right frontal cortex or sham tDCS. tDCS was 
applied for 30 min daily for 5 days. Current was 

2  mA.  Follow-up assessments were conducted 
immediately. Other than for itching, transient 
headaches, and skin irritation, tDCS was well 
tolerated. Unlike, previous studies to date, active 
tDCS did not result in better verbal memory 
(primary outcome), global cognition, executive 
function, or processing speed compared to sham 
tDCS.

In a case report by the same group [9], a single 
participant with mild AD underwent an acceler-
ated tDCS course of 12 sessions, twice a day, 
over 6 consecutive days. Each session consisted 
of anodal tDCS applied to the let temporal cor-
tex with the cathodal electrode over the right 
frontal cortex and lasted for 30 min. Current was 
2 mA. This report indicated that the participant 
experienced a clinically significant improve-
ment in verbal memory recall and tDCS was well 
tolerated.

In another case report by the same group 
[10]), another single participant with mild AD 
received anodal tDCS daily for 8  months. The 
anode was placed over the left temporal cortex 
and the cathode over the right frontal cortex. 
Current was also 2  mA. tDCS was well toler-
ated. The participant experienced at the 8-month 
assessment 39% improvement in verbal immedi-
ate recall, 23% improvement in verbal delayed 
recall, 16% improvement in vocabulary, 10% 
decline in visuospatial ability, and general stabil-
ity in other domains.

In Roncero et  al. [11], 10 participants with 
AD (N = 3) or frontotemporal dementia (N = 7) 
were randomized in a cross-over design to active 
followed by sham tDCS (2 months later or vice 
versa) for 10 daily sessions. Anode was placed 
over the left inferior parietal cortex and the cath-
ode over the right fronto-orbital region. Current 
was 2 mA. Each session was for 30 min. The pri-
mary outcome was picture naming. Active tDCS 
significantly improved picture naming ability by 
40% vs. an improvement of 19% following sham 
tDCS.

In Cespon et al. [12], 12 participants with AD 
and 14 healthy older participants were random-
ized to receive anodal, cathodal or sham tDCS for 
1 session delivered to the left DLPFC and then 
crossed over to receive all three types of stimula-
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tion with a 5-day interval between 2 consecutive 
sessions. The reference electrode was placed over 
the right shoulder. Current was 1.5 mA. Duration 
of stimulation was 13 min. Before and after each 
stimulation session, participants underwent a 
working memory task while undergoing an elec-
troencephalogram (EEG). All participants were 
analyzed together. There were no differences 
detected in working memory performance among 
the three types of stimulation. However, anodal 
tDCS was associated with increased P200 and 
P300 amplitudes in healthy participants while 
cathodal tDCS was associated with increased 
P200 amplitude and frontal theta activity in AD 
participants. Further, only in healthy participants 
improvements in working memory after anodal 
tDCS were correlated with increased P300.

In Liu et  al. [13], 17 participants with mild 
AD or mild cognitive impairment (MCI; mean 
age: 77, SD: 5) were randomized in a cross-over 
design to receive 1 session of bifrontal or bitem-
poral or sham tDCS, all separated by 1 week. 
During bifrontal stimulation, two anodes were 
placed over the left and right DLPFC and the 
cathode over the inion. During bitemporal stimu-
lation, two anodes were placed over the left and 
right temporal cortices and the cathode over the 
inion. Current was 2 mA. Duration of stimulation 
was 20 min. On the day before each stimulation 
and immediately after, participants were assessed 
cognitively including an assessment of working 
memory which was the primary domain. The 
authors report that only following bitemporal 
stimulation the improvement in working memory 
was significantly higher than the improvement 
following sham.

A few studies reported on the impact of tDCS 
on maintaining cognitive stability among patients 
with AD rather than cognitive improvement.

In Im et  al. [14], 20 participants with mild 
AD were randomized to receive anodal tDCS to 
the left DLPFC with the cathode over the right 
DLPFC, or sham tDCS, daily for 6  months, 
30 min per day. The first 3 sessions were delivered 
by a nurse in a hospital setting and the remaining 
sessions were delivered at home by a caregiver. 
Current was 2 mA. Active tDCS resulted in better 
global cognition as measured using the MMSE 

and better naming compared to sham tDCS at 
6  months. Those randomized to active tDCS 
also experienced a trend toward improvement 
in executive function while those randomized to 
sham tDCS experienced a trend toward a decline. 
Further, those randomized to active tDCS expe-
rienced stability on 18F-fluoro- 2-deoxyglucose 
positron emission tomography (FDG-PET) over 
the left middle/inferior temporal gyrus compared 
to a significant decline among those randomized 
to sham tDCS.

In Gangemi et  al. [15], two randomized tri-
als were reported. In the first one, 26 partici-
pants with mild AD were randomized to active 
or sham tDCS, for 10 daily consecutive sessions. 
Each session lasted for 20  min. Current was 
2  mA.  Anode was placed over the left fronto-
temporal cortex and the cathode over the right 
frontal lobe. Global cognition and a composite 
measure of cognitive and function were assessed 
before and immediately after the 10-day course 
of tDCS. Active stimulation was associated with 
stability in cognition/function compared to a 
decline in cognition among those randomized to 
sham stimulation. In the second one, 18 partici-
pants with mild AD were randomized to a similar 
protocol except that they received the 10 ses-
sions every month for 8 months. At the end of the 
8 months, active stimulation was also associated 
with stability in cognition/function compared to 
a decline that was associated with sham inter-
vention. The two studies support the beneficial 
impact of tDCS on maintaining cognition/func-
tion among patients with mild AD although it 
was not clear why there was a significant decline 
over 10 days among those who were randomized 
to sham tDCS. In both studies, resting EEG were 
collected before and after the interventions and 
there were changes reported within certain fre-
quencies although it was not clear what the spe-
cific EEG analyzed variables were.

Patients with AD not only experience cogni-
tive dysfunction, but also significant behavioral 
and psychological symptoms. One study focused 
on the effects of tDCS on apathy. In Suemoto 
et  al. [16], 40 participants with moderate AD 
were randomized to receive anodal or sham tDCS 
delivered to the left DLPFC for 20  min, every 
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other day for 6 sessions over 2 weeks. Cathodal 
electrode was placed over the right orbit. Current 
was 2 mA. Assessments were conducted at base-
line, 1 week into the tDCS course, at the end of 
the 2-week course, and then 1 week after com-
pleting the course. The primary outcome mea-
sure was the score on the Apathy Scale [17]. 
tDCS was well tolerated with minor side effects, 
mainly scalp burning sensation and tingling. The 
two groups did not differ on Apathy Scale at any 
of the time points of assessments, nor did they 
differ on other secondary measure, including 
cognitive, mood, and caregiver burden measures.

Thus, studies in AD have had mixed results 
when assessing for an acute improvement fol-
lowing a short course of tDCS effect. However, 
and notwithstanding that the number of studies 
is small, those that assessed for a cognitive sta-
bilization effect seems to have been more posi-
tive. A parallel line of research is to investigate 
whether the pro-cognitive effects of tDCS can 
optimize performance in response to other cogni-
tive enhancing interventions, or whether they can 
be augmented through these other interventions.

In Cotelli et al. [18], 36 participants with mild-
to-moderate AD were randomized to receive 
anodal tDCS combined with memory training, 
sham tDCS combined with memory training, 
or anodal tDCS combined with motor training. 
tDCS was applied to left DLPFC for 25 min, 5 
days a week, for 2 weeks. The reference electrode 
was placed on the right deltoid muscle. Current 
was 2 mA. tDCS was initiated at the beginning of 
each training session that occurred 5 days a week 
for 2 weeks. Memory training consisted of train-
ing on face-name association task. Assessments 
were conducted at baseline, after the 2 weeks 
of tDCS course, and then 3 and 6 months from 
the start of the tDCS course. Both groups who 
received memory training experienced improve-
ment in face-name association talk compared 
with the group who received motor training. The 
improvement persisted at 3 month follow-up. 
However, there was no significant generalization 
to other cognitive tasks beyond what the partici-
pants trained on. More importantly, groups who 
received anodal or sham tDCS, combined with 
memory training, did not differ in performance.

In Penolazzi et  al. [19], one patient with 
mild AD received one course of anodal tDCS, 
daily for 20  min for 10  days, over the left 
DLPFC. Reference electrode was placed over the 
right supra-orbital area. Current was 2 mA. Each 
tDCS was followed by 45 min of cognitive train-
ing. Two months later, the patient received the 
same course of cognitive training but with sham 
tDCS. Following the first course, the patient expe-
rienced improvement in global cognitive function 
and it persisted for 1 month. There was no such 
improvement following the second course.

In Inagawa et  al. [20], 20 participants with 
AD or MCI except for 2 with Lewy body dis-
ease were randomized to receive active or sham 
tDCS delivered during cognitive training and 
over 20 min, twice a day, for 5 consecutive days. 
Current was 2 mA. Anode was placed over the 
left DLPFC and the cathode over the right supra- 
orbital region. While active tDCS was well toler-
ated, it did not improve cognition as measured 
using the MMSE or the Alzheimer’s Disease 
Assessment Scale-Cognitive Subscale (ADAS- 
Cog) [21] over sham tDCS.

20.2  Mild Cognitive Impairment

Given the early preliminary positive evidence 
supporting a pro-cognitive effect of tDCS in 
patients with AD, it was logical to assess its 
effects in pre-AD stages of the illness for poten-
tially more impact on the course of illness.

In Meinzer et  al. [22], 18 participants with 
MCI due to AD (11 amnestic MCI and 7 multiple 
domain MCI) received, in a cross-over design, 1 
session of anodal or sham tDCS to the left infe-
rior frontal gyrus for 20 min. The sessions were 
separated by 1 week. The cathode was placed 
over the right supra-orbital region. Current was 
1 mA. Participants received tDCS while perform-
ing a semantic word-retrieval task and under-
going functional magnetic resonance imaging 
(fMRI). tDCS was well tolerated. During sham 
tDCS, participants performed worse than healthy 
control participants. In contrast, during anodal 
tDCS, their performance normalized to become 
comparable to that of the healthy control partici-
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pants. This normalization was accompanied by 
normalization of task-related and resting-state 
brain activity as measured with fMRI.

In Yun et  al. [23], 16 participants with MCI 
were randomized to receive active or sham tDCS 
for 3 sessions per week for 3 weeks. Anode was 
placed over the right DLPFC and the cathode over 
the left DLPFC.  Current was 2  mA.  Objective 
and subjective measures of cognition were com-
pleted before and after the tDCS course, as well 
as FDG-PET. tDCS was well tolerated. While 
there was no impact of active tDCS on objective 
measures of cognition, it was associated with 
better subjective measures and with increased 
cerebral metabolism in several brain regions, 
including dorsolateral, ventrolateral, and medial 
prefrontal cortices, the dorsal anterior cingulate, 
the anterior and posterior insular regions, and the 
hippocampal and parahippocampal regions.

In Fileccia et  al. [24], 34 participants with 
MCI were randomized to receive active or sham 
tDCS, 1 session per day, 5 days per week for up 
to 20 sessions. Each session was 20 min. Current 
was 2 mA. Cognitive assessment was completed 
before and after the 20 sessions. The anode was 
placed over the left DLPFC and the cathode 
over the right deltoid. Active stimulation and not 
sham stimulation was associated with improved 
episodic memory, figure naming, and general 
cognition.

In Gomes et al. [25], 58 participants with MCI 
were randomized to active or sham tDCS, 2 ses-
sions per week, each for 30  min, for 5 weeks 
with cognitive assessments completed before, 
and immediately and 90 days after the interven-
tion. The anode was placed over the left DLPFC 
with the cathode over the right supra-orbital 
area. Current was 2  mA.  Active stimulation 
was associated with better executive function, 
verbal fluency, and memory recall, but with 
worse visuospatial construction, when com-
pared to sham stimulation immediately after the 
10- session course. No results were reported on 
90-day performances.

In Manenti et  al. [26], 18 participants with 
amnestic MCI were randomized to receive 1 ses-
sion of active or sham tDCS during the reacti-
vation phase of an episodic memory task. The 

participants were administered the task on the 
day before. Then, they were tested on free recall 
and recognition on the day after and 30  days 
later. Each session was for 15 min. Current was 
1.5 mA. The anode was placed over the left lateral 
prefrontal cortex and the cathode over the right 
supra-orbital region. Anodal tDCS was found to 
be associated with better recognition than sham 
tDCS after the day of stimulation, though it was 
not clear whether this was on the day after stimu-
lation or 30 days later.

Similar to studies in AD, a few studies in MCI 
assessed the impact of adding tDCS to another 
cognitive enhancement intervention.

In Gonzalez et  al. [27], 5 participants with 
MCI were assigned to receive cognitive stimula-
tion for 3 daily sessions, followed by sham tDCS 
during cognitive stimulation for 1–5 daily ses-
sions, followed by active tDCS during cognitive 
stimulation also for 1–5 daily sessions, followed 
by cognitive stimulation alone again. Each ses-
sion was for 30 min. The anode was placed over 
the left DLPFC and the cathode over the right 
deltoid. Current was 2  mA.  Each phase of this 
study was separated from the previous one by 1 
week. Compared to cognitive stimulation alone, 
active tDCS with cognitive stimulation was asso-
ciated with faster processing speed, attention, 
and planning.

In Das et  al. [28], 22 participants with MCI 
were randomized to receive active or sham tDCS 
for 20  min while watching Planet Earth videos 
and right before starting a cognitive training ses-
sion for a total of 8 sessions over 4 weeks. The 
anode was placed over the left inferior frontal 
gyrus and the cathode over the right shoulder. 
Current was 2  mA.  In this study, sham tDCS 
was associated with better executive function, 
inhibition, innovation, and episodic memory 
even though active tDCS was associated with 
improved resting state cerebral blood flow in the 
right middle frontal cortex. These findings sug-
gested that anodal tDCS inhibited any potential 
gains from the cognitive training program. The 
authors  speculated that tDCS could have activated 
inhibitory homeostatic response that “blocked” 
benefit from cognitive training. Alternatively, 
the repeated stimulation could have increased 
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“firing” of neuronal networks and, in turn, pre-
vented consolidation of top-down learning strate-
gies acquired during cognitive training. A third 
speculation the authors provided, suggested by 
the increase in cerebral blood flow on the right 
side, that is, the side opposite of stimulation, is 
that tDCS could have disrupted the allocation of 
cerebral blood flow, and, in turn, compromised 
the neuronal processes that support the learning 
strategies. Of note, tDCS was delivered before 
and not during the cognitive enhancement inter-
vention, and while being cognitively engaged in 
watching a stimulating video, which also could 
have contributed to the “blocking” effect.

In Martin et  al. [29], 68 participants with 
amnestic MCI were randomized to active or sham 
tDCS that was combined with cognitive training 
for 15 sessions administered 3  days per week 
over 5  weeks. Each cognitive training session 
lasted 45 to 60 min. During the first 30 min of 
each session, active tDCS at 2 mA was delivered 
followed by tDCS at 0.016 mA for the remaining 
of the session, or sham tDCS at 0.016 mA was 
delivered for the whole session, after ramping up 
and down for 1.5 min. The anode was placed over 
the left DLPFC and the cathode over the right 
frontal cortex. Cognitive assessments with ver-
bal memory being the primary outcome domain 
were administered at baseline, end of treatment, 
and 30 days later. While there was no interaction 
between time and group, the study showed that 
only those who received active tDCS experienced 
improvement in verbal memory from baseline 
at the first follow-up and both groups experi-
enced an improvement at the 30-day follow-up. 
Concerns regarding the potential active role of 
low intensity current was raised given the persis-
tent improvement in verbal memory among those 
who received the sham intervention.

In de Sousa et  al. [30], 18 participants with 
MCI and 32 healthy older control participants 
were randomized to receive first active or sham 
tDCS combined with a training session on a 
visuospatial task for 3 days followed by 3 months 
later, by the alternate stimulation combined with 
the 3-day training on the same task. Current was 
1 mA. The anode was placed over the right tem-
poroparietal cortex and the cathode over the left 

supra-orbital area. Stimulation was for 20  min. 
Cognitive assessment was completed immedi-
ately after the 3-day training and 1 month later. 
At the first follow-up, only the MCI participants 
experienced an enhanced training under active 
tDCS compared to sham tDCS. They also experi-
enced a gain under active tDCS that is similar to 
what the healthy control participants gained from 
the training. However, these benefits did not per-
sist at the 1-month follow-up.

Taken together, and notwithstanding that the 
studies to date need to be replicated in larger 
samples, there seems to be an advantage of 
using tDCS during the earlier stages of cognitive 
impairment including when it is being combined 
with a cognitive enhancement intervention.

20.3  Frontotemporal Dementia, 
Lewy Body Dementia, 
Parkinson’s Disease, Primary 
Progressive Aphasia, 
and Vascular Dementia

20.3.1  Frontotemporal Dementia

Frontotemporal dementia represents a group of 
neurodegenerative cognitive disorders that are 
typically characterized by early impairments 
in behavior, executive function, and language. 
Frontotemporal dementia is considered the 
third most common form of dementia follow-
ing AD and Lewy body dementia [31]. Patients 
with frontotemporal dementia are divided into 
two subtypes depending on their predominant 
symptoms: behavioral or language subtype. The 
onset of frontotemporal dementia tends to be at a 
younger age than AD or Lewy body dementia. In 
addition to having no current treatments for the 
cognitive symptoms of frontotemporal dementia, 
and, in contrast to AD, there is minimal evidence 
to support treatments for the behavioral and emo-
tional symptoms of this disorder.

In Benussi et  al. [32], 55 participants with 
frontotemporal dementia were randomized to 
receive active or sham tDCS, 5 days per week for 
2 weeks. Each session was for 20 min. Current 
was 2 mA. The anode was placed over the left 
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DLPFC and the cathode over the right deltoid. 
Cognitive and neurophysiological assessments 
using transcranial magnetic stimulation (TMS) 
were completed at baseline, and then immedi-
ately and 3 and 6 months after the 2-week course 
of tDCS.  TMS measures were also conducted 
at 1  month after the 2-week course. tDCS was 
well tolerated. Active stimulation was associ-
ated with better global cognition, verbal fluency, 
processing speed, executive function, emotions’ 
recognition, and behavioral symptoms compared 
to sham stimulation. Active stimulation was also 
associated with enhanced intracortical facilita-
tion and enhanced inhibition as indexed using 
TMS.  There was also a correlation between 
change in intracortical facilitation and change in 
processing speed and executive function.

20.3.2  Lewy Body Dementia

Lewy body dementia accounts for 3–15% of all 
dementias [33, 34]. It is typically characterized by 
fluctuating cognitive impairments, visual halluci-
nations, and Parkinsonian motor symptoms. It is 
also considered an umbrella that includes demen-
tia of Lewy body and Parkinson’s disease demen-
tia. The diagnosis of dementia with Lewy body is 
made when the motor symptoms develop within 1 
year before or after the onset of cognitive deficits. 
In contrast, a Parkinson’s disease dementia diag-
nosis is made when the motor symptoms had been 
present for more than 1 year prior to the cognitive 
deficits [35]. Cholinesterase inhibitors are recom-
mended for the treatment of Lewy body dementia, 
though their clinical impact is modest [36, 37].

In contrast to patients with AD, patients 
with Lewy body disease experience significant 
impairments in attention, executive function, and 
visuospatial abilities early on during the illness. 
These impairments may even precede deficits in 
learning and memory [38–40].

tDCS has been tested for its effects on Lewy 
body dementia-associated cognitive deficits. It 
has also been tested for its effects on cognitive 
impairment associated with Parkinson’s disease 
per se, that is, without a full manifestation of 
dementia.

In Boggio et  al. [41], 18 participants with 
Parkinson’s disease received 1 session of anodal 
tDCS delivered to the left DLPFC for 20  min. 
Reference electrode was placed over the right 
orbit. They also underwent a session of motor 
cortex stimulation and sham tDCS to the left 
DLPFC. Current was 1 mA in one set of experi-
ments and 2 mA in another set. Before and during 
the last 5 min of each tDCS session, participants 
were administered a working memory task. All 
experiments were well tolerated. tDCS at 1 mA 
did not result in any working memory change, 
In contrast, at 2  mA, left DLPFC stimulation 
resulted in more correct responses than motor 
cortex or sham tDCS.  No change in speed of 
response was found.

In Pereira et  al. [42], 16 participants with 
Parkinson’s disease were randomized to receive 
1 session of anodal tDCS to the left DLPFC 
or left temporoparietal cortex in a counterbal-
anced order, for 20 min. The cathode was placed 
over the right supra-orbital area. Current was 
2  mA.  Anodal tDCS to the DLPFC resulted in 
improved phonemic but not semantic fluency. It 
also resulted in enhanced functional connectivity 
and task-related deactivation as measured with 
fMRI.

In Doruk et  al. [43], 18 participants with 
Parkinson’s disease were randomized to receive 
anodal tDCS delivered to the left or right DLPFC, 
or sham tDCS for 20 min, daily, 5 days a week, 
for 2 weeks. The cathode was placed over the 
contralateral supra-orbital region. Current was 
2 mA. Assessments were conducted at baseline, 
at the end of tDCS course, and 1 month following 
baseline. Overall, tDCS was well tolerated with 
reports of tingling, sleepiness, mild headache, 
neck pain, skin redness, and trouble concen-
trating. Anodal tDCS, irrespective of laterality, 
resulted in improved performance on executive 
function at the end of the tDCS course and that 
persisted at 1 month of follow-up. Sham tDCS 
resulted in improvement at the end of tDCS 
course, but the improvement did not persist. No 
significant effects were observed on other cogni-
tive functions.

In Elder et al. [44], 13 participants with Lewy 
body dementia, including 8 with Parkinson’s dis-
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ease dementia and 5 with dementia with Lewy 
bodies, received a single session of anodal tDCS 
delivered to the left DLPFC for 20 min. The cath-
ode was placed over the right deltoid muscle. 
Current was 2.8 mA. Before and 10 min after the 
stimulation, attentional and visuospatial cogni-
tive tasks that have been shown to detect Lewy 
body dementia-specific deficits were adminis-
tered. Participants experienced improvements on 
some of the attentional but on none of the visuo-
spatial tasks following tDCS. tDCS was well 
tolerated.

In Manenti et  al. [45], 20 participants with 
MCI due to Parkinson’s disease were random-
ized to receive active or sham tDCS combined 
with physical therapy for 25 min per day, 5 days a 
week for 2 weeks. The anode was placed over the 
right or left DLPFC, contralaterally to the side of 
the body with more motor symptoms, for each 
individual. Current was 2  mA.  Motor, mood, 
and cognitive symptoms were assessed at base-
line and immediately and 3  months following 
the intervention. Despite no improvement over 
placebo with respect to motor or mood symp-
toms, participants randomized to active tDCS 
experienced better improvement in cognition 
immediately following the intervention and this 
enhanced improvement was stable at the 3-month 
assessment.

In Elder et  al. [46], 38 participants with 
Parkinson’s disease dementia were randomized 
to receive a single session of active or sham 
tDCS for 20 min and then crossed over to receive 
the alternate stimulation after 24 hours. Current 
was 2.8 mA. The anode was placed over the left 
DLPFC and the cathode over the right deltoid. 
Cognitive assessment was completed following 
each session. The study did not demonstrate any 
significant difference in cognition between active 
and sham tDCS.

In Lau et  al. (2019), 10 participants with 
Parkinson’s disease were randomized to 1 session 
of active or sham tDCS during the performance 
of a visual working memory and an emotional 
inhibition task. They were then crossed over to 
receive the alternate stimulation 2  weeks later. 
Current was 2 mA. The anode was placed on the 
left DLPFC and the cathode over the right supra-

orbital area. No differences in performance on 
the two cognitive tasks were detected between 
active and sham stimulation.

Overall, the literature on Lewy body demen-
tia is consistent with the literature in AD and 
MCI.  While there is a mixture of positive and 
negative findings, the less severe the cognitive 
impairment, the more beneficial tDCS seems, 
especially when combined with a cognitive 
enhancement intervention.

20.3.3  Primary Progressive Aphasia

Primary progressive aphasia is a diagnosis used 
to identify a heterogeneous group of patients 
who experience localized degeneration of the 
language- related brain regions. Patients with 
primary progressive aphasia are typically clas-
sified into one of three variants: the no-fluent/
agrammatic variant, when the early clinical pre-
sentation consists of slow, effortful, and distorted 
speech; the semantic variant, when the early 
clinical presentation consists of well-structured 
sentences but with poor content and significant 
loss of the vocabulary; and the logopenic vari-
ant, when the early clinical presentation consists 
of word-finding difficulty and lapses during con-
versations, as well as sound and spelling errors 
[47, 48]. Primary progressive aphasia is gradu-
ally progressive and during the later stages of 
the illness, the distinction between the different 
types of language deficits becomes blurred and 
cognitive domains other than language become 
affected. No treatments are available to date.

In de Aguiar et al. [49], 30 participants with 
primary progressive aphasia were randomized to 
receive active of sham tDCS for 20 min during 
the first part of 45-min therapy sessions that were 
delivered for 10–15 sessions in total. Two months 
later, participants were crossed over to receive 
another course of therapy with the alternate type 
of stimulation. Current was 2  mA.  Anode was 
placed over the left inferior frontal gyrus and the 
cathode over the right cheek. Assessments were 
conducted at baseline and then immediately, 
2 weeks, and 2 months after the end of therapy. 
Active stimulation was associated with better 
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performance on trained words at the 2-month and 
not the previous follow-ups, compared to sham 
stimulation.

20.3.4  Vascular Dementia

While often in late life, dementias are associated 
with mixed pathologies, including pathologies 
of AD, Lewy body disease, and cerebrovascular 
disease, vascular dementia is diagnosed when the 
core clinical features are ascertained to be best 
attributed to vascular changes identified by brain 
imaging and cerebrovascular risk factors. The 
brain parenchymal changes can be ischemic or 
hemorrhagic in origin. Cerebral amyloid angi-
opathy can also lead to vascular dementia [50].

In Andre et al. [51], 21 participants with mild 
vascular dementia (mean age ~74) were random-
ized to receive active or sham tDCS, at home, 
for 1 session per day consecutively for 4 days. 
Current was 2 mA. Anode was placed over the 
left DLPFC and the cathode over the right supra- 
orbital region. A comprehensive cognitive battery 
was completed at baseline, immediately after the 
tDCS course and 2  weeks later. Compared to 
sham tDCS, active tDCS was associated with 
faster reaction times on a working memory task 
and an inhibition task. It was associated with 
better performance on a naming task. However, 
these measures were few among many other 
cognitive measures on which there were no dif-
ferences were detected between active and sham 
tDCS.

20.4  Conclusions and Future 
Directions

Overall, the current literature suggests that tDCS 
is potentially a useful non-surgical neurostimu-
lation modality to improve cognition in patients 
with neurodegenerative cognitive disorders, 
especially during the early clinical stages of these 
disorders and when combined with another inter-
vention that enhances cognition synergistically. 
However, it is important to note all studies to date 
are limited by generally small sample sizes and 

multiple outcome measures that the studies are 
exploring. In turn, many of the positive studies 
have not found differences between active and 
sham stimulation but positive signal of improve-
ment within the group receiving the active stimu-
lation and not within the group receiving sham. 
Hence, confirmatory and adequately powered 
studies are urgently needed and some are under-
way in older healthy adults (e.g., Woods et  al. 
[52]) and older adults with a neurocognitive dis-
order (e.g., Rajji et al. [53]).

The literature suggests that if tDCS is to be 
effective with a persistent impact, it needs to be 
delivered repetitively, similar to most other inter-
ventions for brain disorders. It also suggests that 
long-term delivery of tDCS, close to a daily fre-
quency, could prevent cognitive decline among 
older adults with a neurodegenerative cognitive 
disorder. Studies assessing different durations of 
tDCS along with different frequencies per week 
will help characterize the dosing of tDCS. This is 
especially critical for patients with neurodegen-
erative disorders who may either need to com-
mute to a center where tDCS is to be delivered 
or may depend on caregivers and their availabili-
ties to administer it. There is a high need to study 
the feasibility, tolerability, and acceptability of 
different remotely delivered tDCS regimens, 
whether delivered alone or in combination with 
other cognitive enhancement interventions for 
patients across the severity spectrum of neurode-
generative disorders [54].

Electrodes placement and current intensity are 
two other variables that need further studying in 
various disorders. The current literature supports 
the use of anodal tDCS in general and 2 mA cur-
rents. Further personalization could be supported 
by modeling studies. Modeling studies predict 
the flow of current during tDCS [55] and help 
minimize the impact of morphological variation 
on tDCS effects. Again, this is highly salient to 
patients with neurodegenerative disorders who are 
likely to have experienced cortical shrinkage and 
tissue loss and using individualized tDCS dosing 
based on patient’s specific morphological charac-
teristics may be necessary in future trials [56].

Combining tDCS with other interventions 
will add also another level of complexity to be 
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systematically investigated. tDCS interferes with 
neuroplasticity mechanisms [57, 58] as do other 
interventions such as cognitive training [59]. 
Timing of tDCS in relationship with another 
intervention will need to consider the potential 
interference of one intervention with another at 
the level of neuroplasticity mechanisms.

Finally, multidomain studies that combine 
different biological assessments, for example, 
genetics structural and functional imaging, neu-
rophysiology, within the context of well-powered 
clinical trials are needed to better understand 
moderators of tDCS impact on cognition or other 
symptoms of neurodegenerative disorders, as 
well as its mechanisms of action in vivo.
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21.1  Introduction

Major depressive disorder (MDD) is currently 
one of the most prevalent and debilitating diseases 
worldwide [1]. MDD is a serious condition, asso-
ciated with significant morbidity and with substan-
tial personal, social and economic impairment [2]. 
Also, patients with MDD have a higher prevalence 
of medical comorbidities and lower quality of life 
[3]. This mood disorder is associated with persis-
tent feelings of sadness and/or anhedonia (loss 
of interest or pleasure in previously pleasurable 
activities) as well as impaired sleep and weight 
changes [4]. Commonly, there is also the presence 
of negative thoughts marked by pessimism, worth-
lessness and guilt and, in the most severe spec-
trum, depression can be associated with increased 
suicidal thoughts and behaviours [4].

Depression can be considered a recurrent 
chronic disorder since approximately 80% of 
patients relapse within 1 year of treating an epi-
sode [5]. Additionally, approximately one-third of 

patients fail to obtain a satisfactory improvement 
of symptoms despite adequate pharmacologi-
cal treatment, characterising treatment-resistant 
depression (TRD) [6].

Besides the use of medications and psycho-
therapy, other treatment options approved world-
wide include neuromodulatory strategies such as 
electroconvulsive therapy (ECT) and repetitive 
transcranial magnetic stimulation (rTMS). In a 
recently updated review, high-frequency rTMS 
to the left dorsolateral prefrontal cortex (DLPFC) 
was classified with a level “A” of recommenda-
tion (definite efficacy) for the treatment of depres-
sion [7]. A network meta-analysis comparing the 
clinical efficacy of non-invasive brain stimulation 
(NIBS) techniques indicated that bitemporal ECT 
and high dose right unilateral ECT were associ-
ated with the highest response rates [8]. However, 
in addition to the potential negative impact of spe-
cific ECT protocols on cognition [9], those tech-
niques are not always available, have a relatively 
high total treatment cost, and require specialised 
personnel and services for their administration 
[10]. These aspects reinforce the need to develop 
new, safe, well tolerated and affordable interven-
tions for the treatment of MDD, as an alternative 
to patients who do not respond to or tolerate tra-
ditional antidepressant treatments or who do not 
have access to them.

The exact pathophysiology of depression 
remains unclear despite the advances in knowl-
edge gathered over the past decades. The initial 
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“monoamine hypothesis” focused on the reper-
cussion of neurochemical deficits in the brain. It 
proposes that the concentrations of monoamines 
(e.g. serotonin, noradrenaline and dopamine) in 
the synaptic cleft are decreased in the depres-
sive state [11]. It is based on this hypothesis that 
most antidepressant medications that commonly 
work on monoamine transporters or receptors 
were created and developed. However, factors 
such as the latency of therapeutic response of 
at least 2 weeks observed in most patients who 
use antidepressant drugs, together with the 
refractoriness of another portion suggest that 
the monoaminergic hypothesis may not be the 
most appropriate pathophysiological theory to 
explain MDD [12].

More recently, two complementary patho-
physiological theories of depression related to 
heightened stress response were proposed. The 
“inflammatory hypothesis of depression” postu-
lates that an increase in the concentration of vari-
ous pro-inflammatory cytokines affecting both 
peripheral and central nervous systems would 
lead to an overactivation of the hypothalamic- 
pituitary- adrenal (HPA) axis [13]. The dysregu-
lation of the HPA axis, with particular impacts in 
components like the hippocampus, amygdala and 
prefrontal cortex (PFC), would result in a drop 
in the expression of neurotrophic factors, impair-
ing neurogenesis and neuroplasticity [14]. The 
“neurotrophic hypothesis” states that maladap-
tive neurogenesis, a decreased neuroplasticity 
and neuronal atrophy would underlie the disor-
der [15]. Evidence suggests a decreased expres-
sion and concentration of several neurotrophins 
associated with neuroplasticity, notably brain-
derived neurotrophic factor (BDNF), that tends 
to increase after antidepressant treatment [16].

In recent years, researchers began to iden-
tify critical neuroanatomical substrates and test 
alternative models, suggesting that depression is 
unlikely to be a disease that can be explained by 
a single brain region or neurotransmitter system 
[17]. Depression is currently understood to be 
associated with dysfunctional information pro-
cessing in particular neurocircuits. For example, 
hypoconnectivity within the frontoparietal net-
work (FPN) and hyperconnectivity within the 

default mode network (DMN) is found in major 
depression [18]. These networks are involved 
in the coordination of several processes (e.g. 
decision- making, working memory and atten-
tion), and their dysregulation may contribute to 
the appearance of commonly found depressive 
behaviours like negative bias and rumination 
about depressive thoughts [19].

The rationale for using different brain stimu-
lation therapies, including transcranial direct 
current stimulation (tDCS), is based on their 
mechanisms of inhibition or activation of spe-
cific “nodes” of these networks. An important 
site that is considered to contribute to specific 
depression- related behaviours and symptoms 
is the dorsolateral prefrontal cortex (DLPFC). 
Based on studies of functional neuroimaging and 
electroencephalography (EEG), it was observed 
that, in comparison with healthy individuals, 
patients with MDD present a relative hypoactiv-
ity of the left DLPFC, while the right DLPFC 
and the ventromedial prefrontal cortex (vmPFC) 
are hyperactive [20, 21]. The negative emotional 
judgment commonly seen in depressive patients 
may be attributable to the imbalance between 
the left and right prefrontal activity, with psy-
chomotor retardation and impaired executive 
function being linked with the hypoactivity 
of the left DLPFC [22]. Neuroimaging stud-
ies also show imbalances between the activity 
in the prefrontal and ventromedial cortices and 
subcortical structures, such as the amygdala 
and hippocampus. A recent meta-analysis of 
magnetic resonance imaging (MRI) from MDD 
patients showed a robust reduction in hippo-
campal volume compared to healthy controls, 
although volumetric changes in other subcor-
tical regions were less evident [23]. The feel-
ings of guilt and hopelessness are considered as 
arising from dysfunction in the activity of the 
amygdala, whereas anhedonia is related to the 
nucleus accumbens [24, 25].

The set of these findings suggests that patients 
with MDD exhibit “differential activity” in spe-
cific brain regions that affects the associated 
neural networks and may explain some of the 
behaviours and symptoms typically found in 
depression.
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21.2  Technical Aspects of the Use 
of tDCS in Major Depression

Transcranial direct current stimulation (tDCS) 
is a non-invasive brain stimulation technique 
that involves the application of a low-intensity 
direct current through electrodes positioned on 
the scalp [26]. The anode is often placed over 
the left DLPFC (F3, according to the 10–20 EEG 
system) to enhance the activity of this region. 

As seen before, the left DLPFC is considered 
an important brain region involved in the patho-
physiology of major depression. Its stimulation 
has already been associated with the improve-
ment of depressive symptoms with rTMS [27, 
28]. It remains, until now, the leading target for 
most tDCS montages in depression (see Tables 
21.1, 21.2 and 21.3). The position of the cath-
ode, which has been shown to have an inhibitory 
effect when assessed in the motor cortex [24], 

Table 21.1 Summary of controlled randomised clinical trials investigating the antidepressant effects of tDCS as 
monotherapy

Author (year)
Total sample 
(tDCS/sham)

Anode/
cathode

Intensity (mA) / 
electrode size 
(cm2) = Density 
(mA/ cm2)

Number of 
sessions 
(regime)

Session 
duration 
(minutes) Clinical results

Fregni et al. 
(2006) [47]

10 (5/5) F3/Fp2 1/ 35 = 0.03 5 (every 
other 
day)

20 Significantly greater 
mood improvement 
(HDRS) with active tDCS 
(60%) vs. sham (12%)

Fregni et al. 
(2006) [48]

18 (9/9) F3/Fp2 1/ 35 = 0.03 5 (every 
other 
day)

20 Significantly greater 
mood improvement 
(HDRS) with active tDCS 
(58.5%) vs. sham (13.1%)

Boggio et al. 
(2008) [49]

40(21 
DLPFC/9 
Occ/10 
sham)

F3/
Fp2Occ/
Fp2

2/ 35 = 0.06 10 (once 
a day)

20 DLPFC group a 
significantly greater mood 
improvement (HDRS) in 
DLPFC group (40%) vs. 
occipital (21%) vs. sham 
(10%) persisting for 
30 days

Loo et al. 
(2010) [50]

40 (19/15) F3/F8 1/ 35 = 0.03 5 (every 
other 
day)

20 No significant difference 
in mood improvement 
(HDRS) between active 
tDCS vs. sham

Blumberger 
et al. (2012) 
[52]

24 (13/11) F3/F4 2/ 35 = 0.06 15 (once 
a day)

20 No significant difference 
in remission rates 
between active vs. sham

Palm et al. 
(2012) [51]

22 (11/11) F3/Fp2 1;2/35 = 0.03; 
0.06

10 (once 
a day)

20 No significant difference 
in mood improvement 
(HDRS) between active 
tDCS vs. sham

Loo et al. 
(2012) [53]

64 (33/31) F3/F8 2/ 35 = 0.06 15 (once 
a day)

20 Significantly greater 
mood improvement 
(HDRS) with active tDCS 
(58.5%) vs. sham (13.1%)
No difference in response 
rates (13% in both 
groups)

(continued)
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Table 21.1 (continued)

Author (year)
Total sample 
(tDCS/sham)

Anode/
cathode

Intensity (mA) / 
electrode size 
(cm2) = Density 
(mA/ cm2)

Number of 
sessions 
(regime)

Session 
duration 
(minutes) Clinical results

Bennabi et al. 
(2015) [54]

24 (12/12) F3/Fp2 2/ 35 = 0.06 10 (twice 
a day)

30 No significant difference 
in mood improvement 
(HDRS) between active 
tDCS vs. sham

Salehinejad 
et al. (2015) 
[55]

30 (15/15) F3/F4 2/ 35 = 0.06 10 (once 
a day)

20 Significantly greater 
mood improvement 
(HDRS) with active tDCS 
vs. sham

Salehinejad 
et al. (2017) 
[56]

24 (12/12) F3/F4 2/ 35 = 0.06 10 (once 
a day)

20 Significantly greater 
mood improvement 
(HDRS) with active tDCS 
vs. sham

Loo et al. 
(2018) [57]

130(66/64) F3/F8 2.5/35 = 0.07 20 (once 
a day)

30 No significant difference 
in mood improvement 
(MADRS) between active 
tDCS vs. sham (both 
improved mood)

Sampaio- 
Junior et al. 
(2018) [67]

59 (30/29) F3/F4 2/25 = 0,08 12 (10/
once a 
day +2/
every 
other 
week)

30 Cumulative response rates 
were higher with active 
tDCS vs. sham (but not 
for remission rates)

F3 left DLPFC, Fp2 right supraorbital, HDRS Hamilton Depression Rating Scale, occ occipital, F8 right lateral orbito-
frontal, F4 right DLPFC, TRD treatment-resistant depression, BP bipolar, MDD major depressive disorder, AD antide-
pressant, DLPFC dorsolateral prefrontal cortex, MADRS Montgomery-Asberg Depression Rating Scale

Table 21.2 Summary of controlled randomised clinical trials investigating the antidepressant effects of tDCS and 
pharmacotherapy

Author 
(year)

Total sample (tDCS/
sham)

Anode/
cathode

Intensity (mA) / 
electrode size 
(cm2) = Density 
(mA/ cm2)

Number of 
sessions 
(regime)

Session 
duration(minutes) Clinical results

Brunoni 
et al. 
(2013) 
[34]

120 (40 tDCS only/40 
sertraline only/40 
tDCS + sertraline/40 
placebo)

F3/F4 2/25 = 0,08 12 (10 
daily +2 
weekly)

30 tDCS accelerated and 
enhanced sertraline 
response; this 
association was 
superior for the 
treatment of 
depression than 
sertraline or tDCS 
alone

Brunoni 
et al. 
(2017) 
[59]

245 (94 tDCS/60 
double placebo/91 
escitalopram)

F3/F4 2/25 = 0,08 22 (15 
daily +7 
weekly)

30 Active tDCS was 
superior to placebo, 
but not noninferior to 
escitalopram

Pavlova 
et al. 
(2018) 
[60]

69 (27/21/20)
(30 min/20 min/sham 
tDCS) + Sertraline 
50 mg/day

F3/
Fp2

0.5/anode 
3.5x5cm/cathode 
5x7cm = 0.03

10 (once 
a day)

20/30 30-minute group had 
significantly greater 
improvement than 
20-minute group
Both better than 
sham

F3 left DLPFC, F4 right DLPFC, Fp2 right supraorbital, DLPFC dorsolateral prefrontal cortex
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varies in depression involved studies between the 
right DLPFC (F4), the right lateral orbitofrontal 
(F8) and the right supraorbital (Fp2) areas.

Computational modelling is increasingly being 
used to simulate the theoretical distribution of the 
electric field in the brain of each type of montage. 
Although the clinical effects of these variations 
still need to be clarified, it can be a useful tool to 
guide targeting and potentially quantify individu-
alised “dosage” [29]. In addition to the electrode 
placement and polarity (montage), other param-
eters involved in a tDCS session can influence its 
antidepressant efficacy. The intensity of the elec-
tric current (usually between 1 and 2.5  mA) in 
combination with the size of the electrode (typi-
cally 25 or 35  cm2) defines the current density 
(intensity divided by the square area of   the elec-
trodes, usually from 0.028 to 0.08 mA / cm2). The 
duration of the stimulation (typically between 20 
and 30 minutes) and the total number of sessions 
(5–24) are also important, although further evi-
dence to define the best interval between sessions 
is still needed. Even though there is no standard 
definition of how to measure the dosage of tDCS 
delivered in a clinical study, it is possible to com-

bine the parameters discussed above into a mea-
sure of total charge (in Coulombs) or total charge 
density (e.g. in Coulombs per centimetre square, 
if the size of the electrodes is also considered) 
to provide an estimation of the total amount of 
energy delivered throughout the treatment.

Finally, the antidepressant effects of tDCS 
appear to be influenced by other concomitant 
interventions, be it pharmacotherapy or cognitive 
therapies, as discussed below in this chapter.

21.3  Mechanism of Action of tDCS

The mechanisms of action of the antidepressant 
effects of tDCS are yet to be completely eluci-
dated. It is considered that anodal tDCS acts to 
increase cortical excitability by approximating 
the resting membrane potential of the stimulated 
neurons to the trigger threshold for the propaga-
tion of action potentials [30]. At the macro scale, 
in addition to the specific cortical regions located 
immediately below the electrodes, each montage 
results in a different current distribution within 
the brain. Given the diffuse nature of tDCS, 

Table 21.3 Summary of controlled randomised clinical trials investigating the antidepressant effects of tDCS com-
bined with cognitive interventions

Author 
(year)

Total sample 
(tDCS/sham)

Anode/
Cathode

Intensity (mA) / 
electrode size 
(cm2) = Density 
(mA/ cm2)

Number of 
sessions 
(regime)

Session 
duration(minutes) Clinical results

Brunoni 
et al. 
(2014) 
[62]

37 (20 tDCS 
+ CCT/17 
sham tDCS 
+ CCT)

F3/F4 2/25 = 0,08 10 (once 
a day)

30 CCT did not enhance the 
effects of tDCS(both 
groups were associated 
with a reduction in 
depression severity 
(HDRDS)

Segrave 
et al. 
(2014) 
[61]

27 (9 tDCS 
+ CCT/ 9 
sham tDCS 
+ CCT/ 9 
tDCS + 
sham CCT)

F3/F8 2/ 35 = 0.06 5 (once a 
day)

24 CCT enhanced the 
effects of tDCS(only 
tDCS + CCT resulted in 
a sustained AD response 
for 3 weeks)

Welch 
et al. 
(2018) 
[63]

14 (9 tDCS 
+ eCBT/ 5 
sham tDCS 
+ eCBT)

F3/F4 2/25 = 0,08 12 
(3 days a 
week)

30 No significant 
differences in mood 
improvement (HDRS) 
between active tDCS 
and sham (study was 
underpowered)

CCT Cognitive Control Therapy, F3 left DLPFC, F4 right DLPFC, HDRS Hamilton Depression Rating Scale, F8 right 
lateral orbitofrontal, eCBT electronic Cognitive Behavioural Therapy
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it can stimulate other regions and potentially 
deeper structures that are in the path of the cur-
rent between the electrodes [31].

As previously discussed, the pathophysiology 
of MDD has been linked to abnormal functional 
and structural communication among large-scale 
brain networks [18]. The DLPFC is a key hub 
of the frontoparietal network (FPN), and it is 
believed that by facilitating its endogenous activ-
ity, an increase in FPN and a concurrent down- 
regulation in the default mode network (DMN) 
activity occurs leading to an improvement in 
depressive symptoms [32].

The antidepressant effects of tDCS also appear 
to be involved with different neurotransmit-
ter systems. The impact of citalopram, a selec-
tive serotonin reuptake inhibitor (SSRI), in the 
neuromodulatory effects of tDCS was explored 
in a pharmacological proof-of-concept study by 
Nitsche et al. [33]. They showed that, in healthy 
volunteers, the effects of anodal tDCS on motor 
cortical excitability were increased and pro-
longed with the concomitant use of citalopram. 
In contrast, the typical net results of the cathode 
were reversed, leading, in fact, to an increase 
in excitability. This principle was later used in 
the design of the Sertraline vs. Electric Current 
Therapy for Treating Depression Clinical Study 
(SELECT-TDCS) study [34], which showed that 
the antidepressant effects of tDCS were enhanced 
by sertraline (see details of the SELECT-TDCS 
study in Sect. 4.1.2 tDCS and pharmacotherapy).

In addition to its influence on cortical excit-
ability, the concomitant use of citalopram also 
impacted neuroplasticity. The long-term after- 
effects of tDCS appear to be due to alterations 
in synaptic neuroplasticity: increases in postsyn-
aptic potentials induce long-term potentiation 
(LTP) mechanisms while decreasing synaptic 
efficacy results in processes similar to long-term 
depression (LTD) [35]. Restoration of impaired 
neuroplasticity was demonstrated in a small 
study of 18 depressed patients who received 
a 4-week course of tDCS [36]. The addition of 
citalopram may enhance these changes [33] by 
activating serotonin-sensitive potassium chan-
nels that decrease the external potassium current, 
thereby extending the influx of calcium into the 

synaptic cleft and ultimately increasing LTP after 
anodal tDCS.

The dopaminergic system might also be involved 
in the antidepressant mechanisms of tDCS. It was 
shown that the administration of dopamine agonists 
and antagonists in healthy volunteers modified the 
excitability and neuroplasticity induced by tDCS 
[37]. Also in healthy volunteers, high dopaminer-
gic prefrontal activity mediated by a genetic poly-
morphism of the catechol- O-methyltransferase (an 
enzyme that degrades dopamine) influenced nega-
tively the effects of anodal tDCS on executive func-
tioning [37] and the cathodal effects on inhibitory 
control [38].

Although the diminished BDNF levels found 
in depression increased after treatment with phar-
macotherapy [16] and ECT [38], tDCS trials to 
date failed to identify changes in this biomarker, 
hindering the inclusion of this aspect as a poten-
tial mechanism of action of the technique.

Moreover, most brain tissues and cells are 
sensitive to electric fields, therefore, tDCS may 
also influence non-neuronal tissues in the brain, 
including glial cells [39] and astrocytes [40]. 
These non-neuronal effects, although not system-
atically explored so far, could be involved in the 
therapeutic action of tDCS as well.

21.4  Clinical Evidence

Systematic studies on the effects of low-intensity 
current stimulation as an antidepressant therapy 
began in the 1960s, still under its old name of 
“brain polarisation”. In comparison with the 
currently used tDCS parameters, it applied 
lower current intensities (<0.5 mA), longer ses-
sion durations (>3  hours) and montages with 
two anodes in the frontal region and an extra-
cephalic cathode (for a review see Esmaeilpour 
et  al. [41]). However, the lack of methodologi-
cal rigour in some parameters such as target area, 
current intensity, electrode size, position of the 
cathode, number of sessions and duration of each 
session may explain some contradictory findings 
between studies.

Lippold and Redfearn [42] conducted a 
double- blind, uncontrolled study in which 32 
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depressed individuals were stimulated in the 
frontal region (“anodes”) with the “cathode” 
just above the right knee. The authors reported 
increased mood, attention and motor activity after 
anodic polarisation, while cathodic polarisation 
induced silence and apathy. On the other hand, 
Arfai et  al. [43] found no significant effects on 
depression in a randomised, double-blind, sham-
controlled study, in which 0.25 mA of stimula-
tion was applied to the frontal cortex (“anodes”) 
with the “cathode” on the thigh.

This scenario only started to change in the 
early 2000s with the new tDCS protocols, in 
which the stimulation parameters were better 
defined and controlled. The seminal study by 
Priori et al. [44], followed by Nitsche and Paulus 
[45], started what is now known as the modern 
era of tDCS. In parallel, the emergence of other 
brain stimulation techniques, such as TMS, also 
allowed a better understanding of the effects 
of tDCS on cortical excitability. Initially, some 
open-label studies explored the impact of differ-
ent montages and dose variations on the antide-
pressant effects of tDCS [46]. Since 2006, several 
randomised, sham-controlled clinical trials have 
been published assessing the antidepressant effi-
cacy of tDCS as monotherapy (Table 21.1) and in 
combination with pharmacotherapy (Table 21.2) 
or cognitive interventions (Table 21.3).

21.4.1  Randomised Sham-Controlled 
Clinical Trials (RCTs)

 tDCS as Monotherapy
The first two RCTs of the modern era [47, 48] 
included outpatients with mild-to-moderate 
depression (10 and 18 participants, respec-
tively) applying 1 mA tDCS on alternate days for 
20-minute for 5 sessions. Both studies found a 
significant improvement in mood from baseline 
in the active tDCS group compared to sham. 
Fregni et al. [47] found a significant decrease in 
the Hamilton Depression Rating Scale (HDRS) 
and the Beck Depression Inventory (BDI) with 
an average reduction in depression scores of 
60–70% for active tDCS versus 12% in the simu-
lated group. Similar results were demonstrated in 

the second study, with 18 patients [48]. In 2008, 
Boggio et  al. [49] recruited 40 patients with 
moderate- to-severe depression, used a higher 
current intensity (2  mA) and a daily stimula-
tion regime for 10 sessions. In addition to the 
same bifrontal montage of previous studies, the 
researchers used stimulation of the occipital cor-
tex as an active control condition. The results 
showed that only the prefrontal tDCS signifi-
cantly reduced depressive symptoms evaluated 
after 10 sessions, with its effects sustained for at 
least 30 days after the end of treatment.

After these initial positive results, another 
three studies were conducted and reported nega-
tive findings. Although they used a larger sample 
(N = 40) and the same parameters as the initial 
study by Fregni et al. [47], Loo et al. [50] found 
no significant differences between active and 
sham tDCS.  The next two RCTs enrolled only 
drug-resistant depressed patients. Palm et al. [51] 
recruited 22 patients and randomised them to 
receive 1 mA, 2 mA or sham tDCS for 2 weeks 
(10 sessions) in a cross-over study design. No 
significant difference in depression scores was 
observed after 2 weeks between active tDCS and 
sham. Blumberger et  al. [52], using a sample 
of 24 patients, also found no significant differ-
ences between active versus sham tDCS in terms 
of remission rates. Nevertheless, these studies 
recognised methodological limitations, notably 
small samples, which could have hindered the 
correct estimation of the antidepressant efficacy 
of tDCS.

Using stimulation parameters more robust 
than previous RCTs and a larger sample, Loo 
et al. [53] randomised 64 patients to receive active 
or sham tDCS (2 mA, 15 sessions over 3 weeks), 
followed by an open-label 3-week active treat-
ment phase. A significantly greater improvement 
in mood was observed after active stimulation 
compared to sham. Furthermore, there was no 
indication of a decline in participants’ neuropsy-
chological functioning at the end of the total 3 to 
6 weeks of active tDCS.

Recruiting a sample of 24 depressed and drug- 
resistant patients, Bennabi et  al. [54] did not 
observe at the end of treatment (two daily ses-
sions with an interval of 2 hours for 5 days) sig-
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nificant differences in the antidepressant efficacy 
of active tDCS compared to sham. Interestingly, 
response rates increased when the sample was 
evaluated 12 and 30  days after the end of the 
stimulation period, suggesting that the ideal clin-
ical effects of tDCS may take some time to fully 
manifest (see Sect. 4.3 Meta-analyses for more 
details).

Salehinejad and colleagues conducted two 
other RCTs [55, 56] finding that the active tDCS 
group had a significantly greater reduction in 
depressive symptoms compared to sham.

In the first international multicentre RCT (one 
centre in Australia and five in the United States), 
Loo et  al. [57] examined the efficacy of tDCS 
in patients with unipolar (N  =  91) and bipolar 
(N  =  39) depression. Participants were ran-
domised to either active (2.5 mA) or sham tDCS 
over 20 sessions of 30-minute, administered over 
4 weeks. Simultaneous use of mood stabilisers 
and antidepressant medications was allowed. In 
comparison with baseline, a significant eleva-
tion in mood was observed in both patients with 
unipolar and bipolar depression at the end of the 
treatment. However, both active and sham treat-
ments led to similar improvement. According 
to the authors, some reasons that may explain 
these non-significant findings were the heteroge-
neity of the sample and the relatively high cur-
rent intensity in the active arm (which may have 
harmed the efficacy of tDCS). Additionally, it 
was also considered that the “sham” condition, 
which involved a low level of stimulation (in the 
order of microamperes) may have had positive 
neuromodulatory effects. A proof-of-concept 
study carried out later on healthy volunteers, and 
using the same parameters of the sham condition, 
reported measurable neurobiological effects, 
supporting this interpretation [58].

 tDCS and Pharmacotherapy
In contrast to the studies previously mentioned 
that accepted patients with concomitant use of 
antidepressant drugs in their samples, two stud-
ies, the Sertraline vs. Electric Current Therapy for 
Treating Depression Clinical Study (SELECT- 
TDCS) [34] and Escitalopram versus Electrical 
Current Therapy for Treating Depression Clinical 

Study (ELECT-TDCS) [59], incorporated phar-
macotherapy as an independent variable in their 
designs.

Brunoni et  al. [34] randomised 120 
antidepressant- free patients with moderate and 
severe depression to one of four arms: sham 
tDCS and placebo pill (double placebo), sham 
tDCS and sertraline (sertraline only), active 
tDCS and placebo pill (tDCS only) or active 
tDCS plus sertraline (combined treatment). The 
tDCS parameters were 2 mA for 30 minutes/day, 
for 2 weeks and 2 extra sessions of tDCS every 
2 weeks until week 6 (endpoint of the study); the 
sertraline dose was fixed (50 mg/day). The main 
findings were that active tDCS as monotherapy 
was more effective than the placebo group and 
that the efficacy of tDCS and sertraline did 
not differ. The results also showed that tDCS 
improved and accelerated the response to the 
medication and that the association of sertraline 
with active tDCS was superior in treating depres-
sion to each of these interventions alone. There 
were five cases of hypomanic/manic episodes in 
the combined treatment group versus one case 
in tDCS only, one case in sertraline only and no 
case in the double placebo arm (although this 
difference was not statistically significant). The 
treatment was well tolerated, with the presence of 
mild adverse effects at similar rates in both arms, 
except for skin redness that was more prevalent 
in active tDCS.

To overcome the limitations of the SELECT- 
TDCS study (the dose of sertraline was low, and 
the study was not designed for non-inferiority 
comparisons), Brunoni et  al. [59] designed and 
performed the ELECT-TDCS study with the 
main objective of comparing the antidepressant 
efficacy of tDCS with the maximum dose of a 
commonly used antidepressant medication (esci-
talopram 20 mg/day). In the largest RCT of tDCS 
in depression to date, 245 patients with MDD 
were randomised to one of three groups: active 
tDCS and placebo pill (tDCS only); sham tDCS 
and escitalopram (escitalopram only) and sham 
tDCS and placebo pill (double placebo). This 
non-inferiority study was designed under the 
hypothesis that tDCS would have an antidepres-
sant efficacy of at least 50% of that found when 
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comparing escitalopram with the double pla-
cebo group. Twenty-two tDCS sessions (2 mA, 
30 min) were delivered for 3 weeks on 15 con-
secutive days (without weekends) and then once 
a week until week 10 (endpoint). Although the 
antidepressant effects of escitalopram and tDCS 
were shown to be superior to that of the placebo 
group, the primary outcome showed that tDCS 
was not non-inferior to the drug. Taken together, 
the SELECT-TDCS and ELECT-TDCS results 
suggest that: (a) tDCS can be used as an augmen-
tation strategy for sertraline (and possibly for 
other SSRIs) and (b) tDCS, with the parameters 
used in both trials is not a substitute intervention 
for pharmacological treatment at an adequate 
dose, although it could be considered for specific 
populations that do not tolerate antidepressant 
drugs.

Finally, Pavlova et  al. [60] randomised 69 
mild to moderately depressed participants to 
receive either 30-minute tDCS, 20-minute tDCS 
or sham in combination with 50 mg/day of sertra-
line. All groups showed improvement in depres-
sion scores, with both active groups performing 
better than sham. Significantly greater improve-
ment in symptoms was achieved in the 30-minute 
group compared to the 20-minute one.

 tDCS Combined with Cognitive 
Therapies
Another area of   interest is the combination of 
tDCS with cognitive interventions or computer 
behavioural tasks that aim to increase endog-
enous prefrontal cortical activity.

In 2014, 2 RCTs evaluated the effectiveness 
of tDCS combined with cognitive control therapy 
(CCT). In a pilot study, Segrave et al. [61] ran-
domised 27 patients with MDD to receive 2 mA 
active tDCS and CCT, sham tDCS and CCT or 
2 mA active tDCS and simulated CCT for 5 con-
secutive days. All three treatment arms led to a 
reduction in the severity of depression after the 
5 sessions. Still, only the combined treatment 
of active tDCS and CCT resulted in sustained 
antidepressant response in a follow-up review 
at week 4. The study provided preliminary evi-
dence that CCT could improve the antidepressant 
results of tDCS.

On the other hand, Brunoni et  al. [62] ran-
domised 37 participants to receive sham tDCS 
and CCT or 2  mA active tDCS and CCT for 
10 sessions and found similar antidepressant 
improvement in both groups at the endpoint. 
However, subsequent analyses showed that older 
patients and those with higher performance 
improvement in tasks (possibly indicating greater 
involvement and activation of DLPFC) also had 
greater improvement in depressive symptoms in 
the group combining active tDCS and CCT.

Welch et  al. [63] investigated the feasibility 
of combining tDCS with a computerised ver-
sion of cognitive-behavioural therapy (eCBT). 
At endpoint, the results showed that both groups 
(active tDCS with eCBT and simulated tDCS 
with eCBT) significantly improved compared 
to baseline. Although the combination proved to 
be viable, the statistical power of the study was 
insufficient to detect a difference between the 
treatment arms.

Thus, the evidence to date is still insufficient 
to support that the combination of tDCS with 
cognitive therapies leads to an improvement in 
antidepressant effects significantly different from 
that related to each intervention separately.

21.4.2  Follow-Up Studies

Up to the time of writing this chapter, no con-
trolled follow-up studies were found in the lit-
erature evaluating the effectiveness of tDCS to 
prevent relapse of depressive symptoms. Three 
follow-up open-label studies assessed the effi-
cacy of tDCS in the maintenance phase of the 
depressive episode.

Valiengo et al. [64] recruited 42 patients who 
were tDCS responders in the SELECT-TDCS 
study [34] and performed tDCS sessions every 
2 weeks for 3 months and then every month for 
another 3 months. The maximum number of 
maintenance sessions was 9, and the stimulations 
were interrupted earlier in case of relapse (char-
acterising treatment failure). In this follow-up 
study, the average duration of sustained response 
was 11.7 weeks (82 days) and the overall relapse 
rate at 6 months was approximately 50%, with 
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most relapses occurring in the first 3 months. The 
presence of treatment-resistant depression was 
significantly associated with an increased relapse 
rate (over 80% in 6 months). On the other hand, 
more than 80% of non-refractory patients main-
tained a clinical response for at least 6 months.

Martin et  al. [65] also followed 26 respon-
dents previously treated in a randomised clini-
cal trial [53], performing weekly tDCS sessions 
for 3 months, followed by tDCS sessions every 
2 weeks for the remaining 3  months. As in 
Valiengo et  al. [64], a relapse rate of around 
50% was observed in 6 months. However, most 
relapses occurred after the initial 3 months, when 
the tDCS sessions were spaced fortnightly.

Finally, Aparicio et  al. [66] recruited 24 
patients who responded to previous RCTs, 16 
from [59] with unipolar depression and 8 from 
[67] with bipolar depression. In this open-label 
crossover phase, participants were followed 
up with 2 sessions per week for a maximum of 
6 months or until a relapse was observed. The 
average duration of the sustained response was 
17.5  weeks (122  days), with no difference in 
efficacy between unipolar and bipolar depressed 
people.

21.4.3  Meta-Analyses

Several meta-analyses of aggregated data and 
two of individual patient data from RCTs that 
explored the efficacy of tDCS in depression 
have been published to date. Their overall results 
were varied, depending on the number of stud-
ies available at the time, the characteristics of the 
included sample and the outcome measure cho-
sen (categorical, such as rates of response and 
remission or continuous, such as improvement in 
depressive symptoms).

 Aggregated Data Meta-Analyses 
(AD-MA)
The first two published meta-analyses for tDCS in 
depression showed mixed results. Although they 
evaluated the same RCTs, they used different out-
come measures to estimate the effect size of the 
intervention. Kalu et al. [68] using a continuous 

measure (improvement in depression), found sig-
nificant results, whereas Berlin et al. [69], using 
dichotomous measures (response and remission 
rates), did not find significant differences regard-
ing the efficacy of active tDCS versus sham. With 
the publication of the SELECT-TDCS study [34], 
not included in the previous meta-analyses, a new 
MA was conducted, indicating that active tDCS 
was more effective than sham for both continu-
ous and categorical outcomes, although with 
a small-to- moderate effect size [70]. In 2015, 
including ten studies in which tDCS was used 
as monotherapy or as augmentation therapy with 
medication or cognitive therapy, Meron et al. [71] 
found that active tDCS was superior to sham only 
for depressive symptoms’ reduction, but not in 
terms of response and remission rates. To avoid 
potential interaction confounders introduced by 
the co- initiation of other treatments, Mutz et al. 
[8] explored the antidepressant effects of tDCS 
only when it was used as monotherapy. The 
results showed that tDCS was superior to sham 
for all outcomes.

In the most recent to date aggregated data 
meta-analyses (AD-MA), Razza et  al. [72] 
analysed 23 RCTs for a total of 1092 partici-
pants (591  in active tDCS and 501  in sham). 
Participants with an acute depressive episode 
associated with the diagnosis of major depres-
sive disorder, bipolar disorder (BD) or second-
ary depression (e.g. post-stroke depression) were 
included. In addition to studies in which tDCS 
was administered as monotherapy, this MA also 
included those in which stimulation was co-
initiated with other therapies (e.g. medications 
and behavioural interventions). Active tDCS 
was significantly better than sham concerning 
improvement in depression (Hedges’ g  =  0.46, 
95% CI = 0.22–0.70) scores and also in terms of 
response (33.3% vs. 16.56%, respectively; num-
ber needed to treat, NNT = 6) and remission rates 
(19.12% vs. 9.78%, respectively; NNT = 10.7). 
NNT provides a value that is relative to sham and 
represents the number of patients with depres-
sion that is necessary to treat with active tDCS 
for one additional patient to experience response 
or remission. The results of the cumulative meta-
analysis showed that the effect sizes have been 
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unchanged for at least the past 5 years, with the 
additional studies essentially narrowing the con-
fidence interval. This suggests that, under the 
parameters currently employed, the effectiveness 
of tDCS in depression is relatively established 
and is associated with modest effect sizes.

 Individual Patient Data Meta-Analyses 
(IPD-MA)
Two individual patient data meta-analyses (IPD- 
MAs) have been conducted to date. This approach 
is more accurate in estimating the effects of an 
intervention and also superior to the aggregated 
data method to obtain predictors of the treatment 
outcome since the specific characteristics of each 
participant are evaluated instead of overall means 
and frequencies.

The first IPD-MA was carried out in 2016 [73] 
and included RCTs with at least 10 participants 
per arm (i.e. initial tDCS studies were not con-
sidered) in which tDCS was used as add-on or 
monotherapy. Patients with an acute depressive 
episode diagnosed with MDD or bipolar disorder 
(BD) were included, but not depressive symptoms 
associated with other psychiatric diagnoses and 
secondary depression. These data were extracted 
based on individual patients and gathered from 6 
RCTs, with the participation of 289 patients. The 
efficacy of active tDCS was significantly higher 
than sham in terms of response (34% vs. 19%, 
respectively; NNT  =  7), remission (23.1% vs. 
12.7%, respectively; NNT = 9) and improvement 
in depressive symptoms (β coefficient  =  0.35, 
95% CI  =  0.12–0.57). These effect sizes were 
considered small to moderate, but comparable to 
those reported for the use of AD drugs in primary 
care [74]. Treatment-resistant depression and 
higher “doses” of tDCS were respectively nega-
tive and positively associated with the effective-
ness of tDCS.

At the end of 2019, considering the pub-
lication of 3 large RCTs [57, 59, 67], a new 
systematic search of the literature and IPD 
meta-analysis was carried out [75]. The same 
eligibility criteria as the previous one was used. 
With 9 RCTs included and individual data from 
572 participants (307 in active tDCS and 265 in 
sham), this version almost doubled the size of 

the sample. Using the predefined primary end-
point (i.e. according to the respective original 
authors’ definition), active tDCS was signifi-
cantly higher than sham for response (30.9% 
vs. 18.9%, respectively; NNT  =  9) remission 
(19.9%   vs. 11.7%, NNT  =  13) and depression 
improvement (β coefficient = 0.31, [0.15–0.47]). 
These results indicate a low-to-medium efficacy 
of tDCS, with NNTs ranging from 9 (response) 
to 13 (remission), values   higher than NNTs 
observed in the previous IPD-MA [73] that were 
7 and 9 respectively. These new values   indicate 
that the effectiveness of tDCS is lower than the 
clinical effects of antidepressant drugs (NNT for 
response between 7 and 9) [74, 76] and in accor-
dance with the ELECT-TDCS non-inferiority 
study [59] showing that escitalopram 20  mg/
day was superior to tDCS.  Another interesting 
finding of the present analysis was the marked 
difference between the effect sizes of tDCS mea-
sured immediately after the end of the “acute” 
treatment period (e.g. once a day) and the “post-
poned” period (the last mood assessment avail-
able in the sham-controlled blind phase). In fact, 
active tDCS was not significantly different to 
sham when assessed immediately after the end of 
the acute stimulation phase. Taken together, these 
findings suggest that the ideal clinical effects of 
tDCS for depression may take some time after 
acute treatment to fully manifest and/or a decline 
in placebo improvement (since the patient’s 
interactions with the team no longer occurred 
daily). It was not possible to identify predictors 
of response to tDCS in this updated version, with 
only non-significant trends being observed in 
relation to TRD and number of sessions (associ-
ated with less and greater response, respectively). 
No serious adverse effects have been described, 
and the intervention was tolerable and safe.

In summary, the antidepressant effects of 
tDCS shown in the IPD-MAs have been mod-
est and mixed. Predictors of response to tDCS 
were not identified with the largest sample of the 
updated version. These results should encourage 
the development of strategies to identify char-
acteristics of treatment responders and optimal 
stimulation parameters that could increase the 
efficacy of the technique in the future.
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21.5  Bipolar Disorder

The effectiveness of tDCS as a treatment for 
acute depressive episodes associated with bipolar 
disorder has not been sufficiently investigated. 
Although an initial open-label study [77] and 
RCTs [51, 53, 57] included participants with 
bipolar depression in their sample, there is only 
one RCT which was carried out exclusively with 
bipolar participants. The Bipolar Depression 
Electrical Treatment Trial  – BETTER [67] 
included 59 adults with bipolar disorder (type I 
or II) in a major depressive episode. Compared 
to sham, active tDCS was associated with greater 
improvement in depressive symptoms and higher 
rates of cumulative response. On the other hand, 
remission rates and adverse events were similar 
in both groups (except for localised skin redness 
that was higher in the active group).

Although tDCS is a technique generally con-
sidered to be devoid of serious adverse events, 
some reports of treatment-emergent mania 
(TEM) or hypomania have been described in clin-
ical trials of depression. Brunoni and colleagues 
[78] carried out a systematic review and meta-
analysis to assess the risk of TEM in depressed 
patients during RCTs in which tDCS was used 
as monotherapy or augmentation therapy. These 
data of 416 participants (10 RCTs) were analysed 
with only three of the trials describing all nine 
emerging episodes of mania/hypomania. There 
were eight cases of TEM out of 226 participants 
in active tDCS (3.5%) and 1 out of 190 partici-
pants in sham (0.5%), which were not statisti-
cally different.

A more recent meta-analysis explored TEM 
exclusively in patients with the diagnosis of uni-
polar depression [79]. Active tDCS was associ-
ated with a small but significantly increased risk 
compared to sham (3.3% in active vs. 0.27% in 
sham).

In the BETTER study (not included in the 
cited MAs), there were nine TEM throughout the 
trial: five in the sham and four in the active group. 
These episodes did not meet the criteria for a 
major depressive episode with mixed features, 
hypomania or mania (per DSM-5 guidelines) and 
required no hospitalisation, trial discontinuation 

or specific treatment. It is important to notice that 
in this trial, most participants were using some 
type of mood stabiliser.

It is still unclear whether patients with the 
diagnosis of bipolar disorder are subject to a 
greater risk of TEM with tDCS.  Therefore, the 
same recommendations and precautions for phar-
macological antidepressant treatment should 
also be applied when using tDCS.  In addition, 
patients should be carefully assessed for a history 
of mania/hypomania switch with previous anti-
depressant treatments, as this could indicate an 
increased risk also with tDCS. For these patients, 
the concomitant use of mood-stabilising drugs 
should be considered during the course of a tDCS 
treatment.

Regarding efficacy in mania, the evidence 
is limited to a single case report that shows 
improvement in manic symptoms after applying 
tDCS with the anode on the right and the cathode 
on the left DLPFC for 5 sessions [80].

21.6  Conclusion

In this chapter, we have presented the clinical 
evidence for the use of tDCS in the treatment of 
depressed patients with unipolar or bipolar depres-
sion. With the number of participants in tDCS 
clinical trials for depressive episodes exceeding 
1000, the efficacy of tDCS, under the parameters 
currently employed, is relatively established and 
associated with modest effect sizes [72]. In addi-
tion, the cumulative meta- analysis showed that 
the effect size of active tDCS versus sham has 
been stable for at least 5 years, with additional 
trials essentially narrowing the confidence inter-
val. These findings suggest that replication RCTs 
of tDCS versus sham stimulation in depression 
are not a priority.

When we analysed the evidence from IPD 
meta-analyses that adopted more restrictive eli-
gibility criteria (e.g. tDCS only as monotherapy 
or add-on therapy, exclusion of cases related to 
secondary depression, a minimum number of par-
ticipants per arm), outcomes also favoured active 
tDCS, with slightly smaller but similar effect sizes 
[75]. Comparisons with other treatments suggest 
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tDCS is not superior to pharmacotherapy in non-
pharmacotherapy resistant patients [59] and is 
less effective than ECT [8]. Its efficacy compared 
to rTMS remains to be definitively assessed. 
Nonetheless, the combination of tDCS with anti-
depressant drugs, particularly SSRIs, was associ-
ated with superior improvement, opening up the 
possibility of using tDCS to augment the effects 
of medications. On the other hand, the combi-
nation of tDCS with the cognitive interventions 
showed mixed results. This association should be 
evaluated in future studies with special attention 
to whether tDCS is administered prior (“offline”) 
or concurrently to task performance (“online”).

One factor that can help explain the limited 
antidepressant effects achieved by tDCS and the 
variability of results within and between studies 
is the fact that stimulation is provided with the 
use of fixed stimulation parameters for all indi-
viduals. The variation in individual characteris-
tics such as head size and shape, skull thickness 
and neuroanatomy will affect the amount of cur-
rent and the distribution of the electric field that 
effectively reaches the brain tissue [81]. Brain 
scans and specific software could be used to 
simulate which montage, and stimulation param-
eters should be used for a particular individual to 
achieve the desired electric field in the region of 
interest.

The main advantage of tDCS among other 
forms of NIBS is its low cost, portability, ease 
of use, absence of serious adverse effects and the 
possibility of its use at home. Initial evidence 
showed that home-based tDCS is feasible, safe 
and presented similar efficacy for the treatment 
of depression as the site-based trials [82]. This 
is appealing once meta-analytical findings sug-
gested that the therapeutic effects of tDCS may 
take some time to fully manifest [75]. Therefore, 
home-administered tDCS would increase treat-
ment accessibility (particularly in remote areas), 
and adherence even with more intensive and pro-
longed protocols [83].

Another key and unclear point is the ideal 
treatment protocol during the maintenance phase. 
Only three follow-up studies were carried out so 
far [64–66]. Although limited by the fact that they 
were all open-label trials, these studies suggest 

that a continued intensive treatment regimen of at 
least once a week during early follow-up may be 
recommended to support clinical improvement 
and prevent recurrence of symptoms.

The use of biological markers is an appealing 
strategy to help to predict subgroups of patients 
more likely to respond to treatment and, at the 
same time, clarify the mechanisms of action of 
tDCS in depression. A recent functional mag-
netic resonance imaging (fMRI) study found that 
the antidepressant response to rTMS was asso-
ciated with specific neurophysiological subtypes 
[84]. On the other hand, an ancillary investiga-
tion of the ELECT-TDCS study [59] showed 
that no baseline peripheral biomarkers were 
associated with tDCS antidepressant effects [85]. 
Similarly, in the international multicentre trial, 
the Val66Met BDNF polymorphism was unre-
lated to the antidepressant response to tDCS [57].

Finally, despite the mixed antidepressant out-
comes found between trials, the overall results 
showed that tDCS was a safe and effective inter-
vention in reducing depressive symptoms in 
patients with unipolar or bipolar depression. Its 
clinical efficacy was modest, and future studies 
should focus on the development of strategies to 
identify characteristics of treatment responders 
and optimal stimulation parameters.
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Mood Disorders: Predictors 
of tDCS Response

Gerrit Burkhardt, Stephan Goerigk, 
and Frank Padberg

22.1  Introduction – Why 
Treatment Prediction 
Research Is Needed

After two decades of renewed interest and subse-
quent research efforts into clinical applications of 
transcranial direct current stimulation (tDCS), its 
value as antidepressant intervention among non- 
invasive brain stimulation (NIBS) techniques is 
still under debate: Two recent meta-analyses con-
cluded that tDCS is superior to sham stimulation 
in treating major depressive disorder (MDD), 
with overall moderate effect sizes [1, 2]. However, 
randomized controlled trials (RCT) included in 
the meta-analysis by Razza et al. (2020) showed 
high heterogeneity in efficacy [2]. Moreover, 
a recent RCT failed to show non-inferiority to 
escitalopram in treating MDD [3]. Consequently, 
researchers have shifted their focus beyond mono-
therapeutic applications of tDCS to investigate if 
simultaneous treatment with antidepressant phar-
macotherapy [4, 5], cognitive behavioral psycho-
therapy [6], or neurocognitive interventions [7, 
8] could further improve treatment efficiency. 
While these approaches constitute promising 
avenues, they should be accompanied by efforts 
to better understand variables that predict treat-

ment response. Insight into such response pat-
terns could help to address two main questions 
directly related to the heterogeneous results of 
previous clinical trials: First, tDCS application 
requires decisions on multiple treatment param-
eters like electrode placement, current intensity 
and duration, as well as timing, amount, and fre-
quency of treatment sessions [9]. Clinical tDCS 
trials have either adopted these parameters (e.g., 
tDCS intensity of 2 mA) from previous treatment 
studies or chosen modifications based on clinical 
or neurophysiological hypotheses [10, 11]. This 
has likely contributed to heterogeneous results 
across studies. Explorative response prediction in 
multiple study cohorts could help narrow down 
the set of possible parameter combinations to 
the “most- promising” settings that could then 
be systematically evaluated in prospective stud-
ies. Second, even with fixed parameters, tDCS 
likely results in significant inter- and intraindi-
vidual variability in neural effects, as suggested 
by studies on motor cortex excitability [12, 13]. 
Such variability might be especially pronounced 
in patients with MDD, since its diagnosis is 
currently based on broad clinical criteria that 
encompass highly variable disease phenotypes 
[14] with diverse neurobiological substrates [15]. 
Since the inclusion criteria of clinical MDD stud-
ies are based on the same broad operational cri-
teria, their samples are likely to include patients 
with low probability of response. Using more 
fine-grained clinical and biological patient char-
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acteristics, predictive analysis could potentially 
be used to identify subgroups or even individual 
patients who are more likely to benefit from 
tDCS treatment. Personalization and stratifica-
tion could potentially increase therapeutic speci-
ficity and prevent unnecessary treatment. In this 
chapter, we provide an overview of positive and 
negative findings reported on potential predic-
tors of tDCS response in mood disorders across 
multiple domains. Furthermore, we discuss their 
clinical utility and current methodological limita-
tions. Finally, we propose a roadmap for future 
research efforts on tDCS response prediction, 
taking into account recent developments in the 
field of precision medicine.

22.2  Current Research State – 
What Do We Know So Far?

At present, mainly exploratory, group-based 
findings of associations between baseline vari-
ables and subsequent tDCS response in clinical 
trials are available [4, 16, 17]. Some have aggre-
gated these findings across studies using meta- 
regression [18] or individual patient data [1]. 
Only one study to date has applied a data-driven, 
cross-validated predictive modeling approach 
to offer a validated estimate of predictive accu-
racy, meaningful at the single subject level [19]. 
Most studies have focused on treatment response, 
which is usually defined by a minimum of 50% 
improvement in depression rating scales, that is, 
the Hamilton Depression Rating Scale (HDRS) 
or the Montgomery-Asberg Depression Rating 
Scale (MADRS). Regarding bipolar depression, 
studies have either not reported similar analyses 
[20] or included bipolar depression as a potential 
predictor of response [1].

22.2.1  Sociodemographic Variables

Several authors have investigated whether age 
or gender distributions are associated with tDCS 
response, but have found no evidence in the 
respective trials [3, 4] or across multiple clinical 
studies [1, 21]. A secondary analysis of response 

trajectories for tDCS from the Escitalopram 
versus Electrical Direct Current Therapy for 
Depression study (ELECT-TDCS) suggested that 
older age (within the range 18–75 years) might 
predict a more rapid improvement [22], which is 
in contrast to the long-standing belief that elderly 
patients take longer to respond to antidepressant 
treatment than younger patients [23]. Kambeitz 
et  al. included the sociodemographic variables, 
namely, gender, age, years in school, income, 
ethnicity, marital status, and employment status 
in a cross-validated predictive model of tDCS 
response [19], using data from a large clinical 
trial [3]. While their model reached significant 
accuracy in predicting tDCS response, its perfor-
mance was mainly driven by clinical, not sociode-
mographic features. In sum, there is currently 
no evidence on specific sociodemographic vari-
ables as predictors of tDCS response available. 
Nonetheless, they might show predictive value 
for other treatment outcomes like quality-of-life 
measures or functional outcomes, although this 
has not been investigated to date.

22.2.2  Clinical History and Disease 
Status

With biological, objective biomarkers largely 
absent in psychiatry, detailed clinical assessment 
is the hallmark of daily psychiatric diagnosis and 
care. Predicting response based on clinical history 
and depressive symptomatology would enable 
a relatively inexpensive and easily interpretable 
approach to treatment stratification. While over-
all baseline severity of MDD could not be associ-
ated with tDCS response in single studies [4] or a 
recent IPT meta-analysis [1], some authors have 
investigated more fine-grained symptomatic pat-
terns: D’Urso et al. used predefined HDRS scale 
factors in a sample of three independent tDCS tri-
als (n = 171, unipolar and bipolar depression) in 
a linear mixed model analysis [21]. They found 
factors such as “cognitive disturbance,” “retarda-
tion,” and “anxiety/somatization” to be associ-
ated with tDCS response. In a similar analysis, 
however, Martin et al. could not detect an associa-
tion between pretreatment MADRS scale factors 
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and tDCS response [17], highlighting the need to 
validate such findings, before suggesting clinical 
applicability. Loo et  al. explored the predictive 
value of a clinical assessment scale for psycho-
motor disturbance in depression (CORE), but did 
not find an association to treatment response in 
an RCT [24].

Several clinical studies have investigated 
tDCS as a potential treatment for treatment resis-
tant depression (TRD), usually defined as failed 
response to two or more adequate antidepressant 
drug trials [2], but did not observe significant 
effects [25–27]. While an earlier meta-analysis 
identified TRD as a potential predictor of tDCS 
response [28], this could not be replicated in 
recent meta-analyses using aggregated [2] and 
individual patient data [1]. Interestingly, in 
the aforementioned machine learning analysis 
by Kambeitz et  al., the number of past depres-
sive episodes, but not TRD, showed prediction 
capacity [19]. This finding suggests that future 
prediction studies might benefit from consider-
ing continuous indicators of previous treatment 
trajectories instead of predefined categorical defi-
nitions of TRD. The authors also identified high 
negative affect, as measured by the Positive and 
Negative Affect Schedule (PANAS), as predic-
tive of treatment response, which could be related 
to the involvement of the prefrontal cortex (PFC), 
that is, the main target region for tDCS in MDD, 
in emotion regulation [29]. Since negative affect 
constitutes a broad symptomatic domain encoun-
tered in various psychiatric disorders beyond 
MDD [30, 31], future studies should investigate 
tDCS effects on this domain in a transdiagnostic 
framework. Regarding concomitant medication, 
MDD patients with benzodiazepines showed 
lower response rates in a previous RCT (Brunoni, 
Valiengo, et al., 2013) and were less likely to rap-
idly respond to tDCS according to a secondary 
analysis of the ELECT-TDCS study [22]. A simi-
lar pattern was reported for repetitive transcranial 
magnetic stimulation (rTMS) [32, 33] and may 
be explained by inhibitory effects of benzodiaz-
epines on cortical excitability [34]. Other disease 
characteristics like age of onset of depression, 
type of depression (e.g., unipolar, bipolar, post- 
stroke, and peripartal depression), duration of the 

current episode, or comorbid anxiety have not 
been found to be associated with tDCS response 
[2]. While Martin et al. reported concurrent anti-
depressant medication as a predictor of response 
[17, 35], this was not confirmed by meta-analyses 
[18, 28]. Similarly, other hypothetical predictors 
observed on an explorative level, for example, 
positive smoking status [3] and higher response 
rates in patients with certain personality traits 
(self-directedness, cooperativeness) measured by 
the Temperament and Character Inventory (TCI) 
[3] have not been replicated to date.

22.2.3  tDCS Parameters

Stimulation protocols for antidepressant tDCS 
have been developed largely based on neurophys-
iological considerations and clinical reasoning 
[9]. Post-hoc meta-analytic exploration of associ-
ations between specific treatment parameters and 
response yielded no significant findings for (1) 
number of treatment sessions, current intensity, 
total charge (in Coulombs [C]) total charge den-
sity (in Coulombs per square meter [C/m2]) and 
(2) cathode positioning. Due to the standardized 
protocols, however, there is practically very little 
variation of parameters in single randomized con-
trolled trials (RCTSs). Thus, either specific RCT 
designs addressing parameter response relation-
ships or novel proxy parameters, for example, 
strengths of electric fields (efields) as approxima-
tion toward tDCS intensity in a cortical target, 
are needed to further explore this important field 
(Padberg et al. 2021 submitted).

22.2.4  Pretreatment Neurocognitive 
Functioning

Functional magnetic resonance imaging (fMRI) 
findings have suggested an imbalanced activation 
of the left and right dorsolateral prefrontal cortex 
(dlPFC) in MDD patients [36]. Based on these 
findings, several authors have explored if pre-
treatment neurocognitive performance as a func-
tional marker of dlPFC integrity could predict 
tDCS treatment response: Martin et al. analyzed 
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cognitive assessments of 57 participants of five 
previous tDCS trials (two RCTs, three open label 
studies) in MDD patients [35]. In a multivariate 
analysis, the Controlled Oral Word Association 
Test (COWAT), a test of verbal fluency, was sig-
nificantly associated with true but not sham tDCS 
response. Therefore, the authors concluded that 
pretreatment verbal fluency could be a specific 
predictor of tDCS response. In a second study, 
the same authors explored pretreatment cogni-
tion of 120 participants in a multicenter RCT [17] 
using data from several neuropsychological tests. 
Only speeded performance on the Ruff 2 and 7, 
measuring selective and sustained attention and 
processing speed, was associated with active 
tDCS response. However, these findings were 
not entirely specific for active tDCS as the effects 
were driven by the distribution of high perform-
ers in active and sham treatment conditions. 
They could not replicate their previous finding 
of an potentially higher likelihood of response in 
patients with higher verbal fluency. In their meta- 
analysis, Moffa et al. explored if impaired global 
cognitive functioning, dichotomized according to 
the Mini Mental Status Examination (MMSE) or 
Montreal Cognitive Assessment (MoCA), could 
be associated with lower treatment response, but 
did not find significant associations [1].

22.2.5  Genetic Polymorphisms

Several authors have investigated if specific 
genetic variants in genes that are implicated in 
neuroplasticity and neurotransmitter homeosta-
sis are associated with tDCS response [37–39]. 
Most prominently, the Val66Met single nucleo-
tide polymorphism (SNP) in the gene coding 
for brain-derived neurotrophic factor (BDNF) 
has been investigated, since it is hypothesized to 
mediate tDCS-induced neuroplasticity [40] and 
has been associated with differential responses to 
antidepressant medication [41]. Such an associa-
tion was not observed for tDCS response in three 
seminal RCTs [37–39]. While Brunoni et  al. 
reported an association between long/long carrier 
status of the 5-HTTLPR polymorphism (coding 
for the presynaptic sertraline re-uptake trans-

porter) and treatment response to active vs. sham 
tDCS [37], they could not replicate their finding 
in an independent sample [38]. Furthermore, no 
associations to tDCS response could be found for 
polymorphisms of the tryptophan hydroxylase 1 
gene [38], 5-hydroxytryptamine receptor 2A gene 
[38], and catechol-O-methyltransferase (COMT) 
gene [38, 39], though a COMT val158met poly-
morphism has been found to be associated with 
tDCS effects on cognition [42–44]. An alterna-
tive approach, yet to be explored, would be to 
focus on neuroanatomical traits, for example, 
cortical thickness or cortical surface areas, and 
their genetic underpinnings which might influ-
ence tDCS effects on neurons [16, 45]. Recent 
genome-wide association studies (GWAS) have 
found a high genetic overlap for these traits [46, 
47]. Since GWAS require large datasets, cur-
rently not available for NIBS, explorative stud-
ies may investigate how polymorphisms relate to 
tDCS-induced efield strengths according to com-
putational models based on individual MRI data 
from large cohorts.

22.2.6  Neuroimaging

Current tDCS applications have been specifi-
cally designed to target brain areas and networks 
that have been hypothesized to underlie MDD 
pathophysiology, largely based on neuroimaging 
findings [15, 36]. Consequently, structural and 
functional MRI measurements seem a promising 
choice, when investigating potential biomarkers 
of antidepressant treatment response. Bulubas 
et  al. utilized structural T1 weighted MRI data 
from 52 patients enrolled in the ELECT-TDCS 
study to investigate if gray matter volumes at base-
line in the left and right prefrontal cortex (PFC) 
and the anterior cingulate cortex (ACC) were 
associated with antidepressant tDCS response 
[16]. They found an association between larger 
volumes of PFC subregions and improvement 
of MDD after treatment. Remarkably, this was 
only observed in the active tDCS group, but nei-
ther in escitalopram nor sham tDCS groups. The 
importance of the left PFC is further  emphasized 
by Nord et  al. (2019) who reported that higher 
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activation of the dlPFC in a baseline working 
memory task was associated with increased treat-
ment response in a clinical trial combining tDCS 
with cognitive behavioral therapy [48]. While 
these findings strengthen the treatment rationale 
of current tDCS applications, namely, targeting 
of the dlPFC, they are based on small samples, 
have not yet been replicated, and have not been 
shown to predict response on a single- patient 
level. Promising results for repetitive transcra-
nial magnetic stimulation (rTMS), for example, 
the identification of fMRI-based biomarkers with 
predictive value for treatment response via multi-
variate pattern analysis of resting- state fMRI [49] 
and the data-driven characterization of symptom-
specific neural targets based on prior treatment 
effects [50], provide a strong rationale for multi-
modal imaging acquisition in future NIBS trials 
to enable robust analyses on a large-scale circuit 
level.

22.3  Limitations – Association 
Versus Prediction

tDCS development has followed a trajectory that 
corresponds well to traditional medical research: 
After initial neurophysiological findings [51] and 
first promising clinical studies [10, 52], current 
clinical research can be situated in the so-called 
phase III of clinical trials, with first larger RCTs 
published [3, 4, 39] and results from further mul-
ticenter trials ahead [5, 6]. As described above, 
these trials have been accompanied by efforts 
to gain a mechanistic understanding of tDCS 
effects, for example, via ancillary analyses of 
single trials. However, single site exploratory 
research relies strongly on the expertise of the 
specific research group as well as other factors, 
for example, the local availability of diagnostic 
utilities (e.g., MRI scanners and genetic labora-
tory). This often results in limited reproducibil-
ity and generalizability. With a single exception 
[19], studies have not conducted cross-validated 
tests of internal validity to date, and attempts to 
externally validate results are completely missing 
in the field. To rely on associative studies with-
out an attempt to externally validate the respec-

tive findings has been identified as one major 
reason for the so-called reproducibility crisis in 
medicine that impeded the clinical translation of 
research findings [53, 54], especially in psychia-
try [55, 56]. Furthermore, data scientists have 
questioned if correlational statistics allow con-
clusions toward prediction per se [57, 58].

There are multiple reasons why findings from 
prior tDCS research could suffer from poor 
generalizability: Owing to its relative novelty, 
treatment parameters like stimulation site (i.e., 
electrode montages) or simulation dose (e.g., 
tDCS intensity and duration of the session) have 
largely varied between studies, resulting in low 
comparability between cohorts. Likewise, pre-
vious studies have differed regarding treatment 
duration and setting, concomitant medication 
and patient characteristics. Compared to studies 
in the fields of neuropsychopharmacology and 
psychotherapy, NIBS datasets have been rela-
tively small with few attempts of multisite col-
laboration. These caveats clearly caution against 
the premature extrapolation from current findings 
of associations to causal assumptions and clinical 
recommendations. In the following chapter, we 
discuss how future research could achieve more 
reliable predictive estimates.

22.4  The Road Ahead – Modern 
Analytics for a Novel 
Treatment Approach

Following the “Precision Medicine Initiative” in 
the United States in 2015 [59], there has been a 
shift in medicine toward the increasing applica-
tion of so-called data-driven research methods 
that aim at retrieving individual predictive infor-
mation from large, high-dimensional datasets. 
Rooted in early computational approaches [60], 
these efforts have been largely fuelled by expo-
nential increases in computational processing 
speed and advances in machine learning algo-
rithms [61]. Promising results across various 
health-care applications like X-ray evaluation 
[62], skin cancer classification [63], or the devel-
opment of new antibiotic drugs [64] have been 
recently published. In psychiatry, precision medi-
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cine has been promoted as a roadmap to trans-
late research into precise clinical applications to 
enable accurate prediction [65], biomarker detec-
tion, and diagnosis [66] and personalized treat-
ment [67, 68]. After initial enthusiasm, there are 
more realistic views now: Except for some diag-
nostic applications that have been approved by the 
U.S.  Food and Drug Administration [69], most 
efforts have so far not been translated into clinical 
practice [70]. Concerns regarding low data qual-
ity, small samples (where the benefits of machine 
learning are generally not well established), 
imprecise hypothesis formulation, missing clini-
cal relevance, as well as ethical considerations 
have been raised [70, 71]. Furthermore, some 
authors have argued that a precondition for indi-
vidualized treatment, heterogeneous patient-by-
treatment effects, are often assumed, but rarely 
tested [72]. For NIBS in general, modest treat-
ment effect variation was found across multiple 
diseases and stimulation methods, though results 
for specific modalities are still inconclusive [73]. 
Some of the variability of response to tDCS may 
be explained by the considerable phenotypic 
heterogeneity on the patient level. However, the 
majority of the above- mentioned studies have 
operated on the group- level and attempted to pre-
dict traditional units of RCT analysis. These units 
often create arbitrary dichotomies (e.g., response 
vs. non-response) [74] and differentiate poorly in 
terms of individual symptom trajectories (cross-
sectional endpoints) [75] as well as presented 
symptoms (aggregate symptom measures) [76].

In direct reference to these issues, three main 
methodological approaches seem particularly 
promising: First, as discussed above, Kambeitz 
et al. recently published first evidence that single- 
patient prediction based on pretreatment variables 
could be achieved through cross-validated predic-
tive modeling approaches (e.g., using supervised 
machine learning) [19]. These algorithms may 
further be used to inform future explanatory stud-
ies by use of interpretable machine learning (IML) 
methods and are particularly suited to be translated 
into the single patient setting (e.g., clinical deci-
sion support systems). Second, instead of focusing 
on dichotomous response outcomes, Goerigk et al. 
categorized patients according to their temporal 

patterns of symptom improvement to identify dis-
tinct treatment trajectories (“no/minimal”, “slow,” 
and “rapid” response) for tDCS in MDD. These 
trajectory classes could be used as prediction tar-
gets to identify likely tDCS benefiters in advance 
and suggest the possibility of developing individu-
alized treatment protocols [22]. Third, as suggested 
by Chekroud et al. in a study on response to anti-
depressant pharmacotherapy [76], the identifica-
tion of statistically reliable symptom clusters with 
differential responsiveness to specific treatments 
would enable clinically comprehensible treatment 
decisions, though this approach has not been tested 
for tDCS yet. Fourth, assuming populations that 
are homogenous beyond the diagnosis- level, may 
ignore distinct clusters within the patients (i.e., 
endophenotypes) and result in inefficient analyses. 
Data-driven methods (e.g., unsupervised machine 
learning) can identify previously unknown patterns 
of variation from multimodal data that cut across 
diagnostic categories (manifolds). These patient 
subgroups can be explored in terms of distinct 
treatment response and used for stratification in 
future trials. Since these prior analyses have relied 
on data from single clinical trials, external valida-
tion across multiple treatment contexts (e.g., study 
sites, geographic, and cultural entities), naturalis-
tic patient samples are inevitable to test the gener-
alizability and scope of the models. Furthermore, 
their incremental utility has to be demonstrated 
in direct comparison to the current gold-standard 
(i.e., clinicians’ rating) and in the real-life work 
flow to establish the potential of such models to 
augment clinical care [77]. Furthermore, all four 
approaches could be extended beyond subjec-
tive clinical ratings to incorporate measurements 
related to tDCS parameters (e.g., efield strength 
in target regions), multimodal neuroimaging data, 
other biological markers, or neuropsychological 
characteristics.

A main prerequisite of data-driven research 
is the availability of large, high-quality datasets 
across diverse clinical settings. Since this can 
hardly be achieved by single research  institutions, 
the field should find ways to encourage multisite 
collaboration and data sharing. Furthermore, 
a commitment to transparent, reproducible 
research, as proposed by the open science ini-
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tiative, could significantly increase efforts to 
clinically validate findings and accelerate their 
incorporation into clinical care.

In conclusion, while first efforts applying data-
based prediction of tDCS response in patients 
with MDD have yielded promising results, their 
capacity for translation toward clinical applica-

tions has yet to be established in prospective 
studies across diverse clinical settings. At the 
moment, clinicians should base their recommen-
dations regarding tDCS treatment on average 
efficacy estimates from RCTs and consider the 
individual cost benefit ratio including contraindi-
cations and side-effect profiles (Fig. 22.1).
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Fig. 22.1 (a) Patients can be treated according to their 
diagnostic category or receive stratified treatment accord-
ing to distinct patterns of inter- and intra-disease variabil-
ity. (b) Treatment with tDCS. (c) Potential units of analysis 
can be used to evaluate efficacy and can be targets for pre-
dictive modeling. Continuous measures for symptom 
severity traditionally use sum scores of depression rating 
scales that can mask response in certain symptom sub-
groups. Data-driven clustering allows more differentiated 
analysis within natural subgroups of symptoms. Discrete 
measures of treatment response traditionally uses cutoff 
values that create arbitrary dichotomies and that are not 
sensitive for the time course of symptomatic change. Data-
driven categorization of patients by their individual trajec-
tories of symptom improvement allows more differentiated 

analysis of response. (d) Continuous and discrete out-
comes can be predicted using regression and classification 
models, respectively. For both objectives, models may 
have different degrees of complexity (e.g., ordinary least 
squares regression vs. supervised machine learning mod-
els). Models are traditionally evaluated using within-sam-
ple inference measures (e.g., p values) that are limited in 
terms of extrapolation beyond the sample. Predictive mod-
eling allows judgment on the single-patient level. 
Predictive models can be formally evaluated on unseen 
instances within a given dataset (e.g., nested cross-valida-
tion). Generalizability of predictive models should be 
tested on external data (e.g., third-party datasets) or pro-
spectively, by predicting future instances. All visualiza-
tions are hypothetical and not based on real data
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23.1  Introduction

Schizophrenia is a severe psychiatric disorder 
with a prevalence of approximately 0.7% [1], 
with severe repercussions: in addition to being 
one of the most debilitating diseases in the world 
[2], it significantly reduces life expectancy [3]. 
Clinical symptoms are heterogeneous, including 
disorganization (contradictory feelings, incoher-
ent discourse), negative symptoms (emotional, 
speech impoverishment), and positive symptoms 
(hallucinations, megalomania, and delusions).

Auditory verbal hallucinations (AVHs) are 
a frequent and debilitating symptom of schizo-
phrenia [4, 5], causing severe distress and being 
associated with suicidal tendencies [6]. They can 
be defined as hearing voices without appropriate 
external stimulus. Various mechanisms involv-
ing dopaminergic, glutamatergic, and serotonin-
ergic transmission seem to underpin AVHs [7]. 
Hyperactivity of the language-related cortical 
areas (left pars opercularis or Brodmann’s area 
44) and the associative auditory cortex (left mid-

dle and superior temporal gyri or Brodmann’s 
area 21 and 22) [8], as well as altered functional 
connectivity between frontal and temporal corti-
ces have been strongly associated with this symp-
tom [9].

Antipsychotics are used as a first line treat-
ment but approximately 25–30% of patients with 
schizophrenia report medication-resistant AVHs. 
Hence, non-invasive brain stimulation techniques 
have emerged as new nonpharmacological 
approaches in refractory cases. In line with this, 
evidence suggested that low-frequency repetitive 
transcranial magnetic stimulation (TMS) target-
ing the left temporoparietal junction (TPJ) may 
improve AVHs in patients with schizophrenia.

In the 2010s, transcranial direct current stimu-
lation (tDCS) has also been investigated as a safe 
well-tolerated treatment for AVH. Most of these 
studies were case reports or open-label trials, rep-
resenting low quality of evidence. Randomized 
sham-controlled studies focusing on neurostimu-
lation and its impact on hallucinations would pro-
vide more robust results.

Thus, we conducted a systematic review of 
randomized sham-controlled studies on the effect 
of tDCS on AVHs in patients with schizophrenia 
to provide an update of the current state of the art 
on this topic.
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23.2  Materials and Methods

Our systematic review followed the recom-
mendations from the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses 
guidelines.

23.2.1  Literature Search Strategy

PubMed database were searched until February 
2020 using the following search strategy: 
“hallu*” AND (“transcranial direct current stim-
ulation” OR (“transcranial” AND “direct” AND 
“current” AND “stimulation) OR “tdcs”) AND 
“schizophrenia.” We also searched for articles 
in the reference lists of retrieved articles and in 
tDCS review articles.

23.2.2  Selection Criteria

We included articles selection criteria meeting 
the following criteria: (1) original articles writ-
ten in the English language, (2) sham-controlled 
trials, and (3) studies that included patients with 
schizophrenia. We excluded (1) review articles, 
(2) meeting and conference abstracts, (3) case- 
reports, (4) open-label trials, (5) studies that did 
not provide a clear description of the tool used 
for the clinical measure of hallucinations sever-
ity, (6) articles addressing the effects of other 
brain stimulation techniques (e.g., transcranial 
random- noise stimulation), and (7) studies that 
did not use the assessment of AVHs as primary 
outcome.

23.2.3  Data Extraction

For each study, a standardized data sheet was 
used to extract the following variables: (1) demo-
graphic and clinical characteristics such as total 
sample size, diagnosis, sex (male/female), age (in 
years), handedness (right/left-handed), and anti-
psychotic medication dose, (2) tDCS parameters 
including type of device used, placement of the 
anode and the cathode [according to 10/20 inter-

national electroencephalogram (EEG) system], 
electrode size (cm2), number and frequency of 
sessions, intensity (mA) and duration (min), as 
well as the sham-tDCS protocol used, and (3) 
outcomes and main results (scale used to mea-
sure hallucinations and its changes after tDCS 
regimen). The quality of each study was mea-
sured according to Jadad scale [10], on the online 
Oxford Quality Scoring System available on the 
Medical Online Calculators Library.

23.3  Results

Seventy-nine articles were selected from our lit-
erature search strategy on the PubMed database 
(Fig.  23.1). According to our selection criteria, 
nine randomized sham-controlled studies investi-
gating the effect of tDCS on AVHs in patients with 
schizophrenia were included. Table 23.1 summa-
rizes the data extracted from the selected articles.

The studies came from eight indepen-
dent research groups. In total, 359 patients 
were included and 182 of them received active 
tDCS.  All the studies included patients with 
schizophrenia diagnosis according to Diagnostic 
and Statistical Manual of Mental Disorders 
fourth edition (DSM-IV) or DSM-5 criteria. 
All the patients presented with disabling hallu-
cinations. Some of the studies included mixed 
sample of patients with schizophrenia, schizoaf-
fective disorders (in six studies [11–16]), psy-
chotic disorder not otherwise specified (NOS), 
and affective or borderline personality disor-
ders without provided results by categories of 
patients (in one study [14]). Patients with both 
sexes were included for a sex ratio of 1.65 (226 
males, 137 females). The mean age of patients 
varied between 31.3 and 46.4 years. Among the 
seven studies that reported the handedness, three 
included only right-handed patients [15, 17, 18]. 
Most patients were on antipsychotic medica-
tion; the dose was reported in chlorpromazine 
or olanzapine equivalents. The medication dose 
varied from 493 to 1209 mg/d of chlorpromazine 
equivalents.

Regarding tDCS devices, the Eldith/
Neuroconn DC stimulator was used in most stud-
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ies; the two other devices that were used were 
the BrainStim SYS (Brainvision) [15] or the 
CHA- 1335 stimulator (Chattanooga) [16]. In 
seven of the nine selected studies, the anode was 
placed over the left dorsolateral prefrontal cortex 
(between F3 and FP1 according to 10/20 inter-
national EEG system) and the cathode over the 
left temporoparietal junction (between T3 and 
P3), with two electrode-sponges of 35  cm2. In 
all selected studies, tDCS was delivered with an 
intensity set at 2 mA during 20 min. The tDCS 
regimen used in most studies consisted of 10 ses-
sions delivered twice a day over 5 consecutive 
weekdays. Consecutive stimulation sessions on 

the same day were separated by at least 3 hours 
[14–17] or between 2 and 3 hours [18, 19].

Concerning the sham protocol used, five stud-
ies used 40s of active 2  mA stimulation at the 
beginning of the stimulation session followed by 
brief pulses of 110 μA over 15 ms every 550 ms 
to check impedance for a total duration equal to 
the duration of the active stimulation [11, 12, 14, 
18, 19]. Three other studies chose a short period 
of active stimulation (30s or 40s at 2 mA) at the 
beginning of the stimulation period followed by 
no stimulation through the remainder of the stim-
ulation session [15–17]. One study chose 40s or 
ramp up to 2 mA immediately followed by 40s 
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of ramp down and no stimulation through the 
remainder of the stimulation session [13].

Most of selected studies used the Auditory 
Hallucination Rating Scale (AHRS) as standard-
ized psychometric scales to measure AVH; one 
study used the hallucination item (P3) of the 
Positive and Negative Syndrome Scale (PANSS).

All studies showed a high range of quality 
score (score ≥3) on the Jadad scale.

Five studies reported a significant decrease 
in AVHs after active tDCS [15–19] (total mean 
decrease of 29.67%, varying from 21.4% to 
46%), one found a trend toward a significant 
decrease in AVHs [13] (p = 0.15) and three found 
no significant effect of active tDCS on AVHs over 
sham [11, 12, 14].

23.4  Discussion

Nine studies fulfilled our selection criteria for 
this review, which aimed to provide an over-
view of the randomized sham-controlled stud-
ies regarding the effect of tDCS on AVHs in 
patients with schizophrenia. Five over the nine 
studies found a significant effect of active tDCS 
on AVHs compared to sham tDCS whereas three 
found no superiority of active tDCS over sham 
tDCS. Additionally, one study reported a trend 
toward significant difference. Demographic, 
clinical, and methodological differences must be 
highlighted and might explain the discrepancies 
observed between the selected studies.

First, methodological parameters (stimula-
tion parameter and study design) differ between 
positive and negative studies. Regarding tDCS 
parameters, the majority of the positive studies 
delivered 10 twice-daily sessions over 5 consecu-
tive days (except [16]), which delivered 40 twice- 
daily sessions whereas two of the three negative 
studies delivered once-daily sessions over either 
5 [12] or 15 consecutive days [11]. The number 
of sessions per day and the total number of tDCS 
sessions seem to be an important parameter to 
take into account to explain the effectiveness of 
active tDCS in AVHs. Moreover, in all the posi-
tive studies, the duration between two consecu-
tive sessions was of at least 2  hours. Only one 

study did not report these data [13]. This is in line 
with tDCS studies investigating the influence of 
these parameters when tDCS is applied over the 
motor cortex [20, 21] reporting that the duration 
between 2 consecutive sessions can modulate the 
direction of tDCS after-effect in terms of facili-
tation or inhibition. Regarding the montage of 
electrodes, all of them used an electrode montage 
with the anode placed over the left dorsolateral 
prefrontal cortex (DLPFC) (between F3 and 
FP1) and the cathode over the left TPJ (between 
T3 and P3), brain regions involved in the AVH 
pathophysiology [8], except two of the negative 
studies: Fröhlich et al. [12] used a three-electrode 
montage and a part of the Fitzgerald et al. [11] 
investigated the effects of four-electrode bilat-
eral montage. Across all the studies, homogene-
ity was observed regarding the duration (20 min) 
and the intensity (2 mA) of the tDCS sessions.

Regarding the study design, Fitzgerald et  al. 
[11] developed a cross-over study, whereas all 
positive studies used two-arm parallel study 
design. Since the duration of tDCS after-effect is 
still under debate, a cross-over design seems not 
to be the more appropriate study design to inves-
tigate tDCS effects because of the carry-over 
effect. Hence, further two-arm studies investigat-
ing the effects of twice-daily tDCS sessions for 
at least 5 consecutive days with the anode target-
ing the DLPFC and the cathode the left TPJ dur-
ing 20 min with a current intensity of 2 mA are 
required.

Since the sham protocol has been described as 
a possible confounding factor [22], reporting this 
parameter should be systematic. In that regard, 
the selected studies are divided into two groups: 
those with active stimulation only during a short 
period at the beginning of the stimulation session 
[13, 15–17] and those with a small current in the 
form of a pulse for the rest of the session [11, 
12, 14, 18, 19]. Positive and negative studies are 
homogeneously distributed in these two groups, 
thus not allowing conclusions to be drawn from 
this review. The detailed description of the sham 
condition design should therefore be the subject 
of future investigations.

Additionally, the sample size of most of the 
selected studies is small: only two of them have 
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a subject number greater than or equal to 30 sub-
jects per group [13, 15], allowing for more robust 
statistical results compared to small sample size. 
One reported a significant decrease in AVHs 
following active tDCS protocol [15], the other 
showed a trend toward a decrease in AVHs [13].

Secondly, clinical characteristics of patients 
such as characteristics of AVH, diagnosis or 
medication intake also varied across studies. For 
instance, AVH frequency widely varied between 
studies: four out of the six positive studies 
included patients presented with continuous 
daily medication-resistant AVHs [13, 17–19], 
whereas negative studies included patients with 
three or five AVHs per weeks [12, 14]. It has 
been reported that the brain activity underlying 
continuous and intermittent AVHs is different, 
especially in language- related areas [23]. These 
different patterns of brain activity during the 
stimulation can have dissimilar influences on 
clinical outcome since brain state during the 
stimulation period is known to influence brain 
stimulation after-effects [24]. Regarding diagno-
sis of patients, all the studies that included only 
patients with schizophrenia reported a significant 
beneficial effect of tDCS on AVH. Conversely, 
two out of the three negative studies included a 
mixed sample with patients with schizophrenia 
and patients with schizoaffective disorder [11, 
12], and the other one included a mixed sample 
(n = 54) composed by patients with schizophre-
nia (n  =  34), schizoaffective disorder (n  =  2), 
affective disorder (n = 3), borderline personal-
ity disorders (n = 3), and patients with psycho-
sis NOS (n = 12) [14]. It would be interesting 
to investigate trajectories of response category 
by category of diagnosis. However, individual 
data were not provided and it was not possible 
to investigate whether the diagnosis influence 
tDCS outcome on AVH. One may hypothesize 
that tDCS has a better clinical effect on AVHs 
in patients with schizophrenia than in patients 
with other psychiatric disorders since studies 
with mixed sample are less convincing than 
studies including only patients with schizophre-
nia according to DSM criteria. Further studies 
are required to determine the interest of tDCS 
in the treatment of AVHs for other psychiat-

ric conditions including borderline personality 
and affective disorders. Regarding medication, 
the three negative studies did not report sub-
ject’s medication doses, including antipsychotic 
medication. However, it has been reported that 
patients receiving high dopamine D2 receptor-
affinity antipsychotics were associated with 
significantly less improvement of AVHs after 
tDCS compared to patients receiving anti-
psychotics with low affinity for dopamine D2 
receptors [25]. Moreover, studies in healthy 
participants highlighted that tDCS can induce 
dopamine release in the striatum [26] and that 
dopamine D2 receptor antagonists can abolish 
cathodal tDCS effects on neuronal plasticity 
[27]. Altogether, these studies suggested a close 
relationship between dopamine and response to 
tDCS in patients with AVHs. Other psychotropic 
treatments may also have an influence on tDCS 
outcome. In line with this, selective serotonin 
reuptake inhibitors such as sertraline are known 
to increase the clinical effect of tDCS in patients 
with depression [28] whereas serotonin–norepi-
nephrine reuptake inhibitors such as venlafax-
ine did not increase response rate to repetitive 
TMS (rTMS) [29]. Thus, reporting medication 
of patients in studies investigating the effects of 
tDCS should be systematic.

Thirdly, some genetic functional polymor-
phisms have recently been involved in modifi-
cation of the response to tDCS.  Brain-derived 
neurotrophic factor (BDNF), which is known to 
influence in synaptic plasticity, presents func-
tional polymorphisms that can influence tDCS- 
induced plasticity [30]: subjects with Val66Met 
polymorphism show a higher tDCS-induced plas-
ticity compared to Val66Val carriers. Similarly, 
catechol-O-methyltransferase (COMT) poly-
morphisms, an enzyme that degrade dopamine 
mostly in frontal brain regions, interact with 
tDCS effects [31]. Patients who are Met car-
riers (Val158Met or Met158Met) showed less 
improvement of AVHs after active tDCS sessions 
than patients with Val158Val COMT polymor-
phism [32]. These findings suggest that different 
genetic functional polymorphisms could interact 
with the effect of tDCS and make subjects more 
or less responsive to this technique.
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Finally, tobacco smoking may also have an 
influence on tDCS outcome. An open-study 
reported that non-smokers showed a signifi-
cant improvement in AVHs after tDCS sessions 
(reduction of 46%) whereas smokers were quali-
fied as non-responders to tDCS (non-significant 
reduction of 6%) [33]. None of selected studies 
did not report smoking status of participants. 
The evaluation of the interaction between smok-
ing status, medication, and tDCS will need to be 
investigated in future studies.

Additionally, Jadad scale was used to assess 
the quality of reports of randomized controlled 
trials [10]. All the studies showed a high average 
of quality score (score ≥3).

To conclude, tDCS is a promising new tool 
for the treatment of medication-resistant AVHs 
in schizophrenia. However, some specific param-
eters seem to be needed to observe such effect. 
Ten twice-daily sessions over 5 consecutive days 
with an current intensity of 2 mA and a duration 
of the stimulation of 20  min, the anode placed 
between F3 and FP1, regarding the left DLPFC, 
and the cathode between T3 and P3, over the left 
TPJ, appear to be the most efficient design to 
induce with tDCS reduction in AVHs in patients 
with schizophrenia. Nonetheless, selected stud-
ies have mostly small effect sizes, and conflicting 
results still existing. Larger randomized con-
trolled studies investigating the effect of tDCS on 
AVHs in patients with schizophrenia must be car-
ried out in the future in order to clearly conclude 
on the effectiveness of this technique.
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Schizophrenia: Negative 
Symptoms

Leandro da Costa Lane Valiengo and Ulrich Palm

24.1  Introduction

About 1–2% of the population suffers from 
schizophrenia, a disabling disorder with a vari-
ety of impairments in cognition, mood, impetus, 
interaction, and social functioning. Mortality of 
people with schizophrenia is increased with an 
average of 14.5  years of potential life lost [1]. 
Suicidality is increased 2–5-fold compared to 
general population. In fact, 10% of patients die 
by suicide [2]. Thus, schizophrenia is a disorder 
with high socioeconomic burden and a frequent 
chronic course [3].

Syndrome diversity of schizophrenia and 
related disorders include highly heterogeneous 
symptoms that have been classified into five 
dimensions that are represented in the most com-
mon clinical rating scale, the Positive and Negative 
Symptom Scale (PANSS) [4] and reflecting typi-

cal clinical symptoms, for example, delusions and 
hallucinations (positive symptoms), avolition and 
emotional withdrawal (negative symptoms), cog-
nitive impairment and disorganization (cognition), 
depressed mood and fear (depression/anxiety), 
and impairment of social interaction (excitement/
hostility). Negative symptoms occur in more than 
50% of schizophrenia patients [5] and consist in 
affective flattening, alogia, avolition/apathy, anhe-
donia/asociality, and deficits in attention [6].

Although psychopharmacologic treatment of 
schizophrenia has advanced in recent years, even 
adequate drug regimen does not exert full remis-
sion in up to 30% of patients [7, 8]. Especially, 
auditory hallucinations and negative symptoms 
can be refractory to treatment [9]. However, epi-
demiological studies suggest that positive symp-
toms decrease over time [10, 11] while negative 
symptoms increase during disease course and 
count for chronicity and diminished psychosocial 
functioning [12–14]. Finally, treatment-resistant 
negative symptoms impair global functioning, 
recovery, occupational rehabilitation, and social 
integration, and are leading to passive and apa-
thetic socioemotional withdrawal. Concomitant 
cognitive difficulties [12, 13, 15] have an addi-
tive effect on overall functioning, leading to a 
decline in global cognition [16] and to social 
impairment in two-thirds of patients. Negative 
symptoms are associated with obesity, dyslipid-
emia,  hypertension, polypharmacy, and somatic 
comorbidity [5].
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Although new pharmacologic interventions 
exist, for example, the efficacy of cariprazine in 
negative symptoms [17], there is still a need for 
new interventions [18]. As a third track besides 
pharmacology and psychotherapy, noninva-
sive brain stimulation (NIBS) was investigated 
over more than two decades, showing promis-
ing results from repetitive transcranial magnetic 
stimulation (rTMS) applied over the left dorsolat-
eral prefrontal cortex (DLPFC) [19], however, a 
conclusive recommendation is still pending after 
a more recent negative randomized controlled 
trial [20].

In contrast, transcranial direct current stimula-
tion (tDCS) is investigated for one decade in the 
treatment of schizophrenia and there are several 
recent studies underlining the potential benefit 
of tDCS in the treatment of negative symptoms. 
Negative symptoms and related cognitive impair-
ment are attributed to a dysfunction of fronto- 
thalamic- parietal or frontal-striatal networks 
[21–25]. tDCS modulates prefrontal function and 
changes large-scale networks assessed by func-
tional connectivity magnetic resonance imaging 
(fcMRI) during resting state, that is, a reduced 
default mode network (DMN) in healthy volun-
teers [26] or leads to an activation in the medial- 
frontal cortex beneath the anode in schizophrenia 
patients [27]. Therefore, the rationale for a stimu-
lation of prefrontal areas is deriving from patho-
physiologic findings and from results in the 
treatment of depression, where bihemispheric 
prefrontal tDCS was shown to be effective [28]. 
Contrarily, studies on auditory verbal hallucina-
tions [29, 30] reported improvement of negative 
symptoms after anodal stimulation of the left 
DLPFC and cathodal stimulation of the right 
temporo-parietal junction. It is likely that in both 
electrode montages, the anodal stimulation of 
the left prefrontal cortex is the driver of clinical 
improvement of negative symptoms. As the tech-
nique of tDCS is easy to handle, the intervention 
could be part of an integrated home care model 
for patients with severe loss of drive.

24.2  Schizophrenia and Negative 
Symptoms

24.2.1  Current Treatments 
for Schizophrenia

Standard treatment of schizophrenia includes a 
combination of psychopharmacologic, psycho-
educational, psychosocial, and rehabilitation 
approaches.

Current guidelines suggest second-genera-
tion antipsychotics to treat psychotic episodes; 
however, first-generation antipsychotics are still 
used for otherwise treatment-resistant cases [9]. 
Electroconvulsive therapy is a treatment option 
to improve persistent positive symptoms and 
catatonia. rTMS has shown some efficacy in the 
treatment of auditory hallucinations and nega-
tive symptoms, however, results are inconsistent 
regarding negative symptoms [31] and cognitive 
symptoms [32].

24.2.2  Mechanisms of Action

The rationale of tDCS application in schizophre-
nia is based on neuroimaging findings and the 
results of clinical rTMS studies. Neuroimaging 
suggests a dysfunction of cortical areas with 
temporo- parietal hyperactivation during audi-
tory hallucinations [33], frontal hypoactivation 
in negative symptoms and cognitive dysfunction 
[21], and a fronto-temporal dysconnectivity [34, 
35]. Thus, tDCS can be used for neuromodula-
tion of dysfunctional areas, that is, to decrease 
activity in temporo-parietal regions to reduce 
auditory hallucinations or to increase activity in 
frontal regions to enhance mood, impetus, and 
cognition. For this purpose, a monohemispheric 
electrode montage with the cathode over the left 
temporo-parietal junction and the anode over the 
left DLPFC has been successfully used to treat 
auditory hallucinations with a concomitant ben-
eficial effect on negative symptoms [29, 36], and 
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a bihemispheric montage with the anode over the 
left DLPFC and the cathode contralaterally has 
been applied to improve negative symptoms with 
a focus of current distribution on frontal brain 
areas [37].

24.2.3  Clinical Evidence

More than 20 single case reports and several 
open-label studies and RCTs are available 
addressing various symptoms of schizophrenia, 
predominantly auditory hallucinations. Negative 
symptoms and improvement of cognition were 
investigated in either single case reports or some 
small open-label studies and RCTs. To provide 
only clinical evidence from RCTs and open-label 
studies, single case reports are not discussed here, 
however, can be found in a respective review arti-
cle [36] (Table 24.1).

The first randomized placebo-controlled clini-
cal trial using tDCS for treatment of schizophre-
nia was published in 2012 by Brunelin et al. [29]. 
Thirty patients with treatment-resistant auditory 
hallucinations were randomized to either receive 
twice-daily 20 min of 2 mA tDCS over 2 days 
with the anode over the left DLPFC and the cath-
ode over the left temporo-parietal junction or 
sham tDCS.  Although the primary outcome of 
this study was the effect of tDCS on auditory ver-
bal hallucinations, shown by a significant reduc-
tion of 31% up to 3 months after stimulation, 
there was also a decrease of negative symptoms 
as a secondary outcome, opening the use of tDCS 
for research in negative symptoms as well.

Several subsequent studies investigated nega-
tive symptoms as a secondary outcome in addi-
tion to the primary outcome of auditory verbal 
hallucinations. Fitzgerald et  al. [38] found no 
superiority of active tDCS over sham in an RCT 
with monohemispheric (F3-Tp3) and bihemi-
spheric electrode montage (F3-Tp3, F4-Tp4, 2 
tDCS devices) in 24 patients with persistent hal-

lucinations and negative symptoms. Mondino 
et al. [36] used a partially overlapping sample and 
the same procedure as Brunelin et  al. [29] and 
found a significant reduction of the subscale of 
negative symptoms of PANSS of 14.4% in active 
and no reductions in sham group. Fröhlich et al. 
[39] included 26 schizophrenia and schizoaffec-
tive patients in a randomized placebo- controlled 
trial with the anode over the left DLPFC (2 mA, 
20 min, 5 sessions) and the cathode over the left 
temporo-parietal junction and did not find a sig-
nificant difference in PANSS between groups, 
including negative symptoms. Chang et al. exam-
ined the effects of tDCS with 2-mA, twice-daily 
sessions for five consecutive days, with anodal 
stimulation over F3 and cathodal over TP3 [40]. 
They did not find significant changes in the posi-
tive or negative schizophrenia symptoms; how-
ever, the levels of insight into illness were largely 
promoted by 5 days of transcranial direct current 
stimulation relative to sham treatment.

Gomes et  al. [37] investigated the effects of 
bifrontal tDCS (anode: left DLPFC, cathode: 
right DLPFC) in 15 patients with negative symp-
toms as primary outcome and reported a signifi-
cant reduction of negative and general subscales 
after active tDCS, however, depression ratings 
(Calgary Depression Scale in Schizophrenia, 
CDSS) did not change after active tDCS com-
pared to sham tDCS.

Kurimori et al. [41] conducted an open-label 
study with 9 patients with negative symptoms 
and found a significant reduction of the negative 
subscale of the PANSS but not in the other sub-
scales after 5x anodal tDCS over the left DLPFC 
with the cathode over the right deltoid muscle. 
An RCT by Palm et  al. [42] with 20 patients 
receiving either active or sham tDCS over the left 
DLPFC reported a significant reduction of nega-
tive symptoms in the Scale for the Assessment 
of Negative Symptoms (SANS) and PANSS after 
10 sessions of active tDCS compared to sham 
stimulation.

24 Schizophrenia: Negative Symptoms
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Two recent randomized sham-controlled 
clinical trials with very similar methodologies 
had a larger sample size [43, 44]. They used 
tDCS with anode over F3 and cathode over TP3, 
totalizing 10 sessions with 2 mA, twice a day, 
on 5 consecutive days. The first, Kantrowitz 
et  al., measured the decrease of auditory hal-
lucinations as primary outcome, and Valiengo 
et  al. measured the negative symptoms. Both 
studies have the largest sample size using tDCS 
for schizophrenia so far (89 and 100, respec-
tively). Kantrowitz et  al. showed improvement 
in the auditory  hallucinations but not in the neg-
ative symptoms. On the other hand, Valiengo 
et  al. demonstrated the opposite, only efficacy 
in negative symptoms measured by the nega-
tive subscale of PANSS (Fig.  24.1). One pos-
sible explanation for these differences is the 
inclusion criteria. Kantrowitz et  al. used the 
presence of moderate-to-severe auditory hallu-
cinations symptomatology for eligibility, while 
Valiengo et al. did not (only 36% of patients had 
hallucinations). The opposite is true for nega-
tive symptoms: Valiengo et al. used a minimum 
of 20 points in negative subscale of PANSS for 
eligibility (mean 25.05  ±  3.7) and Kantrowitz 
(mean 17.3 ± 5) did not use the scale.

One recent meta-analysis addressed the 
effects of tDCS in schizophrenia [45]. Regarding 
negative symptoms, 9 studies with 313 patients 
showed that only studies using at least 10 ses-

sions of tDCS (7 studies, 257 patients) had reduc-
tion of negative symptoms.

There are several studies without clini-
cal improvement as primary outcome criterion 
although reporting on clinical efficacy as well. 
These studies primarily refer to an improvement 
of cognition, neurophysiological parameters, 
or cigarette craving in schizophrenia patients 
by tDCS. Cognition was investigated in a trial 
by Nienow et al. [46]. The authors found a sig-
nificant improvement of cognitive functions in a 
word and picture 2-back test and the MATRICS 
Consensus Cognitive Battery (MCCB) after 
anodal compared to sham tDCS in 10 patients. 
Vercammen et al. [47] conducted a randomized 
placebo-controlled study in 20 schizophrenia 
patients who were treated with a single session 
of active and sham tDCS with the anode over the 
left DLPFC (F3) and the cathode contralateral 
supraorbital (Fp2) before undergoing a probabi-
listic learning test (cue and outcome reaction). 
They found no tDCS effect in the whole sample, 
however, patients with adequate performance at 
baseline showed a significant improvement of 
performance in the following tests. Hoy et  al. 
[48] assessed changes of working memory after 
tDCS in a crossover trial in 18 schizophrenia 
patients. Prefrontal tDCS (anode F3, cathode 
Fp2) was delivered in two active (1 and 2 mA) 
and sham condition and led to improvement of 
working memory in the n-back task up to 40 min 
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after 2 mA active tDCS compared to sham and 
1 mA tDCS. Ribolsi et al. [49] investigated the 
effect of left and right hemisphere tDCS on 
spatial pseudoneglect in a sample of 15 schizo-
phrenia patients and found that anodal stimula-
tion of the right parietal cortex (P4) normalized 
the pseudoneglect bias in the line bisection task. 
Göder et  al. [50] applied slow-oscillating tDCS 
(so-tDCS, 0.75 Hz, anodes F3/F4, cathodes mas-
toids) during sleep stage 2  in 14 schizophrenia 
patients and found a significant improvement 
of the Rey Auditory–Verbal Learning Test after 
active stimulation compared to sham. Rassovsky 
et al. [51] randomized 36 schizophrenia patients 
to either receive anodal, cathodal, or sham tDCS 
over both prefrontal cortices (F1/F2) with the 
reference at the right upper arm. They found no 
superiority of any condition after a single session 
of tDCS in four different cognitive tests except 
for an intragroup effect in facial recognition in 
the active tDCS group. Bose et al. [52] reported a 
reduction of auditory hallucinations by 32% and 
an increase in insight by 156% in an open-label 
study with 21 patients after 10  ×    2  mA tDCS 
with the anode over left frontal areas and the 
cathode over the left temporo-parietal junction.

The impact of tDCS on neurophysiological 
changes in schizophrenia patients was assessed 
by Reinhardt et al. [53] with an investigation into 
the impact of tDCS on EEG-related error-related 
mismatch negativity (ERN) over frontal brain 
regions in a visual learning task as a predictor 
of error signaling in the brain of 19 schizophre-
nia patients and 18 healthy controls. They found 
a reduced ERN in patients compared to healthy 
controls indicating impaired prediction error cal-
culation in patients and slower response and less 
accuracy in patients compared to healthy con-
trols. Anodal tDCS over the mediofrontal cortex 
(FCz) boosted ERN amplitude in both schizo-
phrenia patients and healthy controls, compared 
to sham stimulation. In schizophrenia patients, 
velocity and accuracy of the visual learning 
task after active stimulation was similar to the 
sham stimulation results of the healthy controls. 
Subramaniam et al. [54] conducted an open-label 
study in 13 patients with schizophrenia, treated 
with 10 sessions of 2 mA tDCS with the anode 

over F3 and the cathode over Tp3. They reported a 
significant reduction in antisaccade error percent-
age (eye-tracking antisaccade task) and severity 
of auditory verbal hallucinations. Jeon et al. [55] 
also assessed the effects of tDCS on cognition in a 
randomized sham-controlled clinical trial with 56 
patients with schizophrenia. Each group received 
30 min of active 2-mA tDCS or sham stimulation 
over the dorsolateral prefrontal cortex (anode 
F3, cathode F4) once per day for 10 consecutive 
weekdays. There was a significant improvement 
of working memory (using the Measurement and 
Treatment Research to Improve Cognition in 
Schizophrenia Consensus Cognitive Battery) and 
overall scores in the real-tDCS group compared 
to the sham- tDCS group. The authors also found 
improvement of depression scores but not differ-
ences in negative symptoms.

Lindenmayer et al. [56] examined the efficacy 
and safety of 20 sessions of tDCS (cathode over 
TP3 and anode between F3 and FP1) for 4 weeks 
for auditory hallucinations and cognition in hos-
pitalized ultratreatment-resistant schizophrenia. 
Twenty-eight participants were enrolled (tDCS, 
n = 15; control, n = 13) and 21 participants com-
pleted all 4 weeks of the trial with a significant 
reduction for the auditory hallucination total 
score, but when assessing cognitive functioning, 
only Working Memory showed improvement for 
the tDCS group with no differences in other psy-
chiatric measures like overall PANSS or negative 
symptoms.

Orlov et  al. [27] performed a double-blind, 
sham-controlled study of 49 patients with schizo-
phrenia, using real or sham tDCS stimulation 
groups. Subjects (24  in active and 25  in sham 
groups) participated in 4 days of cognitive train-
ing (days 1, 2, 14, 56) with tDCS applied at day-1 
and day-14. The primary outcome measure was 
change in accuracy on working memory and 
implicit learning tasks from baseline. The work-
ing memory task demonstrated a significant mean 
difference in active group, while there were no 
significant effects of tDCS on implicit learning.

Cigarette craving, cognition, and clini-
cal symptoms were assessed in a randomized 
placebo- controlled trial by Smith et al. [57] with 
37 schizophrenia patients. They investigated the 
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effects of prefrontal tDCS on psychiatric symp-
toms (PANSS), hallucinations (PSYRATS), ciga-
rette craving, and cognitive tasks (MCCB). Only 
cognitive improvement could be detected after 
five sessions of 2 mA prefrontal tDCS (anode F3, 
cathode, Fp2), whereas psychiatric symptoms 
(including negative symptoms) and cigarette 
craving did not change in the active group com-
pared to sham.

Furthermore, two studies investigated the 
effects of pharmacological interaction and 
tDCS in schizophrenia patients. The impact of 
 antipsychotic medication on the effects of tDCS 
was investigated by Agarwal et al. [58] in an open- 
label study in 36 patients individually treated with 
various antipsychotics. After 10 sessions of 2 mA 
tDCS, they found less improvement of auditory 
hallucinations in female patients treated with 
high D2-receptor affinity antipsychotics com-
pared to low D2-receptor affinity antipsychotics.

The impact of tobacco smoking on tDCS 
effects on auditory hallucinations was inves-
tigated by Brunelin et  al. [59] in an open-label 
study. They found a lower effect of tDCS on the 
improvement of auditory hallucinations in smok-
ers than in nonsmokers.

 Adverse Events
No specific treatment-emergent adverse effects of 
tDCS in schizophrenia trials have been reported 
so far.

24.3  Conclusions and Future 
Directions

This chapter provided an overview of the clini-
cal evidence of tDCS efficacy in the treatment 
of negative symptoms in schizophrenia. In many 
studies, tDCS is investigated as an augmentative 
option to standard treatments in order to boost 
their response. Studies using tDCS as a stand- 
alone treatment or a replacement therapy for 
psychopharmacology are lacking. tDCS devices 
are affordable, portable, and easy to handle. 
Compared to other brain stimulation techniques 
like rTMS, these unique features provide the pos-
sibility of remotely supervised home treatment 

[60]. This could reduce the time spent in clinical 
setting, enhance patients’ autonomy and adher-
ence to the treatment, and reduce frequency of 
rehospitalization by continuously self-applied, 
but remotely supervised treatment. It is supposed 
that improvement of cognition and avolition 
leads to supporting effects in the occupational 
and psychosocial rehabilitation and delays the 
usually early onset of disability. Furthermore, 
tDCS could improve impaired illness awareness 
(IIA) in schizophrenia patients. IIA is referred 
to a disturbed interhemispheric connectivity 
between both posterior-parietal areas (PPA) and 
their DLPFC interconnections [61]. A recent 
tDCS study was able to modulate the PPA activ-
ity by anodal and cathodal stimulation albeit 
there was no improvement in IIA after a single 
tDCS session [62]. Anodal stimulation over the 
left DLPFC and cathodal stimulation over the 
left temporo-parietal junction (montage for the 
treatment of auditory verbal hallucinations) have 
shown some positive results in improving IIA 
[40, 52].

Generally, most trials presented good method-
ology, in terms of randomization, blinding, sham 
control, and definition of primary outcomes. 
However, several exploratory or proof of con-
cept studies are lacking adequate control groups, 
rigor of protocols, and sufficient study duration 
including lack of follow-up phases. Except for 
one study [43], all clinical trials had very small 
sample sizes. Therefore, many non-significant 
findings might have occurred due to a type II 
error, that is, a false-negative finding, due to an 
underpowered trial.

Consensus papers recommend a 12-week 
treatment period in a clinically stable sample, 
that is, persistent negative symptoms for at least 
6 months [3, 63]. This is a crucial problem in the 
design of a large tDCS trial as the patient must 
return daily to a clinical center. This obstacle 
could be alleviated by remotely supervised tDCS 
home administration. However, regarding the dif-
ficulties in adherence in this special population, 
domiciliary support by a member of the study 
group could be necessary. Furthermore, funding 
issues are an obstacle in trial design due to the lack 
of industrial funding. To date, tDCS is not used as 
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a substitution therapy for psychopharmacology. 
Add-on treatment could shadow tDCS effects 
during concomitant drug therapy. Moreover, it 
is still unknown which tDCS parameters (e.g., 
electrode placement, electrode size, dose, session 
duration, number of sessions, interval between 
sessions, and duration of maintenance treatment) 
are associated with sustained efficacy.

One issue is the efficacy at long term. There 
are not studies regarding maintenance and 
 follow- up strategies. This would be very impor-
tant in the future to decide the best use of tDCS 
in schizophrenia.

To conclude, in the past years, the amount 
of clinical trials investigating tDCS efficacy in 
schizophrenia has grown exponentially. Results 
have been particularly promising in improvement 
of negative symptoms, auditory verbal hallucina-
tions, and cognitive functions. As the interactions 
between these main features of schizophrenia are 
complex and multidimensional, it is questionable 
to focus on a specific symptom or part of the dis-
ease. Therefore, tDCS studies in schizophrenia 
are likely to report an add-on benefit exceeding 
the primary study outcome.
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OCD, Anxiety Disorders, and PTSD

Giordano D’Urso and Renata de Melo Felipe Silva

25.1  Introduction

Obsessive-compulsive and related disorders, 
anxiety disorders, and trauma-related disorders 
are considered three different groups of psychiat-
ric conditions and are described in three different 
chapters of the last edition of the Diagnostic and 
Statistical Manual of Mental Disorders (DSM-5) 
[1]. However, these disorders share some impor-
tant clinical features, including increased per-
ception of thread, worry, harm avoidance, and 
neurovegetative hyperarousal. These similarities 
probably account for the shared response to treat-
ments such as selective serotonin reuptake inhibi-
tors (SSRIs) and cognitive behavioral therapy 
(CBT). Taken together, they have a 12-month 
period prevalence of approximately 14% and a 
lifetime prevalence of approximately 21% in the 
general population, with extremely high costs for 
the community [2]. Moreover, these disorders 
can display high rates of partial or no response 
to first- and second-line treatments [3] and can 
lead to high levels of personal suffering, social 
dysfunction, and family burden, which are com-

parable to those found in schizophrenia [4]. In 
the last years, the greater availability of neuro-
modulation techniques in psychiatric settings [5] 
has facilitated the research on tDCS not only as a 
possible treatment of these disorders, but also for 
the elucidation of their mechanistic aspects [6]. 
In this chapter, we focus on the rationale of using 
tDCS for the treatment of obsessive-compulsive 
disorder (OCD), post-traumatic stress disorder 
(PTSD), and anxiety disorders and we review the 
available clinical data and published scientific 
literature.

25.2  OCD

It has been proposed that OCD symptoms results 
from aberrant functioning of cortico-striato- 
thalamo- cortical circuitry including the medial 
prefrontal cortex (MPFC), the supplementary 
motor area (SMA), the anterior cingulate cor-
tex (ACC), the dorsolateral prefrontal cortex 
(DLPFC), the orbitofrontal cortex (OFC), and the 
basal ganglia [7, 8]. This model inspired the use 
of neuromodulation techniques for the treatment 
of patients with OCD. Indeed, deep transcranial 
magnetic stimulation, a variant of repetitive tran-
scranial magnetic stimulation (rTMS), using a 
less focal coil to target midline regions (MPFC 
and ACC), has been approved by the US Federal 
Drug Administration (FDA) for the treatment of 
OCD, based on a randomized placebo-controlled 
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multicenter trial [9, 10]. While rTMS has shown 
promising results, tDCS has been less investi-
gated for the treatment of OCD. Therefore, ques-
tions about which area(s) should be targeted by 
tDCS and which parameters should be used still 
need to be addressed.

Several uncontrolled studies (case reports, 
case series and open-label studies) and three ran-
domized clinical trials have evaluated tDCS as 
a treatment for OCD patients. The uncontrolled 
studies reported on adult patients, with a primary 
diagnosis of OCD and presenting comorbidi-
ties [11–14]. Most of them were on medication 
and had failed at least one first-line treatment. 
Concerning treatment parameters, in the different 
studies the number of sessions ranged from 10 
to 20, once or twice a day. The anode was posi-
tioned over the neck, the pre-SMA, right occipi-
tal cortex, cerebellum, deltoid muscle, FP1 and 
F3 (according 10–20 EEG system), whereas the 
cathode was positioned over the F3, FP1, FP2, 
F4, pre-SMA, deltoid muscle, left OFC, and 
right supraorbital area [15]. Response to treat-
ment ranged from no change in baseline YBOCS 
scores to 80% of improvement. It is important to 
evaluate the limitations of these studies, including 
sample size and bias publication of case reports.

Considering the controlled studies, the profile 
of the selected patients was similar to the one of 
the uncontrolled reports. D’Urso et al. [16] con-
ducted a crossover trial evaluating cathodal ver-
sus anodal stimulation over the pre-SMA of adult 
patients with a primary diagnosis of OCD. The 
patients received 20 min of 2 mA tDCS sessions 
during 20  days of cathodal or anodal stimula-
tion over the pre-SMA, and the other electrode 
placed over the right deltoid. If patients showed 
improvement or no change in OCD symptoms, 
the research on tDCS not only as a possible treat-
ment of these disorders, but also for the after 10 
sessions, they were maintained on the same cur-
rent polarity for 10 additional sessions. In case 
of worsening after the first 10 sessions, subjects 
were switched to the other polarity for 10 addi-
tional sessions. The authors found that cathodal, 
but not anodal tDCS, over the pre-SMA, was 
associated with improvement of OCD symp-

toms. At the end of the study (4 weeks), the mean 
YBOCS scores of patients who underwent cath-
odal tDCS has decreased, while there was no 
difference between pre-post stimulation in the 
anodal tDCS.

The second published RCT was a randomized, 
double-blind, sham-controlled trial evaluating 
the efficacy of anodal tDCS over the pre-SMA 
and the cathode over the right supraorbital area 
[17]. Twenty-five adult patients who had not 
responded to at least one SSRI were randomized 
to receive sham stimulation or active tDCS. The 
sessions were conducted twice a day, on five con-
secutive days during 20 min. The authors found 
that active treatment was superior to sham based 
on an international expert consensus of response 
criteria (35% reduction in the baseline YBOCS 
total score with a CGI-I score of 1 (very much 
improved) or 2 (much improved)). After 10 days 
of follow-up (from baseline to primary outcome), 
the authors found that 4 out of 12  in the active 
tDCS group versus 0 out of 13 in the sham group 
had attained the response status.

While the two first RCTs targeted the pre-
SMA (anodal and/or cathodal stimulation), 
the most recent study used a different target. 
This was a randomized shamcontrolled dou-
ble-blind study on 21 patients with treatment-
resistant OCD. TDCS protocol consisted in 
ten 20-min sessions (two sessions per day) of 
either active (2 mA) or sham tDCS over OFC 
(cathodal stimulation) and right cerebellum 
(anodal stimulation). Compared with the sham 
tDCS, active tDCS significantly decreased 
OCD symptoms immediately after the 10th 
tDCS session. However, no significant differ-
ences were observed between the groups in 
terms of changes in YBOCS score one and 3 
months after tDCS [18].

Interestingly, even if electrode montages 
largely vary across published reports, computer 
modeling of electric fields (EFs) induced by 
tDCS showed that the used montages can be 
grouped into two main patterns [19]. One pat-
tern can be identified as “focal montages,” with 
EFs concentrating in the prefrontal cortex, and 
the other one as “diffuse montages,” with wide-
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spread EFs over several cortical areas. Although 
for both categories of montages, symptoms 
reduction has been reported, the results are 
mixed and sometimes conflicting, probably due 
to differences in other stimulation parameters 
(i.e., current intensity, number of sessions, ses-
sion duration, and interval between sessions) so 
that it was not possible to conclude on which 
montage type may generate greater benefits for 
OCD patients [6]. Of note, in a case report, elec-
troconvulsive therapy (i.e., the least focal brain 
stimulation technique) was shown to selectively 
revert OCD-related brain function abnormalities 
while inducing a dramatic clinical improvement 
[20] making it questionable the importance of 
targeting tDCS to the OCD regions. Hence, 
future trials are needed to determine the efficacy 
of tDCS in OCD and investigate the best elec-
trode position, with larger samples and longer 
periods of follow-up. Regarding the methodol-
ogy of such future tDCS trials, we suggest to 
include: (a) elderly patients, (b) subjects with 
less severe OCD, (c) treatment- naïve patients, 
(d) the assessment of the combined effect of 
tDCS and CBT.

25.3  PTSD

Brain regions involved in the anxiety network 
including the amygdala, hippocampus, ven-
tromedial prefrontal cortex (vmPFC), dorsal 
anterior cingulate cortex (dACC), and the insu-
lar cortex somewhat overlap with the network 
involved in the acquisition of fear and its extinc-
tion, particularly relevant to PTSD [21]. PTSD 
patients seem to have deficits in extinction learn-
ing and/or recall [22], impairments that seem to 
be acquired after having developed PTSD [23]. 
It has been suggested that the deficit in recall 
extinction could explain the maintenance of 
PTSD symptoms and/or relapse following treat-
ment [24]. In terms of neural correlates, this 
impaired ability for extinction memory has been 
linked with less activation in the vmPFC and the 
hippocampus and higher activation in the amyg-
dala and the dACC [22].

If we understand the circuit and its maladap-
tive plastic changes, we can formulate and test 
hypotheses about the therapeutic efficacy of 
selective manipulation of these brain regions and 
networks. This can be achieved by using neuro-
modulation techniques attempting to reestablish 
homeostatic balance and healthy patterns of 
information processing. More specifically, if we 
can find ways of enhancing fear extinction mem-
ory in the laboratory within samples of healthy 
participants and replicate them in clinical popu-
lation, we could consider these tools as potential 
adjuncts to augment the memory trace formed 
during exposure therapy, which could ultimately 
lead to a decrease in symptoms severity and a 
lesser likelihood of relapse.

The combination of tDCS and exposure ther-
apy, as already shown for the combination of 
tDCS and CBT in depression [25], might have 
a synergistic effect in producing a clinical result 
in PTSD.  The principle of the two interven-
tions is the same: promoting the memory trace 
being formed during exposure therapy so that it 
becomes stronger. Because PTSD is well known 
for the deficit in recall extinction, enhancing 
extinction could benefit patients suffering from 
this disorder as well as from those anxiety disor-
ders which share this cognitive feature. Clearly, 
this idea taps into the neural mechanisms of fear 
extinction that are relevant to some but certainly 
not all features and symptoms of PTSD.

Evidence for modulation of fear learning and 
extinction using tDCS remains scarce. In one 
study; cathodal stimulation of the left DLPFC 
led to an inhibitory effect on fear memory con-
solidation compared to anodal and sham stimula-
tions, as indicated by decreased skin conductance 
response to the conditioning stimulus presenta-
tion during extinction training at day 2. Hence, 
this study suggests that left DLPFC cathodal stim-
ulation interferes with processes of fear memory 
consolidation [26]. Furthermore, tDCS has been 
used in combination with a computerized work-
ing memory training in four patients suffering 
from both PTSD and poor working memory. This 
combined treatment led to the improvement of 
the cognitive and emotional disturbances as well 
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as to the change of the neurophysiological mea-
sures which are usually found altered in PTSD, 
such as the P3a component of event-related 
potentials (ERP) in response to novelty stimuli 
and the alpha peak frequency [27].

One randomized clinical trial evaluated 40 
participants with PTSD who were assigned to 
receive either 10 tDCS sessions delivered at 
2 mA to the right (cathode) and left (anode) dor-
solateral prefrontal cortex (DLPFC) or 10 sham 
[28]. Active stimulation demonstrated a signifi-
cant reduction in PTSD, depression, and anxi-
ety symptoms compared to sham stimulation. 
However, there was no difference between active 
and sham tDCS on re-experiencing sub-symptom 
and avoidance behavior. Despite initial studies, 
we need a better understanding of how different 
tDCS parameters impact the PTSD circuitry to be 
able to design hypothesis-driven trials and con-
firm both safety and clinical efficacy.

25.4  Anxiety

Anxiety disorders include generalized anxiety 
disorder, selective mutism, specific phobia, social 
anxiety disorder (social phobia), panic disorder, 
agoraphobia, generalized anxiety disorder, sub-
stance/medication-induced anxiety disorder, and 
anxiety disorder due to another medical condi-
tion. Considering the wide range of symptoms 
and mechanisms involved, it is challenging to 
choose a target for neuromodulation treatments.

Anxious patients typically show negative 
biases in perception and memory, and such 
biases in emotional processing are believed to 
play a fundamental role in the maintenance of 
anxiety disorders. Coherently, the cognitive neu-
ropsychological model of antidepressants action 
assumes that in anxiety disorders, such treatments 
work by reversing negative cognitive biases [29]. 
Following the administration of anxiolytic and 
antidepressant treatment, early changes in emo-
tional processing have been observed in healthy 
subjects and clinical groups; specifically, the cog-
nitive changes might be predictive of later thera-
peutic response in patients [30].

In addition, attentional control is highlighted 
in models of trait anxiety [31] and DLPFC activ-
ity has been negatively correlated with trait 
anxiety in neuroimaging studies examining 
attentional control over emotional and non-emo-
tional stimuli [32]. This suggests that modulat-
ing DLPFC activity has the potential to causally 
modify attentional control, which has relevance 
to trait anxiety.

In fact, in a study by Heeren et al., tDCS to 
the DLPFC led to reduced vigilance to threat-
ening stimuli in healthy subjects [33]. In this 
study, the attentional bias (faster reaction times) 
to fearful faces was present in the sham tDCS 
group, whereas in the active tDCS group, it was 
reversed, likewise with antidepressant and anx-
iolytic treatment [34]. Specifically, the bipolar-
balanced montage (anode on the left DLPFC 
and cathode on the right DLPFC) significantly 
abolished the normal pattern of fear vigilance 
observed in the sham condition and suggests 
that intervening bilaterally, to change activity in 
both left and right DLPFC, may be critical for 
the observed anxiolytic-like effects. The above 
results in healthy volunteers reveal an anxiolytic-
like effect of DLPFC tDCS on a cognitive bio-
marker relevant to clinical anxiety and indicate 
a potential neurocognitive mechanism (reduced 
fear vigilance) that may partially mediate the 
clinical efficacy of prefrontal tDCS in anxiety 
disorders [35].

One more evidence that subjects with anxiety 
disorders show an attentional bias for threat is 
that attention bias modification (ABM) proce-
dures have been found to reduce this bias. Results 
indicate that combining ABM and anodal tDCS 
over the left DLPFC reduces the total duration 
that participants’ gaze remains fixated on threat, 
as assessed using eye-tracking measurement. 
As the tendency to maintain attention to threat 
is known to play an important role in the main-
tenance of anxiety, these findings suggest that 
anodal tDCS over the left DLPFC may be con-
sidered as a promising tool to reduce the mainte-
nance of gaze to threat [33].

The next logical step is to assess whether an 
enduring therapeutic effect can be found and if 
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early neurocognitive changes in patients can pre-
dict response to treatment of anxiety. In a case 
report on the effect of tDCS in GAD, Shiozawa 
et al. [36] performed 15 consecutive daily tDCS 
sessions in 3 weeks (except for weekends). The 
cathode was positioned over the right DLPFC 
and the anode was placed extracephalically over 
the contralateral deltoid. In each daily session, a 
direct current of 2.0 mA for 30 min was adminis-
tered. Anxiety symptoms substantially improved 
during the 15-day treatment course. After 1 month 
of treatment, the patient was asymptomatic and 
reported significant clinical improvement. The 
use of cathodal stimulation over the right DLPFC 
was chosen based on recent neuroimaging and 
brain stimulation studies.

In the tDCS case study, cathodal stimulation 
over the right DLPFC might have diminished 
neuronal activity in this area, secondarily modu-
lating other cortical and subcortical structures 
involved in GAD pathophysiology, such as the 
medial prefrontal cortex, the amygdala, and the 
insula [37]. It is also possible that the left DLPFC 
was secondarily modulated by the decrease in 
activity of the right DLPFC.

One recent systematic review of controlled and 
uncontrolled studies evaluating tDCS in anxiety 
symptoms and disorders found that most studies 
used anodal stimulation over the left DLPFC [38]. 
If bilateral stimulation was adopted, the cathodal 
electrode was placed over the right DLPFC. This 
study suggests that DLPFC has a major role in 
anxiety behaviors, and the imbalance between 
the right and left DLPFC may contribute to some 
anxiety symptoms.

25.5  Conclusion

Despite an intriguing rationale and some encour-
aging preliminary results, the use of tDCS in 
OCD, that is, obsessive-compulsive disorder, 
anxiety disorders, and PTSD is still in its infancy, 
and many mechanistic as well as clinical ques-
tions remain to be answered. In OCD, the posi-
tive results of the three randomized clinical trials 
published so far should be replicated using larger 

samples and longer follow-ups. Moreover, while 
the available trials mostly include treatment- 
resistant subjects, future studies should aim to 
assess the tDCS effect also in less severe condi-
tions and look for potential response predictors, 
as was done for depressed patients [39]. Finally, 
considering the efficacy of CBT in OCD, and the 
well-known pro-cognitive effect of tDCS, the 
systematic exploration of the potential synergis-
tic effect of the two interventions is paramount. 
Regarding tDCS in PTSD and anxiety disorders, 
the lack of randomized clinical trials involving 
patients with these disorders should be remedied 
as soon as possible, considering the great poten-
tial of tDCS in these conditions, as suggested by 
non-clinical studies and as reported by clinicians 
using tDCS in their clinical practice.
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26.1  Introduction

Substance-related and addictive disorders 
(SRADs), including alcohol, cannabis, gambling, 
and stimulant use disorders, are characterized 
by maladaptive behaviour or dysfunctional use 
of a substance that leads to clinically distressing 
consequences (e.g. craving, health issues, inter-
ference with work, school, or personal life) [1]. 
SRADs are difficult to treat, and relapse remains 
a big issue despite available pharmacological 

and behavioural treatments. Crucially, cognitive 
deficits (e.g. cognitive biases, deficits in executive 
functions) can predict relapse [2]. Hence, improv-
ing cognitive functions is a promising therapeutic 
option for dealing with craving and relapse [2]. 
Cognitive deficits can be present before the onset 
of SRADs and worsen with chronicity [3]. Yet, not 
all patients with SRADs present the same cognitive 
profile, as they can vary across diagnoses and as 
a function of comorbidities [2]. More specifically, 
a meta-analysis found that patients with alcohol 
and stimulant use disorders particularly present 
impaired cognitive flexibility; patients with can-
nabis and 3,4-methylenedioxy- methamphetamine 
(MDMA) use disorders predominantly display 
impairments in complex planning and processing 
speed; patients with opioid use disorder mostly 
demonstrate reasoning impairments, and patients 
with cannabis and methamphetamine use disor-
ders mainly show memory deficits [4].

Within this context, transcranial current stimu-
lation (tCS) over the dorsolateral prefrontal cortex 
(DLPFC) has been successfully used to strengthen 
cognitive functions [5–14] and help patients resist 
craving and avoid relapse. Given such evidence, an 
overview of which cognitive functions have been 
successfully improved in patients with SRADs 
can inform clinical practice and help develop new 
interventions. Hence, this chapter reviews studies 
that examined tCS- induced effects on cognitive 
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functions relevant to SRADs, namely, cognitive 
bias and executive functions. The relationship 
between cognitive functions and craving, mood, 
and stress is also discussed. All included stud-
ies are sham- controlled, randomized, blinded, 
and used transcranial direct current stimulation, 
unless otherwise stated (Table 26.1).

26.2  tCS Effects in Cognitive 
Functions in SRADs

Several studies assessed the effects of tCS on 
cognitive functions in SRADs. These can be 
divided into two main categories: studies on 
implicit cognitive functions, for example, cog-
nitive bias, and studies on explicit cognitive 
functions, for example, executive functions (see 
Fig. 26.1; Table 26.1).

26.2.1  tCS Effects on Cognitive 
Biases in SRADs

Some patients with SRADs are aware that their 
addictive behaviour is detrimental, yet they still 
carry it out despite the negative consequences. 
One way to explain this behaviour is by taking 
into account implicit cognitive functioning such as 
cognitive biases. Cognitive biases are automatic, 
implicit, and favourable processing of certain 
stimuli (e.g. external cues) over others [15]. Two 
major forms are approach bias and attentional 
bias. Approach bias happens when patients are 
quicker to approach rather than avoid cues [15]. 
Attentional bias occurs when patients display 
biased attention towards cues, which can increase 
craving [16]. Seven studies assessed the effects 
of tCS on cognitive biases [5, 6, 13, 14, 17–19] 
in alcohol and methamphetamine users. Four of 
these studies found significant reductions in cog-
nitive biases when targeting the bilateral DLPFC 
[5, 6, 13, 14], as well as the DLPFC and shoul-
der [6]. In particular, two studies found reduced 
approach biases in alcohol users when placing 
the anode over the right and cathode over the left 
DLPFC [5] and vice versa [13]. Also, one of these 
studies combined tCS with a cognitive bias modi-

fication protocol [13]. In addition, one study found 
decreased attentional biases in tobacco smokers 
when patients received real transcranial alternating 
current stimulation (tACS) paired with attentional 
bias modification as compared to sham tACS with 
attentional bias modification training, as shown by 
decreased time observing smoking-related stimuli 
measured with an eye tracker [14]. Further, a single 
study reported decreased attentional bias towards 
drug cues in abstinent, treatment-seeking patients 
with methamphetamine use disorder [6]. Patients 
performed a probe detection task before and after 
they received two 13-min tCS sessions. Patients 
were randomly assigned to one of six groups with 
different electrode montages: (1) anode over the 
left DLPFC, cathode over the right shoulder; (2) 
anode over the right DLPFC, cathode over the left 
shoulder; (3) anode over the left DLPFC, cathode 
over the right supraorbital ridge; (4) anode over 
the right DLPFC, cathode over the left supraorbital 
ridge; and (5) anode over the left DLPFC, cathode 
over the right DLPFC. Sham condition consisted 
of electrodes over the right and left DLPFC. Of 
these, two groups displayed reduced attentional 
bias towards cues as measured by reaction times, 
that is, one group receiving anodal and cathodal 
transcranial direct current stimulation (tDCS) over 
the left and right DLPFC, respectively, and one 
group receiving anodal and cathodal tDCS over 
the left DLPFC and the shoulder, respectively.

26.2.2  tCS Effects on Executive 
Functions in SRADs

Higher order cognitive functions such as execu-
tive functions are believed to be impaired in 
SRADs [2, 3]. Some researchers purport that 
patients with SRADs have an imbalance between 
implicit and explicit processes, in which execu-
tive functions fail to control implicit urges. In line 
with this, a series of studies attempted to increase 
cognitive control to reduce addictive behaviour. 
Several studies have assessed the effects of tCS in 
SRADs on a wide range of executive functions, 
such as cognitive flexibility, decision-making, 
working memory, self-regulation, and selective 
attention (see Fig. 26.1; Table 26.1).
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Cognitive flexibility, also known as set- 
shifting, reflects the ability to adapt to different 
responses or situations [20]. Measuring cogni-
tive flexibility can be a useful marker of cogni-
tive control and possibly compulsivity [21]. Two 
studies reported improved cognitive flexibility 
following tCS over the DLPFC (anode over the 
left, cathode over the right DLPFC) in patients 
with methamphetamine use disorder [7] and 
gambling disorder (anode over the right, cath-
ode over the left DLPFC) [8]. More specifically, 
patients showed decreased perseveration errors 
and/or completed categories on the Wisconsin 
Card Sorting Task [22].

Decision-making encompasses evaluating 
potential outcomes and selecting the most appro-
priate option [23]. This ability can be impaired 
in patients with SRADs, in that they show a ten-

dency to choose immediate rewards (e.g. drug 
or monetary rewards) despite the possible detri-
mental consequences [24]. Up to now, six stud-
ies examined the effect on decision-making of 
tCS over the bilateral DLPFC across different 
SRADs, including cocaine [9], gambling [8], 
methamphetamine [7], tobacco [10, 11, 14], and 
cannabis [25] use disorders. Some studies applied 
the anode and cathode over the right and left 
DLPFC [8, 10], and vice versa [7], whereas some 
used both montages [9, 11, 25], and one used 
tACS to target both DLPFCs [14]. The first six 
studies reported improvements in various mea-
sures of decision-making (e.g. Balloon Analog 
Risk Task, Iowa Gambling Task, Game of Dice 
Task, Ultimatum Game, Columbia Card Task, 
Delay Discounting Task). The last study reported 
increased risky choices among patients with can-

Current treatments

Cognition

Implicit

tCS

Cognitive bias Executive function

Attentional bias
[6, 14, 17]

Approach bias
[5, 13, 18, 19]

Explicit

Target

Can be

influence

Includes Includes

Such as Such as

Might modulate

Cues &
Craving

Stress Mood

Can influence
Can

influence

Can
 in

flu
en

ce

Decision-making
[7-11, 14, 25]

Self-regulation
[7, 12, 29, 31]

Cognitive
flexibility [7, 8]

Selective attention
[33]

Working memory
[7, 29]

Fig. 26.1 Transcranial current stimulation and current 
treatments might be used to target implicit as well as 
explicit cognitive functions in substance-related and 

addictive disorders. Some other processes might be worth 
targeting as well, such as craving, mood, and stress, since 
they can influence cognitive functions and vice versa

26 Cognitive Functions in Substance-Related and Addictive Disorders
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nabis use disorder [25]. Nonetheless, this study 
demonstrated that these patients display differ-
ent decision-making processes as compared to 
healthy individuals for the same task [26].

Working memory refers to the ability to store 
and use short-term information [3, 27] which 
can influence other processes, such as decision- 
making. For instance, working memory training 
decreases delay discounting in patients with stim-
ulant use disorder [28]. Two studies evaluated the 
effects of tCS on working memory in patients 
with SRADs. The first one reported decreased 
response time and increased accuracy on the 
N-Back Task by applying tCS over the DLPFC 
(anode over the left and cathode over the right 
DLPFC) in methamphetamine use disorder [7]. 
The second study (which placed the electrodes 
over the ventromedial PFC and the DLPFC with 
reversed polarity) did not find significant effects 
on the N-Back Task [29].

Self-regulation reflects the ability to main-
tain ideal motivational, emotional, and cogni-
tive arousal, including inhibition and self-control 
[27]. Inhibition is the ability to control actions, 
thoughts, behaviours, and/or emotions to over-
come internal (e.g. craving) or external (e.g. 
cue- induced) desire [27]. Self-control reflects the 
ability to resist temptations and hastiness [27]. 
Low self-control is a hallmark of SRADs [1] as 
it may predispose individuals to the inability to 
control, reduce, or stop the addictive behaviour 
[30]. Four studies evaluated tCS-induced effects 
on response inhibition [7, 29, 31] and self-control 
[12]. Regarding response inhibition, one study 
applied tCS over the DLPFC (anode over the 
left DLPFC, cathode over the right DLPFC) and 
reported significantly increased accuracy of tri-
als and decreased reaction time on the Go/No-Go 
task [7]. The other two studies were conducted in 
patients with tobacco use disorder [29] and heavy 
drinkers (98.9% of individuals displayed alcohol 
use disorder) [31] but they did not report signifi-
cant tCS-induced effects. To note, one of these 
studies combined tCS with a mindfulness-based 
relapse prevention [31]. The effects of tCS on 

self-control were evaluated in a prospective study 
on patients with internet gaming disorder [12]. 
This was a single-arm, open-label study in which 
patients received 12 active tCS sessions (anode 
over the left and cathode over the right DLPFC) 
three times a week for 4  weeks. Patients dis-
played increased self-control, which correlated 
with decreased severity and time playing games 
as assessed by the Brief Self-Control Scale [12]. 
Interestingly, the tCS regimen was followed by 
a partial alleviation of the asymmetry of glucose 
metabolism between the two DLPFCs. Although 
speculative, this may reflect a better communica-
tion between the two DLPFCs, which could lead 
to increased self-control. Despite the promising 
results, randomized, sham-controlled studies are 
necessary to draw further conclusions.

Selective attention is demonstrated by the 
ability to maintain attentional focus on the envi-
ronment [27]. This function is closely related to 
working memory and attentional biases, since 
both require holding attention for some time [15, 
27]. In SRADs, selective attention predicts the 
motivation to engage in treatment [32]. Work by 
Xu and collaborators [33] found no effect of tCS 
on selective attention in patients with tobacco use 
disorder. The study used anodal and cathodal tCS 
over the left DLPFC and the right supraorbital 
area, respectively. The authors discussed that 
this may be due to spurious factors such as the 
fact that patients were abstinent overnight, which 
might influence tCS-induced effects on cortical 
excitability.

Two studies evaluated the effects of tCS on 
overall executive functions [34, 35], as assessed 
by the Frontal Assessment Battery, in patients 
with alcohol use disorder. Although the studies 
used different montages, neither of them found 
significant effects. Nevertheless, some limita-
tions of the studies should be mentioned. For 
one, one study presented differences in the base-
line amount of drinking between the active and 
sham groups [34]. Moreover, both studies had 
small sample sizes, which may reflect a lack of 
statistical power.

A. E. Bouchard et al.
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26.2.3  tCS Effects on Craving, Mood, 
and Stress in SRADs

Craving, mood, and stress also play a major role 
in SRADs. They can influence cognition and can 
be modulated by tCS [36] (see Fig. 26.1).

Craving is a complex process where individu-
als display a powerful urge or desire for a sub-
stance or an addictive behaviour (e.g. gambling, 
internet gaming) [1]. Craving can be triggered 
by external cues (e.g. a person, a place, or an 
object), as well as internal signals, such as mood 
or stress [37]. It is believed to play a central role 
in SRADs and constitutes one of the diagnostic 
criteria in the DSM-5 [1]. Several clinical studies 
confirmed that tCS over the bilateral DLPFC can 
decrease craving in SRADs (for reviews, see [36, 
38]). Yet, it remains to be seen whether this effect 
is due to a direct impact of the stimulation on 
craving or to an indirect effect which is second-
ary to an improvement of cognitive control [2].

Mood can also influence SRADs, since it 
can reinforce addictive behaviour [39]. For 
instance, anxious or depressive moods can influ-
ence cognitive functions such as self-control or 
decision- making and trigger craving and relapse. 
Therefore, improving mood might be one way to 
improve cognitive control to resist substances. 
Some evidence points to the effectiveness of 
tCS in improving mood in patients with SRADs 
[33, 40]. Two studies on tobacco use disorder 
found reduced negative affect following (1) 
anodal stimulation over the right (but not the left) 
DLPFC and cathodal stimulation over the right 
DLPFC [40] and (2) anodal stimulation over 
the left DLPFC and cathodal stimulation over 
the right supraorbital area [33]. In both studies, 
there were differences neither in craving, nor in 
cigarette consumption. To note, patients were 
abstinent for at least 6 [40] or 10 [33] hours, pos-
sibly suggesting the pertinence of testing in sated 
patients. Further, a preliminary study reported 
that tCS increased the perception of the quality 
of life in patients with online gaming disorder 

[12] (the details of this study are described in 
Table 26.1 as well as in a previous section about 
self-control).

Stress is a psychological and phenomenologi-
cal experience accompanied by a specific physio-
logical response [41]. Stress is purported to play a 
role in different stages of SRADs, from the initia-
tion of the addictive behaviour to its relapse [41]. 
Both stress and addictive disorders are thought 
to share a common neurophysiology, including a 
disrupted hypothalamic-pituitary- adrenal axis, as 
well as disrupted cognitive functions (e.g. selec-
tive attention, decision-making). In turn, both 
stress and addictive disorders may influence mood 
and cue reactivity, thereby increasing craving and 
probability of relapse. Furthermore, withdrawal 
symptoms themselves can cause stress for the 
individual. Thus, it is important to provide stress-
coping strategies for patients with SRADs. Some 
evidence indicates that one session of active tCS 
over the DLPFC (anode over left DLPFC; cath-
ode over right DLPFC), as compared to sham, 
can prevent a stress response (e.g. cortisol level) 
and decrease anxiety in healthy individuals that 
undergo psychosocial stress [42]. It remains to 
be seen whether tCS may be beneficial to stress 
reduction also in patients with SRADs.

26.3  Discussion

Taken together, there are some trends that allow 
us to observe a general picture. First, targeting the 
bilateral DLPFC appears to be the most effective 
tCS approach [5–10, 12–14], regardless of anode 
or cathode placement (see Table  26.1). This 
might suggest the importance of location and not 
laterality in SRADs [36], at least for cognitive 
functions. Second, decision-making was the most 
improved function across a variety of SRADs 
(tobacco, methamphetamine, gambling, cocaine 
use disorders, but not cannabis use disorder), 
which all targeted the bilateral DLPFC. Hence, 
there appears to be a link between targeting the 
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DLPFCs and ameliorated decision-making. 
One possible explanation is that tCS modulates 
the interhemispheric balance between the two 
DLPFCs that is needed for decision- making 
functions [43]. It might be interesting for future 
studies to examine any possible underlying 
mechanisms (e.g. using fMRI). Also, it might be 
worth examining whether tCS can modulate other 
cognitive functions that are impaired across dif-
ferent SRADs (e.g. cognitive flexibility in alco-
hol and stimulant use disorders, and reasoning 
in opioid use disorder [4]). Combining tCS with 
behavioural interventions such as cognitive bias 
modification, does not appear to lead to promis-
ing results for alcohol use disorder. This might be 
due to several factors, such as the motivation of 
the subjects (some were not treatment seeking, 
and therefore might not be motivated to reduce 
their drinking), or the study design (perhaps, 
there were too few sessions to induce changes). 
Interestingly, combining tACS with attentional 
bias modification decreased attentional biases, as 
well as improving decision- making and decreas-
ing craving in patients with tobacco use disorder. 
Although this was a proof of concept study [14], 
it nevertheless demonstrated the potential perti-
nence of combining these two interventions in 
SRADs.

Furthermore, a series of limitations of the 
reviewed studies should be taken into account. 
First, patient characteristics such as age and sex 
knowingly influence tCS-induced effects [44–47] 
but were not always properly considered. In addi-
tion, the pattern of substance use disorders is dif-
ferent in men and women. For example, most 
studies included samples with a majority of men 
or even men only. It would be important to include 
more women in studies. Importantly, it would be 
imperative to determine whether there are differ-
ences between sexes in tCS responses. Second, 
the majority of studies included detoxified and 
abstinent patients, while other stages of SRADs 
(e.g. sated, non-treatment seekers) remain unex-
plored. A recent study in non- treatment- seeking 
tobacco smokers suggested that sated patients 
responded better to tCS as compared to deprived 
patients, as reflected by a greater deactivation 
of the default mode network [29]. To support, 

acute nicotine in sated, as compared to abstinent, 
patients may present greater neural plasticity 
[48], thus, presumably they may respond more to 
tCS. Third, most studies did not include patients 
with comorbid disorders other than tobacco use 
disorder. Considering that comorbidities (e.g. 
mood disorders) are common in SRADs [49], it 
might be worth examining different subgroups. 
Fourth, the motivation to change, which is asso-
ciated with better response to tCS, remains 
unexplored [50]. Improving selective attention 
might be one way to improve motivation [32]. 
Also, greater motivation may relate to a better 
adherence to tCS regimens, which likely require 
several sessions in order to produce clinically 
meaningful improvements of symptoms [36]. 
Fifth, behavioural states before stimulation and 
individual differences in brain morphometry on 
the effect of tCS treatments should be considered 
[51]. For instance, we previously observed that 
behaviours and brain morphometry impacted 
tDCS changes on neural substrates in patients 
with gambling disorder. In one study, there 
were positive correlations between tCS-induced 
changes of neurotransmitter levels in prefrontal 
and striatal regions and gambling-related behav-
iours (i.e. craving, impulsivity, risk-taking) in 
patients with gambling disorder [52]. In another 
study, there were positive correlations between 
tDCS-induced elevations of prefrontal GABA 
levels and morphometry (volume and thickness) 
of the DLPFC in patients with gambling disorder 
[51]. In addition, the use of more objective and 
standardized outcome measures (e.g. a cue-pro-
voked paradigm for craving) would allow more 
direct comparisons across studies. Finally, future 
work could assess whether tCS can modulate 
other cognitive functions that may be relevant to 
SRADs, such as memory bias [53] and mindful-
ness [54].

26.4  Conclusion

In conclusion, tCS holds a strong clinical poten-
tial to improve cognitive functions when targeting 
the DLPFC.  Further work is needed to deter-
mine the most effective protocols. One interest-
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ing therapeutic avenue might be individualized 
treatments based on patient characteristics such 
as brain morphometry, age, and sex. Future stud-
ies could aim to optimize outcomes by combining 
tCS with medications or behavioural interven-
tions (e.g. cognitive behavioural therapy) in order 
to improve outcomes even more [36].
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27.1  Introduction

27.1.1  Substance Use Disorder or 
Drug Addiction

The substance use disorder – SUD (or drug use 
disorder)  – is a term adopted in the fifth edi-
tion of the Diagnostic and Statistical Manual of 
Mental Disorders [1] to describe the wide range 
of the disorder, ranging from a mild form to a 
severe state of chronically relapsing, compulsive 
drug taking. It refers to a maladaptive pattern of 
substance use leading to clinically significant 
impairment or distress and essentially character-
ized by a cluster of cognitive, behavioral, and 
physiological changes inducing the individual to 
continue the use of the substance despite signifi-
cant substance- related problems [1].

According to the DSM-5, addiction is a term 
in common usage to describe severe problems 
related to compulsive and habitual use of sub-
stances and may be clinically used to describe 

more extreme presentations of the SUDs. 
However, the term drug addiction may be inter-
changeably used with SUD in the scientific 
literature.

SUD is a serious health problem, constituting 
a significant burden for affected people and their 
families, with significant costs to society, includ-
ing loss of productivity, security challenges, 
criminality and illegality, and increasing health-
care costs, yielding a myriad of negative social 
consequences [1–3].

It is a chronic mental disorder characterized 
as progressive, incurable, but treatable, at least 
relatively, despite the significant consequences 
for the addicted subject. It is a disease that has its 
own evolution and constitutes an important risk 
factor for the development of other diseases and 
physical, cognitive and mental disabilities [4–6], 
and it can result in legal consequences for being 
involved with crime and even death, if there is no 
treatment and an appropriate approach.

According to UNODC (United Nations Office 
on Drugs and Crime) in its world drug report 
from 2019, it has been estimated that 271 mil-
lion people, or 5.5% of the global population 
aged 15–64 years, had used drugs at least once 
in 2017. This is 30% higher than it was in 2009. 
Also, in 2017, about 35 million people (almost 
13%) were estimated to be suffering from drug 
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use disorders, experiencing drug dependence 
and requiring treatment services [7]. It has been 
also estimated that, globally, in 2017, there were 
585,000 deaths and 42 million “healthy” life lost 
as a result of the use of drugs [7].

For people with drug use disorders, the avail-
ability and access to treatment services remain 
limited at the global level, as only one in seven 
people with drug use disorders receive treatment 
[7]. In many countries, treatment is only available 
in large cities, but not in rural areas. Moreover, 
in many places the treatments available are often 
not effective, not supported by scientific evi-
dence, and in some situations, are not even in line 
with human rights principles and are not volun-
tary. In highly developed countries, where there 
are evidence-based treatment programs, avail-
ability is often insufficient [7].

27.1.2  Why Is It So Difficult to Control 
the Use of an Addictive Drug?

An important characteristic of SUDs is an under-
lying change in brain circuits that may persist 
beyond detoxification, particularly in individuals 
with severe disorders [1]. The behavioral effects 
of these brain changes may be associated with 
the repeated relapses and intense drug craving 
when the individuals are exposed to drug-related 
stimuli [1].

After many years of scientific research, we 
now have a better understanding of drug addic-
tion as a complex, multifactorial, biological, and 
behavioral disorder. Nowadays we understand 
that there are brain mechanisms that play a cen-
tral role in the development and maintenance of 
behavioral signs and symptoms of drug use dis-
orders [1].

This is a condition that is established in a 
small proportion (around 10–13%), but numeri-
cally significant considering the severity of the 
consequences mentioned earlier, of those who 
experience a drug abuse for the first time [7, 8]. 

In these susceptible individuals, the repeated 
consumption of the substance induces a pattern 
of compulsive use subsequent to the loss of use 
control and the uncontrollable and imperative 
craving for the use of the substance, establish-
ing and maintaining an addictive, impulsive, 
and compulsive pattern of use, and therefore, a 
high risk for relapses to the consumption of the 
substance (Fig.  27.1), characterizing the use of 
excessive amounts and the loss of an excessive 
time in activities related to the drug.

At the same time, a series of changes occur 
in the organism under repeated exposure of the 
substance, promoting the development of toler-
ance and physiological dependence and the sub-
sequent signs and symptoms, in general quite 
unpleasant, of the withdrawal (withdrawal syn-
drome) of the drug when it is discontinued [7, 9, 
10] (Fig. 27.1).

The desire to use the drug can persist or be 
easily reactivated even after a long period of 
abstinence and lead to the resumption of regular 
use, despite a strong contrary intention to con-
trol or to stop using the substance. Over time, 
substance use becomes the highest priority in a 
person’s life, overlapping all other activities and 
interests, including family, work, and social life. 
The use persists in spite of the recurring inter-
personal and social problems, and even knowing 
that these situations are due to the use of the sub-
stance [7].

27.1.3  Is Drug Addiction 
an Executive Dysfunction?

For a long time, the understanding of the neurobi-
ological processes underlying drug addiction was 
primarily focused on limbic subcortical struc-
tures referred to as central reward system (see 
Nakamura-Palacios [11]). The central reward 
system is mainly constituted by the mesocorti-
colimbic dopamine (DA) pathway [12–19] join-
ing the ventral tegmental area (VTA) and the 
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Fig. 27.1 Drug dependence cycle: the direct rewarding 
effects through the brain reward circuit (VTA: ventral teg-
mental area, SN: substantia nigra, NAcc; nucleus accum-
bens, PFC: prefrontal cortex) following drug consumption 
reinforces the search for additional drug intake. The seek-
ing behavior is probably mediated by the mesocortical 
limbic system via a dopamine (DA) mechanism. This 

driving drug seeking behavior pursues to maintain the 
immediate central effects. The repetition of drug con-
sumption may induce a more compulsive pattern of drug 
use, eventually leading to a loss of control and establish-
ing the drug addiction with subsequent long-lasting risk 
for relapses
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nucleus accumbens (NAcc) [18, 20, 21], but it 
also includes the prefrontal cortex (PFC) [16, 17, 
22] (Fig.  27.1). This is a circuit that reinforces 
nonaddictive behaviors required for the survival 
of the individual (hunger and thirst) and the spe-
cies (reproduction) [18, 23]. The frontal cortical 
brain area gets progressively larger across ani-
mal evolution [24, 25], gaining more complex 
control over several brain functions in primates, 
particularly in human beings. When this cortical 
function is compromised, the cognitive control is 
halted, and the behavior may exhibit in its primi-
tive or in a stimulus-driven form [23].

The involvement of the frontal cortical struc-
tures in drug addiction started to gain more atten-
tion with the advance of neuroimaging evidence 
in human studies [23], identifying the key role 
of the PFC in the regulation of the limbic reward 
system and in its involvement in higher order 
executive function, such as self-control (emotion 
regulation and inhibitory control), salience attri-
bution and maintenance of motivation arousal 
need to engage in goal-driven behaviors, and 
self-awareness [9].

Different regions of the PFC are involved in 
drug addiction. The dorsal PFC, including the 
dorsal anterior cingulate cortex (dACC), dorso-
lateral PFC (dlPFC), and inferior frontal gyrus 
(IFG), would be implicated in top-down control 
and metacognitive functions; the ventromedial 
PFC (vmPFC), including subgenual anterior cin-
gulate cortex (sgACC) and medial orbitofrontal 
cortex (mOFC), in emotion regulation, including 
conditioning and assigning incentive salience to 
drugs and drug-related cues; and the ventrolateral 
PFC (vlPFC) and lateral OFC (lOFC) in auto-
matic response tendencies and impulsivity [9].

Thus, the deficiency in directing behavior 
toward an objective, for planning future actions, 
to solve problems and make decisions, to inhibit 
inadequate responses, and to modify an ongo-
ing behavior in face of new demands (behavioral 
flexibility), and finally in processing working 
memory, would characterize the frontal executive 
dysfunctions associated with SUDs and to the 
low resoluteness of drug dependence treatments 
[9, 26]. These executive dysfunctions in SUDs 

maintain and even aggravate the drug depen-
dence condition (Fig. 27.2).

27.1.4  What Is Underneath the Drug- 
Induced Neuronal Changes?

During the early phase of drug experimentation, 
neurotransmission changes in the central nervous 
system may normalize as intoxication wears off 
and the substance leaves the brain. However, 
repeated drug consumption might lead to changes 
in neuronal structure and function that cause 
long-lasting or permanent neurotransmission 
abnormalities [10, 27]. These alterations underlie 
drug tolerance, withdrawal, and addiction.

All drugs of abuse bind initially to protein 
targets located at the synapse. Some of them act 
as ligands for G protein-coupled receptors such 
as opiates and cannabinoids, both as agonists 

Fig. 27.2 Drug addiction disrupts executive function, 
which in turn maintains and aggravates the drug 
dependence
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at selective receptors (opioid and cannabinoids, 
respectively). Other drugs act inhibiting the pre-
synaptic transporters for dopamine and other 
monoamines such as cocaine and amphetamines, 
and others acting on ligand-gated ion channels, 
such as nicotine, an agonist of nicotinic acetyl-
choline receptors; phencyclidine, a noncompeti-
tive inhibitor of N-methyl-d-aspartate (NMDA) 
glutamate receptors, and ethanol, an allosteric 
facilitator of gamma-aminobutyric acid (GABA) 
type A receptors and inhibitor of NMDA gluta-
mate receptors [14].

Irrespective of their acute targets, these sub-
stances of abuse or other rewarding activities 
(games, social interaction) are known to activate 
the reward circuit in the brain, triggering DA neu-
rons in the VTA of the midbrain to activate their 
projections in the limbic system such as NAcc, 
a crucial brain reward region; dorsal striatum, 
a region implicated in the encoding of habit and 
routines; amygdala, a region involved in emotions, 
stress, and desires; hippocampus, a region involved 
in memory; and PFC, a region involved in self-
regulation and the attribution of salience [28, 29].

In this reward circuit, DA seems to signal-
ize the appearance of novel salient stimuli or a 
cue predicting a familiar motivationally relevant 
event associated with environmental stimuli [19]. 
Once a salient stimulus has been associated with 
a drug effect, DA is no longer released during the 
drug action, but it does when a cue predicting the 
drug is perceived [12, 30].

In the NAcc, DA is required for the drug high 
and for the initiation of addiction, but when a 
drug is used repeatedly and rewarding effects 
take place, the glutamatergic projection from 
the PFC to the NAcc is the one most recruited 
[19]. According to Kalivas and Volkow [19], the 
glutamatergic projection emerging from the PFC 
(more precisely anterior cingulate and orbito-
frontal cortex) to the core of the NAcc is the one 
associated to the drug-seeking behavior, and its 
dysfunction seems highly involved in the uncon-
trollable craving to the drug use that character-
izes drug addiction [19].

The exposure to drug cues results in the activa-
tion of glutamatergic projections from the ventral 

PFC, the ventral hippocampus, and the amygdala 
(and presumably medial thalamus) to striatal pro-
jections that in turn increase DA signaling and 
release in the NAcc and dorsal striatum [27, 31]. 
The enhanced craving and desire for drug tak-
ing will eventually lead to drug consumption, 
and although the drug-induced DA increases are 
markedly attenuated in the NAcc, in particular 
of cocaine abusers and alcoholics, they are suf-
ficient to enhance the craving and to sustain the 
drive to continue taking the drug [27].

The repeated exposure to a drug causes 
repeated activation of postsynaptic intracel-
lular messenger pathways, which first initiates 
and then maintains the longer lasting and stable 
molecular and cellular adaptations underlying 
addiction [14]. One mechanism for these stable 
adaptations is associated with alterations of gene 
expression. Drug regulation of intracellular mes-
senger pathways would cause changes on tran-
scription factors that regulate gene transcription. 
These changes on transcription factors, in turn, 
would alter the expression of specific target 
genes in the brain changing the neural function 
and ultimately resulting in long-term changes in 
synapses, neural circuits, as well as consequent 
neuroadaptative and behavioral changes, promot-
ing tolerance and increased drug-seeking behav-
ior, which may underlie the development and 
maintenance of drug addiction [32–34].

Briefly, the direct or indirect activation of 
DA receptors by a drug exposition in the reward 
circuit increases the permeability of calcium 
channels and activates second messengers in 
the intracellular environment of these neurons 
(Fig.  27.3) [34, 35]. Besides the regulation of 
several intracellular processes, these second mes-
sengers reach the nucleus and activate the tran-
scription of the binding protein in response to 
cAMP (CREB) in a short time of exposure to a 
drug, as it was seen with psychostimulants [34]. 
The increased CREB activation activates the 
transcription of other genes such as brain-derived 
neurotrophic factor (BDNF), dynorphins (endog-
enous opioids), and the Fos family, such as FosB 
[35]. Changes in the transcription levels of these 
genes initiate and develop the state of addiction.
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27.1.5  Are Changes 
in Neuroplasticity Long 
Lasting in Drug Addiction?

According to Volkow et al. [29], in the past two 
decades, neuroscience research has increasingly 
supported the view that addiction is a disease of 
the brain. The drug-induced release of dopamine 
triggers neuroplastic changes in the synaptic sig-
naling, or communication, between neurons of the 
brain reward system. These neuroplastic changes 
are fundamental to the experience- dependent 
learning after repeated episodes of drug use, 
probably involving long-term  potentiation and 
long-term depression, both well-known neu-
roplastic phenomena underlying learning and 
memory processes mediated by excitatory neu-
rotransmitter glutamate acting through α-amino- 
3-hydroxy-5-methyl-4- isoxazolepropionic acid 
(AMPA) and NMDA receptors [29].

According to Robinson and Kolb [36], “one 
of the most compelling examples of experience- 
dependent plasticity, whereby experience at one 
point in life changes behavior and psychological 
function for a lifetime, is addiction.” The high 
risk to relapse, even months to many years after 
the discontinuation of drug use, and long after 

withdrawal symptoms have been treated pro-
vides strong evidence that drug use induces long- 
lasting plasticity.

Robinson and Kolb [36] had proved that 
repeated exposure to cocaine, amphetamine, mor-
phine, or nicotine in adult rats, whether admin-
istered by an experimenter or self- administered, 
have long-lasting effects on the structure of 
dendrites and dendritic spines in brain regions 
involved in incentive motivation and reward (such 
as the NAcc) and in cognitive function (such as 
the PFC). This drug-induced structural plasticity 
was evident many months after drug discontinu-
ation, suggesting that drugs of abuse produce a 
persistent reorganization of patterns of synaptic 
connectivity in these brain regions.

Furthermore, Freeman et al. [37] found long- 
lasting changes in gene expression in the medial 
PFC and identified cellular processes that could 
regulate the development and/or maintenance of 
incubation of drug seeking and drug taking.

Changes in the PFC could involve mostly dis-
tinct sets of genes indicating different metaplas-
tic processes occurring in this brain region with 
the development and expression of abstinence- 
induced behaviors [37]. These changes may 
contribute to the persistent alteration of synap-
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Fig. 27.3 Molecular 
changes in drug addiction. 
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tic plasticity in this structure. As PFC mediates 
executive function and decision-making pro-
cesses, Freeman et al. [37] suggested that it may 
constitute a key neuroanatomical region in addic-
tive behaviors.

Despite the complexity of the mechanisms 
underlying drug addiction in humans, current 
evidence points toward the existence of a strong 
correlation between addictive drugs exposition 
and neuroadaptations involving the dopaminer-
gic system [38]. These adaptive mechanisms are 
a result of the interference of psychostimulants 
in dopaminergic neurotransmission by means of 
increasing its synaptic availability. Therefore, 
the repeated drug abuse can promote permanent 
changes in the expression of DA and dopaminer-
gic receptors, as well as transient or permanent 
changes in the expression of BDNF and FosB, 
leading to long-term neuronal drug-induced 
changes [39, 40].

Recently, Anders et al. [40] analyzed the gene 
expression of FosB in peripheral blood lympho-
cytes of crack cocaine and alcohol use disorder 
patients hospitalized for drug dependence treat-
ment and found a reduced expression of this 
molecular target. Anders et  al. also examined 
the gene expression of BDNF and D5 dopamine 
receptor genes in the same group of patients and 
found elevated mRNA levels of the former [41] 
and nonsignificant elevated mRNA levels of the 
latter (unpublished data). These results highlight 
the existence of altered molecular pathways in 
drug addicts, which could explain the long-term 
changes in reward circuits and executive function 
impairments observed in these patients [9, 40, 42].

27.1.6  Why Noninvasive Brain 
Stimulation (NIBS) in SUD?

As mentioned earlier, drug addiction is a chronic 
disease, mostly characterized by strong craving 
emergence and high relapse risk, coursing with 
important executive dysfunction that maintain 
and aggravate the addictive process, all because 
of long-lasting neuroplastic changes in brain 
reward regions induced by drug exposition, and 
consequently very difficult to be treated.

Because of the interference of different envi-
ronmental factors, the complexity of the biologi-
cal aspects, the involvement of different brain 
areas and diverse chemical substances in the 
central nervous system, even with fundamental 
biopsychosocial approaches, and the existence 
of different pharmacological treatments [43, 44], 
the management of drug addictions has been of 
modest effectiveness [4, 45–47].

Besides, treatments are mostly focused on 
the management of acute abstinence [43], and 
very rarely, or almost never, invest in the con-
trol of urgency, uncontrollable desire (craving), 
substance use [48, 49], and/or relapse [50, 51], 
conditions that appear more frequently in the late 
period of abstinence. Thus, appropriate treat-
ments for various SUDs with more favorable out-
puts are yet to be found.

NIBS are classically represented by transcra-
nial electrical (tES) and magnetic (TMS) stimu-
lation. TES, usually applied in low intensity, 
includes transcranial direct current stimulation 
(tDCS), transcranial alternating current stimula-
tion (tACS), and transcranial random noise stim-
ulation (tRNS).

These techniques have emerged as nonphar-
macological strategies providing a modulation of 
cortical excitability in several neuropsychiatric 
disorders [52–54], with the expectation of help-
ing the treatment of SUDs [55–64].

27.1.7  Are There Prefrontal 
and Drug-Related Molecular 
Changes Under Direct Current 
Stimulation?

Throughout the last decades, NIBS techniques, 
including tDCS, have emerged as a promising 
tool for a variety of neuropsychiatric disorders, 
such as Parkinson and Alzheimer diseases, epi-
lepsy, stroke, and addiction [65–67]. However, 
the underlying mechanisms on the potential cog-
nitive and clinical beneficial effects of tDCS, 
especially at the molecular level, remain largely 
unknown [68]. In this sense, research using ani-
mals might allow rapid and risk-free screening 
of stimulation protocols in research and clinical 
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settings, and to address the mechanisms of tDCS 
with the ultimate goal of informing clinical effi-
ciency and safety of tDCS [69]. Indeed, preclini-
cal models have certainly disentangled some of 
the cellular and molecular mechanisms by which 
tDCS exert their neurophysiological effects, as 
well as effects of multiple stimulation sessions 
on drug-related behaviors [70].

In a healthy rat brain, several previous experi-
ments have shown that tDCS can modulate neu-
ral plasticity by enhancing expression of NMDA 
and BDNF [71–73]. In 2017, Pedron et al. [74] 
reported the effects of tDCS on behavior and 
expression of mRNA in rats, showing a decrease 
in preference for cocaine after tDCS, besides 
a decrease in the expression of Zif268 mRNA, 
which is a transcription factor activated after the 
exposure to cocaine. These results corroborate 
the evidence that changes in the synaptic and 
behavioral plasticity of animals after tDCS might 
have their substrate in the molecular changes at 
the cellular level. Podda et al. [75], in 2016, had 
analyzed the expression of mRNA CREB and 
BDNF associated with behavioral tests 7  days 
before and after direct current stimulation in rats 
and found increased BDNF level and improved 
learning and memory, showing that behavioral 
changes observed after tDCS might be supported 
by underlying molecular mechanisms.

Rohan et al. [76], in 2015, studied anodal tDCS 
in  vivo by evaluating synaptic effects ex  vivo, 
showing enhanced long-term potentiation (LTP) 
dependent of NMDA receptor (NMDAR) acti-
vation after a single 30  min anodal tDCS ses-
sion, remarkably persisting for at least 24  h. 
They also showed that anodal tDCS enhanced 
the paired pulse facilitation (PPF) ratio, but 
independent of NMDAR activation, and did not 
continue 24 h after tDCS completion. According 
to these authors, this was the first evidence of 
in vivo tDCS enhancing plasticity of neurons at 
both the presynaptic and postsynaptic sites of rat 
hippocampus.

A pivotal behavioral study published by de 
Souza Custódio et al. [77] in 2015 showed that 
animals receiving anodal epidural direct current 
stimulation (eDCS) at 400  mA intensity over a 
5-mm round area of the dura mater above the left 

medial PFC (mPFC) for 11 min and were tested 
5 min later on delayed tasks in the 8-arm radial 
maze had significantly fewer errors compared 
with sham-treated animals after 1-h, 4-h, and 
10-h delays, suggesting a beneficial long-lasting 
effect on spatial working memory.

Later, de Souza Custódio et al. [78] explored, 
in a study published in 2018, the expression of 
BDNF  – both precursor (proBDNF) and mature 
(mBDNF) isoforms – in rats’ PFC at different time 
intervals after one single session of eDCS (400 μA 
for 11  min) or after its repetitive application 
(five consecutive sessions) applied over the left 
mPFC. They showed that levels of BDNF in the 
PFC, especially the proBDNF, were lower after 
a single and higher after repetitive anodal eDCS 
when compared to sham-eDCS. This was the first 
study showing that changes of prefrontal BDNF 
levels may disclose molecular changes underlying 
the plasticity induced by cortical anodal direct cur-
rent stimulation, which may be opposite if applied 
in single or multiple sessions [78].

Interestingly, Wu et al. [79] had also shown that 
the repetitive anodal tDCS improved spatial work-
ing memory performance in streptozotocin- induced 
diabetic rats through augmentation of synaptic plas-
ticity requiring BDNF secretion and transcription/
translation of NMDARs in mPFC [79].

In a more recent study, now focusing in other 
glutamatergic receptors, Martins et  al. [80] 
reported in a study published in 2019 that the 
improved long-term spatial working memory 
performance induced by the repetitive anodal 
eDCS (five consecutive sessions) over the left 
mPFC was largely dependent on AMPA recep-
tors (AMPARs) activity, because it was abolished 
by perampanel (PRP), a selective noncompeti-
tive AMPARs antagonist. They further showed 
that the expression of GAP-43 (growth-asso-
ciated protein 43), an intrinsic determinant of 
neuronal development and plasticity [81], was 
increased after the repetitive eDCS in the PFC 
and was abolished by PRP. GAP-43 expression 
was increased in the hippocampus after repeti-
tive eDCS when AMPARs were blocked by PRP, 
suggesting that GAP-43 expression could be 
influenced by AMPARs activity in both cortical 
regions. Therefore, the neuronal plasticity involv-
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ing AMPARs may underlie, at least in part, the 
effects of the repetitive anodal prefrontal direct 
current stimulation on long-term spatial working 
memory and prefrontal and hippocampal GAP- 
43 expression [81].

Thus, as it can be seen in studies above, 
the understanding of direct current stimula-
tion effects by using animal models has been 
especially important to explain the underlying 
 molecular mechanisms of these techniques on 
learning and memory processes and to substanti-
ate clinical studies in neuromodulation on neuro-
psychiatric conditions such as SUD.

Future preclinical research should invest on 
many other molecular targets and downstream 
cellular events, following the optimization efforts 
that have been suggested for clinical applica-
tion considering stimulation targets and stimula-
tion parameters such as electrodes/coil size and 
shape, duration, and number of stimulation ses-
sions as suggested by Ekhtiari et al. [62].

27.2  tDCS in Different SUDs

27.2.1  Alcohol Use Disorder (AUD)

According to the global status report on alcohol 
and health [82], in 2016, about 2.3 billion people 
of the global population aged over 15 years were 
current drinkers. Alcohol had been consumed by 
more than half of the population in the United 
States, Europe, and Western Pacific.

In 2016, globally alcohol use disorders were 
the most prevalent of all substance use disorders, 
with 100.4 million estimated cases, with a preva-
lence of 1320.8 cases per 100.000 [83].

According to the American National Institute 
on Alcohol Abuse and Alcoholism [84], despite 
treatment developments, only about 14.6% of 
AUDs patients receive treatment. Thus, there is a 
large untreated population of patients in need for 
alcohol dependence treatment.

The first exploratory evidence of the effect 
of a single application of the transcranial direct 
current stimulation (tDCS) on bilateral dlPFC 
in 13 alcohol-dependent patients was published 
in 2008 by Boggio et al. [85]. In this study, the 

authors demonstrated that regardless of the polar-
ity applied (anode on the left and cathode on the 
right or the reverse), the tDCS (2  mA, 35  cm2, 
20  min) decreased craving scores obtained by 
applying a visual analog scale (VAS) to 13 
alcoholics.

A single exposure of anodal tDCS (1  mA, 
35  cm2, 15  min) over the left dlPFC (cathode 
over the contralateral supraorbital region) also 
reduced mild craving scores in 14 young heavy 
drinkers (AUDIT >8) when compared to 12 
subjects from sham-tDCS condition, with no 
evidence for tDCS induced changes in alcohol 
biases as shown by den Uyl et al. [86].

An exploratory study published by Nakamura- 
Palacios et al. in 2012 [87] showed that 12 alco-
hol use disorder patients with severe dependence 
exposed to a single anodal tDCS (1 mA, 35 cm2, 
10  min) over the left dlPFC (cathode over the 
right supradeltoid region) had a mild, but sta-
tistically significant, improvement of frontal 
function measured by a brief frontal assessment 
battery (FAB) [88]. There was also an increase 
of the P300 amplitude, an event-related potential 
(ERP) component thought to index attention and 
memory processing during stimulus processing 
usually found decreased in AUD, when patients 
were hearing sounds related to the use of alcohol 
beverages [86].

However, 1  year later, in 2013, when da 
Silva et al. [66] applied the anodal tDCS (2 mA, 
35  cm2, 20  min) over the left dlPFC (cathode 
over the right supradeltoid region) repetitively 
(once a week for 5 consecutive weeks) to severe 
alcoholics in a double-blind, randomized study 
compared to sham-tDCS controls, six alcoholics 
from the tDCS group tended to have more fre-
quent relapses when compared to seven patients 
from the sham-tDCS group, even though they 
had presented a significant reduction in craving 
scores, this time measured by the application of 
the five- item Obsessive Compulsive Drinking 
Scale (OCDS-5) [89].

Interestingly, in 2016, den Uyl et al. [90] also 
showed that three sessions (once a day) of anodal 
tDCS (1 mA, 35 cm2, 15 min) over the left dlPFC 
(cathode over the contralateral supraorbital 
region) combined with an alcohol approach bias 
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retraining (a form of cognitive bias modifica-
tion – CBM) reduced the cue-induced craving in 
20 young hazardous drinkers (AUDIT >8) with 
no electrophysiological (P300) or behavioral 
effects.

In another study published in 2017, but now a 
double-blind, parallel study with AUD inpatients, 
den Uyl et  al. [91] examined the effects of the 
anodal tDCS (2 mA, 35 cm2, 20 min) applied over 
the left dlPFC with 100  cm2 cathode electrode 
placed over the contralateral dlPFC combined 
with the CBM applied in four sessions and fol-
lowed for their abstinence duration and relapses 
after 3 and 12  months, craving, and approach 
bias. They observed a trend of lower relapse rates 
in 30 patients receiving the active stimulation 
during the CBM after 1 year when compared to 
30 patients receiving sham stimulation, but they 
did not find evidence for a specific enhancement 
effect of tDCS on CBM.

By changing the polarity to a cathodal stimu-
lation (2 mA, 35 cm2, double 13-min stimulation 
with 20-min interval  – 13:20:13 schedule, cur-
rent density 0.0571 mA/cm2) over the left dlPFC 
and also, having the anode electrode placed over 
the right dlPFC, thus turning it a bilateral tDCS 
over the dlPFC, and applying it once a day for 
5 consecutive days, Klauss et  al. [92] demon-
strated in 2014, in a randomized, double-blind, 
sham- controlled study that repetitive tDCS sig-
nificantly reduced relapses to alcohol use over 
a 6-month posttreatment follow-up in AUD out-
patients. At the end of this period, 11.8% of 17 
AUD patients in the sham-tDCS group, while 
50% of 16 patients in the real tDCS group were 
still abstinent. In addition, patients in the tDCS 
group reported a greater perception of better 
quality of life compared to AUD patients in the 
sham-tDCS group. There were, however, no dif-
ferences between the groups regarding changes 
in craving scores, executive and cognitive func-
tions, and the depressive and anxiety symptoms.

In a further randomized, double-blind, sham- 
controlled clinical trial with parallel arms pub-
lished in 2018, Klauss et  al. [93] extended the 
treatment to 10 sessions of bilateral tDCS (2 mA, 
35 cm2, 20 min) over the dlPFC (cathode left and 
anode right) and measured craving and relapses 

for alcohol use in AUD inpatients. They showed 
that 10 sessions of the bilateral tDCS treatment 
in 23 AUD patients enhanced the progressive 
reduction of craving scores, reaching an effect 
size threefold larger when compared to the ini-
tial scores and almost significantly larger effect 
size when compared to 22 AUD patients from 
the sham-tDCS group. They also showed a huge 
relapse rate (72.2%) in AUD patients from the 
sham-tDCS group, whereas 72.7% of the tDCS 
group were keeping abstinence in a 3-month fol-
low- up period after intervention.

Using this same bilateral montage (cathode 
left and anode right) over the dlPFC, but at a 
lower current intensity (1 mA, 35 cm2, 20 min), 
Wietschorke et al. [94] had reported in 2016 that 
a single session of the tDCS induced significantly 
increased startle amplitudes for alcohol-related 
cues, indicating a more negative processing of 
these cues in 15 AUD patients after brain stimu-
lation, an effect not seen in 15 AUD patients from 
sham group, indicating that tDCS influenced the 
cognitive control of emotional processing in 
AUD patients.

Still employing the same bilateral tDCS mon-
tage over dlPFC (cathode left and anode right) 
and parameters (2  mA, 20  min, once a day), 
Biswal et al. [95] reported, in an abstract in 2018, 
results from functional magnetic resonance imag-
ing (fMRI) and magnetic resonance spectroscopy 
(MRS) scanning under visual alcohol cues before 
and after 5 consecutive days in a small sample 
(total of 24) of AUD patients. They found a dif-
ference in relapse to the use of alcohol (80% 
of sham-tDCS vs. 33.3% in real tDCS) during 
1-month follow-up period. They also found sig-
nificant activation (post-pre) in bilateral dlPFC 
(left > right) in the real tDCS group [95].

Also reported as preliminary results in an 
abstract, Camchong et al. [96] showed in 2019 
an increased functional connectivity between 
dlPFC and NAcc in six AUD patients after 
10 cognitive training sessions combined with 
active-tDCS (anode over the left dlPFC), which 
was not seen in five AUD patients from a con-
trol group with sham-tDCS. Additionally, three 
of five AUD patients from sham-tDCS group 
relapsed and none of the six AUD patients 
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from real tDCS group relapsed to the alcohol 
use 1-month after magnetic resonance imaging 
(MRI) scan.

Interestingly, all studies investigating the 
effects of tDCS in AUD have aimed the dlPFC 
as the target brain region. Those studies that 
placed the anode over the left dlPFC, both with 
unilateral, having the cathode over contralateral 
supraorbital or supradeltoid regions, or bilateral, 
having the cathode over the right dlPFC, mon-
tages, with both single and with repetitive (three 
or four) sessions showed mild reduction on crav-
ing in heavy drinkers and AUD and tendency to 
reduce, but also a suggestive increased, in relapse 
rates in AUD. However, stronger evidence of 
relapse rates and craving scores reduction was 
seen with multiple sessions (5–10 sessions) with 
the bilateral tDCS montage having anode placed 
over the right dlPFC and cathode over the left 
dlPFC.

Thus, although tDCS has been shown to be 
favoring helping to control craving and relapses 
to the alcohol use, evidence is still limited to tri-
als with small sample sizes and only few of them 
really aimed to investigate the potential effects of 
its repetitive application on the top of the regular 
biopsychosocial and pharmacological treatment 
of AUD.  Therefore, the clinical indication for 
AUD treatment needs this favorable evidence to 
be confirmed in studies with much larger sample 
sizes and in variable AUD population.

27.2.2  Tobacco Use Disorder (TUD)

From the beginning of its use to the present day, 
tobacco has been consumed in several ways. 
When burned as a cigarette, pipe, cigar, and hoo-
kah or chewed and/or smelled in preparations 
that allow it to be absorbed by the oral and nasal 
mucosa, they share the nicotine release to the 
central nervous system [97].

Nicotine is mainly responsible for toler-
ance and dependence induced by tobacco use. 
Each cigarette has 800 mg of tobacco per unit, 
9–17 mg of nicotine that is absorbed by the lung 
and in smaller quantities through the smoker’s 
mouth and nasopharynx [98].

According to the Pan American Health 
Organization [99], the tobacco epidemic is 
responsible for the death of more than 8 million 
people a year, being one of the greatest threats to 
public health in the world. In addition, nonsmok-
ers exposed to secondhand smoke account for 1.2 
million deaths each year [99].

Adult smokers worldwide account for a total 
of 1.1 billion people, of which 367 million dem-
onstrate a desire to quit. To this end, the WHO in 
its seventh report on the global tobacco epidemic 
[100] states that it is essential to help the user by 
offering a program that can meet this demand, 
offering access to the WHO-recommended ces-
sation service since 2007.

The use of tDCS related to TUD has been done 
with multiple research purposes. The evolution of 
this research topic can be seen in reviews pub-
lished by Lupi et al. in 2017 [101], Lapenta et al. 
in 2018 [102], and Kang et al. in 2019 [103].

Most studies had approached not only smok-
ing intake and/or craving modulation by the 
tDCS, but also motivation to quit smoking; the 
resistance to smoke, attention bias, decision mak-
ing, and cognitive processes have also been inves-
tigated. Studies aiming to investigate the nicotine 
effects on tDCS plasticity are briefly reported.

In 2013, Xu et al. [104] examined the modu-
lation of craving, mood, and attention after an 
overnight abstinence, applying a single session of 
anodal tDCS (2 mA, 35 cm2, 20 min) over the left 
dlPFC with cathode over the contralateral supra-
orbital area in 24 smokers. According to the Urge 
to Smoke Scale (UTS), used as a parameter for 
craving measurement, this tDCS montage had no 
significant effect on craving.

In 2014, Fecteau et al. [105] designed a study 
examining tDCS-induced changes on smoking 
intake and craving (Questionnaire of Smoking 
Urges using a cue-provoked paradigm) in TUD, 
but it was more focused on decision-making (ulti-
mate game) and risk-taking behavior rewarded 
with not real money or cigarettes after brain 
stimulation. All the 12 subjects from this study 
received one real tDCS (2 mA, 35 cm2, 30 min) 
and one sham-tDCS session in a counterbalanced 
order over the dlPFC (anode right and cathode 
left). They found a significant reduction of the 
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reported number of cigarettes smoked after active 
tDCS, even extending for 4  days after stimula-
tion, but not after sham stimulation. Regarding 
craving, only the subscale desire to smoke from 
the Questionnaire of Smoking Urge was signifi-
cantly reduced after real tDCS.  They observed 
that some processes of reward-sensitive decision-
making behaviors were modulated after tDCS in 
smokers, but no changes on risk-taking behavior 
was found [105].

Meng et al. [106] reported in 2014 the effects 
of inhibiting stimulation through cathodal tDCS 
(1 mA, diameter of 6.5 cm, 20 min) over the left 
frontoparietal-temporal association area (FPT, 
between T3, F3, C3, and F7) on attention bias 
to smoking-related cues and smoking behavior 
in subjects with TUD. They found that a single 
session of the bilateral cathodal stimulation of 
the left FPT area reduced the daily cigarette con-
sumption in 10 subjects when compared to 10 
subjects from sham-tDCS or 10 subjects from 
single cathodal tDCS, and attenuated, but at a 
nonsignificant level, the smoking cue-related 
attention.

In 2016, Falcone et al. [107] hypothesized that 
tDCS could increase the ability to resist smok-
ing. In a within-subject, double-blind, random-
ized, and counterbalanced study in 25 smokers 
(at least 10 cigarettes per day for the past year), 
they investigated the effects of a single anodal 
tDCS session (1 mA, 25 cm2, 20 min) over the 
left dlPFC (F3) with cathode over the right supra-
orbital area compared to sham stimulation con-
ducted in the same subjects at least 2 weeks apart. 
The study outcomes proved that the active stimu-
lation group consumed less cigarettes during the 
session and had also an increase in the latency to 
smoke the first cigarette.

In a study correlating craving modulation 
and heart rate variability during cue reactivity 
tasks, reported by Kroczek et al. [108] in 2016, 
also examined the connectivity between dlPFC 
and the orbitofrontal cortex (OFC) after tDCS 
in TUD.  A single session of the anodal tDCS 
(2 mA, 35 cm2, 15 min) over the left dlPFC with 
cathode over the orbitofrontal cortex in 13 sub-
jects had not altered craving or heart rate vari-
ability during cue exposure when compared to 

12 subjects from placebo group. However, they 
observed, through functional near-infrared spec-
troscopy, an increased functional connectivity 
between the dlPFC and the OFC produced by the 
tDCS in real stimulated smokers during smoking 
cue exposure [108].

One year later, in 2017, Yang et  al. [109] 
showed, in a single-blind, sham-controlled 
within-subject study in 40 TUD patients, that a 
single session of bilateral tDCS (1 mA, 30 min) 
over the dlPFC (anode [35 cm2] left and cathode 
[100  cm2] right) significantly reduced craving 
(VAS). Through fMRI acquired simultaneously 
to the tDCS application, they showed that local 
smoking cue-elicited activation of the left dlPFC 
was altered by the tDCS, and that changes in 
craving scores was correlated with the coupling 
between the left dlPFC and the right parahippo-
campal gyrus.

In 2019, still investigating the effects of a sin-
gle tDCS application, Fischell et al. [110] con-
ducted a complex randomized, sham-controlled, 
double-blind, exploratory crossover study in 15 
smokers and 28 matched nonsmokers to inves-
tigate the effects of the tDCS (2  mA, 25  min) 
applied to the dlPFC (anode left) and vmPFC 
(cathode right) on cognitive circuits implicated 
in the nicotine withdrawal syndrome. They 
found that tDCS promoted a deactivation of the 
default- mode network nodes during a working 
memory task and strengthened the anterior cin-
gulate cortex activity (salience network) dur-
ing an error monitoring task. In particular, the 
default-mode network suppression was more 
prominent when patients were sated compared 
to when they were in abstinence. They sug-
gested that the cognitive circuit dysregulation 
(i.e., reduced suppression of default-mode net-
work nodes) associated with nicotine with-
drawal could be modified by tDCS.

In 2018, a parallel, double-blind, randomized 
controlled trial conducted by Brangioni et  al. 
[111] investigated the effects of five sessions 
(once a day for 5 consecutive days) of anodal 
tDCS (1 mA, 35 cm2, 20 min) over the left dlPFC 
with cathode over the right contralateral supraor-
bital region in 36 active smokers (at least 10 ciga-
rettes per day) for at least 1 year. They found that 
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tDCS was associated with a significant reduc-
tion of cigarettes smoked per day and with the 
motivation to quit. They suggested that repeti-
tive prefrontal tDCS coupled with high motiva-
tion reduce cigarette consumption up to 4 weeks 
postintervention.

Still in 2018, Mondino et  al. [112] reported 
the effects of multiple tDCS sessions on smok-
ing, craving, and brain reactivity to smoking cues 
in a double-blind, parallel-arms study in subjects 
with TUD. In this study, 29 smokers wishing to 
quit smoking were assigned to receive 10 sessions 
in 5 consecutive days (two sessions per day with 
2-h interval in between) of anodal tDCS (2 mA, 
20  min) applied over the right dlPFC (midway 
between F4 and Fp2, 35 cm2) with a large cathode 
(100 cm2) over the left occipital region (midway 
between O1 and T5) or sham- tDCS. They found a 
significant reduction of smoking craving (5-item 
Likert-type scale questionnaire of smoking urge) 
and increased brain reactivity to smoking cues 
within the right posterior cingulate (simultane-
ous fMRI) when compared to the control group, 
but they failed to find a between-group difference 
regarding the self- reported number of cigarettes 
smoked.

More recently, a study published in 2019 
regarding tDCS-induced craving modulation in 
TUD was conducted by Hajloo et al. [113]. They 
had aimed to determine the effects of repetitive 
bilateral tDCS (2  mA, 20  min, electrode size 
not mentioned, 10 sessions, 2 times a week, 
with 72 h interval in between, over 5 weeks) of 
dlPFC (anode left and cathode right) on reduc-
tion of craving in 20 daily smokers (those who 
smoke within 1 h of waking up and smoke more 
than 10 cigarettes a day) and 20 social smokers 
(those smoking at intermittent times and no more 
than 20 cigarettes per week) randomly assigned 
into active and sham groups (10 subjects in each 
group). The active tDCS groups, from both daily 
and social smokers, presented greater reduc-
tion on craving (Desires for Drug Questionnaire 
Scale) when compared to their respective sham- 
tDCS, an effect that was maintained at least up 
to 1 month of follow-up. Therefore, they showed 
that multiple sessions of bilateral tDCS over the 
dlPFC reduced the nicotine craving not only in 

subjects with TUD, but also in social smokers, 
lasting for at least 1 month.

Finally, still in 2019, Behnam et  al. [114] 
compared the effects of 20 sessions of the bilat-
eral tDCS (2  mA, 20  min) over dlPFC (anode 
left, 35 cm2; cathode right, 100 cm2) for 4 weeks 
(five sessions per week) or 12  weeks (five ses-
sions per week for 2 weeks, followed by one ses-
sion per week), and respective sham groups, with 
standard bupropion (300 mg for 8 weeks) for the 
treatment of TUD in a large, randomized, sham- 
controlled trial starting with 210 subjects from 
which 170 completed the study. They found that 
the longer duration tDCS protocol (20 sessions 
over 12  weeks) done in 35 subjects resulted in 
the highest abstinence rate (measured by salivary 
cotinine) at 6 months follow-up and was signifi-
cantly more effective than the short stimulation 
protocol (20 sessions over 4 weeks) realized in 
35 subjects and both sham controls (33 and 32 
subjects in each), but similar to bupropion treat-
ment (35 subjects) in this outcome. However, the 
nicotine dependence measured by Fagerstrom test 
was lower in this group of longer tDCS treatment 
when compared to bupropion treatment. Authors 
concluded that 12-week tDCS was effective on 
smoking cessation and nicotine dependence and 
could substitute bupropion treatment.

Effects of nicotine over neuroplasticity induced 
by tDCS have been measured using motor-evoked 
potential (MEP). For this purpose usually the 
anode or cathode (35  cm2) is placed over the 
motor cortex with reference electrode placed over 
the right supraorbital. Grundey et  al. [115], in a 
study published in 2012, found that under nico-
tine withdrawal, facilitatory plasticity (measured 
by motor-evoked potentials elicited by a single-
pulse transcranial magnetic stimulation) induced 
by anodal tDCS and paired associative stimulation 
procedures is absent in smokers, a compromise 
that has been reestablished with the nicotine expo-
sition. According to these authors, the activity of 
the nicotinergic system might affect the efficacy 
of plasticity-inducing procedures and needs to be 
taken in consideration when studying the tDCS 
effects in TUD.  Curiously, in a following study 
published by Lugon et  al. in 2015 [116], they 
showed that in nonsmokers the nicotine abolishes 
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the anodal tDCS-induced facilitatory plasticity, 
which had been dose-dependently reestablished by 
NMDA- receptor blockage and subsequent reduc-
tion of calcium influx, indicating the existence of 
an interaction between nicotinergic receptors acti-
vation and glutamatergic plasticity.

In summary, there are a number of studies 
aiming to explore the effects of tDCS in TUD, 
but most of them investigated the effects of a 
single session of the tDCS on diverse clinical and 
cognitive measurements, with different tDCS 
montages and with small sample sizes. There are 
few studies investigating the effects of multiple 
sessions of the tDCS.  Even with these limiting 
aspects, there are reasonable evidence that tDCS 
applied over the dlPFC with anode over the left 
side or bilaterally, with anode over the left and 
cathode over the right dlPFC, but also when the 
anode was placed over the right dlPFC, especially 
when applied in multiple sessions (5, 10, or 20), 
reduced craving or reduced smoke consumption, 
or favored smoking cessation and nicotine absti-
nence. However, more defined tDCS montage 
and parameters are required to reach an indica-
tion for its clinical use in the treatment of TUD.

27.2.3  Opioid Use Disorder (OUD)

Opioids are compounds derived from the opium 
poppy, used by the humankind for centuries. 
These substances are mentioned even in illustri-
ous literature works such as The Odyssey and 
the consensus about its discovery is that it would 
have been made by the Sumerians at the end of 
the third millennium B C [117]. In the modern 
world, medicine uses opioids in pain manage-
ment mostly.

Unfortunately, the biggest production world-
wide of these substances is directed to the illegal 
consumption of opioids and its synthetics deriva-
tives [7]. In 2017, the number of overdoses lead-
ing to death due to opioid consumption was 66% 
of the global total of deaths due to drug abuse. 
The same data also stated that the prevalence of 
usage around the world is increasing according 
to each region’s profile [7]. The areas with higher 
prevalence are North America (use of fentanyl 

and its analogs), Europe (use of heroin), and Asia 
and Africa (use of tramadol) [7].

The burden caused by the opioid use disorder 
is significant because according to a study made 
by the Global Burden Disease (GBD) in 2017, 
78% of the “healthy” years of life lost worldwide 
due to drug consumption refer to opioid usage 
[118]. When analyzing these “healthy” years 
lost, the Disability Adjusted Life years (DALYs) 
parameter shows that opioids do not cause so 
many premature deaths itself when compared to 
the life impairment rates [7, 118].

This substance class can be divided between 
opiates (e.g., morphine, heroin, and opium) and 
synthetics (e.g., fentanyl and its analogs). Among 
this division there is also the pharmaceutical opi-
oids that includes substances from both previous 
groups (e.g., codeine, hydrocodone, oxycodone, 
tramadol, methadone, and fentanyl) and are com-
mercialized for pain management under medical 
prescription [7]. It is important to mention that 
from 2008 up to 2010 the consumption of pre-
scription controlled opioids more than doubled, 
according to the International Narcotic Control 
Board report [7].

If the abuse pattern of opioids is compared 
through decades, it is possible to see that the 
majority of patients enrolled in opioids abuse 
treatment programs shifted from heroin being 
the first drug of abuse used to that being pharma-
ceutical opioids [119]. This raises the question: 
how is the process of developing the opioid sub-
stance abuse disorder due to the use of prescribed 
medication? Studies show that patients start 
using pharmaceutical opioids due to pain caus-
ing conditions, being that chronic or acute, and if 
the usage is extended for more than 90 days, the 
patient is more prone to become a chronic opioid 
user [120].

The alarming increase of opioid usage has 
boosted the initial studies with tDCS, which was 
focused on preventing or reducing opioid use in 
pain conditions. Boggio et  al. [121] showed in 
2008 that, in 20 healthy volunteers, anodal tDCS 
over the primary motor cortex (M1) can increase 
perception of pain and pain threshold, while 
anodal tDCS over the dlPFC increases the pain 
threshold. These findings proved that M1 could 
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be modulated by tDCS, which could be a way to 
decrease the abnormal activity of the thalamus 
that occurs in chronic pain states, due to its recip-
rocal connection and pathway.

Still related to pain relief, tDCS studies were 
conducted in acute pain conditions, such as post-
operative periods. When evaluating the amount 
of opioid usage after a tDCS session immediately 
after a surgery (total knee arthroplasty) compared 
to patients in the sham group, Borckardt et al. in 
2013 [122] and in 2017 [123] showed in 40 and 
58 subjects, respectively, that anodal stimulation 
of the dlPFC (with cathode over the right somato-
sensory cortex), but not the M1 stimulation, had 
the biggest potential to reduce the need of opi-
oids use in this situation. Meanwhile, Khedr et al. 
[124] showed in 50 patients, also in 2017, that 
anodal tDCS applied over M1 for 4 consecu-
tive days reduced the opioid consumption after 
arthroplasty, suggesting that tDCS is indeed a 
promising tool to help reduce the opioid use in 
postoperatives.

Irrespective of the brain region where the 
tDCS is applied, the principle and importance of 
these findings regarding SUD is that the less peo-
ple starting the use of opioids, less people will 
be prone to become chronic users and potential 
opioid dependents.

At the moment, there are limited reported stud-
ies that aimed at treating the OUD itself with the 
employment of the tDCS. That was the proposal 
of Wang et al. in 2016 [125], hypothesizing that 
a single session of the stimulation over the fron-
tal parietal temporal (FPT) area (1.5 mA, 35 cm2, 
cathodal over bilateral FPT, anode on the occipi-
tal lobe, for 20 min) would reduce cue- induced 
craving scores in these patients. Although having 
interesting results in the 20 patients evaluated, 
more robust studies are necessary to reach a con-
sensus about this hypothesis and, as mentioned 
by Gallucci et  al. in a systematic review pub-
lished in 2019 [126], this study had some design 
limitations in its execution, so it should be used 
as a reference for future studies and not as a final 
information.

Additional studies focusing on reducing 
craving scores in OUD are those reported as an 
abstract by Garg et  al. in 2019 [127] with 20 

patients, showing that anodal stimulation over 
the left dlPFC with cathode placed contralaterally 
(2 mA for 20 min, 2 sessions per day with at least 
3-h interval, 20 sessions over 2 weeks) produced 
a greater craving (VAS) reduction (with the stan-
dardized mean difference effect size of 0.430), 
but at nonsignificant extent when compared to a 
group of subjects with regular treatment only (not 
a sham control).

Sharifi-Fardshad et al. reported in 2018 [128] 
a study comparing the dlPFC stimulation using 
anodal right with cathodal left montage versus 
anodal left with cathodal right montage in single 
sessions of tDCS (2 mA, 35 cm2, 20 min) com-
paring to sham stimulation, separated with a time 
interval of 72  h, in drug cravings measured by 
Drug Desire Questionnaire in former crystalline 
heroin users enrolled in methadone maintenance 
treatment (MMT) programs in a double-blind, 
randomized, sham-controlled crossover study 
with pre/posttest design with 40 subjects. They 
found that applying anode right with cathode left 
tDCS on dlPFC significantly decreased craving 
among former crystalline heroin users in com-
parison to sham stimulation. Interestingly, the 
inverse tDCS montage on dlPFC, cathode right 
with anode left, was ineffective to reduce drug 
craving in this population.

Using the anodal right with cathodal left tDCS 
(1.5 mA, 25 cm2, 20 min) on dlPFC Martinotti 
et al. [129] conducted a study published in 2019 
with mixed substance use disorders, includ-
ing cocaine, alcohol, heroine, cannabis use 
disorder, and also gambling disorder, to evalu-
ate the efficacy of the tDCS for the short-term 
treatment of craving. They showed that tDCS 
applied once a day for 5 consecutive days in 34 
subjects significantly reduced craving (VAS), 
and reduced depression and anxiety and trait 
impulsivity scores when compared to sham- 
tDCS.  Unfortunately, they could not draw any 
specific conclusion for each substance use disor-
der included in their study.

A more robust, double-blinded, sham- 
controlled study was reported by Taremian et al. 
in 2019 [130] in a specific sample of 60 OUD 
patients showing that 20 of them constituting the 
active tDCS group with MMT submitted to mul-
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tiple sessions (1 session per day for 10 consecu-
tive days) of the bilateral tDCS (2 mA, 35 cm2, 
20  min) over the dlPFC (anode right and cath-
ode left) had significantly greater reduction in 
Obsessive Compulsive Drug Use Scale and in 
Desire for Drug Questionnaire scores after treat-
ment when compared with other 20 subjects from 
sham-tDCS (with MMT) and 20 subjects treated 
with MMT alone. They also showed favorable 
results of the active tDCS in depression and 
anxiety symptoms in these patients. Thus, they 
suggest that although methadone itself can be 
effective in reducing opiate craving, integration 
of the tDCS technique can lead to a more signifi-
cant decrease in opium craving as well as depres-
sion and anxiety manifestations.

So far, these studies had shown favorable 
effects of the dlPFC (anode right and cathode left) 
tDCS on craving scores measured by a subjective 
scale (VAS) or more robust scales such as Desire 
for Drug Questionnaire or Obsessive Compulsive 
Drug Use Scale, but relapses to the drug use were 
not measured. A recent study published in 2020 
by Bimorgh et  al. [131] showed that 14 OUD 
patients under MMT receiving seven sessions of 
the tDCS (2 mA, 35 cm2, 20 min) over the dlPFC 
(anode right and cathode left) showed relapse 
rate at similar extent to the sham group with 13 
subjects. It must be noted that relapses were rated 
only during the treatment and subjects were not 
followed up for this outcome after treatment. 
However, they observed that depression, anxi-
ety, and stress were significantly reduced after 
the seventh session of the tDCS.  Authors sug-
gested that tDCS could be an effective technique 
to relieve mental disorders among OUD receiv-
ing MMT. Indeed, the management of comorbid 
states may favor the SUD treatment.

Thus, up to now, there has been evidence for 
favorable effects of the tDCS applied over the 
dlPFC (anode right and cathode left) on craving, 
but not on relapse rate, to the opioid use in OUD 
on the top of MMT.  This evidence resembles 
those mentioned for AUD, but also similarly, 
they were based on studies with small sample 

sizes, and also require to be confirmed in larger 
samples.

27.2.4  Stimulant Use Disorder

 Cocaine Use Disorder (CUD)
According to the UNODC report, it was estimated 
that, in 2017, 18 million people worldwide  – 
accounting for 0.4% of the global population 
aged between 15 and 64  years  – reported hav-
ing consumed cocaine in the previous year [7]. 
The astonishing prevalence of global cocaine use 
becomes even more impressive when we look at 
a more regional level, to account for the unequal 
predominance of drugs among different geo-
graphic regions: in the United States, in a 2017 
survey, 5.9 million people (2.2% of the popula-
tion aged 12 or older) had consumed cocaine in 
the previous year [7].

The substance derived from the leaves of the 
Erythroxylum coca plant blocks the reuptake of 
catecholamines and serotonin, causing numer-
ous central nervous system and cardiovascular 
effects and, of foremost importance for this dis-
cussion, leading to addiction [132]. Cocaine is 
most consumed in two different presentations: 
a hydrochloride salt (known as “coke”), which 
can be snorted or diluted and injected, and a free 
base (known as “crack”), usually smoked. These 
two presentations allow cocaine to cross social 
barriers: while the “coke” use takes place among 
socially integrated individuals, particularly in 
recreational and nightlife settings; “crack” use is 
more common among socially marginalized per-
sons, due to its lower cost [7, 132].

Following a growth in publications examining 
the effects of tES in other SUDs, the first explor-
atory studies presenting experimental evidence 
of its effects in CUD patients were published in 
2014. Gorini et al. [133] examined the influence 
of bilateral dlPFC tDCS (1.5 mA, 32 cm2, 20 min) 
in two tasks measuring risk-taking behavior, 
comparing 18 cocaine users to 18 nonaddicted 
controls, receiving three different interventions: 
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anode left and cathode right, anode right and 
cathode left, and a sham stimulation. The results 
demonstrated a reduction of risky behavior asso-
ciated with the real interventions in both cocaine 
addicts and controls. However, in the more com-
plex of the two tasks, only the anodal right tDCS 
stimulation led to a safer behavior. This study 
suggested that a dysfunction in neural networks 
comprising the dlPFC could be related to risk 
propensity in cocaine addicts and, moreover, that 
tDCS could lead to changes in such behavior.

In the same year, two studies published in 
2014 by Conti et  al. [67, 134] provided fur-
ther evidence for the effects of tDCS in the 
 neurophysiological processes underlying cocaine 
addiction. These studies evaluated the effects of 
bilateral dlPFC (anode right and cathode left) 
tDCS (2 mA, 35 cm2, 20 min) in drug-cued ERPs 
components of crack cocaine addicts, using low- 
resolution brain electromagnetic tomography 
(LORETA) to estimate the three-dimensional 
current density distribution of these components. 
In the first study, evaluating 13 subjects, they 
demonstrated a decrease in the anterior cingu-
late cortex activity during the N200 component 
after a single session of the bilateral tDCS stimu-
lation over the dlPFC, whereas an increase was 
observed after the sham stimulation [67]. The 
second study examined the effects of single and 
repetitive (five sessions, once a day every other 
day) bilateral dlPFC (anode right and cathode 
left) tDCS in the P300 component of 13 CUD 
patients. It was demonstrated that while a single 
session would decrease crack-related response in 
the left dlPFC, repetitive sessions would increase 
crack-related response in numerous prefrontal 
areas, further supporting that bilateral dlPFC 
tDCS could modulate prefrontal activity in crack 
cocaine addicts [134].

More compelling evidence was published in 
2015 by Batista et  al. [135], who performed a 
randomized, double-blind, and sham-controlled 
clinical trial evaluating the effects of five ses-
sions (once a day every other day) of bilateral 
dlPFC (anode right and cathode left) tDCS 

(2  mA, 35  cm2, 20  min) in 36 crack cocaine 
addicts. This study demonstrated a reduction in 
measured craving scores (brief scale with 5-item 
from Obsessive Compulsive Cocaine Use Scale – 
5-item OCCS) in the 17 subjects from active 
tDCS group but not in 19 subjects from sham- 
tDCS group, providing evidence that a tES could 
impact on a clinical measurement of cocaine 
addicts. In this study, there were also significant 
changes in other measurements. Individual’s 
overall perception of quality of life and health 
(WHOQOL-BREF) improved in crack cocaine 
users treated with tDCS after the end of the 
treatment and, specifically, the self-esteem of 
crack cocaine users from the real tDCS group 
improved in the psychological domain. They fur-
ther showed that the decrease of depressive and 
anxiety scores, although mild, was significant in 
the real tDCS group [135].

Electrophysiologically, Moscon et  al. [136] 
reported in 2016, in a study conduct on nine 
CUD patients and nine non-CUD controls, that 
crack cocaine users are more likely to show 
higher brain activity, notably in the frontal lobe 
region, when processing crack-related images, as 
compared to a nonuser health control group. In 
other study, also published in 2016 by Conti et al. 
[137], subsequently, showed that a single session 
of the bilateral dlPFC (anode right and cathode 
left) tDCS (2 mA, 35 cm2, 20 min) was able to 
prevent the increasing activity in the dlPFC dur-
ing the drug-cued P300 ERP component of 10 
CUD patients, a phenomena observed to occur in 
the early days of abstinence.

Additional evidence was also presented in 
2016 by Nakamura-Palacios et  al. [138], who 
reported that five sessions of bilateral dlPFC 
(anode right and cathode left) tDCS (2  mA, 
35 cm2, 20 min) on nine CUD patients resulted in 
cue-reactivity changes in a discrete brain region, 
the ventromedial prefrontal cortex (vmPFC), 
during the drug-cued P300 ERP component of 
those patients that were able to keep abstinence 
during and after treatment. Furthermore, the 
authors demonstrated, by means of diffuse ten-
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sor imaging, an increased connectivity between 
this region and the NAcc when comparing crack 
cocaine addicts that received active tDCS to those 
that received the sham intervention. The authors 
suggested that these changes in the vmPFC could 
underlie a reduction in craving, thus facilitating 
self-control to drug abuse.

A more recent clinical trial with the same 
montage (anode right and cathode left) examin-
ing the effects of the bilateral dlPFC tDCS (2 mA, 
35 cm2, 20 min) on 35 CUD subjects was pub-
lished in 2018 by Klauss et al. [139], and this time 
evaluating the effects of 10 sessions (once a day 
every other day) and measuring not only craving 
(5-item OCCS), but also relapse rates at least for 
30 days after hospital discharge as outcomes. The 
study showed that craving scores were progres-
sively reduced in both groups over the treatment 
and there were no statistically significant differ-
ences between 19 subjects  submitted to tDCS and 
14 subjects submitted to the sham procedure. In 
addition, both groups showed high relapse rates 
in a similar manner. However, it must be noticed 
that differences in the sample characteristics 
might have influenced these results, divergent 
from those of Batista et al. [135], given a more 
severe addiction profile of these participants and 
the absence of any pharmacological maintenance 
treatment for psychiatric comorbidities because 
of the specific type of treatment applied in the 
public hospital from where these CUD patients 
were recruited.

There is an ongoing study with CUD inpatients 
that has been conducted in a rehabilitation facil-
ity (Psychiatry and Neuroscience Department, 
Icahn School of Medicine at Mount Sinai, NY) 
with the same montage (anode right and cathode 
left) over dlPFC of Batista et al. [135] and Klauss 
et al. [139], but extending tDCS (2 mA, 35 cm2, 
20  min) application to 15 sessions (once a day 
every other day). Their preliminary results, still 
in a very small sample, have shown no between-
groups differences in changes on craving scores, 
but real-tDCS has presented less sleepiness, sug-
gesting increased vigilance, and readiness to 
change after treatment when compared to sham-
tDCS group [140]. According to the authors of 
this study, these results reinforce the hypothesis 

that real-tDCS over the dlPFC facilitates cogni-
tive functions, which could reflect more flexibil-
ity to learn alternative strategies.

In summary, tDCS applied bilaterally over the 
dlPFC (anode right and cathode left) showed to 
reduce the risk-taking behavior and craving in 
CUD when applied repetitively (five sessions), 
but failed to replicate these favorable effects in 
a more severe and nonpharmacologically treated 
CUD patients, even with 10 sessions of the 
tDCS.  Although there is evidence for changes 
promoted by tDCS in prefrontal cortex networks 
of cocaine addicts, further studies are needed in 
order to ascertain the optimal configurations and 
the clinical effects of this intervention.

 Methamphetamine Use Disorder (MUD)
In 2017, the prevalence of past-year use of meth-
amphetamine in the United States was estimated 
in 1.6 million people (0.6% of the population 
aged 12  years and older). In Europe, the esti-
mates reach the mark of 2.9 million people (0.5% 
of the population aged between 15 and 64 years) 
[7]. This synthetic drug is thought to act primar-
ily as a synaptic releaser of catecholamines and 
serotonin, although its mechanisms are now 
recognized to deleteriously comprise numerous 
pathways [141].

Studies examining the effects of tES in MUD 
are scarce. Shahbabaie et  al. [142] conducted a 
study published in 2014  in which a single ses-
sion of anodal tDCS (2 mA, 35 cm2, 20 min) over 
the right dlPFC (cathode over the contralateral 
supraorbital area) was shown to reduce imme-
diate self-assessed craving (VAS) in 32 MUD 
patients after the stimulation, when the patients 
were at rest, while increasing craving scores 
when the patients were submitted to drug-related 
cues during the stimulation. The authors suggest 
that this transient increase could be a result of an 
increased processing of drug cue saliency under 
anodal stimulation.

In 2018, Shahbabaie et al. [143] further dem-
onstrated that tDCS modified functional connec-
tivity of large-scale brain networks in 15 abstinent 
methamphetamine users. They showed that a sin-
gle session of tDCS (2 mA, 35 cm2, 20 min) over 
the dlPFC (anode right and cathode left) reduced 
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subjective immediate methamphetamine craving 
scores compared to sham stimulation and sig-
nificantly modulated the default mode, executive 
control, and salience network. Additionally they 
observed that the modified activation of these 
three networks was correlated to the subjective 
craving scores.

Another study published by Shabbabaie et al. 
in 2018 [144] examined the effects of different 
tDCS (2 mA, 35 cm2, double 13 min with 20-min 
interval in between) electrode montages targeting 
the right or left dlPFC (anode right with cathode 
over the left shoulder or left supraorbital ridge, 
anode left with cathode over the right shoulder, 
right supraorbital ridge or contralateral dlPFC) 
applied in a single session in a task designed to 
measure attentional bias of MUD patients. They 
showed that anodal stimulation over the left 
dlPFC (both with right shoulder and right dlPFC 
montages) decreased the engagement bias toward 
drug cues in 32 abstinent methamphetamine users 
compared to 16 subjects submitted to sham stimu-
lation, suggesting that tDCS could be a rehabilita-
tion tool for attentional bias modification [144].

More comprehensive evidence was pub-
lished in 2020 by Alizadehgoradel et  al. [145] 
who examined, in a double-blind, randomized, 
parallel group study, the effects of 10 sessions 
of tDCS (2 mA, 35 cm2, 20 min) over bilateral 
dlPFC (anode left and cathode right), spaced 
over the course of 5 weeks (two sessions weekly 
with 72 h interval in between), on executive func-
tion tasks (N-back, go/no-go, Wisconsin Card 
Sorting Task, and Balloon Analogue Risk Task) 
and craving (measured with Desires for Drug 
Questionnaire) immediately after and 1  month 
following the treatment in 19 MUD patients and 
of 20 other MUD patients undergoing sham treat-
ment. They demonstrated significant improve-
ments of cognitive control functions involved in 
addictive behavior, including working memory, 
response inhibition, cognitive control/flexibility, 
and risk- taking behavior, all effects that were 
associated with significantly reduced craving in 
the real tDCS group. These improvements on 
executive performance and reduction of craving 
scores lasted for up to at least 1 month following 
the intervention.

In summary, evidence points toward promis-
ing beneficial effects of the anodal tDCS over the 
left dlPFC, probably combined with the contra-
lateral cathode placement, on attentional bias and 
executive dysfunction, which may be associated 
with craving reduction in MUD. Although very 
important, most of these studies were focused on 
the effects of a single session on changes in func-
tional connectivity of brain networks, attentional 
bias, and executive function and only one recent 
study was aimed to study the effects of multiple 
tDCS sessions not only on diverse executive 
functions, but also on craving, showing favorable 
effects of the bilateral dlPFC tDCS.  Therefore, 
further studies are required to ascertain the opti-
mal configuration and to incorporate more evi-
dence of its effects on this SUD.

27.2.5  Other Substance Use 
Disorders

Marijuana refers to the dried leaves, flowers, 
stems, and seeds from the hemp plant, Cannabis 
sativa. The plant contains the mind-altering 
chemical delta-9-tetrahydrocannabinol (THC) 
and other related compounds [146]. Cannabis 
continues to be the most widely used drug world-
wide. It is estimated that roughly 3.8% of the 
global population aged 15–64 years used canna-
bis at least once in 2017, the equivalent of some 
188 million people [7]. The average global preva-
lence of cannabis use increased over the period 
1998–2007 from 3.4% to 3.9% before remaining 
basically stable during the subsequent decade. 
However, the overall number of annual cannabis 
users is estimated to have increased by roughly 
30% during the period 1998–2017 [7].

Although cannabis use is widespread around 
the world, there is only one study published in 
2010 by Boggio et al. [147] that investigated the 
effects of tDCS in cannabis use disorder. These 
authors investigated the effect of a single ses-
sion of tDCS (2  mA, 35  cm2, 10  min) on risk 
taking and craving in chronic marijuana users. 
Eight chronic marijuana users demonstrated 
more conservative (i.e., less risky) decision mak-
ing during sham stimulation. While right anodal 
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stimulation of the dlPFC (cathode over the left 
dlPFC) enhanced conservative decision making 
in 12 healthy volunteers, both right anodal (cath-
ode over the left dlPFC) and left anodal (cath-
ode over the right dlPFC) dlPFC stimulation 
increased the propensity for risk taking in nine 
and eight marijuana users, respectively. These 
findings reveal alterations in the decision-mak-
ing neural networks among chronic marijuana 
users. The authors also reported that the bilat-
eral tDCS over dlPFC (anode right and cathode 
left) was associated with reductions in marijuana 
cravings [147].

As already mentioned in the OUD section ear-
lier, in 2019 Martinotti et al. [129] showed that 
bilateral tDCS (1.5 mA, 25 cm2, 20 min) applied 
once a day for 5 consecutive days over dlPFC 
(anode right and cathode left) in individuals 
with different substance use disorders, including 
cannabis use disorder, reduced craving (VAS), 
depression, anxiety, and impulsiveness scores 
compared to sham group. An important limita-
tion of this study, as also mentioned earlier, was 
the impossibility to draw conclusions about spe-
cific drugs.

Benzodiazepine misuse is a growing public 
health problem, with increases in benzodiazepine- 
related overdose deaths and emergency room 
visits in recent years. However, relatively little 
attention has been paid to this emergent problem. 
A recent systematic review showed that, in 2017, 
benzodiazepines and other tranquilizers were the 
third most misused prescription drug in the United 
States (approximately 2.2% of the population). 
Worldwide rates of misuse appear to be similar to 
those reported in the United States [148].

Unfortunately, although benzodiazepines and 
tranquilizers misuse seem to be an important 
public health problem, no studies have been con-
ducted to investigate the effects of tDCS on these 
specific drug use disorders.

Finally, there are also no studies addressing 
the effects of tDCS on hallucinogen use disorder 
so far.

Studies aiming to investigate the effects of 
tDCS to help the clinical, cognitive, and behav-

ioral management of other SUDs, including can-
nabis, benzodiazepines, and other sedatives and 
hypnotics, need to be developed.

27.3  vmPFC and Drug Addiction

Drug addiction has been associated with biases in 
cognitive processing with increasing cue reactiv-
ity to substance-related stimuli [149], in a way that 
these stimuli would be perceived as particularly 
salient and reinforcing, and attention would be pref-
erentially allocated to them (see Littel et al. [149]).

Attentional processing of substance-related 
stimuli is consistently associated with late posi-
tive potentials (LPPs) when examining ERPs 
components under the drug cue reactivity para-
digm. These LPPs components include the P3 (or 
P300), emerging between 300 and 800 ms after 
stimulus presentation, and sustained positive 
potentials, namely slow potential (SP), emerging 
above 800 ms (see Littel et al. [149]).

The P300, typically maximal at medial cen-
tral and parietal electrodes sites, is suggestively 
a transient component and has been related to 
mental processes directing attentional resources 
to task-relevant stimuli, whereas the SP, in which 
activity shifts from parietal to more frontocentral 
sites, seems to be sustained for several seconds 
after the presentation of motivationally relevant 
stimuli, appearing to be related to memory 
encoding and storage (see Littel et al. [149] and 
Franken et al. [150]).

In general, substance users, irrespectively of 
the substance, show enhanced electrophysiologi-
cal processing of substance-related stimuli when 
compared to neutral stimuli, in both P300 and SP 
time frame of the ERPs [149]. The increased late 
ERP reactivity has been related to an enhanced 
cognitive processing of substance cues or “pro-
cessing bias,” which would be consistent with 
results from behavioral studies demonstrating 
attentional bias for substance-related material 
[149]. In this case, substance-related stimuli 
become especially salient and receive more atten-
tion than other cues [22], that is, substance users 
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would allocate attention and memory resources 
to stimuli related to their motivational states 
toward drug use.

When analyzing drug-related brain activation, 
Nakamura-Palacios et al. [138] reported in 2016 
that the region referred as vmPFC had the biggest 
change in the P300 cue reactivity in AUD and 
CUD patients after bilateral dlPFC (anode right 
and cathode left) repetitive (five sessions) tDCS 
(2 mA, 35 cm2, 13:20:13 min schedule in AUD 
and 20 min in CUD) when current source densi-
ties (CSD) were extracted from ERPs data using 
the low-resolution electromagnetic tomography 
(LORETA) analysis (Fig. 27.4).

The designation of vmPFC does not refer to a 
specific or defined brain structure, instead, it refers 
to a large brain region centered at the ventral and 
medial surfaces of the prefrontal lobe [151, 152], 

which can also be considered the jointing of the 
medial and lateral orbitofrontal cortex [153], and 
can be named as anterior medial orbitofrontal cor-
tex or subgenual cingulate cortex in human func-
tional imaging studies [154].

Lesion and imaging studies have collected 
evidence indicating this prefrontal region as of a 
crucial role in a multitude of complex psycho-
logical functions underlying adaptive human 
behavior such as value-based decision making, 
emotion-related psychophysiology, and social 
cognition [152].

Individuals with significant losses of vmPFC 
have difficulties in generating viable options in 
making assertive decisions in the face of social 
dilemmas and tasks that involve reward. In 
tasks that involve decision making in conditions 
of uncertainty, related to the consequences, 
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Fig. 27.4 LORETA analysis considering the differences 
of current densities (mA/mm2) in the P3 segment (300–
500 ms) in AUD and CUD patients after bilateral dlPFC 
tDCS compared to sham-tDCS.  Coordinates and brain 
area depicted represent the highest activated brain region. 

Topographical distributions of the difference (final minus 
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segment are also shown in small top views. Arrows are 
pointed to the ventral medial prefrontal cortex (vmPFC) 
(extracted from Nakamura-Palacios et al. [138])
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patients with injuries in the vmPFC make the 
least indicated choices, as they have a reduced 
ability to anticipate future consequences after a 
decision, producing events that are closer chron-
ologically [152].

Despite the intact performance on conven-
tional measures of intelligence, subjects with 
vmPFC injuries exhibit deficits in decision mak-
ing based on values in a wide variety of situa-
tions [154]. With this pattern of functioning, the 
subject is not able to predict the consequences 
of his or her present actions. Their responses are 
based on the reflections on gains and losses that 
such actions can generate, often opting for risky 
behaviors that involve much more losses than 
gains, with reduced feelings of regret [152].

A hypofunction of the vmPFC has been 
reported in drug addiction and pathological 
gambling as mentioned by George and Koob in 
2013 [31]. In 2002, Bonson. [155], in a posi-
tron emission tomography study on neural cor-
relates of cue- induced cocaine craving, found an 
unexpected deactivation in the left ventral pole 
and left medial PFC when cocaine abusers were 
exposed to cocaine-related cues, to what, in that 
time, they had no explanation.

About 10  years later, in 2013, Seo et  al. 
[156], in an fMRI study, also found that alcohol- 
dependent patients displayed decreased activa-
tion in the vmPFC and anterior cingulate cortex 
(ACC) during stress and alcohol cue trials when 
compared to matched nonalcoholic controls. 
These healthy controls, in its turn, showed robust 
vmPFC/ACC activation under this condition, Seo 
et al. [156] then suggested that disrupted vmPFC/
ACC function in alcoholics could represent the 
functional neural state that drives high alcohol 
craving and relapse risk in recovering alcohol- 
dependent patients.

Subjects with pathological gambling, which 
may be considered an addictive condition shar-
ing core features with drug dependence, also 
show relatively diminished blood-oxygen-level- 
dependent (BOLD) signal change induced by 
gambling stimuli in the vmPFC when compared 
to subjects without this condition [157].

The vmPFC connects anatomically with many 
brain structures, which connectivity had char-

acterized this region as “visceral motor cortex” 
probably because of reciprocal projections to 
and from the amygdala and a unilateral projec-
tion to dorso- and ventromedial striatum [158], 
including the NAcc. In fact, according to Peters 
et al. [159], the primary efferent projection from 
vmPFC is the NAcc shell. Ghazizadeh et al. [160] 
showed evidence suggesting that the vmPFC and 
the NAcc shell are critical elements of brain cir-
cuits relevant to suppression of inappropriate 
actions, probably by promoting and sustaining 
the extinction of unreinforced actions.

According to the Bzdok et al. [161], besides the 
strong connections with NAcc, the vmPFC is also 
connected to hippocampus, posterior cingulate 
cortex, and retrosplenial cortex, that is, preferen-
tially connected with limbic and reward-related 
medial brain areas associated with reward-related 
tasks. Therefore, the vmPFC would subserve 
predominantly nonambiguous subjective-value-
related evaluative processes involved in bottom-
up driven, approach/avoidance modulation, and 
evaluation related processing [161].

Furthermore, the vmPFC serves to couple two 
systems that are crucial to the decision-making 
ability, one in which the dlPFC is the key as neu-
ral substrate for working memory and its execu-
tive processes, and the other system that is critical 
for processing emotions, having insular cortex 
and posterior cingulate as key structures [162]. 
The integrity of these systems is essential for the 
vmPFC to mediate efficient decision making, 
thus, any impairment in one of them may com-
promise its functionality [162]. The disrupted 
ability to make decisions in SUD is one of the 
common features seen in patients with vmPFC 
lesions [162], which reinforce the hypothesis 
of dysfunction decision making mediated by 
vmPFC as an important mechanism involved in 
drug addiction.

According to Rudorf and Hare [163], the func-
tional interaction between dlPFC and vmPFC is a 
key aspect of context-dependent valuation, which 
has a specific application when choices between 
competing outcomes preferences require ade-
quate self-control to make a decision. SUD 
patients exhibit poor self-control, if any, with 
a deficiency in the valuation of drug context as 
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consequence, which may be associated with the 
compulsive drug seeking for immediate reward-
ing effects, or relief of abstinence symptoms, 
opposing any postponed reward that the drug 
abstinence could provide.

In more recent years, subregion scheme of this 
region has distinguished a more anterior/perigen-
ual region of the vmPFC from a more posterior/
subgenual region based on emotional valence 
[154, 164, 165], with the anterior region associ-
ated with positive valence (e.g., reward, value) 
and the posterior region associated with negative 
valence (e.g., threat, fear) [154].

A more nuanced scheme was proposed by 
Roy et  al. [164], with a relatively rostral and 
dorsal subregion (primarily anterior to genu of 
the corpus callosum) associated with emotion, 
autonomic, and reward functions, and a relatively 
caudal and ventral subregion (primarily inferior 
to the genu of the corpus callosum) associated 
with memory functions.

Thus, irrespectively of the scheme proposed, 
the anterior vmPFC seems to be associated with 
rewarding properties and valence attribution of 
stimuli, which would be drug-related stimuli in 
drug addiction [154].

Therefore, there is reasonable evidence that 
the vmPFC is highly associated with drug addic-
tion. This brain region seems to exhibit a low 
reactivity to drug-cued stimuli in SUD condition, 
which was changed by multiple sessions of the 
tDCS applied over dlPFC bilaterally. However, 
studies with larger samples and perhaps with 
more focused montages to reach this brain region 
are required to strengthen the vmPFC hypothesis 
in SUDs.

27.4  Final Considerations

Taken all together, most studies investigating the 
potential effects of the tDCS on SUDs conducted 
up to this moment has targeted the dlPFC (only 
one study have target other brain structure such 
as frontoparietotemporal region), with anode or 
cathode placed over the right or left hemisphere, 
with the return electrode placed over the con-
tralateral supraorbital, occipital, or supradeltoid 

region when unilateral, or over the contralateral 
dlPFC region when the montage was bilateral.

Regarding the polarity, the anode placed over 
the right dlPFC, especially with the cathode 
placed over the left dlPFC, and mostly when 
applied in multiple sessions, showed to reduce 
craving and relapse rates in AUD, reduced crav-
ing in OUD, but not relapse rates in this SUD, 
and reduced craving in CUD, when patients were 
maintained under pharmacotherapy, but failed 
in more severely crack cocaine dependents with 
no underneath pharmacological treatment. On 
the other hand, the anode placed over the left 
dlPFC, in unilateral or bilateral montages and 
with multiple sessions, showed to reduce crav-
ing and smoke consumption and favored smok-
ing cessation and the nicotine abstinence in 
TUD and mildly reduced craving and attention 
bias in MUD. However, investigations aiming to 
examine the effects of the tDCS in clinical man-
agement of these last SUDs, as well as in other 
SUDs, such as cannabis, hallucinogens, seda-
tives, hypnotics, are still missing.

It should be highlighted that although sub-
stances of abuse share common features in 
respect of drug addiction development, the type 
of the substance, whether primarily inhibitory or 
excitatory in its underlying mechanism of action 
and subsequent molecular biology modifications, 
may determine different effects of the tDCS, 
considering the brain region, polarity, and many 
other parameters such as electrode size, posi-
tion and angulation, current intensity, duration, 
amount of sessions, whether single or double, 
and consecutive or intercalated. Therefore, it 
might not be possible to have only one tDCS pro-
tocol applicable to all SUDs. It may be necessary 
to find the best set of tDCS parameters for each 
SUD or possibly for a class of substances, such as 
depressants, stimulants, and hallucinogens.

Lefaucheur et al. published in 2017 [166] an 
evidence-based guideline on the therapeutic use 
of tDCS in which the potential clinical use of 
tDCS was critically indicated by experts accord-
ing to the classification of selected publications, 
following a criteria classifying studies from I to 
IV according to decreasing value of evidence. 
Briefly, Class I considered a very well-conducted 
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placebo-controlled clinical trial with a repre-
sentative population (above 25 patients receiv-
ing active treatment), Class II a well-conducted 
placebo- controlled clinical trial with small sam-
ples (equal or above 10, but less than 25), Class 
III other controlled trials with small samples (less 
than 10) or with methodological limitations, and 
Class IV uncontrolled studies, case series, or case 
report (see Lefaucheur et  al. for more details). 
Then, this classification was applied to indicate 
the levels of evidence A to C, in which Level A 
would be “definitely effective or ineffective”; 
Level B, “probably effective or ineffective”; 
Level C, “possibly effective or ineffective”; or 
finally, no recommendation should be consid-
ered on isolated or no evidence. Especially, for 
drug addiction/craving, including alcohol, drugs, 
and smoking, these authors classified evidence 
as Level B (“probably effective”), requiring one 
Class I or at least two convincing Class II studies, 
or one convincing Class II study and at least two 
convincing Class III studies, for bihemispheric 
tDCS of the dlPFC (anode right and cathode left) 
and no recommendation for anodal tDCS of the 
left dlPFC with supraorbital cathode.

It has to be noted, however, that the authors 
above had made a general indication for tDCS 
therapeutic use in drug addiction considering 
all studies they found in SUDs up to that time. 
However, with studies published after their review, 
SUDs should be individualized, as it was also 
considered by Fregni et al. [167] in a more recent 
evidence-based guideline, and only studies with 
multiple sessions (five sessions and above) should 
be included for therapeutic purposes. Thus, the 
Lefaucheur et al. classification for clinical use of 
tDCS over dlPFC (anode right and cathode left) as 
probably effective (Level B) to decrease craving 
or relapses should be restricted for AUD. Similar 
bihemispheric montage seems to decrease crav-
ing in OUD, but in only one Class II study so far, 
therefore, it may be classified as possibly effec-
tive (Level C). The opposite polarity, that is, the 
anodal tDCS over the left dlPFC, in unilateral or 
bilateral montage, could be considered as prob-

ably effective (Level B) to decrease smoke crav-
ing, smoke cessation, and nicotine dependence in 
TUD. Similar montage was found to reduce crav-
ing in MUD in one Class II study, giving a pos-
sible effective level (Level C) for this SUD. For 
CUD, there was one Class II study showing that 
tDCS over bilateral dlPFC (anode right and cath-
ode left) reduced craving, but it has not been rep-
licated in following studies, thus, it should not be 
recommended yet.

No other SUDs reached sufficient evidence to 
receive any classification for therapeutic indica-
tion. This may be because the vast majority of 
the studies mentioned here are still initial studies 
(pilots), still exploratory in character, with single 
sessions, with many limitations to be considered, 
mainly the size of the samples involved, which 
are, in general, still very small. But it is also nec-
essary to remember that we are referring here 
to a complex disease whose participation of the 
experimental subjects requires a great team work 
effort given the great risk of dropouts, relapses, 
and its high recurrence as an inevitable charac-
teristic of the disease due to several factors, but 
particularly the craving to the drug use.

Furthermore, for the potential benefits of the 
tDCS gain undoubtedly clinical applicability in 
the treatment of SUDs, the results obtained so far 
must be reproduced in larger and more diversi-
fied samples, such as in multicentric studies, 
which would require a large investment from 
international research community such as the 
new framework assembling an international col-
laborative group of investigators with expertise in 
neuromodulation and addiction research named 
as INTAM (international network of transcranial 
electrical stimulation/transcranial magnetic stim-
ulation trials for addiction medicine) for future 
jointing research [62].

Finally, clinical assessment methods and 
surrogate measurements in clinical trials inves-
tigating the effects of the tDCS in SUDs need 
to be extensively improved and aligned among 
research centers, and the involvement of particu-
lar prefrontal cortex regions, such as the vmPFC, 
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in drug addiction needs to be more carefully 
addressed to strengthen the potential use of the 
noninvasive brain stimulation in SUD, and hope-
fully helping SUDs patients to overcome this 
disease.

Glossary 

ACC Anterior cingulate cortex
AMPA  α-Amino-3-hydroxy-5-

methyl-4- 
isoxazolepropionic acid

AMPAR  α-Amino-3-hydroxy-5-
methyl-4- 
isoxazolepropionic acid 
receptor

AUD Alcohol use disorder
AUDIT  Alcohol use disorder 

identification questionnaire
BDNF  Brain-derived neurotrophic 

factor
BOLD  Blood-oxygen-level- 

dependent
CBM Cognitive bias modification
CREB cAMP response element 
binding protein
CSD Current source densities
CUD Cocaine use disorder
DA Dopamine
dACC Dorsal anterior cingulate 
cortex
DALYs Disability adjusted life 
years
dlPFC Dorsolateral prefrontal 
cortex
DSM-5  Diagnostic and Statistical 

Manual of Mental 
Disorders (Fifth Edition)

eDCS Epidural direct current 
stimulation
ERP Event-related potential
FAB Frontal assessment battery
fMRI  Functional magnetic 

resonance imaging
FPT Frontoparietal-temporal
GABA Gamma-aminobutyric acid
GAP-43 Growth-associated protein 
43
GBD Global burden of disease

IFG Inferior frontal gyrus
INTAM  International network of 

transcranial electrical 
stimulation/transcranial 
magnetic stimulation trials 
for addiction medicine

lOFC Lateral orbitofrontal cortex
LORETA  Low-resolution brain 

electromagnetic 
tomography

LPPs Late positive potentials
LTP Long-term potentiation
M1 Primary motor cortex
mBDNF  Mature brain-derived 

neurotrophic factor
MEP Motor-evoked potential
MMT  Methadone maintenance 

treatment
mOFC medial orbitofrontal cortex
MRI  Magnetic resonance 

imaging
mRNA Messenger ribonucleic acid
MRS  Magnetic resonance 

spectroscopy
MUD  Methamphetamine use 

disorder
NAcc Nucleus accumbens
NIBS  Noninvasive brain 

stimulation
NMDA N-Methyl-d-aspartate
NMDAR  N-Methyl-d-aspartate 

receptor
OCCS  Obsessive Compulsive 

Cocaine Use Scale
OCDS-5  5-Item Obsessive 

Compulsive Drinking 
Scale

OUD Opioid use disorder
PFC Prefrontal cortex
PPF Paired pulse facilitation
proBDNF  Precursor brain-derived 

neurotrophic factor
PRP Perampanel
sgACC  Subgenual anterior 

cingulate cortex
SP Slow potential
SUD Substance use disorder
tACS  Transcranial alternating 

current stimulation
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tDCS  Transcranial direct current 
stimulation

tES  Transcranial electrical 
stimulation

THC  Delta-9- 
tetrahydrocannabinol

tRNS  Transcranial random noise 
stimulation

TSM  Transcranial magnetic 
stimulation

TUD Tobacco use disorder
UNODC  United Nations Office on 

Drugs and Crime
UTS Urge to smoke scale
VAS Visual analog scale
vlPFC  Ventrolateral prefrontal 

cortex
vmPFC  Ventromedial prefrontal 

cortex
VTA Ventral tegmental area
WHO World Health Organization
WHOQOL-BREF  World Health Organization 

Quality of Life – BREF
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Attention-Deficit/Hyperactivity 
Disorder

Douglas Teixeira Leffa and Luis Augusto Rohde

28.1  Epidemiology, Genetics, 
and Risk Factors of ADHD

Attention-deficit/hyperactivity disorder (ADHD) 
is a neurodevelopmental disorder characterized 
by age-inappropriate and impairing symptoms 
of inattention, hyperactivity/impulsivity, or both. 
For diagnosing ADHD, symptoms should be 
present in different settings (e.g., home, school, 
work), and be associated with significant impair-
ment in quality of social, academic, or occu-
pational functioning [2]. In addition, several 
symptoms should be present before the age of 
12 years and should not be better explained by 
other disorder [2]. The prevalence of ADHD is 
about 5.3% [99] in children, and longitudinal 

studies indicate that 50–80% of adults with child-
hood ADHD still retain the full diagnostic crite-
ria [20]. In this sense, the prevalence of ADHD 
in adulthood is best estimated as 2.5% [112]. A 
meta-analysis performed with 154 studies with 
individuals from all continents showed that, over 
the last three decades, there is no evidence sug-
gesting an increase in the ADHD prevalence 
rates in non-referred samples worldwide when 
standardized diagnostic procedures are followed 
[100]. Therefore, increasing rates of ADHD diag-
nosis over the last years [107, 130] likely reflect 
changes in administrative and clinical practice.

ADHD aggregates in families and has a heri-
tability ranging around 60–90% [26]. Genome- 
wide studies have identified a polygenic cause 
for most cases of ADHD, with many genetic risk 
variants with small effects combining to increase 
the risk for the disorder [39]. In this sense, epide-
miological and genetic studies have consistently 
demonstrated that the disorder lies at the extreme 
of a continuously distributed trait present in the 
population (for a review, see Posner et al. [101]). 
Moreover, a recent genome-wide association 
meta-analysis has found the first 12 significant 
risk loci for ADHD, mostly related to neurode-
velopmental processes [39]. The polygenic archi-
tecture of ADHD is associated with a general 
genetic liability toward childhood psychopathol-
ogy in the population [15], and also characterized 
by substantial pleiotropy with several neuropsy-
chiatric disorders [67].
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A variety of environmental factors have been 
associated with ADHD. Among them are expo-
sure to potentially toxic substances like lead 
[11, 48, 93], artificial food dyes [92, 110], and 
organophosphate pesticides [10]; prenatal expo-
sure to maternal smoking [41, 57, 93]; maternal 
use of acetaminophen [25, 131] or the anti-epi-
leptic drug valproate during pregnancy [32]; 
and nutrient deficiencies like iron [122, 128], 
omega-3 polyunsaturated fatty acids [9, 51], 
and maternal vitamin D [118]. Potentially harm-
ful events during pregnancy are also associated 
with ADHD in the children, including hyperten-
sive disorders [79] and preeclampsia [78], and 
exposure to trauma or stress [72]. Furthermore, 
ADHD is associated with low-birth weight [46, 
86], prematurity [46, 76, 119], and lower levels 
of family income [31, 66]. Even though a causal 
association between environmental factors and 
ADHD is hard to define due to the observational 
nature of the studies, it seems that the combined 
effect of several genetic and environmental risks 
is responsible for most cases of ADHD.

28.2  Impact on Patients

ADHD is associated with several negative out-
comes in social, academic, and occupational 
contexts across life cycle. Epidemiological stud-
ies have demonstrated that ADHD is associated 
with higher levels of emotional and conduct 
problems [117], emotional dysregulation [6], 
and impaired social skills [105]. Individuals with 
ADHD have a higher risk of accidental physi-
cal injuries [106], reported concussions during 
sports practice [90], and vehicular crashes [36, 
123]. Patients with ADHD also present higher 
rates of suicide attempts [28, 43, 111]. In general, 
ADHD is associated with a higher risk for prema-
ture death, mostly due to accidents and suicide 
[38, 120]. ADHD patients are also more likely 
to be convicted of criminal offenses, including 
violent crimes [83, 84], less likely to graduate 
from school on time [14], and more likely to be 
unemployed [44, 45]. ADHD is a risk factor for 
substance use disorder [49, 68, 121], teen preg-
nancy [95, 113], and problem gambling [7]. It 

comes with no surprise that patients with ADHD 
experience lower quality of life when compared 
to typically developing peers [69]. Moreover, the 
quality of life of parents whose children were 
diagnosed with ADHD is also reduced [40].

28.3  ADHD and Associated 
Neuropsychological Deficits

Studies evaluating neurocognitive functions 
in subjects with ADHD have shown moderate 
impairments in several domains when compared 
to healthy subjects [98]. A worse performance 
in ADHD subjects was observed in decision- 
making, fluency, memory, planning/organization, 
reaction time, reaction time variability, response 
inhibition, selective attention, set-shifting, vigi-
lance, and working memory [98]. Differences 
appear to be larger in children and adults when 
compared to adolescents [98]. The largest differ-
ence between ADHD subjects and healthy con-
trols was observed in reaction time variability 
[98]. Meta-analyses have also found moderate 
tendency to favor small immediate rewards over 
large delayed rewards in ADHD patients [58, 81].

28.4  Neuroimaging Findings 
and the Catecholaminergic 
Theory

ADHD patients present anatomical and func-
tional brain differences when compared to indi-
viduals without the disorder, which are likely to 
involve, among others, catecholaminergic neu-
rotransmission. A recent study performed with 
structural magnetic resonance imaging (MRI) 
data from 2246 patients and 1934 controls found 
reduced cortical surface area, mainly in frontal, 
cingulate, and temporal regions, in children with 
ADHD [55]. Family analyses showed that unaf-
fected siblings of ADHD patients presented simi-
lar surface area differences when compared to 
controls [55]. Moreover, cortical alterations were 
associated with attention problems in the general 
population, suggesting that ADHD lies at the 
extreme end of a continuous trait [55]. Another 
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study with a similar sample size measured sub-
cortical differences between ADHD patients 
and controls using MRI data, and found smaller 
volumes in the accumbens, amygdala, caudate, 
putamen, and hippocampus in patients with the 
disorder [54]. These findings were not found to 
be correlated with ADHD symptoms. Both stud-
ies were only able to find statistically significant 
differences in children. One important message 
brought by both studies is that ADHD is clearly 
associated with widespread brain alterations, 
especially in childhood.

Besides the anatomical differences previ-
ously mentioned, several functional studies have 
evidenced distinct patterns of brain activation in 
ADHD, especially in fronto-striatal and fronto- 
cortical circuits. A meta-analysis performed with 
functional MRI data collected during inhibition 
tasks demonstrated decreased activation in the 
right inferior frontal gyrus (IFG), left caudate, 
right thalamus, left and right supplementary 
motor area, and anterior cingulate in ADHD 
patients when compared to healthy controls [50]. 
For attention tasks, ADHD patients presented 
decreased activation in the right dorsolateral pre-
frontal cortex (DLPFC), left putamen, left globus 
pallidus, right inferior parietal lobe, precuneus, 
and superior temporal lobe [50]. In a meta-anal-
ysis including 958 children and 414 adults with 
ADHD, Cortese et  al. [34] reported decreased 
activation in ADHD in several frontal regions 
bilaterally, and in the right superior temporal 
gyrus, left inferior occipital gyrus, right thala-
mus, and midbrain during tasks requiring inhibi-
tory behavior, and decreased activation in the 
left IFG/anterior insula and right middle frontal 
gyrus in ADHD during working memory tasks. A 
similar study was performed by McCarthy et al. 
[82], who conducted a meta- analysis including 
functional MRI data from 334 ADHD patients 
and 371 healthy controls. ADHD patients pre-
sented decreased activation in the bilateral supe-
rior frontal gyri and left medial frontal gyrus 
while performing the N-back task, decreased 
activation in the bilateral IFG, right superior 
frontal gyrus, and right middle frontal gyri while 
performing the stop task, and decreased activa-
tion in the left medial frontal gyrus and right cau-

date while performing the go/no-go task [82]. A 
fourth meta-analysis found decreased activation 
in bilateral ventrolateral prefrontal cortex, insula 
and putamen, right caudate, and supplementary 
motor area during inhibition tasks in ADHD 
patients when compared to healthy controls [94]. 
Summing up, functional MRI findings in ADHD 
patients suggest underactivation in several brain 
circuits typically associated with inhibitory 
behavior and attention, supporting that the disor-
der is characterized by deficits in distinct fronto-
striatal and fronto-cortical circuits.

One of the hypotheses trying to explain the 
clinical, functional, and anatomical findings in 
ADHD states that the disorder is characterized 
by a catecholaminergic dysfunction, especially 
dopaminergic, in prefrontal areas. The dopami-
nergic hypothesis is supported by improvement 
in symptoms observed after the use of stimulants, 
which are known to increase central dopamine and 
norepinephrine activities [42]. Moreover, studies 
have shown lower dopamine receptors and dopa-
mine transporter availability in the accumbens 
and in midbrain regions of patients with ADHD 
[126], and also lower dopamine receptors avail-
ability in the left caudate of patients with ADHD 
[127]. However, although there is evidence indi-
cating a dysfunctional catecholaminergic system 
in ADHD, it is important to stress that the broad 
availability of clinical, genetic, and imaging data 
has shifted the understanding of ADHD from a 
single-cause model to a multifactorial model that 
understands ADHD as an heterogeneous disorder 
resulting from several genetic and environmental 
risk factors [91].

28.5  Treatment of ADHD

Treatment of ADHD involves the use of phar-
macological and non-pharmacological inter-
ventions, and it is guided by the severity of 
symptoms, presence of comorbidities, and the 
period in which symptomatic relief is neces-
sary [21]. Pharmacological treatment consists of 
stimulant (methylphenidate and amphetamine) 
and non- stimulant (atomoxetine, guanfacine, 
and  clonidine) medications, and meta-analyses 
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of randomized clinical trials have demonstrated 
that both are effective in reducing symptoms in 
children and adults [33]. Stimulants, like amphet-
amine and methylphenidate, are the most com-
monly used and appear to have higher effect 
sizes when compared to non-stimulants [21]. 
Therefore, they are considered first-line therapy 
for ADHD in all ages. Besides symptoms reduc-
tion, treatment with ADHD medication appears 
to be related to better grades at school [60, 61, 
77], reduction of criminality [75, 84], decreased 
rates of injuries [29, 37, 47, 74], less sexually 
transmitted infections [24], decrease in teenage 
pregnancy [56], and less risk of depression and 
suicide attempts [22, 27, 73].

Although effective, pharmacological treat-
ment still has important limitations. Studies 
conducted in community samples observed that 
a consistent use of the medication was present 
for only 2–5  months in a majority of patients 
[80, 97]. After 2 years, only 50% of patients are 
adherent to treatment, and after 5  years, only 
36% [23]. Low adherence appears to be partially 
related to adverse reactions commonly observed 
like insomnia, loss of appetite, abdominal pain, 
dysphoria, and irritability [19, 53, 85].

Regarding non-pharmacological treatments, 
behavioral therapies are likely the ones with 
the highest evidence of efficacy. Training par-
ents of preschool children with ADHD seems 
to reduce parent-reported ADHD symptoms 
[104]. Cognitive behavioral therapy was shown 
to improve symptoms in adults with ADHD [63]. 
Organizational skills interventions improved inat-
tention symptoms in adolescents with ADHD [8]. 
Meditation-based therapy was associated with 
moderate reductions in ADHD symptoms, but 
methodological issues in the clinical trials still do 
not support the recommendation of meditation- 
based therapy for this population [132]. 
Neurofeedback is another non- pharmacological 
intervention that has been studied for ADHD, and 
a recent meta-analysis found a small reduction in 
hyperactivity/impulsivity symptoms, but with no 
effects in inattention symptoms [124]. Cognitive 
training, on the other hand, has not shown sig-
nificant effects in the treatment of ADHD [103].

28.6  tDCS Rationale and Current 
Evidence

The modulation of cortical activity with tran-
scranial direct current stimulation (tDCS) has 
been proposed as a promising alternative treat-
ment for ADHD symptoms. The underactivation 
of distinct fronto-striatal and fronto-cortical cir-
cuits in patients with ADHD, which seems to be 
associated with the behavioral phenotype of the 
disorder, could theoretically be alleviated with 
the modulation of frontal cortex activity. Thus, 
this intervention would have, as a final result, 
improvement of the attention and/or hyperac-
tive/impulsive behaviors. There has been sub-
stantial evidence on the effects of tDCS on 
neuropsychological tasks in both patients with 
different psychiatric conditions and healthy sub-
jects (more information can be found in previ-
ous chapters), including measures of behavioral 
inhibition, attention, and working memory. As 
previously discussed, a worse neuropsychologi-
cal performance is observed in ADHD patients 
in several domains, including reaction time, reac-
tion time variability, response inhibition, selec-
tive attention, vigilance, and working memory 
[98]. Therefore, it can be hypothesized that tDCS 
would be an effective treatment in this population.

Studies using animal models are also indica-
tive of the efficacy of tDCS in ADHD.  Studies 
performed in the most commonly used animal 
model of ADHD, the spontaneously hyper-
tensive rats, have shown that daily bicephalic 
tDCS stimulations over 8 consecutive days were 
able to improve short- and long-term memory 
when compared to sham stimulations [70, 71]. 
Moreover, animals treated with tDCS presented 
increased dopamine levels in the hippocampus 
and striatum, suggesting a possible mechanism 
of action for tDCS in this animal model [71].

To date, a total of 14 phase II clinical trials 
have been performed evaluating tDCS or transcra-
nial slow-oscillating direct current  stimulation 
(toDCS) in patients with ADHD. Methodological 
aspects and main findings of these studies can be 
found in Table  28.1. Of the 14, two trials have 
used toDCS.  Most studies present heteroge-
neous methodologies and distinct outcomes. Ten 
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were performed in children or adolescents [4, 
12, 13, 87–89, 102, 114–116], while four were 
performed in adult patients [1, 18, 35, 59]. The 
majority opted for a crossover, randomized, dou-
ble-blinded, and sham- controlled design. Four 
studies were single blinded [12, 59, 89, 115], 
two had a parallel design [18, 35], and one study 
opted for an open- label, non-controlled trial 
[4]. ADHD diagnosis was determined accord-
ing to DSM-IV or DSM-V in most studies. In the 
study published by Soltaninejad et al. [115], sub-
jects were selected based on their scores on the 
Conner’s Adult ADHD Rating Scale, together 
with the Wender Utah Rating Scale to evaluate 
symptoms during childhood. Jacoby and Lavidor 
[59] included subjects with a formal clinical 
diagnosis of ADHD by a psychiatrist or neurolo-
gist performed outside a research center. Only 
two studies included subjects concomitantly 
treated with stimulants [1, 35], while most per-
formed a washout ranging from 1 to 7 days, and 
two studies included subjects without stimulant 
treatment for a minimum of 30 days [18, 89]. A 
bias assessment of the clinical trials presented in 
Table  28.1, based on the Cochrane risk of bias 
tool, was recently performed by Salehinejad 
et  al. [108] in a systematic review. Generally 
speaking, the authors reported a low risk of bias. 
Most concerning aspects are the possibilities of 
detection bias and performance bias, both related 
to adequate blinding [108].

There was moderate variability regarding 
the site of stimulation. Eight studies placed the 
anodal electrode over the left DLPFC (EEG posi-
tion F3) [1, 4, 35, 88, 89, 114–116], three stud-
ies performed tDCS or toDCS stimulation with 
anodal electrodes over both left and right DLPFC 
(EEG positions F3 and F4, respectively) [59, 
87, 102], two studies placed the anode over the 
right IFG (EEG position F8) [12, 13], and one 
placed the anode over the right DLPFC [18]. As 
discussed previously, the DLPFC seems to be a 
key region in fronto-striatal and fronto-cortical 
circuits that are underactivated in ADHD patients 
during tasks requiring attention [50]. The right 
IFG, on the other hand, appears to be activated 
mainly during tasks requiring inhibitory behavior 
[50]. Primary outcomes include neurophysiolog-

ical tests evaluating inhibitory control, attention, 
and working memory, as well as clinical out-
comes measuring inattention and/or hyperactiv-
ity/impulsivity symptoms. Evidence regarding 
the use of tDCS and ADHD has been summa-
rized below.

28.7  Neuropsychological 
Outcomes – Inhibitory 
Control

Ten studies evaluated the effects of tDCS in inhib-
itory control [1, 4, 12, 35, 59, 87–89, 115, 116]. 
The following neuropsychological tasks were 
conducted to assess this domain: continuous per-
formance test (CPT), MOXO-CPT, stop signal 
task (SST), flanker task, Stroop task, go/no-go 
task, the inhibitory control battery subtest of the 
Neuropsychological Development Assessment 
Battery (NEPSY-II), chocolate delay discounting 
task (CDDT), and balloon analogue risk-taking 
task (BART). An improvement in inhibitory con-
trol was reported by seven studies in at least one 
task [1, 4, 12, 87–89, 115]. A meta- analysis per-
formed with eight of those ten studies reported 
a small but statistically significant effect size of 
0.197 (p-value = 0.006), indicating that tDCS is 
able to ameliorate inhibitory control in ADHD 
patients [109]. The same meta-analysis reported 
that a significant improvement was achieved 
with anodal stimulation over the DLPFC, while 
no effects were observed after IFG stimulation 
[109]. These results should be viewed in light of 
some limitations, especially since only two stud-
ies performed anodal stimulation over the IFG, 
dampening the statistical power of the analyses.

Among the studies with positive results, 
Breitling et al. [12] was the one with the largest 
sample size. Authors applied a single session of 
tDCS in 21 children with ADHD and 21 healthy 
controls in a crossover approach. There was no 
difference in the flanker test after a primary analy-
sis. However, in an exploratory analysis using only 
data after the first stimulation (without consider-
ing the crossed over phase), the authors reported 
decreased commission error rates and reaction 
time variability, suggesting improved inhibitory 
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control after the active stimulation. Allenby et al. 
[1] performed three sessions of tDCS stimulation 
in 37 adult patients with ADHD with the anodal 
electrode over F3 and cathodal over right supra-
orbital area (EEG position Fp2). Stimulation was 
applied combined with a visual working memory 
training task. Inhibitory control was evaluated with 
the CPF and the SST. There was a decrease in false 
positive errors in CPT between active tDCS and 
sham at the end of the three sessions. However, the 
effect was not observed in a follow-up performed 
3 days after the last stimulation. The authors found 
no effect in the SST. Bandeira et al. [4] performed 
five tDCS sessions in an open label, non-con-
trolled trial in nine children with ADHD. Authors 
reported decreased uncorrected and total errors in 
the inhibitory control battery subtest of NEPSY-II, 
suggesting improved inhibitory control.

Soltaninejad et  al. [115] reported increased 
inhibitory accuracy using two distinct montages: 
anodal F3, cathodal Fp2 (montage 1) and cath-
odal F3, anodal Fp2 (montage 2). Authors con-
ducted a single tDCS session in 20 children with 
an ADHD diagnosis. With montage 1, authors 
observed increased accuracy in go responses, and 
with montage 2 they observed increased accu-
racy in no-go responses. There was no effect in 
the Stroop task. Improved performance in the go/
no-go task was also observed by Munz et al. [87], 
who applied toDCS in five intervals for 5  min 
each during non-REM sleep in 14 ADHD chil-
dren. Authors observed decreased reaction times 
in the go/no-go task. Nejati et al. [88] observed 
improved response inhibition in Stroop task and 
no effects in the go/no-go task after a single 
stimulation session (anodal F3, cathodal F4) in 
15 children with ADHD. In a second experiment, 
authors described improved response inhibition 
in go/no-go task by applying the anodal electrode 
over F3 and the cathodal over Fp2. In a second 
study, Nejati et al. [89] performed a single ses-
sion of tDCS in 20 children with ADHD. Patients 
were subjected to anodal Fp2, cathodal F3 (mon-
tage 1) and anodal F3, cathodal Fp2 (montage 2). 
Authors observed increased tendency to choose 
a large but delayed reward in the CDDT, as well 
as decreased risk-taking behavior in the BART 
after montage 1 stimulation. Both findings indi-

cate improved reward processing after treatment 
with tDCS.

Negative results were obtained in three stud-
ies. After a single session of tDCS applied in 60 
adults with ADHD, Cosmo et al. [35] did not find 
any difference in the go/no-go task. Jacoby and 
Lavidor [59] performed one stimulation session 
(anodal F3 and F4, cathodal over cerebellar cor-
tex) in 21 adult ADHD patients and 16 healthy 
controls. Authors reported no effects in the impul-
sivity component of the MOXO- CPT. Finally, in 
the study of Sotnikova et al. [116], tDCS stimula-
tion in 13 children with ADHD was associated 
with decreased accuracy in the go/no-go compo-
nent of the test, suggesting deterioration of the 
behavioral performance.

Treatment with tDCS has shown promis-
ing results in improving inhibitory control in 
patients with ADHD. Nevertheless, future stud-
ies are required in order to better define the opti-
mal montage and dosage for the stimulation. 
Moreover, better powered studies using clinical 
outcomes will be necessary for accessing the use 
of tDCS in clinical practice.

28.8  Neuropsychological 
Outcomes – Attention 
and Working Memory

Eight studies evaluated the effects of tDCS in 
attention or working memory in ADHD patients 
[1, 4, 13, 59, 88, 102, 114, 116]. The follow-
ing tasks were performed: visual attention test 
from TAVIS-3, digit span, Corsi cubes, N-back 
task, working memory component of QbTest 
(combination of the n-back task with the no-go 
component), CPT, and MOXO-CPT. Five studies 
reported an improvement in attention or working 
memory in at least one task [1, 4, 88, 114, 116]. A 
meta-analysis that included five of the eight stud-
ies described in Table 28.1 reported no significant 
effects of tDCS in working memory when evalu-
ating outcomes of the following tasks: digit span, 
N-back task, and working memory component of 
QbTest [109].

The N-back task was the most commonly 
performed. Sotnikova et  al. [116] performed a 
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single stimulation section placing the anode over 
F3 and cathode over the vertex (Cz) in 13 chil-
dren with ADHD.  Authors described decreased 
reaction time and reaction time variability in 
the N-back task after active stimulation, indi-
cating improved working memory performance. 
The N-back task was also selected as outcome 
by Nejati et al. [88]. In the first experiment per-
formed (anodal F3 and cathodal F4), Nejati 
et al. [88] observed reduced reaction time in the 
N-back task. Moreover, in the second experiment 
(anodal F3, cathodal Fp2 stimulation), N-back 
task performance was also improved when com-
pared to the sham stimulation. In the same study, 
authors described improved performance in the 
Wisconsin card sorting task (WCST), a task that 
measures cognitive flexibility, with two different 
electrode montages (anodal F3, cathodal Fp2, 
and cathodal F3, anodal Fp2). Breitling et  al. 
[13], on the other hand, did not find any differ-
ences in N-back task performance after a conven-
tional or high- definition tDCS stimulation in 14 
ADHD children and 14 healthy controls.

While using the CPT as an outcome, Allenby 
et al. [1] observed decreased false positive errors, 
indicating improved attentional performance. 
Jacoby and Lavidor [59], on the other hand, 
found no changes in the attentional aspect of 
the MOXO-CPT after a single stimulation ses-
sion in 21 adult ADHD patients and 16 healthy 
controls. An improvement in attentional perfor-
mance was described by Bandeira et al. [4], who 
found decreased errors by omission in visual 
attention test (TAVIS-3) after active stimula-
tion, but with no effect in the digit span or Corsi 
cubes. Soff et  al. [114] also observed a reduc-
tion in inattention measured with the working 
memory component of the QbTest. This effect 
was observed 7  days after stimulation. Finally, 
Prehn- Kristensen et al. [102] found no effect of 
toDCS performed in 12 ADHD children and 12 
healthy controls in the digit span, although he 
described improved memory consolidation after 
active stimulation.

The role of tDCS in improving attention in 
patients with ADHD is still being investigated. 
Although promising results have been demon-
strated, there are several methodological issues 

that need to be overcome before the true potential 
of tDCS in clinical practice can be recognized.

28.9  Clinical Outcomes

Only two studies evaluated the effects of tDCS in 
ADHD with the use of clinical scales [18, 114]. 
In the study of Cachoeira et  al. [18], 17 adult 
ADHD patients were randomized for an active 
or sham stimulation (anodal F4, cathodal F3). 
Clinical symptoms were measured with the use 
of the Adult ADHD Self-Report Scale Symptom 
Checklist-v1.1 (ASRS), and functional impair-
ment was measured with the Sheehan Disability 
Scale (SDS). Authors reported decreased inatten-
tion symptoms after active stimulation, together 
with decreased functional impairment evalu-
ated with the SDS. Soff et al. [114] explored the 
effects of five stimulation sessions with tDCS 
in 15 ADHD children. The parents’ version of 
a German adaptive ADHD Diagnostic Checklist 
(FBB-ADHD) was used as main outcome. 
Authors observed a decrease in inattention symp-
toms after active stimulation.

28.10  Ongoing Studies

According to a search conducted in eight clini-
cal trials database on May 2020, there were 
seven clinical trials of tDCS actively random-
izing patients with ADHD at the time, and one 
clinical trial that has completed recruitment but 
was still not finished. The first search was con-
ducted in ClinicalTrials.gov, and four studies 
testing the effects of tDCS exclusively in patients 
with ADHD were identified. The first study, 
“The Efficacy of Cathodal Transcranial Direct 
Current Stimulation in Children and Adolescents 
with Attention-deficit Hyperactivity Disorder” 
(NCT03955692), was a crossover, randomized, 
double-blinded, sham-controlled clinical trial 
with an estimated enrollment of 10 children with 
ADHD. In this study, authors aimed at evaluating 
the effects of five sessions of tDCS (cathodal F3 
and anodal Fp2) in inhibitory control while mea-
suring EEG event-related potentials. In the study 
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“Transcranial Direct Current Stimulation for the 
Treatment of Inattention Symptoms in Attention- 
deficit/Hyperactivity Disorder: a Randomized, 
Double-blind, Parallel, Controlled Clinical Trial 
(TUNED Trial)” (NCT04003740), 64 adult 
patients with ADHD were randomized to a par-
allel, double-blinded, sham-controlled clinical 
trial, testing the efficacy of a home-based tDCS 
device (anodal F4 and cathodal F3) in improv-
ing inattention symptoms. Subjects received a 
daily stimulation during the first 4  weeks, two 
weekly stimulations for the next 4  weeks, and 
one weekly stimulation over the last 4 weeks. A 
functional MRI was performed in a subsample of 
subjects before and after treatment. In the study 
“A Dose- Response Study of the Cognitive and 
Physiological Effects of tDCS to the DLPFC” 
(NCT04175041), 104 adult subjects (includ-
ing patients with ADHD and healthy controls) 
were randomized to a crossover, double-blind 
study, testing the effects of tDCS (anodal F3) 
in the Eriksen flanker test while measuring the 
amplitude of EEG event-related potentials. In the 
study “Neuromodulation of Executive Function 
in the ADHD Brain” (NCT04175028), 120 sub-
jects (including patients with ADHD and healthy 
controls) were randomized to a crossover, 
double- blind study, testing the effects of tDCS on 
executive functions and inhibitory control. The 
amplitude of EEG event-related potentials was 
also measured.

The second search was performed in the 
ISRCTN registry, and one ongoing study that 
was no longer recruiting subjects was found. In 
the study, “A novel brain-based therapy for atten-
tion deficit hyperactivity disorder children using 
transcranial direct current stimulation combined 
with cognitive training” (ISRCTN48265228), 50 
male children with ADHD were randomized to 
a double- blind, sham-controlled trial testing the 
effects of tDCS (anodal F8, cathodal over the left 
eyebrow) combined with cognitive training in 
ADHD symptoms. EEG measurements were also 
performed. The third search was conducted in the 
German Clinical Trials Register, where two stud-
ies were identified. The first study, “Effects of 
transcranial electrical stimulation on the working 
memory and related neuronal networks in chil-

dren with ADHD” (DRKS00010091), was a par-
allel, double-blinded, sham-controlled clinical 
trial with an estimated enrollment of 60 children 
with ADHD. In this study, authors evaluated the 
effects of tDCS on working memory, while also 
evaluating distinct effects of tDCS stimulation in 
the morning versus in the evening. Predictors of 
tDCS effects including genetic predisposition and 
patterns of neuronal connectivity in EEG were 
explored. The second study, “Improving neuro-
psychological functions and clinical course in 
children and adolescents with ADHD with anodal 
transcranial direct current stimulation (tDCS) of 
the prefrontal cortex: a randomized, double-blind, 
sham-controlled, parallel group trial using an 
uncertified class IIa device” (DRKS00012659), 
was a parallel, double- blinded, sham-controlled 
study investigating the effect of 10 sessions of 
anodal stimulation over F3 or F8  in improving 
working memory or inhibitory control, respec-
tively. Target sample is of 200 children with 
ADHD, and authors also performed resting state 
EEG and resting state functional MRI. No studies 
were found in the European Union Clinical Trial 
Register, the Australian New Zealand Clinical 
Trials Registry, the Brazilian Registry of Clinical 
Trials, the Chinese Clinical Trial Registry, and 
the Netherlands Trial Register.

28.11  Challenges for Future 
Research

There are several challenges to be overcome in 
order to better understand the potential of tDCS 
treatment for patients with ADHD. A detailed 
analysis of the published literature allows us to 
identify the exploratory nature of most studies. 
Although exploratory studies are essential for 
providing hypothesis to be tested in future clini-
cal trials, the results should be viewed in light 
of their intrinsic limitations. In this sense, future 
studies should use the available information 
as a backbone for the implementation of well-
designed clinical trials that are necessary for a 
more precise judgment of the real potential of 
tDCS as a treatment for patients with ADHD. We 
have highlighted the following five main points 
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that we believe should be taken into consider-
ation in the design of future clinical trials:

 1. Sample size

The majority of studies published so far are 
characterized by small sample sizes. The use of 
a crossover design was the choice of 11 of the 
14 studies, and it is a good alternative to increase 
the power to observe significant effects [129]. 
Nevertheless, the use of a crossover design will 
also require adequate washout periods, which 
could be a delicate decision since there is still not 
enough information to judge the full influence of 
carryover effects in tDCS research. Larger sam-
ple sizes with well-defined sample size calcula-
tions will be required in future studies in order to 
judge whether the clinical trial had enough power 
to detect differences between treatment arms. 
Although effect sizes reported by exploratory tri-
als might be used in this calculation, researchers 
should be aware that effect sizes are usually over-
estimated in exploratory pilot studies [64].

 2. Primary outcomes

Most studies published so far did not report 
a protocol submission prior to data acquisition. 
Protocol submission is a key step in the evaluation 
of a clinical trial results, since it presents which 
hypothesis were defined a priori, and whether a 
main outcome was defined prior to data acquisi-
tion. Most clinical trials of tDCS in ADHD have 
used more than one behavioral task, and some 
tasks even present two or more variables as out-
comes. The performance of multiple analysis is 
known to increase the false-positive rate, and 
should be taken into consideration when ana-
lyzing the results. Only seven studies described 
in this chapter presented any kind of statistical 
correction for multiple comparisons. Although 
it could be argued that this absence is associated 
to the exploratory nature of the studies, it should 
definitely alert to the possibility of false positive 
results. Future studies should define primary out-
come a priori and publish the protocol in appro-
priate databases prior to start data collection. 
Moreover, statistical tools to correct for multiple 

comparisons should be adequately used in order 
to decrease the chance of false positive findings.

 3. Target population considering ADHD 
heterogeneity

The design of future studies should be adapted 
to specific aspects of the target population that 
includes, among others, the age of subjects (chil-
dren/adolescents or adults), ADHD presentation 
(inattentive, hyperactive/impulsive or combined), 
comorbidities, and the use of concomitant phar-
macological therapy. Ten of the 14 studies dis-
cussed in this chapter were performed in children 
with ADHD, while four studies were performed 
in adult patients. The higher number of studies 
in children and adolescents is in accordance to 
the epidemiology of the disorder, whose preva-
lence in childhood is about two times the prev-
alence in adulthood [30, 65, 99, 125]. In the 
design of future trials, the selection between 
children and adults would likely involve a care-
ful consideration of safety and methodological 
aspects, including the more plastic nature of chil-
dren’s developing brain, anatomical differences 
between children and adults (smaller head size, 
smaller skull thickness, and lower corticospinal 
fluid volumes [96]), and differences in gray and 
white matter differentiation [5]. Identical electri-
cal currents generated by tDCS appear to induce 
different cortical electrical fields in children and 
adults. Computational models have suggested 
that the same current intensity generated by tDCS 
stimulation will induce higher electrical currents 
at the cortical surface of children when com-
pared to adults [62]. Due to that, most research-
ers advocate that children should be given an 
electrical current that is half the intensity of the 
one adults are given [62]. Finally, the substan-
tial  heterogeneity in the clinical presentation of 
ADHD across development should be considered 
before selecting which symptomatologic domain 
is the target of the intervention.

The ADHD presentation is another aspect 
to be considered in the design of future clini-
cal trials. If a researcher aims at testing tDCS 
for improving attention or working memory, for 
instance, the target sample should ideally com-
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prise subjects with the inattentive or combined 
presentations, or patients with significant work-
ing memory deficits, in order to avoid any floor 
effect. Researchers should also be aware that 
ADHD is characterized by substantial psychiat-
ric comorbidity that can cause or intensify symp-
toms of ADHD. It is usually recommended that 
the treatment of comorbid conditions should be 
prioritized [21]. Therefore, researchers should 
include a broad assessment of psychiatric comor-
bidities in patients with ADHD before random-
ization, especially comorbid mood disorders. 
Randomization should be ideally performed in 
patients with ADHD without comorbid psychi-
atric disorders. However, since the exclusion of 
subjects with psychiatric comorbidities would 
likely decrease recruitment rates, comorbidities 
should be optimally treated before starting a clin-
ical trial with tDCS.

Finally, future studies should consider 
whether tDCS could be used as an alternative to 
pharmacological treatment, or as an additive to 
these medications. The combination of tDCS and 
pharmacological treatment has been shown to 
produce synergic effects in depression [17], and 
thus the potentiation of pharmacological effects 
is a promising strategy. On the other hand, phar-
macological therapy for ADHD, especially with 
stimulant medication, has been shown to present 
relevant effect sizes [33], and synergic effects 
with tDCS have not been investigated. Studies 
aiming to propose tDCS as an alternative treat-
ment to medication should either include subjects 
without a history of pharmacological treatment, 
or submit subjects to an adequate washout period.

 4. Electrode placement

Studies published so far have chosen the site 
of stimulation based on neuroimaging studies on 
ADHD, and on prior evidence of tDCS effects in 
other psychiatric disorders. The data collected 
until now indicates that anodal stimulation over 
the DLPFC is more effective than anodal stim-
ulation over IFG, mainly for improving behav-
ioral inhibition [109]. However, any conclusions 
derived from the current evidence regarding the 
optimal tDCS montage for ADHD would likely 

be biased due to the small number of studies. 
Therefore, further studies are required before an 
optimal stimulatory region can be proposed.

 5. TDCS dosage

Even though there is still debate in the litera-
ture regarding the best approach to measure tDCS 
dosage, the following parameters are commonly 
considered: (1) intensity of stimulation, (2) ses-
sion duration, (3) electrode size, and (4) number 
of sessions. Research is still needed on order to 
better understand the relation between tDCS dos-
age and clinical response in patients with ADHD.  
In depression, for instance, higher dosages were 
shown to induce better clinical responses [16]. 
Nevertheless, whether there is a linear relationship 
between tDCS dosage and clinical response is still 
not known.

In the studies reviewed, most have chosen 
a stimulatory intensity of 1  mA, in which the 
induced field density is approximately half of the 
one induced by a 2  mA stimulation [108]. The 
fact that most trials were conducted in children 
should be highlighted, since modeling studies 
have suggested that the field density induced 
by a 1 mA stimulation in children is similar to 
the one induced by a 2 mA stimulation in adults 
[62]. Even though there is still not a consensus 
on the relationship between electrical field den-
sity and the neuromodulatory effects of tDCS, 
a higher field strength appears to be associated 
with increased neuronal plasticity in healthy sub-
jects [3].

The duration of tDCS sessions was of 20 min 
in eight studies, 15 min in three studies, 30 min in 
one study, and five sections of 5 min each in the 
two studies using toDCS. In a meta-analysis sum-
marizing tDCS effects in depression using indi-
vidual patient data, longer stimulation  sessions 
were shown to be associated with better clinical 
responses [16]. In ADHD, however, we cannot 
summarize the influence of session duration due 
to the low number of studies. The electrode size is 
another aspect to be emphasized. Studies model-
ing the effects of tDCS have shown that the elec-
trode size, together with the electrode distance, 
can alter the density of the electrical current in 
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brain tissue. In healthy subjects, for instance, 
stimulation with electrodes measuring 35  cm2 
resulted in increased cortical excitability when 
compared to electrodes measuring 16 cm2 [52]. 
Finally, most studies reviewed here performed a 
single stimulation session. There are still ques-
tions regarding the number of sessions necessary 
to obtain clinically significant improvements.

28.12  Conclusions

To sum up, ADHD is a prevalent condition across 
the life cycle and is associated with several nega-
tive outcomes. Although the pathophysiology of 
ADHD is still not fully understood, meta- analyses 
of neuroimaging studies indicate reduced activa-
tion of fronto-striatal and fronto- cortical circuits 
during tasks requiring attention or behavioral 
inhibition. The efficacy of tDCS in ADHD has 
been evaluated in pilot studies. Promising find-
ings have been reported, especially after anodal 
stimulation over the DLPFC. However, there are 
several methodological issues that still need to be 
better explored in order to judge the efficacy of 
tDCS treatment in patients with ADHD. The cur-
rent literature should serve as a backbone for the 
design of future trials.
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29.1  Introduction

Neurocognitive dysfunction is a common comor-
bidity for many neuropsychiatric disorders for 
which there is still no effective treatment. These 
impairments are clinically significant due to their 
strong association with reduced patient func-
tioning. To date, in clinical trials of transcranial 
direct current stimulation (tDCS), the investiga-
tion of neurocognitive effects has been common, 
primarily to establish the safety of the technique. 
This has also provided a valuable opportunity to 
evaluate the potential efficacy of tDCS for pro-
ducing cognitive-enhancing effects. Such cog-
nitive repercussions may not only contribute to 
therapeutic effects but are also of interest for clar-
ifying the therapeutic mechanisms of this type of 
brain stimulation.

In the mid-1960s and early 1970s, initial open-
label studies and randomised sham- controlled 
clinical trials (RCTs) were conducted examining 
the efficacy of “brain polarisation”, the original 
term denoting the non-invasive administration of 
direct electrical currents to the brain. Although 
similar to tDCS, this technique typically used 
lower current intensities (i.e. <0.5  mA), longer 
session durations (e.g. >3 h) and a montage with 

two anodes in the frontal region and an extrace-
phalic cathode, usually over the leg. Interestingly, 
the first report of neurocognitive effects from this 
form of tDCS emerged in a double-blind uncon-
trolled trial. In 32 patients with mild depression, 
a single prolonged session (1–4  h) of anodal 
polarisation was reported to increase alertness, 
motor activity and elevate mood, while cathodal 
polarisation, instead, induced silence and apathy 
[1]. These observations were made from blinded 
observers but without the use of any standardised 
instruments. By the late 1990s, a new stage in 
the development of the technique emerged in the 
context of advancements in the understanding of 
the pathophysiology of neuropsychiatric disor-
ders and increased awareness of the limitations 
of pharmacological treatment. The modern tDCS 
clinical trials started using higher current inten-
sities (between 1 and 2.5  mA), shorter session 
durations (typically from 20 to 30 min), a single 
anode and a cathode commonly placed over the 
cephalic region.

Since then, the efficacy of tDCS for treating 
many different neuropsychiatric and neurological 
conditions, ranging from schizophrenia, addic-
tion, traumatic brain injury and stroke, has been 
explored in controlled trials. These studies fur-
ther utilised enhanced clinical trial methodolo-
gies, including better characterisation of study 
participants, improved standardisation of treat-
ment parameters, blinding with sham treatment 
and administration of standardised outcome mea-
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sures including neurocognitive tests. In this chap-
ter, we describe the effects of tDCS on cognition 
as reported in modern clinical trials and provide 
an overview and discussion of its acute and 
potential lasting neurocognitive effects. Finally, 
we also include recent studies which have aimed 
to further enhance tDCS’ neurocognitive effects 
with concurrent cognitive training.

29.2  Acute Cognitive Effects 
in Depression Clinical Trials

Acute cognitive effects refer to those measured 
either during or immediately after a single stim-
ulation session. The first modern studies inves-
tigating these effects were conducted in the 
mid-2000s with healthy subjects and examined 
performance outcomes on executive functions, 
including probabilistic learning [2] and working 
memory [3]. Stimulation was administered con-
currently “online” during task performance, with 
the anode placed over the left prefrontal cortex, 
consistent with the most commonly used mon-
tage for treating major depression. The initial 
promising results from these studies provided the 
rationale for investigating acute cognitive effects 
in patients with depression, to date, the most 
studied clinical disorder in the field of electrical 
stimulation.

In patients with major depression, reductions 
in neurocognitive function are common and can 
persist even in the remitted state [4]. A small pro-
portion of patients additionally show significant 
deficits which are unrelated to the severity of 
other depressive symptomology, including mood 
[5]. Importantly, it is these neurocognitive symp-
toms which are most strongly associated with 
poorer functional outcomes [6]. For tDCS for 
depression, the anode is typically placed over the 
left dorsolateral prefrontal cortex (L-DLPFC), 
a key node within the neural circuitry that sub-
serves cognitive functioning as well as mood 
regulation [7, 8].

In 2006 the first two modern sham-controlled 
clinical trials in depression were conducted 
involving 10 and 18 antidepressant medication- 

free participants, respectively [9, 10]. It was in 
Fregni and colleagues [10] that standardised 
neurocognitive measures to examine both acute 
and potentially cumulative cognitive effects from 
repeated treatments were included for the first 
time.

In another early tDCS RCT in depression, 
Boggio and colleagues [11] reported acute 
cognitive- enhancing effects after a single stimu-
lation session. In that study, 26 patients with 
major depression were randomised to receive 
a single session of “offline” active tDCS with 
the anode placed either over the L-DLPFC or 
the occipital cortex, or sham tDCS.  Cognitive 
effects were examined using an affective go/
no go task that previously had been found sen-
sitive to the effects of transcranial magnetic 
stimulation (TMS) [12]. Significant perfor-
mance improvements only occurred in the active 
L-DLPFC tDCS condition and were just in rela-
tion to improved correct responses to stimuli 
with positive emotional valence (e.g. a couple 
holding hands). The participants then continued 
to receive the same stimulation condition over the 
next 10 consecutive weekdays, after which those 
in the active L-DLPFC condition showed supe-
rior antidepressant effects relative to the other 
experimental arms [11]. These results provided 
an important foundation for further study of cog-
nitive and mood effects of tDCS in later larger 
clinical trials.

Correspondingly, other larger clinical trials 
followed, which similarly incorporated stan-
dardised neurocognitive testing to investigate the 
acute cognitive effects of tDCS. In a double-blind 
sham-controlled clinical trial of 64 patients with 
depression, Loo and colleagues [13] adminis-
tered the Symbol Digit Modalities Test (SDMT) 
as well as a simple and choice reaction-time test 
immediately prior to and following the first active 
or sham tDCS session. Consistent with prior 
modern tDCS trials in depression, the anode was 
placed over the L-DLPFC, although the cath-
ode was instead placed over F8 [International 
10–20 electroencephalogram (EEG) system]. 
Only participants who received active tDCS sig-
nificantly improved performance on the SDMT 
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after stimulation, suggesting enhanced attention 
and  processing speed. No effect was found on the 
reaction-time measures. These cognitive gains 
were consistent with participants’ subjective 
reports of improved concentration with active 
tDCS assessed after each treatment in the same 
trial (unpublished data).

Acute cognitive effects from a single tDCS 
session were then explored in subsequent trials. 
Interestingly, these effects have been most appar-
ent on tests assessing “cognitive control” and 
complex attentional processing (see Table 29.1). 
Tests assessing “cognitive control” include those 
that evaluate functions which involve emotion 
regulation. For example, Brunoni and colleagues 
[14] found that “online” active tDCS signifi-
cantly improved reaction times for negative com-

pared to neutral words on the emotional Stroop 
task, a task which assesses response inhibition in 
the context of emotional stimuli. Other trials have 
alternatively found improvements in neurocogni-
tive measures which assess complex attentional 
processing, including working memory [15] and 
visual attention [16]. Critically, reduced cogni-
tive functioning in both domains is characteristic 
of the dysfunctional neural circuitry commonly 
identified in people with depression, suggest-
ing “normalising” effects from stimulation. The 
potential clinical significance of these effects 
(e.g. for mood improvement), though, has yet to 
be determined. Additionally, whether similar or 
different, acute effects occur in other neuropsy-
chiatric conditions is another area requiring fur-
ther investigation.

Table 29.1 Summary of results from controlled clinical studies investigating the cognitive effects of a single tDCS 
session in patients with depression

Study
On/
offline

Electrode 
montage (anode/
cathode)

Current 
density(mA/
cm2) Sham setting Task Performance effect

Boggio 
et al., 2007 
[11]

Offline F3/RSO 0.057 On for 20 sec 
(max 2 mA), then 
off

Affective 
go/no go

Improved correct 
responses

Loo et al., 
2012 [13]

Offline F3/F8 0.057 On for 30 sec 
(max 1 mA), then 
left on

SDMT, 
SRT, CRT

Improved correct 
responses SDMT

Brunoni 
et al. 2013 
[40]

Online F3/F4 0.080 On for 60 sec 
(max 2 mA), then 
off

PCL Absence of 
practice effect

Oliveira 
et al. 2013 
[15]

Online F3/F4 0.080 On for 60 sec 
(max 2 mA), then 
off

2-back Improved correct 
responses

Brunoni 
et al., 2014 
[29]

Online F3/F4 0.080 On for 60 sec 
(max 2 mA), then 
off

WEST Faster reaction 
times

Moreno 
et al., 2015 
[41]

Offline OLE 0.080 On for 30 sec 
(max 2 mA), then 
unknown

2-back, 
IST

Improved residual 
score change on 2 
back
Faster switch cost 
on emotion IST

Gogler 
et al., 2016 
[16]

Offline F3/RSO 0.057 On for 45 sec 
(max 2 mA), then 
sham setting

TVA Increased elements 
processed/sec

Anode (A) and cathode (C) sites using the 10–20 system for EEG. EX refers to extracephalic (right deltoid muscle). 
CRT Choice Reaction Time, DST Digit Span Test, ERT Emotion Recognition Test, IST Internal Shift Task, PCL 
Probabilistic Classification Learning Task, SDMT Symbol Digit Modalities Test, SRT Simple Reaction Time, TMT Trail 
Making Test, TT Tapping Test, TVA Theory of Visual Attention, WEST Word Emotional Stroop Task
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29.3  Cognitive Effects 
from Repeated tDCS 
Sessions in Clinical Trials

In modern trials, a typical treatment course has 
involved patients attending daily tDCS sessions 
over a period ranging from 1 to 4 weeks. In the 
majority of these trials, tDCS has been given while 
the patients are sitting at rest. Neurocognitive 
outcomes have often been assessed at pre and 
post completion of the treatment course primar-
ily to establish the safety from repeated sessions. 
The question of whether repeated stimulation 
protocols may conversely cause enhancements in 
cognitive functioning however is additionally of 
clinical interest, as this has potentially significant 
implications for disorders where neurocognitive 
dysfunction is common.

The first modern double-blind controlled 
tDCS clinical trial in depression provided prelim-
inary evidence for neurocognitive benefits from 
repeated tDCS sessions [10]. This small study 
included 18 participants who were randomised 
to receive five sessions of active or sham tDCS 
given over alternate days. A battery of neuropsy-
chological tests was administered before the first 
session and immediately after the last treatment 
day. While there was no difference in outcomes 
for the majority of cognitive tasks, a significant 
difference between conditions was found for the 
Digit Span Forward and Digit Span Backward 
tasks, indicating greater improvement with active 
compared to sham stimulation. This suggested 
that active tDCS had positive effects on atten-
tion and working memory. Interestingly, cogni-
tive improvement was unrelated to antidepressant 
effects. This study provided encouraging pre-
liminary evidence supporting further investiga-
tion of the potential neurocognitive benefits from 
repeated tDCS sessions.

Subsequent larger trials, however, were unable 
to replicate that early finding. Loo and colleagues 
[13, 17] similarly administered neuropsychologi-
cal batteries before and after repeated treatments, 
in 40 and 64 patients with depression, respec-

tively. While the earlier of these [17] replicated 
the stimulation parameters used in Fregni and 
colleagues [9, 10], the latter study [13] employed 
further enhanced stimulation parameters, includ-
ing daily treatment, stronger stimulus intensity 
and an increased number of treatment sessions. 
Nevertheless, both studies showed no differences 
in cognitive performance between the active and 
sham tDCS conditions. Unlike in the study by 
Fregni and colleagues [10], the majority of par-
ticipants were taking concomitant antidepressant 
medications during treatment, which potentially 
may have interacted with stimulation effects [18].

These negative findings were confirmed in 
an individual patient data meta-analysis that 
included data from seven double-blind sham- 
controlled studies [19]. Data from 478 patients 
(260 who received active tDCS and 218 who 
received sham) were included, and analyses 
examined effects across common neurocognitive 
domains (i.e. global cognition, verbal learning 
and delayed recall). No benefit with active tDCS 
was found compared to sham after controlling for 
mood effects. Instead, active tDCS was found to 
be associated with less cognitive improvement 
on a measure of processing speed and attention, 
though this analysis included data from only two 
studies [20, 21]. This meta-analysis provided 
strong evidence for no neurocognitive benefit 
from repeated active tDCS sessions in patients 
with depression. A potential caveat to this find-
ing, however, is that effects were only examined 
immediately following the treatment course. 
Given recent evidence for increased antidepres-
sant effects after the acute treatment course [22], 
the potential for delayed neurocognitive benefits 
in patients with depression then cannot be ruled 
out.

Evidence of neurocognitive effects from 
repeated tDCS treatment in other neuropsychiat-
ric conditions is still emerging (see Table 29.2). 
Although these studies have so far been small, 
potentially promising results have been found 
in patients with schizophrenia [23, 24] which 
require replication in larger trials.
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29.4  Cognitive Effects 
of Repeated tDCS Sessions 
Combined with Cognitive 
Training in Clinical Trials

In the clinical trials discussed in the previous sec-
tion, multiple sessions of tDCS were administered 
while the participants were seated at rest, without 
performing any concomitant task or activity (i.e. 
“offline” treatment). Pre-clinical studies of tDCS 
have since established that neural activity taking 
place during stimulation is an important aspect 
for the production of neuroplastic changes [25, 
26]. Thus, the lack of control or standardisation 
of brain activity in these “offline” trials may have 
potentially caused increased interindividual vari-
ability in response to tDCS and/or limited treat-
ment efficacy [27]. With that in mind, several 
more recent trials combined the administration 
of multiple sessions of tDCS with the simultane-
ous execution of tasks that involved the activa-
tion of the target regions being stimulated (i.e. 
“online” treatment), in search of increased thera-
peutic effects [28–30]. Many of these trials have 
combined tDCS with cognitive training (CT), a 
psychological intervention involving the repeated 
practice of targeted exercises, which alone has 
been shown to produce generalised cognitive 
improvement in various clinical populations 
[31, 32]. In such combined trials, for example, 
a participant with depression would simultane-
ously perform a working memory task to activate 
the L-DLPFC while being treated with tDCS 
applied over the same region. In the next sec-
tion, we review preliminary clinical trials which 
have investigated neurocognitive effects from 
the combination of repeated tDCS sessions with 
“online” cognitive training in a variety of clinical 
disorders (See Table 29.3).

29.4.1  Depression

In a pilot study with depressed patients, Segrave 
and colleagues [28] investigated the effects on 
mood and cognition of the combination of tDCS 
with cognitive training (CT). CT involved two 
tasks requiring complex attentional process-

ing, functions known to recruit the DLPFC. A 
sham CT condition requiring simple attention 
was additionally included as an active control. 
No differences between groups were found on a 
non- trained affective working memory task (pos-
itive and negative stimuli) administered follow-
ing completion of the five combined treatment 
sessions. However, when re-evaluated during 
a follow- up visit after 3  weeks, only the group 
that received active tDCS together with “online” 
active CT showed better accuracy for negative 
stimuli.

29.4.2  Schizophrenia

In schizophrenia, cognitive impairment is more 
common, and hence an important target for novel 
interventions. In a pilot study with 49 patients 
with schizophrenia, Orlov and colleagues [33] 
examined the cognitive effects of combining 
active tDCS or sham with tasks requiring work-
ing memory and implicit language learning. 
Cognitive training took place twice a day (on 
days 1, 2, 14, 56), with “online” tDCS applied in 
the second session on days 1 and 14 (endpoint of 
cognitive assessment). No significant differences 
were found between the two experimental arms 
in terms of executive functioning (set-shifting 
task) or attention/vigilance (identification task) 
following the intervention. A limitation of this 
trial was that tDCS was only applied with CT in 
two of the eight sessions.

In a recent study, Weickert and colleagues 
[34] also assessed the effects of the combina-
tion of tDCS with CT in a small trial involving 
12 outpatients with schizophrenia. Participants 
were randomised to receive active or sham tDCS 
administered during performance on a spatial 
working memory training task. The group receiv-
ing CT combined with active tDCS showed 
significantly greater improvement in working 
memory after 2 weeks and category fluency after 
2 and 4 weeks compared to the sham tDCS condi-
tion. These promising results from this intensive 
study provided preliminary support for future 
larger trials of this combined technique in this 
clinical population.
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29.4.3  Neurodegenerative 
and Neurological Conditions

Research attention has particularly focussed 
on investigating potential cognitive-enhancing 
effects in people with neurodegenerative and 
neurological disorders, due to the urgent need 
for novel interventions to alter or ameliorate 
disease progression and improve patient func-
tioning. Martin and colleagues [35] investigated 
whether the adjuvant use of tDCS combined with 
CT could improve memory in people diagnosed 
with amnesic mild cognitive impairment (aMCI). 
Participants were randomised to receive CT 
combined with active or sham tDCS for 15 ses-
sions conducted over 5 weeks (two or three ses-
sions per week). CT included exercises to train 
abilities important for new learning and memory 
skills (e.g. complex attention, processing speed). 
Although the intention-to-treat analysis showed 
that the group that combined active tDCS with 
CT significantly improved memory after treat-
ment compared to baseline (and that the group 
combined with sham did not), no statistically 
significant differences between conditions were 
found across a battery of non-trained tasks.

Several trials have now additionally exam-
ined for potential effects in patients with aphasia 
due to various conditions. Using a double-blind 
crossover design, Roncero et al. [36] analysed 12 
participants (from the initial 27) with Alzheimer’s 
disease or frontotemporal dementia who were 
trained in image naming in three series of 10 
simultaneous sessions with active tDCS or sham 
stimulation. At the end of the experimental ses-
sions, significantly greater improvements were 
observed in the naming of untrained images in the 
two groups that combined active tDCS with CT 
when compared to the group that received sham 
stimulation with CT.  No differences, however, 
were found between conditions on a battery of 
other non-trained cognitive tasks. Similarly using 
a crossover design, Tsapkini and colleagues [37] 
randomly assigned 36 participants with primary 
progressive aphasia (PPA) to 15 daily sessions 
of active tDCS (2  mA for 20  minutes) or sham 
together with language training. Written naming/
spelling training was simultaneously started with 

stimulation in both conditions. Spelling accuracy 
for the treated and untreated words was assessed 
at baseline (before training/stimulation), imme-
diately after the end of the treatment course and 
at 2-week and 4-month follow- up. Overall, active 
tDCS combined with CT was more effective than 
its combination with sham for both word sets, 
suggesting generalisation of treatment effects. 
Finally, in an RCT in patients with chronic post-
stroke aphasia, active tDCS or sham was admin-
istered at the beginning of each of the two daily 
language training sessions in an intensive 2-week 
intervention [38]. Training consisted of a comput-
erised protocol to improve the naming accuracy of 
pictures lasting 1.5 h. All outcome measures were 
evaluated immediately before and after the end of 
the intervention, in addition to a 6-month follow-
up evaluation. In the assessment immediately 
after the end of the treatment course and in the 
6-month follow-up, the transfer of performance 
gains to untrained items was significantly greater 
in the group that received active tDCS combined 
with CT. Importantly, functional communication 
capacity was also significantly improved in both 
time points in the arm that received the active 
tDCS, suggesting generalised benefits.

29.4.4  Summary of Trials of tDCS 
Combined with CT in Clinical 
Conditions

The combination of tDCS given together with CT 
for producing cognitive enhancement is a rational 
development of the technique which capitalises 
on the neurophysiological and acute cognitive 
effects from stimulation [39]. Although trials to 
date have tended to be small and variable in terms 
of patient populations and treatment protocols, 
preliminary findings suggest additional gener-
alised cognitive benefits relative to CT given 
alone. These benefits appear to be greater in 
clinical populations associated with more severe 
neurocognitive dysfunction. Future larger trials 
may benefit from including longer intervention 
periods and follow-ups that include functional 
 assessments, to further assist with elucidating 
treatment efficacy.

D. M. Martin and A. H. Moffa



595

29.5  Overall Conclusions 
and Future Directions

The last two decades have seen a proliferation 
of modern clinical trials which have systemati-
cally investigated tDCS neurocognitive effects in 
clinical populations. In this chapter, we reviewed 
studies which investigated both acute effects fol-
lowing a single stimulation session and effects 
from repeated sessions given both alone and 
together with adjunctive cognitive training. In 
terms of acute effects, trials in depression have 
tended to provide evidence that tDCS has some 
cognitive benefits, particularly in relation to “cog-
nitive control” and complex attention functions. 
The significance of these effects in terms of their 
relation to other therapeutic effects, for example, 
mood, has yet to be determined. Further, the reli-
ability of reported effects on specific cognitive 
functions remains unclear, suggesting that future 
replication studies are required. Although not 
reviewed in this chapter, the question of whether 
these effects generalise to other clinical condi-
tions remains unclear, as this evidence is more 
limited.

In contrast, multiple clinical trials have now 
examined the potential for cognitive-enhancing 
effects from repeated tDCS sessions, primar-
ily in people with depression. Unfortunately, 
this research has failed to provide compelling 
evidence for any benefit from tDCS treatment 
independent from mood effects, yet several out-
standing issues remain unresolved. These include 
whether cognitive benefits from active tDCS 
may be more pronounced after the intervention 
period, similar to what has been found with mood 
effects. Also, the potential additional therapeutic 
benefit of combining repeated tDCS with adjunc-
tive “online” tasks to standardise and potentially 
increase neurophysiological changes from stimu-
lation has yet to be fully determined. Preliminary 
clinical trials of this technique reviewed in this 
chapter suggest that this combined approach has 
greater potential for producing cognitive benefit 
than what has been so far seen with repeated 
tDCS given alone. The emerging translation of 
tDCS as a clinical treatment in the domiciliary 
setting could provide the next frontier for future 

trials to more systematically evaluate neurocog-
nitive benefits from the combination of tDCS 
with CT and other adjunctive concurrent cogni-
tive behavioural therapies.
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30.1  Introduction

The rise of interest in neuromodulation is partic-
ularly relevant in epilepsy, in which seizures are 
resistant to pharmacotherapy in approximately 
one-third of cases, a rate that has not changed 
despite the introduction of more than 20 new 
antiepileptic drugs in the late twentieth and early 
twenty-first centuries [1]. Accordingly, neuro-
stimulation protocols are emerging as potentially 
valuable tools for seizure control.

Stimulating the nervous system with electric-
ity to treat neuropsychiatric symptoms, seizures 
included, is not new. In the first century AD, 
the Roman physician, Scribonius Largus, docu-
mented treating headaches by applying electric 
torpedo fish to the head, and another Roman phy-
sician, Pedanius Dioscorides, in 76 AD applied 

the torpedo fish to a patient with epilepsy [2]. 
As brain stimulation in general, neuromodula-
tion for epilepsy has advanced considerably in 
recent years. Neurostimulation protocols can be 
coarsely divided into either invasive or noninva-
sive. Invasive options include vagus nerve stimu-
lation (VNS), deep brain stimulation (DBS), and 
responsive neurostimulation (RNS). Noninvasive 
protocols include trigeminal nerve stimulation 
(TNS), repetitive transcranial magnetic stimula-
tion (rTMS), and transcranial direct current stim-
ulation (tDCS).

30.2  tDCS in Epilepsy

Applied to the mammalian cerebral cortex, tDCS 
induces both acute and sustained changes in cor-
tical excitability. After a short exposure time to a 
single session (e.g., 20–30 min), cathodal tDCS 
typically leads to a reduction in cortical excitabil-
ity, while anodal tDCS usually increases cortical 
excitability. Beyond the neocortex, experimental 
in vitro DC stimulation (DCS) indicates a poten-
tial for similar modulation of excitability in the 
hippocampus [3–5]. In epilepsy, the capacity of 
cathodal tDCS to reduce cortical excitability has 
prompted research into this technique’s potential 
in controlling clinical seizures [6, 7].

The relatively low intracranial currents and 
the absence of directly triggered neuronal action 
potentials associated with tDCS likely account 
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for its favorable safety profile. In contrast to 
other noninvasive neurostimulation techniques 
like rTMS, seizures have not been directly asso-
ciated with tDCS in humans. Currently, five cases 
of seizures arising during active tDCS have been 
reported in epilepsy clinical trials, all of which 
occurred in drug-resistant patients that had 
events with typical duration and intensity, point-
ing to a probable coincidental association [8, 9]. 
The remaining side effects are usually mild and 
largely limited to skin discomfort and irritation at 
the electrode sites [10, 11].

30.3  Clinical Studies

Objective changes in cortical excitability as 
detected by various methods both in humans and 
animal models have led investigators to imple-
ment tDCS interventions for the management of 
epilepsy with several trials that were undertaken 
in the past 15  years. In a review of published 
clinical data in epilepsy through 2020, Sudbrack- 
Oliveira and colleagues (unpublished data) iden-
tified interventions performed in 328 individual 
patients where 259 were participants in random-
ized clinical trials (RCTs) and 69 were divided 
between uncontrolled studies and case series/
reports.

tDCS clinical trial results, while still inconclu-
sive, are overall encouraging. In the first human 
RCT, adults (N = 19; average age 24 years) with 
medically refractory epilepsy secondary to mal-
formations of cortical development were sub-
jected to 1  mA cathodal tDCS delivered in a 
single session for 20  min using surface sponge 
electrodes (35  cm2) arranged with the cathode 
over the seizure focus and the anode over the 
region with either normal EEG or the least fre-
quent epileptiform abnormalities in case of mul-
tifocal epilepsy. In the sham control condition, 
the device was turned off after 5  s to generate 
the similar initial itching sensation without any 
current delivery for the remainder of the stimu-
lation period. Clinical seizures were monitored 
by seizure diaries. Electrographic abnormali-
ties were measured by 20-min EEGs obtained at 
baseline, as well as immediately after, 15 days, 

and 30 days after stimulation. EEG readers were 
blinded to the treatment condition. The results 
indicate that cathodal tDCS was safe and well 
tolerated in this population. The frequency of 
interictal epileptiform discharges was reduced 
by 64% immediately after tDCS.  A favorable 
trend toward seizure reduction (44% in the treat-
ment group vs. 11% in the control group) was 
detected, but significant differences in clinical 
seizure frequency (SF) between treatment and 
control groups were not identified. Notably, the 
electrographic response and the trend toward sei-
zure reduction lasted as long as 1 month in some 
patients [12].

In a study of pediatric patients with refrac-
tory focal epilepsy (N = 36), children (6–15 years 
old) received a single session of sham tDCS or 
verum cathodal 1  mA tDCS for 20  min. tDCS 
in this study was also administered via a 35 cm2 
sponge cathodal electrode placed over the 10–20 
EEG defined epileptogenic irritative zone and 
the reference anode placed on the contralateral 
shoulder. While the treatment group received the 
current for 20 min, in sham stimulation, the cur-
rent was discontinued just after 30 s in a blinded 
setting. Epileptiform discharges (spikes and 
sharp waves) per 30  min of EEG recording at 
baseline and at different endpoints (15 min, 24 h, 
48 h, and 4 weeks) were compared. EEG readers 
in this study as well were blinded to the treatment 
condition. The results indicate that tDCS was 
well tolerated and associated with a significant 
50% decrease in EEG epileptiform abnormalities 
at 24 h and 58% at 48 h after active stimulation. 
Moreover, a statistically significant, but small 
decrease of 5% in the clinical seizure frequency 
was observed in the verum tDCS group with no 
difference in sham-treated group [11].

Following initial studies that delivered single 
continuous cathodal tDCS sessions, Zoghi and 
colleagues undertook a parallel RCT in a sample 
of patients with temporal lobe epilepsy (N = 29, 
average age 38 years) with a protocol that con-
sisted of two bouts of a 9-min-long stimulation 
spaced by an interval also during 9  min. This 
intervention was delivered in a single day, with the 
cathode positioned in the scalp above the affected 
temporal lobe and anode positioned at the contra-
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lateral supra-orbital area (current = 1 mA, elec-
trode area = 12 cm2). The investigators observed 
that active stimulation was associated with a 
greater reduction in seizure frequency at 1-month 
follow-up (42.14% SF reduction in active tDCS 
and 16.98% reduction in sham group). However, 
this study has some issues: baseline seizure fre-
quency assessment was based on participant’s 
recollection and six patients did not return their 
seizure diaries following the intervention, which 
might have influenced the results. Interestingly, 
authors used short interval intracortical inhibition 
(SICI) as detected by paired-pulse transcranial 
magnetic stimulation (pp-TMS) as a surrogate 
measure of cortical excitability. They observed 
that inhibitory activity in the primary motor cor-
tex was increased in the experimental group as 
compared to the sham arm [13].

Two other RCTs have investigated the effects 
of tDCS interventions in patients with temporal 
lobe epilepsy, in this case secondary to hippo-
campal sclerosis, both delivering repeated stim-
ulation sessions. In the first study, which had a 
crossover design (N = 12, average age 35 years), 
Tekturk and colleagues delivered three 30-min 
sessions of either active or sham tDCS over 
consecutive days. The second bout of three ses-
sions was separated from the first by a washout 
period of 60 days. The intervention, as done by 
prior investigators, had a montage with cathode 
placed in the scalp region overlying the affected 
temporal lobe and the anode at the contralateral 
supraorbital area (current = 2 mA peak to peak, 
electrode area  =  35  cm2). However, instead of 
delivering stimulation at a fixed intensity, the 
intervention consisted on what authors called 
modulated tDCS, characterized by a sinusoidal 
fluctuating current. The chosen frequency for the 
stimulation was 12 Hz, in the upper alpha range, 
aimed to restore abnormal brain activity with 
this physiologic rhythm based on results from 
neurofeedback studies. Results showed a 84% 
decrease in SF at 1-month follow-up after active 
tDCS as compared to no change following the 
sham treatment [14]. In the second study, San-
Juan and colleagues randomized 28 participants 
also with a diagnosis of hippocampal sclerosis 
(average age 38 years) to one of three treatment 

arms: active tDCS consisting of either three or 
five 30-min sessions (current = 2 mA, electrode 
area  =  35  cm2) delivered once in consecutive 
days or sham/placebo. As usual, the cathode 
was positioned over the affected temporal lobe 
and anode at the contralateral supraorbital area. 
Active stimulation was associated with a signifi-
cant decrease in seizure frequency at 2-month 
follow-up (43.4% and 54.6% SF reduction for 3 
and 5 sessions, respectively). EEG epileptiform 
activity was also quantified, but it was similarly 
reduced in active and sham groups [8].

In the largest RCT so far, Yang and cowork-
ers investigated the effectiveness of an inten-
sified tDCS protocol on seizure frequency in a 
sample of patients with drug-resistant focal epi-
lepsy of varied etiologies (N = 70, average age 
31 years). Participants were randomized to one of 
two active tDCS protocols or sham stimulation. 
The intervention consisted of 14 consecutive 
days of stimulations (current = 2 mA, electrode 
area  =  11.9  cm2) delivered once a day during 
20 min in one active arm and twice a day (total-
izing 40-min session daily) in the second active 
group. The cathode was as well positioned in the 
scalp area with most abnormal EEG findings and 
the anode at a contralateral “silent” area. Both 
active groups presented a significant decrease in 
SF when compared to the sham group, a decline 
that was more pronounced with the more intense 
protocol (50.73–21.91% and 63.19–49.79% 
weekly SF reduction for 20-min and 40-min 
stimulation, respectively). Furthermore, the 
intensified protocol was associated with a longer 
duration of the effects (5 weeks as compared to 
4 weeks for 20-min stimulation) [9].

The single RCT that performed tDCS inter-
ventions in a sample not solely composed by 
participants with focal epilepsy was undertaken 
by Auvichayapat and colleagues. In that study, 
22 children (average age 6.5 years) diagnosed 
with Lennox-Gastaut Syndrome (LGS), a condi-
tion characterized as combined focal and gener-
alized epilepsy, were randomized to either sham 
or active stimulation. Sessions lasted 20 min and 
were delivered once through 5 consecutive days. 
This study was also unique in relation to elec-
trode montage, with the cathode positioned at 
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C3 (close to the left primary motor area) in all 
patients and the anode at the right shoulder (cur-
rent = 2 mA, electrode area = 35 cm2). Results 
showed a 89.75% reduction in daily SF in the 
active group at 1 week with a gradual loss of 
the effects observed up to 1-month follow-up 
(55.96% reduction) [15].

In addition to seizure suppression, tDCS 
may have a role in mitigating behavioral symp-
toms that are commonly comorbid with epi-
lepsy. In a recent pilot study of 33 adults with 
controlled temporal lobe epilepsy, Liu and col-
leagues explored the tDCS effects on depression 
and memory dysfunction [16]. Two mA, 20-min 
tDCS was delivered for 5 days with anode over 
the left dorsolateral prefrontal cortex and cathode 
over the right supraorbital area. While the active 
treatment group received current for 20  min, 
the current during sham control stimulation was 
ramped up only for 30  s and thereafter ramped 
down. The 5-day tDCS course corresponded to 
a modest improvement in depressive symptoms 
immediately after active treatment. Notably, 
investigators did not find an increase in interictal 
discharge frequency thus indicating tDCS safety 
for applications other than seizure suppression in 
patients with epilepsy.

30.4  Preclinical Studies

The mixed outcomes of human tDCS trials in 
epilepsy underscore the need for preclinical stud-
ies that may inform future clinical tDCS study 
design. Notably, as the term “transcranial” is not 
relevant for in  vitro brain stimulation, “DCS” 
rather than “tDCS” is often used to describe the 
stimulation condition in preclinical studies.

Preclinical DCS research can provide insight 
is the mechanism by which DCS may produce a 
sustained antiepileptic effect. This was recently 
addressed by Chang and colleagues who studied 
the cathodal DCS effect on acute chemoconvul-
sant in isolated mouse thalamocingulate brain 
slices, an in vitro model of frontal lobe epilepsy. 
In their experiment, brain slices were stimu-
lated by two parallel Ag/Ag-Cl electrodes con-
nected to an isolated stimulator placed external 

to the slice in a recording chamber to generate a 
uniform electric field (4 mV/mm). Spontaneous 
excitatory postsynaptic currents (EPSCs) were 
recorded, as were epileptic EPSCs induced by 
bath application of either the potassium channel 
blocker 4-aminopyridine or the GABAA recep-
tor antagonist bicuculline. Consistent with the 
past studies, cathodal DCS suppressed evoked 
synaptic transmission and spontaneous EPSCs, 
a finding that the authors attributed to real-
time neuronal membrane hyperpolarization. 
However, the antiepileptic effect persisted in 
this model, and was shown to be dependent on 
activation of the n-methyl-d-aspartate (NMDA) 
type glutamate receptor, thus behaving in 
ways like the well- described phenomenon of 
NMDA-dependent long-term depression (LTD) 
of excitatory synaptic strength [17]. The value 
of such data is an identification of a molecular 
pathway by which DCS may suppress seizures. 
This not only satisfies a scientific curiosity but 
also offers an opportunity to test whether phar-
macotherapy that facilitates a component of 
this pathway may also facilitate the antiepilep-
tic efficacy of tDCS, which, as above, is incom-
plete in clinical practice. However, systematic 
in  vitro studies that investigate the molecular 
substrate of the DCS antiepileptic effect are 
rare. More commonly, in  vitro DCS data pro-
vide insight into the electrophysiologic basis 
of seizure suppression by tDCS. For instance, 
early in  vitro studies in a low-calcium hippo-
campal slice model identified that epileptiform 
discharges may be suppressed by field strengths 
in the 1–5 mV/mm range and that such suppres-
sion is polarity dependent [18, 19].

Among the more specialized applications 
that can be tested in animal epilepsy models 
is the capacity for cathodal tDCS, applied as a 
pretreatment to prophylax against seizures. This 
was first tested by Liebetanz and colleagues in a 
modified cortical ramp-stimulation focal seizure 
model in rats. In these experiments, tDCS was 
delivered with unilateral epicranial conductive 
electrodes to rat sensorimotor cortex, and thresh-
old for localized seizure activity was determined 
by trains of pulsatile stimulation (50 Hz; 2 ms; 
2  mA) delivered through the same epicranial 

P. Sudbrack-Oliveira et al.



603

contact. One group of animals received cath-
odal tDCS (100 μA) for 30 and 60 min or anodal 
tDCS for 60 min. In another group, the current 
intensity was doubled (200 μA) and stimulation 
durations were halved in all three conditions. The 
main finding of the work was that cathodal tDCS 
caused an elevation of localized seizure threshold 
lasting for ≥2 h. In contrast, anodal tDCS had no 
significant effect on seizure threshold, confirm-
ing in  vivo a polarity-dependent anticonvulsant 
tDCS effect, and the absence of seizure exacerba-
tion by anodal stimulation, as suggested also by 
clinical tDCS trials [20].

In complement to the preclinical study of tDCS 
in focal seizures [20], the antiepileptic potential 
of cathodal tDCS was also demonstrated in a 
rat amygdala-kindling temporal lobe epilepsy 
model. Here, Kamida and colleagues demon-
strated that cathodal tDCS reduced clinical sei-
zure severity and EEG after discharge duration, 
while elevating the after discharge threshold, and 
these effects lasted at least 1 day after the last 
tDCS session (30-min daily treatment at 200 μA 
for 1 week). This treatment regimen also corre-
sponded to improved cognitive performance on 
the Morris water maze [21]. The same group also 
investigated the effects of cathodal tDCS on con-
vulsions in a rat pup lithium- pilocarpine status 
epilepticus model. In this study, rats were treated 
for 2 weeks with 200 μA cathodal tDCS deliv-
ered for 30 min per session using epicranial elec-
trodes. Monitored over 2 weeks post stimulation, 
the authors found a significant 21% reduction in 
the frequency of convulsions between sham and 
cathodal tDCS treated rats suggesting an anti-
epileptic effect. Among other findings, long-term 
treatment with cathodal tDCS also had neuropro-
tective effects on the rat hippocampus and led to 
improvements in performance of the water maze 
spatial memory task [22].

The above data indicate an intriguing prospect 
for tDCS as a means to interfere with epilepto-
genesis, rather than just seizures. The search for 
an effective and safe antiepileptogenic treatment 
is an active field in experimental epilepsy. The 
unmet need for such treatment is underscored by 
complete absence of clinical antiepileptogenic 
interventions: For instance, none of the approxi-

mately 40 drugs that are prescribed to treat sei-
zures are antiepileptogenic. Thus, further studies 
of tDCS in its capacity to prevent the onset of 
epilepsy after an epileptogenic brain injury 
such as trauma, stroke, or status epilepticus are 
necessary.

In contrast to in vivo experiments that tested 
a delayed antiepileptic tDCS effect, in a study 
by Dhamne and colleagues, cathodal tDCS was 
tested in the acute seizure setting that approxi-
mates status epilepticus to assess an immediate 
anticonvulsant effect. In this experiment, inves-
tigators modeled the realistic scenario that sei-
zures will have already started by the time tDCS 
is deployed in the clinical arena. Moreover, a 
patient with status epilepticus will be likely to 
have received an anticonvulsant before the start 
of tDCS. Cathodal tDCS in this experiment was 
delivered via a scalp electrode for 20  min at 
either 1 mA, 0.1 mA, or, in the control condition, 
0 mA. And to simulate a likely clinical combina-
tion, tDCS was also tested in combination with 
lorazepam, a first-line anticonvulsant benzodi-
azepine that is routinely administered to human 
patients with status epilepticus. The results iden-
tify electrographic seizure suppression within 
minutes of 1 mA cathodal stimulation. Moreover, 
a combination of tDCS and a subeffective loraz-
epam dose suppressed seizures better than either 
intervention alone, suggesting that cathodal 
tDCS may act synergistically with lorazepam 
[23]. Of translational relevance for future clini-
cal application, these data indicate an important 
direction for neuromodulation research toward 
systematic testing of combination drug-device 
therapy in epilepsy.

30.5  Conclusions

Given that the rate of drug-resistant epilepsy has 
not changed much in recent years, tDCS offers 
a plausible noninvasive and nonpharmacologic 
option to improve seizure control in patients with 
intractable seizures, particularly when surgical 
intervention has either failed or is not an option. 
Most RCTs so far indicate that tDCS is an effec-
tive intervention regarding seizure control, with 
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measurable effects being detected up to 2 months 
after the end of the stimulation sessions. However, 
tDCS antiseizure effects as well as its influence on 
surrogate markers of cortical excitability have yet 
to be substantiated and replicated in larger clinical 
trials. Additionally, further work should address 
samples other than patients with drug- resistant 
focal epilepsies (e.g., generalized epilepsy, status 
epilepticus). Nonetheless, tDCS’s promising clini-
cal effects in addition to a benign side-effect pro-
file suggest a favorable risk: benefit ratio and high 
likelihood of near-future implementation in clini-
cal epilepsy. The inconsistent findings with respect 
to seizure suppression in some trials underscore 
the need for improved patient-specific protocols 
that enable superior targeting of the epileptogenic 
foci/networks [24–26]. Last, novel neuroprotective 
and antiepileptogenic tDCS applications are sug-
gested by preclinical research, and also may lead 
to disease- modifying treatment strategies in future 
clinical embodiments of this technology.

Funding PSO is supported by São Paulo Research 
Foundation (Grant number: 2019/10760-9).

References

 1. Chen Z, Brodie MJ, Liew D, Kwan P.  Treatment 
outcomes in patients with newly diagnosed epilepsy 
treated with established and new antiepileptic drugs: 
a 30-year longitudinal cohort study. JAMA Neurol. 
2018;75:279–86.

 2. Kellaway P.  The part played by electric fish in the 
early history of bioelectricity and electrotherapy. Bull 
Hist Med. 1946;20:112–37.

 3. Bindman LJ, Lippold OC, Redfearn JW. The action 
of brief polarizing currents on the cerebral cor-
tex of the rat (1) during current flow and (2) in the 
production of long-lasting after-effects. J Physiol. 
1964;172:369–82.

 4. Nitsche MA, Paulus W. Excitability changes induced 
in the human motor cortex by weak transcranial 
direct current stimulation. J Physiol. 2000;527(Pt 
3):633–9.

 5. Kabakov AY, Muller PA, Pascual-Leone A, Jensen 
FE, Rotenberg A. Contribution of axonal orientation 
to pathway-dependent modulation of excitatory trans-
mission by direct current stimulation in isolated rat 
hippocampus. J Neurophysiol. 2012;107:1881–9.

 6. Nitsche MA, Paulus W. Noninvasive brain stimulation 
protocols in the treatment of epilepsy: current state 
and perspectives. Neurotherapeutics. 2009;6:244–50.

 7. San-Juan D, Morales-Quezada L, Orozco Garduño 
AJ, Alonso-Vanegas M, González-Aragón MF, 
Espinoza López DA, Vázquez Gregorio R, Anschel 
DJ, Fregni F. Transcranial direct current stimulation 
in epilepsy. Brain Stimul. 2015;8:455–64.

 8. San-Juan D, López DAE, Gregorio RV, et  al. 
Transcranial direct current stimulation in mesial tem-
poral lobe epilepsy and hippocampal sclerosis. Brain 
Stimul. 2017;10:28–35.

 9. Yang D, Wang Q, Xu C, et al. Transcranial direct cur-
rent stimulation reduces seizure frequency in patients 
with refractory focal epilepsy: a randomized, double- 
blind, sham-controlled, and three-arm parallel multi-
center study. Brain Stimul. 2020;13:109–16.

 10. Brunoni AR, Amadera J, Berbel B, Volz MS, Rizzerio 
BG, Fregni F.  A systematic review on report-
ing and assessment of adverse effects associated 
with transcranial direct current stimulation. Int J 
Neuropsychopharmacol. 2011;14:1133–45.

 11. Auvichayapat N, Rotenberg A, Gersner R, Ngodklang 
S, Tiamkao S, Tassaneeyakul W, Auvichayapat 
P.  Transcranial direct current stimulation for treat-
ment of refractory childhood focal epilepsy. Brain 
Stimul. 2013;6:696–700.

 12. Fregni F, Thome-Souza S, Nitsche MA, Freedman 
SD, Valente KD, Pascual-Leone A. A controlled clini-
cal trial of cathodal DC polarization in patients with 
refractory epilepsy. Epilepsia. 2006;47:335–42.

 13. Zoghi M, O’Brien TJ, Kwan P, Cook MJ, Galea M, 
Jaberzadeh S.  Cathodal transcranial direct-current 
stimulation for treatment of drug-resistant temporal 
lobe epilepsy: a pilot randomized controlled trial. 
Epilepsia Open. 2016;1:130–5.

 14. Tekturk P, Erdogan ET, Kurt A, et  al. The effect of 
transcranial direct current stimulation on seizure fre-
quency of patients with mesial temporal lobe epilepsy 
with hippocampal sclerosis. Clin Neurol Neurosurg. 
2016;149:27–32.

 15. Auvichayapat N, et al. Transcranial direct current 
stimulation for treatment of childhood pharmacore-
sistant Lennox-Gastaut syndrome: a pilot study. Front 
Neurol. 2016;7:66.

 16. Liu A, Bryant A, Jefferson A, et  al. Exploring the 
efficacy of a 5-day course of transcranial direct cur-
rent stimulation (TDCS) on depression and memory 
 function in patients with well-controlled temporal 
lobe epilepsy. Epilepsy Behav. 2016;55:11–20.

 17. Chang W-P, Lu H-C, Shyu B-C.  Treatment with 
direct-current stimulation against cingulate seizure- 
like activity induced by 4-aminopyridine and bicu-
culline in an in  vitro mouse model. Exp Neurol. 
2015;265:180–92.

 18. Ghai RS, Bikson M, Durand DM. Effects of applied 
electric fields on low-calcium epileptiform activ-
ity in the CA1 region of rat hippocampal slices. J 
Neurophysiol. 2000;84:274–80.

P. Sudbrack-Oliveira et al.



605

 19. Bikson M, Ghai RS, Baraban SC, Durand 
DM.  Modulation of burst frequency, duration, and 
amplitude in the zero-Ca(2+) model of epileptiform 
activity. J Neurophysiol. 1999;82:2262–70.

 20. Liebetanz D, Klinker F, Hering D, Koch R, Nitsche 
MA, Potschka H, Löscher W, Paulus W, Tergau 
F. Anticonvulsant effects of transcranial direct-current 
stimulation (tDCS) in the rat cortical ramp model of 
focal epilepsy. Epilepsia. 2006;47:1216–24.

 21. Kamida T, Kong S, Eshima N, Fujiki M.  Cathodal 
transcranial direct current stimulation affects seizures 
and cognition in fully amygdala-kindled rats. Neurol 
Res. 2013;35:602–7.

 22. Kamida T, Kong S, Eshima N, Abe T, Fujiki M, 
Kobayashi H. Transcranial direct current stimulation 
decreases convulsions and spatial memory deficits 
following pilocarpine-induced status epilepticus in 
immature rats. Behav Brain Res. 2011;217:99–103.

 23. Dhamne SC, Ekstein D, Zhuo Z, Gersner R, 
Zurakowski D, Loddenkemper T, Pascual-Leone A, 
Jensen FE, Rotenberg A.  Acute seizure suppression 
by transcranial direct current stimulation in rats. Ann 
Clin Transl Neurol. 2015;2:843–56.

 24. Datta A, Baker JM, Bikson M, Fridriksson 
J.  Individualized model predicts brain current flow 
during transcranial direct-current stimulation treat-
ment in responsive stroke patient. Brain Stimul. 
2011;4:169–74.

 25. Sunderam S, Gluckman B, Reato D, Bikson 
M.  Toward rational design of electrical stimula-
tion strategies for epilepsy control. Epilepsy Behav. 
2010;17:6–22.

 26. Bikson M, Datta A. Guidelines for precise and accu-
rate computational models of tDCS.  Brain Stimul. 
2012;5:430–1.

30 Epilepsy



607© Springer Nature Switzerland AG 2021 
A. R. Brunoni et al. (eds.), Transcranial Direct Current Stimulation in Neuropsychiatric Disorders, 
https://doi.org/10.1007/978-3-030-76136-3_31

Pain Syndromes

Alexandre F. DaSilva and Marcos Fabio DosSantos

31.1  Introduction

Pain is a phenomenon that has been identified 
and explored since the beginning of time, in dis-
tinct cultures and civilizations. Pain is a disabling 
symptom common to several pathologies and it 
is considered the primary reason that leads indi-
viduals to seek medical care [1]. Nevertheless, 
its concepts and definitions have been modi-
fied considerably throughout the centuries and 
especially during the second half of the twenti-
eth century, when it evolved from a notion of a 
purely sensory event to a model of a complex and 
multifaceted experience. Indeed, since the out-
standing work of Melzack and Casey (1968), it 
has been accepted that pain is not restricted to 
a sensory- discriminative dimension, which is 
unquestionably important to the full character-
ization of a given noxious stimulus (e.g., nature, 
location, intensity, and duration). Instead, pain 
is considerably more complex than that, since it 
includes not only nociception but also encom-
passes motivational- affective properties, intrin-

sically connected to the reticular formation and 
limbic system and a cognitive-evaluative dimen-
sion, processed by higher order cortical areas, 
and that exerts control over the other two dimen-
sions (e.g., sensory-discriminative and cognitive 
evaluative) [2]. Such concept led clinicians and 
researchers that take part in the field to define 
pain as “an unpleasant sensory and emotional 
experience associated with actual or potential tis-
sue damage, or described in terms of such dam-
age” a concept that goes beyond nociception [3].

Pain is classically differentiated into two basic 
categories: acute or chronic. Although overly 
simplistic, this classification can be extremely 
useful in the clinical setting, since acute and 
chronic pain have distinct clinical presentations. 
Furthermore, chronic pain is usually incapacitat-
ing and associated with greater psychological 
and social impairment [4–7]. The adequate man-
agement of chronic pain is still considered a chal-
lenge for clinicians worldwide and its prevalence 
as well as the impact it produces in healthcare 
systems have been hugely studied and debated 
in the last years [8]. Therefore, other than distin-
guishing acute and chronic pain based only on 
arbitrarily chronological markers (classically 3 or 
6 months), it is important to understand the patho-
physiological events underlying both conditions.

The struggle to treat chronic pain derives 
mostly from the difficulty to understand its com-
plex mechanisms, which leads researchers in the 
field to focus their attention on the biological 
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mechanisms related to this. In fact, the intricate 
machinery that triggers and maintains chronic 
pain has been partially unveiled. It has been 
established that a maladaptive plasticity affecting 
both the peripheral and the central nervous sys-
tems and associated with central and peripheral 
sensitization plays a major role [9].

Also, chronic pain does not represent a single 
nosological entity, since it comprises a variety 
of conditions of somatic, neuropathic, or even 
psychological origins, each one with particular 
characteristics [10]. For instance, different symp-
tom profiles (e.g., pain quality and its spatial 
properties) can distinguish patients with neuro-
pathic pains (e.g., postherpetic neuralgia painful 
diabetic, painful idiopathic sensory polyneuropa-
thy, peripheral neuropathy) from those subjects 
with nociceptive pain (e.g., non-neuropathic low 
back pain and osteoarthritis) [11, 12]. Such find-
ings very likely reflect the presence of specific 
events, concurring to the mechanisms of each 
chronic pain syndrome. For instance, a reduction 
in the intracortical inhibition has been shown in 
peripheral neuropathic pain, but not in osteo-
arthritis, which might suggest the presence of 
specific mechanisms related to neuropathic and 
nociceptive pain [13]. Moreover, a huge variabil-
ity occurs during chronic, especially neuropathic, 
pain among the individuals affected. This vari-
ability depends on the body region affected and is 
believed to be the result of interactions between 
etiological, and environmental factors as well as 
genetic polymorphisms. In the future, the precise 
identification of dysfunctional mechanisms, rep-
resentative of each chronic pain syndrome will 
permit the development of more individualized 
treatments, which will probably result in a sig-
nificant improvement of efficacy and decrease of 
side effects [14].

Due to the enormous challenge of treating 
chronic pains with the pharmacological therapies 
and surgical interventions currently available, cli-
nicians and researchers have devoted to develop-
ing and enhancing clinical strategies to provide 
relief for chronic pain patients, especially those 
suffering from refractory conditions. In this con-
text, despite the long history in the use of electri-
cal brain stimulation to provide pain relief [15], 

the use of neuromodulatory techniques to this 
purpose has only received considerable atten-
tion in the last three decades, especially after the 
studies of Tsubokawa et  al. in the early 1990s 
[16, 17] that successfully applied motor cortex 
stimulation (MCS) to treat chronic neuropathic 
pain syndromes. As a matter of fact, the choice 
of the motor cortex as a target for pain treatment 
occurred after the unexpected discovery that tha-
lamic hyperactivity could be decreased by MCS, 
while sensory cortical stimulation failed to pro-
duce comparable results [16–18].

In reality, a possible connection between the 
motor cortex and pain had emerged years before, 
with the report of successful facial pain relief 
after cortical removals of both postcentral (sen-
sory) and precentral (motor) cortex facial rep-
resentations, in two patients [19], while cortical 
removals limited to the postcentral gyrus did not 
result in lasting pain relief for central pain suffer-
ers [20]. In the following years after Tsubokawa’s 
work, clinical studies investigated the efficacy of 
MCS as well as noninvasive neuromodulatory 
techniques, to treat chronic pain disorders [21–
25]. Furthermore, the ability of those methods to 
modulate the activity of faulty neural networks 
was also demonstrated [26].

Among the noninvasive neuromodulatory 
therapies applied for pain control, transcranial 
direct current stimulation (tDCS) and transcranial 
magnetic stimulation (TMS) are the most inves-
tigated. One of the main advantages of adopting 
protocols restricted to noninvasive methods of 
neuromodulation is the lower incidence of side 
effects. Although rare cases of TMS-related sei-
zures have been documented [27, 28], typically 
only minor and transient side effects, such as tin-
gling, transient headaches, skin irritation, itching, 
burning sensation, and nausea, occur with nonin-
vasive procedures [29, 30] as long as the safety 
criteria are followed [31, 32].

With respect to tDCS, it is considered an 
effective method to modulate brain activity. 
Moreover, it permits a reliable sham condition, 
and its technical operation is relatively simple 
[24, 25, 33, 34]. All these features make this 
 procedure particularly suitable for pain stud-
ies. Not surprisingly, since its reintroduction in 
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neurophysiological and clinical research, during 
the late 1990s and early 2000s [35, 36], sev-
eral studies have reported that it is an effective 
method to treat distinct chronic pain syndromes, 
including fibromyalgia [25, 37–40], pain due 
to traumatic spinal cord injury [24, 41–43], 
chronic pelvic pain [44], refractory orofacial 
pain [45], postherpetic neuralgia [46], painful 
diabetic polyneuropathy [47], chronic neuro-
pathic pain following burn injury [48], neuro-
genic pain [49], trigeminal neuralgia [50], low 
back pain [51], migraine [52–54], and chronic 
temporomandibular disorders (TMD) [55].

However, the effectiveness of tDCS for pain 
control is still a matter of debate in the literature. 
Although the results of a recent meta-analysis 
suggest that tDCS provides a significant reduc-
tion of pain levels [56]; according to the results of 
another study, there is insufficient evidence that 
this method is effective to treat chronic pain in 
all patients [29]. Nevertheless, it is important to 
emphasize the elevated heterogeneity of the sam-
ples evaluated in those studies, which included 
subjects affected by chronic pains associated 
with a great variety of diseases (e.g., fibromyal-
gia, spinal cord syndrome, multiple sclerosis, and 
migraine), the majority presenting completely 
unrelated pathophysiological mechanisms, which 
in turn may have impacted the findings.

Another important aspect is the presence of 
adequate subject blinding during active and sham 
stimulation. Incomplete blinding may exagger-
ate the clinical outcome by up to 25% [57]. This 
aspect is especially prominent with TMS, since 
auditory clues along with the sensation of stim-
ulation occur with active but not sham stimula-
tion [58, 59]. Thus, some novel TMS strategies 
have been elaborated to address this concern 
[60]. Regarding tDCS, the feasibility of conduct-
ing double-blind sham-controlled clinical trials 
has been reported at current intensities of 1 mA 
in tDCS-naive participants [61, 62]. However, 
active tDCS stimulation could be distinguished 
from sham at a current intensity of 1.5 mA [30], 
and both subject and operator blinding would be 
compromised at intensities of 2 mA since active 
and sham stimulations could be markedly differ-
entiated [63].

One crucial feature, specifically related to 
tDCS, is the type of montage chosen. M1-SO is 
the montage classically adopted for pain studies. 
In this setup, the anode (positive pole) is placed 
over the region corresponding to primary motor 
cortex (M1) and the cathode (negative pole) over 
the contralateral supra-orbital (SO) area [64, 65]. 
Nevertheless, along the recent years, other mon-
tages have been successfully built and tested, 
including DLPFC, that used both electrodes 
(anode and cathode) positioned over the dorsolat-
eral prefrontal cortex (DLPFC) and Cz-Oz, with 
the anode over the vertex and the cathode over the 
occipital cortex. M1-SO, DLPFC, and Cz-Oz have 
been referred as conventional montages, since 
they use the same large electrodes (5 × 7 cm) posi-
tioned in different locations [53, 54, 66] and some 
of those methods have been compared. It has been 
reported that fewer subjects can distinguish sham, 
anodal, and cathodal stimulation when Cz-Oz is 
the montage applied. On the other hand, more 
subjects would recognize the type of stimulation 
when M1-SO is applied [67]. However, future 
studies must confirm such findings.

More recently, high-definition-tDCS 
(HD-tDCS) montages using smaller ring elec-
trodes have been developed, with the goal of 
increasing the focality of the electrical current. 
HD-tDCS montages include HD-tDCS 4x1, 
with the anode centered on the EEG 10–20 loca-
tion C3, surrounded by four cathodes, over Cz, 
F3, T7, and P3 and HOPE HD-tDCS 2x2, with 
two anodes and two cathodes positioned across 
the face/head region of M1. In the case of 2 × 2 
HD-tDCS, it was especially tailored based on 
MCS parameters [55, 64, 68–70]. On chronic 
temporomandibular disorder (TMD) patients, five 
daily sessions with this montage provided sig-
nificant improvements on clinical pain and motor 
measurements compared to the placebo group, 
with pain relief above 50% at 4-week follow- up 
and increase pain-free mouth opening at 1-week 
follow-up. There was also decrease on pain area, 
intensity and their sum measures contralateral to 
the M1 stimulation, not the ipsilateral side, dur-
ing the treatment week. In addition, no changes 
in emotional values were shown between active 
and placebo TMD groups.
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Interestingly, recent studies, using compu-
tational models, have demonstrated that the 
strength of the regional current flow generated by 
tDCS differs significantly among distinct conven-
tional and HD-tDCS montages [68] (Figs.  31.1 
and 31.2) and even changes in the intracortical 
functional connectivity generated by conven-
tional tDCS depend on the montage chosen [71]. 
Therefore, it is possible to postulate that each 
tDCS montage could be utilized to target specific 
dysfunctional areas in chronic pain patients, or 
extrapolating this concept, different montages 
could be chosen to treat distinct pain disorders.

Furthermore, HD-tDCS montages should 
be preferable when increased focality is a goal. 
Another important feature that should be con-
sidered is the possible reduction of undesirable 
effects with more focused stimulation techniques, 
though the safety profile is considered very good 
particularly in the case of tDCS [29].

Despite the vast number of studies investigat-
ing the clinical effects of tDCS and the mount-
ing evidence suggesting its analgesic effects, 
many of its mechanism’s aspects remain practi-
cally unexplored and it is still not possible to 
fully comprehend how it modulates brain activ-
ity. Nevertheless, some of the underpinnings 
related to tDCS mechanisms have been eluci-
dated by recent studies. Past studies reported 

the occurrence of immediate as well as long-
lasting changes in the cortical excitability [31, 
36, 72]. In addition, studies with computational 
models, which can predict the patterns of the 
current distribution throughout the central ner-
vous system (CNS), have indicated that not only 
outer brain areas but also deeper and even more 
remote brain regions, such as insula, cingulate, 
thalamus, and brainstem, can be reached by 
tDCS [52, 68]. Considering that the presence 
of neuroplasticity, occurring at the structural 
[73–80], functional [81–86], and even molecu-
lar level [87–91], has been consistently reported 
in patients with a variety of chronic pain condi-
tions, it is possible to speculate that, acting at 
cortical and subcortical structures, tDCS could 
contribute to reverse the ingrained neuroplas-
tic changes developed by chronic pain patients. 
Remarkably, the effects of anodal and cathodal 
tDCS on cortical excitability can be suppressed 
by the N-methyl-D-aspartate (NMDA) recep-
tor antagonist dextromethorphan (DMO) [92]. 
Such results support the hypothesis that synap-
tic plasticity can be driven by tDCS and that the 
analgesic effects of this neuromodulatory tech-
nique can be related to neuroplasticity changes 
involving brain areas related to pain and pain-
related neural networks, which are dysfunc-
tional in chronic pain patients.

Fig. 31.1 Electrical current distribution through cortical and subcortical brain structures in three distinct conventional 
tDCS montages [68]
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Supporting this hypothesis, tDCS-induced 
changes in the levels of Glx, a combined marker of 
glutamine and glutamate, and N-acetylaspartate 
(NAA) and that provides information regard-
ing neuronal integrity, have been recently dem-
onstrated in the anterior cingulate cortex [93]. 
Such findings confirm previous findings that 
had reported changes in the levels of Glx with 
tDCS.  However, in that case, the changes were 
detected in the parietal area beneath the anode 
[94]. Another interesting result is the trend of 
increase in the levels of GABA, a major inhibi-
tory neurotransmitter, in the anterior insula, pro-
duced by tDCS [93].

Furthermore, changes in the mu-opioid neu-
rotransmission induced by M1 tDCS have been 
documented in both healthy subjects [46] and 
in a case report of a chronic pain patient [95]. 
Interestingly, the activation of the endogenous 
mu-opioid system occurred with both active 
and sham stimulation. However, the pattern of 
regional opioidergic activation permitted the 
differentiation between sham and active tDCS 
(Fig.  31.3). While changes in the mu-opioid 
receptor availability in the periaqueductal gray 
matter (PAG) and precuneus occurred during 
both sham and active stimulation, changes in the 
thalamus were specific for sham tDCS, corrobo-
rating the thalamic mu-opioid activation reported 
in previous placebo studies [96, 97]. On the other 
hand, Changes in the prefrontal cortex (PFC) 
were only observed during active tDCS.  These 
findings possibly indicate that a placebo effect 
contributes to the beneficial effects obtained 

with tDCS, when applied to produce analgesia. 
Supporting this hypothesis, changes in the levels 
of NAA were found in the posterior insula after 
M1 tDCS [93]. Although still very preliminary, 
these findings also suggest that mutual as well as 
specific mechanisms can be associated with pla-
cebo and active tDCS [95].

Nevertheless, there are several aspects related 
to the neuromechanisms elicited by tDCS that 
still must be answered. At the current stage, it is 
important to establish a complete characteriza-
tion of the clinical effects as well as the puta-
tive mechanisms associated with tDCS in each 
chronic pain syndrome. The following sections 
will discuss the main findings of studies inves-
tigating the effects and mechanisms of tDCS 
in some major chronic pain syndromes (e.g., 
migraine, fibromyalgia) and also in neuropathic 
pains.

31.2  Effects and Putative 
Mechanisms of tDCS 
in Different Chronic Pain 
Syndromes

31.2.1  Fibromyalgia

Fibromyalgia is a condition that affects 2–8% 
of the general population [98–100]. This syn-
drome was originally defined by the presence 
of  tenderness and chronic spontaneous wide-
spread pain [101]. Since women have much 
more tender points than men, fibromyalgia was 

Fig. 31.2 Electrical current flow delivered through the brain in two HD-tDCS montages [68]
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almost exclusively found in women, when using 
that characterization [102]. Nonetheless, recent 
diagnostic criteria do not require counting the 
number of tender points. Instead, it is entirely 
based on patient’s symptoms [103]. With this 
diagnostic criteria, the female: male ratio is 2:1 
[100]. Multiple symptoms occur in fibromyalgia, 
including widespread pain, cognitive and physi-
cal fatigue, mood disturbance, pain catastroph-
izing, autonomic dysfunction, sleep and memory 
disturbances [102]. A history of regional muscu-
loskeletal pain, irritable bowel syndrome, head-
ache, and TMD, among other conditions, are also 
usually observed in fibromyalgia patients [104].

Fibromyalgia has been referred as a central-
ized pain state [102]. In fact, there is mounting 
evidence, deriving mainly from neuroimaging 
studies, that confirms the occurrence of func-
tional changes in the CNS activity of fibromy-
algia patients. Those changes involve not only 
the cerebral blood flow [105] but also regional 
changes in the γ-aminobutyric acid (GABA) 
concentrations [106], dopaminergic [107], and 
 opioidergic systems [87] as well as altered brain 
connectivity [84, 86, 108]. Linking those findings 
with the lack of effectiveness of drugs commonly 
applied to treat peripheral pains and higher effec-
tiveness of centrally acting drugs in the treatment 

a b c

d e f

Fig. 31.3 μ-opioid receptor (MOR) activation induced by 
placebo (a–c) and active (d–e) tDCS. (a and d) Precuneus 
MOR activation in the sagittal plane. (b and e) PAG MOR 

activation in the axial plane. (c) Left thalamus (Thal) MOR 
activation in the coronal plane. (f) Left prefrontal cortex 
(PFC) MOR activation in the axial plane [95]
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of fibromyalgia patients [102], it is very likely 
that neuromodulatory methods can provide some 
degree of pain relief for individuals affected by 
this syndrome.

As a matter of fact, one of the pioneer stud-
ies exploring the possible use of tDCS for pain 
treatment was performed in fibromyalgia patients 
[25]. In that study, positive results that lasted for 
3  weeks after the end of the treatment period 
were obtained with five sessions (2 mA/20 min 
of stimulation) of M1-SO tDCS but not with 
DLPFC tDCS or sham. The outcomes of that 
proof-of- concept research were also important 
to confirm the safety of the procedure, espe-
cially when applied in chronic pain patients, 
since only few and mild adverse effects, with a 
frequency similar in the verum and sham groups, 
were found. Furthermore, the absence of anti-
depressant effects could suggest that DLPFC-
tDCS might not be the most suitable montage in 
fibromyalgia patients. Nonetheless, a subsequent 
study demonstrated significant improvements of 
pain and quality of life with both M1-SO and 
DLPFC montages, when applying protocols con-
sisting of 10 sessions (2 mA/20 min) of stimula-
tion [40]. Interestingly, M1-SO montage resulted 
in long- lasting outcomes, as assessed at 30 and 
60 days after the end of the period of stimulation, 
stressing the importance of the treatment dura-
tion to the long-term effects of tDCS, at least in 
fibromyalgia patients. The analgesic and long-
term effects of tDCS in samples that included 
fibromyalgia patients have been confirmed in 
other studies, even when applying lower currents 
[109], unusual montages (e.g., cathodal-SO) 
[38], or the combination of tDCS and rehabilita-
tion programs [37].

More recently, significant pain decreases 
have been reported with only a single session of 
anodal or cathodal 4 × 1 HD-tDCS, when com-
pared to sham [39]. These findings endorse the 
use of HD-tDCS montages in future fibromyal-
gia trials. As previously discussed, HD-tDCS 
techniques enhance the current focality, which 
remains practically restricted to M1. Considering 
that the most pronounced analgesic effects are 
achieved with M1 stimulation, it is reasonable 
to advocate that HD-tDCS montages specifically 

targeting M1 should be preferred to treat chronic 
pain syndromes, including fibromyalgia. In fact, 
the question whether the use of somatotopically 
oriented stimulation through smaller electrodes 
optimizes the analgesic effects induced by tDCS 
has been proposed since the first study of tDCS 
in chronic pain [24]. However, the clinical rel-
evance of increasing focality must be confirmed, 
since modeling studies have proved that conven-
tional montages modulate several deeper struc-
tures related to pain. Although also affected by 
the electrical current, those areas are not reached 
at the same intensity with HD-tDCS montages 
[52, 68].

Despite the increasing number of studies 
investigating the clinical aspects of tDCS in fibro-
myalgia, the specific mechanisms by which tDCS 
modulates pain pathways in this disorder have 
not been explored in depth. The results of one of 
the few studies in the topic suggest that M1-SO 
tDCS could possibly act by altering the levels of 
GABA, glutamate and glutamine (Glx), and NAA 
in pain-related brain areas, such as the anterior 
cingulate, the anterior insula, and the thalamus 
(Fig. 31.4). In addition, the baseline levels of Glx 
in the anterior cingulate can predict the clinical 
responses to tDCS [93]. Interestingly, significant 
increases in the levels of NAA in the posterior 
insula were found after sham tDCS, which sug-
gests the presence of a placebo effect underlying 
the tDCS-induced analgesia. Nevertheless, more 
studies are needed to confirm those findings and 
to expand the current understanding regarding the 
mechanisms by which tDCS acts in fibromyalgia.

31.2.2  Migraine Headache

Migraine is characterized by recurrent attacks 
of unilateral pulsating headache, associated 
with nausea and/or photophobia and phonopho-
bia [110]. Its lifetime prevalence is around 14% 
[111]. Two subtypes are encountered: migraine 
without aura and migraine with aura. Migraine 
without aura is characterized by headache with 
some specific aspects and symptoms associated. 
Migraine with aura is characterized by the pres-
ence of transient focal neurological symptoms 
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(e.g., visual or sensory symptoms) that precede 
or accompany the headache [110]. In some 
patients, migraine evolves from an episodic 
form to a chronic condition, referred as chronic 
migraine (CM). CM is defined as a headache that 
occurs on 15 or more days per month for more 
than 3  months, and that features the aspects of 
migraine headache on at least 8 days per month 
[110]. Besides, medication overuse has been con-
sidered the main cause of symptoms suggestive 
of chronic migraine [110]. As in other painful 
syndromes, where the progression from an epi-
sodic to a chronic form is marked not simply by 
an increase in the number of episodes but also by 
the occurrence of other phenomena, such as allo-
dynia (pain due to a stimulus that usually does 
not provoke pain) as well hyperalgesia (increased 
response to a normally painful stimulus). In fact, 
allodynia affects a large proportion of migraine 
sufferers [112–115] and is more common in 
migraine than in other primary headaches [116].

Along with the largely documented neural and 
neurovascular mechanisms, it has been proposed 
that central sensitization, which may lead to 

cutaneous allodynia, plays a role in the migraine 
pathophysiology [117, 118]. Interestingly, our 
group has recently demonstrated the presence 
of altered mu-opioid receptor functioning in the 
periaqueductal gray and red nucleus associated 
with ictal trigeminal allodynia, developed during 
a thermal challenge, in migraine patients [91]. 
Furthermore, neuroimaging studies have con-
firmed the presence of neuroplastic changes asso-
ciated with migraine headache [74, 75, 77, 82, 
83, 90]. When analyzed together, these findings 
corroborate the development of research proto-
cols to investigate the use of noninvasive neuro-
modulatory tools, such as tDCS, to modulate the 
activity of pain-related structures and perhaps 
reverse faulty mechanisms that constitute the 
basis of the migraine pathophysiology.

Regarding the clinical use of tDCS in 
migraine patients, there are still few studies 
in the literature, and they differ with respect to 
the montage chosen as well as the patient selec-
tion. The most used montages are M1-SO [52] 
and Cz-Oz [53, 54, 66]. Positive effects, such 
as pain reduction, decrease in the duration of 
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attacks and in the number of migraine-related 
days post-treatment were reported in a study that 
applied Cz-Oz tDCS [53]. On the other hand, the 
frequency of migraine attacks was not affected, 
which might be explained by the relatively low 
intensity (1  mA), short duration (15  min), and 
frequency of the stimulation applied (three ses-
sions per week for 3  weeks). Increasing those 
parameters might have produced stronger effects 
in that study, but it might have also impacted the 
sham arm of the study and the placebo condition, 
which was considered optimal, based on the side 
effects reported. Nonetheless, another limitation 
of that preliminary study that must be considered 
when interpreting the results is the heterogeneity 
of the experimental group analyzed, consisting of 
patients diagnosed with migraine with aura, with-
out aura, and chronic migraine. Interestingly, per-
sistent analgesic effects induced by tDCS were 
found in a sample consisting only of patients 
diagnosed with episodic migraine without aura 
[54]. In that study, each subject received preven-
tive treatment with anodal tDCS applied to the 
visual cortex (1 mA/15 min) twice a day, for 8 
weeks. Active stimulation reduced the frequency 
and duration of the migraine attacks as well as 
migraine days and the acute medication intake 
for a period of 4.8 weeks [54]. The same study 
showed that tDCS can induce a transient increase 
in the habituation in migraineurs, which could be 
one of the mechanisms underlying tDCS-induced 
analgesia in migraine patients.

In another tDCS study, significant decreases 
in the pain intensity, length of episodes, and 
clinical impression have been reported in chronic 
migraine patients treated with M1-SO tDCS [52]. 
Unexpectedly, only long-term effects (4 months 
after the period of treatment) were detected in 
that study, while immediate effects could not 
be demonstrated. Such findings could also be 
related to the protocol chosen, consisting of every 
other day stimulation, instead of daily sessions. 
Nevertheless, the most important contribution of 
that study was the detection of peaks of current 
flow in deeper pain-related structures (e.g., cin-
gulate, thalamus, insula, and brainstem), demon-
strated through a finite element model analysis, 
which has been confirmed afterwards [68].

tDCS can also provide insights into the 
pathophysiology of migraine headache, as dem-
onstrated by a study that revealed, through a com-
bination of tDCS and TMS, different patterns of 
changes in the cortical excitability induced by 
tDCS [119]. Anodal tDCS stimulation produced 
an increase in the visual cortex excitability in 
both healthy subjects and migraine patients, 
with larger variations observed in the group 
of migraine patients with migraine with aura. 
Conversely, cathodal tDCS (Cz-Oz) resulted in 
a decrease in the cortical excitability of healthy 
volunteers, but did not alter the cortical excit-
ability in migraine patients, suggesting the pres-
ence of deficient inhibitory process in the cortex 
of migraine patients and indicating that a more 
prominent inhibitory dysfunction occurs in 
migraine with aura, when compared to migraine 
without aura [119]. In a following study that 
also combined TMS and tDCS, cathodal tDCS, 
but not anodal tDCS, restored the abnormal 
facilitatory response to HF-rTMS in migraine 
patients [120]. The presence of interictal visual 
cortical hyperexcitability has also been found 
in another study applying a similar methodol-
ogy [121]. The same study reported significant 
reductions in duration and number of migraine 
attacks as well as painkillers intake when cath-
odal visual cortex stimulation was applied as a 
prophylactic therapy. Nevertheless, such effects 
were not higher than in a group of migraine 
patients that received sham stimulation [121]. 
Intriguingly, the beneficial effects obtained in 
the active group were not correlated to changes 
in cortical excitability, indicating that the anal-
gesic effects induced by tDCS in migraineurs 
may occur independently of cortical excitability 
normalization.

Although still scarce, the data currently avail-
able suggest that tDCS can be a useful tool to treat 
migraine headache. However, it is still necessary 
to define the specific montage that offers more 
beneficial effects as well as the ideal parameters 
(e.g., current intensity, duration, and frequency) 
that should be used in migraine patients. To 
accomplish those objectives, further studies with 
larger sample sizes and individualizing different 
forms of migraine headache will be necessary.
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31.2.3  Neuropathic Pains

The IASP taxonomy (Merskey et  al., 1994), 
revised in 2012 (https://www.iasp- pain.org/ter
minology?navItemNumber=576), defines neu-
ropathic pain as “pain caused by a lesion or 
disease of the somatosensory nervous system.” 
However, neuropathic pain is considered an 
umbrella term, that encompasses distinct disor-
ders, such as trigeminal and postherpetic neu-
ralgias, painful diabetic polyneuropathy, painful 
nerve lesions, radiculopathies, and postamputa-
tion pain. Moreover, several CNS disorders (e.g., 
spinal cord injury, multiple sclerosis, and stroke) 
can be associated with neuropathic pain [122, 
123]. The prevalence of neuropathic pain on the 
general population ranges from 2% to 3% [124, 
125], but this number can be even higher. It has 
been estimated that the prevalence of pain with 
neuropathic characteristics can be around 6.9–
10% [126]. Neuropathic pain is considered chal-
lenging to manage [127]. Furthermore, it often 
produces significant negative impact on quality 
of life [128]. The mechanisms that trigger and 
maintain neuropathic pain symptoms have not 
been totally unveiled. Nonetheless, peripheral as 
well as central mediation, which involve complex 
physiological events, are certainly important [9, 
129, 130]. Considering the satisfactory results 
produced by MCS in neuropathic pain patients 
[17, 23, 131], it is reasonable to consider the use 
of tDCS to reduce the negative impact provoked 
by such disorders on the patients affected, or even 
as a predictive method for invasive therapies.

In fact, the first study investigating the effi-
cacy and safety of tDCS in chronic pain was per-
formed in patients with refractory neuropathic 
central pain due to traumatic spinal cord injury. 
The results indicated the presence of signifi-
cant positive results on pain, without significant 
effects on anxiety and depression associated with 
five consecutive sessions of M1-SO tDCS but 
not with sham [24]. Remarkably, the magnitude 
of the results obtained in that study was impres-
sively high, with a mean pain response of 58%. 
Besides, the lack of changes in cognitive and 
motor performed associated with tDCS verified 
in that study, corroborated the safety of the pro-

cedure, and supported the development of further 
tDCS studies in chronic pain patients. A recent 
study confirmed the safety and efficacy of anodal 
M1 stimulation in patients with neuropathic pain 
associated with spinal cord injury. Strikingly, a 
significant association was found between the 
decrease of pain intensity and increase in the 
peak theta–alpha frequency at the site of stimula-
tion, with only a single session of tDCS [132].

A further study, evaluating patients with pain-
ful diabetic polyneuropathy, showed significant 
higher analgesic effects of M1-SO tDCS, when 
compared to DLPFC tDCS and sham, indicating 
that M1-SO tDCS might be optimal montage for 
neuropathic pain studies [47]. In other studies, 
M1-SO tDCS produced more significant and in 
some cases longer lasting results in neuropathic 
pain patients when combined with another ther-
apy, such as transcutaneous electrical nerve stim-
ulation [49] or visual illusion [41]. Nonetheless, 
in both examples, tDCS alone also granted ben-
eficial effects to the patients evaluated.

Little is known regarding the mechanisms of 
M1-SO tDCS in chronic neuropathic pain syn-
dromes. In a previous study, our group demon-
strated for the first time significant changes in the 
availability of mu-opioid receptor in pain-related 
structures (insula, cingulate, nucleus accumbens, 
and thalamus) during a single session of M1-SO 
tDCS in a postherpetic neuralgia patient [46]. 
Such findings are very similar to those obtained 
with MCS in refractory neuropathic pain patients 
[133, 134] and suggest the contribution of the 
mu-opioidergic system to the tDCS-driven anal-
gesia in neuropathic pain patients.

Negative results have also been reported 
with tDCS in neuropathic pain conditions. For 
 example, in one study, five sessions of anodal M1 
tDCS stimulation failed to produce analgesia in 
patients with neuropathic pain due to spinal cord 
injury, contrasting the findings of previous stud-
ies. Noteworthy, the duration of the injury in the 
patients of that study was longer than in other 
studies, suggesting that the pain decreases related 
to tDCS also depend on the pain duration [43]. 
Negative results of M1-SO tDCS in neuropathic 
pain have been documented in other studies. 
Nonetheless, those results should be interpreted 
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cautiously, since in those cases, the protocol 
consisted of single sessions of stimulation [42, 
48], which in some cases could not be enough 
to produce significant analgesia and especially in 
refractory neuropathic pain patients.

31.3  Concluding Remarks

The current scientific literature indicates that 
tDCS is safety and well-tolerated procedure 
that can be effectively used as a prophylactic 
or even acute therapy in different chronic pain 
syndromes. Nevertheless, there are still many 
questions that must be answered before it can be 
clinically applied in a large scale. Future studies 
should not only focus on establishing the ideal 
montages and protocols for each pain syndrome 
but also on determining to what extension a pla-
cebo effect contributes to its analgesic effects and 
more important, the pain-related neural mecha-
nisms that can be targeted and potentially modu-
lated by tDCS.
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32.1  Introduction

Tinnitus, as characterized by the perception 
of sound in the absence of an external acoustic 
source [1], has been estimated to have a world-
wide prevalence of 12–30% in the general public, 
rising to 30% in those above 50 years of age [2]. 
Population studies have reported higher tinnitus 
presence among males and those with hearing 
loss, lower socioeconomic status or education, 
besides a wide range of diseases such as hypo-
thyroidism, hyperlipidemia, and osteoarthritis [3, 
4]. Although symptoms can be sufficiently man-
aged in most patients with tinnitus, severe tinni-
tus has a prevalence of approximately 20% of all 
cases [5]. This disorder has a significant negative 
impact on patients’ quality of life, ranging from 
debilitating physical pain to mental and emo-
tional effects [5].

The experience of tinnitus is remarkably het-
erogenous. It can be intermittent or constant, 

varying in perceived intensity and observed in 
one or both ears. The perceived sensations of tin-
nitus are far ranging, described as being ringing, 
hissing, or sizzling to more complex depictions 
of musical hallucinations. Broadly, tinnitus is 
subjective when noises are audible only to the 
individual, and objective when the ringing can 
be witnessed by an outside observer. Objective 
tinnitus often has an identifiable origin associ-
ated with disorders of the vascular or muscular 
systems whereas subjective tinnitus is idiopathic 
and is more common. Onwards, discussion in this 
chapter is centered around subjective tinnitus.

Despite the marked increase in tinnitus 
research, particularly in the past decade, the 
pathophysiology of this phantom sound remains 
to be clarified. Yet, neuroimaging studies have 
allowed for some plausible clarifications regard-
ing the neural correlates and changes in the brain 
that trigger the clinical manifestation of tinnitus. 
The pathophysiology of tinnitus has been linked 
to changes in the auditory system and several 
non-auditory brain areas. Damages to the cochlea 
and subsequent hearing loss have been shown to 
cause an abnormal increased rate of spontaneous 
firing (i.e., hyperactivity) in the central auditory 
circuit [6]. The reorganization of tonotopic maps 
and downregulation of inhibition (i.e., disinhi-
bition) in the auditory system are well-received 
mechanisms responsible for tinnitus [6].

As for non-auditory areas, great emphasis has 
been placed on regions of the limbic structures 
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(i.e., amygdala, anterior cingulate cortex, hippo-
campus, orbitofrontal cortex, and anterior insu-
lar cortex) that are involved with the evaluation 
and upkeep of emotional and sensory (e.g., audi-
tory) salience, motivation, and memory [6]. The 
underlying mechanisms regarding the interac-
tions between the auditory system and the limbic 
structures, and how they contribute to the gen-
eration and maintenance of tinnitus distress, are 
debatable. Nonetheless, in the process of unrav-
eling this interconnected relationship, intense 
research efforts have identified potential new tin-
nitus treatment strategies centered around modu-
lating the plasticity of the “distress network” 
through connected areas such as the dorsal lateral 
prefrontal cortex, auditory cortex, and temporo-
parietal junction.

On such basis, the capability of noninvasive 
brain stimulation methods in performing effec-
tive modulation has raised clinical and scientific 
interest. The potential therapeutic role of transcra-
nial electrical stimulation, including transcranial 
direct current stimulation (tDCS), transcranial 
alternating current stimulation (tACS), and tran-
scranial random noise stimulation (tRNS), is 
appealing and relevant considering the limited 
success of current pharmacological and nonphar-
macological approaches [1, 7]. In the following 
sections, a review regarding evidence on tDCS, 
tACS, tRNS treatments for tinnitus is presented, 
elucidating perspective for future directions and 
developments.

32.2  tDCS

32.2.1  tDCS Targeting the Left 
Temporoparietal Area (LTA) 
and Auditory Cortex (AC)

Alike the utilization of tDCS in other neuropsy-
chiatric disorders, the main supposition of tDCS 
in tinnitus recognizes that anodal tDCS increases 
neural excitability through depolarization, while 
cathodal tDCS achieves the opposite effect by 
inducing neuronal hyperpolarization. Thus, to 
attain therapeutic outcomes, anodal tDCS is 
applied to areas with decreased activity and cath-

odal tDCS to regions that are hyperactive. The 
ultimate goal would be to revert activity and 
function of the impaired brain areas toward nor-
mal states. In tinnitus, the main goal of tDCS is 
to regulate the tinnitus perception or its affective 
aspects by disrupting the impaired pathological 
neural activity.

Initial studies have investigated the effects of 
tDCS over the left temporoparietal area (LTA). 
Targeting the LTA could mean modulating a neu-
ral network that has a significant impact on the 
primary auditory cortex, the auditory association 
areas, and parts of the limbic system, especially 
the amygdala and hippocampus [8, 9]. It was 
hypothesized that anodal stimulation could depo-
larize neurons that are associated with the above-
mentioned cortical and subcortical structures 
[10], and subsequently, via inhibition networks, 
promote suppression of ongoing states of abnor-
mal hyperactivity in the auditory cortex (AC).

The first tDCS tinnitus study assessed the 
effects of cathodal tDCS, anodal tDCS, and 
10-Hz repetitive transcranial magnetic stimula-
tion (rTMS) (i.e., excitatory stimulation) versus a 
sham stimulation protocol in modulating the LTA 
[10]. Anodal tDCS of the LTA with cathode placed 
contralaterally at the supraorbital area resulted 
in a transient suppression of tinnitus, which was 
akin to rTMS results. These promising findings 
were replicated by Garin and colleagues [11], 
with therapeutic effects lasting for several days 
in some of their participants [11]. Accordingly, 
it was concluded that cathodal tDCS of the LTA 
with anode over the contralateral supraorbital area 
does not improve tinnitus symptoms.

A subsequent study applying anodal tDCS on 
the LTA in a dose-response design showed that 
tinnitus suppression was greatest after 20  min-
utes of 2  mA stimulation compared to lower 
stimulation intensities [12] as utilized by previ-
ous studies [10, 11]. This could however be a 
result of the cumulative impact of sessions as the 
wash-out period was 10 minutes between stimu-
lation sessions. This inclination was reinforced 
by later sham-controlled studies with similar 
stimulation parameters, reporting no significant 
tinnitus reduction when comparing LTA anodal 
stimulation to sham [13–15].

S. L. Leong and S. Vanneste



625

Collectively, positive tinnitus suppression in 
LTA interventions might be driven by placebo 
effects. This could bring into question whether 
previous negative findings for cathodal LTA 
stimulation by Fregni et al. [10] and Garin et al. 
[11] were a result of weak stimulation parameters 
(<10 minutes, <2 mA). Stronger and longer stim-
ulation may settle ongoing cortical hyperactivity, 
delivering significant tinnitus suppression [16]. 
Hereof, theoretically, higher cathodal stimulation 
intensity coupled with repeated sessions may 
induce beneficial effects on tinnitus severity—
a consideration that was adapted in following 
research.

Subsequent studies investigating the effects 
of tDCS over the AC produced mixed results 
[17–23]. For example, in one of the first stud-
ies using bilateral tDCS, Joos and colleagues 
[18] demonstrated that suppression of tinnitus 
loudness and annoyance were independent of 
stimulation polarity. Yet, further studies utilizing 
cathodal tDCS on the AC showed no effect on 
tinnitus intensity [17, 19–22]. It is noteworthy 
that protocols for tDCS-AC stimulation were het-
erogenous. While all studies included a cathodal 
stimulation, some compared this to anodal [18, 
19] while others to sham stimulation [17, 20, 21]. 
Interestingly, a recent study showed that anodal 
stimulation was more effective than cathodal in 
reducing tinnitus intensity [23]. However, it was 
questionable whether the control protocol of the 
study was indeed a sham procedure or an electri-
cal stimulation was admitted [23].

32.2.2  tDCS Targeting the Prefrontal 
Cortex (PFC)

Several studies have targeted the prefrontal cor-
tex (PC), specifically the dorsal lateral prefrontal 
cortex (DLPFC). The DLPFC has been shown to 
contain auditory memory cells and functions as 
a bilateral facilitator of auditory memory storage 
[24]. Furthermore, in humans, the DLPFC exerts 
early inhibitory modulation of input to the pri-
mary auditory cortex [25] and is associated with 
auditory attention [26], causing a top-down mod-
ulation of auditory processing [27]. Also, studies 

have suggested that the PFC plays an important 
role in the integration of sensory and emotional 
aspects of tinnitus [28]. Particularly, the DLPFC 
could be the regulatory hub of brain structures 
(i.e., anterior cingulate cortex, amygdala, and 
insula) that are involved in the emotional percep-
tion of tinnitus [28].

Most studies administered bifrontal stimula-
tion with 1.5 mA or 2.0 mA for 20 minutes, with 
the anode over the right DLPFC and the cathode 
over the left DLPFC.  The first study using this 
bifrontal tDCS design reported that a single ses-
sion of anodal right and cathodal left resulted 
in a transient improvement in tinnitus sever-
ity but with no significant effect after anodal 
left and cathodal right (i.e., when the polarity 
was reversed) [29]. In addition, an interaction 
between the amount of distress reduction and tin-
nitus laterality was noted. This, however, was not 
observed for tinnitus intensity [29].

Concurrently, neuroimaging literature sug-
gested that the DLPFC plays an important role 
in anxiety, depression [30], and unpleasantness 
related to pain [31]. Fregni and colleagues [32] 
demonstrated that anodal tDCS of the left DLPFC 
improved depressive symptoms after five ses-
sions. Given that tinnitus is usually accompanied 
by depression, a subsequent study examining 
electrode placement of repetitive (five sessions) 
bifrontal tDCS was carried out in a double-blind, 
placebo-controlled, cross-over manner. Results 
indicated that both montages (anodal right/cath-
odal left and cathodal right/anodal left) decreased 
tinnitus annoyance but not tinnitus intensity. 
However, as hypothesized, left DLPFC anodal 
stimulation modulated depression. In addi-
tion, study findings revealed that right DLPFC 
anodal stimulation resulted in improved anxiety 
symptoms.

These results were consistent with the theory 
of a unified tinnitus percept whereby a tinnitus 
network consists of multiple dynamically adap-
tive overlapping subnetworks [33]. Each of these 
subnetworks represents a clinical aspect of tin-
nitus, such as distress, lateralization, or sound 
characteristics [33]. In an effort to improve tDCS 
protocols, an EEG-driven tDCS study was car-
ried out, using source localized resting-state 
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electrical activity to determine the placement of 
anodal and cathodal electrodes [34]. Findings of 
the study showed suppression of tinnitus when 
the parahippocampal area, pregenual anterior 
cingulate cortex, and the primary AC were mod-
ulated. However, there was no difference in tin-
nitus severity when compared to bifrontal tDCS 
with anode over the right DLPFC and cathode 
over the left DLPFC [34].

One possible explanation of these negative 
findings could be the use of gamma band func-
tional connectivity as an index of the tinnitus 
network instead of the theta band [34]. This rea-
soning is based on the thalamocortical dysrhyth-
mia model [35] where the emerging property of 
tinnitus, a consequence of deafferentation can 
lead to decrease neural firing in correspond-
ing thalamocortical columns. This results in the 
“edge effect” or hyperactivity in adjacent regions 
[36] and the distinctive 40 Hz (gamma) oscilla-
tion as the marker of tinnitus.

Although gamma band activity is important 
in tinnitus perception [37], gamma oscilla-
tions are confined to small neural spaces and 
are responsible for encoding tinnitus intensity 
[38]. On the other hand, theta oscillations syn-
chronize large networks and may be carrier 
waves with gamma (and the encoding of tinni-
tus intensity) nested onto them [39]. It has been 
shown that theta connectivity increases when 
patients perceive tinnitus compared to when 
they do not [40], thus, suggesting that theta 
waves are required for coactivation of the tin-
nitus network.

Consistent with the need to improve DLPFC 
tinnitus treatment tDCS protocols, Shekhawat and 
Vanneste [41] conducted a tDCS dose- response 
trial to optimize current intensity (1.5  mA or 
2.0 mA), stimulation duration (20 minutes or 30 
minutes), and number of sessions (2, 4, 6, 8, 10, 
etc.) with a 3- to 4-day washout period between 
each session. Study findings showed a significant 
decrease in tinnitus loudness with optimal set-
ting of six sessions, 20 minutes at 1.5 mA over a 
3-week period with washout of 3–4 days.

32.2.3  New Target Sites

Most tDCS tinnitus treatment trials have 
focused on modulating either the LTA, AC, 
or DLPFC.  But this does not mean that tinni-
tus loudness is only associated with auditory 
cortex hyperactivity or that tinnitus distress is 
solely related the DLPFC activity. There is evi-
dence indicating that observed therapeutic tDCS 
effects on tinnitus symptoms could be induced 
through a complex large interconnected neural 
network [42].

Properties of tinnitus have been shown to 
be associated with both structural and function 
changes in the prefrontal, parietal, and cingulate 
cortices as well as the amygdala, hippocampus, 
nucleus accumbens, insula, thalamus, and the 
cerebellum [42]. Damages in the cochlea could 
potentially instigate activation of areas regulat-
ing auditory memory, salience, and emotion [43]. 
In accordance with this theoretical framework, a 
mismatch between expected auditory input from 
memory and true auditory input, a result of acti-
vation of the auditory cortex, becomes attention 
seeking and distressful when the resting states 
of the salience and emotional networks are trig-
gered, respectively [43]. This theory has been 
supported by EEG, MEG, and resting-state fMRI 
studies [44–46] demonstrating increased func-
tional connectivity between the auditory cortex 
and the frontoparietal attention network and dis-
tress network.

Specifically, using source localized EEG, it 
has been shown that tinnitus distress is associ-
ated with increased beta activity in the dorsal 
region of the anterior cingulate cortex (ACC), 
while the amount of distress correlated with an 
alpha network that included the amygdala, ACC, 
insula- parahippocampus, and DLPFC [28]. 
Tinnitus distress has also been associated with 
an increased bidirectional connection of gamma 
bands between the DLPFC, orbitofrontal cortex, 
and the parieto-occipital region [45].

In short, the conscious perception of tinni-
tus is the consequence of a dynamic interaction 
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between partially overlapping brain networks. At 
present, there is a lack of consistency regarding 
the best target location for tDCS tinnitus treat-
ment. Exploring networks, hubs and regions 
association with tinnitus using available neu-
roscience research tools such as fMRI, MEG, 
and source localized EEG in conjunction with 
network theory could impart new knowledge of 
alternative targets for tinnitus tDCS stimulation.

32.3  Alternative Approaches 
in Synergy with tDCS

32.3.1  High-Definition (HD) tDCS

Besides the use of conventional tDCS, studies 
have investigated the potential positive effects of 
HD-tDCS in the treatment of tinnitus, with the 
main goal of improving the focality of stimu-
lation. In these studies, the most commonly 
adopted configuration was a 4×1 ring, with one 
central anode surrounded by four cathodes.

One of the first studies using HD-tDCS 
reported a suppression of tinnitus loudness and 
annoyance by a minimum of one point in 78% 
of the 27 tinnitus participants after two ses-
sions of stimulation targeting the LTA and 
DLPFC.  Results of the study also documented 
that the protocol implementing a higher intensity 
of 2  mA compared to 1  mA and longer dura-
tion of 20 versus 10  minutes was superior in 
reducing tinnitus symptoms [47]. The optimal 
HD-tDCS stimulation parameter was further 
established by Shekhawat and Vanneste (2017) 
when they confirmed a significant reduction in 
tinnitus loudness after 15 minutes of stimulation 
of the DLPFC compared to a sham session [48]. 
Contrary to these findings, one study, which uti-
lized a 2×2 electrode montage with two anodal 
electrodes placed over the targeted primary AC 
and two cathodal electrodes over the lateral pre-
frontal cortex, with a combined stimulation of 
2  mA for 4 sessions, each lasting 20  minutes, 
reported a nonsignificant reduction in tinnitus 

[17]. However, the splitting of delivered stimula-
tion current across two sets of electrodes and a 
short washout time could have shrouded some of 
its therapeutic effects [17].

It is noteworthy that a study comparing HD to 
the classical tDCS targeting the DLPFC reported 
no significant difference between techniques 
with observed clinical improvement scores on 
the Tinnitus Functional Index (TFI) for both 
approaches [49]. Moreover, analysis of follow-up 
data from end of treatment showed no differences 
in outcome on the TFI between HD and conven-
tion tDCS over time [49]. Yet, results of this study 
should be interpreted with caution given the lack 
of a sham group to rule out the possibility of any 
observed placebo effects.

Although there is a lack of significant enhanced 
tinnitus suppression when comparing HD-tDCS 
to conventional tDCS, HD-tDCS has advantages 
in terms of administration and focality of stimu-
lation. In terms of safety, tingling, sleepiness, 
and scalp pain were the only common transient 
sensations experienced during HD-tDCS to date 
[48]. Results from HD-tDCS studies, albeit lim-
ited at the moment, for the treatment of tinnitus 
are encouraging and the benefits resulting from 
this treatment approach merit further exploration.

32.3.2  tACS, tRNS, and TI

Alternatively, more recent novel noninvasive 
neuromodulation techniques that have been 
investigated in tinnitus are the use of transcra-
nial alternating current stimulation (tACS) and 
transcranial random noise stimulation (tRNS). 
Instead of a direct and constant current as in 
tDCS, tACS delivers a rhythmic oscillating cur-
rent at a prespecified frequency and is indepen-
dent of direction of current flow [50]. A strength 
of tACS is its potential capability of modulating 
functions that are akin to brain oscillations at spe-
cific frequencies [51].

In tRNS, the alternating current is delivered 
to cortical regions with a constantly changing 
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frequency ranging from 0.1 to 600  Hz [52]. It 
has been reported that excitability increases 
induced by tRNS can last for up to 60 minutes 
after stimulation [52]. Postulated principles of 
tRNS underlying mechanisms include long-term 
potentiation [53], and repeated subthreshold 
stimulations that prevent the system from build-
ing up homeostasis and potentiating task-related 
neural activity [54]. Another hypothesized tRNS 
mechanism is the occurrence of “stochastic reso-
nance,” where neuronal signals of nonlinear sys-
tems such as the brain can be modulated by noise 
stimulations [55].

In tinnitus, the first comparison of tACS 
with tDCS and its effects on the suppression of 
annoyance and loudness was carried out in a 
sham- controlled designed study [56]. Results 
confirmed that a single session of bifrontal tDCS, 
with anodal over the right DLPFC and cathodal 
over the left DLPFC, can reduce suppression of 
both annoyance and loudness, while alpha fre-
quency tACS of the DLPFC had no effect on 
these measures compared to sham stimulation 
[56]. The authors stipulated that although alpha 
frequency in the frontal brain region has been 
previously indicated tinnitus distress, a different 
frequency setting or possibly a different target 
area may yield better clinical outcomes [56].

A subsequent study assessing the effects of 
single or repeated sessions of alpha-modulated 
tACS and tRNS of the auditory cortex reported 
that a single session of tRNS can deliver suppres-
sive effects on tinnitus loudness and annoyance 
[57]. Moreover, repetitive tRNS sessions seem 
to strengthen the therapeutic effects on loudness 
[57]. Similar to the previously described study, 
alpha tACS modulation of the auditory cortex did 
not appear to exhibit beneficial effects [57].

In an attempt to reveal the different clinical 
effects of tDCS, tACS, and tRNS in tinnitus, 
Vanneste and colleagues [22] compared single 
sessions of these stimulation modalities on the 
AC bilaterally in 111 tinnitus patients. Study 
results demonstrated that compared to tDCS and 
tACS, tRNS induced a larger transient suppres-
sive effect on tinnitus loudness and distress [22]. 
tDCS and tACS, however, induced small nonsig-
nificant effects on tinnitus symptoms [22].

Although studies of tACS and tRNS in tinnitus 
are at a preliminary stage, results point toward the 
superiority of tRNS over tDCS and tACS. Also, 
there seems to be a lack of indication that tACS 
can deliver positive outcomes in tinnitus. Results 
also stipulate that DLPFC stimulation using tDCS 
can improve tinnitus loudness and distress while 
tRNS of the AC yields the best therapeutic out-
comes. This led to a proof-of- concept study, in 
which To and colleagues [58] compared prefrontal 
anodal tDCS followed by auditory tRNS to effects 
of only prefrontal tDCS.  Results demonstrated 
the added beneficial value of auditory tRNS over 
absolute tDCS prefrontal stimulation [58].

On the basis of tRNS superiority, Joos and col-
leagues [59] assessed the effects of low- frequency 
tRNS (lf-tRNS) and high-frequency tRNS (hf-
tRNS) in 154 chronic tinnitus patients. Results 
showed significant reductions in loudness and 
distress in both groups [59]. While the authors 
were not able to provide a clear mechanistic 
explanation for differences in hf- and lf- tRNS, 
hf-tRNS eventuated in a more pronounced sup-
pression of loudness and distress [59]. Following 
these results, the capability of hf-tRNS over the 
bilateral temporal cortex was examined in a one-
arm feasibility study of 30 patients who had pre-
viously received rTMS [60]. It was reported that 
the daily 2-week long treatment was effective 
in 31% of patients as measured by the Tinnitus 
Questionnaire (TQ), comparable to rTMS results 
[60]. Nonetheless, a carry-over effect from rTMS 
cannot be ruled out [60].

Based on previously discussed results, a nat-
ural inclination would be to investigate the use 
of hf-tRNS in a multisite stimulation study. As 
anticipated, a recent study set out to examine 
the feasibility and effectiveness of 2 weeks of 
daily lf-tRNS over the AC preceded by hf-tRNS 
over the DLPFC compared to AC-lf-tRNS [61]. 
Results demonstrated that the multisite group had 
significant larger reduction in tinnitus loudness 
and distress compared to sham and the AC-lf- 
tRNS groups [61].

Taken together, tRNS or more specifically, hf- 
tRNS when applied in a multisite modality is a 
promising treatment option for tinnitus patients. 
It is worth noting that results of the aforemen-
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tioned studies are preliminary. Protocols from 
these studies need to be replicated and alternative 
protocols have to be explored to achieve optimal 
stimulation conditions for tRNS before any firm 
conclusions can be made on the subject matter.

Another novel noninvasive neuromodulation 
method in development that has pronounced 
potential in the treatment of tinnitus is tempo-
ral interference (TI) [62]. TI may have a focal-
ity comparable of deep brain stimulation, with 
results indicating that TI stimulation can discrim-
inately activate the hippocampus in an animal 
model [63]. Using two electrode pairs to deliver 
a one-point focal stimulation site, TI injects cur-
rent that are higher than the normal neuronal fre-
quencies through the scalp. The envelope of the 
meeting point or interference current from the 
two electrode sets causes low-frequency activa-
tion of neurons in the selected brain region [62, 
63]. Although TI research is still in its infancy, 
TI offers a very promising alternative to tradi-
tional deep brain stimulation approaches given 
the advantage of a greater safety profile and ease 
of application.

32.3.3  Multidisciplinary Approaches

A division of research on tDCS in tinnitus has 
focused on combining other treatment modalities 
with tDCS aiming to achieve potential synergis-
tic beneficial outcomes. For instance, Shekhawat 
and colleagues explored the combination of 
tDCS and hearing aids in facilitating tinnitus 
suppression [64]. It was rationalized that tDCS 
could potentially enable priming of the brain, 
and subsequently boost the therapeutic proper-
ties of sound therapy from hearing aids. Although 
results indicated that significant improvements in 
tinnitus were dominated by effects from hearing 
aids independent of anodal tDCS stimulation of 
the LTA, theirs was the first study at attempting 
to prime the auditory central nervous system for 
hearing aid-based tinnitus suppression [64].

The use of priming to achieve augmented 
clinical results is established in rehabilitation 
stroke therapy, where noninvasive or invasive 
stimulation is applied as an underlying stimu-

lant to prompt ipsilesional excitability of the 
motor cortex prior to physical therapy sessions 
[65]. In tinnitus, the central gain theory postu-
lates that hyperactivity in the central auditory 
system resulting from damages to the cochlea is 
an adaptation process to maintain default neural 
coding and firing efficiency [66]. Reduced audi-
tory input accompanied by amplification of neu-
ral activity due to increased gain (sensitivity) and 
reduced inhibition precedes the generation of tin-
nitus [66]. Thus, theoretically, suppressive tDCS 
could reduce central gain of tinnitus signals and 
by restoring some balance in the central auditory 
system, the effects of sound therapy from hearing 
aids could be amplified [66].

In another study, the effectiveness of tDCS 
combined with tailor-made notched music 
training (TMNMT) in tinnitus suppression was 
investigated [21]. Study protocol consisted of 
TMNMT for 10 days where auditory cortex 
tDCS was concurrently applied during the ini-
tial 30 minutes in the first 5 days [21]. Similar to 
Shekhawat and colleagues [64], results indicated 
that while there were significant improvement 
in tinnitus severity as measured by the Tinnitus 
Handicap Questionnaire (THI) after 5 days of 
treatment and during follow-up, tDCS did not 
significantly modulate the efficacy of treatment 
with no different between anodal, cathodal, or 
sham auditory cortex tDCS [21].

While the use of tDCS as an add-on treatment 
has yielded poor therapeutic outcomes, a mul-
tidisciplinary approach to tinnitus treatment as 
described above is still in its infancy. Different 
research parameters such as target sites, stimula-
tion protocols, and treatment durations need to be 
examined. A resolved understanding of the neu-
ropathophysiological underpinnings of tinnitus 
would also further draw insight of the interaction 
of tDCS and other treatment approaches.

32.3.4  Biomarkers

Tinnitus is a well-known heterogenous disor-
der with diagnosis and outcomes of therapeutic 
success measured subjectively in a self-reported 
manner. Given that not all patients respond to 
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tDCS or neuromodulation in general, the iden-
tification of tinnitus-specific biomarkers or a 
parameter that reflects the neural mechanisms 
of tinnitus could predict and strengthen existing 
diagnostic methods and help contribute to more 
successful development of neuromodulation 
approaches.

It has been reported that compared to non- 
responders, responders of bifrontal tDCS had 
higher gamma band activity in the right primary 
and secondary auditory cortices as well as the 
right parahippocampus prior to tDCS stimula-
tion [67]. Furthermore, bifrontal tDCS respond-
ers demonstrated an increased functional gamma 
band connectivity between the right DLPFC and 
parahippocampus in addition to the right DLPFC 
and pregenual ACC [67]. As previously discussed, 
there is evidence that gamma band activity in the 
auditory cortex is related to tinnitus loudness 
[39] while tinnitus distress requires the activation 
of brain regions associated with salience, atten-
tion, and emotion [28]. Moreover, bifrontal tDCS 
responders seem to experience a larger tinnitus 
suppression during TMS of the right auditory cor-
tex in contrast to nonresponders [67].

Although findings are preliminary, these 
results are encouraging given that tDCS stimu-
lation protocols can potentially be enhanced by 
providing more tailored closed-loop neuromodu-
lation designs, where stimulation parameters are 
defined based on electrophysiological neural 
features of each patient and adjusted in real time 
according to brain activity recordings [68].

Another important research avenue is the 
study of potential associations between brain- 
derived neurotrophic factor (BDNF) gene poly-
morphisms and tinnitus. BDNF is important in 
the regulation of neural plasticity. It has been 
demonstrated that the Vall66Met polymorphism 
has adverse effects on the anatomy and func-
tions of the prefrontal cortex and hippocampus 
[69]; non-auditory brain regions that are impli-
cated in the development and maintenance of 
tinnitus [28]. Indeed, in tinnitus patients, results 
from MRI scans revealed significant gray matter 
decreases in the right inferior colliculus and left 
hippocampus [70].

In addition, among Met-allele carriers, there 
appears to be decreased functional connectivity 
between hippocampal and parahippocampal with 
areas of the default mode, executive and paralim-
bic networks at resting state [71], particularly in 
situations involving behavioral adaptation [32]. 
In a complementary fashion, one could speculate 
that given the influence of BDNF polymorphism 
on functional connectivity between large-scale 
networks, Vall66Met polymorphism carriers and 
noncarriers would respond differently to tinnitus 
treatments such as tDCS [16].

The documentation of electrophysiological 
and neurobiological parameters as discussed in 
this section has the potential of linking tinnitus- 
related subtypes to certain brain regions and 
their functions. These specifications could in the 
future permit the refinement of tinnitus thera-
pies beyond what current electrical stimulation 
applications can achieve, paving a path for the 
advancement of personalized and targeted tinni-
tus therapies.

32.4  Discussion

In summary, to date, results from tDCS studies 
demonstrate that bifrontal tDCS of the DLPFC 
with anodal over the right and cathodal over the 
left represents the most investigated stimulation 
protocol that can to a certain extent consistently 
induce significant transient beneficial effects on 
tinnitus measures. Less reliable support is avail-
able for the efficacy of tDCS stimulation pro-
tocols targeting the AC or the LTA.  One likely 
reason for more favorable outcomes when tar-
geting the DLPFC is the probable stimulation of 
a large connected underlying tinnitus network 
involving both auditory and non-auditory-related 
brain regions [25, 26], resulting in reduction in 
not only annoyance [48] but also loudness [15].

The uncertainty around the impact of stimula-
tion polarities in yielding therapeutic outcomes 
demonstrates the obscurity regarding our under-
standing of the pathophysiological mechanisms 
underlying the effects of tDCS in tinnitus treat-
ment. At present, cathodal stimulation is sug-
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gested to result in inhibition of tinnitus-related 
hyperactivity producing a transient relief of tin-
nitus symptoms. Yet, results from certain studies 
suggest that anodal stimulation may perhaps be 
more effective compared to cathodal stimulation 
[18, 20]. Evidence suggests that tDCS modula-
tion is brain state dependent [16]. For example, 
it has been reported that theta tDCS during non- 
rapid eye movement (REM) generates a global 
decrease in slow oscillatory activity and a local 
reduction of frontal slow EEG spindle power 
(8–12 Hz). Conversely, during REM sleep, theta 
tDCS increases global gamma activity [16, 72].

By far, the quality of evidence is hindered by 
inconsistencies in study design and methodology. 
Small sample sizes, the lack of a control sham 
group, and the heterogeneity in stimulation pro-
tocols, including current amplitude, number of 
sessions, and total electrical dosage, contribute to 
the inconclusive effects of tDCS in the treatment 
of tinnitus. In addition, there is a need to explore 
the beneficial effects of tDCS over time. Criticism 
aside, tDCS is safe, well tolerated, user-friendly, 
and has the potential of being a home-based treat-
ment. Advances in tDCS technology such as the 
invention of HD-tDCS which allows more focal 
stimulation patterns must be further examined. 
Adequately powered, well-designed randomized 
trials with prospective follow-ups assessing clini-
cally relevant effect sizes and cost-effectiveness 
are needed to establish tDCS as a treatment tool 
in routine clinical practice.

There is an urgency for researchers to imple-
ment the above-mentioned paths of action to 
ascertain the efficacy of tDCS for the treatment 
of tinnitus. At present, there is a dearth of effec-
tive and reliable pharmacological as well as non-
pharmacological treatment for tinnitus. Briefly, 
none of the investigated pharmacological drugs 
to date have shown long-term suppressive tinni-
tus impact when compared to placebo [7]. Studies 
of passive auditory amplification with hearing aid 
or active auditory amplification through sound 
therapy produced weak evidence of their efficacy 
in tinnitus management [73, 74]. Psychological 
approaches, such as cognitive behavioral therapy, 

improve quality of life among tinnitus suffer-
ers but do not influence tinnitus loudness [75]. 
Thus, the emergence of noninvasive stimulation 
devices such as tDCS and their potential thera-
peutic effects for tinnitus is well received.

32.5  Conclusion

The aim of this chapter was to provide a gen-
eral overview of the use of tDCS in the treat-
ment of tinnitus. We discussed the therapeutic 
efficacy of different stimulation protocols and 
montages, the possible mechanisms of action 
as well as the advances and future directions. 
Although much challenging research remains 
to be done to establish the true clinical efficacy 
of tDCS for the treatment of tinnitus, this can be 
attained through appropriately designed studies 
and more homogenous protocols with longer fol-
low-ups. Undeniably, tDCS has the potential of 
being an effective, inexpensive, and easy to apply 
approach for the treatment of tinnitus patients.
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33.1  Introduction

33.1.1  Definition of Disorders 
of Consciousness (DOC)

Various definitions of consciousness have been 
so far proposed by scientists, neuroscientists, 
and philosophers. Nevertheless, a universally 
accepted definition has not been agreed upon yet. 
As such, it is widely accepted that consciousness 
is a comprehensive term involving series of cog-
nitive processes such as attention and memory [1, 
2]. At the bedside, mainly for scientific purposes, 
consciousness has been simplified into two main 
components: arousal and awareness. Arousal 
(also referred to as wakefulness) is necessary to 

experience awareness and has been considered 
as the level of consciousness. Anatomically, it 
is related to structures in the brainstem and it is 
clinically evidenced by opening of the eyes both 
spontaneous and/or induced by stimulation [3]. 
Awareness refers to the ability to live experiences 
of any kind and is thought to represent the con-
tent of consciousness [4]. Awareness itself has 
been subclassified into internal awareness (i.e., 
awareness of self) and external awareness (i.e., 
awareness of the environment). At present, there 
is no singular marker of awareness, but its pres-
ence can be clinically deduced from a range of 
behaviors and motor outputs (e.g., responses to 
command, visual pursuit) which indicate that 
an individual can perceive self and surround-
ings [5]. From an anatomical point of view, 
internal awareness is related to midline fronto-
parietal regions such as the mesio-prefrontal 
cortex (MPFC)/anterior cingulate cortex (ACC) 
and precuneus/posterior cingulate cortex (PCC) 
while external awareness seems to depend on 
lateral fronto-parietal regions [6, 7]. Functional 
connectivity within and between these networks 
and the thalamus has proved to be important for 
sustained consciousness [8].

Patients in coma are neither awake nor aware 
[9]. This condition is self-limited and usually can-
not last longer than 4 weeks, after which patients 
either evolve to brain death (i.e., permanent loss 
of brainstem functions), recover consciousness, 
or evolve to unresponsive wakefulness syn-
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drome (UWS), the current term for patients once 
called in a “vegetative state” [10]. Patients in 
UWS recover sleep wake cycles, but they do not 
show any sign of awareness of themselves and 
their surroundings, hence, exhibit only reflexive 
behaviors [11]. When patients regain minimal 
and fluctuating signs of awareness (e.g., answer 
to simple commands, visual pursuit, object local-
ization), not encompassing the ability to com-
municate consistently, they are considered to be 
in a minimally conscious state (MCS) [12, 13]. 
Patients who recover a level of consciousness 
sufficient for functional communication and/or 
object use are referred to as emerged from mini-
mally conscious state (EMCS). The boundaries 
between these different states of consciousness 
are ill-defined but rather progressive even if there 
are no step-by-step recovery transitions. These 
conditions can however be categorized accord-
ing to the length of time since injury; if the state 
persists for more than 28 days, it is possible to 
describe it as prolonged [14]. The gradual transi-
tional steps from coma to recovery are illustrated 
in Fig. 33.1.

33.1.2  Diagnosis

The DOC population is highly susceptible to mis-
diagnosis [15, 16]. The gold standard for the diag-
nosis of these patients is the behavioral evaluation 
through the use of standardized and sensitive 
scales such as the Coma Recovery Scale-Revised 
(CRS-R) [17]. Through behavioral assessment, 
responsiveness can be evaluated and conscious-
ness level indirectly deduced. However, lack of 
motor responsiveness does not necessarily imply 
lack of consciousness, as patients can suffer from 
different disabilities impairing their responsive-
ness, such as paralysis, aphasia, and fluctuation 
of arousal level [15, 18, 19].

Advances in neurophysiology and neuroimag-
ing techniques witnessed in the last decade, can 
now further offer the possibility to overcome the 
limits of the behavioral assessment in the detec-
tion of possible retained consciousness in unre-
sponsive patients. However, no technique has led 
to a clear-cut diagnosis. Gathering information 
from different sources helps to determine if the 
behavioral, the neurophysiological, and neuro-
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Fig. 33.1 Different clinical entities encountered on the 
gradual recovery from coma, illustrated as a function of 
cognitive and motor capacity. Restoration of spontaneous 
or elicited eye-opening, in the absence of voluntary motor 
activity, marks the transition from coma to unresponsive 
wakefulness syndrome (UWS). The transition from the 

UWS to the minimally consciousness state minus (MCS−) 
is marked by reproducible evidence of “voluntary behav-
ior”. Simple command following characterizes the MCS 
plus (MCS+). Emergence from MCS is signaled by the 
return of functional communication or object use. 
(Adapted from Ref. [15])
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imaging results align and describe a coherent 
pattern that fits with UWS or MCS diagnosis 
or an incoherent one that requires more medical 
investigations.

A proper diagnosis in this patient population 
is imperative, especially when considering that 
a misdiagnosis may contribute to withdrawal 
of life-sustaining care and lead to inappropriate 
medical management such as neglecting pain 
treatment [20]. Indeed, an accurate diagnosis 
would have a strong impact on the quality of life 
and rehabilitation of the patient. For example, 
failure to detect signs of consciousness may limit 
access to specialized neuro-rehabilitation centers 
and, therefore, somehow decrease patients’ pos-
sibilities to recover.

33.1.3  Therapeutic Interventions 
in Patients with Disorders 
of Consciousness (DOC) 
and Their Limitations

While several studies have focused on improving 
the diagnosis of these patients, only a few stud-
ies have investigated treatment options in order 
to improve their rehabilitation and their quality 

of life. At present, there are no evidence-based 
guidelines regarding the treatment of patients 
with DOC [20] as opposed to diagnosis and 
prognosis [14]. Until recently, the medical com-
munity has viewed patients in UWS and MCS 
with great pessimism regarding both progno-
sis and effective treatments. Unfortunately, this 
pessimism may contribute in some cases to a 
disregard of this population, especially in the 
prolonged stage, as no improvement is expected. 
Nevertheless, in the past 10 years, a number of 
studies have reported that some patients in MCS 
could improve even several years after the insult 
[21] and several treatments can enhance signs of 
consciousness [22–24].

Up to date, there is no universally accepted 
drug option to treat these patients. Some studies 
have shown that amantadine [25], apomorphine 
[26], intrathecal baclofen [27], and zolpidem 
[28] can sometimes improve behavioral signs 
of  consciousness in patients with DOC (see 
Table  33.1). So far, only amantadine has been 
shown to increase signs of consciousness in a 
large cohort of acute and subacute patients with 
DOC in a placebo-controlled trial [25]. Despite 
no convulsions have been reported in the amanta-
dine clinical trial experimental group when com-

Table 33.1 Main studies using amantadine, apomorphine, baclofen, or zolpidem treatment in patients with disorders 
of consciousness

Authors Drug Design
N 
(etiology)

Time since 
injury Results

Estraneo 
et al. [29]

Amantadine (NMDA 
antagonist and indirect 
dopamine agonist) 
(100 mg BID)

Case report 1 MCS 16 months Dose-dependent response 
to amantadine and 
emergence of 
MCS. Myoclonus as side 
effect was reported

Giacino 
et al. [25]

Amantadine 
(progressive increase 
from 100 mg BID to 
200 mg BID)

Prospective, 
multicentric, 
randomized, 
double-blind, 
placebo- 
controlled

184 (all 
TBI)

1–3 months Amantadine group: faster 
recovery; decrease of 
DRS scores and increase 
of behavioral bench 
markers on the CRS-R

Schnakers 
et al. [32]

Amantadine (200 mg 
daily)

Case report 1 anoxic 
MCS

2 years Increase in fronto-parietal 
metabolism led to new 
sign of consciousness but 
remained in MCS

(continued)
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pared to placebo [25], an association between 
amantadine medication and the occurrence of 
seizures has been reported [29]. Patients with 
DOC are vulnerable to convulsions and epilepsy, 
which can significantly affect their cognitive 
state [30]. Moreover, the mechanisms underlying 
the recovery of behavioral signs of consciousness 

observed in some patients with DOC following 
the administration of these drugs are still poorly 
understood.

Zolpidem, a selective GABAA receptor agonist, 
has shown to be impressively effective, inducing 
the recovery of communication or functional use 
of objects in patients in MCS (i.e., emergence 

Table 33.1 (continued)

Authors Drug Design
N 
(etiology)

Time since 
injury Results

Fridman 
et al. [26]

Apomorphine 
(dopamine agonist) 
(2–8 mg/h)

Prospective case 
series

8 (all 
TBI)

1–4 months Functional recovery with 
decrease of the CNC and 
DRS and increase of 
GOS scores

Margetis 
et al. [33]

Baclofen (GABA 
agonist) (intrathecal)

Open label 
observational 
and prospective

8 (6 
TBI)

5–108 months Three patients showed at 
least one new sign of 
consciousness

Sara et al. 
[27]

Baclofen (intrathecal) Case report 5 (2 
TBI)

6–10 months Clinical improvement in 
all patients after 2 weeks 
(increase in CRS-R 
scores)

Carboncini 
et al. [34]

Midazolam 
(benzodiazepine 
non-selective GABA A 
agonist) (5 mg)

Case report 1 MCS 
(TBI)

>1 year Patient emerged from 
MCS for 2 h and could be 
replied

Lanzillo 
et al. [35]

Ziconotide (selective 
blockers of N-type 
calcium channels) 
(intrathecal)

Case report 1 MCS 7 months Patient emerged from 
MCS

Calabro 
et al. [36]

Zolpidem 
(nonbenzodiazepine 
GABAA receptor 
agonist) (from 10 to 
30 mg)

Case report 1 anoxic 
UWS

>3 years Consciousness 
improvement started at 
20 mg and increased with 
dosage up to 30 mg

Machado 
et al. [37]

Zolpidem (10 mg) Randomized 
controlled trial

8 UWS 
(1 TBI)

1–114 months Led to the observation of 
yawning and hiccups

Thonnard 
et al. [28]

Zolpidem (10 mg) 2 phases: 
Open-label study 
and placebo- 
controlled trial

60 (31 
TBI)

1 months to 
24 years

12 patients (20%) showed 
improvement in CRS-R 
scores, 11 were in MCS.

Whyte and 
Myers [22]

Zolpidem (10 mg) Multicentric, 
double-blind, 
randomized 
study

15 (8 
TBI)

3 months to 
23 years

One responder (UWS to 
MCS+); increase in 
CRS-R score, visual 
pursuit, response to 
command

Whyte 
et al. [38]

Zolpidem (10 mg) Double-blind, 
crossover 
randomized 
controlled trial

84 >4 months Response-rate of 4.8% 
(four responders, one 
UWS, and three MCS); 
improvement of at least 
five points in the CRS-R 
score for at least 2 h.

DRS disability rating scale, CRS-R Coma Recovery Scale, CNC Coma/Near-Coma Scale, GOS Glasgow Coma Scale, 
NMDA N-methyl-D-aspartate, GABA γ-Aminobutyric acid, TBI traumatic brain injury, UWS Unresponsive wakefulness 
Syndrome, MCS Minimally Conscious State, EMCS emergence from MCS
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from MCS) in single cases studies. Nevertheless, 
an extremely low percentage of patients benefit 
from this drug and so far its mechanism of action 
and the reason why only a few subjects respond to 
it needs still to be elucidated [22, 31].

With regard to neurophysiological treat-
ment, deep brain stimulation (stimulation of the 
intralaminar nuclei of the thalamus) [39–41] as 
well as invasive vagus nerve stimulation [42] 
and spinal cord stimulation [43] have shown to 
improve signs of consciousness in patients in 
MCS.  However, these techniques are invasive 
and expensive, limiting their accessibility for 
a large number of patients. Moreover, device 
implantation did not guarantee positive results 
and consciousness recovery [24, 44].

Relatively new in the DOC therapeutic arsenal, 
transcutaneous auricular vagal nerve stimulation 
is a promising non-invasive device that promotes 
a bottom-up stimulation. By stimulating a cuta-
neous (peripheral) branch of the vagus nerve, two 
studies (one case report and two open- label stud-
ies) have shown emergence of new signs of con-
sciousness after multiple stimulation sessions in 
a population with prolonged DOC [45–47].

As opposed to bottom-up stimulations, tran-
scranial direct current stimulation (tDCS) is a 
form of cortical stimulation that could be cat-
egorized as a top-down stimulation which also 
includes repetitive transcranial magnetic stimu-
lation (rTMS). Both devices have shown to 
improve recovery in several disabling neurologi-
cal pathologies, such as Parkinson’s, Alzheimer’s 
disease, stroke and traumatic brain injury patients 
[48–51] as well as in DOC [52, 53]. The next 
section will be dedicated to studies using tDCS 
in the DOC population to deepen knowledge in 
relation to this technique.

33.2  tDCS in Disorders 
of Consciousness (DOC)

Several studies have shown that a single anodal 
stimulation of a damaged cortical area in post 
stroke or TBI patients can improve the func-
tion of the stimulated area. An anodal session 
of tDCS over C3 or C4, corresponding to the 

primary motor cortex (M1) according to the 
10–20 electroencephalogram (EEG) interna-
tional system [54], can enhance motor function 
[55, 56]. Likewise, stimulation of the prefrontal 
cortex (F3 or F4) has shown positive effects on 
memory [57, 58] and attention [59]. Given the 
above- mentioned encouraging results showing 
enhancement of motor and cognitive functions 
following tDCS, its efficacy has also been tested 
on behavioral recovery in patients suffering from 
DOC, and respective results will be presented in 
this section.

33.2.1  Single Stimulation Studies

Thibaut et al. [60] used a crossover study design 
to compare active tDCS stimulation to sham 
on both UWS (6 traumatic, 9 vascular, and 10 
anoxic) and MCS patients (19 traumatic, 6 vas-
cular, and 5 anoxic), in acute-subacute (>7 days, 
<3 months) and prolonged states. They dem-
onstrated that MCS patients had significantly 
improved signs of consciousness when compared 
to UWS after a single 20-minute (min) session 
of tDCS over the left DLPFC with a 2 milliam-
peres (mA) current. When evaluated by the CRS-
R, the gold standard behavioral scale in DOC, 13 
of 30 MCS patients (43%) showed new signs of 
consciousness during or directly after the stimu-
lation compared to 2 of 25 UWS patients (8%). 
Both responding UWS patients had their injury 
less than 3 months before the stimulation starting 
time. No side effects were reported.

In 2019, Martens and colleagues [61] studied 
tDCS effects when applied over the motor cortex 
of the most injured hemisphere in a single 20-min 
stimulation at 2  mA.  Of four prolonged UWS 
patients (one traumatic, two vascular, and one 
anoxic) and six prolonged MCS patients (four 
traumatic and two anoxic), only one UWS patient 
changed diagnosis because he presented a new 
sign of consciousness (visual pursuit). Another 
patient in MCS showed a new sign of conscious-
ness (localization of object) but did not change 
diagnosis according to CRS-R. However, at the 
group level, no treatment effect was reported and 
there were no side effects.
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The same year, this research team [62] used 
tDCS in a unique protocol that positioned two 
anodes over the left and right DLPFC and two 
cathodes over the left and right M1 cortices, to 
measure if tDCS could have effects on spastic-
ity. They tested their montage on a cohort with 
prolonged DOC of five UWS patients (three 
traumatic and two anoxic), seven MCS patients 
(three traumatic, three vascular, and one anoxic), 
one vascular EMCS patient, and one locked-in 
syndrome patient with vascular etiology. After 
two 1  mA 20-min sessions (one sham and one 
active stimulation, in a randomized order, sepa-
rated by at least 48 h of washout), four patients 
(one anoxic UWS, two MCS  – one traumatic, 
one vascular – and the EMCS patient) improved 
upper limbs spasticity according to the modified 
Ashworth scale (MAS). However, no treatment 
effect on spasticity was observed at the group 
level, and no new sign of consciousness was 
reported.

To summarize, a single session of tDCS 
with the anode positioned over the left DLPFC 
seems to be more effective to reveal new signs 
of consciousness when compared to the anode 
positioned over the most injured primary motor 
cortex. However, larger cohorts and protocols 
that compare different brain stimulation sites are 
needed before reaching conclusions. Nonetheless, 
tDCS seems to be a promising treatment for DOC 
patients as it has potential to transiently enhance 
consciousness in a safe manner.

33.2.2  Multiple Repeated 
Stimulation Studies

Single tDCS stimulation studies were essential to 
assess feasibility and safety of different param-
eters with the DOC population as these patients 
are at risk to develop seizures [30]. Nonetheless, 
multiple tDCS sessions were the next natural 
step to assess if the effects of tDCS could be pro-
longed and magnified [63, 64]. An overview of 
the related publications follows.

Angelakis et  al. [65] performed five 20-min 
sham tDCS sessions followed by 10 tDCS ses-

sions (once a day, 20 min each, 5 days a week, 
1 mA for the first week, and 2 mA for the sec-
ond week). The anode was located alternatively 
over either the left primary sensorimotor cortex 
or the left DLPFC with the cathode over the 
right eyebrow, except if there was a severe corti-
cal lesion at the stimulation site. All prolonged 
MCS patients (two traumatic, one vascular) but 
no prolonged UWS patients (three traumatic, 
four anoxic) showed clinical improvement, 
measured with CRS-R, immediately after the 
tDCS sessions for two of them and 1 week post- 
stimulation for the other one. One of three MCS 
patients received tDCS over the left DLPFC, as 
well as four of seven UWS patients. They re-
evaluated the cohort after 12 months; one UWS 
patient progressed to MCS; one MCS patient 
maintained the new sign of consciousness; and 
the two other recovered consciousness. No side 
effects were reported.

Dimitri et  al. [66] published the case of a 
20-year-old woman who had been in MCS for 
over 5 years due to brain anoxia post-cardiac 
resuscitation. They used two anodes: one over 
the left DLPFC and one over the cerebellar mid-
line and the cathode was placed over the right 
sensorimotor cortex. tDCS was given in paral-
lel with psychosensory cognitive-behavioral 
rehabilitation. They used the DOCS-scale [67] 
as behavioral evaluation to measure conscious-
ness recovery after 20-min sessions at 1.5  mA, 
three times a week for 12 weeks. They obtained 
an increase in alertness after 45 and 90  days 
and in responsiveness after 45  days which was 
maintained at 90 days of combined stimulation. 
Interestingly, they also noted a decrease in upper 
limbs spasticity.

In 2017, Estraneo et  al. [68] proposed a 
double- blind sham-controlled crossover design 
with five sessions of tDCS stimulation over the 
left DLPFC.  Once a day, for five consecutive 
days, seven prolonged UWS patients (one trau-
matic, two vascular, and four anoxic) and six 
prolonged MCS patients (four vascular and two 
anoxic) went through 20-min tDCS at 2 mA or 
through sham and then switched conditions after 
1 week of washout. CRS-R scores improved in 
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both groups during the 3-week protocol period 
but also in the 12 weeks following the end of it. 
Five of 13 patients (38% – two UWS and three 
MCS) regained signs of consciousness. Changes 
were observed during the second and fourth week 
following active stimulation and were maintained 
in the eight subsequent weeks.

Thibaut et  al. [69] used a similar protocol 
(five consecutive days of 20-min tDCS at 2 mA 
with anode positioned over the left DLPFC and 
sham separated by 1-week washout period) with 
16 prolonged MCS patients (11 traumatic, two 
vascular, and three anoxic). Nine of 16 patients 
(56%) demonstrated at least one new sign of 
consciousness and were considered responders. 
Behavioral positive effects were measured at 
days 5 and 12 after the end of the active stimula-
tion. No side effects were reported.

The same year, Huang et al. [70] recruited 37 
patients with prolonged MCS; however, only 33 
completed the protocol (20 traumatic, 11 vas-
cular, and 2 anoxic). Patients received both five 
20-min tDCS sessions at 2  mA and five sham 
session for five consecutive days separated by 5 
days of washout. The anode was located over the 
posterior parietal cortex. Improvement of clini-
cal signs of consciousness was observed 5 days 
after the last stimulation but was not maintained 
at 10 days. The reported response rate was 27.3% 
(9/33 who completed the study). No severe side 
effects were observed by the authors, but four 
patients did not complete the protocol related to 
medical complications not associated with tDCS 
or moved to another facility.

In 2018, Martens et  al. [71] suggested a 
home- based 4-week protocol study to evaluate 
tDCS effects and recruited 27 prolonged MCS 
patients (12 traumatic, 5 vascular, and 10 anoxic) 
from which 22 received at least 80% of the 20 
tDCS sessions. One patient withdrew because of 
a seizure that occurred during the sham period. 
The response rate observed in this study was 
22% (6/27). This low responsiveness might be 
explained by the long time since injury rang-
ing from 10 to 401  months (mean: 97  months 
(8  years), standard deviation: 83  months 
(±7 years)).

Recently, Cavinato et  al. [72] proposed a 
crossover design of 2 weeks (5 days a week) of 
sham or active tDCS before switching groups 
after a 10-day washout period. They positioned 
the anode over the left DLPFC for 20 min at 2 
mA on a cohort of 12 prolonged UWS patients 
(two traumatic, five vascular, and five anoxic) 
and 12 prolonged MCS patients (seven traumatic, 
two vascular, and three anoxic). No improve-
ment was observed in the CRS-R score, but 
the Western Neurosensory Stimulation Profile 
(WNSSP) increased in the MCS patient group 
only. The response rate differed from other cited 
studies as no change was observed for any of 
the 24 enrolled patients when measured with the 
CRS-R. The major difference between this study 
and others was the position of the cathode: they 
located it over the contralateral deltoid instead of 
over the right supraorbital region. This protocol 
characteristic might be an explanation for their 
divergent results.

Finally, Straudi et  al. [73] proposed an open 
label multiple tDCS session protocol with the 
anode positioned over the primary motor cortex 
(M1) bilaterally. They enrolled 10 prolonged 
MCS patients (10 traumatic) and applied tDCS 
5 days a week for two consecutive weeks for 
40  min at 2  mA.  Reported response rate was 
80%, as eight of 10 patients showed new signs of 
consciousness, and improvement was maintained 
3 months after the last stimulation. No side effect 
other than skin redness was reported.

To summarize all eight studies, multiple 
tDCS sessions for at least five consecutive days 
seemed to help consciousness recovery, that is, 
the expression of at least one new sign of con-
sciousness. The best cerebral areas to stimulate 
have not been determined yet; however, targeting 
the left DLPFC shows consistent clinical effects 
in MCS patients in randomized controlled stud-
ies [73].

33.2.3  Long-Term Effects

To achieve long-term effects of tDCS is the ulti-
mate goal which would be necessary to allow a 
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permanent DOC recovery. In this context, sev-
eral sessions of tDCS may be required in order 
to achieve the desired effect. A study of repeated 
tDCS over the primary motor cortex in healthy 
volunteers highlighted a consolidation mecha-
nism which lasted up to 3 months after five tDCS 
sessions [74]. Results on the maintenance of 
new signs of consciousness have been encour-
aging in studies with multiple tDCS sessions 
when follow- up was reported. In one of the first 
multiple session studies, Angelakis et  al. [65] 
reported that one MCS patient who received pri-
mary sensorimotor stimulation emerged from 
MCS at the 12-month follow-up. This behav-
ioral improvement could be either natural evo-
lution or improvement post-stimulation with a 
delay. No other time point evaluation was done in 
between. Dimitri et al. [66], in their case report, 
observed that responsiveness was maintained at 
least 3 months post-stimulation. Others reported 
that benefits were maintained at 12 days [69], 8 
weeks [68], and 12 weeks [73]. However, results 
were not homogeneous as one study observed 
that the behavioral improvement was not pre-
served 10 days following the end of stimulation 
[70]. One parameter of the latter study which 
specifically differed from the others was that this 
was the only study where the anode was placed 
over the parietal cortex.

Overall, multiple tDCS session approaches 
seem to lead to new signs of consciousness that 
could persist as long as 3 months. Studies with 
the anode positioned over the left DLPFC and 
possibly over the M1 were suggestive of a better 
effect when compared to the study that located 
the anode over the parietal cortex.

33.2.4  Neuronal Correlates of tDCS 
in DOC

Mechanisms of action of tDCS remain only partly 
understood. It has already been hypothesized that 
tDCS could be involved in the re- establishment 
of the cortico-striato-thalamo-cortical loop by the 
stimulation of the frontal cortex as proposed in 
the mesocircuit model [75] shown in Fig. 33.2.

However, some studies reported physi-
ological effects of tDCS recorded by EEG that 
could suggest some underlying answers. Naro 
et  al. [77] combined oscillating and direct cur-
rents to stimulate the cerebellum and positioned 
the anode over its median line in a cohort with 
prolonged DOC.  They delivered five blocks of 
2 min at 2 mA with 30 s of inter-train intervals 
and compared it to sham stimulation in a DOC 
cohort of 10 patients with prolonged UWS (seven 
traumatic, three non-traumatic) and 10 patients 
with prolonged MCS (six traumatic and four 
non- traumatic). They measured effects on power 
and coherence with EEG and showed a signifi-
cant increase of gamma power at the frontal areas 
and of the theta power at the central areas after 
stimulation (not sham) for the MSC patients only. 
When they analyzed the coherence, only MCS 
patient’s theta coherence significantly increased 
within fronto-central areas immediately after 
the end of stimulation followed by a decrease at 
30-min post-stimulation. Gamma coherence sig-
nificantly increased within the central area and 
partially in fronto-central areas for up to 30 min. 
No side effect, other than tingling at the begin-
ning of the stimulation, was observed.

Bai et al. [78] stimulated once 20 min at 2 mA 
over the left DLPFC of nine prolonged UWS 
patients and eight prolonged MCS patients of 
mixed etiologies (seven traumatic, five vascular, 
and five anoxic). They measured a significant 
increase in the theta band fronto-parietal coher-
ence and a significant decrease in the gamma 
band fronto-parietal coherence in the MCS 
patient group only. Both changes were, respec-
tively, positively and negatively correlated to the 
baseline CRS-R score.

Cavinato et  al. [72], cited above, analyzed 
EEG data in addition to behavioral data and 
noticed that the MCS group showed an increase 
in frontal and posterior beta band as well as a 
decrease in delta band activity in the same areas 
(only after active stimulation). The authors also 
observed a stronger connectivity in the alpha fre-
quency band over the posterior areas and a higher 
coherence in the beta frequency band between 
the fronto-parietal and the posterior areas. In the 
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UWS group, they described higher frontal coher-
ence in the delta frequencies as the only change.

Another study also analyzed EEG in addition 
to behavioral data [73] and performed an ANOVA 
using bandwidth frequency, time (relative to 
stimulation), side (left or right), and site (frontal, 
central, or parietal) as factors after they applied 
tDCS over M1 bilaterally. They revealed that 
upper alpha band (11–13 Hz) activity increased 
after the first five tDCS sessions over the pari-
etal area when they compared to baseline. They 
also observed that the increase in alpha frequency 
activity correlated to CRS-R total score increase.

In 2019, Thibaut et  al. [62] proposed a pro-
tocol including placement of the anodes over 
bilateral DLPFC and the cathodes over bilateral 
M1 cortices to test the relevance of tDCS in the 
treatment of spasticity. They analyzed spasticity, 

CRS-R, and EEG of 14 DOC patients (five UWS, 
seven MCS, one EMCS, and one locked-in syn-
drome) before and after a single 20-min session 
of tDCS.  Despite the lack of significant results 
at level group for spasticity and CRS-R improve-
ment, at the individual level, four individuals 
were identified as responders. They showed a 
significant decrease in spasticity in at least two 
articulations after the active session only. The 
group level EEG analysis from eight participants 
(the four responders and four non-responders) 
showed a significant increase weighted phase 
lag index values in beta band higher frequen-
cies (18–30 Hz) between motor and frontal areas 
when they compared active to sham stimulation 
for the whole group. No difference was shown 
in the relative band power. However, responders 
increased their weighted phase lag index values 

Mesocircuit fronto-parietal model
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occipital cortex

Excess of inhibition
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Fig. 33.2 The mesocircuit model [75]. Reduction of 
thalamocortical and thalamostriatal outflow following de- 
afferentation and loss of neurons from the central thala-
mus withdraws important afferent drive to the medium 
spiny neurons of the striatum, which may then fail to 
reach firing threshold because of their requirement for 
high levels of synaptic background activity. Loss of active 
inhibition from the striatum allows neurons of the globus 
pallidus internus (GPi) to tonically fire and provide active 

inhibition to their synaptic targets, including relay neu-
rons of the already strongly disfacilitated central thala-
mus, and possibly also the projection neurons of the 
pedunculopontine nucleus. Several treatments that have 
shown promising results in the recovery of signs of con-
sciousness in severely brain-injured patients are related to 
the mesocircuit model [24]. About tDCS, a partial preser-
vation of the prefrontal cortex (i.e., stimulated area) seems 
to be necessary to induce a clinical response [76]
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between the frontal and motor brain areas, but in 
lower beta frequencies (12–18 Hz). Relative band 
power analyses showed an increase in beta band 
for the frontal and fronto-central areas. These 
results suggested an increase in beta connectiv-
ity and synchronization which have been associ-
ated with a higher degree of motor adaptation in 
healthy subjects [79] and in stroke patients [80].

To sum up, tDCS obviously has an influence 
over electrical brain activity. Many analyses are 
possible with EEG data and most of the studies 
focused on coherence and connectivity analy-
ses. However, they all used different statistical 
methods and stimulation protocols, which most 
likely resulted in different observations. Despite 
methodological disparity, it seemed that the com-
mon findings in these studies are an increase in 
coherence (theta, alpha, and beta) in the fronto- 
parietal/fronto-central region. In DOC, alpha 
band dominance has been associated with higher 
level of consciousness and emergence [81, 82]. 
Nonetheless, further research involving neuro-
imaging and neurophysiology is needed to better 
understand the involvement of tDCS in the recov-
ery of consciousness and the role of the lateral 
fronto-parietal cortex in it.

33.2.5  Responders’ Versus Non- 
responders’ Characteristics

Several clinical trials have shown that the pro-
portion of tDCS responders may vary from 40% 
to 80% in other populations than DOC [83–85]. 
Regarding patients with DOC, the first published 
study on the subject reported that left DLPFC 
tDCS could improve signs of consciousness in 
43% of patients in MCS [60]. If these findings 
suggest the potential relevance of tDCS as a treat-
ment for DOC, they also highlight the lack of a 
clinical improvement following tDCS in more 
than half of the patient population. The natural 
step was, therefore, to define the structural and 
functional brain features of the patients that are 
likely to respond to tDCS [86].

Therefore, after publishing the first study test-
ing the safety and efficacy of tDCS in patients 
with DOC, Thibaut et  al. [60] retrospectively 
used multi-modal neuroimaging analyses to 
identify some common characteristics of tDCS 
responders that differentiated them from the 
remaining cohort. Fluorodeoxyglucose positron 
emission tomography (FDG-PET), structural and 
functional magnetic resonance imaging (MRI) 
from eight patients with prolonged MCS patients 
(four traumatic, two vascular, and two anoxic) 
were analyzed and it seemed that a preserved 
gray matter associated with a residual metabolic 
activity in cortical and subcortical brain areas was 
the key to a measurable behavioral improvement. 
The transient improvement of signs of conscious-
ness following tDCS seemed to require gray mat-
ter integrity and/or residual metabolic activity in 
three brain regions: (i) the presumed stimulated 
area (i.e., left DLPFC), (ii) long- distance cortical 
areas such as the precuneus, and (iii) subcortical 
brain areas known to be involved in conscious 
processes (i.e., thalamus), see Fig. 33.3.

In 2016, the same team of authors looked fur-
ther into the MRI data of six responders (three 
traumatic, one vascular, and two anoxic) and 
performed a seed-based analysis to evaluate func-
tional connectivity during resting state. They dem-
onstrated that, after a single tDCS session over the 
left DLPFC, responders had higher connectivity 
between the DLPFC and the inferior frontal gyrus 
and an increased coactivation of the left lateral 
fronto-parietal cortices which have been associ-
ated with the external awareness brain network 
[87]. On the other hand, non-responders showed 
a more diffuse and bilateral activation of median 
structures as the anterior cingulate cortex and the 
precuneus. As previously mentioned, these struc-
tures are associated with the default mode net-
work responsible for internal awareness [88, 89].

Clinically, some parameters might be sugges-
tive of a better response to tDCS, first of all being 
diagnosed MCS rather than UWS.  In the cited 
studies, when put together, 6 of 58 UWS (10.3%) 
versus 53 of 155 MCS (34.2%) patients have 
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shown at least one new sign of consciousness 
after tDCS.  When response rates were statisti-
cally compared, it seemed highly suggestive that 
MCS patients were better responders than UWS 
patients. Having a shorter time-to-injury seemed 
also likely to lead to a better response [60, 68] 
despite also contradictory results [61]. These two 
subject characteristics could be associated with 
better preserved brain metabolism [6] and higher 
network connectivity [90] as well as a greater 
plasticity [91]. Even if it is possible to reveal new 
sign(s) of consciousness after a long time since 
injury, it could be possible that a shorter time is 
in favor of a positive response.

33.2.6  tDCS as a Diagnostic Tool

tDCS has been studied as a diagnostic tool to dif-
ferentiate MCS from UWS patients. According 
to the patient’s brain excitability when measured 
by TMS, studies showed encouraging results to 
suggest that tDCS could be useful in the evalua-
tion of level of consciousness.

Naro et  al. [92] assessed cortical connectiv-
ity and excitability by means of a dual-site TMS 
approach in a cohort of 12 prolonged UWS 
patients (five traumatic and seven anoxic) and 10 
prolonged MCS patients (five traumatic and five 
anoxic). More specifically, the authors recorded 

tDCS responders < controls

tDCS non-responders < controls

tDCS responders ≠ non-responders
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Fig. 33.3 Positron emission tomography (PET): Brain 
areas showing hypometabolism (in blue), as compared to 
controls, in patients in a minimally conscious state (FWE 
corrected): (a) eight tDCS responders and (b) 13 non- 
responders. (c) Regions with less hypometabolism in 
responders as compared to non-responders (in red). (d) 
Model-based tDCS induced electric fields. Note that 

behavioral responsiveness to left dorsolateral prefrontal 
cortex (DLPFC) tDCS correlates with less impaired 
metabolism in the areas presumed to be stimulated by 
tDCS (left DLPFC and mesiofrontal cortices) but also of 
distant cortical (precuneus) and subcortical (thalamus) 
regions. (From Ref. [76])
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resting motor threshold, motor evoked poten-
tial amplitude and latency, central conduction 
time, intracortical facilitation and short-interval 
inhibition, as well as interregional interactions 
between left primary motor cortex and right 
dorsal premotor cortex and pre-supplementary 
motor area. After the first testing, tDCS (active 
or sham) was applied over the orbitofrontal cor-
tex (anode between Fp1 and Fp2 and cathode 
over Cz, according to the 10–20 international 
system). TMS was performed 60 and 120  min 
after tDCS. Results showed an increase in motor 
evoked potential (MEP) amplitudes, intracortical 
facilitation, and a reduction of premotor-motor 
inhibition for all MCS patients. Concerning UWS 
patients, tDCS had no effects on three of seven 
anoxic participants, whereas it induced a reduc-
tion of premotor-motor inhibition and a partial 
increase of primary motor cortex excitability in 
the remaining four. None of the five traumatic 
patients had tDCS effects. The authors suggested 
that the four patients who were diagnosed as 
being in UWS but showed an increase in cortical 
connectivity and excitability had actually covert 
consciousness not detected by the clinical exam, 
as previously reported in the literature [93–95]. 
Behaviorally, no patients showed any CRS-R 
scoring changes after tDCS, but a correlation 
between CRS-R total score, premotor-motor con-
nectivity, and primary motor cortex excitability 
modulation was observed. No side effects were 
reported.

Bai et al. [96] also combined tDCS with TMS 
and EEG to measure cortical excitability/inhibi-
tion in a DOC sample of nine patients with pro-
longed UWS (two traumatic, three vascular, and 
four anoxic), and seven patients with prolonged 
MCS (two traumatic, two vascular, and three 
anoxic). As in their other study (single stimula-
tion section), they stimulated 20  min at 2  mA 
over the left DLPFC and applied TMS over the 
left DLPFC before and after the active or sham 
stimulation. They reported a significant increase 
in global mean field amplitude of MCS patients 
within 200 ms after the TMS pulse. Local excit-
ability analyses showed a significant increase 
in frontal and central areas and in the left hemi-
sphere (as compared to the right) in the 0–100 ms 

interval after TMS pulse and in frontal and right 
hemisphere in the 100–200 ms interval. For the 
UWS patients, the global mean field amplitude 
increased in the 0–100 ms period and decreased 
in the 300–400  ms period. Local excitability 
analyses showed a significant increase in the left 
hemisphere during the 0–100  ms time window 
and a significant decreased excitability in fron-
tal and left hemisphere during 300–400  ms of 
TMS pulse. This difference between both levels 
of consciousness has been proposed as marker 
to help make a diagnosis between UWS and 
MCS. However, a larger cohort needs to be tested 
to confirm this hypothesis.

In 2018, Thibaut et al. [97] described the case 
of one patient diagnosed as UWS for almost 4 
years that responded to a command after one 
20-min session of 2  mA tDCS over the left 
DLFPC.  Neuroimaging studies revealed a mis-
match between cerebral activity and bedside 
signs of consciousness, also called cognitive- 
motor dissociation [98].

These three studies are examples that tDCS 
could be a useful tool to reveal signs of con-
sciousness either clinically by facilitating motor 
responses when cognitive functions are preserved 
or physiologically by showing brain reactivity 
when combined to TMS and EEG. Future studies 
should be conducted to determine whether tDCS 
could be reliably used as a diagnostic and prog-
nostic tool.

33.2.7  tDCS Safety

It is worth to say that tDCS seems to be a safe 
tool. Indeed, out of a total of 284 DOC patients 
included in the cited studies, no severe side 
effects were observed, even considering that 
many of these patients had severe brain injuries 
with widespread lesions possibly involving the 
stimulated areas. The only reported side effects 
were tingling sensations and skin redness that 
disappeared within 30  min [71, 73]. Moreover, 
it is well known that brain-injured patients are 
more vulnerable to epileptic seizures; thus, 
some of them were probably under antiepilep-
tic treatment due to previous seizures or as pre-
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vention. Nonetheless, in all cited studies above, 
no seizures have been reported during or after 
tDCS.  One study withdrew a patient that expe-
rienced a seizure, but this occurred in the sham 
group and an association between tDCS and the 
seizure was excluded [71]. With the limitation of 
a relatively small population included so far, the 
above-mentioned findings suggest that tDCS can 
be safely used in the treatment of patients with 
severe brain injury and adult DOC patients, with 
no severe side effects [99].

33.3  Conclusions and Future 
Directions

In this chapter, the potential therapeutic effects of 
tDCS on patients with DOC has been described. 
It has been shown that MCS patients have more 
potential to respond to tDCS when compared to 
UWS patients and that new signs of conscious-
ness can be revealed after either a single or multi-
ple tDCS sessions. It has also been demonstrated 
that behavioral improvement can be maintained 
for up to 3 months. It has been highlighted that a 
response to tDCS defined as an increase of signs 
of consciousness in patients with DOC requires 
residual metabolic activity and gray matter pres-
ervation in cortical and subcortical brain areas 
important for consciousness recovery (i.e., left 
DLPFC, precuneus, and thalamus). Moreover, 
tDCS, coupled with TMS, seemed to have 
the potential to differentiate MCS from UWS 
patients. Most importantly, tDCS has shown to 
be a handy and safe device with minimal side 
effects for DOC patients; even when tDCS was 
applied by family members or caregivers. Even 
though these first findings seem encouraging, fur-
ther studies are required in order to investigate 
the long-term effects of tDCS in this population 
of patients and its value in clinical practice.

So far, different areas of stimulation have 
been tested, but it is difficult to draw a conclu-
sion and stipulate the best localization to stimu-
late the brain. As DOC patients seemed to need 
at least a partial preservation of the stimulated 
area to respond to tDCS, in the future, it might 
be advantageous to personalize electrode place-

ments according to a patients’ cortical damage. 
Here, stimulation over a preserved area (at least 
partially) should be more effective than stimula-
tion over an injured brain region. To help to tar-
get the proper area to stimulate, neuroimaging 
acquisition (MRI, PET, and HD-EEG) before 
and after tDCS sessions should be carried out. 
This might give the opportunity to (i) investigate 
the effect of tDCS on the brain of each patient 
to better understand the mechanisms of action, 
(ii) differentiate between responders and non-
responders, and (iii) better identify the patients 
who could benefit from left DLPFC tDCS or M1 
tDCS or other areas. The final aim is to develop a 
patient- tailored stimulation to maximize chances 
of recovery.
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34.1  Overview

Rehabilitation is a widely used term, with many 
definitions. According to the World Health 
Organization, “Rehabilitation is a set of interven-
tions needed when a person is experiencing or is 
likely to experience limitations in everyday func-
tioning due to aging or a health condition, includ-
ing chronic diseases or disorders, injuries or 
traumas.” In the context of tDCS, it is commonly 
used to improve/maintain function (motor, senso-
rial, autonomic, and cognitive), decrease the 
impact of symptoms (such as pain), with the ulti-
mate goal of improving the quality of life of the 
patient and the caregiver. tDCS is being studied 
in the context of rehabilitation for several appli-
cations. This investigation has been associated 
with exponential growth. The growing under-
standing of the biological mechanisms of the 
effects of tDCS applied in rehabilitation is con-
tributing to this growth. It is currently understood 
that tDCS can alter and strengthen spontaneous 
synaptic activity and inflect plasticity interceded 
by neurotransmitters on a structural level. Thus, 
tDCS’s ability to promote broad neuroplasticity 

emphasizes its promise in the framework of reha-
bilitation [1].

The development of tDCS has been concomi-
tant with the search of new technologies to 
enhance rehabilitation therapies’ effectiveness, 
including robotic-assisted training, virtual real-
ity, brain-computer interface, and new assistive 
technology. Therefore, the studies with tDCS 
commonly associated it with conventional and 
new therapies to potentialize the benefits. 
However, as we discuss below, recent evidence 
suggested that the interaction between tDCS and 
other therapies is not always synergic [2].

Moreover, for the rehabilitation of neurologi-
cal diseases (neurorehabilitation), the use of tDCS 
must be based on the biological mechanisms of 
the specific diseases, which differs depending on 
etiology (neoplastic, traumatic, hereditary, degen-
erative, vascular, infectious, and inflammatory/
autoimmune), affected structures, time since the 
injury (acute and chronic), age, and other indi-
vidual characteristics of the patient [3].

The parameters and location of application 
also vary, but in general, the electrodes are placed 
over the lesioned area of the brain or in an area 
with functional connectivity with the affected 
region (for instance, anode stimulation can be 
applied over the primary motor cortex (M1) of a 
patient with spinal cord injury, or in a stroke, the 
cathode is usually applied in the uninjured hemi-
sphere, on the area homologous to the injury) [3].

M. Simis · L. Morales · A. Marduy
Spaulding Rehabilitation Hospital, Boston, MA, USA

F. Fregni (*) 
Spaulding Neuromodulation Center, Spaulding 
Rehabilitation Hospital, Harvard Medical School, 
Charlestown, MA, USA
e-mail: felipe.fregni@ppcr.hms.harvard.edu

34

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76136-3_34&domain=pdf
https://doi.org/10.1007/978-3-030-76136-3_34#DOI
mailto:felipe.fregni@ppcr.hms.harvard.edu


654

One of the main topics of tDCS is motor reha-
bilitation, especially post-stroke due to its high 
prevalence. Motor function is a complex system, 
and its improvement can be related to different 
aspects, such as dexterity, speed, strength, mus-
cle tone, spasticity, and the influence of sensitiv-
ity, alteration of mood, and cognition. 
Furthermore, the improvement is not necessarily 
related to the restoration of function, but it can be 
associated with movement compensation or 
adaptation (such as using orthoses). Thus, all 
these characteristics are associated with motor 
learning and may be modulated by tDCS [4].

Below we discuss the application of tDCS in 
the most studied conditions within the pediatric 
and adult rehabilitation fields. We emphasize the 
level of evidence of effectiveness, with a high 
level of evidence being considered when ran-
domized clinical trials exist. Moreover, the exis-
tence of a placebo control group is considered 
essential to evaluate the effects of tDCS since it is 
known to induce a placebo effect. Besides, 
patients may show improvement due to the dis-
ease’s natural course (e.g., patients with stroke in 
the acute phase tend to improve regardless of the 
treatment).

34.2  Pediatric Rehabilitation 
and tDCS

It is captivating to watch a young healthy child 
learn how to meaningfully manipulate a toy, 
while professing natural curiosity to discover 
what the toy represents. Children learn through 
trial and error demonstrating a remarkably learn-
ing curve, favored by the opportunities and 
resources children must have to acquired new 
cognitive and motor skills. Therefore, one can 
conclude that experience-dependent neuronal 
activity regulates the development of function in 
a child’s brain. Opposite to normal learning, 
spontaneous recovery of function after a dis-
abling injury or illness has been observed in pedi-
atric populations. Early reports documented 
cases of infants and young children exposed to 
destruction of the cortical speech area that did not 
result in lasting aphasia [1]. Moreover, the notion 
of age-dependent decline in plasticity was 

described in adolescents who underwent left 
hemispherectomies and showed remarkable 
recovery in the understanding and expression of 
speech, while adult patients displayed profound 
affectation in their language skills post- 
hemispherectomy [2]. Perhaps, the most extraor-
dinary and well-documented case of 
developmental plasticity is observed in children 
with sensorineural hearing loss, it is widely rec-
ognized that auditory stimulation should be pro-
vided as soon as possible after hearing loss is 
identified to best ensure that a child can maxi-
mize residual hearing and reach auditory lan-
guage and learning potential [3].

tDCS has the potential to reduce or alleviate a 
variety of symptoms associated with neurologi-
cal and psychiatric pediatric conditions, includ-
ing stroke, cerebral palsy, autism, depression, 
and neurodevelopmental syndromes [4]. 
Additionally, tDCS modulates learning processes 
in a polarity-dependent manner (facilitation vs. 
inhibition), making tDCS a suitable technique for 
neurological rehabilitation. Transcranial electri-
cal brain stimulation is under active investigation 
in child neurology and psychiatry, particularly in 
disorders where focal cortical hypo- or hyperacti-
vation is believed to be part of the neural patho-
physiology [5]. Current tDCS research in children 
is driven in part by a favorable safety profile [6], 
the low cost of tDCS stimulators, and by fairly 
reproducible effects on the cortex, where expo-
sure to cathodal stimulation leads to cortical inhi-
bition and exposure to anodal current leads to 
cortical activation [7]. Despite the growing num-
ber of tDCS studies in the adult population, stud-
ies in pediatrics remain an unmet needed, 
particularly in pediatric rehabilitation, where tra-
ditional therapeutic options still far to be compre-
hensive, when considering principles of brain 
damage and repair.

Considering tDCS applications in pediatric 
rehabilitation is important to understand the 
underlying mechanisms of developmental neuro-
physiology. Neuronal activity is critical for nor-
mal neural development in utero, and thus, 
neuronal circuits are hyperexcitable early in life 
[8]. Yet, the hyperexcitable state is not compatible 
with mature brain function, and the excitation/
inhibition (E/I) balance shifts toward progres-
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sively lower excitability with age [9], thus, favor-
ing cognitive and motor function  maturation as 
a result of glutamatergic/GABAergic synaptic 
balance. Neurons and circuits coordinate their 
excitatory and inhibitory inputs to establish and 
maintain a constant E/I ratio that is thought to be 
essential for circuit function and stability. 
Theoretical modeling demonstrated that when 
inhibition tightly matches excitation and tracks it 
on milliseconds timescale in the neural network, it 
provides great advantage to the precision and effi-
ciency of neuronal coding mechanisms [10]. To 
equate tDCS clinical effects obtained in adults 
studies and expect similar results in children, is 
misguided, especially because the unique anat-
omy and the developmental changes that take 
place throughout childhood, suggesting that tDCS 
effects will vary and differ from adults [11]. 
Evidence from computational current modeling 
demonstrates that local electric field strength may 
be twofold greater in children compared to adults 
[12], especially when considering the develop-
mental trajectories from white and gray matter 
and its relation to scalp distance, all these factors 
may affect peak current densities over the brain 
surface and subcortical regions [13].

Available evidence suggests that tDCS is safe 
to use in children, yet a clear deficit of pediatric 
studies prevents the generalization of these 
results. A review of tDCS studies to date found 
that <2% of nearly 7000 subjects were under 
18 years of age [6]. As expected, this limitation 
makes difficult the objective analysis of current 
available data; therefore, the following discus-
sion focuses on those conditions where reliable 
data suggest a tDCS beneficial effect.

34.2.1  Motor Rehabilitation

Promising studies in pediatric neurological 
rehabilitation have focused on detecting and 
examining the therapeutic effectiveness of 
tDCS in pediatric motor disorders following 
brain Injury, such as cerebral palsy (CP), trau-
matic brain injury, or pediatric stroke. A recent 
systematic review and meta-analysis [14, 15] 
assessed the evidence of tDCS effectiveness, 
for the rehabilitation of pediatric motor disor-

ders, while most of the reviewed studies used 
anodal stimulation over M1 (lesional motor 
cortex), the return electrode was placed either 
at the contralateral M1 or contralateral orbito-
frontal area. Using gait as functional assess-
ment, most studies evaluated the effects of a 
single or 10-day sessions of stimulation mainly 
in diplegic CP patients. The level of evidence of 
these studies was 1b (moderate evidence), with 
tDCS showing significant changes in velocity, 
cadence, and stride length. Overall, there was a 
positive effect on balance after tDCS in most 
center of pressure (COP) variables [14]. When 
considering functional abilities, there was no 
significant change in the gross motor function 
measure (GMFM) for standing, walking, mobil-
ity, self-care, or in the pediatric balance (PBS) 
scores immediately after stimulation; however, 
at 1-month follow-up, significant improve-
ments were observed in standing and balance, 
indicating that a synergistic effect with other 
therapies can be expressed overtime. In relation 
to muscle tone, it was noted that the efficacy of 
tDCS on spasticity is uncertain. Based on these 
reviews, tDCS can be considered a safe tech-
nique in pediatric motor disorders, with the 
potential to improve some gait measures, espe-
cially when combined with other forms of ther-
apies. Few studies have explored the 
neurophysiological effects of 
tDCS.  Unfortunately, inconclusive results in 
measures of cortical excitability/neurophysiol-
ogy (TMS, EEG, fMRI) after tDCS have been 
reported in children with motor disorders [16–
18]. It has been demonstrated the role of abnor-
mal plasticity in the cortico-spinal tracts (CST) 
and their connectivity between M1 and S1, par-
ticularly in hemiplegic conditions where MEPs 
can be elicited following ipsilateral single- 
pulse TMS [19, 20], although small, these stud-
ies offered the possibility to explore the use of 
physiological markers and its relation to physi-
ological and clinical improvements after tDCS.

Further research is required to integrate tDCS 
as a valuable technique for the rehabilitation of 
motor disorders in children, particular attention 
deserve investigations exploring the effects of 
age-related differences in therapeutic responses 
and the safety of tDCS in the pediatric brain.
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34.2.2  Cognitive and Behavioral 
Rehabilitation

tDCS has been used in healthy adults to modulate 
cognitive, behavioral, social, and emotional pro-
cesses. As well, tDCS is often used to boost neu-
ropsychological or psychiatric rehabilitation, by 
applying principles of neuroplasticity and 
polarity- dependent cortical modifications. 
Studies in children have focused on autism spec-
trum disorder (ASD), attention-deficit/hyperac-
tivity disorder (ADHD), dyslexia, Tourette 
syndrome, and tic disorders. Prior to consider 
tDCS as an alternative in cognitive/behavioral 
rehabilitation, a deep understanding of neural 
development is required. Cognitive development 
is more difficult to appreciate than development 
in other domains, such as gross motor, fine motor, 
and language. This is because in the early period 
of development, clues to a child’s cognitive 
development are more indirectly expressed 
through the child’s interactions with the environ-
ment [21]. Concerns about lack of interaction 
with the environment or delay in the achievement 
of early cognitive (because of disease, neglect, 
poverty/violence to mention some) milestones 
should trigger an immediate response and inter-
vention, to minimize the effects of factors dis-
turbing cognitive development. While the 
economic burden of neurodevelopmental disor-
ders is well known, current standards of cognitive 
interventions and pharmacological therapy still 
limited. Therefore, it is imperative to consider 
alternatives such as tDCS, particularly because of 
its safety profile and applicability in the rehabili-
tation environment.

In cognitive/behavioral rehabilitation, espe-
cially in neurodevelopmental disorders, it is 
important to identify the neural substrates 
involved in the physiopathology of each condi-
tion. For instance, developmental apraxia of 
speech is characterized by difficulty in speech 
motor planning, and it has been reported to result 
following damage to the anterior insula in the 
language-dominant hemisphere as well the left 
posterior inferior frontal gyrus [22, 23]. By 
understanding the involvement of these struc-
tures, clinical research aiming to explore the 

effects of tDCS should target the left frontal 
gyrus [24]. The rationale for such approach will 
follow the principle that increased activation by 
anodal stimulation (ideally with concomitant 
speech therapy) may facilitate left hemisphere 
reorganization and plasticity-based functional 
improvements. Consequently, clinical research 
involving tDCS and neurodevelopmental condi-
tions must always consider issues associated with 
developmental plasticity, circuit reorganization, 
and E/I balance. The ideal approach to address 
these issues would be the “mapping” of the 
changes associated with functional recovery. 
Imaging studies (fMRI, fNIRS), neurophysiol-
ogy (EEG, ERPs) evaluations, and clinical out-
comes should always guide tDCS interventions 
in the young developing brain, as to avoid the 
occurrence of “aberrant” learning and “faulty 
plasticity.”

34.2.3  ASD and tDCS

ASD consists of several complex neurodevelop-
mental disorders, featured by the presence of per-
sistent impairments in social communication and 
interaction, restricted and repetitive patterns of 
behaviors or interests; onset is in the early devel-
opmental period, and the symptoms cause clini-
cally significant impairment in social, 
occupational, or other areas of functioning [25]. 
Few studies have investigated the effects of tDCS 
in children and adolescents with ASD, a recent 
systematic review identified four studies, from 
those only two were randomized control trials 
[26]. All of these studies targeted the left dorso-
lateral prefrontal cortex (DLPFC) based on the 
evidence of a hypo-activation of the left hemi-
sphere toward a rightward lateralization in ASD 
[27]. Overall, no adverse effects were reported in 
these studies and all participants tolerated the 
stimulation. The results from these studies high-
light the feasibility to use DLPFC tDCS to 
improve autistic behaviors and some features of 
language abilities; however, further randomized 
and controlled studies with larger and more rep-
resentative and homogeneous ASD children are 
needed [26].
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34.2.4  ADHD and tDCS

The core symptoms of ADHD are inattention, 
hyperactivity, and impulsivity. ADHD is one of 
the most common and most extensively studied 
behavioral disorders in school-aged children, 
with a worldwide prevalence of 7%, that can per-
sist into adolescence and adulthood in 60–80% of 
individuals diagnosed with ADHD during child-
hood. Structural and functional imaging studies 
suggest that dysfunction in the fronto-subcortical 
pathways as well as imbalances in the dopami-
nergic and noradrenergic systems contribute to 
the pathophysiology of ADHD [25, 28]. Standard 
treatment for ADHD includes pharmacological 
management based on the use of stimulants 
(methylphenidate) as the first-line therapy and 
non-stimulants such as norepinephrine reuptake 
inhibitors (atomoxetine). Common adverse 
effects include appetite suppression, weight loss, 
headaches, mood effects, and sleep disorders, 
which however, can be problematic for children 
whose comorbid conditions can be worsened by 
the stimulant treatment [29]. It has been proposed 
that behavioral deficits in ADHD can be associ-
ated with faulty inhibitory processes, resulting in 
a failure in executive control, impulsive behavior, 
and hyperactivity (inhibition-based model), or to 
impaired motivational and reward processing 
(motivational-dysfunction model) [30, 31]. By 
following the rationale behind these models, we 
can assume that the DLPFC and the orbitofrontal 
cortex (OFC) are the main structures to be tar-
geted by tDCS applications.

Current evidence for the use of tDCS in 
ADHD is limited by the few number of random-
ized, double-blinded, sham-controlled trials, yet 
positive results have been obtained in memory 
consolidation, working memory, and inhibitory 
control by targeting the DLPFC with different 
tDCS protocols [26]. Slow oscillating tDCS 
(toDCS) during sleep using bilateral prefrontal 
montage (F3, F4) showed improvements in 
declarative memory [32] and behavioral inhibi-
tion. Overall, findings from these studies sug-
gested that toDCS may be considered as a useful 

tool to increase slow oscillatory power during 
sleep in DLPFC, thus improving declarative 
memory and executive functions in ADHD [26]. 
Stimulation targeting the left DLPFC with cath-
odal return over the right supraorbital area 
showed improvements in visual attention, inhibi-
tory control, overall inattention, and hyperactiv-
ity after tDCS [33, 34]. Studies exploring other 
electrode montage (prefrontal or bilateral pre-
frontal) have failed to show any significant effect 
in ADHD symptoms, probably due to under-
power or methodological issues. Given the avail-
able evidence, tDCS may be useful for improving 
cognitive functions in ADHD; however, better 
powered studies are required to replicate the ini-
tial findings presented here.

34.2.5  Dyslexia and tDCS

Learning disabilities are frequently diagnosed in 
children. Specific learning disorder (SLD) is the 
umbrella term for mathematics, reading, and 
written expression disorder [25]. Dyslexia is the 
term used to refer to a pattern of learning difficul-
ties characterized by problems with fluent word 
recognition, poor decoding, and poor spelling 
abilities [21]. Neuroimaging studies have demon-
strated alterations in the left temporoparietal- 
occipital region among children with dyslexia, 
with specific asymmetries located in the angular 
gyrus and inferior frontal hyperactivation [35]. A 
possible progress in the treatment of this disorder 
could be achieved by the integration of cognitive 
trainings with tDCS, to promote the activation of 
the areas that are involved in compensatory pro-
cesses in dyslexia [36]. Left anodal parietotem-
poral stimulation has shown improvements in 
text reading accuracy [37]. When combined with 
cognitive reading training, children exposed to 
left anodal parietotemporal stimulation exhibited 
long-lasting improvements in reading efficiency 
[38]. Although these studies demonstrated posi-
tive outcomes, stronger evidence is needed, par-
ticularly the replication of these results in larger 
samples.
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34.2.6  Conclusion

Transcranial direct current stimulation offers the 
possibility to become an integral treatment option 
in pediatric rehabilitation, especially because its 
mechanisms of action may promote plasticity in 
a manner closer to developmental processes. The 
portability and costs facilitate their use in combi-
nation with other rehabilitation methodologies 
and techniques (e.g., physical, occupational, and 
speech therapies, robotic therapy, VR, cognitive 
training), which in turn, may potentiate the 
effects of such techniques in a bidirectional way. 
More important, in all the reported studies, tDCS 
achieved an excellent safety profile with few seri-
ous adverse effects reported. Unfortunately, as in 
the case of drug-based clinical trials, research of 
tDCS applications in pediatric populations still 
underrepresented, and this is driving the crisis in 
the generation of evidence supporting noninva-
sive neuromodulation for conditions whose treat-
ments are far to be comprehensive in children and 
adolescents. Considerations, based on stimula-
tion parameters such as current flow modeling, 
should guide treatment options for appropriate 
dosing and target localization. Moreover, close 
clinical supervision accounting for in-depth 
investigations of cognitive or behavioral side 
effects and the use of supporting neurophysiol-
ogy (EEG/ERPs) and imaging studies (MRI/CT 
scans) must be required in tDCS research, espe-
cially because the young brain represents a 
dynamic entity capable to change and adapt faster 
than the adult or aging brain.

34.3  Adult Rehabilitation 
and tDCS

34.3.1  Stroke

For most of the studies, the rationale behind the 
use of tDCS in stroke is based on the theory of 
interhemispheric imbalance. This model pro-
poses that after a unilateral stroke, the injured 
hemisphere reduces the inhibition it exerted in 
the uninjured hemisphere, resulting in hyperex-
citability in the uninjured hemisphere, which in 

turn further inhibits the injured hemisphere. 
There is evidence that this imbalance in inter-
hemispheric activity is a maladaptive plastic 
change since the increase in activity in the unin-
jured hemisphere is related to a worse motor 
function of the post-stroke deficit [3].

Thus, most of the tDCS studies in stroke reha-
bilitation aimed to improve function by improv-
ing the interhemispheric imbalance. The first 
studies with tDCS in 2005 demonstrated an 
improvement in motor function with cathodic 
(inhibitory) stimulation over the M1 of the hemi-
sphere. The hypothesis is that the balance of 
brain activity, and the improvement of the mal-
adaptive plastic alteration, unmasks perilesional 
areas inhibited, allowing to replace the function 
of the neurons injured by the stroke. Currently, 
there are several randomized clinical trials with 
similar approaches, performing excitatory stimu-
lation in the injured hemisphere, with anodic 
stimulation, or using both approaches (excitatory 
and inhibitory) in the same patient.

There is evidence that tDCS has a synergistic 
effect with other therapies such as conventional 
kinesiotherapy and constraint-induced movement 
therapy (CIMT), among others. Neuroplasticity 
is the mechanism that allows the recovery of 
functional deficits in stroke, which is influenced 
by environmental pressures, physiological 
changes, and experiences. So, it is likely that 
rehabilitation therapies induce brain modification 
that will be enhanced and better consolidated 
with tDCS.  Since tDCS modifies spontaneous 
neuronal activity (facilitating or inhibiting) and 
therapies generate this activity, the combination 
is likely synergistic [2].

On the other hand, a recent review and 
meta- analysis concluded that anodal tDCS of 
ipsilesional M1 to enhance robotic therapy is 
definitely not effective (Level A) for motor reha-
bilitation in subacute stroke. A possible expla-
nation is that the robotic training, an intensive 
therapy, can induce a ceiling effect. But another 
possibility is that the concomitant training/treat-
ments may change or even reverse expected 
tDCS effects. In this same review, the anode, 
cathode, and bilateral stimulation were con-
sidered level B (probably effective) to improve 
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motor function, when combined with other ther-
apies rather than robotics [2].

Furthermore, a possible temporal relationship 
is suggested between the use of tDCS and post- 
stroke motor function recovery. This indicates 
that tDCS in acute/subacute stroke compared to 
chronic stroke might yield different results. For 
instance, the use of tDCS for upper limb function 
recovery has been shown to convey moderate 
chronic stroke results, but not in acute/subacute 
stroke. It is also suggested that early overactiva-
tion of the ipsilesional cortex in acute and sub-
acute stroke stages might be related to a good 
recovery. However, this relationship’s nature has 
yet to be better elucidated in the context of post- 
stroke rehabilitation [5, 6].

TDCS has been studied, based on the theory 
of interhemispheric imbalance, for other post- 
stroke deficits, such as hemianopsia and hemine-
gligence, in which case stimulation is performed 
in the occipital and parietal cortex, respectively. 
In the case of aphasia, the most studied approach 
is the inhibitory stimulation of the area homolo-
gous to the Broca area and the Wernicke area of 
the right hemisphere.

Recent studies suggest enhancing tDCS- 
mediated post-stroke rehabilitation through its 
association with neuroimaging procedures, such 
as magnetic resonance imaging (MRI). The asso-
ciation of tDCS with functional MRI for the 
treatment of post-stroke aphasia has already been 
used and conveys promising results for the impact 
on motor function recovery. Moreover, this asso-
ciation strengthens the identification of non- 
responders and responders for tDCS treatment 
and identifies the locations of electrode place-
ment that yield the most effective results. In addi-
tion, the use of fMRI might also produce better 
insights into the neurophysiological role of tDCS 
in stroke rehabilitation [2, 7, 8].

In post-stroke dysphagia, there are positive 
studies with the cathode stimulation of the unin-
jured hemisphere and with anode stimulation of 
the injured hemisphere. Besides, some studies 
applied bilateral anode stimulation, which may 
seem contradictory; however, they are based on 
the fact that the corticobulbar pathways for the 
swallowing muscles are predominantly bilateral. 

Thus, stimulation of the uninjured hemisphere 
aims to enhance the recovery of function by opti-
mizing the ipsilateral corticobulbar pathway, 
which in this case, is not based on the interhemi-
spheric imbalance theory [9].

34.3.2  Spinal Cord Injury

Among the suggested mechanisms for functional 
recovery after SCI, there are neuronal plasticity 
processes that can contribute to the reorganiza-
tion of neuronal circuits at the medullary level. 
Thus, the reorganization of the cerebral cortex 
allows the functional optimization of the ascend-
ing and descending pathways that remained com-
plete after the injury.

Anodal tDCS on patients with spinal cord 
injury conveys promising results when used con-
comitantly with rehabilitative training. The func-
tion of the cerebral cortex in the neuroplasticity 
of injured spinal cord neurons can be explained 
by the relationship of uninjured neurons excit-
ability’s influence on the plasticity and reforma-
tion of neuronal circuits of injured spinal cord 
neurons. Moreover, recent MRI studies have con-
veyed the role of tDCS in regulating spinal excit-
ability. Brainstem activation of uninjured 
corticospinal axons intercedes the rehabilitation 
of reticulospinal pathways. Thus, the increase in 
corticospinal excitability of anodal-tDCS con-
veys potentially promising results for SCI reha-
bilitation [10, 11].

A few studies use tDCS anode over the pri-
mary motor cortex to enhance the functional 
recovery process, but the results are heteroge-
neous. A recent study showed that the group of 
patients with incomplete spinal cord injury who 
received bilateral anode stimulation has higher 
chances of gait improvement than a sham. In this 
protocol, tDCS was applied before the robotic- 
assisted gait training, and the statistical differ-
ence between active and sham group occurred 
after 30 sessions, but not after 15 sessions. These 
results suggested that tDCS is dose dependent, 
and in the case of SCI, robotic treatment has a 
synergistic effect, which needs to be confirmed 
in future studies. In addition to being dose 
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 dependent, several studies have also depicted a 
better effect of tDCS in SCI motor recovery is 
intensity dependent. Motor rehabilitation of 
patients with SCI is more effective when higher 
intensities (i.e., 2 mA) of anodal-tDCS are 
applied [9, 11].

Furthermore, single-session clinical trials 
have shown an intensity-dependent impact on the 
voluntary motor function of quadriplegic patients 
with incomplete SCI.  A recent, single-session 
pilot study conveyed positive, intensity- 
dependent results in the improvement of grasp 
and other hand motor functions when 2  mA 
anodal-tDCS was applied in patients with chronic 
SCI. It is further suggested that the improvement 
in hand motor function by a single-session anodal 
tDCS implies greater enhancement if multiple 
sessions are to be applied, supporting the dose- 
dependent nature of tDCS. Nonetheless, further, 
larger studies need to be performed to confirm 
the positive impact on motor rehabilitation that 
the relationship between tDCS intensity and dose 
has on SCI patients [11].

Additionally, studies in SCI patients have con-
veyed that the use of tDCS within a shorter period 
since the SCI has demonstrated better motor 
function, suggesting a temporal relationship 
between tDCS and SCI rehabilitation [11].

In the context of SCI, tDCS electrode place-
ment in the M1 cortex may have other roles that 
are not related to motor function improvement. 
Patients with SCI often end up with a down-
regulated autonomic nervous system (ANS) 
due to damage to afferent pathways that con-
nect cortical and subcortical regions to the spi-
nal cord. The activation of afferent subcortical 
and cortical regions has been suggested to 
upregulate and restore ANS function in SCI 
patients [12].

34.3.3  Traumatic Brain Injury

TBI’s deleterious effects are due to primary trau-
matic injury to the brain, in addition to secondary 
biochemical and physiological changes, resulting 
in neuronal loss and diffuse axonal injury. In the 
long term, such changes may predispose to 

Parkinson’s disease, amyotrophic lateral sclero-
sis, and Alzheimer’s disease.

As in stroke, secondary biochemical changes 
are specific to each TBI phase, so that in the acute 
phase, an increase in glutamatergic activity and 
hyperactivity of n-methyl-D-aspartate (NMDA) 
receptors is described. Still, in this phase, the 
process of reorganizing brain connections begins, 
with the possibility of forming functionally 
abnormal circuits resulting in long-term changes 
such as pain, spasticity, seizures, and memory 
deficit. After the acute phase, there is an increase 
in GABAergic inhibitory activity, causing excess 
inhibition and preventing brain connectivity 
recovery, which results in long-lasting functional 
deficits. Thus, the use of tDCS in patients with 
TBI is based on the premise of cathodal-tDCS 
application to reduce the excitotoxicity mediated 
by NMDA receptors in the acute phase and 
anodal-tDCS use in the subacute stage to com-
pensate for the overbearing GABAergic inhibi-
tory activity [1].

The rehabilitation aspect of tDCS-mediated 
neuroplasticity in patients with TBI depends 
largely on alterations of NMDA receptor activa-
tion. Therefore, multisession tDCS might imply 
longer lasting effects as the after effect of cath-
odal inhibition of NMDA hyperexcitability lasts 
longer when more tDCS sessions are applied [1].

Given the broad spectrum of affective, 
somatic, cognitive, and functional impairments 
caused by TBI, tDCS can target a myriad of 
domains for the recovery of these patients. 
Anodal-tDCS application on the injured primary 
motor cortex or the precentral gyrus’s premotor 
cortex may improve hand motor dysfunction fol-
lowing a TBI. The same effect can be extracted 
by cathodal-tDCS application in the uninjured 
motor or premotor cortices. Bilateral frontal 
tDCS stimulation has also conveyed considerable 
antidepressant effects, an important use of tDCS 
in patients with TBI as 77% of them might expe-
rience affective impairments such as depression 
or depressive symptoms. The combination of left 
frontotemporal cathodal-tDCS with speech ther-
apy might also contribute to post-traumatic 
expressive (nonfluent) aphasia recovery in TBI 
patients. Moreover, the bilateral  neuromodulation 

M. Simis et al.



661

of the dorsolateral prefrontal cortex (DLPFC) 
might limit and reduce decision-making impair-
ments provoked by TBI [1, 13].

TDCS has also been thought to reduce inflam-
matory and oxidative stress manifestations pres-
ent in traumatic brain injuries. Neuroimaging 
studies have conveyed the effect of tDCS on 
changing oxygen metabolism within the context 
of TBI. It has been shown to reverse biomarkers 
related to TBI’s secondary damages, enhancing 
and speeding up recovery [1].

Although these are all promising therapeu-
tic targets for tDCS in TBI patients, they are 
solely based on theoretical information about 
TBI’s biological mechanisms. Thus, more clin-
ical trials need to be conducted to prove the 
benefits of this therapy within the realm of TBI 
recovery [1].

Thus, tDCS can be used to decrease or increase 
neuronal excitability to minimize specific 
changes in the acute and chronic phase of TBI. 
However, to date, few studies use tDCS for the 
functional improvement of patients with 
TBI. Most of the trials aim to improve cognitive 
impairment and to recover consciousness of 
patients in a coma, especially in the minimally 
conscious post-TBI state (better explained in the 
Chap. 33).

34.3.4  Cognitive Rehabilitation

TDCS has been used in neuroscience in healthy 
subjects to understand the mechanisms of neuro-
nal factors of cognition. In addition, tDCS has 
been studied in the elderly’s cognitive decline, 
mild cognitive impairment (MCI), and dementia 
syndromes, to minimize cognitive deficits and to 
disable symptoms and ultimately delay their pro-
gression of deficits [14].

The mechanism of probable action of tDCS is 
related to the ability to induce changes in cortical 
excitability and to modulate the activity in neural 
networks related to a certain cognitive activity. 
Long-term effects are probably related to changes 
in synaptic (long-term potentiation (LTP)-like 
and long-term depression (LTD)-like). Other 
models proposed include the modulation of glial 

activity, modification of the brain-derived neuro-
trophic factor (BDNF, from the brain-derived 
neurotrophic factor), and the reduction of inflam-
matory activity. These other mechanisms could, 
in theory, alter the course of the disease; however, 
there is no experimental data to support this 
hypothesis.

In patients with Alzheimer’s disease, there are 
positive studies with tDCS showing augmenta-
tion of memory, attention, and word recall. The 
aspect of cognitive improvement is related to the 
area of stimulation, for instance, the enhance-
ment in the performance of the word recognition 
task after a single session of anode tDCS over 
the bilateral temporoparietal cortex. Besides, 
improved visual recognition memory with 
anodic stimulation applied to the left dorsolat-
eral prefrontal cortex and left temporal cortex. 
Furthermore, tDCS has shown divergent results 
in the rehabilitation of MCI compared to major 
cognitive impairment. The rehabilitation aspect 
of tDCS requires some neuronal function to 
be spared as to promote neuroplasticity, which 
might not be possible in patients with advanced 
Alzheimer’s dementia (AD) and other major 
cognitive impairment conditions. Moreover, 
early dementia stages may convey reversible and 
treatable MCI, which is shown to improve when 
combining tDCS and cognitive training tech-
niques [15].

Nonetheless, current systematic reviews have 
not yet established a significant, guideline- 
modifying effect between tDCS therapy and 
improvement in AD and other MCI scores. This 
may be a result of a limited number of clinical 
trials as well as underpowered studies, implying 
the need for further studies to be conducted to 
convey tDCS’ supposedly positive benefits in 
cognitive recovery [15, 16].

It is important to note that some studies con-
vey the improvement of MCI through the use of 
tDCS as a trade-off in respective cognitive abili-
ties, meaning that the improvement of a func-
tional aspect of MCI (e.g., memory, attention) 
might come in detriment of another. Additionally, 
the site-specific character of tDCS limits its abil-
ity to transfer its effects to other brain regions on 
its own, preventing the use of tDCS on its own for 
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global cognition improvement. This further 
emphasizes the positive results of tDCS when 
combined with cognitive training [15].

Within the context of dementia-related disor-
ders, tDCS has shown promising results in the 
improvement of memory recall and long-term 
memory. The effects on tDCS memory in patients 
with dementia-related disorders have shown to be 
beneficial in patients with mild to moderate cog-
nitive impairment in contrast to the improvement 
of other cognitive domains which are limited to 
patients with MCI [15–17].

With similar rationality as describe for stroke, 
researchers have explored the effect of tDCS 
combined with cognitive training with promising 
results. Some studies also suggest that the combi-
nation of tDCS and the use of cholinesterase 
inhibitors for the treatment of AD cognitive 
impairment might also yield positive results [16]. 
However, for neurodegenerative diseases, the ill-
ness’s evolutionary character is one of the main 
challenges for cognitive rehabilitation since the 
functional gains may not be long-lasting due to 
its progressive aspect. On the other hand, the 
technique’s safety and the possibility of home 
use increase the potential of the technique to be 
used frequently, which can improve the symp-
toms, quality of life, and survival of patients with 
progressive diseases.

34.3.5  Conclusion

Functional improvement in CNS injuries, espe-
cially when they are not neurodegenerative, is 
one of the most promising indications for 
tDCS.  The functional gains can be long term, 
especially when incorporated into daily living 
activities since the frequent use of a certain func-
tion contributes to the consolidation of the net-
works of recruited neuronal connections. 
Furthermore, the association of tDCS with some 
additional standardized therapies in the domains 
of stroke, SCI, TBI, and cognitive rehabilitation 
may create a synergistic effect, which depicts 
better results than tDCS own.

The main challenges for tDCS in clinical prac-
tice are the determination of the best stimulation 
parameters, such as frequency, intensity, and 

duration (in hours per day). Besides, the ideal 
parameters probably vary between the subjects, 
due to genetic differences, lesion characteristics, 
environmental factors, phase of injury (acute, 
subacute, or chronic phase), among others. The 
parameters will probably be better determined 
with the development of biomarkers that make it 
possible to individualize the therapies.
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35.1  Introduction

Transcranial direct current stimulation (tDCS) has 
been applied increasingly in recent years to alter 
brain function in healthy humans and patients suf-
fering from neurological and psychiatric diseases. 
Although in many publications, the presence or 
absence of side effects has been mentioned, overall 
suggesting a favorable profile, only a few studies 
applied a systematic method for evaluation of safety 

outcomes. Moreover, studies primarily aimed to 
explore safety of the technique are rare. It is also 
important to distinguish between tolerability and 
safety in a strict sense. The former describes the 
presence of uncomfortable and unintended effects, 
which do not however induce structural or func-
tional damage (e.g., tingling or itching sensations 
under the electrodes), whereas the latter refers to 
damaging effects per se. However, both are often 
reported as adverse events. For clinical trial report-
ing, the Food and Drug Administration (FDA) 
defines an adverse event as any undesirable experi-
ence associated with the use of a medical product in 
a patient – this can be further divided into common 
and serious, the latter referring to patient outcome 
of death, life-threatening condition, hospitalization, 
disability or permanent damage, congenital anom-
aly, need of an intervention to prevent permanent 
impairment or damage, or other serious, important 
medical events (notably seizures or convulsions). 
We here discuss the main issues regarding safety 
and tolerability of tDCS.

35.2  Tolerability

35.2.1  Common Adverse Effects

Poreisz et al. [1] collected data from 567 tDCS ses-
sions delivered over different cortical areas from pre-
vious studies of their group. They observed that a 
mild tingling sensation (70.6%) was the most com-
mon side effect, followed by fatigue (35.3%), itching 
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(30.4%), and, less frequently, headache (11.8%), 
nausea (2.9%), and insomnia (0.8%). All side effects 
were mild, short lived, and well tolerated, and for 
most symptoms, the rate was not different between 
active and sham stimulation. Brunoni et al., in a sys-
tematic review and meta-analysis, collected data 
from all tDCS clinical studies performed from 1998 
to August 2010 [2]. Of 209 studies (172 articles, 
encompassing almost 4000 subjects), 56% moni-
tored adverse effects and, of those, 63% reported at 
least one adverse effect. According to the retrieved 
studies, similar rates of the most commonly reported 
adverse effects were observed in both active versus 
sham arms, namely headache, itching, burning sensa-
tion, discomfort, and tingling (Table 35.1).

This systematic review also showed, however, 
that only eight studies systematically addressed 
the frequency and intensity of adverse effects. In 
other words, almost all studies failed to system-
atically report the frequency and intensity of 
adverse effects. Although this could indicate that 
these effects might be benign and well tolerated, 
this also indicates that the prevalence of tDCS- 
related adverse effects is probably underesti-
mated in literature. Therefore, the authors 
recommended that all tDCS clinical studies 
should provide estimates of the frequency and 
intensity of adverse effects observed.

After this study, Kessler et al. [3] evaluated side 
effects in 131 subjects undergoing 277 tDCS ses-
sions, finding that sensory side effects were common, 
of low severity, more common in the active compared 
to sham tDCS, and included tingling (76%), itching 
(68%), burning sensation (54%), and pain (25%). In 
this context, Russo et al. [4] assessed adverse effects 
and the level of comfort experienced by 149 subjects 
who received a total of 195 tDCS sessions in a 

double- blind fashion. The authors reported no seri-
ous adverse effects, overall low rate of common 
adverse effects and also that levels of comfort 
increased over time, which were distinctly higher 
(i.e., more comfortable) for sham stimulation. Finally, 
Fertonani et al. [5] analyzed data from 531 subjects – 
693 different sessions – receiving transcranial electri-
cal stimulation (tES; mostly tDCS, but also other 
forms of stimulation). Similar to other studies, they 
observed that the most common side effects were 
itchiness, pain, burning sensation, fatigue, and dis-
comfort, which were mild, well tolerated, and short 
lived. Since 2015, when the report of Fertonani et al. 
was published, two more recent evidence-based 
updates [6] and guidelines [7] on tolerability and 
safety aspects of tDCS have been published. Typical 
common side effects observed in these reports 
include itching, burning sensations under the elec-
trode, or transient mild headaches (Table 35.2).

 Skin Reddening
Another common side effect is tDCS-induced ery-
thema, that is, the reddening of the skin that occurs 
after tDCS. The intensity of this adverse effect varies 
in patients; most of them experience only mild red-
ness whereas a few others might have more intense 
skin reddening. Erythema is due to direct effects of 
the current on the skin, but may also arise from the 
physical pressure of the electrode pad, which must be 
strapped firmly against the skin to ensure good con-
tact. For this reason, redness is also occasionally 
observed after sham tDCS due to electrode pressure 
over the skin. Although not particularly uncomfort-
able for the majority of patients, skin reddening may 
be a threat to adequate blinding if it occurs more fre-
quently or persistently in the active stimulation con-
dition. The mechanisms involved in erythema 
induced by tDCS are only partially understood, but 
this phenomenon seems to be caused by increased 
blood flow in the dermal vessels that occurs as a 
direct result of the current application. It may also be 
due to the release of multiple neuropeptides by pri-
mary afferent nerves following noxious and non-
noxious stimulation, with secondary release of 
vasoactive substances, including histamine and pros-
taglandins [9]. In a study investigating this issue, 
Guarienti et al. [10] evaluated the effects of 2 mA, 
30-min anodal/cathodal tDCS on skin reddening. 
They observed that the erythema was more promi-

Table 35.1 Adverse effects of transcranial direct current 
stimulation

Sensation Active group Sham group
Itching 46 (39.3%) 27 (32.9%)
Tingling 26 (22.2%) 15 (18.3%)
Headache 17 (14.8%) 13 (16.2%)
Burning sensation 10 (8.7%) 8 (10%)
Discomfort 12 (10.4%) 11 (13.4%)
Total 117 studies 82 studies

Rate of adverse effects in clinical transcranial direct current 
stimulation studies. Adapted from Brunoni et al., International 
Journal of Neuropsychopharmacology, 2011 [2]
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nent over the anode than the cathode, although it was 
mild in both conditions. The erythema was also short 
lived, lasting less than 18–24  min. Moreover, ery-
thema was less intense in subjects with darker skin 
color and was not influenced by gender, age, and 
smoking habits. Finally, the authors observed that 
erythema intensity was decreased by previous appli-
cation of topical ketoprofen.

35.2.2  Parameters Associated 
with Adverse Effects

Several factors influence the perception and 
intensity of adverse effects. For instance, higher 
current intensities are usually associated with 
more adverse effects. In a systematic investiga-
tion of the threshold for perception of stimula-
tion, Ambrus et al. [11] observed that, at 0.4 mA, 
half of subjects perceived the stimulation sensa-
tion, whereas at 1 mA, all subjects were able to 
perceive the stimulation. In addition, composi-
tion of electrolyte solution seems to play a role: 
electrolyte solutions with lower NaCl concentra-
tions (15 mM) seem to be more comfortable dur-
ing tDCS than solutions with higher NaCl 
concentrations (220 mM) [12]. Dundas et al. [13] 
recommended the use of solutions with relatively 
low NaCl concentration, in the range of 
15 –140 mM (i.e., of similar or lesser strength as 
“normal saline solution” (154 mM), as tDCS at 
these concentrations is more likely to be per-
ceived as comfortable, requires low voltage, and 
still allows good conduction of current. 

Applications of topical analgesics/anesthetics at 
the site of stimulation may be a promising means 
to enhance tolerability and to alleviate local 
adverse effects associated with tDCS [12, 14].

The size of the electrodes may influence dis-
comfort. Turi et al. [15] compared different subject 
groups that received tDCS with 25 or 35 cm2-sized 
electrodes. When current density (averaged across 
the electrode surface) was kept constant, larger 
electrodes were associated with greater cutaneous 
discomfort. However, when current intensity was 
kept constant, there was no difference. This sug-
gests that higher current intensity is related to 
more cutaneous discomfort, even when electrode 
size is increased to compensate. Fertonani et al. [5] 
in a post hoc analysis of more than 600 tES ses-
sions suggested that both current intensity and 
electrode size affected discomfort. Ambrus et al. 
[16] observed that, in contrast, electrode shape 
does not matter in terms of perception – if both 
have the same surface area, standard rectangle and 
circular electrodes induce similar skin sensations.

35.2.3  Acceptability in Clinical Trials

Acceptability is a term used in controlled clinical 
trials to evaluate the number of dropouts that 
occur in the experimental treatment compared to 
the control intervention. Acceptability is low if 
dropouts occur significantly more frequently in 
the experimental treatment, since this suggests 
that the excess dropouts happened due to intoler-
able adverse effects. It is important to assess if a 

Table 35.2 Summary of studies evaluating common adverse effects

Author Study design N Main adverse effects Comments
Poreisz 
et al. [1]

Individual 
patient data

567 Tingling (71%), fatigue (35%), 
itching (30%), headache (12%)

Most rates were similar in active 
versus sham tDCS

Brunoni 
et al. [2]

Meta- 
analysis

3836 Itching (39%), tingling (22%), 
headache (15%), burning sensation 
(9%), discomfort (10%)

Rates were non-statistically higher in 
active tDCS (vs. sham)

Kessler 
et al. [3]

Individual 
patient data

277 Tingling (76%), itching (68%), 
burning (54%), pain (25%)

Rates were higher in active tDCS (vs. 
sham)

Fertonani 
et al. [5]

Individual 
patient data

693 Itchiness, pain, burning sensation, 
heat, pinching, iron taste, fatigue, 
discomfort

Frequency not described, adverse 
effects’ intensity was associated with 
higher current and larger electrodes

Nikolin 
et al. [8]

Meta- 
analysis

4130 Discomfort, dizziness, erythema, 
fatigue, headache, paresthesia 
(tingling, itching, and burning 
sensations)

Frequency not described. Only 
erythema and paresthesia were 
significantly more likely to occur in 
active compared to sham tDCS
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new treatment is not only effective but also well 
tolerated by the patients, otherwise the interven-
tion would only be applied to a restricted number 
of individuals.

Meta-analyses that investigated this issue by 
collecting data from randomized, sham- 
controlled tDCS clinical trials for depression 
found that the drop-out rate of patients in the 
active versus sham arms of tDCS was similar [17, 
18]. These results suggest that consecutive daily 
application of tDCS for several days is an accept-
able and tolerable procedure at least for depres-
sion studies. In fact, studies evaluating 
acceptability of tDCS for other neurologic and 
psychiatric conditions did not report a higher rate 
of dropouts following active stimulation [19].

35.3  Safety

35.3.1  Serious Adverse Effects

No serious adverse events/effects, according to 
the FDA literature, regarding tDCS have been 
reported in any tDCS clinical study performed 
from 2000 onward, including induction of sei-
zure, stroke, cardiac arrest, and other life- 
threatening events. Moreover, safety studies 
revealed that standard tDCS does not change 
heart rate variability at rest [20], does not increase 
the serum levels of neuron-specific enolase, a 
brain enzyme associated with neuronal death 
[21], and does not qualitatively alter electroen-
cephalographic activity [22]. According to the 
last recent evidence-based update [6] and guide-
lines [7] on tDCS safety aspects, no serious 
adverse events are reported across over 32,000 
tDCS sessions and 1000 subjects with repeated 
sessions and over 18,000 sessions administered 
neurological/psychiatric patients and healthy 
subjects.

TDCS safety was also explored in animal 
studies (see corresponding chapter in this book). 
One important study was performed by Liebetanz 
et al. [23] that explored the safety limits of tDCS 
in rats by using increasingly larger current inten-
sities and thereafter performing histological eval-
uations. The authors found that the threshold 

necessary to induce brain lesions in rats was 
52,400 C/m2, two orders of magnitude larger than 
the charge density applied in humans. Although 
these results cannot be assumed to directly apply 
to human brain tissue, they corroborate clinical 
studies showing that the technique is safe when 
used according to standardized parameters. 
Stimulation over holes or fissures of the cranial 
bone (for instance, due to trepanation procedures, 
skull fractures, brain surgery, and other reasons), 
which can result in an increase of current density, 
should be carefully investigated prior to stimula-
tion [24] – for instance, by performing computer 
simulation studies.

35.3.2  Skin Lesions

Palm et al. [25] reported five cases of skin lesions 
in a tDCS study on depressed patients. After 
5  days of 2  mA stimulation using tap water- 
soaked sponges, patients presented lesions show-
ing extensive redness and brown crusty lesions 
under the cathode. Lesions seemed also to be 
associated with high skin impedance. Frank et al. 
[26] reported three cases of skin lesions under the 
anode in patients with tinnitus. The current inten-
sity was 1.5  mA and tap water-soaked sponges 
were used. Rodriguez et  al. [27] reported three 
cases of skin burn under the cathode. In these 
cases, saline-soaked sponges were used, and the 
impedance was adequate. Finally, Wang et  al. 
[28] reported a skin lesion under the cathode after 
a single tDCS session, using a 2 mA current and 
sponges soaked in 46 mM NaCl.

To conclude, skin damage caused by tDCS has 
been occasionally reported. It is unclear whether 
this adverse effect is more common under the 
anode or the cathode or which factors increase its 
risk, although it seems that tap water-soaked 
sponges and high impedance were more fre-
quently associated with it  – in fact, a higher 
impedance is observed in tap water (vs. saline)-
soaked sponges [29]. To avoid this side effect, 
Loo et al. [30] suggested some precautions, such 
as screening patients for skin diseases and check-
ing the skin site where the electrode is placed for 
lesions before each session. The authors also 

M. A. Salehinejad et al.



671

advised to avoid abrasion of the skin and to ask 
patients to report during stimulation whether 
tDCS induced pain; the latter may serve as a 
potential early indicator of risk of skin damage. 
This approach, however, may not be fool-proof; 
Palm and colleagues noting that cutaneous sensa-
tion was not related to the development of skin 
lesions [29].

35.3.3  Safety in Neuropsychiatric 
Samples

The majority of tDCS studies have been per-
formed so far in healthy participants and not in 
neuropsychiatric samples, although this number 
is rapidly changing given the increasing number 
of ongoing clinical trials. In patients with clinical 
conditions, not only should the physical adverse 
events of tDCS be considered but also whether 
tDCS can cause specific cognitive or behavioral 
side effects when used in a disorder. For instance, 
in patients with depression, some cases of hypo-
mania/mania have been reported after tDCS 
treatment, although it is difficult to infer whether 
tDCS caused these symptoms or they occurred as 
part of the natural course of the disease [31–33] 
(see corresponding chapter in this book).

Anodal (excitability increasing) tDCS has not 
been associated with seizures in healthy subjects, 
although this event has been reported in two 
young patients with pre-existing neurological 
conditions. A 4-year-old male with a history of 
left dominant spastic tetraparesis and infantile 
spasms had been seizure-free for 2 years on anti- 
epileptic medication [34]. Anodal tDCS (1.2 mA, 
20 min) was performed over the right paracentral 
region. Four hours after the third session of stim-
ulation, the patient developed a partial onset sei-
zure characterized by speech arrest, confusion, 
leftward eye gaze deviation, left arm clonic 
movements, and secondary generalization, which 
required administration of intravenous mid-
azolam. The patient’s lateralized semiology sug-
gested that the seizure onset was from the 
frontocentral region, corresponding to the region 
of anodal stimulation. Importantly, the patient 
was weaned off the anti-epileptic drug topira-

mate, 2 weeks prior to commencing tDCS. The 
partial onset seizure may therefore have been 
partly due to this change in medication prior to 
tDCS.

The second case report documented the occur-
rence of a first generalized tonic-clonic seizure in 
a 13-year-old subject in the week following tDCS 
application [35]. Further investigations of the 
past medical history by the authors showed the 
presence of daily muscle jerks during wakening 
over the past 2  years in the patient which was 
undiagnosed before recruitment, suggesting the 
diagnosis of juvenile myoclonic epilepsy. In this 
line, a post-seizure investigation of the scalp 
EEG in awake and sleep deprivation conditions 
by the authors showed abnormal patterns (diffuse 
bilateral abortive spike and wave discharges, eye 
closure sensitivity, and photosensitivity). Given 
that the seizure occurred 5 days following tDCS, 
no causal relationship could be confirmed 
between the tDCS and seizure. However, the 
result of this report suggests that patients should 
be asked about the presence of daily muscle jerks 
and relevant behavioral indicators (e.g., dropping 
objects from hand, falls) before inclusion in a 
tDCS study, and that this symptom should be 
added as an exclusion criterion. Therefore, 
though the occurrence of seizures or other seri-
ous adverse effects is rare, extra caution may be 
warranted in neuropsychiatric patients and fur-
ther studies assessing the safety of tDCS in 
patients with neuropsychiatric disorders are war-
ranted. Nonetheless, the frequency of adverse 
effects in these populations is still rare.

35.3.4  Safety of Remotely 
Supervised tDCS

In recent years, researchers and clinicians have 
recognized that the portability of tDCS, unique 
among other noninvasive brain stimulation 
modalities, allows for home-based stimulation. 
Advances in technology have ensured that tDCS 
can be delivered safely without compromising 
efficacy through remote video observation of 
treatment sessions and the development of 
devices that prevent unsafe usage. To reduce the 
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risk of patients “overdosing” through excessive 
exposure to stimulation, many tDCS manufactur-
ers now offer devices that can be restricted in the 
number of sessions or total duration of stimula-
tion allowed per day or can be locked until a code 
is generated by the tDCS technician. Additionally, 
improvements in the methodology used to fix 
tDCS electrodes to the scalp in an accurate and 
consistent manner through custom-built caps and 
straps have ensured that patients can receive 
stimulation as effectively as if they were in a 
research or clinical setting. Collectively, these 
advances allow individuals to self-administer 
tDCS with only minimal intervention from tDCS 
experts in the form of remote supervision. Experts 
in the field have developed written and video- 
based guidelines for tDCS technicians seeking to 
commence remote-supervised tDCS [36, 37]. 
These have been put into practice in studies 
investigating the feasibility of remote applica-
tions in clinical applications for various neuro-
psychiatric disorders, for example, in the 
treatment of multiple sclerosis [38, 39] and 
depression [40]. Indeed, a meta-analysis of this 
nascent development in the tDCS field suggests 
that side effects associated with home-based 
tDCS mirror those conducted under research 
conditions in a laboratory setting [41]. Further 
research is still needed, including larger random-
ized controlled clinical trials, investigations of 
the safety of long-term usage, and feasibility of 
conducting combined interventions (e.g., tDCS 
with concurrent behavioral training or psycho-
therapy). Nevertheless, remotely supervised 
tDCS presents an exciting opportunity to increase 
the reach and therapeutic potential of stimulation 
in clinical populations.

35.3.5  Functional Impairment

Functional safety encompasses the induction of 
cognitive, behavioral, or other disturbances (par-
ticularly permanent function reductions), which 
are not intended by the application of 
tDCS.  Respective functional distortions might 
occur because different brain networks interact 
with each other, and the enhancement of the 

activity of one region can occur at the expense of 
a decrease in activity of another one. In one study 
with healthy subjects, it was shown that tDCS 
over the posterior parietal cortex enhanced 
numerical learning whereas automaticity for 
learned materials decreased. Vice versa, tDCS 
over the dorsolateral prefrontal cortex impaired 
the learning process and improved automaticity 
[42]. Another study in depressed subjects found 
that a single session of bilateral tDCS over the 
dorsolateral prefrontal cortex impaired implicit 
learning acquisition compared to sham [43].

35.4  Contraindications

There are few, relative contraindications for 
tDCS. As the electrodes are placed over the skin, 
they should not be placed directly above areas of 
impaired skin (including areas with chronic skin 
diseases) to avoid skin damage and skin burn. 
TDCS should also not be applied directly over 
areas with implanted metallic plates, or cranial 
bone discontinuities, to avoid heating or prefer-
ential conduction over respective areas. 
Encouragingly, new research has found that 
tDCS may not interfere with the performance of 
some devices located distant from tDCS-induced 
current flow, including cardiac pacemakers [44]. 
Nevertheless, care should be taken to place elec-
trodes such that the current pathway is as far from 
implanted devices, such as deep brain stimula-
tors, as possible. For patients with a history of 
previous neurosurgical procedures, neurologic 
malformations, or brain neoplasias, it is proposed 
that the tDCS current pathways should be mod-
eled for that individual patient  – using high- 
definition, computational forward models based 
on that patient’s head anatomy, reconstructed 
from MRI scans – to inform on the brain area that 
will receive most of the electrical current [45]. 
However, such approaches have not been exten-
sively empirically validated. Likewise, the use of 
tDCS in specific populations, such as children 
and pregnant women, should be carefully consid-
ered, with recommendations that lower current 
intensities are used in the young [46]. Finally, 
there is no data to support the use of tDCS beyond 
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the standard parameters tested so far in research 
settings, that is, tDCS sessions given: (a) more 
than twice daily; (b) more than 40 min per ses-
sion, or (c) using current densities above 0.125 A/
m2 [12, 14]. In such cases, the protocol should be 
tested first under controlled settings.

35.5  Safety and Tolerability 
of tDCS in Children 
and Adolescents

Although tDCS has been increasingly used in 
children and adolescents in recent years, the 
number of currently available studies in these 
populations is still limited compared to adults. 
According to a review of tDCS studies up to 
2015, less than 2% of subjects who underwent 
tDCS interventions were under 18 years of age 
[6]. This would warrant further investigation of 
tDCS safety in children and adolescents. 
Furthermore, there are important considerations 
with regard to tDCS use and parameter adapta-
tion in the developing brain. These aspects are 
discussed in more detail in Chap. 17. Here, we 
discuss recent findings and reports of the safety 
of tDCS use in children and adolescents.

The first comprehensive review of the safety 
of noninvasive brain stimulation (NiBS; 48 stud-
ies), including tDCS (16 studies), in children and 
adolescents reported redness of the skin, tingling, 
and itching [47]. Redness was most commonly 
observed on the electrode sites. Tingling and 
itching were found to occur at the beginning of 
stimulation and were the most frequently experi-
enced adverse effects. As with adult populations, 
these paresthetic effects do not result in structural 
tissue damage and are not thought to pose any 
safety issues. No major adverse effects were 
reported. The results of this review thus support 
the safety and tolerability of tDCS for children 
and adolescents. In agreement, the largest com-
prehensive review so far of tDCS delivered to 
children, including at least 2800 tDCS sessions 
applied to nearly 500 individuals, reported no 
serious adverse effects [6]. A more recent report 
reviewed 612 tDCS sessions (1 mA stimulation 
intensity) over the last 10 years (Jan 2009 to May 

2018), and also reported that tDCS was well tol-
erated, without serious adverse events. Mild itch-
ing/tingling was reported in 37% of all sessions, 
supporting the safety and tolerability of tDCS in 
children [48]. Another recent report of 170 tDCS 
sessions with higher intensities (2 mA intensity) 
in adolescents with early-onset schizophrenia 
reported mild, transient, and well-tolerated 
adverse effects, including itching (33.3%), burn-
ing (33.3%), and tingling sensations (20%), and 
no serious adverse effects [49]. In addition to 
these safety-driven reports, recently published 
reviews of tDCS use in child and adolescent psy-
chiatric and neurodevelopmental disorders [50–
52], including autism spectrum disorder [53], and 
attention-deficit hyperactivity disorder (ADHD) 
[54] confirm the safety and tolerability of 
tDCS. The latter review investigated 449 sessions 
of tDCS (1–2 mA current intensity) in 143 ADHD 
children and adolescents (from nine studies) and 
found no reported serious adverse effect, but the 
usually observed skin sensations (i.e., tingling 
and itching sensation) [54]. Taken together, the 
reported side effects are related mainly to the tol-
erability of tDCS, and deliver no hints for safety 
issues, such as structural or functional damages 
as a result of tDCS interventions.

While the published studies to date broadly 
confirm the overall safety and excellent tolerabil-
ity of tDCS in children and adolescents, two case 
reports of seizures occurring in the context of 
pre-existing neurological disorder have been 
reported (see above). These reports confirm that 
epilepsy should be an exclusion criterion for 
tDCS unless tDCS is intended as a treatment for 
epilepsy, in which case caution and additional 
monitoring are required.

Another relevant aspect of tDCS safety in the 
underaged population is dosage determination, 
considering the specific anatomy and physiology 
of the developing brain. Results of computational 
modeling studies suggest that the induced electri-
cal field in the brain of a child is different from 
adults. Applying the same electrical current 
induces higher electric fields in children com-
pared to adults, and results also in different elec-
trical field intensities, dependent on the age of 
children [55]. A recent systematic review of the 
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induced electrical field in attention-deficit/hyper-
activity disorder patients showed that the required 
stimulation intensity to generate an electrical 
field comparable to that achieved in adults (2 mA, 
0.8 V/m, 25 cm electrode size, anodal F3 cath-
odal Fp2) is almost half in children (1  mA, 
0.6  V/m) [54]. Although higher electrical field 
intensities in this range do not necessarily consti-
tute a safety problem, this should be nevertheless 
taken into account for stimulation protocol 
designs [55]. Another emerging trend in tDCS 
studies is focalizing stimulation by use of smaller 
electrodes, as compared to the relatively large 
conventional ones. Using smaller electrodes 
increases current density at least at the level of 
the skin, if current strength is not adjusted, and 
might enhance uncomfortable sensations espe-
cially in children. Given the higher sensitivity of 
children’s skin, it may be advisable to adjust 
stimulation protocols and electrode numbers to 
reduce discomfort during stimulation.

Taken together, the results of increasing num-
bers of tDCS studies in children and adolescents 
in recent years support the previously held 
assumption about the safety and tolerability of 
tDCS in these populations. Accordingly, the cur-
rently applied conventional tDCS parameters 
(protocols with 0.5–2 mA current intensity, stim-
ulation duration of 10–20  min, up to 10 once- 
daily sessions) can be rated as safe, considering 
the absence of serious adverse effects in healthy 
as well as vulnerable populations, with appropri-
ate screening for seizure risk (as above). At pres-
ent, no safety concerns have been identified for 
protocols using higher intensities, durations, and 
repetition rates. However, the number of avail-
able studies is relevantly lower, and thus, respec-
tive evidence is weaker, as compared to the adult 
population. Considering the available reports to 
date, the use of tDCS in children and adolescents 
is safe if the general safety rules for NiBS are 
complied with.

Systematic investigations of the reported side 
effects with specific focus on relevant parameters 
(intensity, duration, repetition rate) and long- term 
monitoring are needed to improve evidence- based 
information about safety and tolerability. 
Suggestions for reducing side effects, improving 
safety monitoring, and increasing transparency of 

the field include the following: (1) systematic 
monitoring of the experienced sensations under 
the electrodes during stimulation by asking for 
verbal feedback, (2) systematic reporting of the 
type, duration, and severity (mild, moderate, 
severe) of adverse effects [56], (3) avoiding high 
stimulation intensities, where reasonable, as this 
might produce more painful sensations at the level 
of the skin, or using topical anesthetics in case of 
high intensities, (4) and considering developmen-
tal aspects for determination of stimulation 
parameters (e.g., electrode size, between- 
electrode distance, stimulation intensity) [54, 55].

35.6  Conclusion

Within the standard parameters of use outlined 
above, available evidence indicates that tDCS is a 
well-tolerated technique, with few, mild side 
effects. Although tDCS is considered to be “safe,” 
as the (battery-driven) tDCS device is limited to 
delivering a low-dose current which has effects on 
cortical excitability (though not to the extent of 
directly inducing action potentials), and no major 
or serious adverse effects for tDCS have been 
reported, such findings do not imply that tDCS is 
“universally safe” and should therefore be used 
without limits or controls. First, there are no data 
regarding tDCS use beyond the limits commonly 
used in experimental settings regarding current 
intensity, session duration, and intervals between 
sessions. Second, it is possible that tDCS enhances 
activity in one brain area at the expense of decreas-
ing activity in another brain area – for instance, in 
a clinical trial in which tDCS presented antide-
pressant effects, we also found that it prevented 
implicit-learning acquisition during a probabilis-
tic classification learning task, possibly by 
decreasing activity in brain areas responsible for 
implicit memory learning [43]. In this context, it 
is possible that “wrong” stimulation parameters 
for several days may have unwanted conse-
quences leading to maladaptive plasticity. Finally, 
tDCS is a relatively novel technique and longer 
term follow-up studies are still warranted for fully 
addressing the clinical safety of tDCS.

Taken together, currently applied tDCS proto-
cols seem to be safe, and well tolerated in adults 
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and developing populations (children and adoles-
cents). This assumption does not, however, nec-
essarily apply for all tDCS protocols, particularly 
for those extending beyond tested stimulation 
parameters and clinical populations. Thus, gen-
eral statements such as “tDCS is safe” indepen-
dent from protocol specifications should be 
avoided. Moreover, this assumption is only valid 
if common exclusion criteria for tDCS/noninva-
sive brain stimulation (metal in the head, pace-
maker, no stimulation over fissures, or cranial 
holes, causing locally enhanced current density, 
excluding patients with epilepsy, if the disease is 
not the treatment target) are respected. Special 
consideration should also be given when deter-
mining safety and tolerability in children, where 
parameters safely used in adults may have a dif-
ferent safety and tolerability profile.
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36.1  Introduction

Until recently, the availability of tDCS for thera-
peutic applications was limited only to research 
centers or clinic-based settings with treatment 
administered by trained staff. Within the past few 
years, advances in tDCS device and equipment 
design have enabled an increase in studies inves-
tigating the use of home-based, self-administered 
tDCS in many neurological and psychiatric con-
ditions [1, 2].

There are many features of tDCS, such as por-
tability of equipment, relative ease of operation, 
and tolerability of side effects, that lend them-
selves to being more readily adaptable for home 
use compared to other noninvasive brain stimu-
lation techniques. Despite its potential, however, 
there remains much to learn about the optimiza-
tion of therapeutic parameters and whether there 
should be limits to its use. Support of its wider 
use, therefore, specifically in the context of home 
use, should be tempered by an awareness that 
tDCS is still not yet a fully developed treatment.

Nonetheless, given the burgeoning clini-
cal, commercial, and popular interest in neuro-
modulation that are more accessible, convenient, 
and, to some extent, controlled by the end user, 
consideration of guidelines for the home use of 
tDCS is necessary. Moreover, the unique chal-
lenges to healthcare access due to the quarantine 
and physical distancing measures imposed by the 
COVID- 19 pandemic have put into focus the need 
for innovations in telehealth and remote clinical 
treatments that could potentially lead to endur-
ing changes in practice, minimizing the need for 
face-to-face appointments, and allowing patients 
to receive and implement treatment at home [3]. 
This chapter presents issues for consideration 
when adapting tDCS for home use particularly 
with regard to therapeutic applications, opera-
tor training, patient safety and monitoring, and 
device design. Recommendations here are put 
forward with the view that tDCS will ultimately 
be more widely available as a treatment option 
under standard clinical care and supervision.

36.2  Clinical Guidelines

Recognition by professional and governing bod-
ies of tDCS as a clinical treatment is currently 
limited but growing. For instance, the National 
Institute for Health and Care Excellence (UK) and 
the Royal Australian and New Zealand College 
of Psychiatrists currently recognize emerging 

A. Alonzo (*) 
School of Psychiatry, University of New South Wales 
(UNSW Sydney), Sydney, NSW, Australia 

Black Dog Institute, Randwick, NSW, Australia
e-mail: a.alonzo@unsw.edu.au 

L. Charvet 
Department of Neurology, New York University 
School of Medicine, New York, NY, USA

36

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76136-3_36&domain=pdf
https://doi.org/10.1007/978-3-030-76136-3_36#DOI
mailto:a.alonzo@unsw.edu.au


678

evidence of tDCS efficacy only for depression [4, 
5]. Likewise, an advisory group commissioned 
by the European Chapter of the International 
Federation of Clinical Neurophysiology has pro-
posed a Level B recommendation (probable effi-
cacy) for tDCS in major depression without drug 
resistance as well as in addiction/craving [6]. 
Probable or possible efficacy has also been rec-
ognized for some neurological conditions includ-
ing fibromyalgia and neuropathic pain [6].

Notwithstanding, all such guidelines acknowl-
edge that further research is needed to develop 
tDCS treatment protocols to enhance its efficacy 
and further evidence is needed to support the use 
of tDCS for other conditions. In addition, in rec-
ognizing the adaptability of tDCS for home use, 
there is a consensus that tDCS should only be 
administered under the clinical supervision of a 
qualified health professional (e.g., medical doc-
tor) trained in tDCS principles, and patients be 
informed of the current evidence base for tDCS, 
to safeguard against inappropriate applications.

In the United States, tDCS remains for inves-
tigational use only. tDCS has not gained approval 
for clinical use and also generally does not meet 
institutional criteria to be considered for com-
passionate use. This regulatory status does not 
reflect an evaluation of efficacy by the Federal 
Drug Administration (FDA), but instead is pend-
ing a response to commercial interest. There are 
two potential FDA pathways to market: a premar-
ket approval (PMA) or a 510(k) clearance. The 
PMA is an extensive process that requires the 
collection of both safety and efficacy data, and 
has not yet (as of June 2020) been issued for any 
tDCS device. For the less rigorous 510(k) clear-
ance, the device must be demonstrated to have 
the same intended use and technical specifica-
tions as a device currently on the market, with-
out the requirement for safety and efficacy data. 
tDCS devices have been cleared through the 
510(k) pathway, based on iontophoresis devices 
that were on the market prior to the establishment 
of the PMA regulations. However, this clearance 
does not provide the option for indicated clini-
cal use and the corresponding option for billable 
codes for healthcare reimbursement, for either 
on- or off-label use. With commercial PMA 

applications pending FDA review, the future 
regulatory status of tDCS in the United States is 
likely to evolve in the near future.

36.3  tDCS for Home Use

tDCS is typically administered via battery- 
powered devices that can be easily hand-held. 
Due to their portability, tDCS devices (including 
their attendant equipment  – electrodes, cables, 
and headgear) have the most potential of all brain 
stimulation techniques for distribution and use 
outside clinical centers (see Fig. 36.1 for exam-
ples). Although operation of tDCS devices is not 
particularly complex, operation has been further 
simplified to as simple as pressing a start button 
as stimulation parameters (i.e., current intensity, 
duration, and number of sessions) can be pre- 
programmed. This allows clinicians to ensure 
that the stimulation applied is kept within stan-
dard protocols that are known to be safe and pre-
vents patients from using the device beyond their 
prescribed course.

When adhering to standard stimulation 
parameters based on investigational use to date 
(typically no more than 2.5 mA and 30-min dura-
tion), repeated sessions of tDCS are known to 
have a benign side effects profile and are well 
tolerated [7, 8] (also see Chap. 17 of this book 
that discusses safety aspects of tDCS). The most 
commonly reported side effects include tingling, 
skin redness, itching, and/or a heat sensation at 
the electrode site. Side effects do not normally 
last beyond the stimulation period but if so (e.g., 
headache, dizziness, and fatigue) [7, 8], are usu-
ally transient and rarely require specific treatment. 
Provided that patients follow standard operation, 
are made aware of common side effects, and are 
aware of reporting procedures and instructions 
for seeking help should an adverse event arise, 
tDCS administered at home should be as safe and 
well tolerated as tDCS administered in research 
and clinical centers.

Costs of tDCS equipment and administration 
also compare favorably to other brain stimulation 
techniques. As tDCS as envisaged for home use 
can be self-administered, there are no costs asso-
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ciated with clinic staff or facilities nor costs of 
travelling to and from a treatment center, which 
usually involves attending every weekday for 
several weeks. Home-based tDCS would also 
afford greater accessibility for patients living in 
remote areas or patients who are less mobile or 
home bound, thereby encouraging better treat-
ment adherence. With the cost of a home-based 
tDCS device and consumables costing much less 
than other brain stimulation devices, its relative 
affordability makes it a viable option for a greater 
number of people as a treatment that can be pur-
chased outright or rented and used as needed 
under clinicians’ guidance.

36.4  Clinical Applications 
of Home-Based tDCS

A relatively recent survey of do-it-yourself (DIY) 
tDCS users has found that although the major-
ity of respondents (59%) used tDCS for cognitive 
enhancement and treatment, of those who used 
tDCS to treat a medical condition, the most com-
mon medical condition was depression (58%), 
followed by attention deficit hyperactivity dis-
order (15%), pain (13%), obsessive-compulsive 
disorder (6%), and stroke (6%) [9]. This study, 
conducted in 2013–2014, included use of two 

major DIY tDCS internet websites (www.reddit.
com/r/tDCS and www.diytdcs.com) subscribed 
by DIY tDCS users to conduct: (1) an online ques-
tionnaire survey to which 121 people responded, 
(2) a content analysis of web postings on DIY 
tDCS, comprised of 825 postings and 4756 com-
ments, and (3) five in-depth interviews with users 
who were identified as being able to provide a 
general overview and information on DIY tDCS 
users. Although preliminary, such findings not 
only bring to attention the use of tDCS among 
healthy people as well as unwell patients for 
some conditions that currently have little data to 
support the use of tDCS but also highlight a need 
for more rigorous studies to assess tDCS efficacy 
that can also contribute toward the development 
of protocols and guidelines for the protection of 
users.

The past few years alone have shown promis-
ing steps in the rapid growth in protocol-guided, 
home-based tDCS studies investigating its use 
for neurological and psychiatric conditions [10]. 
There is also growing evidence supporting the 
use of home-based tDCS for treatment of a range 
of neuropsychiatric symptoms and in the con-
text of rehabilitation, especially when targeting 
extended dosing regimens [2].

In neurological conditions, there have now 
been many completed trials in many disorders 

Fig. 36.1 Examples of tDCS devices developed for self-administration either autonomously or under clinical 
supervision
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demonstrating the feasibility of home-based 
tDCS to test the benefits of repeated treatment 
for improving symptoms, either alone or in 
combination with rehabilitative exercises. For 
example, randomized sham-controlled trials have 
used home-based tDCS to demonstrate cogni-
tive improvement in Alzheimer’s disease (n = 17, 
6 months of daily treatment) [11], reducing pain 
and other symptoms of fibromyalgia (n  =  20, 
60 daily sessions) [12], reducing tinnitus sever-
ity (n  =  35, 10 daily sessions) [13], reducing 
fatigue in multiple sclerosis (MS) (n  =  28, 20 
daily sessions) [14], increasing arousal in mini-
mally conscious state (n = 37, 20 daily sessions) 
[15], and improving upper extremity functioning 
following stroke (n = 15, 5 daily sessions) [16]. 
Additional studies have used home-based tDCS 
in single- blind and randomized crossover designs 
for improving dizziness in Mal de Debarquement 
syndrome (n = 24, 20 daily sessions) [17], increas-
ing recall in mild vascular dementia (n = 21, 4 
daily sessions) [18], and reducing trigeminal neu-
ralgic pain (n = 10, 14 daily sessions) [19].

Open-label studies have utilized home-based 
tDCS to demonstrate improvements in cognitive 
functioning in Parkinson’s disease [20, 21] and 
MS [22] and pain in fibromyalgia [12, 23]. Taken 
together, this body of work provides a support-
ive framework for the feasibility of home-based 
tDCS in even those patients with more advanced 
age or more severe levels of neurological impair-
ment. tDCS including home-based use is also 
emerging as an adjuvant therapeutic option par-
ticularly in the context of cognitive and motor 
rehabilitation [2, 10]. However, many questions 
remain to achieve and maintain optimal clinical 
benefits, particularly in terms of dosing param-
eters. Home-based tDCS will continue to be a 
valuable tool in reaching participants and provid-
ing the number of treatments needed for studies 
to provide the answers.

In contrast to clinic-based tDCS studies, there 
have been far fewer studies that have investigated 
home-based tDCS for psychiatric applications 
and no randomized, controlled trials to date. The 
few studies that exist, however, suggest home- 
based tDCS for conditions such as depression 
and hallucinations in schizophrenia is feasible, 

safe, and as well tolerated as previous, clinic- 
based studies [24–28]. In an open-label pilot trial 
to treat depression [24], participants were trained 
and credentialed by research staff before self- 
administering daily tDCS at home over 4 weeks 
followed by a 4-week taper phase of 1 tDCS ses-
sion per week. Depressive symptoms improved 
significantly up to at least 1 month after complet-
ing the acute daily sessions. Side effects were 
typical of tDCS (e.g., tingling, burning sensation, 
skin redness, and itching), predominantly mild 
and transient, and comparable to clinic/research 
center-based tDCS [29, 30]. Treatment adherence 
was excellent, with a 93% completion rate.

Further, two case reports of home-based tDCS 
for hallucinations in schizophrenia support the 
safety and efficacy of tDCS on a long-term basis 
[25, 26]. In one report, a schizophrenia patient 
with severe, clozapine-refractory auditory hallu-
cinations received daily to twice-daily tDCS at 
home for at least 3 years with symptoms wors-
ening only when the frequency of sessions was 
reduced [25]. Moreover, at the time of publica-
tion, treatment was still ongoing, supporting 
the viability of extended home treatment with 
tDCS.  Despite these findings, however, further 
studies are evidently needed to confirm the effi-
cacy of home-based tDCS.

36.5  Models for Providing Home- 
Based tDCS

As opposed to self-directed home use (e.g., a 
patient or participant using tDCS on their own), 
there is consensus among investigators for ongo-
ing monitoring and supervision for either clini-
cal or research use of home-based tDCS [31, 32]. 
In initial consensus guidelines [31], conditions 
for home use were described to ensure patient 
or participant safety and tolerability, recom-
mending ongoing monitoring to ensure that the 
tDCS was used as intended and for reliable and 
uniform dosing in study protocols. These were 
refined following implementation across stud-
ies [32]. Central to these recommendations is 
specially designed equipment that both carefully 
regulates and records use. Extensive training pro-
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cedures and safety checks at each step overseen 
by a study technician can guide safe application 
to ensure the safest and most tolerable use. In 
a systematic review of home use of tDCS [2], 
while the specific protocols varied across trials, 
the studies with ongoing supervision (e.g., with 
each session) had markedly high compliance and 
completion rates (e.g., >90%).

In the treatment of neurological disorders, an 
example of these guidelines is with the rigor-
ous remotely supervised or RS-tDCS protocol, 
in which all tDCS is provided with a real-time 
technician supervising all aspects of use via live 
videoconference [33–35]. In this telemedicine 
platform, patients or participants are first cleared 
for safe use, guided for correct headset place-
ment, and then provided a one-time use “unlock” 
code for their device (Soterix mini-CT) to deliver 
a preprogramed dose (set for intensity and dura-
tion, and can include delivery of sham stimulation 
for controlled trials). Using a structured “stop” 
criteria, participants are monitored for side effects 
before, during, and after the stimulation. Any 
session in which pain is reported (reaching a “7” 
on a scale of 1–10) is immediately aborted. The 
RS-tDCS protocol has been used in trials dem-
onstrating the benefit of tDCS for the treatment 
of fatigue [14] and cognitive impairment [22] in 
MS and Parkinson’s disease [20, 21], with sev-
eral large randomized controlled trials currently 
underway to treat fatigue and improve cognitive 
and motor functioning. Given that the MS popu-
lation represents patients across a broad range of 
age (e.g., 18–80 years in the studies) and neuro-
logical disabilities (minimal to severe cognitive 
and/or motor involvement), the protocol has been 
demonstrated to be generalizable for use across 
most neurological disorders. RS-tDCS has been 
used to demonstrate feasibility and initial benefit 
in Parkinson’s disease [20, 21] and in conditions 
such as cerebellar ataxia [36], following ECT 
[27], post- stroke aphasia [37], and traumatic 
brain injury [38] among others. The protocol is 
also now in use at a site in the United States for 
clinical telerehabilitation of cognitive and motor 
impairments on a limited exception basis.

Another option is adapting a more individu-
alized approach, combining initial supervision 

of sessions either in the clinic or remotely with 
video monitoring, and then graduating the par-
ticipant to more self-directed use with additional 
real-time monitoring conducted as needed [24, 
28, 39, 40]. This approach entails less inten-
sive real-time monitoring by the treating team 
but would still crucially involve monitoring via 
other avenues to ensure treatment compliance 
and safety. Monitoring may include participants’ 
self-directed use reported in a treatment diary 
[15, 19, 24], a daily check via phone or email 
[17], and/or automatic usage logs stored on the 
tDCS device or linked to a central server man-
aged by the treating team [11, 41, 42]. These 
monitoring aims may also be combined into one 
modality as recently reported by a study of home- 
based tDCS to treat mild cognitive impairment 
that used a smart phone application as a platform 
by which device operation was detected, patients 
reported safety information, and remote support 
was provided via phone/video communication 
[40]. Such modified approaches have now been 
trialed and found to be feasible for a number of 
conditions including pain conditions [39, 41, 
42], Alzheimer’s disease [11], mild cognitive 
impairment [40], hallucinations in schizophre-
nia [25, 26], Mal de Debarquement syndrome 
[17], tinnitus [13], depression [24], and chroni-
cally ill patients [15, 28], with some studies 
demonstrating feasibility, safety, and efficacy 
over an extended treatment period ranging from 
6 months in clinical to over 3 years in individual 
cases [11, 25, 26].

With home-based tDCS now being trialed in 
various clinical applications and contexts, the 
degree of monitoring may depend on the treat-
ment protocol, risk assessment of the condition 
being treated, individual patient characteristics as 
well as available technology. Treatment protocols 
that involve administration of tDCS with a con-
current task as part of the therapeutic approach 
may be more likely to necessitate real-time mon-
itoring for every session [20, 22, 43, 44] while 
other approaches that use home-based tDCS as 
the sole treatment may require less real-time 
monitoring, especially with experienced patients 
provided that appropriate clinical oversight and 
monitoring are maintained. Overall, however, 
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in- person training before home use along with 
monitoring in real time for each home session has 
been found to lead to the highest study retention 
and completion rates [2, 12].

36.6  Device and Equipment 
Design

Besides some differences in approaches to moni-
toring protocols, present devices also vary in 
terms of strict dose control. Most tDCS devices 
have been primarily designed for clinician- 
administered stimulation within the context of a 
medical or research setting. However, the rapidly 
growing interest in home use necessitates devices 
that lend themselves to self-administration and 
take into consideration practical design issues 
as well as additional safety features. This has 
resulted in increased development of devices 
that can be used away from the clinic, typically 
including a meter to control stimulation deliv-
ery outside of prescribed use (e.g., one-time use 
unlock code to operate, stimulation delivered at a 
prescheduled time).

As described in consensus guidelines for 
home use of tDCS in clinical and research appli-
cations [31, 32], devices should meet regulatory 
requirements for commercial medical devices 
as a compromise in quality standards could lead 
to reduced overall safety and unanticipated side 
effects. Maintenance of these standards should 
also provide assurance that findings from clini-
cal studies may be applicable to home-based use. 
Device safety features should include measures 
to restrict use within prescribed limits; that is, 
manual alterations of the intended stimulation 
parameters should be prevented by, for instance, 
locking devices to specific stimulation param-
eters (e.g., current intensity, duration, number of 
sessions).

In terms of design, devices should feature 
large, clearly labelled buttons and cable slots for 
easy operation, and be accompanied by plainly 
written but comprehensive directions for use. The 
device interface should include an easily readable 
screen to monitor device performance with help-
ful readouts such as the stimulation time remain-

ing, current intensity, and impedance in real time. 
A dynamic impedance readout in particular will 
allow the user to be continuously aware of their 
“dose” quality and if in case of any irregularities, 
discontinue stimulation or make adjustments 
according to prescribed guidelines. For safety, it 
is necessary to include a feature to immediately 
abort the stimulation to allow the user to safely 
terminate at any point. As an additional safety 
feature, devices could also be designed to either 
be paused or automatically power down if abnor-
malities in impedance are detected. To preserve 
battery charge, devices should automatically shut 
off after a specific period of inactivity.

Headset design and electrode placement is 
an equally important consideration for home-
based administration. Size of the headset is 
important to ensure proper fit and can be con-
firmed on-site before providing for home use. 
Electrode placement is one of the critical deter-
minants in achieving behavioral results [45]. If 
incorrectly positioned, unanticipated negative 
side effects may occur, including the revers-
ing of polarity that could lead to unintentional 
disturbance of certain functions [46]. However, 
with proper supervised guidance, including 
visual markers on the headset to confirm place-
ment, self-placed headsets have been shown to 
replicate the same current flow as when placed 
on-site by lab staff [47].

Also important for headset design is the elec-
trode montage to be used. Some montages would 
be more readily self-administered than others 
such as a bifrontal montage in which the user can 
directly see the electrode positioning in a mirror 
and make adjustments as needed. A montage in 
which electrodes need to be placed on the occipi-
tal or temporal area would be more difficult to 
directly check, though not impossible with, for 
example, the use of a second mirror to enable 
a rear view. However, the electrode placement 
process for any montage could be facilitated by 
having a headset specifically designed for the 
montage to be used where electrodes can be 
fastened onto the headset at particular sites pos-
sibly standardized according to the 10–20 EEG 
system. Training users to identify key anatomical 
landmarks such as the nasion and inion as addi-
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tional reference points should also assist in the 
relative positioning of the headset and electrodes. 
As technology continues to advance, augmented 
reality applications may become available to 
guide precise self-positioning of electrodes.

Regarding electrode preparation, it would be 
important to have a standardized procedure for 
moistening the electrode sponges with saline as 
the recommended conducting solution. Electrode 
sponges that are too dry could lead to poor con-
ductance or skin discomfort at the electrode sites. 
Conversely, excessive moisture could lead to the 
current being shunted away from the intended tar-
get, unintentional weakening of the current inten-
sity by being diffused over a wider area, or even 
a distant skin lesion not located at the electrode 
site [48]. To facilitate adequate moisture, sponges 
could be provided pre-moistened with saline and 
in sealed plastic until opened for use, or at the 
very least, the saline could be premeasured via 
syringe. Sponges could also be designed to indi-
cate (e.g., by change of color), when optimal 
saturation has been reached.

Additional considerations for supervised home 
use of tDCS include the supporting equipment 
[49], especially when the tDCS is to be paired 
with a rehabilitative activity (e.g., for cognitive or 
motor rehabilitation). At the minimum, patients 
and participants will need a computer or phone 
connected to the Internet to facilitate Health 
Insurance Portability and Accountability Act 
(HIPAA) compliant communication with clinical 
lab staff. It is ideal to complete a tDCS and tech-
nology training and orientation on-site, including 
administration of first treatment session, before 
sending the user home. In addition, particularly 
for patients who have greater challenges (e.g., 
older in age, less computer literacy, cognitively 
impaired), clinical lab staff may travel to the 
participant’s home to ensure adequate setup for 
home use [2, 32].

tDCS has a growing DIY community with 
many instructions for the design and use of 
devices already available on the Internet. These 
devices can be purchased directly without a pre-
scription, training, or supervision. The potential 
safety concerns are apparent, and their unsu-
pervised use is not advisable given that there is 

an absence of safety standards with regard to 
prevention of device malfunction, governance 
to prevent overuse, and sanitary practices [50]. 
Some devices on the market may meet mini-
mal manufacturing standards and/or include 
safety features (e.g., meters to prevent over-
use), but little is known concerning their design 
and safety apart from information provided by 
the companies. Any claims for benefit may be 
made independent of any governing oversight in 
some countries as there is no regulation of these 
devices or any certification process. These direct-
to- consumer devices in the United States are 
not currently regulated by the US FDA, and any 
stated therapeutic claims or guidance for thera-
peutic use remain unverified. Despite the ongoing 
marketing, few devices have been directly stud-
ied in clinical trials. Therefore, the safety, tolera-
bility, and reliability of the use of the commercial 
devices remain largely unknown.

36.7  Patient Selection 
and Contraindications

While patient- and condition-specific criteria 
such as symptom profile, severity, and comorbid 
conditions will determine the suitability of home- 
based tDCS in addition to the current evidence 
base for a specific condition, there are a number 
of common criteria that should be considered 
when assessing patient suitability.

The most practical consideration is the like-
lihood of the patient adhering to the prescribed 
course and capacity to self-administer or receive 
tDCS from a care provider as failure to meet 
basic treatment requirements would result in sub-
optimal, if not ineffectual, treatment at best. Of 
greater concern, although there are few absolute 
contraindications that would preclude a patient 
from receiving tDCS, there should be particular 
note of conditions that could interfere with the 
normal current flow or affect the conductance. 
The presence of metal or implanted medical 
devices in the head is widely accepted as abso-
lute contraindications as their conductivity can 
affect current density and/or shunt the current 
away from the intended target. A history of seri-

36 Home-Based tDCS: Applications and Approaches, Design, Feasibility, and Safety



684

ous brain injury or neurological surgery can be 
considered more on a case-by-case basis depend-
ing on the location and extent of anatomical 
changes as the size of skull defects could influ-
ence the distribution of peak cortical fields [51]. 
Other conditions such as history of headache or 
migraine, stroke, or seizure would not necessar-
ily be considered absolute contraindications but 
may be application specific as such conditions 
may themselves be the target for tDCS treatment.

Attention should also be given to any exist-
ing skin disorder and the condition of the scalp 
particularly at the intended electrode sites as skin 
burns can result from multiple tDCS sessions 
applied to the same scalp area if skin integrity 
is compromised [52, 53]. tDCS should not be 
applied if there are skin breakages, lesions, cuts, 
rashes, acne, pitting or excessive sensitivity, and 
dryness at the electrode sites as the current may 
become focalized around the damaged area and 
potentially result in skin burns. Even using a 
lower current intensity to that originally intended 
would not be advisable as there is no guarantee 
that this will prevent further damage. However, 
as there is some degree of latitude with tDCS to 
slightly adjust electrode positioning without dras-
tically changing the resultant stimulated cortical 
area, the electrodes could be moved if appropri-
ate to avoid directly stimulating the affected skin.

There are no medications that are contraindi-
cated for use with tDCS although the effects of 
certain medications should be considered when 
assessing the likelihood of tDCS benefitting a 
patient. Benzodiazepines have been associated 
with a worse outcome in depressed patients 
receiving tDCS [54] although the exact mecha-
nism by which they modulate tDCS effects has 
not been fully elucidated and could depend on 
a combination of factors such as their effect on 
GABA receptors and downstream modulation 
of remote cortical and subcortical areas [55]. 
Carbamazepine and flunarizine have been found 
to selectively eliminate the excitatory effects of 
anodal tDCS, while dextromethorphane pre-
vented induction of prolonged effects of tDCS 

irrespective of polarity [56]. These results sug-
gest that any medications that affect neuroplasti-
city via actions on sodium and calcium channels 
as well as NMDA receptors could modulate tDCS 
effects. However, whether concurrent use of such 
medications is permitted would depend on the 
intended use of tDCS as mitigating or potentiat-
ing effects of anodal or cathodal tDCS could have 
specific beneficial applications.

36.8  Training and Credentialing

While tDCS devices developed for home use 
have been designed to make electrode place-
ment as simple and reliable a process as possible 
via headbands or caps to fasten the electrodes, 
it is nonetheless recommended that patients at 
least attend an initial training and credentialing 
session before being approved to take home a 
tDCS device. The purpose of such a visit would 
not only be to ensure that a patient can compe-
tently operate a tDCS device and safely admin-
ister tDCS but also to give the patient a working 
knowledge of tDCS principles and safety as well 
as giving an opportunity for the overseeing cli-
nician to address aspects of the tDCS procedure 
and technique that may be specific to the patient.

Patients should first be given a demonstration 
of how the tDCS device is set up and operated, 
familiarizing them with the device features and 
interface as well as use and maintenance of the 
associated equipment (i.e., headband, cable leads, 
electrodes, sponge sleeves, and saline solution). 
This would also include checking the equipment 
for wear and tear that could affect stimulation 
quality such as oxidation and residue forming on 
the leads, and tears or scratches on the electrodes.

Demonstration of the actual tDCS procedure 
should cover routine preparation for tDCS such 
as checking the scalp sites for any skin irrita-
tion or breakage, gently swabbing the skin with 
alcohol swabs to remove surface oils or dirt, and 
 preparing the sponge electrodes in the conduct-
ing solution (usually saline). Correct electrode 
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and headband placement should then be dem-
onstrated with particular attention on ensuring 
consistent positioning of the electrodes as well 
as maintaining firm and even contact between 
the entire surface area of the sponge electrode 
and the scalp. As tDCS devices for home use are 
designed to automatically run pre-programmed 
parameters once started, the only routine proce-
dures for patients to follow during tDCS would 
be to periodically add saline to the sponge elec-
trodes to avoid drying and maintain conductance, 
wipe dry any excess saline dripping from the 
sponge electrodes as this may lead to reduced 
current density at the intended target site or even 
a skin burn away from the electrode site [48], and 
check the stimulation contact quality (if available 
via the device readout).

To formalize the training process and ensure 
consistent standards, a credentialing session may 
then be conducted to assess the patient’s dem-
onstrated competence against specific criteria, 
which may include items outlined below.

Skin and Electrode Preparation
• Parting hair to expose stimulation area and 

gently wiping the skin with alcohol swabs
• Checking skin for irritation and breakage
• Checking equipment for wear and tear
• Preparing sponge electrodes with the appro-

priate amount of saline solution
• Attaching the sponge electrodes onto the 

headband
• Placing and securing the band on the head 

with the electrodes in the correct position and 
orientation

• Adjusting band placement and tightness as 
needed

Machine Preparation
• Connecting the cable leads to the tDCS device
• Connecting the leads to the electrodes
• Understanding the electrode contact quality 

readout (if available) and adjusting the elec-
trode and headband setup if needed

• Activating the stimulation session

During tDCS
• Monitoring contact quality
• Adding appropriate amount of saline at desig-

nated intervals
• Drying excess saline

After Stimulation
• Removing the headband and electrodes
• Rinsing and cleaning equipment

Following satisfactory completion of training 
and credentialing, patients may also be supplied 
with a treatment diary (hardcopy or electronic) to 
record the date/time of their treatment sessions 
and any side effects experienced. The diary may 
also include a procedural checklist that patients 
can follow and check off in sequence as they self- 
administer tDCS.

It is also recommended that the patient 
undergoes their first tDCS session at the initial 
training/credentialing visit so that the patient is 
familiarized with the typical sensations of tDCS 
(e.g., tingling, itching) and be monitored by a 
clinician to assess how well the treatment is tol-
erated and whether any unexpected side effects 
emerge. On the very rare occasion, a patient’s 
skin may be particularly sensitive to the point 
where the patient is unable to tolerate the pares-
thetic effects of tDCS even beyond the first few 
minutes of stimulation. In such a case, the avail-
ability of a clinician is ideal in order to quickly 
assess the viability of proceeding with treatment 
and whether use of a topical cream designed to 
reduce skin discomfort [57] would be beneficial. 
Any other concerns the patient may have about 
the procedure can also be immediately addressed.

36.9  Ongoing Monitoring 
and Oversight

Patients should remain under the supervision 
of a clinician during a course of home-based 
tDCS.  This oversight is important for technical 
and safety reasons. For patients inexperienced 
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with tDCS, even after being credentialed to take 
a device home, there can still be a learning pro-
cess to streamline the device setup and operation. 
Oversight and coaching via real-time monitoring 
can greatly assist in this learning process espe-
cially during the first few home-based tDCS 
sessions while ensuring the treatment can still 
be administered reliably in the patient’s home 
environment. Whether ongoing monitoring is 
required for all subsequent sessions or only as 
needed (e.g., instances where a patient encoun-
ters a technical problem or experiences unusual 
side effects) may depend on the treatment pre-
scribed. For example, if the patient is required to 
undertake a concurrent task during tDCS, real-
time monitoring for all sessions may be neces-
sary to oversee administration of the concurrent 
task or verify the data being collected [22].

Periodic monitoring by a clinician during 
the tDCS course is also important to check for 
adverse or unintended effects of the stimulation 
and other possible changes in the patient’s sta-
tus where continued stimulation may not be ben-
eficial. Furthermore, as stimulation may also be 
administered concurrently with other treatments, 
the monitoring process should include checking 
for potential unexpected interactions (e.g., with a 
medication) [58].

Monitoring of efficacy outcomes has also 
been recommended in clinical guidance issued 
by some professional bodies especially in the 
context of further building the evidence base of 
tDCS for clinical use [4, 5]. It may, however, 
be difficult for a patient to objectively evaluate 
their degree of improvement. Therefore, change 
in clinical or cognitive functioning may best be 
assessed by a clinician-administered scale con-
ducted at least prior to starting a treatment course 
and then following course completion.

36.10  Patient Safety

The primary safety considerations with home- 
based tDCS relate to ensuring the safe adminis-
tration of tDCS in the patient’s home environment 

and their health and welfare during the treatment 
course. When approved to use a tDCS device at 
home, patients should be given a list of standard 
safety precautions to minimize any risk of harm-
ing themselves or damaging the tDCS device. 
Such a list may include the following:

• When administering tDCS, the rubber elec-
trodes must always be covered by the sponges 
and never directly in contact with the scalp as 
this could lead to skin burns. Typical tDCS 
side effects such as tingling or itching should 
never be painful. If any pain is concentrated in 
one area, stimulation should be aborted imme-
diately. The headband should be removed and 
skin checked for any redness or discoloration. 
The treating team should be notified before 
proceeding any further.

• tDCS will automatically stop if the contact 
quality between the sponge electrodes and 
scalp drops to a critical level. The current 
intensity will quickly drop to zero and tran-
sient light-headedness or even a phosphene 
flash may be experienced. In such an event, 
such symptoms are not unusual, but the treat-
ing team must be contacted so that the cause 
of the poor contact quality (e.g., insufficient 
contact between sponge electrodes and scalp; 
rubber electrodes cracking; wear and tear on 
the leads) can be investigated.

• Over repeated use or after rough handling of 
the rubber electrodes if inserting into or taking 
out of sponge sleeves/covers, the rubber elec-
trodes may start to scratch or tear. This can 
lead to poor contact quality and tDCS not able 
to be initiated. At the start of each session, the 
rubber electrodes should be checked for any 
tears and the treating team notified if any are 
present before proceeding any further.

• Avoid spilling any liquids on the tDCS device. 
The device should not be used if it has been 
exposed to any liquids and the treating team 
notified if this has occurred.

• The tDCS device should be kept on a flat, 
secure surface during tDCS and sudden head 
movements should be avoided as this could 
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lead to pulling on the cables, causing the tDCS 
device to fall if not secured.

• tDCS should not be administered over skin 
that is irritated or damaged including any cuts, 
scars, scratches, or pimples as this could lead 
to the current becoming concentrated in one 
area and potentially causing skin burns. The 
treating team must be notified if any of these 
are present at the electrode sites.

As part of a patient’s treatment diary, a struc-
tured questionnaire checking for typical side 
effects that may arise during or after tDCS should 
be included with patients instructed to record the 
presence/absence of each side effect as well as 
the severity and duration. Any side effect that is 
rated as severe or atypical of tDCS, regardless of 
whether the patient feels it is related to the tDCS 
treatment, should be reported and assessed by the 
treating team before any further tDCS sessions 
are administered.

tDCS is a low-risk procedure and is not 
expected to cause serious adverse events. 
However, guidelines that help patients to iden-
tify and document adverse events may be use-
ful in managing any potential risks. An adverse 
event may be defined as any untoward medical 
occurrence that is temporally associated with the 
use of tDCS regardless of whether it results in 
the patient’s hospitalization. Any worsening of 
a pre- existing condition may also potentially be 
considered an adverse event. Occurrence of any 
adverse event should be reported by the patient to 
the treating team and assessed before any further 
sessions are conducted.

As patients will be receiving tDCS as a treat-
ment for an existing psychiatric, neurological, or 
other health condition, clear instructions should 
be communicated to patients, their families, and/
or carers in case of an emergency. While details 
of the safety plan may be specific to the patient’s 
condition, information regarding an emergency 
contact number and contact details for the nearest 
clinic or hospital should be provided in the event 
that the patient may not be able to obtain immedi-
ate help from their primary treating doctor.

36.11  Further Approaches Using 
Home-Based tDCS

While there is growing evidence that tDCS as 
a stand-alone treatment is efficacious for some 
conditions such as depression [59], as with tDCS 
treatment in general, home-based tDCS requires 
further investigations to optimize treatment 
parameters. Its capacity to be self-administered, 
in particular, may facilitate such investigations 
by allowing researchers to provide greater conve-
nience and accessibility to tDCS for patients and 
therefore recruit potentially more representative 
clinical samples, while also reducing the demand 
on staff resources that face-to-face treatment ses-
sions would entail.

One approach to enhance tDCS efficacy has 
been to administer it as a concurrent treatment. At 
least for the treatment of depression, some stud-
ies support the use of tDCS in combination with 
some antidepressant medications as a better treat-
ment than either one alone [60, 61]. Other studies 
have investigated additional avenues to further 
enhance the antidepressant efficacy of tDCS by 
combining it with a psychological therapy such as 
cognitive behavior therapy or a cognitive training 
task with positive results [62–64], the rationale 
being that by administering a concurrent activ-
ity that engages the same brain regions targeted 
by tDCS, synergistic antidepressant effects may 
be produced. A similar approach has been imple-
mented in other clinical applications with prom-
ising findings including combining tDCS with 
cognitive training to treat cognitive impairment 
in multiple sclerosis [22] and motor symptoms 
in Parkinson’s disease [20], mindfulness- based 
meditation or physical therapy for pain [44, 65], 
notched music training for chronic tinnitus [66], 
and occupational therapy for motor impairment 
[16]. However, such studies are typically char-
acterized by an open-label design with small 
sample sizes and there have been some mixed 
findings [67, 68]. More  rigorous, randomized, 
controlled trials are needed to assess the added 
benefits of using tDCS as an adjunct treatment 
but by enabling a completely decentralized treat-
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ment delivery, home-based tDCS is well placed 
to support the feasibility of such investigations.

Aside from being utilized as the primary, 
acute treatment, tDCS may also have the poten-
tial to be used as a maintenance treatment fol-
lowing response to another treatment technique. 
There is already evidence that tDCS can be 
effective as a long-term maintenance or ongo-
ing treatment following initial response in con-
ditions such as depression and hallucinations in 
schizophrenia [25, 26, 69, 70]. tDCS has also 
been trialed on an extended basis to treat fibro-
myalgia [12], cognitive decline in Alzheimer’s 
disease [11, 71], and a case of cerebellar ataxia 
[36] with encouraging results. However, a case 
series of six patients [72] investigating if another 
type of brain stimulation treatment, transcranial 
magnetic stimulation (TMS), could be a viable 
substitute for maintenance electroconvulsive 
therapy (ECT), offers a treatment paradigm by 
which tDCS could also be potentially utilized. 
In this study, self-reported outcomes indicated 
all patients, following response to a course of 
ECT, maintained or improved their clinical state 
up to at least 6 months with maintenance TMS 
although two patients had relapsed by 9 months. 
To date, no trial has directly compared the rela-
tive efficacy of TMS and tDCS.  However, if 
found to be comparable, tDCS, as a mainte-
nance treatment, can offer the added advantage 
of a more affordable, easily accessible alterna-
tive due to it being more amenable for home 
use. Moreover, having a home-based device may 
afford a clinician greater agility in adjusting 
their patient’s tDCS “dose” (specifically, the fre-
quency of sessions) in response to any symptom 
fluctuations as treatment would not depend on 
the patient’s ability to travel to a treatment center 
nor on the availability of clinic staff. tDCS has 
also been trialed with other conditions to main-
tain improvement following initial treatment with 
other modalities including in prior responders to 
TMS to treat neuropathic pain [42] or Mal de 
Debarquement syndrome [17], patients undergo-
ing methadone maintenance treatment following 
opioid dependence [73], and recently abstinent 
cocaine- dependent users [74]. To this point, such 
studies have been exploratory, and findings vary 

in terms of whether further trials of tDCS mainte-
nance treatment are warranted, but if promising, 
home- based tDCS would be well placed to offer 
a sustainable and safe maintenance treatment as 
needed.

Among brain stimulation techniques currently 
available, tDCS is best positioned to be made 
available as a home-based, self-administered 
treatment option. Provided that tDCS devices 
intended for home use can be designed to ensure 
reliable and consistent delivery of stimulation in 
a less controlled, non-clinical environment, tDCS 
has the potential to be an easily accessible and 
affordable treatment for a broad range of patients 
who may be limited from accessing other clinic- 
based treatments due to distance, cost, or time 
constraints. Given these prospects and the bur-
geoning interest from consumers, larger scale 
randomized, controlled trials of home-based 
tDCS are greatly anticipated.
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in Neuropsychiatry and the Risk 
of Misuse
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and Roy H. Hamilton

37.1  Introduction: Is tDCS Hope 
or Hype?

There is growing enthusiasm about the potential 
of transcranial direct current stimulation (tDCS) 
to be of value for clinical and cognitive enhance-
ment purposes. With headlines like “Learning 
faster might be possible with this wearable head-
seat,” or “Got a problem—put your electric think-
ing cap on,” hundreds of enthusiastic print media 
articles have been published in the last few years 
[1–4]. The majority of media attention to tDCS 
has been optimistic and has praised the putative 
benefits of the technology [2]. However, while 
the tone of such coverage speaks in part to the 
considerable therapeutic potential of tDCS for 
disorders of cognition and mood, it also high-
lights the need to distinguish hope from hype. 
More than that, the science of tDCS and its 
potential applications present practical and ethi-
cal obstacles that warrant serious contemplation.

In many ways, practical and ethical consider-
ations for tDCS mirror those of other forms of 
brain stimulation or neural interventions more 

broadly, but there are a few key features about 
tDCS that set it apart. Compared with other 
forms of noninvasive brain stimulation such as 
transcranial magnetic stimulation (TMS), tDCS 
is cheap, accessible, and portable. These factors 
multiply the contexts and applications for tDCS, 
some of which could present ethical, legal, and 
social problems if tDCS use were to become 
more widespread. At the same time, its very high 
level of accessibility also limits the range of 
potential actions that can be taken to prevent 
potentially problematic developments. Its low 
cost and relative technological simplicity make 
tDCS applicable to a broader set of contexts than 
other forms of invasive or even noninvasive brain 
stimulation, as it does not require surgery and 
can be easily self-administered. Consequently, 
tDCS is highly amenable to direct-to-consumer 
product development and marketing, as well as 
to increased use in so-called para-clinical con-
texts for enhancing cognitive and behavioral 
abilities, such as in the workplace, on the battle-
field, or as a cosmetic enhancement in daily life. 
Recent years have witnessed a substantial prolif-
eration of available devices and companies that 
are making tDCS products for recreational and 
“wellness” purposes, some of which blur the 
boundary between clinical and daily enhance-
ment application [5–7]. This potential for broad 
use both inside and outside of medical contexts 
calls for special consideration of the promises, 
potential perils, and implications for tDCS in the 
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field of  neuropsychiatry—both in how it is prac-
ticed and how it is perceived.

This chapter starts by exploring the promise of 
tDCS, first as a tool in cognitive neuroscience 
research, then as a clinical intervention, and 
finally as a technology to enhance normal cogni-
tion. Next, the scientific and ethical perils of 
tDCS are discussed in terms of the current state 
of the science, and how that informs the ways we 
think about the ethical challenges that tDCS 
poses with respect to safety, justice, humanity 
and character, and autonomy. For example, how 
can and should (or should not) knowledge learned 
in controlled research contexts be translated for 
potential safe and effective tDCS administration 
to complex real-world patients with multiple 
diagnoses, often on multiple medications? If cog-
nitive self enhancement becomes a social norm, 
what effects will that have on social structures, 
personal development, perhaps even clinical 
norms for what is considered normal versus path-
ological? Finally, we consider the ways in which 
tDCS presents specific advantages as well as 
challenges to neuropsychiatry and its role in 
society.

The field and scope of tDCS use (and other 
noninvasive brain stimulation and cognitive 
enhancement interventions) may already be 
developing at a rate that exceeds the pace of our 
scientific understanding [4]. One needs only to 
look at the recent and upcoming products released 
by the companies like Halo Neuroscience 
(Halo Neuroscience, San Francisco, CA), 
LIFTiD (LIFTiD Neurostimulation, Ossining, 
NY—https://www.getliftid.com/index.html), 
and Brain Driver (The Brain Driver, Chicago, 
IL—https://thebraindriver.com/)—not to men-
tion their marketing approaches—to glimpse 
the future role that tDCS could come to play in 
daily life. We may not be able to predict the rate 
at which the potential pitfalls may develop, but 
we can be sure that if tDCS continues to develop 
along its present trajectory, ethical, legal, and 
social issues will eventually arise. It is there-
fore important to consider these issues now, 
so that we can take proactive steps to mitigate 
against potentially unintended and undesirable 
consequences.

37.2  tDCS as a Cognitive 
Neuroscience Tool

Noninvasive brain stimulation (NIBS) methods 
are highly useful to cognitive neuroscience, in 
that they are used to modulate activity in brain 
regions or networks with varying degrees of ana-
tomical selectivity and functional specificity. In 
general, NIBS add significant inferential strength 
to the ability of cognitive neuroscience to deci-
pher causal brain region-function and network- 
function relationships. Following stimulation, 
subsequent changes in cortical activity, measured 
directly or indirectly by probing sensorimotor or 
cognitive behavioral functions, afford improved 
understanding of how brain activity in one region 
or network contributes to cognition and behavior. 
In recent years, tDCS has seen increasing use in 
the cognitive neuroscience community, with the 
number of publications published per year 
increasing approximately twentyfold over the 
last decade [2]. An overview and methodological 
guidelines for using tDCS as a tool of cognitive 
neuroscience was published by Reinhart and col-
leagues in 2017 to help guide new users and 
researchers in setting up tDCS studies to probe 
cognitive processes [8]. TDCS has been applied 
to a variety of cognitive domains, including but 
not limited to skill learning, memory, executive 
functions, cognitive control, numerical cogni-
tion, creativity, language, spatial processing, 
social cognition, and moral cognition [9–13]. 
This section provides a brief partial review of 
studies in which tDCS has been shown to manip-
ulate cognition in informative ways, some of 
which have possible clinical applications.

With respect to learning and memory, acquisi-
tion and retention of new procedural skills has 
been experimentally enhanced using tDCS. One 
study found that, compared to sham stimulation, 
increased motor cortex excitability and enhanced 
learning of motor movements resulted when sim-
ple repetitive practice was paired with anodal 
tDCS [14]. Similarly, in multiple studies, tDCS 
delivered over 5 days paired with training on a 
complex motor task resulted in increased 
improvement between daily stimulation sessions 
and persistent superior skill retention 3  months 

R. P. Wurzman et al.

https://www.getliftid.com/index.html
https://thebraindriver.com/


695

after stimulation in both healthy and aging popu-
lations [15, 16]. The implications of this are that 
repeated administration of tDCS may have “off- 
line” effects that consolidate skill acquisition, 
effectively enhancing the long-term effects of 
rehearsal on performance or reducing the rate of 
performance decline [17]. Safety studies on 
repeated tDCS administration have not identified 
any immediate safety issues with repeat adminis-
tration, indicating that multi-session tDCS is a 
viable future direction for brain stimulation [18]. 
Demonstrably increased interest in and feasibil-
ity of administering tDCS remotely for treatment 
and research [19] will yield more safety informa-
tion about the effects of repeated stimulation over 
time.

Declarative verbal memory has also been 
investigated using tDCS. Five days of tDCS stim-
ulation in older and younger adults was shown to 
improve verbal associative learning, with effects 
maintained over 1–3  months [20]. Similarly, 
stimulation applied to the left dorsolateral pre-
frontal cortex had the effect of increasing the rate 
of verbal learning [21]. Consistent with this, 
another study found that tDCS delivered to the 
same site but with the opposite polarity had an 
inhibitory effect on verbal learning [22].

Various executive functions such as cognitive 
and behavioral impulse control and working 
memory have also been investigated with tDCS, 
especially tDCS in combination with working 
memory training [23, 24]. One study found that 
orbitofrontal cortex stimulation with tDCS 
enhanced decision making and improved cogni-
tive impulse control, without any concurrent 
effects on attention, mood, or motor impulse con-
trol [25]. In another study, tDCS improved 
response inhibition, which refers to the ability to 
inhibit an action once initiated [26]. For working 
memory (WM) and related functions, tDCS- 
induced improvements of performance on some 
tasks appear to depend in part on the level of cog-
nitive demand of the tasks. For example, one 
group found that stimulation over the right cere-
bellum or left DLPFC increased accuracy and 
decreased response times for an arithmetic task 
that was more difficult and attentionally demand-
ing, but not for an easier arithmetic task [27, 28]. 

Another group found that cathodal tDCS 
improved word naming and categorical percep-
tion when tasks are more complex, providing fur-
ther support for the interaction between tDCS 
and task load or difficulty [29]. Importantly, these 
effects also required that domain-specific cogni-
tive behaviors be engaged during stimulation; 
stimulation-induced improvements were absent 
when tDCS was not paired with a relevant behav-
ioral task [30, 31]. A study by Hill and colleagues 
(2019) demonstrated that HD-tDCS over the left 
DLPFC results in different event-related poten-
tials when administered during a working mem-
ory task compared to stimulation without a task 
[32]. Other studies have also found an interaction 
between task context and type of stimulation on 
tDCS effects. For example, Weissengruber and 
colleagues (2019) found that these variables 
influence how tDCS modulates switching 
between model-based and model-free reinforce-
ment learning systems [33].

Some studies have found that cathodal tDCS 
may influence creativity and cognitive flexibility, 
presumably by inhibiting certain frontal lobe 
functions. Two studies have found that subjects 
could come up with more uncommon uses for 
everyday objects and improve set shifting with 
inhibitory stimulation of the left, but not right 
(and in one study, also excitatory stimulation to 
the right), prefrontal cortex [34, 35]. These find-
ings suggest that creativity could be enhanced by 
stimulation that increases the influence of unfil-
tered bottom-up information. Other work in aug-
menting creative cognition suggests that tDCS 
can enhance creativity by promoting self-focused 
attention, creative thinking, and artistic enact-
ment or follow-through [36].

It may be possible to significantly enhance the 
ability to learn new languages using tDCS. For 
example, anodal tDCS over language cortical 
regions enhanced new vocabulary learning in 
healthy young adults [37]. Even without a refer-
ence object to associate with a novel “nonword,” 
tDCS facilitated the acquisition of the phonologi-
cal form of the nonwords into long-term memory, 
beyond the stimulation session [38]. tDCS may 
also play a facilitative role in integrating word 
meaning when applied to the left angular gyrus 
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[39]. Reading skills may also be enhanced using 
tDCS [40–43]. Compared with sham stimulation, 
subjects receiving real tDCS subjects exhibited 
significantly better nonword reading efficiency. 
Curiously, this seemed only to apply consistently 
to below-average readers in the cohort; subjects 
who were more efficient readers to begin with 
saw much more variable changes in reading per-
formance during real tDCS [44].

TDCS has been used to manipulate and 
enhance aspects of visuospatial processing. For 
example, we showed [45] that anodal tDCS over 
the right posterior parietal cortex could be used to 
selectively enhance detection of left-sided allo-
centric targets, which is to say that stimulated 
subjects were better able to detect the left side of 
visual targets independent of where the targets 
were in the subjects’ visual fields. Interestingly, 
tDCS has also been used to manipulate how spa-
tial and temporal processing contribute to higher 
order mental representations, such as the percep-
tion of cause and effect. In a study by Woods and 
colleagues [46], subjects were asked to make 
judgments about the causal relationship between 
two virtual objects (i.e., did one object cause the 
other to move by striking it), while the spatial and 
temporal features of the objects’ motions were 
manipulated. Consistent with the role of the pari-
etal cortex in spatial processing, the authors 
found that parietal tDCS selectively influenced 
how sensitive subjects were to spatial manipula-
tion as it related to their perception of causality. 
On the other hand, frontal cortex stimulation 
influenced both spatial and temporal judgments 
with respect to causality, consistent with the 
overarching role of the frontal cortex in cause- 
and- effect reasoning [47].

Brain stimulation has also been used to alter 
social cognition and behaviors, including those 
that affect moral decision making that balances 
self-interest with social values [13]. For example, 
individuals will often reject an offer that they per-
ceive as highly unfair, although accepting the 
offer would still be to their benefit, as reciprocal 
punishment for the perceived unfairness (a con-
cept known as “altruistic punishment”). 
Noninvasive inhibitory stimulation of the right 
DLPFC makes people less likely to reject mar-

ginally beneficial but unfair offers, even when 
consciously recognized as highly unfair [13, 48, 
49], suggesting that direct current stimulation 
might also be used to calibrate the impact of eco-
nomic self-interest on people’s enforcement of 
social norms [48, 49]. In another study, left 
anodal/right cathodal tDCS was found to decrease 
“corruption behavior” in an investment-like game 
[50]. Gross et al. (2017) revealed that tDCS to the 
right lateral prefrontal cortex increases comple-
mentary prosocial “fairness” behaviors that, 
depending on the polarity, either entailed rule fol-
lowing at participants’ own expense (cathodal), 
or rule violating in order to preserve fairness 
(anodal) [51].

In research on lie detection, tDCS has been 
demonstrated to alter individuals’ deception 
skills in fairly specific ways, such as influencing 
someone’s deceptive abilities when trying to con-
ceal one’s guilt or in situations such as card 
games. Early studies found that the act of lying 
increases cortical excitability on both sides of the 
brain [52]. People became better liars in a simu-
lated interrogation task when cathodal tDCS was 
used to inhibit the anterior prefrontal cortex. Not 
only did stimulation make people better at con-
cealing guilty knowledge, decreasing the kinds of 
signals that a polygraph detects when someone is 
lying, it also decreased their feelings of guilt over 
deceiving the experimenter [53]. On the other 
hand, anodal excitation of the dorsolateral pre-
frontal cortex made people worse at pretending 
not to have knowledge about something true, like 
whether a particular card is in their hand; inter-
estingly, this effect did not extend to subject’s 
behavior when bluffing or telling the truth [54]. 
Another study replicated this finding and found 
differential effects by gender [55]. Other studies 
have similarly found that anodal stimulation to 
the right tempo-parietal junction decreases 
deceptive abilities [56, 57].

One of the advantages of NIBS compared to 
classical methods in cognitive neuroscience and 
cognitive neurology like lesion studies is that 
these technologies can be used both to interfere 
with and enhance cognitive functions, at least 
temporarily. For example, the aforementioned 
studies on executive function and creativity 
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 illustrate how inverting the polarity of stimula-
tion over brain regions responsible for cognitive 
control can either result in favoring of cognitive 
abilities that require heavy filtering of extraneous 
information, such as sustained attention and 
working memory, or in favoring cognitive abili-
ties that benefit from unfiltered intrusion of extra-
neous information, such as divergent thinking 
and creativity [10, 25–28, 30, 31, 34–36].

While enhancing aspects of cognition using 
such manipulation is a powerful tool for making 
inferences about brain function, it also opens the 
door to considering whether technologies like 
tDCS could be used to facilitate cognitive pro-
cesses in patients with neurologic or psychiatric 
disorders of cognition, as well as in cognitively 
healthy individuals. For example, the ability of 
tDCS to manipulate perception of cause and 
effect could have implications for understanding 
and treatment of psychiatric disorders such as 
schizophrenia and obsessive compulsive disorder 
(OCD), where abnormal causal perceptions can 
contribute to symptoms [58, 59]. Moreover, the 
enhancement of allocentric spatial processing 
found by Medina and colleagues (2013) could 
have important implications for the treatment of 
spatial neglect in stroke patients [47], and studies 
related to executive function could lead to appli-
cations in a wide range of neurologic and psychi-
atric disorders [25–28, 30, 31]. Further research 
will be required so that group level results from 
cognitive neuroscience studies, which are princi-
pally designed to reveal brain function, can be 
translated to clinical applications in which the 
goal is to alter specific functions in single 
individuals.

37.3  tDCS as a Clinical 
Intervention

With respect to clinical contexts, a growing body 
of literature suggests that tDCS is a potentially 
effective therapy for a wide variety of neuropsy-
chiatric syndromes and symptoms, as well as 
other neurologic conditions affecting cognition 
[60–62]. Depression and chronic pain in particu-
lar are two areas in which a substantial number of 

clinical trials support the utility of tDCS to allevi-
ate symptoms [63–65]. For depression, tDCS to 
the prefrontal cortex has shown promise as a 
treatment and medication adjunct to improve 
therapeutic outcomes [66–72] for patients who 
are both treatment-resistant and non-treatment- 
resistant [64]. With respect to tDCS as a treat-
ment for pain, clinical trials for tDCS have been 
performed for chronic lower back pain [73–76], 
chronic pain in the elderly [77, 78], chronic tem-
poromandibular disorders [79–82], chronic pain 
in irritable bowel syndrome [83, 84], neuropathic 
pain [85, 86] such as in fibromyalgia [87, 88], or 
multiple sclerosis [89–93], and chronic pain 
associated with CNS damage from spinal cord 
injury [94, 95] or stroke [96–98]. Newer research 
has also investigated tDCS to alleviate symptoms 
of pain from osteoarthritis [99, 100], migraines 
and headaches [101, 102], phantom limb pain 
[103], and chronic orofacial pain [104]. Although 
the results of clinical trials have in some cases 
been mixed [105, 106], the potential utility of 
tDCS for clinical pain applications has been 
demonstrated in studies that show tDCS can 
affect aspects of nociception, pain thresholds, 
and affective (i.e., emotional) components of 
pain processing in healthy individuals [107–111]. 
tDCS has also been investigated at length in other 
neuropsychiatric conditions [112–114]. These 
conditions include attention deficit hyperactivity 
disorder (ADHD) [115, 116], schizophrenia 
[112, 117–121], Alzheimer’s disease [122, 123] 
and mild cognitive impairment (MCI) [124, 125], 
tinnitus [126, 127], obsessive compulsive disor-
der (OCD) [128, 129], Tourette syndrome [130], 
and generalized anxiety disorder [131, 132]. 
TDCS is also being considered for PTSD, based 
on observed effects in fear extinction and atten-
tional bias for threat in anxiety [112, 133–135]. 
There is even some preliminary evidence that 
tDCS may provide clinical benefits in patients 
with epilepsy [136].

Other clinical applications for tDCS include 
disorders characterized by problematic behaviors 
related to abnormal executive function, including 
addictions and impulsive behaviors [137–140]. 
Studies have shown that tDCS may be useful for 
decreasing cigarette cravings and smoking 
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behavior [141–145]. Interestingly, one study of 
risk-taking behavior in smokers versus nonsmok-
ers found that tDCS was associated with 
personality- dependent effects [146], which 
emphasizes that existing cognitive patterns influ-
ence the specific nature of tDCS effects. Similarly, 
tDCS has been potentially effective in diminish-
ing risk-taking behaviors in clinically impulsive 
patients [147] but has had mixed effects in 
healthy populations [148, 149]. Substance abuse 
and cravings in alcoholism [150–154] and drug 
addiction to methamphetamine [137, 155] and 
crack cocaine [137, 156–158] were also respon-
sive to tDCS.  Preliminary clinical studies of 
tDCS applied to DLPFC to intervene in obesity 
and disordered eating behavior have seen positive 
results. These have mostly examined acute tDCS 
effects on subjective reports of food craving, 
attentional bias for food as probed with eye track-
ing following a single session of stimulation, and 
caloric intake following tDCS [159–166]. An 
8-day, randomized, sham-controlled, crossover 
study found that anodal DLPFC stimulation 
decreased appetite and specifically reduced the 
consumption of carbohydrates at a standardized 
test buffet [167]. While clinical studies have also 
begun to investigate whether tDCS can bolster 
treatment of eating disorders such as anorexia 
nervosa, treatment effects remain ambiguous 
[166, 168].

Substantial promise has been found for tDCS 
in post-stroke neurorehabilitation [169]. 
Following stroke, tDCS has been shown to assist 
in upper and lower motor limb recovery from 
paresis [169–171], and had beneficial effects in 
visuospatial hemineglect and dysphagia [172, 
173]. In another study the response to prism 
adaptation therapy was improved when therapy 
was paired with tDCS [174]. Anodal tDCS to the 
right premotor cortex also restored one patient’s 
awareness of hemiplegia during stimulation 
[175], and in another case study, cognitive neglect 
therapy paired with biparietal tDCS, but not sham 
stimulation, enhanced the patient’s response to 
therapeutic cognitive training [176]. Additionally, 
multiple studies have shown that when tDCS is 
paired with speech and language therapy, naming 
ability can be improved in stroke patients with 

aphasia [177–188], specifically in patients with 
more severe impairments at baseline [189]. 
Another neurorehabilitation application may be 
to post-stroke attentional decline, as anodal tDCS 
to the left DLPFC also improved attention in 
stroke patients, resulting in increased accuracy 
on a cognitive task of executive function [190]. 
Finally, tDCS is also being explored as enhance-
ment to learning and memory in normal aging 
and in states of cognitive impairment [191–195], 
particularly in neurodegenerative dementias 
[196, 197]. Specifically, tDCS has shown prom-
ise and continues to be investigated for mediating 
improvements in primary progressive aphasia 
and anomia in combination with speech language 
therapy techniques [188, 198–202].

Not coincidentally, tDCS has been explored 
clinically in many areas where the underlying 
impaired cognitive constructs have been shown 
in cognitive neuroscience research to be manipu-
lable using stimulation. For example, cognitive 
neuroscience studies showing effective tDCS 
modulation on decision-making, including risk 
taking, reward-seeking, impulsivity, and fairness 
consideration are considered as promising for 
addictive disorders, in which the hallmarks of 
clinical symptomatology are compromises in 
such decision-making capacities [203].

There are many practical reasons to favor 
tDCS in clinical settings. In addition to being 
small and portable, tDCS is inexpensive com-
pared to other neuromodulation technologies like 
TMS. As currently used tDCS protocols are also 
safe, tDCS is an ideal form of neuromodulation 
to pair with existing therapies, and could poten-
tially be self-administered by patients who may 
benefit from repeated stimulation on a regular 
basis [19, 204, 205].

37.4  tDCS to Enhance Normal 
Cognition

In addition to clinical applications and cognitive 
neuroscience studies designed to elucidate brain 
function (described above), there has been grow-
ing interest in explicitly enhancing normal cogni-
tion. In particular, tDCS joins a variety of 
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neuroscience tools applied to so-called neuroer-
gonomic purposes, referring to applications 
intended to aid human operators in the perfor-
mance of their work duties [45, 206]. Academic 
investigations for this purpose include—and in 
many cases expand upon—cognitive neurosci-
ence studies of effects on isolated cognitive abili-
ties, by examining tDCS effects on the 
performance of more complex tasks. Frequently, 
these experiments involve more naturalistic para-
digms with clear applications to specific occupa-
tional functions, and assess improvements in the 
cognitive functions of implicit memory (e.g., 
procedural and motor learning; probabilistic 
learning), explicit learning and memory (e.g., 
declarative memory encoding with retrieval), 
working memory, attention, and perception 
[207]. For example, tasks in which tDCS has 
shown accelerated learning, enhanced perfor-
mance, and/or prolonged training effects include 
threat detection in virtual reality simulated urban 
warfare scenes [208–210], simulated air traffic 
controller games [211], a complex multitask 
game “Space Fortress” [212], and an image anal-
ysis task in which target objects must be identi-
fied from synthetic aperture radar images of 
terrain with buildings and vehicles [213]. 
Research in the neuroergonomics realm has also 
demonstrated the ability of tDCS to sustain wake-
fulness and improve mood in night shift workers 
for longer than caffeine [214].

Not surprisingly, much of this research has 
been funded by the US Department of Defense 
(DoD) [215]. The Department of Defense has 
actively begun to evaluate the feasibility, bene-
fits, and trade-offs of tDCS for war-fighting and 
defense settings [216–218], considering tDCS as 
part of the “third offset” which aims to gain an 
advantage over adversaries through human 
enhancement [219]. DoD research funding is also 
pushing toward the creation of nonsurgical neu-
rotechnology with programs like N3 (https://
www.darpa.mil/program/next- generation- 
nonsurgical- neurotechnology), which seeks to 
create closed-loop brain stimulation systems 
capable of “writing” and “reading” to the brain. 
While this program is not explicitly clinical in 
application, the resulting technologies are certain 

to be dual- use, with easily imagined translation 
to clinical contexts.

On the other end of the spectrum from defense 
and security organizations, a community of indi-
vidual “do-it-yourself” (DIY) tDCS users are 
also actively pursuing cognitive self- improve-
ment [220]. The practices of this community 
have been described in detail by Wexler [5, 221]. 
The DIY community refers collectively to tDCS 
use outside of professional or academic settings, 
and can be subdivided into those who seek to 
enhance their cognition and those who intend to 
alleviate clinical symptoms of neuropsychiatric 
disorders [5]. In a study of 308 individuals who 
purchased and used a tDCS device on themselves 
at least once (representing 3.9 percent of all 
device purchasers contacted), one-third reported 
using the device to self-treat depression (2018). It 
is worth noting that in this study by Wexler 
(2018), people who use tDCS for treatment pur-
poses rate it as more effective than those who 
self-administer tDCS for cognitive enhancement. 
Possible explanations offered for this are that 
tDCS may have stronger effects on depression 
than other conditions or cognitive functions, that 
there may be more room for functional improve-
ment in those who use tDCS for treatment versus 
enhancement, or that there is a greater placebo 
effect when used for treatment than for enhance-
ment [221].

Alongside this DIY community, a burgeoning 
wearables market for at-home tDCS is emerging, 
producing tDCS products controlled by compan-
ion apps for cognition and athletic performance 
enhancement, in both healthy individuals and 
clinical populations. Several of these companies 
supply direct-to-consumer devices for recre-
ational and lifestyle indications (Thync, Foc.us, 
PaltoWork—https://www.indiegogo.com/proj-
ects/platowork- brain- stimulator#/, among oth-
ers). Thync (https://www.thync.com/) has begun 
to produce electrical “energy patches” to sustain 
wakefulness while the startup PlatoWork (https://
www.indiegogo.com/projects/platowork- brain- 
stimulator#/) offers the ability to buy a pack of 
tDCS devices for teams in the workplace or oth-
erwise. Another company has a stimulator 
intended for healthy and “impaired” populations 
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in a well-funded development pipeline (Halo 
Neuroscience; http://haloneuro.com/#science) 
[215]. Other companies like Capturon (https://
caputron.com/) act as tDCS “wholesalers,” pro-
viding the DIY community with an array of tDCS 
devices at various price points. These companies 
are at the forefront of trends that could poten-
tially lead to widespread, if not ubiquitous, use of 
neuromodulatory technologies in daily life. 
However, it is worth noting that compared with 
other products like “brain training games,” the 
number of tDCS users are still orders of magni-
tude smaller [6]. Despite a surge in enthusiastic 
media attention (and subsequently, users) in 2014 
and 2015, Wexler (2017) observed that actually 
there is “little evidence to support the notion that 
home use of tDCS is increasing.”

Some of the most popular applications of DIY 
tDCS are in wellness and athletic applications, 
where tDCS may work to enhance both physical 
and mental performance [222–224]. For instance, 
Halo devices have been found to enhance compo-
nents of sprint cycling [225], and other tDCS 
devices may improve muscle endurance in pro-
fessional bodybuilders [226]. It was originally 
thought that these effects might be driven by 
increased excitatory output from the primary 
motor cortex that delays supraspinal fatigue, or 
elsewise reduced perception of affective obsta-
cles like pain or fatigue. However, follow-up 
studies have produced mixed results that may be 
due to the particulars of each experimental setup, 
and many of these studies were not designed to 
probe specific mechanisms for performance 
enhancement by tDCS [107]. Therefore, while 
athletic performance enhancement is one of the 
most heavily marketed tDCS applications, the 
science behind whether or why it works is still 
uncertain.

tDCS has also shown promise in enhancing 
effects of mindfulness meditation, alone and in 
combination with yoga practices, with increased 
positive affect, mood, and mindfulness measure-
ments [227, 228]. However, it is unclear what 
role expectations and placebo may be playing in 
these results. Stimulation for meditative applica-
tions are often combined with a phone app or 
other cues, which both set expectations for, and 

might directly mediate, results. However, as 
noted, this does not necessarily mean that such an 
intervention is not useful; it simply emphasizes 
the importance of attention to the context for 
stimulation delivery in achieving consistent 
results.

At present the effects of tDCS are far from 
established. Even at-home and DIY users are not 
entirely convinced of its efficacy; of the at-home 
users studied by Wexler (2018), 40% had stopped 
using the device they purchased, most commonly 
due to a lack of perceived efficacy [221]. The 
same study found that perceived efficacy was 
also lower when the use intention was enhanced 
cognition, compared with self-treatment. Despite 
growing excitement about the possibility of using 
tDCS for enhancement of otherwise normal cog-
nition, caution is warranted before extrapolating 
observations and lessons learned in cognitive 
neuroscience and clinical research contexts to 
cognitive enhancement in healthy individuals due 
to fundamental differences in the theoretical, 
practical, and ethical issues related to each (as 
will be discussed in the next section). Exercising 
caution may take the form of increased regulation 
of consumer brain stimulation devices as recom-
mended by researchers like Anna Wexler, who 
have taken critical looks at DIY and consumer 
practices to inform future tDCS regulatory direc-
tions [5, 229, 230]. Clinicians and scientists may 
also promote caution by directing patients and 
other interested parties to the open letter pub-
lished by 4 neuroscientists and signed by 39 other 
tDCS researchers in 2016 [231]. This letter 
employs a measured tone to clearly communicate 
with the public about the risks posed both by 
what is known and unknown about tDCS.

37.5  The Perils of tDCS

Despite its promise, the use of tDCS in cognitive 
neuroscience, clinical research, and para-clinical 
applications faces several scientific and ethical 
challenges, which must be considered to protect 
against unanticipated or even adverse effects on 
the bio-psycho-social health of individuals and 
communities. Some of these challenges are 
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 driving the development of emerging technolo-
gies that may have more potent and specific 
effects compared with tDCS as described above. 
It is especially important to accurately assess the 
state of the science, and reflect upon the way that 
the present degree of scientific understanding of 
tDCS motivates, justifies, and sometimes cau-
tions against tDCS use.

37.6  Scientific Challenges

Scientific challenges stem from the fact that there 
is much that we do not yet understand about the 
underlying neural mechanisms of tDCS. Our 
incomplete understanding of tDCS mechanisms 
is underscored by data that indicates that the 
effects of stimulation on brain function are nei-
ther monotonic nor invariant. The initial dogma 
based on studies in motor cortex, which attrib-
uted enhancement or diminishment of cortical 
excitability to anodal or cathodal stimulation, 
respectively, often conflicts with experimental 
results. In fact, dose-response relationships are 
still poorly understood [216, 232]. For example, 
one study found that 1 mA cathodal stimulation 
diminished motor cortex excitability, but 2  mA 
cathodal stimulation enhanced it [233]. Similarly, 
doubling the time of stimulation can reverse the 
behavioral and cortical excitability effects [234, 
235]. As Esmaeilpour and colleagues (2018) 
noted, “Put simply, we still do not know whether 
more intensity of electric field in a given brain 
area supports greater neurophysiological or 
behavioral outcomes” [232]. The “anodal- 
facilitation versus cathodal-disruption” schema is 
also a clear oversimplification; particularly 
beyond motor cortex, anodal and cathodal stimu-
lation do not have equal and opposite effects on 
behavior. In cognitive studies, anodal and cath-
odal stimulation is sometimes found to have the 
same net facilitative effect on behavior, or only 
one stimulation polarity over the target will be 
found to influence a given behavior [26, 236].

More broadly, we know that stimulation 
parameters matter a lot, but we are limited in our 
knowledge of what difference they actually 
make. Studies confirm that differences in behav-

ioral outcomes are related to changes in cortical 
excitability induced by stimulation, but it remains 
a problem to predict how excitability of specific 
neuronal tissue will change in any one individual 
under a common set of stimulation parameters 
[237]. For example, finite element models of 
tDCS-induced electrical current flow tell us that 
the size and location of the “reference” electrode 
strongly influences the effects of stimulation 
[238, 239]. Small changes in electrode position 
and individual head shapes can also greatly mod-
ify current flow patterns [240–244]. However, the 
results of these models vary considerably based 
on model assumptions [245]. In other words, the 
best tools we have for understanding what stimu-
lation is doing are themselves quite limited.

In addition to head shape, individual differ-
ences in brain morphology and neurochemistry 
cause individual responses to tDCS to vary 
widely between people. For example, the shape 
and thickness of the cortical tissue varies between 
individuals, and this accounts for as much as one- 
third of the variance of stimulation efficacy 
between individuals [246]. This variance makes 
it extremely challenging to assess the efficacy of 
tDCS as an intervention, and the heterogeneity of 
responses may lead us to underestimate the actual 
potential of tDCS to deliver useful 
neuromodulation.

Attempts to solve this problem have focused 
on combining MRI-based electrical field model-
ing and tDCS as well as improving the use of bio-
markers to predict individual tDCS 
dose-responses. Functional biomarkers tested to 
predict cortical excitability include an individu-
al’s transcranial magnetic stimulation (TMS) 
motor threshold, which reflects the amount of 
energy required to elicit neuronal firing in motor 
cortex using TMS stimulation, as well as the 
amounts of excitatory and inhibitory neurotrans-
mitters detected from specific brain areas using 
magnetic resonance spectrography [247, 248]. 
Integration between tDCS and both functional 
magnetic resonance imaging (fMRI) and magne-
toencephalography, which respectively measure 
the blood-oxygen level-dependent (BOLD) 
response and magnetic field strength generated 
by electrical activity in task-related brain areas, 
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have also been explored as a tool to reduce the 
variability in tDCS response [249, 250]. By pre-
dicting sensitivity to stimulation, and more 
directly tracking the changes in cortical excit-
ability that stimulation elicits, neuroscientists 
hope to achieve rational design of stimulation for 
more precise dosing in individuals, which will 
facilitate a more accurate assessment of tDCS 
efficacy.

In addition to questions about dose and mech-
anism, there are unresolved questions pertaining 
to predicting how both individuals and pheno-
typic groups will respond to tDCS under any par-
ticular set of stimulation parameters. In healthy 
populations, heterogeneous groups have been 
found to respond variably to tDCS depending on 
subtype. This heterogeneity may be behavioral, 
as in one study that found only low-performers to 
be negatively affected by anodal tDCS [251]. 
Individual differences may also be genetic or 
morphological in nature. Individuals with differ-
ent genetic polymorphisms may react variably to 
identical stimulation parameters [252], underly-
ing cortical morphologies might affect the effi-
cacy of tDCS to prefrontal areas [246], and 
heterogeneous neurochemical excitability could 
influence responses to tDCS [247]. This hetero-
genicity likely applies to neuropsychiatric popu-
lations as well, which highlights the need for 
further clinical research investigating which clin-
ical sub-phenotypes might respond best to spe-
cific applications of tDCS.  For example, when 
using tDCS for ADHD, there may be a need to 
consider the inattentive subtype differently than 
the hyperactive subtype.

Other unknown variables when considering 
the perils of broader applications of tDCS to 
enhance cognition are the interactions that brain 
stimulation may have with comorbid diagnoses 
and the concurrent use of medications (for a 
review of studies reporting medication effects on 
tDCS, see [253]. The interaction of brain stimula-
tion with agents that act on different neurotrans-
mitters is of special concern in neuropsychiatry, 
since many (or perhaps most) people who suffer 
from these problems are taking one or more such 
medications. Some drugs have been found to 
have profound, complex and varied influences on 

tDCS-induced neuromodulation [254–257]. In 
one very large clinical study of tDCS and depres-
sion, an additional naturalistic study systemati-
cally evaluated how tDCS responses were 
affected by concurrent treatment with psychiatric 
medications, including benzodiazepines, 
serotonin- noradrenergic reuptake inhibitors 
(SNRIs), selective serotonin reuptake inhibitors 
(SSRIs), tricyclic antidepressants (TCAs), first- 
and second-generation antipsychotics, and mood 
stabilizers, and found that medication- stimulation 
interactions are significant considerations [258]. 
Specifically, they confirmed that antidepressants 
generally increased tDCS effects, but found that 
taking benzodiazepines actually worsened out-
comes. They also found that tDCS did not inter-
act with nonbenzodiazepine anticonvulsants and 
antipsychotics, which are frequently used as 
mood stabilizers in patients with depression. 
Considering that there have been reports of hypo-
manic switches after tDCS in depression patients 
[259, 260], including an episode of manic psy-
chosis in a stimulated patient taking sertraline 
[68], these findings warrant further investigation 
in order to develop safety guidelines for treating 
mood disorders with tDCS [261].

In sum, we have an incomplete understanding 
of how stimulation parameters and other dose 
variables act on the brain or interact with medica-
tions. This lack of precise mechanistic under-
standing limits our ability to predict the effects of 
tDCS in individuals. It is essential that clinicians 
and self-applicators of tDCS temper their enthu-
siasm with an understanding of these limitations. 
There are ethical and pragmatic obligations to 
resolve these uncertainties and to seek a more 
detailed mechanistic understanding of tDCS.

37.7  Emerging Trends 
and Technologies

Newer trends and emerging technologies are 
being developed in response to some of the scien-
tific challenges, particularly those involving 
interindividual differences and tDCS’s imprecise 
targeting of stimulated tissue. While better dose 
precision in terms of stimulation parameters such 
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as electrode placement and current strength will 
help better evaluate the potential of tDCS to treat 
and enhance brain function, tDCS still remains a 
fairly nonspecific intervention in the sense that it 
most likely facilitates preexisting or task- 
generated brain network activity by making it 
easier or harder for neurons to fire [216]. While 
this may generate effects on oscillatory dynamics 
between brain areas, which are specifically linked 
to behavioral outcomes, tDCS alone does not tar-
get frequency-specific dynamics between brain 
areas. tDCS devices are also largely incapable of 
integrating feedback and modifying stimulation 
parameters in real time to produce or maintain a 
behavioral outcome. Some of the scientific chal-
lenges pertaining to variable dose response and 
efficacy with tDCS are being addressed by inno-
vating newer NIBS applications with these capa-
bilities, such as transcranial alternating current 
stimulation (tACS) and closed-loop tDCS (or 
other electrical neurostimulation), respectively. 
Given that the evidence for tDCS efficacy has 
been mixed, their mention here is relevant to a 
discussion of the ethical challenges posed by 
tDCS because these emerging technologies may 
afford more specific and powerful neuromodula-
tion, which increases the likelihood of some of 
the foreseeable ethical problems.

Transcranial alternating current stimulation 
(tACS) is closely related to tDCS and has been 
used as a more specific probe of how oscillatory 
dynamics are involved in cognitive functions. In 
domains of working memory, tACS may be even 
more effective than tDCS in improving associa-
tive working memory and performance on n-back 
tasks [262, 263]. tACS has also been used to 
investigate domains beyond working memory. 
One study found that 5 Hz theta tACS stimula-
tion to the frontal eye fields enhanced reading 
speed and decreased fixation on words [264]. 
Motor performance on a visuo-motor task 
improved with high-frequency gamma oscilla-
tions to the primary motor cortex [265]. In the 
visual memory domain, one tACS study demon-
strated that in-phase 6 Hz stimulation of the left 
prefrontal and parietal cortices significantly 
improved visual memory-matching and reaction 
times [266]. Like tDCS, tACS may also have 

domain-specific cognitive effects, with one study 
showing tACS to improve object but not spatial 
working memory [267].

A landmark study by Reinhart and Nguyen 
(2019) demonstrated that declining working 
memory could be revived in older adults by using 
tACS (with the frequency of the alternating cur-
rent tuned to individuals) to restore efficient 
coordination of rhythmic neuronal activity 
between brain areas in frontotemporal networks 
[268]. Most exciting, the improvement in work-
ing memory performance after 25  minutes of 
stimulation outlasted all post-stimulation mea-
surements up to 50  minutes. This is tantalizing 
because it demonstrates the potential of tACS, if 
properly tuned to individuals and aimed at spe-
cific coupling dynamics within cortical networks, 
to induce longer-lasting plasticity that could miti-
gate cognitive decline.

While fairly new in clinical application, one 
notable innovation (prompted in part by DoD 
interest) has been the development of closed-
loop tDCS systems. The idea behind these sys-
tems is that they are better able to guide 
personalization of timing and stimulation set-
tings without the need for a human operator 
[269]. This is accomplished by utilizing a feed-
back signal (either neural signals or behavior) to 
drive or modify stimulation parameters, in order 
to sustain the desired effect. In this way closed-
loop systems may enhance otherwise unstable 
effects of stimulation on cognitive behavior. The 
fact that the system would respond to the partic-
ular conditions in each brain with the aim of 
steering activity toward a particular functional 
state could theoretically result in more uniform 
responses to tDCS.

Currently, the focus has been on developing 
systems that make brain stimulation compatible 
with measurements from EEG, MEG, fNIRS, 
and other brain imaging modalities than to create 
entirely closed-loop systems [106, 249, 270–
274]. Closed-loop technological advances have 
led to preliminary studies using tDCS for drowsi-
ness management, memory consolidation, and 
responsiveness in disorders of consciousness 
[275–277]. While ultimately closed-loop systems 
may be limited in effect size by the diffuse nature 
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of tDCS effects compared with more focal stimu-
lation methods like DBS, they may still have a 
useful purpose in helping to achieve and maintain 
brain states in clinically useful ways. For exam-
ple in patients with ADHD, brain networks might 
be assisted to more readily stay in functional con-
figurations that serve to increase focused, goal- 
directed behavior. A theoretical advantage to 
closed-loop systems for cognitive enhancement 
purposes is that neural control strategies can be 
developed without needing precise understand-
ing of how neural activity in brain regions/net-
works serves various functions (which likely 
differs between individuals anyways). The sys-
tem simply adapts the stimulation in response to 
sensed conditions to favor a targeted, observable 
outcome [278].

When considering the potential applications 
of closed-loop systems, it is important to note 
that the effects of tDCS may be to amplify or 
facilitate brain activity that is dependent upon the 
task or state that the user is in during stimulation 
[33, 251, 279]. Studies have found that active 
tDCS amplifies the effects of expectation priming 
compared with sham stimulation, and in the 
active stimulation condition positive expectation 
priming caused the subject to rate the perceived 
effectiveness of cognitive effects to be lower after 
receiving tDCS [279]. This latter finding empha-
sizes the subjectively subtle effects of tDCS, 
while the former suggests that tDCS effects 
might be mediated by the amplification of a pla-
cebo effect. Far from being less useful, this sim-
ply emphasizes the importance of targeted 
intervention in the subject’s behavior and mental-
ity when receiving tDCS in order to achieve more 
consistent results. Clinically, this could translate 
into tDCS being a useful adjunct to cognitive- 
behavioral, mindfulness-based dialectical, and 
compassion/acceptance oriented treatments. By 
actively responding to states of neural activity in 
ways that maintain a certain range of function, 
closed-loop systems may ultimately augment the 
potential of tDCS to assist with behaviorally 
driven plasticity in patients’ patterns of brain 
activity. This is also an example of ways that the 
distinction between enhancement and treatment 
is often unclear, given that brain network activity 

already exists on a spectrum of dysfunctional to 
functional. One might think of the action of these 
interventions as “tuning” a metaphorical dial; 
rather than controlling the song that comes out, 
such stimulation may merely guide the expres-
sion of “songs” that can be received/processed 
within a functional “station frequency” [278].

Substantial technical obstacles remain that 
must be overcome to develop effective closed- 
loop systems for electrical non-invasive brain 
stimulation. But particularly when combined 
with the greater specificity of neuromodulation 
afforded by tACS, closed-loop systems may rep-
resent a leap forward in neuromodulatory power 
by sidestepping some of the problems with dose- 
response variability and the need to understand 
what drives interindividual differences in the 
response to tDCS. Such systems could have more 
potent effects and accordingly, more potent ethi-
cal consequences.

Another trend with neuroethical consequences 
involves the at-home use of tDCS, viewed within 
a larger social context that includes the neuro-
hacker, biohacker, and lifehacker movements 
[6]. Users of DIY and direct-to-consumer tDCS 
devices are often “neurohackers,” individuals 
associated with a subculture concerned with 
brain optimization [6]. Neurohacking includes 
noninvasive brain self-stimulation methods, 
although it is more heavily focused on other 
methods such as brain-training games and noot-
ropics (i.e., “smart drugs”). According to Wexler 
(2017), the neurohacking movement is some-
what related to but different from the “biohack-
ing” movement, which seeks to democratize 
scientific tools in order to redistribute the power 
associated with limits to how scientific inquiry is 
accomplished, although the subculture and focus 
of each movement are distinct. The neurohack-
ing movement is also related to the “lifehack-
ing” (aka, “quantified self”) movement, which 
is concerned with collecting and analyzing 
highly detailed personal and behavioral data in 
order to perform self-experiments designed to 
optimize productivity, mood, and performance. 
As with neurohacking, lifehacking has become 
commercialized and commodified, with an end-
less stream of sophisticated sensors and apps 
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to collect behavioral data. Like neurohacking, 
the quantified self movement’s experiments are 
limited by having a sample size of one, but the 
multiplication of apps and platforms to aggregate 
and track personal data enables the “crowdsourc-
ing” of data that has more significant utility when 
aggregated [6]. A timely example during this 
writing is the use of data from app-paired body 
temperature sensors to model the distribution 
of fevers, which permitted the company own-
ing the application to estimate spread of influ-
enza and COVID-19 infections. These trends 
have inspired both neurohackers and academic 
researchers to consider the possibility of filling 
knowledge gaps through “crowdsourced” tDCS 
research, in which at- home users would become 
active research participants [280]. However, the 
methodological variability would pose problems 
for study replication and data aggregation, and 
study reliability would likely vary depending on 
whether DIY, scientific, or funding bodies led 
such projects [280].

As the trends continue to unfold with increas-
ingly potent and specific neuromodulatory tech-
nologies, military-sponsored development of 
closed-loop NIBS systems, commercialization of 
at-home stimulation and neural signal recording 
devices, and democratized science, ethical ten-
sions will inevitably arise that will impact clini-
cal practice. By anticipating some of these, we 
gain the ability to contemplate potential courses 
of action to avoid some of the more severe ethical 
pitfalls.

37.8  Ethical Challenges

The potential for tDCS use to become widespread 
raises a number of social and existential risks that 
must be carefully weighed against its benefits. By 
their nature, the effects of tDCS on cognition and 
affect blur the distinctions between treatment and 
enhancement. Moreover, its accessibility makes 
its use especially difficult to confine within the 
bounds of clinical medicine. Thus, ethical issues 
raised by tDCS cannot be viewed solely through 
a clinical ethics lens. Like pharmacological treat-
ments that also have the potential to be used for 

enhancement purposes, the use of tDCS has not 
and will not remain in the medical realm. 
However, there is much still unknown about cog-
nitive enhancement [281], both in terms of the 
science and in terms of its broader effects in ethi-
cal, legal, and social spheres. As discussed below, 
the ethical issues surrounding tDCS can be 
broadly categorized into concerns regarding 
safety, justice, character, and autonomy. The lat-
ter three concerns deal with potential trajectories 
of tDCS technology development and use pat-
terns that are, at present, still somewhat specula-
tive. However, it is important to consider the 
ethical implications of possibilities so that the 
negative consequences can be anticipated, and if 
possible, avoided.

37.9  Safety

In most traditional ways of thinking about safety, 
tDCS is of low concern; all current evidence indi-
cates that tDCS delivery by currently applied 
protocols is very safe. While there are some rec-
ognized minor risks associated with tDCS such 
as mild headache and a mild itching or burning 
sensation under the electrodes [282], the risk of 
obvious physical injury from tDCS is extremely 
low. The most severe recognized potential medi-
cal risks associated with tDCS are burns to the 
skin and complications resulting from electrical 
equipment failures [283–285], but these are very 
rare and more likely to result from DIY systems 
than commercially manufactured stimulators. 
However, it is worth noting that in a study of 339 
users of direct-to-consumer at-home tDCS 
devices, 10 participants reported serious skin 
burns [221].

In recent years, research has explored the fea-
sibility and requirements to safely implement at- 
home administration of tDCS, both with and 
without remote supervision of administration by 
clinical or research technicians [19, 204, 205]. 
This research highlights special safety require-
ments of specific populations whose symptoms 
may interfere with self-administration of tDCS, 
such as attentional deficits or motor deficits in 
ADHD and MS, respectively. It is clear that 
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 further work is needed to carefully consider what 
additional procedures need to be in place for safe 
remote clinical administration of tDCS, and to 
this extent a few articles have been published 
with specific guidelines and procedures for 
remotely supervised tDCS in various clinical 
populations [19, 65, 205]. At the time of this writ-
ing, global events such as the COVID-19 pan-
demic have affected clinical practice across 
medicine by increasing the demand for telehealth 
services, and established treatment procedures 
using remotely supervised tDCS could be use-
fully incorporated in both clinical research and 
neurological telemedicine under similar circum-
stances in the future.

The main potential concern with safety is that 
tDCS may alter cognition in unintended ways 
[286, 287]. Evidence suggests that stimulation at 
different sites may benefit some cognitive abili-
ties but impair others [288]. Additionally, inhibit-
ing or exciting the same region of brain can elicit 
different types of benefits. For example, anodal 
stimulation to the lateral prefrontal cortex not 
only improved working memory but also related 
fronto-executive functions that require a high 
degree of cognitive control, such as selective 
attention and set-switching. However, some 
aspects of cognitive flexibility and divergent 
thinking could be more consistent with a loosen-
ing of cognitive control, resulting in less “top- 
down” regulatory filtering of low-level 
information. Accordingly, cathodal stimulation 
to lateral prefrontal cortex has been shown to 
enhance cognitive flexibility in tool use [34]. 
Viewed together, these studies raise theoretical 
concerns that stimulation delivered with the 
intent of enhancing attention or working memory 
could have detrimental tradeoffs for cognition 
associated with creativity.

These kinds of tDCS-induced mental trad-
eoffs have been demonstrated for other aspects of 
cognition [288]. For instance, Iulcano and 
Kadosh (2013) explored how tDCS affected two 
dissociable aspects of learning that were relevant 
to mastery of a novel mathematical task: skill 
acquisition rate, and skill automaticity whereby 
tasks are performed quickly, effortlessly, and 
without conscious intention. Using tDCS to brain 

regions associated with learning (posterior pari-
etal cortex; PPC) or automaticity (DLPFC) the 
investigators demonstrated a double dissociation 
wherein tDCS to the PPC enhanced learning rate 
but impaired automaticity while tDCS of the 
DLPFC enhanced automaticity at the expense of 
learning rate [288].

The nature of stimulation benefits may be spe-
cific to certain traits or states. For example, tDCS 
improved arithmetic decision-making efficiency 
in healthy subjects who had high levels of preex-
isting math anxiety, but it slowed reaction times 
in healthy subjects who had low-math anxiety 
and whose arithmetic efficiency was already 
unimpaired [289]. In several studies, state- 
dependent tDCS effects were linked to one’s 
starting level of ability, with factors that lead to 
better performance at baseline associated with 
less improvement, and potentially impairment 
[193, 290, 291]. In a related fashion, the effects 
of tDCS on learning and memory task may 
depend on the stage of training [292].

In some cases where tDCS is associated with 
worse outcomes, stimulation does not directly 
cause cognitive degradation, but rather may block 
typical improvement by factors such as practice. 
One group discovered this while looking at the 
effects of tDCS on repeated IQ testing, employed 
as a means to simultaneously assess multiple 
domains for cognition. The study found that 
practice-related improvements for subtests of 
fluid intelligence (e.g., perceptual reasoning) 
were specifically attenuated when right, left, or 
bilateral anodal tDCS was delivered before 
retesting [293]. While in retrospect these results 
are consistent with expected effects of frontal 
anodal tDCS on cognitive flexibility, the authors 
initially hypothesized that tDCS would improve 
IQ test performance because previous studies had 
found that other types of task performance were 
improved by such stimulation. Such evidence 
highlights that tDCS is not a panacea, and further 
suggests that perhaps we should consider a more 
nuanced notion than “cognitive enhancement” 
for framing tDCS applications.

One of the challenges in understanding the 
risks, benefits, and trade-offs of using tDCS to 
enhance cognition is that, while many in the DIY 
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stimulation community and elsewhere look 
toward the cognitive neuroscience community to 
inform how stimulation for enhancement could 
be pursued, the fundamental approach taken by 
most cognitive neuroscience studies does not 
adequately address the “cognitive safety” of 
enhancement with tDCS in at least two ways. 
First, the scientific methodology used in most 
cognitive neuroscience studies of tDCS only test 
one or a very limited number of cognitive func-
tions in order to test specific hypotheses about the 
relationships between the brain areas stimulated 
and those specific mental operations. They do not 
test to make sure there are no deleterious effects 
on every other intellectual function. Second, cog-
nitive neuroscience studies generally do not test 
for the durations that one might consider relevant 
if one was trying to make long-term changes in 
cognition. We simply do not know what the 
effects of increased frequencies and durations of 
stimulation are for individuals with healthy cog-
nition. While this is not terribly relevant for basic 
cognitive neuroscience studies, it is extremely 
relevant for cognitive enhancement studies, due 
to the increased likelihood of repeated and poten-
tially prolonged stimulation sessions in the latter. 
Similarly patient studies do not wholly inform 
what the likely effects of neural enhancement 
with brain stimulation are because the brains in 
which therapeutic stimulation is being applied 
have already been altered by disease. Thus, safety 
considerations for tDCS underscore that the sci-
ence has yet to support the technical application 
of tDCS for unmitigated cognitive enhancement.

37.10  Justice

Distributive justice refers to the equitable distri-
bution of benefits. The development of “cos-
metic” tDCS as a boutique service for cognitive 
remediation or enhancement could exacerbate 
social disparities by introducing a new type of 
“cognitive” privilege for those who can afford to 
exogenously treat or augment their own intellect 
[294]. This type of development is no longer idle 
futuristic speculation. As of 2020, this boutique 
type administration of tDCS at “fancy, resort- 

style clinic” already exists, for example the Sha 
Wellness Clinic on the Mediterranean coast of 
Spain, with accommodations ranging from $360 
to $8200 per night, and brain stimulation treat-
ment packages costs starting at $4000. The clinic 
disclosed that over 50,000 people from around 
the world have visited the spa, among them exec-
utives and CEOs, although this number may not 
reflect the number of guests who opted for tDCS 
services while there (weight loss and detox ser-
vices are also offered). According to a CNN arti-
cle on the spa, the brain stimulation program has 
packages marketed toward aging individuals who 
wish to keep their maximal cognitive function as 
they age (prices starting at $8300) as well as a 
“Business Reset” program for senior manage-
ment teams to boost productivity.

If boutiqued cognitive enhancement becomes 
a norm that is taken for granted, expectations 
regarding a “normal” range of cognitive abilities 
could become distorted to the point where unaug-
mented cognition is perceived as pathological. 
This could result in (further) medicalization of 
systemic disadvantage, which may introduce fur-
ther obstacles to the remediation of social 
inequality, since access to education, medical 
care, and nutrition are already inequitable. Thus, 
explicit “cognitive health” disparities might fur-
ther entrench systems of privilege and socioeco-
nomic inequality. In many ways, this problem is 
not new or unique to enhancement with NIBS, 
but is symptomatic of the already vast separation 
in privilege between the haves and the 
have-nots.

On the other hand, compared with other tech-
nologies (including pharmaceutical agents) with 
utility as treatments or enhancements, justice 
may arguably constitute less of an issue for tDCS 
than other neurotechnologies, because it is rela-
tively inexpensive and easy to create and employ 
with only modest technical training [295]. 
Noninvasive brain stimulation in healthcare is 
currently inequitable; if tDCS could confer com-
parable benefits while requiring less medical or 
technological infrastructure, it could increase 
justice in medically oriented neurostimulation 
[296]. Outside the medical realm, some research-
ers have suggested that safe and cost-effective 
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tDCS may actually tackle, rather than cause, 
unfairness in sports [297].

Ethical assessment of the potential of tDCS to 
introduce justice issues depend on an accurate 
estimation of people’s willingness to stimulate 
themselves to either enhance or repair cognition, 
and their moral attitudes toward others doing so. 
Medaglia and colleagues surveyed nearly 1000 
demographically diverse individuals to probe 
their attitudes toward a fictional brain stimulation 
device [298]. They employed an experimental 
design that examined attitudes toward stimula-
tion delivered either to themselves or others, 
comparing attitudes when the intention is to 
repair versus enhance cognitive functions that are 
considered “core” vs “peripheral” to authentic 
self-identity. The investigators found that indi-
viduals viewed affecting themselves with brain 
stimulation to be more morally acceptable, but 
were overall more willing to use brain stimula-
tion on others to repair core functions essential to 
empathic functioning [298]. This finding sug-
gests that the public is likely to care about the 
potential of tDCS to affect character, if tDCS use 
was considered effective and more widespread 
(discussed below). Overall, the study found that 
the public is generous in considering the moral 
acceptability of other people to enhance cogni-
tive function. Interestingly, this study utilized a 
scenario where stimulation resources were finite, 
and the authors remarked that it might be inter-
esting to probe the extent of that generosity and 
altruistic attitudes when required to choose 
between optimizing themselves or others.

37.11  Character

Issues of character relate to our essential human-
ity and how we find meaning in life. Ethical 
issues of character with brain simulation are 
those that impact our experience of personhood 
[299]. With its potential to alter our experience of 
behavior and cognition, brain stimulation raises 
two key questions. The first of these is about 
identity and the integral core constellation of 
mental and behavioral characteristics that define 
us. It asks, “To what extent can and should we 

have the ability to change the core of who and 
what we are?” In part, the answers depend on the 
degree to which the core traits that distinguish us 
are considered to be stable, consistent, and inte-
grated, and whether tDCS can disintegrate or 
change this subjective “core.” For example, some 
cognitive domains where tDCS has been applied 
such as moral cognition [13, 50] and creativity 
[35, 36] do raise questions about authenticity; if 
these can be enhanced exogenously, is that more 
or less valuable than the natural cultivation of 
such behavior? And do people intuitively support 
such enhancements to themselves, or others?

The study by Medaglia et al. (2019) found that 
people were most willing to use tDCS to restore 
cognition related to core identity in others, but 
nevertheless considered it to be more morally 
acceptable to use tDCS on themselves than oth-
ers. This bespeaks the value placed on preserving 
the character of individuals in society, but also 
suggests that individual autonomy is also a prior-
ity. Given that past studies have found that indi-
viduals were less willing to pharmaceutically 
influence traits that are core (versus peripheral) to 
one’s character, Medaglia’s findings may also 
indicate that people’s moral intuitions about neu-
romodulatory interventions that can affect one’s 
authentic identity may differ when the means is 
electrical versus pharmaceutical. We do not cur-
rently have an in-depth understanding of how 
sociocultural processes shape the way people 
evaluate and accept different technological 
mechanisms with respect to character, and this is 
an area where more research could supply insight 
into technological decision-making and public 
policy formulation [298].

The second question is about self and the 
potential long-term consequences of self- 
enhancement on character building and other 
aspects of psychosocial development, both within 
individuals and as a society. What sort of experi-
ences are necessary for wisdom, maturity, or vir-
tue, and what are the consequences of avoiding 
them? These questions have already been deeply 
explored for neural interventions, in particular 
invasive deep brain stimulation (DBS) [300–
304]. However, the scope of access to tDCS adds 
an additional dimension to such ethical 
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 consideration, as the potential effects on charac-
ter development or change shifts from being an 
issue that affects select patients and their loved 
ones to something that could extend more directly 
to everyone.

Aspects of life experience that are not neces-
sarily subjectively positive are integral to shaping 
a person’s bearing, demeanor, and personality 
[305, 306]. It is a widely accepted social norm 
that adversity breeds character, and experiencing 
some adversity often leads to superior perfor-
mance and functioning [307]. If cognitive and 
emotional challenges can all be eased by exoge-
nously stimulating the brain, how does that affect 
the resilience and moral quality of a society in 
which this life of convenience is available? On 
the other hand, how much suffering is enough, 
and who gets to decide? After all, we do not con-
sider it a moral failing if a person treats pain asso-
ciated with childbirth or medical procedures. At 
what point, if any, does relief from difficult expe-
riences diminish us [308]? The consequence of 
tDCS on individual development ultimately 
affects society and culture in ways that are evolv-
ing and reciprocal, because social dynamics 
among individuals and groups influence, and are 
influenced by, the ambient culture. Thus, the 
adoption of widespread self-enhancement will 
bring questions about whether there should be 
limits to alter our fundamental nature to the fore-
front in formulating social and policy responses 
to growing use of tDCS.

Despite potential concerns, the effects of 
widespread tDCS use on character may not nec-
essarily be negative. For instance, ongoing 
research is exploring the role of the brain in 
sports and fatigue (http://www.neuroelectrics.
com/use- case/), and seeks to leverage this under-
standing to develop stimulation that could remove 
neural obstacles to maximum physical athletic 
performance. One could argue that removing 
obstacles to maximum performance given maxi-
mum effort is a categorically different type of 
enhancement than enhancement that makes 
something require less effort. In such a context, 
tDCS could be viewed as an enabling tool that 
could enhance character, rather than to act as a 
substitute for qualities that character would ordi-

narily supply to ensure success, such as commit-
ment, patience, perseverance, and 
self-transcendence. This distinction is potentially 
relevant not only to athletics, but also to treat-
ment in neuropsychiatry, wherein stimulation 
could potentially enable rather than substitute for 
self-driven efforts to cultivate positive character 
traits. For example, enhancement of executive 
function in someone with ADHD to improve 
impulse control and the ability to sustain atten-
tion might enable such individuals to practice 
acts of high character, such as finishing what one 
has started or keeping commitments. The cardi-
nal distinction applying to both situations is that 
high sustained effort is still required, and that 
absent the intervention, there are limits to the 
degree that such effort could affect performance. 
Assuming that the same amount of effort is 
exerted with or without tDCS, what is the true 
nature of the effect, if any, on the character of the 
athlete or individual with ADHD? These are all 
largely philosophical and psychological ques-
tions whose answers hinge on arguments about 
the relative influence afforded to situational con-
text versus personality when assessing character. 
Although this subject is beyond the scope of this 
chapter, it is worth noting that a meaningful dis-
cussion of the impact of tDCS on character may 
require further consideration of a broader con-
ceptual framework to address the daunting philo-
sophical challenge of relating concepts such as 
identity and self to behavior and neurobiological 
functions.

37.12  Autonomy

Autonomy can be thought of as the right to one’s 
own life, to make choices based on reasons and 
motivations that are not the product of manipulat-
ing or distorting external forces. In the context of 
tDCS, autonomy can be considered in terms of 
two types of freedom: (1) the freedom not to be 
stimulated, and (2) the freedom to be stimulated.

The freedom from stimulation can be threat-
ened by hard or soft coercion. In hard coercion, 
the individual is forced into an activity for the 
perceived “good of society.” Neuropsychological 
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hard coercion is far from unheard of. Examples 
include psychopharmacologic agents given to 
soldiers to maintain battlefield performance and 
chemical castration to diminish the libido of 
imprisoned sex offenders [309, 310]. It is not all 
that hard to imagine cognitive enhancement with 
brain stimulation potentially following a similar 
course with similar vulnerable populations. 
Whether or not the technology actually develops 
to influence brain networks with enough specific-
ity to affect moral cognition, dystopian possibili-
ties exist whereby authorities may be tempted to 
use tDCS or its derivatives for “moral correction” 
purposes. For example, functional brain network 
differences have been detected in individuals 
who place a greater value obedience and author-
ity [311]. It is conceivable that state-sponsored 
neuromodulation could be employed to influence 
the actions and attitudes of persons deemed to be 
politically or socially problematic. With soft 
coercion, the individual feels societal pressure to 
keep up with norms and mores. As we know from 
many examples in professional sports, in high- 
stakes competitive environments, individuals 
turn readily to performance enhancers to give 
themselves a competitive edge. With respect to 
mental performance, we can see examples of soft 
coercion currently in individuals who take phar-
macologic cognitive agents in hopes of optimiz-
ing their performance at school or work. With 
respect to neuropsychology, the hazard of soft 
coercion again highlights that tDCS could poten-
tially blur the distinctions between pathologically 
poor brain function and brain function that is nor-
mal but suboptimal for the tasks one desires to 
accomplish.

The indistinct boundary between optimal, 
declining, and pathological brain function is 
important to consider, as aging individuals con-
sider using tDCS in hopes of maintaining peak 
cognitive performance and a competitive edge in 
an economy and culture that places a high value 
on youth and vigor. While news media gives the 
impression of a younger user base for at-home 
tDCS devices, Wexler (2017) found that the mean 
age of at-home tDCS users was 45.3 years. Places 
like the Sha Wellness Clinic specifically market 
toward highly educated, wealthy individuals 
(such as corporate executives) with anxieties 

about losing their “edge” due to aging. The 
higher-than-expected mean age of at-home tDCS 
users likely may reflect the pressure older indi-
viduals feel to guard against the cognitive effects 
of aging. This may be an early instantiation of 
concerns about soft coercion, given that more 
older adults are willing to risk experimenting 
with a technology that carries the risk of unknown 
or unintended effects. There is a need for further 
research into the possibility that aging and older 
individuals may be more vulnerable to soft coer-
cion and increased risks as new noninvasive brain 
stimulation methods are increasingly marketed 
directly to consumers.

The freedom to be stimulated is unlikely to be 
overtly threatened given the accessibility of tDCS 
components. In this, lessons can be learned from 
other examples of cognitive self-enhancement, 
and cosmetic applications of medical technolo-
gies, including neuropharmacology. While it is 
important to remember that individuals are free 
to do as they see fit with respect to their own bod-
ies and minds, inevitably, autonomy must neces-
sarily be balanced with other ethical imperatives 
that arise from pragmatic or moral justifications, 
such as the need to consider the health of the 
community. Just as soft coercion can be used to 
encourage stimulation, social pressures can be 
exerted to influence the actions of those who 
would elect to use tDCS for medical or enhance-
ment purposes. Given the complexity of the 
issues surrounding the use of tDCS for medical 
or enhancement, monolithic laws are unlikely to 
be helpful—or effective.

37.13  Ethical Considerations 
Pertaining 
to Neuropsychiatry

It may be taken for granted that the principal 
ethical considerations for tDCS with respect to 
the practice of neuropsychiatry boil down to 
whether tDCS is an acceptable way to treat 
patients. To this end, it is important to keep in 
mind that the distinction between normal and 
pathological is indiscrete and often culturally 
determined. Importantly, individuals whose 
thoughts and behaviors may objectively deviate 
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from typical behavioral norms do not always do 
so in a way that leads to suffering; the moral 
imperative to medically treat dysfunction 
depends on the qualitative impact it has on an 
individual’s life rather than the mere presence of 
abnormality [312]. Indeed, neurodiversity is 
increasingly being recognized as an intrinsic and 
valuable part of the spectrum of human experi-
ence that confers value and vigor to our overall 
ability to cognitively adapt to social and environ-
mental changes [313]. Medicalizing neurodiver-
sity pressures individuals and professionals (to 
some extent) into enforcing conformity to socio-
cultural norms of what is considered a “valu-
able” life. Neuropsychiatry as a field should 
consider tDCS alongside other dilemmas involv-
ing neurodiversity that drive the overall societal 
disposition toward psychiatry. These are not nec-
essarily different issues than those pertaining to 
medicating neuropsychiatric disorders, but the 
fact that one does not necessarily need a pre-
scription to self-administer tDCS (in some form) 
could shape perspectives on whether neuropsy-
chiatric therapeutic applications of tDCS are 
perceived as legitimate, relative to other contexts 
in which tDCS could be used for enhancement or 
recreation.

Neuropsychiatry as a field should also be 
aware of the ways that widespread and even non-
medical use of tDCS could influence perceptions 
of normality versus pathology. It can, at times, be 
difficult to distinguish between true “diseases” of 
the mind and more mundane dissatisfaction with 
mental states. Psychological aspects of individu-
als that are considered to be symptoms can often 
be conceptualized as traits that vary along a con-
tinuous spectrum of expression, for example, 
from inattentiveness to an attention deficit, or 
from sadness or emotional exhaustion to depres-
sion. This slippery slope of spectrum is especially 
problematic considering the capacity of tDCS to 
alter intellectual performance or mood. While 
most neuroscientists would argue that we are still 
far from being able to reliably alter mental states 
on an individualized basis using tDCS, the mar-
keting for products like Thync and subjective 
experiences reported by at-home and DIY users 
indicate that at least the perception that tDCS can 
be used to induce targeted changes to mood (for 

example) exists presently. Having the power to so 
easily remedy dissatisfaction with one’s mental 
states using tDCS—or even just believing that 
one has that power—has the potential to further 
obscure boundaries between what is considered 
normal, subclinical, or pathological.

Clinical fields that purport to distinguish 
between normal and pathological mental func-
tioning face special obstacles when clinical val-
ues conflict with sociocultural norms, such as 
individuality or self-reliance. This has implica-
tions for clinical uses of tDCS. It is already diffi-
cult to determine when it is ethical to use 
technology to intervene in one’s mental function-
ing. Widespread use of neural enhancement tech-
nologies like tDCS could further pathologize 
aspects of cognitive performance that would oth-
erwise be considered along a spectrum of nor-
malcy. This distortion could have the effect of 
decreasing individual autonomy by exerting posi-
tive pressure on clinical professionals to treat 
patients using neurostimulation or on individuals 
to “treat” themselves. As with pharmacological 
self-enhancement, some individuals might seek 
neuropsychiatric treatment for the purpose of 
procuring access to such technology as opposed 
to alleviating the suffering caused by illness. 
Thus neuropsychiatrists run the theoretical risk 
of becoming dispensers of cognitive commodi-
ties in tDCS as well as neuropharmacology. On 
the other hand, if there is general cultural push-
back to increasing use of NIBS for self enhance-
ment, the application of tDCS in neuropsychiatric 
contexts, even where therapeutically beneficial, 
could come to be seen as problematic. Consider, 
for example, the stigma that popular culture has 
placed on electroconvulsive therapy (ECT), a 
highly effective treatment for refractory and life- 
threatening cases of depression, and how that 
stigma has had a sustained negative influence on 
its acceptance and use as a therapy. If tDCS 
becomes similarly stigmatized, this could raise 
obstacles to the development of effective treat-
ments for a variety of neurologic and neuropsy-
chiatric conditions.

Several points raised in this chapter also have 
ethical implications for clinician-patient encoun-
ters. Because tDCS is not yet approved for spe-
cific clinical indications, we will here consider 
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concerns that apply primarily to users of DIY or 
direct-to-consumer products. As public use of 
these technologies becomes more widespread, 
patients may sometimes confide to their neurolo-
gists or psychiatrists that they are experimenting 
with tDCS for self-treatment. In this situation, it 
is important that patients understand the safety 
consequences tDCS, including possible uninten-
tional alteration of cognition or emotions. It will 
also be important for patients to recognize the 
current limits of the scientific literature, which 
cannot reliably predict what effects tDCS will 
have in the context of polypharmacy or other 
concurrent treatments. Conversations about the 
state of tDCS science and what is and is not 
known about tDCS might help patients to make 
better-informed decisions for themselves. In 
2016, an open letter authored by 4 neuroscientists 
and signed by 39 others was published to com-
municate with the public about the risks posed 
both by what is known and unknown about tDCS 
[231]. However, insofar as there is currently no 
compelling evidence of serious medical risk 
posed by tDCS, some patients may be inclined to 
disregard the advice of their clinician and con-
tinue to self-administer tDCS in ways that, at 
least theoretically, seem potentially deleterious. 
This raises ethical issues of how best to engage 
with the patients regarding the risk of tDCS mis-
use in the absence of clear evidence for or against 
long term harms. The issue of clinical misuse or 
overuse is similarly likely to arise in the event 
that tDCS is approved for specific indications 
such as depression or pain. While there is no 
clear one-size-fits-all strategy for navigating this 
topic with patients, it is an issue that neurologists 
and psychiatrists should be aware and ask about 
in their patients, especially as awareness of the 
therapeutic potential of tDCS becomes much 
more widespread in the public sphere.

37.14  Conclusion

In sum, there are pragmatic considerations spe-
cific to the practice of neuropsychiatry that bear 
weight in assessing both the utility and risks of 
employing tDCS as therapy. As it is presently 
understood, the mechanism of tDCS effects may 

be of particular utility for disorders in which coin-
cident dysfunction and overlapping neural circuits 
lead to a range of psychiatric and cognitive symp-
toms. Targeting those common neural substrates 
with tDCS may lead to a variety of salutary effects 
in patients with complex disorders of mood, 
affect, and cognition. However, stimulation of 
overlapping neural circuits may also give rise to 
cognitive trade-offs that should prompt caution, 
particularly when the intent is to use tDCS to 
enhance normal cognition as opposed to treat dis-
ease. It is important to consider what is known 
versus what is not known about tDCS when 
designing clinical and cognitive research studies, 
and even more so when developing public policy 
and communicating with potential tDCS users 
(both consumers and patients). Clinicians and 
neuroscientists alike have an ethical responsibility 
to ensure that the lay public can access accurate 
information about what is and is not known about 
the mechanisms, effects, and safety of tDCS.  In 
some cases, this may mean tempering unbridled 
enthusiasm for tDCS expressed in media cover-
age. The benefits and risks of tDCS clearly vary 
according to the context of administration, both 
with respect to the research, clinical, and cosmetic 
purposes for stimulation, as well as the states and 
traits of individual recipients.

All these considerations prompt a need to 
anticipate the trajectories of current and potential 
future use of tDCS both within and outside of 
clinical contexts, as there are likely to be dynamic 
broader social and cultural consequences of 
tDCS use within neuropsychiatry. Likewise, neu-
roethical consequences from nonclinically ori-
ented tDCS use are also likely to have an impact 
on the way tDCS is used and sought out by 
patients. Thus, the use of tDCS in neuropsychia-
try may have profound impacts not only on the 
social-cultural milieu but also on the perceptions 
and practices of neuropsychiatry as a field.
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tDCS-Pharmacotherapy 
Interactions

Min-Fang Kuo and Michael A. Nitsche

38.1  Introduction

Transcranial direct current stimulation (tDCS) is 
a noninvasive brain stimulation technique which 
induces cortical excitability alterations via appli-
cation of continuous, weak direct current through 
the scalp, leading to bidirectional plasticity induc-
tion according to the stimulation protocols [1, 2]. 
Neuroplasticity induced by tDCS also shares com-
mon features with synaptic plasticity in animal 
studies. The process involves glutamatergic mecha-
nisms and can be modulated by different transmit-
ters, including dopamine, acetylcholine, serotonin, 
and noradrenaline, which are also associated with 
a broad range of psychiatric diseases. In recent 
years, tDCS has been increasingly implemented as 
an adjuvant to conventional clinical therapy with 

promising results. As the majority of psychiatric 
disorders is connected to dysfunctions of specific 
neuromodulator systems, respective pharmacother-
apy is a primary option for treatment. It is therefore 
crucial to consider the possible interacting factors 
between tDCS and medications, in order to maxi-
mize treatment efficacy. Here we briefly review the 
neurochemistry of tDCS effects and discuss the 
knowledge obtained so far from pharmacological 
experiments with healthy participants, as well as 
clinical trials and pilot studies, with the aim to inform 
future combined pharmaco- stimulation approaches 
in basic research, and clinical application.

38.2  tDCS Physiology: Ion 
Channel- 
and Neurotransmitter- 
Dependent Mechanisms

tDCS induces neuroplasticity via a primary 
effect on neuronal membrane polarization, 
which involves modulation of neuronal ion chan-
nel activities. Prolonged stimulation over some 
minutes results in excitatory plasticity, simi-
lar to long-term potentiation (LTP), following 
anodal tDCS, while cathodal stimulation induces 
excitability inhibition comparable to long-term 
depression (LTD). Pharmacological studies 
revealed an abolishment of the acute effects of 
anodal tDCS via calcium and sodium channel 
block, but not NMDA receptor antagonists, and 
GABA receptor activity enhancement [3], which 
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is in accordance with an involvement of ion 
channels, but not synaptic mechanisms, in these 
immediate polarization-dependent tDCS effects. 
Furthermore, the neuroplastic after-effects of 
anodal tDCS-induced LTP-like plasticity were 
blocked by the respective calcium and sodium 
channel blockers carbamazepine and flunarizine, 
which stresses the relevance of the initial polar-
ization effects for the induction of plasticity by 
tDCS [3]. Neuroplasticity elicited by tDCS is 
also dependent on NMDA receptors, and thus 
glutamatergic mechanisms, as the blockade of 
these receptors results in diminution of cortical 
plasticity [3, 4], while enhancing NMDA activity 
via the partial agonist d-cycloserine prolonged 
and consolidated LTP-like plasticity following 
anodal tDCS [5]. The mechanism underlying 
glutamatergic plasticity is associated with the 
dynamics of calcium concentration [6]. Animal 
research revealed an alteration of the neuronal 
calcium profile after direct current stimulation 
[7, 8]. Accordingly, anodal tDCS-induced excit-
atory plasticity in humans was abolished by cal-
cium channel block, and the nonlinearity of tDCS 
effects has been shown to be associated with cal-
cium dynamics [3, 9]. In addition to the involve-
ment of NMDA receptors, tDCS effects are also 
associated with regulation of AMPA receptor 
activities [10].

The neuroplasticity-inducing effect of tDCS is 
also related to GABA activity, which is one of the 
key regulators of the cortical excitation/inhibition 
balance. In the primary motor cortex, anodal, and 
cathodal tDCS reduces local GABA, as revealed 
by magnetic resonance spectroscopy (MRS) [11], 
and also by the enhancement of I-wave facili-
tation following anodal, and cathodal tDCS, as 
this specific TMS measure is determined by the 
GABAergic system [12]. Reduction of GABA 
might thus have a gating effect on tDCS-induced 
glutamatergic plasticity. It also explains the rela-
tively minor effect of benzodiazepines on tDCS- 
induced plasticity, as these work only on active 
GABA receptors. For prefrontal stimulation, 
MRS results however revealed no change of the 
GABA level at the left dorsolateral PFC (dlPFC) 
after anodal tDCS, with the return electrode 
attached to contralateral right dlPFC [13]. This 

might mean that the modulatory effect of tDCS 
on GABAergic activity is different across cortical 
areas. It should however be noted that stimulation 
parameters were not identical between studies, 
and more studies are required for more conclu-
sive comparisons. The recent development of 
noninvasive brain research techniques such as the 
combination of transcranial magnetic stimulation 
and electroencephalography (TMS-EEG) allows 
direct excitability measures also in associative 
cortical modalities [14]. Specific components of 
TMS-evoked potentials (TEP) have been shown 
to be related to the dynamics of neurotransmis-
sion, including the GABAergic system [15], and 
might help to further clarify mechanisms.

As the involvement of glutamate/GABA 
neurotransmitter systems in psychiatric disor-
ders came increasingly into attention recently, 
both have been targeted for the purpose of more 
efficient treatment. For instance, pathological 
connectivity alterations in glutamatergic and 
GABAergic systems have been proposed to par-
tially explain the pathophysiology of depression, 
and corresponding medication such as ketamine 
or GABA-targeting compounds have shown 
therapeutic potential in clinical trials [16, 17]. 
Given the increasing implementation of tDCS in 
psychiatry, it is crucial to obtain a better under-
standing about the modulation of tDCS effects 
by these neurotransmitters also in clinical pop-
ulations, which might require an adjustment of 
treatment in case of combined application.

38.3  Modulation of tDCS Effects 
by Neuromodulators

In contrast to the abovementioned neurotransmit-
ters, which are involving fast-acting signals across 
the synaptic cleft to induce excitatory and inhibi-
tory postsynaptic potentials, neuromodulators 
are associated with diffuse, volume- transmitted 
mechanisms, which have no large effects on their 
own, but modulate neuronal activities at a slower 
time course. In this section, the impact of neuro-
modulatory systems which are critically involved 
in the majority of neuropsychiatric diseases, 
including dopamine,  acetylcholine, serotonin, 
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and noradrenaline, on tDCS-induced plasticity 
will be covered.

38.4  Dopamine

As one of the most important neuromodulators in 
the category of monoamines, dopamine is a key 
player in many cognitive functions, including 
reward, decision making, or working memory. 
The disturbance of respective operations leads 
to behavioral dysfunctions, which are linked to 
many neuropsychiatric diseases. Physiological 
and cognitive studies in both animal models and 
humans have demonstrated complex modulatory 
effects of dopamine on brain physiology, which 
underlie respective psychological processes. At 
the molecular level, dopamine mediates brain 
physiology via clusters of receptors on neuronal 
membranes, classified as D1- and D2-like recep-
tors, which can be distinguished by pharmaco-
logical agonists and antagonists. It is proposed 
that dopamine exerts its function as a result of 
the dynamic balance between D1 and D2 activa-
tion, revealed as differential modulatory effects 
of the two receptor subtypes on cortical activ-
ity and neuroplasticity [18], which are thought 
to account for nonlinear effects of dopamine on 
physiological, psychological, and motor func-
tions [19].

38.4.1  Dopaminergic Effects 
on Neurophysiology 
and Cognition in Humans

Evidence from animal studies indicates that 
dopamine modulates neuroplasticity via its 
impact on the specific interaction between 
NMDA and GABA receptors, based on distinct 
D1 and D2 receptor contributions on the activity 
of these receptors [18, 20]. A biphasic effect of 
dopamine on synaptic plasticity has been shown 
in numerous studies [21, 22], which is assumed 
to be caused by its impact on NMDA and GABA 
receptors. DA potentiates NMDA currents or 
membrane depolarization via D1 receptor acti-
vation [23, 24], although an inverted U-shaped 

dose-dependency has also been described [18]. 
On the other hand, D2 receptors have a suppress-
ing effect on NMDA receptors, and neuronal cal-
cium influx [25]. Dopamine has also the capacity 
to evoke a biphasic modulation of GABA- 
mediated currents: D2-like receptors reduce, 
while D1-like receptors increase GABAergic 
activity [26–28]. The dopaminergic effects on 
NMDA and GABA responses are furthermore 
neuronal activity-dependent. In case of low net-
work activity, it is assumed that the D1 receptor 
exerts synaptic plasticity-reducing effects, as the 
increase of low-level NMDA activation is out-
weighed by concurrent, large-range GABA cur-
rents enhanced by D1 receptor activity [27]. On 
the other hand, higher network activity results in 
persistent stronger NMDA receptor activation 
[29], which is further strengthened by D1 recep-
tors [21, 27]. The opposite effect is observed with 
D2 activation, where glutamatergic plasticity is 
reduced via reduction of activation of NMDA 
receptors, but enhanced by D2-decreased GABA 
responses when higher network activity is pres-
ent. Dopamine is thus assumed to have a complex 
modulatory effect on synaptic plasticity, based 
on its effects on glutamatergic and GABAergic 
transmission.

For the human brain, the impact of dopamine 
on brain physiology was studied most extensively 
for the motor cortex as a model system. The con-
tribution of dopamine to motor cortical plastic-
ity in humans is complex, and seems to depend 
on a couple of factors, such as receptor subtype 
activation, amount of activation (i.e., dosage of 
respective dopaminergic substances), as well as 
history and state of activation of the target struc-
tures. Dopamine has been shown to be essential 
for neuroplasticity induction by tDCS.  The D2 
antagonist sulpiride abolished tDCS-induced 
cortical plasticity [30]. Results of further stud-
ies suggest—similarly to those of related animal 
models (see above)—that dopamine enhances 
the signal-to-noise ratio in the human brain, and 
that this effect depends on the amount of recep-
tor activation, and receptor subtypes. Whereas 
dopamine abolishes diffuse LTP-like plasticity, 
as induced by tDCS, or converts it into LTD-like 
plasticity, it preserves or enhances focal plastic-
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ity, as generated by paired associative stimulation 
(PAS), if dopaminergic activity is moderately 
enhanced [31–33]. D1- and D2-like receptors 
contribute in discernible ways to this global dopa-
mine effect. While D2 receptors have a similar 
impact on plasticity as dopamine itself, D1-like 
receptor activation fosters facilitatory plastic-
ity independently from its focality [34, 35]. In 
addition, results from these studies also revealed 
a dose-dependency of dopaminergic modula-
tion on neuroplasticity, where medium dosage 
resulted in most prominent effects, whereas low 
and high dosages reduced tDCS- induced plastic-
ity. In case of low-dose dopaminergic enhance-
ment, the respective plasticity-abolishing effect 
might be due to the activation of presynaptic, 
inhibitory autoreceptors [32, 33, 36].

38.4.2  Clinical Aspects

Dysfunctions of the dopaminergic system have 
been related to many psychiatric disorders 
including schizophrenia, where treatment with 
dopamine antagonists improves symptoms. tDCS 
has been probed for the treatment of schizophre-
nia symptoms, and improved negative symptoms, 
attention, and reduced auditory hallucinations 
[37–41]. Given the impact of DA-affecting sub-
stances on tDCS-induced plasticity, it would be 
important to learn about respective interactions 
also with respect to clinical studies. In one study, 
the efficacy of tDCS to reduce auditory hallucina-
tions was compared in patients treated with neu-
roleptics with high and low D2 receptor affinity 
[40]. The result revealed less therapeutic efficacy 
when tDCS was combined with high-affinity 
antipsychotics, which is in accordance with the 
plasticity-abolishing effect of D2 receptor block 
described before [30].

Repetitive disorders, such as the Tourette 
syndrome, are also associated with imbalanced 
dopamine activity [42]. Beyond the modula-
tion of tDCS effects by dopaminergic and anti- 
dopaminergic agents, the stimulation itself might 
affect dopaminergic activity, and thereby elicit 
clinical effects. Application of tDCS in an ani-
mal model of Tourette syndrome has been shown 

to alleviate pathological repetitive behavior via 
reducing dopaminergic hyperresponsivity in a 
sensorimotor cortico-striatal circuitry which has 
been targeted for therapy with deep brain stimu-
lation [43]. Similarly, tDCS has also been shown 
in human studies to modulate dopaminergic 
activity in subcortical striatal regions, indicating 
the opportunity to apply tDCS for dopaminergic 
enhancement in clinical syndromes caused by 
dopamine deficiency [44, 45].

38.5  Acetylcholine

Acetylcholine (ACh) is involved in the arousal/
attentional system as well as in many other cog-
nitive functions, such as working and long-term 
memory. Apart from its wide distribution in both 
subcortical and cortical regions, cholinergic sig-
naling also acts in a temporal- and spatial- specific 
manner [46, 47]. Dysfunction of cholinergic, 
particularly nicotinic receptor transmission, can 
lead to cognitive impairment or dementia, in 
which abnormal regulation of synaptic plastic-
ity is thought to be involved at the neurophysi-
ological level [48, 49]. Moreover, cholinergic 
function varies in healthy humans according to 
brain states, and nicotine consumption, which 
can explain partially its observed complex and 
heterogeneous effects on cognition.

38.5.1  Cholinergic Modulation 
of Cortical Excitability, 
Plasticity, and Cognition

Cholinergic activation alters cortical excitability, 
and thereby regulates neuroplasticity [50–52]. 
These effects are directly induced via choliner-
gic transmission, but also based on its impact 
on other neurotransmitters, such as glutamater-
gic, GABA-ergic and dopaminergic systems [53, 
54]. In animal experiments, it has been shown 
that neuronal excitability can be enhanced by the 
activation of nicotinic ACh receptors (nAChRs) 
via the increase of glutamate release, or by mus-
carinic ACh receptors (mAChRs), which reduce 
presynaptic GABAergic inhibition on pyramidal 
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neurons [55, 56]. On the other hand, nAChRs 
also facilitate GABAergic inhibition, possibly 
via downregulation of Ca2+ signaling [57, 58]. 
This inhibitory effect of nicotine is reflected in 
human cortical excitability, as it significantly 
enhances GABA-associated cortical inhibition in 
nonsmokers [59]. An important role of nAChRs 
in synaptic plasticity has been also revealed (for 
review, see [52]). The activation of nAChRs 
enhances LTP induction with or without NMDA 
receptor involvement [49, 60, 61], but it has also 
been demonstrated to diminish LTP [62]. This 
heterogeneous effect, which underscores the 
neuromodulatory role of this system, might be 
explained by different factors, including specifics 
of the stimulation protocol, and brain states. With 
respect to the impact of cholinergic modulation 
on tDCS-induced plasticity, global cholinergic 
activation by application of rivastigmine, an ace-
tylcholinesterase inhibitor, diminished LTP-like 
plasticity induced by anodal tDCS and slightly 
prolonged LTD-like plasticity following cathodal 
tDCS [63]. A similar pattern of results was also 
demonstrated for nAChR activation when apply-
ing nicotine or the α4β2-receptor partial agonist 
varenicline [64, 65]. The mechanisms underly-
ing the LTP-like plasticity-diminishing effects 
of nicotinic receptor activation might involve 
calcium dynamics, since reduction of nicotine- 
induced calcium overflow by an NMDA antago-
nist as well as calcium channel blocker restituted 
neuroplasticity [9, 66]. Beyond these effects 
of nicotinic activation on nonsmoking healthy 
humans, in smokers LTP-like plasticity was not 
induced by anodal tDCS under nicotine with-
drawal, most likely to nicotinic receptor desensi-
tization induced by chronic nicotine application 
[67]. Administration of nicotine or varenicline 
however reestablished compromised plasticity in 
these participants [67, 68].

38.5.2  Implications for Basic 
and Clinical Research

For studies in healthy humans, the results imply 
that inclusion of smokers should be avoided in 
basic studies which do not aim to explore the 

effects of nicotine, because of the relevant effect 
of smoking, and especially nicotine withdrawal, 
on the physiological effects of tDCS. For clini-
cal studies with tDCS application, the situation 
might be more complex, as excluding smokers 
would mean to reject a relevant portion of the 
patients. Here it would be crucial to implement 
nicotine consumption, that is, smoking, during 
experimental sessions, as well as the timing since 
last consumption, at least as confounding fac-
tors for control. Indeed, it has been shown that 
smoking has a relevant impact of tDCS effects 
in clinical populations. tDCS-induced motor 
cortical plasticity was reduced in schizophrenia 
patients who are nonsmoking or smokers under 
nicotine withdrawal, while in smoking patients 
the tDCS effect was restored by nicotine applica-
tion [69, 70]. Smoking state also had a relevant 
impact on the therapeutic effect of tDCS. In one 
study where multiple-session tDCS was applied 
in schizophrenia patients to reduce auditory hal-
lucinations, the results demonstrated a lack of 
response in smokers when compared to non-
smoking patients, possibly due to partial self- 
regulated abstinence in smokers before treatment 
sessions [71]. In contrast, under proper control 
of nicotine consumption during the experimental 
course, tDCS did improve cognitive performance 
in chronic smoking schizophrenics without 
withdrawal [72]. These results underline the 
importance of nicotine levels for tDCS efficacy, 
particularly for long-term smoking patients in 
clinical studies.

Based on the cholinergic hypothesis, pro- 
cholinergic drugs are applied to improve patho-
logical cognitive decline in patients with mild 
cognitive impairment and dementia [73–75]. 
As cumulative evidence also suggests benefi-
cial effects of tDCS for cognitive functions, it 
has been applied recently to augment the effi-
cacy of respective pharmacological treatment in 
patients with cognitive deficits. Combination of 
the acetylcholinesterase inhibitor donepezil with 
6-months tDCS treatment significantly improved 
global cognitive performance in patients with 
Alzheimer’s disease, as compared to pharmaco-
therapy alone [76]. This approach provides initial 
evidence for a potential synergistic effect of both 
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interventions to prevent or diminish cognitive 
decline in dementia. At the first look, this effect is 
surprising, given that in healthy humans, cholin-
ergic activation diminishes plasticity. The likely 
explanation is however that respective patients 
have a hypofunctional cholinergic system, simi-
lar to smokers under nicotine withdrawal, which 
is counteracted upon by pharmacological activa-
tion of the system, and thus reestablishes plastic-
ity induction by tDCS.

38.6  Serotonin and Noradrenaline

38.6.1  Neuromodulatory Effect 
of Serotonin

Serotonin (5-hydroxytryptamine, 5-HT) has 
been classified as a neurotransmitter or -modu-
lator [77]. The serotonergic system is involved 
in cognition, mood, behavior, motor processes 
[78] and also linked to executive functions [79]. 
Increased serotonin levels improve learning, 
memory, and motor functions in healthy and 
post-stroke patients [80, 81]. Dysfunction of 
this system contributes to the pathophysiology 
of psychiatric diseases, such as depression [82]. 
Studies in humans and animals have provided 
evidence for a relevant role of 5-HT in neuro-
plasticity [83, 84]. Animal studies have revealed 
that 5-HT interferes with LTP and LTD, and these 
effects are related to drug dosage, receptor sub-
types, and duration of 5-HT receptor activation 
[85, 86]. Activation of 5-HT2 receptors results 
in calcium release from intracellular storages, 
while 5-HT3 activation increases conductance 
of calcium influx, and both effects contribute to 
LTP induction [87]. It was also shown that LTD 
in hippocampal slices was converted to LTP vis 
5-HT4 enhancement, suggesting an excitatory 
modulation of serotonin on neuroplasticity [86]. 
In humans, it was shown that the enhancement of 
serotonin levels by a selective serotonin reuptake 
inhibitor (SSRI) modulates neuroplasticity in dif-
ferent modalities. In the visual area, long-term 
SSRI administration augmented visual plasticity 
in healthy participants [88]. A related LTP-like 
plasticity-enhancing effect was also observed 

in the motor cortex, where application of cita-
lopram resulted in enhanced LTP-like plasticity 
induced by tDCS or PAS, and reduction or even 
conversion of LTD-like into LTP-like plasticity 
[89–91]. Moreover, similar, but stronger effects 
have been shown under chronic application of 
the same SSRI, which might be associated with 
long-term therapeutic effects of respective phar-
macological treatment in clinical settings [90]. A 
recently published study also showed beneficial 
influences of SSRI on cognitive functions in both 
healthy young and aging humans, and revealed 
a more prominent effect when medication was 
combined with anodal tDCS over the right tem-
poroparietal region [92]. These results indicate a 
potential of combined treatment with SSRI and 
tDCS in associated basic and clinical domains, 
which might be due to synergistic effects on LTP- 
like plasticity.

38.6.2  Neuromodulatory Effect 
of Noradrenaline

Similar to serotonin, cortical excitability and 
plasticity, both LTP and LTD, are modulated by 
noradrenergic activation via its impact on vari-
ous intracellular processes. Animal studies have 
shown that neuronal excitability is enhanced 
by the activation of β-adrenoreceptors via sup-
pressing GABAergic inhibition and facilitat-
ing the activation of NMDA receptors [93]. 
On the other hand, α-adrenoreceptors decrease 
neural excitability by facilitating GABAergic 
inhibition, possibly via downregulation of cal-
cium signaling [94]. Similar results have been 
found in human studies. Here, noradrenergic 
enhancement increases cortical excitability via 
enhancement of NMDA receptor-dependent 
facilitation and reduction of GABAergic inhi-
bition, in principle accordance with a primarily 
ß-adrenergic enhancing effect [95]. Regarding 
synaptic plasticity, animal studies have shown 
that activation of β-adrenoreceptors strengthens 
LTP, while α-adrenoreceptors promote LTD [96, 
97]. In a human study, enhancement of mono-
amine availability fostered noninvasive brain 
stimulation- induced LTP-like plasticity, whereas 
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stimulation-induced plasticity was reduced by a 
ß-adrenergic antagonist [98]. Acute and chronic 
administration of the selective noradrenaline 
reuptake inhibitor (NRI) reboxetine increased 
and prolonged stimulation-induced LTP-like 
plasticity, whereas it converted LTD-like plastic-
ity into LTP-like plasticity [99, 100]. Similar to 
adrenergic effects on excitability, this pattern of 
results is in accordance with a primary impact of 
ß-adrenoceptors on plasticity in humans [98].

38.6.3  Clinical Aspects

Pathophysiological disturbances or lesions 
of the prefrontal cortex are closely related to 
numerous neuropsychiatric disorders. Major 
depression is associated with a task-associated 
dysbalance of bilateral prefrontal cortex activa-
tion, where lower activity was shown in the left 
dorsolateral prefrontal cortex [101]. Moreover, 
reduced LTP is also suggested as a pathologi-
cal agent in depression, and might involve large 
parts of the brain, since a reduction of visual 
cortical plasticity was observed in depression 
[88]. These findings might explain the therapeu-
tic benefit of serotonin for depression, as 5-HT 
exerts excitatory effects on LTP-like neuroplas-
ticity as shown in healthy participants [89–91]. 
Furthermore, the observed facilitation of LTP-
like plasticity resulting from the combination of 
drugs and stimulation establishes a rationale for 
combined application in depression. Indeed, it 
has been demonstrated that sertraline combined 
with tDCS over the dorsolateral PFC had a supe-
rior impact on major depression when compared 
with placebo and the respective single interven-
tions [81]. Interestingly, patients who received 
only tDCS treatment also showed significantly 
better improvement than placebo. This approach 
to augment clinical treatment effects is currently 
further explored in ongoing clinical trials [102]. 
Following a similar rationale, as discussed in 
the previous section, noradrenergic medication 
has also been implemented in treating depres-
sion, as well as other psychiatric diseases such 
as attention-deficit/hyperactivity disorders or 
panic disorder, although consensus over its effi-

ciency remains to be established (see [103] for 
an overview). Combining NRIs with tDCS might 
be a way to enhance treatment outcomes, follow-
ing the rationale outlined above, which however 
needs validation in clinical trials.

38.7  Conclusion

As a noninvasive brain stimulation tool which 
modulates cortical excitability and induces plas-
ticity, tDCS has been implemented in psychiatry 
to normalize pathological excitability and plas-
ticity alterations. Technically it is often combined 
with conventional pharmacological therapy, 
because patients are under routine medication, or 
in a targeted way to further enhance therapeutic 
efficacy. Hence it is crucial to better understand 
the synergies, as well as interaction of tDCS and 
pharmacotherapy. Evidence from both basic and 
clinical studies has provided important infor-
mation about the co-application of tDCS and 
medication, as discussed above. The outcomes of 
combined interventions are heterogeneous, and 
manifested as diminished, enhanced, or stratified 
tDCS effects, which is explained by the neuro-
physiological mechanisms of stimulation effects, 
and their association with the sites of action of 
respective medications. Neuroplasticity induced 
by tDCS is determined by NMDA receptors and 
modulated by several neuromodulators such as 
dopamine, acetylcholine, serotonin, and nor-
adrenaline. The effects of neuromodulators on 
tDCS-induced plasticity can be further classified 
into two principle patterns of action: for dopa-
mine and acetylcholine, the activation of both 
neurochemical systems strengthened LTD-like 
plasticity induced by tDCS, and reduced LTP- 
like plasticity, or even converted it into inhibi-
tion, while serotonin and noradrenaline exerted 
an overall facilitatory effect, resulting in LTP-
like plasticity enhancement, and a conversion of 
LTD-like plasticity into LTP-like plasticity. These 
effects are also determined by the applied dos-
age and the balance between receptor subtypes, 
for which the mechanisms have not been fully 
identified, particularly in humans. It should also 
be noted that most of the findings from human 

38 tDCS-Pharmacotherapy Interactions



736

 studies so far are based on the motor cortex as 
model system. A one-to-one translation to the 
prefrontal cortex, which is involved in the major-
ity of psychiatric disorders, as well as translation 
from healthy humans to patients requires caution 
and further exploration for support and guidance 
of clinical applications.

In general, the design of patient studies should 
take into consideration the concurrent treatment 
with different types of medication, as well as 
consumption of recreational substances such as 
nicotine, which affect the outcome of tDCS. This 
is relevant to elucidate synergistic, and antago-
nistic effects of combined stimulation, and 

pharmacological interventions, which is crucial 
to tailor therapeutic approaches for improve-
ment of treatment success. Specifically, tDCS 
has revealed potential as an adjunctive therapy 
in psychiatry, and results from clinical experi-
ments combining stimulation and pharmacology 
are encouraging. Such combination might be 
extended in future to a synergistic, multimodal 
treatment module, especially when tDCS proto-
cols could be adapted to normalize pathological 
plasticity. It is expected that accumulating results 
from future studies will bring more insight into 
therapeutic mechanisms and thereby benefit the 
field (Fig. 38.1).

Fig. 38.1 Neurophysiology and modulation of tDCS- 
induced neuroplasticity
Shown are the main plasticity mechanisms of glutama-
tergic synapses, and the modulation of ion channels as 
well as neuromodulators relevant for tDCS- induced 
plasticity. NMDA receptors are activated via glutamate 
release in combination with tDCS-induced neuronal 
membrane depolarization, which results in neuronal cal-
cium influx through the subsynaptic membrane. In addi-
tion to NMDA receptors, the activity of voltage-gated 
calcium channels (VGCCs) contributes to respective 
intracellular calcium alterations via polarization effects 
of tDCS. The enhanced intracellular calcium concentra-

tion activates enzyme cascades and consequently AMPA 
receptor trafficking, which further determines the prob-
ability of supra-threshold postsynaptic activation upon a 
given presynaptic activity level. Hereby, the amount of 
calcium concentration determines if AMPA receptors are 
inserted into or removed from the subsynaptic mem-
brane. As such, the modification of AMPA receptor den-
sity is the main basis of LTP and LTD.  Various 
neurotransmitters such as GABA, dopamine, acetylcho-
line, serotonin, adrenaline, and noradrenaline influence 
these mechanisms of action in a complex, sometimes 
nonlinear way via their specific receptors, and impact on 
glutamatergic receptors and ion channels.
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Combination of tDCS 
with Psychotherapy 
and Neurobehavioral 
Interventions: Systematic Review 
and Mechanistic Principles 
for Future Clinical Trials

Marie-Anne Vanderhasselt, Josefien Dedoncker, 
Rudi De Raedt, and Chris Baeken

39.1  tDCS as an Intervention 
in Neuropsychiatry

Transcranial direct current stimulation (tDCS) is 
considered a safe nonpharmacological tool able 
to improve several neuropsychiatric symptoms, 
cognitions, and behavior (see, for example, 
Valiengo and co-workers [1] in schizophrenia; 
Moffa and co-workers [2] in depression). Yet, the 
overall effect sizes and clinical significance of 
tDCS effects have been modest to moderate, 

especially for psychiatric patients not responding 
to or not tolerating psychotropic medication (see 
meta-analysis of individual patient data [3] and 
European evidence-based guidelines [4]). Hence, 
there is currently a worldwide quest to develop 
new treatment procedures that would augment 
the therapeutic efficacy of tDCS.

39.2  Principle of Combining tDCS 
with Psychological 
Interventions

A promising avenue for optimized treatment is 
the combination of tDCS with psychological 
interventions. These psychological interventions 
can be neurobehavioral or psychotherapeutic. 
Neurobehavioral refers to cognitive interventions 
that are known to modulate neural correlates 
underlying cognitive and emotional processes 
[5]. Psychotherapeutic refers to psychotherapy 
(e.g., cognitive-behavioral therapy, CBT) or its 
components, such as exposure therapy. This com-
bination is promising, from both a practical and a 
mechanistic point of view. The practical aspect 
refers to the appealing safety profile of both tDCS 
and psychological interventions and the feasibil-
ity of combining these interventions. As com-
pared to other Noninvasive brain stimulation 
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(NIBS) techniques, such as transcranial magnetic 
stimulation (TMS) and theta burst stimulation 
(TBS), tDCS causes no distraction, as it mostly 
elicits a tingling sensation [6]. It is therefore well 
suited to be combined with other interventions 
that require good focus and concentration. 
Moreover, tDCS interventions as well as psycho-
logical interventions are based on repeated ses-
sions, which are applied for a short period of time 
(e.g., 10–60  min) [7]. Administering tDCS for 
multiple sessions is tolerable and not found to 
increase adverse effects for any diagnostic group 
[8]. Finally, tDCS interventions can be done 
remotely, implying that the psychological thera-
pist does not need to be at the brain stimulation 
center, or tDCS can be done at home while the 
psychological intervention is delivered via the 
internet.

The mechanistic aspect refers to the potential 
additive or synergistic effects of both treatments 
on neuroplasticity, and hence restoring neural 
functioning. Both tDCS and psychological inter-
ventions are known to induce longer-lasting 
changes in neuronal processing in order to restore 
basic (e.g., working memory, executive function-
ing) and associated higher-order psychological 
mechanisms (e.g., decision-making, self- 
regulation, reappraisal, and emotion regulation) 
that have been implicated in psychopathology. It 
is well known that the efficacy of tDCS depends 
on the functional state of the brain at the time of 
stimulation [9], and neuroplastic effects may be 
greater when tDCS is delivered to an already 
actively engaged brain (i.e., the activity- 
selectivity hypothesis) [10–12]. The potential for 
neuroplastic effects may therefore increase when 
combining “passive” membrane polarization by 
means of tDCS, with neuronal activation from 
psychological tasks, trainings, or therapies, espe-
cially if they co-activate a (disease-related) tar-
geted neural network [13–15]. In other words, 
when a specific neural network is engaged by 
means of a psychological intervention, these neu-
rons are primed for eliciting action potentials. 
The neural membrane polarization elicited by the 
weak tDCS-induced electric fields may then be 
sufficient to make these synchronized neurons 
more sensitive to synaptic inputs and may thus 

modulate the likelihood of neuronal firing even 
further. Once the neurons are activated, they may 
synaptically trigger the firing of other neurons, 
causing tDCS to exert network effects, rather 
than focal effects [16].

Altogether, the combination of tDCS with 
psychological interventions may lead to additive 
or synergistic effects and could increase the clini-
cal utility and overall efficacy of tDCS. The com-
bination of interventions might also reduce the 
interindividual variability in tDCS effects [17], 
making it an appealing treatment adaptation for 
personalized interventions in psychiatry [18] (see 
also Conclusion for a more detailed discussion). 
The current chapter provides a systematic review 
of the available literature reporting the combina-
tion of tDCS with psychological interventions, 
both neurobehavioral and psychotherapy, in 
patients with psychiatric disorders (major depres-
sion, anxiety, addiction, schizophrenia, posttrau-
matic stress disorder, and attention-deficit 
hyperactivity disorder (ADHD)). Case reports as 
well as one-session studies (i.e., proof of con-
cept, no intervention) were excluded.

39.3  Overview of Combination 
Trials in Neuropsychiatry

We also refer to Table 39.1 for a structured over-
view of these studies, listing the timing of appli-
cation (concurrent, sequential), the number of 
sessions, tDCS parameters, characteristics of the 
psychological intervention, and treatment arms.

39.3.1  Major Depression

Most trials combining tDCS with psychological 
interventions have been performed in the field of 
major depression. From two independent research 
groups, two similar randomized sham-controlled 
trials of combining tDCS applied to the left dor-
solateral prefrontal cortex (DLPFC) with cogni-
tive control training (CCT) were published in 
2014 [19, 20]. In short, the CCT is a neurobehav-
ioral intervention based on the training of cogni-
tive control functions (i.e., working memory 

M.-A. Vanderhasselt et al.
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updating, sustained attention, etc.) that has been 
found to enhance activation in the DLPFC during 
a cognitive task, and at the same time decrease 
activation in the amygdala during an emotional 
task [5]. Segrave and co-workers [20] observed 
that five sessions of tDCS stimulation (anode 
applied to the left DLPFC, cathode to the contra-
lateral orbit) concurrently with CCT, as well as 
sham tDCS combined with CCT and tDCS com-
bined with control training, all resulted in acute 
antidepressant effects. However, only the double 
active treatment condition was associated with 
ongoing therapeutic benefit 3 weeks after cessa-
tion of treatment. Interestingly, over all treatment 
arms, those patients showing early cognitive gain 
in an affective 2-back working memory task 
showed the greatest clinical improvement at 
3 weeks follow-up. However, this study employed 
a small number of depressed patients (n = 27) and 
a limited number of intervention sessions (n = 5).

Using a larger group (n = 37) and double the 
number of training sessions (n  =  10), Brunoni 
and co-workers [19] similarly observed that 
bifrontal tDCS stimulation (anode applied to the 
left DLPFC, cathode to the right DLPFC) as well 
as sham tDCS stimulation concurrently com-
bined with CCT ameliorated depressive symp-
toms (i.e., 25% decrease), both immediately after 
the treatment and at 2 weeks follow-up. Yet, older 
patients and those who showed larger improve-
ments in cognitive control throughout the inter-
vention – possibly indicating increased DLPFC 
engagement  – had larger depression improve-
ment in the double active treatment group. In 
addition, in a follow-up analysis of the data, the 
reduction in rumination pre- to postintervention 
showed a positive correlation with the increase in 
cognitive control over the course of the combined 
treatment [21]. Even though the combination of 
tDCS with a neurobehavioral intervention seems 
promising, these study findings must be repli-
cated in a larger group of depressed patients, 
including a CCT control condition.

On the other hand, recent studies have com-
bined tDCS with another neurobehavioral inter-
vention that is focused on cognitive and emotion 
regulation processes, namely cognitive emotional 
training (CET) [22, 23]. To improve emotion reg-

ulation, CET is based on an emotional working 
memory paradigm that aims to simultaneously 
activate brain regions in cognitive control, such 
as prefrontal cortex and affective networks, such 
as amygdala. The first open-label study [22] in 20 
treatment-resistant depressed patients suggested 
that 18 sessions of tDCS applied to the left 
DLPFC (anode applied to the left DLPFC, cath-
ode to the right upper arm), administered over a 
course of 6 weeks (i.e., three times a week) con-
currently with CET, were well tolerated, with 
promising improvement in depression scores 
(i.e., 38% decrease) and response rates (i.e., 
41%). In a follow-up study [23], the same group 
confirmed improvements in mood in 20 
treatment- resistant depressed patients (of whom 
10 were included in the analyses of Martin and 
co-workers [22]) and showed near-transfer 
effects of the double active DLPFC-targeted 
tDCS + CET training to working memory accu-
racy on a visual 3-back task. Yet, little evidence 
of neurophysiological changes during resting 
state and task-related electroencephalogram 
(EEG) activity was observed. Again, as in the 
studies combining tDCS with CCT, more research 
is needed including a sham control condition, and 
a larger sample of patients to investigate the neu-
rophysiological mechanisms underlying the anti-
depressant effects.

Another line of research is the combination of 
tDCS with evidence-based psychotherapy, such as 
CBT [18, 24, 25] and mindfulness-based cognitive 
therapy (MBCT) [26]. Given that tDCS has been 
shown to enhance cognitive functioning, such as 
working memory and associated higher- order cog-
nitive processes (i.e., executive functioning, which 
refers to a set of prefrontal-mediated cognitive 
processes including inhibition, updating, flexibil-
ity, decision-making, and planning), this might 
improve patients’ ability to benefit from psycho-
therapy, which itself requires higher- order cogni-
tive processes that are often compromised in 
patients with depression [27]. Bajbouj and co-
workers [18] registered a large (n = 192) random-
ized placebo-controlled multicenter trial to test 
whether the efficacy of CBT in a group setting can 
be augmented by concurrent application of bifron-
tal tDCS (i.e., anode targeted at the left DLPFC, 
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cathode at the right DLPFC) in the treatment of 
major depressive disorder. The main hypothesis is 
that a 6-week treatment program consisting of 12 
sessions of CBT concurrently combined with 
tDCS is more efficacious in reducing depressive 
symptom severity than CBT combined with sham-
tDCS or CBT alone. Results concerning the effects 
on depression severity, neuropsychological func-
tioning, and neural processing are awaited. Nord 
and co- workers [25] recently published the results 
of a double-blind randomized controlled trial 
looking at the sequential combination of tDCS 
applied to the left DLPFC (cathode applied to the 
ipsilateral deltoid) vs. sham tDCS, followed by 
CBT in unmedicated patients with major depres-
sion. However, during both active and sham tDCS 
the patients also engaged in a working memory- 
based n-back task with the aim to engage prefron-
tal neural circuits during stimulation. tDCS and 
CBT were administered once per week, for a 
period of 8 weeks. The results revealed no clear 
effect of tDCS over and above CBT, even though 
the sample size was again small (n  =  39). Yet, 
functional magnetic resonance imaging (fMRI) 
measurements revealed that tDCS combined with 
CBT increased DLPFC activation compared to 
sham, though only during emotion processing 
(i.e., during an emotional face task) and not during 
working memory (i.e., during an n-back task). 
Interestingly, higher left DLPFC engagement prior 
to the treatment was associated with better clinical 
response to the double active treatment [25]. These 
results are very interesting as they demonstrate 
that tDCS combined with psychological interven-
tions might be especially effective for depressed 
patients with specific neural activation patterns 
and associated cognitive functioning at baseline. 
Finally, in line with the rise of eHealth, bifrontal 
tDCS (anode targeted at the left DLPFC, cathode 
at the right DLPFC) or sham tDCS has been con-
currently combined with computer-based elec-
tronic CBT (eCBT) in depressed patients [24]. 
Results of the pilot study (n = 9 completers), in 
which 12 dual active treatment interventions were 
given spread over 4 weeks, suggest that the combi-
nation is feasible, with a significant reduction in 
depression scores. However, no difference between 

the tDCS and sham group was observed. Yet, this 
study was clearly underpowered to draw any con-
clusion and further research is warranted to look 
for synergistic effects of this computerized CBT 
combined with tDCS. As tDCS is finding its way 
to home-based treatment, for which dose, number 
of sessions can be preprogrammed by the thera-
pist. This combination with eCBT may have good 
future potential.

Lastly, tDCS has been combined with the 
mindfulness-based cognitive therapy (MBCT) 
[26], a group-based intervention that was 
designed to enhance self-management of prodro-
mal symptoms of depressive relapse. In this latter 
study, bifrontal tDCS (anode targeted at the left 
DLPFC, cathode at the right DLPFC) has been 
combined with MBCT (n  =  15) or relaxation 
(n = 16) in treatment-resistant depressed patients. 
Eight sequential sessions were administered, fol-
lowed by a repetition session 2  weeks later. 
Clinical symptoms and cognitive functioning 
were assessed at baseline, after eight consecutive 
treatment days, and at 2  weeks follow-up right 
after a booster session. The combination of tDCS 
and MBCT, as compared to relaxation, was asso-
ciated with more sustained clinical improvement 
after 2 weeks. Again, the sample size was low, no 
sham condition for tDCS was used, and the fol-
low- up period was limited to only 2  weeks. 
Nevertheless, results are promising as MBCT 
requires ongoing daily formal mindfulness- 
meditation practice, which can be combined with 
home-based tDCS.

39.3.2  Anxiety

Studies investigating the combination of tDCS 
with psychological interventions for anxiety dis-
orders are scarce, even though some studies have 
investigated the combination of a single session 
of tDCS with a neurobehavioral task targeting the 
relevant neural correlates in patients with anxiety 
[28]. This absence of combination trials is sur-
prising as the DLPFC is involved in threat pro-
cessing and the imbalance between the 
(hyperactive) right and (hypoactive) left DLPFC 
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is involved in the processing of negative emo-
tions and the generation of anxiety. Most studies 
have looked at transcranial magnetic stimulation 
(TMS) combined with fear conditioning, cue 
exposure paradigms, or exposure therapy. 
Recently however, Nasiri and co-workers [29] 
tested patients with generalized anxiety disorder 
(GAD) and comorbid depression (n = 43) using 
concurrent administration of the Unified Protocol 
for transdiagnostic treatment of emotional disor-
ders (UP, 12 sessions, of which the first two were 
performed without tDCS) with cathode to the 
right DLPFC-targeted tDCS (10 sessions, during 
which the anode was placed over contralateral 
deltoids), UP alone or waiting list control. 
Relative to UP alone, the double active treatment 
elicited larger improvements in anxiety symp-
toms, worry severity, and anxiety sensitivity, as 
well as slightly higher remission rates posttreat-
ment (69% vs. 60%), and even more at 3 months 
follow-up (77% remission rate for UP plus tDCS 
vs. 60% remission rate for UP alone). However, 
again future large-scale clinical randomized trials 
are warranted. Overall, as compared to the field 
of depression, studies combining tDCS with psy-
chological interventions in patients with anxiety 
disorders are even more in their infancy. In gen-
eral, more research investigating the effective-
ness of tDCS in anxiety is needed, as monotherapy 
studies using tDCS as a treatment for a broad 
range of anxiety disorders are based on different 
methodologies, small sample sizes, nonstandard 
tDCS montages, and analyzed diverse behavioral 
outcomes [30].

39.3.3  Addiction

In the field of addiction, research has been flour-
ishing relatively recently in which tDCS has been 
combined with neurobehavioral interventions. 
The imbalance between increased bottom-up 
subcortical urges combined with weakened top- 
down prefrontal-mediated neural processes often 
leads to relapse, and neurobehavioral interven-
tions can target this neural imbalance. Den Uyl 
and co-workers [31] investigated the combina-
tion of four sessions of bifrontal tDCS (anode 

targeted at the left DLPFC, cathode at the right 
DLPFC; vs. sham) administered concurrently 
with an attention bias modification (ABM) train-
ing (vs. control) in a sample of alcohol- dependent 
inpatients (n = 83). The aim of ABM is to train 
participants to no longer focus attention on 
alcohol- related stimuli. tDCS was applied to the 
DLPFC because this region is known to underlie 
attentional biases. Attentional biases toward alco-
hol and craving (posttreatment) and relapse 
(treatment outcome after 1 year) were measured. 
The combined application only resulted in an 
enhanced avoidance bias, even though there was 
no effect of tDCS on attentional bias, implicit 
alcohol associations, craving, or relapse. All in 
all, the results of this clinical study provided no 
evidence of a beneficial effect of ABM or tDCS 
provided alone, or the combination of both. Yet, 
craving of the patients enrolled in the study was 
generally low at baseline, and the number of 
tDCS sessions may not have been enough to pro-
duce a clinically meaningful effect. A similar 
recent study evaluated the effects of four sessions 
spread over 4 weeks of tDCS targeted at the right 
inferior frontal gyrus (vs. sham), concurrently 
administered with a cognitive bias modification 
(CBM) training (vs. control training) in high-risk 
drinkers (AUDIT score >8) and found no effect 
on drinking measures or alcohol approach biases 
[32]. To date, it seems that tDCS combined with 
attentional training in the field of addition is not 
promising, possibly because the nature of ABM 
is only based on the modification of external 
attentional processes (i.e., toward alcohol-related 
cues), and not the regulation of internal pro-
cesses, such as inhibition, which play an impor-
tant role in craving. In a recent review paper, 
Schluter and colleagues [33] highlighted that 
response inhibition might be an important avenue 
for neurobehavioral interventions in addiction, 
also combined with tDCS, as it may reduce the 
chance for relapse. Future research looking at 
this association is warranted. A recent proof-of- 
concept study showed that the effects of a single 
session of bifrontal tDCS (anode placed on the 
right DLPFC) on a rewarded Go/no-Go task 
assessing response inhibition were predictive of 
the reduction in beer drinking in heavy drinkers 
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[34]. These results suggest that response inhibi-
tion might be an important cognitive process to 
consider in tDCS combination trials.

Finally, Kooteh and colleagues [35] selected a 
sample of opioid-dependent patients (n  =  28), 
who sequentially received eight sessions of 
bifrontal tDCS (anode targeted at the right 
DLPFC, cathode at the left DLPFC), directly fol-
lowed by eight sessions of emotion regulation 
training, or first the training followed by 
tDCS. Both sequences reduced drug craving and 
drug-use thoughts and fantasies in opioid- 
dependent patients. However, when first engag-
ing in emotion regulation training, and then 
receiving bifrontal tDCS, the authors demon-
strated greater tDCS efficacy. The combination 
of tDCS and psychological intervention was 
sequential, but priming the brain with a psycho-
logical intervention seems to augment the effects 
of tDCS [35, 36]. It should be noted that, in this 
study, a sham tDCS condition as well as a control 
emotion regulation training were absent.

39.3.4  Schizophrenia

Also in schizophrenia, the combination of tDCS 
with psychological interventions  – mainly neu-
robehavioral  – is finding its way to the clinic. 
One of the first combination trials in schizophre-
nia was a randomized controlled clinical study of 
Nienow and co-workers [37]. Seventeen schizo-
phrenia patients (ten included in the analyses) 
were administered a combined adaptive working 
memory training with tDCS. Cognitive training 
was applied for 16  weeks (three sessions per 
week), and the concurrent combination with 
either tDCS or sham stimulation targeted at the 
left DLPFC (cathode at the contralateral supraor-
bital position) started in the third week (two ses-
sions per week for 14 weeks). Findings from this 
pilot study demonstrate that the combination was 
feasible and well tolerated, and suggest enhanced 
cognitive functioning after the combination trial 
in patients with schizophrenia, even though the 
effect size was modest. No significant changes in 
the severity of psychotic or mood symptoms 
were observed. Furthermore, Shiozawa and co- 

workers [38] investigated the effects of concur-
rently administering bifrontal tDCS (anode left 
DLPFC, cathode right DLPFC; vs. sham) and a 
working memory (n-back) and sequence learning- 
based cognitive training during 10 sessions (two 
times a day for 5 days) on psychotic symptoms in 
patients with schizophrenia (n = 9). The psycho-
logical intervention was combined during one of 
both daily tDCS sessions. Findings did not show 
beneficial effects of the combined intervention on 
clinical outcomes in patients with schizophrenia, 
also not at 4 weeks follow-up. Again, the sample 
size was too small for firm conclusions. In 
another and final study, the effects of concur-
rently combining tDCS applied to the left DLPFC 
(cathode to the right supraorbital position; vs. 
sham) and working memory-based (i.e., n-back) 
and implicit learning-based (i.e., picture-word 
training) cognitive training were examined on the 
change in cognitive performance in patients with 
schizophrenia (n  =  49) [39]. Patients received 
eight cognitive training sessions spread over 
4 days (days 1, 2, 14, 56) during which tDCS was 
applied at day 1 and day 14 during the second 
training session. Results showed that the double 
active treatment improved the working memory 
in schizophrenic patients both immediately and 
at day 56, demonstrating a long-term effect. 
There were, however, no effects on implicit learn-
ing. These results suggest that the beneficial 
effects of the combined intervention require a 
consolidation period and that the effects would 
increase long-term potentiation of neuronal net-
works through changing synaptic strength, influ-
encing underlying neuroplasticity, and impacting 
effective learning over time. It should be noted 
that transfer effects on psychotic or other psychi-
atric symptoms were not assessed. In general, 
further research is needed, possibly targeting 
other higher-order cognitive functions or com-
bining tDCS with psychotherapy, as this has not 
been investigated so far.

39.3.5  PTSD

In their review, Marin and co-workers [40] pro-
posed to combine brain stimulation – applied to 
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neural networks known to be dysregulated when 
learning and/or recalling safety memory traces – 
with exposure-based therapy in individuals suf-
fering from posttraumatic stress disorder (PTSD). 
In four war veterans suffering from PTSD, 
Saunders and co-workers [41] showed that a 
sequential stepped care combination of tDCS tar-
geted at the left DLPFC (cathode at the right 
supraorbital region, five sessions spread over 
5  weeks) followed by working memory-based 
and attention-based cognitive training at home 
(25 sessions spread over 5 weeks) leads to clini-
cal improvement and associated neurophysiolog-
ical adaptation (i.e., normalization of P300 
event-related potential (ERP) responses indexing 
improved inhibitory control). Further, Van’t 
Wout-Frank and co-workers [42] combined tDCS 
with exposure-based psychotherapy using virtual 
reality (virtual reality exposure therapy, VRET) 
to male veterans with PTSD (n = 12) in order to 
improve extinction-based treatments. Participants 
were randomly assigned to receive six sessions of 
real or sham tDCS stimulation spread over 
2  weeks (anode applied over AF3 and cathode 
over PO8 in an attempt to target the ventromedial 
prefrontal cortex, VMPFC), concurrently com-
bined with combat-related VR exposure sessions. 
The VMPFC was selected as prior research 
showed that patients with PTSD exhibit hypoac-
tivity in the VMPFC but hyperactivity in the 
amygdala [43]. Data of this small number of 
patients indicated that patients in the active group 
exhibit a faster decline in psychophysiological 
arousal across sessions as compared to patients in 
the sham group. Additionally, there was a small 
but clinically meaningful decrease in PTSD 
symptom severity. These findings suggest that 
VMPFC-targeted tDCS during exposure 
enhances habituation/extinction-based processes 
to reduce PTSD symptoms, possibly more than 
DLPFC-targeted tDCS.  This might be because 
the VMPFC is critically involved in the extinc-
tion of conditioned responses. These efforts show 
the potential of tDCS during manipulations using 
virtual reality to provide a context for interven-
tions based on neurobehavioral training and psy-
chotherapy. Together, these studies suggest that 
dual active interventions may be promising as a 

treatment for PTSD, both when VMPFC-targeted 
tDCS is applied concurrently with psychother-
apy, and when DLPFC-targeted tDCS is adminis-
tered in a sequential stepped care fashion with 
home-based neurobehavioral training. However, 
the sample sizes of these studies are small and 
well-powered randomized controlled trials are 
needed to confirm these findings.

39.3.6  ADHD

To date, only one study on ADHD patients exam-
ined the efficacy of concurrently combining 
tDCS with a neurobehavioral treatment. Allenby 
and co-workers [44] showed that tDCS applied to 
the left DLPFC (cathode at the right supraorbital 
region vs. sham) while concurrently administer-
ing a working memory-based cognitive training 
(i.e., n-back) for three sessions showed a decrease 
in impulsivity rates in patients (n = 37) only in 
the dual active treatment condition. This effect, 
however, did not persist until 3  days of 
follow-up.

39.4  Overall Discussion 
and Perspectives

Based on our systematic review (see also 
Table 39.1 for the details of all the studies that are 
included in our systematic review), it can be con-
cluded that – so far – well-powered multicenter 
randomized trials investigating the effectiveness 
of the combination of tDCS with psychological 
interventions in neuropsychiatric patients are 
lacking. This contrasts with the field of neurore-
habilitation (e.g., stroke), where the concurrent 
application of tDCS and physical therapy has 
been much more studied. In addition, studies that 
have been performed are difficult to compare, as 
they show great differences in the type of psycho-
logical intervention, tDCS parameters (reference 
electrode montages, stimulation dose, number of 
sessions), the timing of administration of both 
interventions, the spread of individual sessions 
over time, and the presence of a sham interven-
tion [17], both across and within the different 
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psychiatric illnesses. Moreover, as compared to 
the most optimal dose for each of the interven-
tions as a monotherapy, the optimal parameters 
for the combination of both have never been 
investigated. Hence, future well-powered full 
factorial randomized controlled trials with long- 
term follow-up evaluations are essential to 
answer these open questions.

That being said, most research has been per-
formed on patients with major depressive disor-
der (for a review, see Sathappan and colleagues 
[45]), even though research on addiction, schizo-
phrenia, and PTSD is slowly increasing as well. 
Almost all reported studies applied tDCS to the 
left DLPFC (exceptions in addiction in which the 
inferior frontal gyrus [32] or the right DLPFC 
was targeted [35]; PTSD, in which the vmPFC 
was targeted [42]; and comorbid anxiety/depres-
sion in which cathodal tDCS was administered to 
the right DLPFC [29]). This is not surprising, as 
most psychiatric disorders show abnormal pre-
frontal processing related to cognitive dysfunc-
tion (see later for a discussion of the Research 
Domain Criteria (RDoC) framework). However, 
other neural targets may be worth investigating as 
well (see Downar and co-workers [46]). In our 
systematic review, a consistent finding  – which 
has also been observed in studies applying tDCS 
as a monotherapy – is that, as compared to imme-
diately after the end of the acute treatment period, 
a follow-up period of a couple of weeks or even 
months seems needed to optimally assess the 
beneficial efficacy of the combination trials. As 
discussed by Moffa and colleagues [2], tDCS 
effects involve long-term neuroplastic changes 
that keep occurring even after the acute treatment 
phase has ended. Further, only a couple of studies 
implemented maintenance sessions after the 
intervention with regular sessions had ended 
[26], which might be a promising possibility to 
maintain the gains.

What do future combination trials have to take 
into account? As the magnitude and the duration 
of the tDCS-aftereffects seem to depend on the 
functional neural activity at the time of stimula-
tion (see also ‘activity-selectivity hypothesis’) 
[10], the characteristics of psychological inter-
ventions are of great importance. Our systematic 

review revealed that most tDCS combination tri-
als in neuropsychiatry have combined tDCS with 
specific cognition-based neurobehavioral inter-
ventions (e.g., targeting cognitive control, (emo-
tional) working memory, attention), as compared 
to combining tDCS with psychotherapy. 
Nevertheless, the combination of tDCS with ther-
apeutic interventions that aim to modify more 
broad self-relevant emotional, as well as self- 
regulatory cognitive processes (i.e., anti- 
rumination interventions, MBCT, CBT), is 
flourishing as well, even though more research is 
absolutely needed. Examples can be found in 
depression (eCBT [24], CBT [25], MBCT [26]), 
anxiety (UP [29]), addiction (emotion regulation 
training [35]), and PTSD (VRET) [43]). The 
therapeutic synergy of ‘dual active treatments’ 
arises because, on the one hand, both tDCS and 
psychological interventions have to co-activate 
the same disease-related neural network [13–15]. 
On the other hand, patients are learning new abil-
ities to regulate a variety of cognitive, emotional, 
and/or behavioral processes during the psycho-
logical interventions, which all depend on the 
neural circuitries that are modulated by tDCS 
applied to the prefrontal cortex. Hence, this 
implies that the tDCS/psychological intervention 
combination might enable the patient to use the 
restored brain function in a more efficient way, 
and hence benefit from the psychological inter-
vention [27, 47]. In addition, proof-of-concept 
studies have shown that tDCS efficacy may 
depend on the psychological task during the 
stimulation (‘what is being taught’) [48]. 
Possibly, merely applying tDCS to the prefrontal 
cortex does not automatically increase cognitive 
and emotional capabilities, but patients have to 
be taught how to use the neural gains elicited by 
tDCS. This might suggest that the combination of 
tDCS with therapeutic interventions (as com-
pared to neurobehavioral) might be extremely 
promising, as patients are learning how to regu-
late self-relevant impulses that arise in daily life 
and functioning. This might also explain why 
research in the domain of addiction seems a dead 
end, as the combination of tDCS with attentional 
manipulations does not seem to result in promis-
ing findings. Possibly, psychological  interventions 
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targeting response inhibition or other higher-
order cognitive control processes to regulate 
internal processes might be a promising avenue 
for tDCS combination trials in addiction.

A key question is whether tDCS and psycho-
logical interventions should be performed con-
currently or sequentially. Based on our systematic 
review, both concurrent [24, 29, 42] and sequen-
tial [25, 26, 35] applications have been per-
formed. Yet, most studies using a sequential 
application did not use a sham condition, making 
it difficult to draw conclusions regarding its effi-
cacy. However, based on proof-of-concept stud-
ies, a concurrent application of both interventions 
may be more promising. For instance, applying 
one session of tDCS concurrently with a task/
training has been demonstrated to lead to greater 
and potentially longer-lasting effects on cogni-
tion and skill acquisition as compared to a 
sequential application [49, 50]. Indeed, as dis-
cussed before, tDCS has been shown to preferen-
tially modulate already ongoing neural activity, 
rather than activity in quiescent brain areas [10]. 
Other studies have also suggested that neural 
activity during stimulation (in the same target) is 
needed for longer-lasting neuroplastic effects to 
occur [11, 12, 51]. These findings suggest that a 
concurrent application is most optimal (see also 
meta-analysis [52]). By functionally targeting the 
same disease-related neural network(s) through 
both tDCS and the psychological intervention, 
greater increases in neuroplasticity may be 
achieved.

It is becoming ever more apparent that pre- 
intervention (i.e., baseline) ‘endophenotypes’ 
have to be taken into account when investigating 
the effects of tDCS combination trials, such as 
the engagement of the prefrontal cortex prior to 
the intervention [25] and the engagement in 
adaptive cognitive processing and learning at the 
start of or during the intervention [19, 39]. This 
implies that the success of the combination trial 
could be predicted by the cognitive processes at 
baseline. Moreover, the psychological interven-
tion itself needs to be of sufficient cognitive load 
or intensity to have beneficial effects in combina-
tion with tDCS [14, 53–56]. But what is the opti-
mal load? Core neurobiological mechanisms and 

associated psychological processes implicated in 
psychopathology, and that have to be modulated, 
show large heterogeneity [57, 58], both within 
patient groups (e.g., depressed patients showing 
variations in symptomatology) as well as between 
patient groups (e.g., depressed patients showing 
distinct symptomatology as anxiety patients). 
Again, this suggests the need for individualized 
treatment. It is clear that rigorous research is war-
ranted. Hence, precise and personalized interven-
tions may be advised, especially when tDCS is 
combined with psychological interventions. For 
example, after a baseline assessment of the cog-
nitive deficits and abnormalities, a patient could 
be stratified to the most optimal dual active inter-
vention for that individual. To this end, apart 
from neuroimaging-compatible online tDCS 
investigations, online EEG and other neurophysi-
ological investigations are needed, given their 
high temporal resolution. Especially, investigat-
ing baseline brain states and the neural response 
during and after dual active treatment on event- 
related potentials may be a promising avenue, 
given that these are markers of more complex 
cognitive mechanisms [54].

On the other hand, patterns of neural and psy-
chological malfunctioning may also overlap 
between disorders (i.e., transdiagnostic mecha-
nisms), which may contribute to a high rate of 
comorbidity in psychiatry. The Research Domain 
Criteria (RDoC) framework of the NIMH 
accounts for such comorbidity [59] and may be 
considered to guide research into dual active 
tDCS psychotherapy interventions. Specifically, 
RDoC does not focus on a disorder, but adopts a 
dimensional view on the investigation of human 
constructs that are implicated in psychopathol-
ogy (e.g., negative valence systems, positive 
valence systems, cognitive processing systems, 
social processing systems, arousal and regulatory 
systems). Psychopathology is then defined as 
malfunctioning of these constructs, related to 
aberrant processing in, for instance, neural net-
works, physiology, or behavior. Dysfunction in 
one of these constructs, prefrontal-mediated cog-
nitive dysfunction, has been implicated in the 
development and maintenance of various psychi-
atric disorders (e.g., depression [47, 60, 61]; 
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 anxiety [62]; and schizophrenia [63, 64]). 
Cognitive dysfunction may therefore be consid-
ered a major therapeutic target [47, 65], as early 
improvements in cognition have also been related 
to better clinical outcomes [66–68]. In this con-
text, cognitive training should be self-paced, in 
order to have the cognitive load individualized to 
the characteristics of that patient. As such, 
Vanderhasselt and co-workers [21] have demon-
strated that the slope of the increase in cognitive 
control over the ten sessions of a combination 
trial (tDCS combined with a self-paced neurobe-
havioral intervention) was associated with the 
reduction in rumination – a core transdiagnostic 
cognitive mechanism. We need, however, more 
research to investigate which neural networks are 
implicated in the malfunctioning of the other 
core human constructs in psychiatry – which may 
reveal new potentially neural treatment targets. 
Furthermore, we need to examine more thor-
oughly which particular neural networks are tar-
geted by specific tDCS setups as well as by 
particular neurobehavioral or psychotherapeutic 
interventions, and evaluate how exactly these 
networks are modulated (including an evaluation 
of the influence of specific parameters that have 
been used in these interventions, such as dose- 
response and amount of sessions). New tDCS 
setups as well as new psychological interventions 
may need to be developed that specifically target 
disease-related neural networks. Furthermore, in 
line with the RDoC framework, patient baseline 
processing (endophenotypes) may be of impor-
tance to predict the outcome of tDCS combined 
with psychological interventions.

39.5  Conclusion

In summary, coupling tDCS with simultaneously 
targeted cognitive interventions represents a 
potentially fruitful and relatively unexplored ave-
nue to boost brain plasticity and enhance the 
therapeutic effects and clinical efficacy of 
tDCS. Yet, this requires a good understanding of 
the mechanistic neurobiological and cognitive- 
behavioral factors that drive the potential syner-
gistic effects. As was recently pointed out by 
Deng and co-workers [69], acquiring knowledge 

of the mechanisms underlying psychiatric disor-
ders and their neurodevelopmental origins might 
be one of the greatest challenges in neuropsychi-
atry. With this chapter, we present the current 
state of the art regarding tDCS combination tri-
als, as well as avenues for future research and 
clinical trials based on mechanistic insights that 
seem to be of great importance.
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Abbreviations

CE Conformité Européene
CES Cranial electrotherapy stimulation
FDA Food and Drug Administration
HD-tDCS High-definition transcranial direct 

current stimulation
IDE Investigational device exemption
IRB Institutional Review Board
NIBS Noninvasive brain stimulation
NSR Nonsignificant risk
PMA Premarket approval
SR Significant risk
tDCS Transcranial direct current 

stimulation

40.1  Introduction

The field of noninvasive brain stimulation (NIBS) 
has undergone considerable advances in the last 
decade. The increased research on transcranial 
direct current stimulation (tDCS) around the 
world reflects its potential as a therapeutic tool 
through the modulation of cortical excitability, 
and its safety and efficacy have motivated scien-

tists to increase its use in several conditions such 
as stroke [1–4], chronic pain [5, 6], cognitive 
impairment [7–9], and neuropsychiatric disor-
ders [10–13].

Compared to other NIBS techniques, the rela-
tive ease of use, portability, and low cost of tDCS 
make it an attractive technique that can be easily 
accessed and used without any supervision, 
including for nonmedical reasons. Therefore, it is 
important to have regulatory guidelines regarding 
the use of tDCS in both research and clinical 
practice. Currently, there is no international con-
sensus with well-defined regulations for the use 
and distribution of tDCS [14]. In this chapter, we 
provide an overview of the regulatory process, 
the current status of tDCS in the USA and other 
countries, tDCS devices, special considerations 
on patient selection, and the practical aspects 
involving the use of tDCS.

40.2  FDA  Regulation of Medical 
Devices

The federal agency responsible for regulating 
medical devices in the USA is the Food and Drug 
Administration (FDA). This agency has defined  
a medical device as an “instrument, apparatus, 
implement, machine, contrivance, implant, 
in vitro reagent or other similar or related arti-
cle, including a component part, or accessory 
which is:
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 – Recognized in the official National Formulary, 
or the United States Pharmacopoeia, or any 
supplement to them,

 – Intended for use in the diagnosis of disease or 
other conditions, or in the cure, mitigation, 
treatment, or prevention of disease, in man or 
other animals, or

 – Intended to affect the structure or any function 
of the body of man or other animals, and 
which does not achieve any of its primary 
intended purposes through chemical action 
within or on the body of man or other animals 
and which is not dependent upon being metab-
olized for the achievement of any of its pri-
mary intended purposes” [15].

Before receiving the permission by the FDA 
to be legally marketed, the medical device sub-
mission enters in a review process for premarket 
and postmarket approvals. In the first case, the 
FDA classifies the medical devices according to 
the risk they pose to the consumers. Class I 
Medical Devices include devices such as elastic 
bandages or examination gloves for which gen-
eral controls provide sufficient evidence of safety 
and efficacy. Class II Medical Devices include 
devices posing moderate risk to the patients, such 
as infusion pumps for the treatment of pain. 
Finally, for Class III Medical Devices, there is 
insufficient information to assure their safety or 
efficacy. Examples that fall in this last category 
are heart replacement valves or deep brain stimu-
lating electrodes [16, 17].

Additionally, this classification determines the 
regulatory requirements that the manufacturer 
must follow. A device classified as Class I is 
exempt from the premarket notification. In the 
case of moderate and high-risk devices, the clear-
ance is carried out through a premarket approval 
(PMA) or Product Development Protocol 
Processes [16]. The PMA process is usually lon-
ger and consists of conducting clinical studies to 
provide evidence of safety and efficacy of the 
medical device; most Class III and novel devices 
pass through this process in order to receive the 
FDA approval.

Furthermore, the premarket submission of a 
510 (k) notification must be done to demonstrate 
that the device is substantially equivalent to a 
device that is already in the market. This notifica-
tion includes information regarding the design 
and characteristics of the device and its compo-
nents, as well as the clinical or nonclinical stud-
ies that were done to support the performance of 
the device. This is required to assess the quality 
of the new device and thus, be able to compare to 
the currently available devices. Most Class I and 
II devices are exempt from this submission before 
their sale; they do however undergo further con-
trol requirements [18]. This 510 (k) notification 
is also required for already marketed devices 
when there have been changes in their technol-
ogy or a new indication for their use is foreseen.

Once the FDA approves the medical device 
for marketing, the manufacturer must follow 
other postmarket requirements: labeling and 
advertising, manufacturing, postmarketing sur-
veillance, device tracking, and adverse event 
reporting [16].

Currently, there is no regulation of tDCS 
devices for therapeutic uses. The FDA regulates 
cranial electrotherapy stimulation (CES) devices, 
but does not consider tDCS as a CES due to the 
use of direct current stimulation and the differ-
ence in electrode placement [19]. However, con-
sidering the FDA framework on medical devices 
as discussed above, tDCS could be contemplated 
and regulated as such, considering its intended 
use for the treatment of different medical condi-
tions and its effects on brain function.

40.3  tDCS in Research

All clinical evaluations of investigational devices 
are under the Investigational Device Exemption 
(IDE) regulation [20, 21]. This exemption allows 
the new device to be used in clinical trials to pro-
vide information regarding its safety and effec-
tiveness. Moreover, it distinguishes between 
significant and nonsignificant risk device studies 
and, based upon this, the process for the study 

A. Vasquez and F. Fregni



759

approval may vary. Clinical studies using devices 
classified as significant risk (SR) require both the 
FDA and the Institutional Review Board (IRB)  
approval before the initiation of the study, and in 
order to obtain the FDA approval, the investiga-
tor must submit the IDE application. Specific 
information including details about the sponsor, 
report of prior investigations, and the investiga-
tional plan is required to apply. Furthermore, the 
sponsor must demonstrate that the potential risks 
to which the subjects may be exposed are reason-
able in relation to the anticipated benefits and 
generation of scientific knowledge.

For studies involving nonsignificant risk 
(NSR) devices, only the IRB approval is required, 
and the sponsors’ submission of the IDE is made 
directly to the IRB. The sponsors should also pro-
vide the study proposal and an explanation of 
why the device study should be considered as a 
NSR. If the IRB agrees, the study can begin with-
out submission of an IDE application to the 
FDA. However, if the IRB determines it is a SR 
device, the sponsor has to report this decision to 
the FDA within a week (CFR Part 812.150(b)) 
[22, 23].

Finally, the approval of the proposed research 
by the IRB is based on the same criteria involving 
any FDA-regulated product; where the decision 
takes into account the risks and benefits of the 
investigational device and the contribution to sci-
ence [24].

In the case of tDCS, these devices have been 
considered of NSR by the IRBs, so an IDE sub-
mission to the FDA is not required. Furthermore, 
its use has also been considered of minimal risk 
by some IRBs, which allows tDCS studies to be 
approved through an expedited review procedure 
[14, 22]. However, this is not indicative of its 
approval or the clearance by the FDA for the use 
of tDCS in scenarios other than research.

To date, the only companies having an IDE for 
tDCS devices by the FDA are Soterix Medical 
Inc. (tDCS and high-definition transcranial direct 
current stimulation [HD-tDCS]) and neuroConn 
GmbH [14]. The regulation of these devices has 
been subject to the FDA Quality System 
guidelines.

40.4  tDCS in Clinical Practice

Besides research, health care professionals in the 
USA can prescribe tDCS as an off-label treat-
ment. This term refers to the use of a therapy that 
has proved to be safe within established parame-
ters, for a purpose that has not been approved by 
the FDA. Considering that it is performed under 
the physician’s professional and ethical judg-
ment, the FDA has developed Clinical Practical 
Guidelines intended to help them make decisions 
regarding individual patient care [25]. Off-label 
uses of tDCS include motor recovery in stroke, 
improvement of balance and gait in cerebral 
palsy, and pain improvement in fibromyalgia.

Since the FDA has no legal authority to regulate 
clinical practice, unsupervised application of tDCS 
needs to be carefully reviewed for ethical and 
safety considerations. Off-label treatment should 
be applied according to the conventional protocols, 
with the approved devices and by trained personnel 
to guarantee safety and efficacy of the tDCS.

It is also important to consider that there is 
insufficient information regarding the long-term 
effects of stimulation, so this practice should be 
conducted with caution.

Furthermore, people who are not eligible to 
participate in a clinical trial may be able to get 
tDCS outside of a clinical trial through a “com-
passionate treatment.” According to the FDA, it 
can be considered as an option in patients with 
serious or life-threatening conditions that do not 
respond to currently approved treatments [26]. To 
date, this option has been accepted in most coun-
tries, considering the course of neuropsychiatric 
diseases and the limited treatment options [14].

The application of tDCS in either scenario 
must be ruled by ethical and legal considerations. 
Every medical research involving participation of 
human beings should be preceded by careful 
assessment of the benefit–risk ratio, an equitable 
selection of subjects, and the obtainment of 
informed consent [27]. Especially for the latter, it 
is important to use simple and clear language to 
describe the tDCS procedure, as well as its poten-
tial benefits and adverse events.
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40.5  tDCS Devices

The stimulation devices must meet safety require-
ments to be suitable for medical or scientific use. 
Generally, the use of battery-driven devices is 
preferred because it prevents the delivery of dan-
gerous high voltages and/or currents to the patient 
in case of technical problems. The device must be 
designed to indicate and allow adjustment of the 
parameters by the operator, specifically the out-
put current, voltage, and duration of the stimula-
tion. Furthermore, the protection of the patient 
must be enhanced through the presence of a grad-
ual increase or decrease (“ramp-up” and 
 “ramp- down” phases) of the desired current over 
a defined time interval (e.g., 30 s) at the begin-
ning and the end of the stimulation, respectively. 
Moreover, the devices should have an accessible 
stop button to abort the stimulation in case of any 
adverse events.

Finally, it is recommended that an impedance 
monitoring system is included in these tDCS 
devices. The optimization of the technique might 
rely as well on the quality of the electrode prepa-
ration and the voltage demands to maintain the 
direct current magnitude [28, 29].

FDA-approved iontophoresis devices have 
been used by clinicians and researchers for tDCS 
in the off-label program. Iontophoresis devices 
use direct current stimulation (approximately 
≤4 mA) to introduce ions of soluble salts or other 
drugs through the skin. These devices lack many 
of the controlled elements mentioned previously, 
so their use as off-label treatment should be done 
with caution. In addition, they manage different 
doses and they were not designed to deliver cur-
rent to the brain, and thus, they would not be 
ideal for performing tDCS [29].

Commercial devices claiming to have the 
same technology used for tDCS are already being 
sold to the public in the USA and other countries. 
Devices such as foc.us [30, 31] promoting the 
improvement of cognitive performance have 
raised concerns among health care professionals 
and researchers. In the first place, the company 
declares that as their product is not considered a 
medical device, no FDA regulation is required. In 

addition, these types of devices are usually 
designed with fixed stimulation parameters 
whose safety and/or efficacy have not been 
proved yet.

Indeed, a recent study on healthy volunteers 
assessed the effect of online and off-line foc.us 
tDCS applied over the prefrontal cortex on work-
ing memory. The authors showed that active 
stimulation (constant current of 1.5  mA during 
20  min with a linear fade-in/fade-out of 15  s) 
with foc.us, compared to sham, significantly 
decreased the ability to monitor and update infor-
mation in the working memory [31].

This device exemplifies that commercial 
devices may be sold without proper validation 
that may result in an inadequate use of the tech-
nique. In the case of foc.us, it has been presented 
as an alternative to “Conformité Européene” 
(CE)-marked tDCS devices that have shown pos-
itive results on the working memory in healthy 
subjects [9, 32].

Furthermore, the media has encouraged pro-
grams such as Do-It-Yourself (DIY), where step- 
by- step tutorials on how to build a tDCS device 
and its application are widely available for 
untrained individual users [33]. Enthusiastic ben-
efits of these devices are promoted without taking 
into account the population, parameters of stimu-
lation, and medical background of the users. This 
reflects the need of regulation on devices that are 
being advertised in the media as potential tDCS 
devices carrying the risk of negative neuroplastic 
effects and misuse.

40.6  Considerations on Patient 
Selection

A careful patient selection is the core for an ade-
quate tDCS intervention, and they evolve as daily 
publications define and refine the specific param-
eters of stimulation that maximize the benefits of 
the tDCS therapy and reduce the adverse events. 
However, the patient population, the medical ill-
ness, and the interaction between concomitant 
treatments are factors that must be taken into 
account before the application of tDCS.

A. Vasquez and F. Fregni



761

40.7  tDCS Candidates

The identification of subjects who are appropri-
ate candidates either for a study or an off-label 
program must be conducted carefully. Although 
specific inclusion criteria may vary according to 
the specific study, certain considerations must be 
assessed in each patient to guarantee the safety 
and efficacy of tDCS:

 – History of neurological and psychiatric 
conditions

 – History of traumatic brain injury with loss of 
consciousness

 – History of brain surgery or tumor
 – History of seizures
 – Presence of metallic plates in the head
 – History of alcohol or substance abuse
 – Use of psychopharmacological drugs
 – Children
 – Pregnancy

Ideally, tDCS should be adjusted in a patient- 
specific manner to select the best tDCS approach, 
reaching adequately the targeted region and 
avoiding safety concerns. As an example, skull 
defects or stroke-related lesions might need mod-
ification of tDCS dose montages [28].

General exclusion criteria include the pres-
ence of unstable medical conditions (i.e., heart 
disease), intracranial metallic implantation, or 
other conditions that may increase the risk of 
stimulation [28].

In addition to the appropriate patient selec-
tion, it is important to assess and report adverse 
events/safety during and after tDCS. The follow-
ing items are included in the proposed question-
naire by Brunoni et  al. to survey tDCS adverse 
effects: headache, neck pain, scalp pain, tingling, 
itching, burning sensation, skin redness, sleepi-
ness, trouble concentrating, acute mood changes, 
and others. The subject should enter a value from 
1 to 4 (1, absent; 2, mild; 3, moderate; 4, severe) 
to each item and, if present, assess if it is related 
to the tDCS [28, 34] (also see Chap. 23 of this 
book for a discussion regarding safety).

40.8  tDCS in Pediatrics

There are limited reports on the use of tDCS in the 
pediatric population, mainly due to safety con-
cerns that rise when studies on adults with tDCS 
are extrapolated to children. To date, the optimal 
dose of tDCS for safety and efficacy in the pediat-
ric population has not been well established. 
Studies reporting the use of tDCS in children have 
considered the following stimulation parameters: 
duration of stimulation up to 20 min, current inten-
sities from 1 to 2 mA, and bilateral (anodal and 
cathodal) or cathodal montages [26, 35, 36] in 
conditions such as refractory epilepsy, schizophre-
nia, and autism. Serious adverse events have not 
been reported yet, and the most common adverse 
events are tingling and itching at the electrode site 
[26]. Although published data suggest that the use 
of tDCS in children is well tolerated, special con-
siderations have to be taken into account.

Previous modeling studies have shown that 
the potential variability in the tDCS efficacy 
between these populations may result from dif-
ferences in brain size, neuroplasticity, develop-
ment, and age-dependent anatomical features 
(i.e., skull thickness, and white and gray matter 
volumes) [37–40]. For example, the scalp brain 
distance increases with age due to increases in 
extra-axial cerebrospinal fluid (CSF) space and 
skull thickness. Considering that the bone con-
ductivity is low and that the skull thickness in 
children is decreased compared to an adult, the 
transmission of the current would be higher. 
Furthermore, the decreased amount of extra-axial 
CSF would provide less shunting of the current 
and more focal stimulation [37, 40, 41].

In the case of the white and gray matter pro-
portion, it is important to consider that after 
reaching the maximum brain volume by age 5, 
the gray matter volume decreases approximately 
1.1% per year and there is an estimated increase 
of 1.5% in the white matter volume until 18 years 
of age [39, 42–44]. The differences in this pro-
portion, reflecting maturation in the brain struc-
ture, influence the depth of the current penetration 
being higher in a pediatric patient.
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Another important anatomical feature depen-
dent on age and sex is the head circumference 
[37]. Approximately, 98% of the total head cir-
cumference growth occurs before the age of 
18 years. After the greatest gains in head growth 
during the first year of life, the head circumfer-
ence increases at a slower pace until adulthood. 
At the age of 8 years, the mean head circumfer-
ence for boys is 52 cm and for girls 51 cm. Once 
they reach the age of 18 years, the mean head cir-
cumferences are 56 and 55 cm for boys and girls, 
respectively [45]. This anatomical factor, as well 
as the size of the conventional tDCS electrodes, 
affects the focality of the stimulation. As the con-
ventional tDCS protocol uses 5  cm by 5–7  cm 
sponge-wrapped rubber electrodes, their use in a 
small head circumference would end up covering 
the majority of the scalp, thus losing focality 
[37].

Based on the empirical experience with tDCS 
in children and the considerations mentioned pre-
viously, tDCS given within the standard parame-
ters is well tolerated. However, due to the limited 
safety studies and the lack of information about 
the neurophysiological effects with different 
parameters of stimulation, caution is warranted 
for pediatric populations. In fact, the benefits of 
tDCS must be clear before designing clinical tri-
als, especially in children with very young age 
(≤7  years), taking into account the phases of 
brain development, tDCS potential of neuroplas-
tic changes, and the risk of inducing maladaptive 
plasticity in these patients.

40.9  tDCS in Pregnancy

To our knowledge, few studies have been per-
formed on tDCS in pregnant patients. In healthy 
subjects, a recent study showed that tDCS does 
not induce any significant changes in the auto-
nomic function, ventilation rate, or core body 
temperature [46–48]. These results, in addition to 
the localized nature of tDCS [49] and the low risk 
of seizures, suggest that tDCS is unlikely to cause 
any significant risk to the fetus. To date, a case 
report showed successful application of tDCS in 
a pregnant woman with schizophrenia, with no 

adverse events reported on the fetus [50]. 
Furthermore, a pilot study using tDCS for the 
treatment of major depression during pregnancy 
[51] provided a basis for the development of 
future larger multicenter studies including this 
population.

Although further studies are required to have 
solid evidence of the safety profile of tDCS in 
pregnancy, a conservative therapeutic approach 
for future clinical trials and also potential off- 
label use appears to be justified in the case where 
a clear benefit for the patient is present.

40.10  Considerations 
on Application of tDCS

As clinical practice and research on tDCS 
advance, several practical aspects such as the set-
ting and the person who should apply this tech-
nique turn relevant. For tDCS research studies, 
the IRBs usually do not require the principal 
investigator to be a licensed physician but an 
expert in the tDCS technique, its principles, neu-
rophysiological changes, and the potential side 
effects. Besides this, safety must be guaranteed 
when defining a protocol for emergency response 
within the study protocols in case the subject has 
any unexpected adverse effect.

Even though there is no consensus regarding 
the training and the accreditation requirements 
for performing tDCS, it is important that the prin-
cipal investigator guarantees proper training 
including basic knowledge of brain physiology, 
mechanisms of tDCS, potential risks, and the dif-
ferent protocols. Trained professionals may 
include MDs, technicians, psychologists, physio-
therapists, and engineers, as in other techniques 
such as transcranial magnetic stimulation [52]. In 
our Neuromodulation Center at Spaulding 
Rehabilitation Hospital in Boston, the program 
includes 20 hours of theoretical and training ses-
sions given by experts in the field, followed by 
the corresponding assessments and certification.

In the clinical practice, a licensed physician is 
responsible for prescribing tDCS as an off-label or 
compassionate treatment. During these sessions, 
the trained personnel must have full access to 
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emergency and life-support equipment to manage 
any potential acute complication of the treatment.

40.11  tDCS Experience in Other 
Countries

For other countries leading tDCS research such 
as Brazil and Germany, the regulations regarding 
the use of tDCS in research and the clinical prac-
tice depend on the local/governmental regula-
tions. In addition, we include the example of 
South Korea where the experience with tDCS has 
been limited.

In Brazil, the regulatory considerations for 
tDCS are very similar to those in the USA. Clinical 
trials using tDCS require the approval by the 
local ethics committee (Comitê de Ética em 
Pesquisa, CEP). As the IRBs in the USA, the 
CEP bases the final decision on the statement of 
ethical principles from the World Medical 
Association-Declaration of Helsinki [24]. In 
addition, the National Ethics Committee (CONEP  
) may also be involved in the statutory regulation 
of basic and clinical tDCS research, especially in 
the situation of international multicenter trials. 
Further regulatory assessment is the responsibil-
ity of the National Health Surveillance Agency 
(ANVISA  ) that is in charge of the supervision 
and administration of medical devices such as 
tDCS. Currently, the only device that has been 
registered by the ANVISA for the use of tDCS is 
provided by the company “neuroConn GmbH.” 
Although the tDCS device has not been approved 
for clinical use, the off-label and compassionate 
tDCS use is considered in specific situations [14].

In the case of Germany, clinical trials, which 
may be initiated by the producer of the device, 
require the approval of the local ethics committee 
and the Federal Institute for pharmaceutical and 
medical products (BfARM), which is the corre-
sponding federal entity. In the case of nonclinical 
trials, the local ethics committee is free to assess 
the risk–benefit ratio of the study and its decision 
is sufficient to approve or not the study [14]. 
Besides research, off-label and compassionate 
tDCS are provided in the context.

Finally, the South Korean regulation on tDCS 
has been shown to be very strict. To date, no 
tDCS device has been approved by the Korean 
Ministry of Food and Drug Safety (MFDS). 
tDCS has been considered to have a class II risk 
profile and thus, its approval requires preexistent 
evidence either from research studies performed 
in South Korea or abroad.

The application and regulation for the device 
approval are variable; some study protocols 
require approval just from the local IRB and oth-
ers from the MFDS. In either case, this process is 
repeated for every single trial and the tDCS 
devices should be destroyed after the study [14]. 
Further uses of tDCS have not been reported.

40.12  Conclusion

We provide an overview of the regulatory aspects 
and special considerations for the use of tDCS in 
the USA. In the case of other countries leading 
tDCS research, the requirements for its use vary 
according to their local/federal laws. We consider 
that the involvement of the international commu-
nity is crucial for the establishment of consistent 
tDCS regulatory aspects and the development of 
guidelines for its use in research and clinical 
practice. The active participation of the scientific 
community in this process of tDCS will be help-
ful to mitigate the potential risks of misuse and 
the uncertainty of long-term effects on the brain, 
which are not fully known.
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