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Foreword

This is the most comprehensive book on the subject of transcranial direct current 
stimulation (tDCS) yet written. Its editors and authors are some of the most accom-
plished scientists in their fields. They are intelligent, hardworking, and passionate 
about their research in a way that helps them to succeed where others fail. Few of 
them started their careers focused on tDCS, but came to it through a variety of 
avenues: engineering, electronics, psychology, neuroscience, medicine, and others. 
All have found through the course of their professions that brain stimulation, and 
tDCS in particular, might fill a niche that has been lacking until now.

Over the last decade, brain stimulation has undergone extraordinary growth for 
the study of the healthy human brain and for the study and treatment of brain and 
mental illness. In terms of brain stimulation, tDCS is becoming the most wide-
spread method. Many advantages of tDCS have helped to fuel this growth. Its most 
basic requirements are a source of controlled current and electrodes that can be 
temporarily fixed to the body. Compared with most other methods of stimulation, 
and pharmaceuticals, this makes tDCS technically simpler and much less expensive 
to administer. Also, as we can find in this book, it appears to be safe. This combina-
tion of low cost, simplicity, and safety has generated a lot of interest in tDCS. The 
many potential advantages of tDCS have driven efforts to increase its efficacy, with-
out which tDCS is useless. These ongoing attempts are described here with great 
detail.

The increasing use of tDCS has allowed for the testing of hypotheses regarding 
the brain basis of cognition and behavior that could not be studied in healthy humans 
until its development. One of these is how changes in behavior are associated with 
changes in activity of specific brain regions and networks. If a brain region supports 
a specific behavior, or patterns of behavior, then increasing or decreasing activity in 
that region should influence that behavior. tDCS applied to a brain region may facil-
itate brain states that improve (or suppress) different forms of cognition, such as 
learning, memory, attention, or perception. Many studies described in this book 
have shown alterations in these forms of cognition using tDCS applied to brain 
areas suspected of being involved in these forms of cognition and others that have 
failed. tDCS offers another line of evidence as to how brain areas are involved in 
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these cognitive processes. In addition, once identified, tDCS-based methods could 
be used to enhance cognition for real-world purposes. Effective and reliable meth-
ods for cognitive enhancement based on tDCS could lead to many benefits in neu-
roergonomics, which is the use of our understanding of the mind and brain to 
enhance work and technology, along with a variety of other endeavors including 
education, science, sports, music, and art. Indeed, all areas of human endeavor 
could benefit from a reliable method of altering cognition.

In addition, it offers hope for new forms of treatment that could reduce suffering 
for the many millions of patients with clinical disorders who are currently not 
helped or are even being hindered by available medical treatments. Those suffering 
from disorders such as addiction, depression, anxiety, psychosis, chronic pain, trau-
matic brain injury, stroke, dementia, and many others have a need for medical solu-
tions that are safer, more effective, and more economical than what is currently 
available. The huge physical, emotional, and economic drain on society makes it 
imperative that we leave no stone unturned in looking for answers. tDCS offers us 
at least a chance to reduce this suffering. Many of the latest advances using tDCS to 
reduce the impact of these disorders are described in this book. There is definite 
progress in improving the ability of tDCS to help fight these disorders.

At the same time, tDCS has suffered many problems often associated with new 
technologies. Early successes lead to exuberance and high expectations for the tech-
nology’s future potential. Eventually though, some early results cannot be repli-
cated in subsequent studies, inexperienced users make mistakes that complicate the 
literature, and the hype associated with a few early successes does not play out. This 
can turn into indifference and even resentment on the part of the media and broader 
scientific community, stifling funding and publications needed for potentially 
important and useful research. In addition, if one considers the vast number of ways 
that tDCS can be applied, and the even larger number of ways that electric current 
can be modulated in time, it can be concluded that a nearly infinite variety of meth-
ods for applying TES are available. A single unsuccessful attempt is often described 
as a “failure of tDCS.” However, one failed attempt leaves many millions of alterna-
tives yet untried, with those that succeed still waiting to be discovered.

Finding new successes for tDCS is a large focus of this book. Methods to opti-
mize tDCS effects described here include modeling of current pathways combined 
with neuroimaging of individual differences in brain structure and organization, 
leading to individualized electrode montages. Optimization of more general experi-
mental procedures across laboratories is also called for. A large variety of methods, 
which vary in current intensity, density, and duration, electrode types, methods of 
electrode placement, sham control, and blinding procedures, can be found in the 
studies described throughout this book. While beneficial in terms of discovery (e.g., 
one method may result in a new discovery, while another equally valid method does 
not for some reason), this makes it very difficult to compare across studies and labo-
ratories. Such problems contribute to the perceived lack of replication in the field, 
but this may result from procedural differences across studies, with few “true” rep-
lications actually being performed.

Foreword
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While this book has much to say about the success stories of tDCS, and hope for 
its future, this is not hype. It relates the hard science of what tDCS is about and its 
limitations. Its main points regarding the technical and experimental underpinnings 
of tDCS research are meant to inform, not inflame, and to give the reader a sense of 
the underlying reality of this method, at least as it is understood today. The reader 
will undoubtedly come away with a much better grasp of the current status of this 
dynamic and still expanding field, along with many questions. One of these is: What 
is the full description of the effects of tDCS at each level of the nervous system? 
tDCS interacts with the nervous system at every level, from the molecular up 
through to the systems and gross anatomical levels, with both neurons and glia, all 
to different degrees depending on their physical properties and the exact tDCS pro-
tocol used. Some of these interactions may also vary minute by minute as tDCS 
progresses. As with pharmaceuticals, it is impossible to know for sure if we have 
captured every point of interaction between a treatment and the human body and 
every aspect of this very complex process. Chances are good that we are missing 
something with an important influence on brain and behavior. Only further study 
can help to answer these questions.

From its beginning, tDCS has pointed out many flaws and inadequacies in our 
understanding of the nervous system. How could this low a level of current cross the 
skull and enter the brain? When action potential threshold is 10–20 mV above rest-
ing potential for a typical neuron, how could a change of 0.5 mV or less have any 
effect? Uncertainty regarding mechanisms such as these leaves many other details 
of tDCS uncertain. What is the spatial resolution of tDCS? That is, how far can an 
electrode be moved while still producing similar results within an individual? Most 
importantly, what is the tDCS electrode size and placement and stimulation polarity, 
amplitude, and duration that will produce the best results for a given application?

As with most areas of science, there is no real end to this process of discovery. 
Along the way, we may find a few nuggets of truth that stand up to further study, and 
many more questions will arise. With so many people around the world lacking safe 
and effective medical care, the hope is that this work will lead to new forms of treat-
ment that will help to reduce their suffering. The ultimate goal of all science is to 
increase our understanding of the world around us and to use this in order to help 
give people a better quality of life that is less burdened by suffering and despair. 
This effort, and the hope behind it, is what shines through this book most of all.

Albuquerque, NM, USA Vincent P. Clark

Foreword
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Preface

The field of brain stimulation has enormously expanded over the past decades. 
Technological progress in biomedical and engineering sciences facilitated advances 
in understanding physiological and pathological neural dynamics in the central ner-
vous system that represent functional targets for brain stimulation and mechanisms 
that underlie the brain stimulation effects.

Among specific techniques of noninvasive stimulation, transcranial direct cur-
rent stimulation (tDCS) has gained steadily growing interest by scientists, clini-
cians, and the public. This is not surprising, as tDCS research can facilitate insight 
into neurophysiological mechanisms underlying the development and maintenance 
of difficult-to-treat disorders and symptoms, as well as provide insight into the link-
age between neurophysiological characteristics of neural networks and functional 
and behavioral outcomes. Further, aiming for enduring alterations of neuronal activ-
ity, tDCS bears enormous clinical potential in a broad range of medical disciplines, 
such as neurology, psychiatry, pain management, or neurorehabilitation, because 
pathological changes in neural activity are common in many diseases and neuro-
stimulation techniques can be employed to attempt functional normalization of the 
neural circuitry.

Hand in hand with growing interest in tDCS, new questions and challenges have 
emerged, and a need for tDCS professional education and training has tremendously 
expanded. This Practical Guide to Transcranial Direct Current Stimulation is the 
first comprehensive textbook for tDCS; it provides an overview and in-depth discus-
sion of principles, mechanisms, procedures, and applications of tDCS, as well as 
methodological considerations, ethics, and professional conduct pertaining to this 
technique. We hope that this book helps bridge the existing gap in tDCS instruc-
tional materials for those who engage in research or clinical applications of this 
promising technique.

New York, NY, USA Helena Knotkova
Dortmund, Germany Michael A. Nitsche
New York, NY, USA Marom Bikson 
Gainesville, FL, USA Adam J. Woods
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Chapter 1
Transcranial Direct Current Stimulation 
Among Technologies for Low-Intensity 
Transcranial Electrical Stimulation: 
Classification, History, and Terminology

Nigel Gebodh, Zeinab Esmaeilpour, Devin Adair, Pedro Schestattsky, 
Felipe Fregni, and Marom Bikson

 Classification of tDCS Among Other Brain Stimulation 
Techniques

 Classification of tDCS Among Techniques

The field of brain stimulation dates to the discovery of electrical phenomena, which is 
not surprising given that human and animal responses to electrical shock are among 
the earliest evidence for the existence of electricity (Bischoff 1801; Galvani and Aldini 
1792; Volta 1800). Research and human trials on electrical brain stimulation, and 
underling bioelectric phenomena, has been continuous. Modern brain stimulation as a 
field has branched and evolved into many different categories of devices and tech-
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niques, but whose commonality remains to alter brain or specific nervous system  
functions by introducing electrical currents through electricity or magnetism. The con-
temporary landscape of stimulation techniques covers a vast expanse of applications 
and nomenclatures, many with overlapping aspects. An introduction to tDCS should 
therefore place it among this landscape of brain stimulation techniques. This includes 
presenting a simplified mapping and categorization of selected historical and contem-
porary stimulation techniques and showing how they are categorically interrelated. 
This by no means should be taken as a complete assortment of stimulation techniques 
(Guleyupoglu et al. 2013), but rather to clarify the unique features and historical role 
of tDCS in modern neuromodulation.

When it comes to the categorizing methods of stimulation, several different 
approaches can be taken. A first simple arrangement is to group stimulation meth-
ods into invasive and non-invasive procedures (Fig. 1.1). At this level of division, 
the obvious distinction lies in the placement of stimulating electrodes. Invasive 
brain stimulation techniques involve patients undergoing anesthesia or receiving 
analgesics and having stimulating electrodes surgical implanted in specified regions 
of the brain, spinal cord, subcutaneously, or around nerves. These implanted elec-
trodes are then activated and used to deliver electrical stimulation to specific regions 
of the brain, the spinal cord, or specific nerves. Primary stimulation targets are con-
sidered local and adjacent to implanted electrodes (McIntyre et al. 2004). Non-
invasive techniques, on the other hand, involves the external placement of electrodes 
(or magnetic coils) without breaking the skin or entering the body cavity, and do not 
require surgical procedures for application. These noninvasive electrodes or stimu-
lation apparatuses are placed on areas like the scalp, forehead, or shoulders, though 
which electricity or magnetism is then delivered. Regions that are influenced by 
stimulation depend on both the electrode montage and individual anatomy 
(Dmochowski et al. 2011).

Both invasive and noninvasive categorizations can be further divided into tech-
niques intended to either stimulate the brain (transcranial or intracranial) and those 
techniques targeting extra-cranial structures (non-transcranial or non-intracranial). 
For non-invasive brain stimulation (NIBS), transcranial encompasses stimulation 
techniques that intend to pass electricity, magnetism, or sound through the skull and 
have specific sub-cranial brain (cortical) targets, whereas non-transcranial encom-
passes delivering current to extra-cranial targets and thus having non-cortical targets. 
For invasive brain stimulation (IBS), intracranial techniques include deep brain stim-
ulation (DBS), which targets but is not exclusive to specific limbic, basal ganglia, 
and thalamic brain areas. Non-intracranial IBS techniques include implants such 
spinal cord stimulation (SCS) – used to treat chronic pain – (Cameron 2004) and 
direct peripheral nerve stimulation (DPNS) that involves the implantation of an elec-
trode on a nerve (Oh et al. 2004). Other examples of non-intracranial IBS techniques 
include invasive cranial nerve electrical stimulation (iCNES) techniques. Some 
iCNES techniques include vestibular prostheses (VP; Golub et al. 2014); optic nerve 
stimulation (ONS), used for the restoration of vision (Brelen et al. 2010); vagus 
nerve stimulation (VNS), first approved by the FDA to treat epilepsy (Beekwilder 
and Beems 2010); and direct trigeminal nerve stimulation (DTNS), which involves 
implanting electrode cuffs or arrays directly on a nerve (Slavin et al. 2006). In terms 

N. Gebodh et al.
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of noninvasive brain stimulation (NIBS) that targets sub-cranial regions, techniques 
can involve the use of electrical stimulation through electrodes on the scalp, mag-
netic stimulation with a coil near the scalp, or stimulation with ultrasonic sound 
through an ultrasound transducer placed on the scalp. Thus, NIBS with transcranial 
targets is divided into the broad categories of transcranial magnetic stimulation 
(TMS), transcranial electrical stimulation (tES), and the emerging field of transcra-
nial ultrasound (TUS) modulation (Fig. 1.1; Legon et al. 2014).

Non-transcranial electrical stimulation techniques include transcutaneous electrical 
nerve stimulation (TENS; Robertson et al. 2006), and noninvasive cranial nerve elec-
trical stimulation (nCNES); both of which utilize electrical currents to stimulate 
nerves. TENS targets all peripheral nerves, whereas nCNES techniques specifically 
target cranial nerves. nCNES can be subdivided into repetitive transorbital alternative 

Fig. 1.1 Arrangement of stimulation techniques with common terminology (light blue), terms and 
methods that are rarely or no longer used (gray), and highlights of seizure-inducing techniques 
(red). tDCS is highlighted (dark blue) to show its place among the selected techniques

1 Transcranial Direct Current Stimulation Among Technologies for Low-Intensity
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current stimulation (rtACS; Gall et al. 2010; Bola et al. 2014), trigeminal nerve stimu-
lation (TNS; DeGiorgio et al. 2011; Schoenen et al. 2013), galvanic vestibular stimula-
tion (GVS; Fitzpatrick and Day 2004), transcutaneous vagus nerve stimulation (tVNS; 
Frangos et al. 2015; Hein et al. 2013; Kraus et al. 2013), and cranial nerve noninvasive 
neuromodulation (CN-NINM; Danilov et al. 2014). As the name implies, GVS is his-
torically applied using direct current, however with different vestibular targets emerg-
ing, the technique has expanded to include stochastic/noisy GVS (Samoudi et al. 2012; 
Yamamoto et al. 2005) and sinusoidal GVS (Coats 1972).

TMS techniques’ main distinction from tES is the use magnetic coils to induce elec-
trical current in the brain (George and Aston-Jones 2010). TMS can be sub-categorized 
to include repetitive TMS (rTMS; Lefaucheur et al. 2014), seizure-inducing magnetic 
seizure therapy (MST; Kayser et al. 2015; Lisanby et al. 2003), and the relatively new 
transcranial static magnetic stimulation (tSMS; Gonzalez-Rosa et al. 2015) and low-
field magnetic stimulation (LFMS; Rohan et al. 2004).

Transcranial electrical stimulation approaches pass electrical current directly to 
the brain via electrodes on the head (Paulus et al. 2013). These techniques include 
tDCS, transcranial alternating current stimulation (tACS; Antal and Paulus 2013), 
transcranial random noise stimulation (tRNS; Terney et al. 2008), transcranial 
pulsed current stimulation (tPCS; Morales-Quezada et al. 2015; Fitzgerald 2014), 
oscillating tDCS (o-tDCS D'Atri et al. 2015) or sinusoidal oscillating tDCS (so-
tDCS; Eggert et al. 2013), and seizure-inducing electroconvulsive therapy (ECT) 
with the subset, focal electrically administered seizure therapy (FEAST; Spellman 
et al. 2009). The o-tDCS /so-tdcs technique can further be broken down to include 
transcranial sinusoidal stimulation (tSDCS). On the other hand, tPCS can be further 
broken down into “TES”, a supra threshold form of tPCS (Kalkman et al. 1992; 
Zentner et al. 1989); transcutaneous cranial electrical stimulation (TCES; Limoge 
et al. 1999), a derivative of electroanesthesia (EA; Smith et al. 1967; Wilson et al. 
1968) which can include high frequency currents (Limoge et al. 1999); and cranial 
electrotherapy stimulation (CES; Schmitt et al. 1986), which was derived from 
electrosleep (ES; Dimitrov and Ralev 2015) and later called cranial electro-stimu-
lation therapy (CET; Knutson et al. 1956). Though ECT can also involve the use of 
pulsed waveforms, it involves unique stimulation schemes, and is not a tPCS sub-
category here.

tDCS, like other techniques, is associated with derivative nomenclature and vari-
ants. These variants are rooted in the same principles of tDCS (delivering direct 
current across the head); however, they both take different approaches to how direct 
current is delivered. For instance, High Definition-tDCS (HD-tDCS) aims to focal-
ize current distribution across the brain so that specific regions are better targeted. 
There are numerous montage variations of HD-tDCS (Borckardt et  al. 2012; 
Dmochowski et al. 2011; Kuo et al. 2013; Nikolin et al. 2015) including the most 
common 4 × 1 HD-tDCS montage (Alam et al. 2016; Datta et al. 2009; Hill et al. 
2017; Shekhawat et  al. 2015; Shen et  al. 2016). Another tDCS derivative is 
transcranial micropolarization (TCMP), which aims to deliver current intensities 
(700–1000 μA) on that are much less than conventional tDCS (Ilyukhina et al. 2005; 
Shelyakin et al. 1998). Other terminology associated with tDCS exists, such as 

N. Gebodh et al.
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“anodal/cathodal tDCS” or “lateralized” montages, however these are descriptive of 
the intended outcome of stimulation and not necessarily distinct technique catego-
ries (see below).

The fundamental distinction between tDCS and other categorizations of tES is the 
waveform delivered to the brain during stimulation (Fig. 1.2). tDCS is the only class 
of neuromodulation technique that delivers a sustained direct current (DC). Almost 
all other techniques (and essentially all invasive and magnetic techniques) use pulsed 
stimulation (such as tPCS) while other non-invasive variants include AC waveforms 
(such as tACS) or random noise (such as tRNS). Thus, the use of a sustained direct 
current is a characteristic feature of tDCS, and one that should be kept in mind when 
considering any unique neurophysiologic, cognitive, or behavioral outcomes.

tDCS waveform
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Fig. 1.2 Waveforms of different tES techniques. The tDCS waveform is shown for anodal (blue) 
and cathodal (light blue) electrodes, which must always be active concurrently. Typically, the cur-
rent is increased to or ramped up to the desired current intensity and when said intensity is reached 
the current intensity is held at that level for the duration of stimulation. The tACS waveform shows 
a typical oscillatory current delivery between electrodes. The tRNS waveform shows a generalized 
random noise current intensity being delivered during stimulation. The tPCS waveform shows a 
generalized pulse train of current. Here the duration of pulse on and pulse off time can vary 
depending on the type of tPCS being done
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 The Case for Simplicity of tDCS

Direct current represents the most simplistic waveform – though this does not pre-
clude tDCS from producing unique and profound neuromodulatory effects that arise 
from a sustained current. Nonetheless, regarding the development and adoption of 
tDCS, we propose that this simplicity underpins the unique role of tDCS in the 
emergence of modern non-invasive neuromodulation and its grounding in science. 
Decades of modern work have firmly established that direct current stimulation 
(DCS) changes neuronal excitability and plasticity. To explain the unique role of 
tDCS in modern neuromodulation, some historical context is necessary.

Direct current was the first form of brain stimulation generated using a device (as 
opposed to electric fish or static electricity) since it was the simplest to build – con-
necting a “voltaic pile” (early battery) to the body. Thus, this approach was the earli-
est example of electrical stimulation in humans and animals (leading to early 
theories of the role of electricity in physiology). Later, the first demonstration of 
long term potentiation was made using direct current (Bindman et al. 1964; Gartside 
1968; Gartside and Lippold 1967), preceding the well cited studies of Bliss and 
Lomo (1973). Monophasic pulse stimulation later integrated mechanical methods to 
rapidly connect and disconnect the DC battery.

The emergence of other stimulation waveforms (e.g. complex pulsed patterns) 
paralleled development in electronics (Guleyupoglu et al. 2013). For example, the 
emergence of the microcontroller allowed for the generation of any arbitrary wave-
form. Enabled by this flexibility, the twentieth century saw the emergence of numer-
ous variations in waveforms, most of which were claimed to be unique and 
proprietary. The purported uniqueness facilitated marketing of devices but also 
resulted in reduced transparency of performance. For example, at the end of the 
twentieth century, devices FDA-cleared for CES each promised a unique waveform 
(Fig. 1.3). In a sense this uniqueness (exclusivity) impeded clinical research which 
benefits from uniformity across labs (reproducibility) and transparency. At the turn 
of the century though, even career researchers in neuromodulation often could not 
explain the difference in nomenclature (e.g. does electro-sleep use direct current? is 
CES and CET the same? Guleyupoglu et al. 2013).

In this context, the early work on tDCS that emerged circa 2000 was character-
ized by (1) high transparency in a simple and reproducible waveform (e.g. 1 mA 
sustained for 10 min); and (2) a foundation based, not on clinical experience, but on 
neurophysiological data (e.g. modulation of TMS evoked responses; Fig.  1.4). 
These two fundamental characteristics, followed by dozens of rigorous human neu-
rophysiology trials (including multiple independent replications) and animal elec-
trophysiology (steming from our own group; Bikson et  al. 2004) established the 
scientific foundation of tDCS.  Work on tDCS, in turn, supported a new era in 
modern NIBS research. For example, modern tACS approaches mimicked tDCS 
 montages, similarly used a basic and well-defined waveform (single sinusoid), and 
identical neurophysiology markers of response prior to clinical trials. Clinical trials 
that used tDCS (starting from our group; Fregni 2005; Fregni et al. 2006b) were 
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rationalized based on these human and animal neurophysiology studies. In the past 
15 years, hundreds of studies on tDCS mechanisms have shown that the effects of 
tDCS are – not surprisingly – more complex than initially hypothesized. But this 
ongoing work should be understood as building on the broad scientific base of 
tDCS, rather than somehow challenging it. In this regard, work on tDCS mecha-
nisms continues to be a touching stone for other neuromodulation techniques 
(Brunoni et al. 2012b; Fertonani and Miniussi 2016; Giordano et al. 2017; Jackson 
et al. 2016; Paulus et al. 2013).

An unintended consequence of the perceived “simplicity” of tDCS is that new 
groups adopting the technique may assume that precision and careful control in 
technology, training, and protocols is not critical for rigor. In fact, reproducibility 
requires the selection of only appropriate equipment and accessories, certification 

Transcranial stimulators 1900 - Present

Vreeland oscillator ES/EA

Neurotone 804 NET

Schneider tDCS

Neuroconn-DC stimulator PLUS Magstim-HDKit Starstim 8 Soterix 1x1 and 4x1 HD-tDCS adaptor

Fisher-Wallace stimulator CES Oasis Pro CES Alpha-stim AID CES Alpha-stim 100CES

Neurotone 901 NET

Leduc stimulator ES/EA
c. 1900-1960

c. 1970-1980

c. 1990-2000

c. 2004-Present

Somatron ES

Fig. 1.3 The evolution of transcranial stimulators spanning 1900 to present day. Early ES/EA 
devices were developed between 1900 and 1960. These early devices were followed NeuroElectric 
Therapy (NET) devices between 1970 and 1980. Later more established tDCS, tACS, and ionto-
phoresis devices were developed, some of which are still used today. During the early aughts, more 
advanced and modern stimulation techniques were developed starting from 2004 to present day
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of staff on experimental equipment, and adherence to well established protocols 
(Woods et al. 2016). Failure to do so leads to variable and potentially inconsequen-
tial results that have little or no relevance to the tDCS field.

 tDCS Terminology Including Components and Stimulation 
Parameters

The broad landscape of stimulation approaches – in many cases with subtle varia-
tions in waveform – make the need for standardized nomenclature critical. Such 
standardization help to foster proper understanding of tDCS techniques, aid in clini-
cal trial development, break down the barrier to adoption, and encourage higher 
scientific validation. Better understanding and definitive nomenclature would in 
turn allow patients and healthcare providers to make improved and informed 
decisions when it comes to various tDCS technique options. Here, we present some 

Current intensity

Waveform
Which wave form is selected?

How much current is delivered?

Which  montage targets cortical
region(s) of interest?

How long is current delivered?

Stimulation Intensity Change
Stimulation Duration Change

Electrode size, shape, and material?

Stimulation duration

Time(sec) Time(sec)

C
ur

re
nt

 In
te

ns
ity

 (
m

A
)

C
ur

re
nt

 In
te

ns
ity

 (
m

A
)

Montage selection

Stimulation
dose

&
electrode

parameters

Electrodes

tDCS Waveform

Ramp
up

Ramp
down

tPCS Waveform

Anodal

tRNS Waveform

Cathodal

Time(Sec) Time(Sec)

Time(Sec) Time(Sec)

Pulse off

Pulse on

tACS Waveform

C
ur

re
nt

 In
te

ns
ity

 (
m

A
)

C
ur

re
nt

 In
te

ns
ity

 (
m

A
)

C
ur

re
nt

 In
te

ns
ity

 (
m

A
)

C
ur

re
nt

 In
te

ns
ity

 (
m

A
)

Fig. 1.4 Stimulation dose and electrode parameters include the selection of the stimulation wave-
form, the current intensity, the montage, stimulation duration, and electrodes. With waveform 
selection several different waves can be selected, ranging from a direct current waveform to alter-
nating current, pulsed current, or random noise current. In the case of intensity, the amount of 
current to be delivered is defined. With montage, the placement of electrodes on the scalp are 
selected. In the case of duration, the amount of time that current is introduced to the body is 
defined. With electrodes, the size and type of electrodes are selected. Each parameter is an essential 
part to defining and reporting dose in tES
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key terminology used in the tDCS literature, and as relevant, broader tES terms 
which help position (distinguish) tDCS.

Our approach was to define terms as used conventionally in the tDCS field – 
and we do not propose new or altered terminology. Nonetheless, inconsistent, and 
at times confusing use of terminology, required us to constrain definitions. In 
defining tDCS itself there is a compromise between broad definitions – which 
allows for needed dose exploration and optimization such as higher currents – 
and more restrictive definitions that create the least possible ambiguity – such as 
limited current levels that have been extensively tested. In our approach, we 
adopted broader definitions, even including dose ranges yet to be tested, while 
also defining “conventional” practices that are limited to the most common con-
ventions. This approach to taxonomy is intended neither to imply safety nor 
efficacy.

We note that following conventions of use in the field, tES classifications are not 
simply literal – meaning a classification is rarely the literal amalgamation of each 
word in the technique name. Rather, the classifications provided here are proper 
names. Compared to a definition based strictly on semantics, tES classifications are 
typically more restrictive based on both dose and intent. The use of lower case “t” 
emphasizes classifications are proper names.

 Dose

The classification of a brain stimulation technique is itself based on the definition 
of dose. Following the method of Peterchev et al. (2012), tES dose is defined “by 
all parameters of the stimulation device that affect the electromagnetic field gener-
ated in the body.” Dose thus includes stimulation waveform (e.g. AC/DC), inten-
sity, and duration; as well as the number of electrodes and their shape (Peterchev 
et al. 2012).

Each class classification of tES (e.g. tDCS, tACS, CES) is restricted in part by 
dose and intended outcomes. For example, tDCS is understood to be a modulatory 
technique which may exclude approaches intended to directly induce neuronal fir-
ing. While dose is defined by describing all relevant parameters of stimulation 
(Fig. 1.5), classification may relate to only a selection of these parameters (i.e. tDCS 
is defined by the waveform irrespective of electrode montage). We emphasize, the 
classification of a study does not reduce the need to fully report the complete dose 
applied to allow interpretation and reproduction of methods (Peterchev et al. 2012). 
Every tDCS trial must fully document dose. The method used to select the dose (e.g. 
subject titration, prior experience) and summary metrics (e.g. electrode current den-
sity or total charge) are important, but does not diminish the need to fully report the 
final dose applied.

Furthermore, though not always part of “dose”, complete details of the electrode 
assembly including electrode material, coupling medium, electrode size (area), 
electrode thickness, and any relevant details on electrode age/prior-use must be 
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provided or referenced for reproducibility. To this end, our definition attempts to 
disambiguate how terms of tDCS technology are used and defined.

 tES

The term transcranial electrical stimulation (tES) is the preferred nomenclature for 
any non-invasive medical device intended to directly change brain function by pass-
ing low- or high-amplitude electrical currents, of any waveform, through at least 
one electrode on the scalp.

Though variants of tES as a global classification have been proposed, a review of 
relevant historical (Guleyupoglu et al. 2013) and modern literature confirms tES is 
the most conventional terminology. Non-Invasive brain electrical stimulation and 
transcranial current stimulation (first used in only 2008; Datta et al. 2008) are com-
paratively rare. Upper-case first letter “TES” is not preferred because of association 
with supra-threshold single pulse waveforms (Merton and Morton 1980).

The intended outcome of tES includes direct actions on the central nervous sys-
tem (even if peripheral actions such a cranial nerve stimulation, peripheral vascular 
and muscle actions, etc. cannot be excluded). Specific intended outcomes often 
appear in definitions of tES classifications. Devices that use any implanted elec-
trodes, including intracranial or subcutaneous, should not be included in tES  – 
regardless of whether such techniques result in current passage across the 
cranium.

Non-invasive medical procedures are typically defined as not breaking the skin 
or entering the body cavity. Non-invasive medical devices do not involve an invasive 
medical procedure. tES is thus non-invasive. While the current delivered by tES 

Stimulation duration changeStimulation intensity change

Time(s)Time(s)

C
ur

re
nt

 in
te

ns
ity

 (
m

A
)

C
ur

re
nt

 in
te

ns
ity

 (
m

A
)

Fig. 1.5 Stimulation intensity changes alters the amount of current that is delivered. Current intes-
ites in tDCS can range from (but are not limited to) 0.5–2 mA. Stimulation duration changes alteres 
the time over which current is delivered. With tDCS current delivery times can range from (but are 
not limited to) 10–30 min, with ramp up and ramp down times between 10 and 30 s
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crosses into the body and produces physiologic responses (including changing skin 
properties), this does not meet the standard for an invasive medical procedure/
device, any more than a stone used for massage (which transfers physical force into 
the body) or a heating blanket (transferring heat into the body).

 Session

A session of tDCS refers to a set program of stimulation, provided over a limited 
(fixed) time. Repetitive, when used in the context of tDCS, typically refers to mul-
tiple sessions.

 tDCS

Transcranial direct current stimulation (tDCS) is a tES technique in which the dose 
waveform is a sustained direct current (DC) applied to the head (at least one cephalic 
electrode) to produce a direct change in brain function. The intensity of tDCS is 
limited with the intention of modulating excitability and/or ongoing activity rather 
than triggering action potentials (as the brain is active, tDCS will change the ongo-
ing firing rate of neurons; Reato et al. 2013). The sustained waveform of tDCS 
reflects this intention. Thus, our definition of tDCS includes both a dose component 
(specifically a waveform characterized by a sustained current) and the intended 
mechanisms of action (specifically sustained polarization and neuromodulation).

 Conventional tDCS

Conventional tDCS would include protocols (e.g. waveform intensities and dura-
tions) that are commonly used in current human and clinical exploratory studies, as 
well as formal trials. Conventional current intensities span 0.1 (used often in sham) 
to 3.0 mA; with most efforts between 1.0 and 2.5 mA (Fig. 1.6). Conventional dura-
tions span 4 s (used only for transient changes; Nitsche and Paulus 2000) to several 
minutes (typically 10–40 used for durable changes; Ohn et  al. 2008). However, 
tDCS intensity and current is not restricted per our general definition above. 
Conventional intensities are limited to a few milliamps relating to tolerability of 
skin using existing electrode technologies (Minhas et  al. 2010). Stimulation is 
applied over skin which is not compromised by a pre-existing burn or injury (e.g. 
open wound) and is thus largely homogenous. However, acne or non-injurious spots 
are typically not exclusions for electrode placement locations. Skin preparation 
typically excludes significant abrasion (intend to remove epidermis; Shiozawa et al. 
2013), though cleaning of the skin/hair with saline or alcohol is sometimes used 
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(DaSilva et al. 2011). Any advancement in the development of electrodes used for 
conventional tDCS may permit current amplitudes to exceed 3 mA, assuming 
improvements in skin tolerability, which in turn would expand intensity limits for 
conventional tDCS with potential impacts on outcomes. In any given session, con-
ventional tDCS uses a single current amplitude with minimal variation during stim-
ulation, except for one ramp up and ramp down period (typically a 10–30 s linear 
ramp).

Conventional tDCS uses electrode assemblies of 5 × 5 cm to 5 × 7 cm to interface 
with skin-electrolyte contact areas, though both smaller and larger electrode assem-
blies have been explored (Nitsche et al. 2007). Conventional tDCS electrode assem-
blies use either a metal or conductive rubber electrodes (Kronberg and Bikson 
2012). Electrolytes or more commonly isotonic saline (saturated in a sponge) gels 
and/or creams have also been used. The details of electrode assembly (see defini-
tion) design is considered important for tolerability. Conventional tDCS commonly 
uses two electrodes, though three or four electrode montages are conceivable. tDCS 
limits on the number of electrodes is related to the conventional size of electrodes, 
since using larger electrodes limits the number that can be positioned on the scalp 
(see also HD-tDCS).

A single tDCS session is defined as the period from initiation of current flow (start 
of ramp up) to end of current flow (end of ramp down). However, conventionally the 
“duration” of a tDCS session is exclusive of the ramp up or ramp down period and 
thus refers to the period when tDCS is sustained at the target current (e.g. 2 mA).
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used in twentieth century are categorized in five lines including methods with direct current
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tDCS must involve at least one electrode on the scalp. The anode is defined as 
any electrode where current (positive charge) enters the body and the cathode is 
defined as any electrode where the current (positive charge) exits the body. tDCS 
must have at least one anode and at least one cathode.

 Anode/Cathode

The anode (also called Anode Electrode) is the electrode where positive current 
enters the body. For two electrodes in tDCS, the anode has a positive voltage relative 
to the cathode. The cathode (also called Cathode Electrode) is the electrode from 
which positive current exits the body.

In other approaches, such as tACS, when the current controlled waveform is 
applied to any given electrode, changes polarity of each electrode is seen (e.g., a 
biphasic sinusoid applied such that the current direction to any given electrode 
changes in direction) where the electrodes switch from being an anode to a cathode 
during stimulation based on the frequency of stimulation. For this reason, an 
“anode” is not used in biphasic stimulation. However, for tDCS as defined here, 
polarity should not change within a session and so electrodes that are the anode and 
the cathode remain fixed as such.

 “Anodal-tDCS” (a-tDCS), “Cathodal-tDCS” (c-tDCS)

While semantically transcranial direct current stimulation could include any wave-
form that does not change polarity (e.g. even a monophasic triangle wave), tDCS as 
used across current human trials involves only sustained direct current. The lower-case 
“t” in tDCS is thus important to emphasize a proper name. As tDCS dose is defined as 
a waveform of a sustained direct current, only the intensity (in milliamps), duration (in 
seconds or minutes), and ramp up/down details, are needed to specify the waveform to 
each electrode. Fundamentally, the mechanisms of tDCS are speculated to derive from 
the sustained polarization of neuronal assemblies (Bikson et al. 2004; Bindman et al. 
1964; Nitsche and Paulus 2000), which in turn results from sustained current delivery. 
Use of waveforms that are speculated to produce physiologic changes – even in part – 
based on the change in current, are thus not strictly tDCS as defined here. Hence trains 
of monophasic pulses are not tDCS as defined here, rather they are classified as tPCS, 
even when a DC offset is included. Similarly, an oscillating transcranial direct current 
stimulation (a monophasic square waveform), or a rectified or monophasic sinusoidal 
waveform are not included in tDCS as defined here, but they can be considered as 
variants of tDCS (e.g. see transcranial oscillating direct current stimulation, toDCS).

The terminology “anodal-tDCS” (a-tDCS) and “cathodal-tDCS” (c-tDCS), though 
common, should be used with caution. All tDCS methods involve at least one anode 
and one cathode (to complete a minimal circuit), and all current entering the cortex 
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must exit (and pass through intermediary brain regions). There is no pure unipolar 
tDCS (effects exerted under one electrode only), as may be implied by the terms 
anodal-tDCS or cathodal-tDCS in describing an intervention. Anodal-tDCS or cath-
odal-tDCS in this context, thus reflect the intended outcome of stimulation by the spe-
cific electrode that is assumed to be more relevant, and thus these terms are understood 
as only an expected outcome (or hypothesis). However, the extent to which anodal and 
cathodal sources produce net effects on excitation and inhibition, especially in the con-
text of brain processing and behavior, are complex and unresolved. The preferred lan-
guage should be “the anodal-tDCS over brain region X” (Clemens et  al. 2014) or 
“anode at scalp coordinate X defined by EEG 10-10” rather than “anodal tDCS of brain 
region X” since the latter incorrectly implies that current is delivered to just that brain 
region (Datta et al. 2009) and moreover over-simplistic intended outcomes. Still more 
precise semantics would consist of stating “anodal-electrode over brain region X”.

Just because there are well established, montage specific effects on bio-markers 
(e.g. TMS MEPs) or behaviors associated with brain regions nominally targeted by 
tDCS, this does not imply that current was restricted to or solely influential by the 
brain area “under” the electrode.

 “Active”, “Stimulating”, “Return” or “Reference” Electrode

The terms “return” or “reference” electrode is typically used to describe an elec-
trode with presumed “physiological inertness” or perceived lack of importance – 
(e.g. not being in proximity to the brain regions of interest). However, all electrodes 
are functional – even when they are not related to the hypothesis tested – in the 
engineering sense that they are used to carry current. The physiological activity of 
“return” electrodes can be theoretically reduced for example by increasing electrode 
size or using a ring of electrodes (Datta et al. 2008; Nitsche et al. 2007); nonethe-
less, the configuration of these electrodes needs to be explicit and their polarity and 
configuration must be indicated. The configuration and position of the “return” elec-
trode has a profound effect on current flow near the “active” electrode and use of an 
extra-cephalic electrode evidently does not cancel the role of this electrode in brain 
current flow (Bikson et al. 2010; Truong et al. 2014).

Analogous to how anodal-tDCS and cathodal-tDCS are descriptive, the terms 
“active” or “stimulating” electrode refers to those electrodes presumed to be physi-
ologically active – or more specifically that a physiological/behavioral outcome of 
interest is due to current passed through these electrodes. The terms “active”, “stim-
ulating”, “return”, and “reference” are thus terms that typically relate to the “intent” 
of stimulation and if they are used it should be (i) with the recognition that despite 
intent, the physiological actions of stimulation may be unexpected (ii) the complete 
stimulation dose is documented (e.g. it is never appropriate to exclude details of 
reference electrode size, placement, and materials). The term “reference” may also 
be used in the mathematical context of defining polarity (e.g. 5 V relative to the 
reference electrode), without presumptions of “intent”, which is sound.

N. Gebodh et al.
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 Electrode Assembly, Electrode, and Electrolyte

The electrode assembly refers to all components that carry current between the 
device lead wire and the scalp (such as metal electrode, conducting rubber elec-
trode, electrolyte, sponge) and/or materials used to shape these components or oth-
erwise direct current flow (casing, sponge, rivets). The headgear used to position the 
electrodes on the body or scalp is not included in the electrode assembly. The head-
gear must include some components that do not conduct current flow.

Technically the electrode in an electrode assembly refers only to the material (or 
surface) where charge carried by electrons is converted to charge carried by elec-
trodes. For tES, this is limited to the metal and/or conductive rubber in contact with 
the electrolyte (such a saline or gel). In electrochemistry literature (Merrill et al. 
2005), electrode refers only to the one element in the electrode assembly that is 
conductive and, in almost all applications of tES, does not touch the skin. However, 
in the tDCS (and broader tES) literature electrode has been used to refer to the entire 
electrode assembly. Ambiguity in this regard limits reproducibility. For example, it 
should be made clear if provided dimensions (e.g. 5 × 5 cm) refer to the electrode 
(e.g. the conductive rubber or metal) or rather the overall electrode assembly or 
sponge (the skin contact area).

It is conventional to discuss montage and waveform in terms of electrode (rather 
than electrode assembly). For example, delivery of 1 mA to an electrode implies 
delivery of 1 mA through the electrode assembly. Use of an electrode as an “anode” 
is correct and implied the electrode assembly functions as an anode. The conven-
tions in the literature describing montage and waveform referencing “electrode” are 
typically appropriate if (i) the distinction between electrode and electrode assembly 
is clear to the writer and readers and (ii) details of the electrode assembly, including 
the electrode design, are explicit.

The electrolyte is the component of the electrode assembly where charge is car-
ried by ions. It is in contact with both the electrode and the skin and completes a 
circuit of electricity flow. The electrolyte may be saline or other salt containing 
solution (Dundas et al. 2007) or the electrolyte may be a salt-containing hydrogel or 
fatty (oily) cream. To prevent spread, the electrolyte may be suspended in a porous 
material like a sponge and/or contained by a holding vessel like a cup. In some 
cases, such as with fatty creams, the electrolyte may be sufficiently viscous not to 
require a suspension. Notably though, oily creams or fats may change the imped-
ance properties of the skin stressing the importance of attending to the resistivity of 
preparations. Regardless, the electrolyte is always a barrier between the electrode 
and the skin. The minimum path distance between the electrode and the skin that 
passes through the electrolyte is the minimum electrode-skin distance. This mini-
mum distance may be determined by a physical non-conductive (e.g. plastic) sepa-
rator or holder, by sponge thickness, or by the thickness of the paste (where special 
care must be taken to ensure the electrode does not approach skin).

Some studies have used water to saturate tES electrodes and in such cases the 
water presumably either contains some ions or absorbs it from the skin. “Salt-free” 
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gels and creams have also been evaluated for tES (Minhas et al. 2010), but often 
have other chemical substitutes for supporting charge transfer and should not be 
used without validation.

 Headgear

All components that are used to position and hold the electrode to the body are part 
of the head-gear. As defined here the headgear is primarily fabricated using non-
conductive components (e.g. elastic or fabric). However, some conductive compo-
nents like the electrode assembly and the lead (wires) may be integrated into the 
headgear. The head-gear serves to hold these components in place, position them 
relative to the scalp, and/or facilitate set-up.

Resistance (Impedance)

Resistance is a ubiquitous term in tDCS and is considered important in pre-testing 
and monitoring of stimulation, though clarification on its usage is useful. As tDCS 
is current controlled, the voltage output (across two electrode and tissue) of the 
stimulator is adjusted to maintain a controlled current application. When the term 
“resistance” is used in the context of tDCS what is generally being referred to is the 
voltage at the output of the current source divided by the current applied – through 
the application of Ohm’s law. Typically, prior to stimulation, as the stimulator 
probes resistance, a small imperceptible test current is applied and the resulting 
voltage noted; here again, division of the voltage by the test current is similarly used 
to calculate resistance. However, neither before nor during stimulation, is the elec-
trode and tissue simply resistive (e.g. explained only by ohms law). For example, 
prior to stimulation, the “resistance” calculated will depend on the current test 
applied (Hahn et  al. 2013). The term “impedance” refers to the broader relation 
between current applied and the voltage need to maintain this current flow. Linear 
impedance includes frequency specific responses (e.g. the response to sinusoids of 
varied frequency). The electrode and tissue are complex non-linear impedance. For 
example, the impedance may change over time.

What does all this subtlety mean for the simple and consistent use of “resis-
tance” in tDCS? It is accepted that during tDCS a significantly increased voltage 
(at the current source output) is associated with an overall impedance increase, 
which would indicate non-optimal conditions at the electrode or electrolyte-skin 
interface. This is biophysically justified since maintaining a low electrode “over-
potential” voltage – a voltage that occurs specifically across the electrode interface 
as a result of electrochemical conditions (for detailed discussion, see Merrill et al. 
2005) – and high conductivity (e.g. good gel/saline contact with the electrode and 
skin) are associated with minimized chemical reactions and good contact. These 
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factors, in turn, promote but do no guarantee tolerable stimulation. Variability in 
the outcomes of tDCS methods can come about due to differences in the resis-
tance – or more properly the impedance – of the skin. While “resistance” may be 
reported, investigators should recognize the impedance value is not a fixed prop-
erty of the system but reflects how the measurement is obtained. The pre-stimula-
tion “resistance” reported is a function of the device used while the “resistance” 
during stimulation is a global measure integrating several factors. In this qualified 
sense, “resistance” may be used interchangeably with “impedance” in conventional 
tDCS. To compensate for these issues some devices adopt “quality units” which 
may also be reported as a substitute for resistance, but only when noting the type of 
device.

 High-Definition Transcranial Direct Current Stimulation 
(HD-tDCS)

HD-tDCS is defined as any tDCS montage using electrodes with a compact (e.g. < 
5 cm2) skin-electrolyte that is defined by a rigid holder (e.g. comparable to EEG 
designs). In some cases, the increased current density necessitates use of specially 
designed electrodes (Minhas et al. 2010) that are called High-density electrodes.

Two or more electrodes may be used for HD-tDCS. A feature of smaller elec-
trodes is the potential to use a higher number of electrodes and/or electrodes in 
closer proximity; this in turn provides increased flexibility in montage design 
(Dmochowski et al. 2013) as well as facilitates simultaneous recording of EEG dur-
ing tDCS (Roy et al. 2014).

HD-tDCS may use a varied number of electrodes, including 2, 5, or more depend-
ing on the stimulation objectives and device constraints (Dmochowski et al. 2011, 
2013). HD-tDCS may be optimized for focality (sparring non-targeted brain 
regions) or for overall intensity (with diffuse brain current flow).

 4 × 1 HD-tDCS Montage

The 4 × 1 Montage is a deployment of HD-tDCS where one center electrode is sur-
rounded by four electrodes of the opposite polarity (Datta et al. 2009; Kuo et al. 
2013) – thus forming a ring around the center electrode. If the center is an anode, 
the four surround electrodes are cathodes. If the center is a cathode the four sur-
round electrodes are anodes. The 4 × 1 HD-tDCS montage is intended to restrict 
current predominantly to the cortex circumscribed by the ring (Edwards et al. 2013) 
and can produce more unidirectional stimulation since the role of the polarity of the 
four return electrodes is distinct and so presumed diminished. Whereas 4 × 1 refers 
to a particular electrode configuration, HD-tDCS indicates any montage with small 
(“HD”) electrodes.
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 (Slow) Oscillating Transcranial Direct Current Stimulation, 
Transcranial Sinusoidal Direct Current Stimulation (tSDCS)

Oscillatory tDCS (o-tDCS) is a form of tDCS using direct current stimulation where 
the intensity of stimulation is regularly modulated but which remains monophasic 
such that the polarity of stimulation is never inverted. The stimulation waveform is 
typically a monophasic square or a monophasic sinusoidal wave. o-tDCS and its 
variants conventionally use electrode montages adapted from tDCS.

Slow oscillatory tDCS (so-tDCS) conventionally refers to a signal with a fre-
quency below 1 Hz (e.g. 0.75 Hz; Groppa et al. 2010). Often, so-tDCS is applied 
between a supra-orbital electrode and an electrode on the mastoid. Transcranial 
sinusoidal direct current stimulation (ts-DCS) is a form of o-tDCS where the wave-
form is a monophasic (biased) sinusoid. so-tDCS may also be used to describe pro-
tocols with sinusoidal waveforms and low frequency (Eggert et al. 2013; Groppa 
et  al. 2010). ts-DCS frequencies and intensities span those used in tACS (Antal 
et al. 2008).

The duty cycle of o-tDCS and its derivatives may be varied (e.g. 5 intervals with 
1 min gap; Eggert et al. 2013). The distinction between o-tDCS and forms of tDCS 
which is applied intermittently and repeatedly (repetitive tDCS; e.g. 15 s on tDCS, 
15 s off tDCS, repeated; Marshall et al. 2004) is, as defined here, one of intended 
outcome  – where o-tDCS is expected to produce changes in part through the 
change in current (namely the neurophysiologic intended outcomes are assumed to 
reflect the non-static nature of current flow), while tDCS is assumed to produce its 
outcome primarily during the sustained phase (namely the neurophysiologic out-
comes are assume to reflect actions when the current is sustained, even if interac-
tions across tDCS sessions are expected). Evidently, this distinction of intention is 
subtle (and subject to change/interpretation) and we emphasize that all studies 
would report the dose applied regardless of terminology used.

 Early and Modern History of tDCS, Alongside Historical tES 
Developments

 Early History of tDCS and tES (Before 1900)

Early uses of electrical stimulation to modify brain function predates the invention 
of man-made electricity. Observations from 43–48 A.C. showed that placing a live 
torpedo fish induced a strong discharge over scalp that resulted in pain relief in 
headache. Later in the eleventh century, this method was used in patients with epi-
lepsy by Ibn-Sidah. He suggested that stimulation of frontal bone could be used as 
a treatment for epileptic patients (Priori 2003). Thus, studies with electric fish 
included the initial attempts of brain stimulation which continued until voltaic piles 
were invented. In the late eighteenth century, Luigi Galvani invented the voltaic cell 
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and together with his experiments involving animal electricity, he conducted foun-
dational bioelectrical (electrophysiology) studies. As early as 1755, Charles Le Roy 
conducted experiments in a blind man with the purpose of restoring sight. In this 
experiment wires were placed around the subject’s head and leg. Although he per-
ceived phosphenes and the experiment was repeated several times, the subject 
remained blind. In terms of early stimulation techniques for treatment, Giovanni 
Aldini (Zaghi et al. 2009) recommended galvanism for patients with deafness, 
amaurosis, and “insanity”; reporting good results with this technique especially 
when it was used in patients with “melancholia”. Aldini also treated patients with 
personality disorders and reported complete rehabilitation following transcranial 
administration of electrical currents (Parent 2004). These early studies used rudi-
mentary batteries and were inherently constant voltage stimulation, where the 
resulting current depended on the variable body resistance. During the nineteenth 
century several studies utilized electrical stimulations in various parts of the world. 
The variability among such studies made drawing concise conclusion about their 
findings extremely difficult. In addition, these studies failed to report crucial infor-
mation including patients’ diagnosis, stimulation parameters as well as lack of sci-
entific rigor in study design. These studies also made no attempt to estimate the 
amount of electricity each case received (Newth 1873). The potential value of elec-
trical therapy was recognized and remarked upon by Dr. Alexander Robertson in the 
late nineteenth century, when he advised the following:

…The therapeutic value of electricity in mental disease is not by any means hypothetical 
only; it has been repeatedly proved to be of real value by numerous observers in this coun-
try (UK), in America, and especially on the continent. So long ago as 1804, Galvani’s 
nephew, Aldini, is reported as having cured two cases of melancholia by galvanism to the 
satisfaction of several disinterested physicians who watched the cases. Galvanism is not a 
remedy to be used indiscriminately, or in a hazard way. It is not a toy, but a very potent 
means of doing good or harm, and must be used very cautiously and scientifically…

 Late History of tDCS and tES (1900–2000)

Over the course of the twentieth century, direct voltage continued to be intermit-
tently tested, but electro-medicine involved pulsed stimulation became dominant. 
Early efforts began with simple circuits and basic devices, where a crank intermit-
tently connected the mechanical connection between the battery and the subject; 
and later evolved into to modern current control circuits. The increasingly complex 
waveforms that were made possible by this advance in electrical engineering includ-
ing Cranial Electrotherapy Stimulation and its variants (Guleyupoglu et al. 2013). 
We categorized tES in the twentieth century into fives streams (Fig. 1.6), four of 
which spans decades plus one additional stream of contemporary approaches. These 
streams are: (1) CES that descended from ES or CET; (2) EA, which went through 
several periods of waning interested and resurgence when new waveform variations 
were proposed including TCES, and Limoge Current; (3) Polarization or direct cur-
rent stimulation, which includes tDCS, TCMP, and HD-tDCS; (4) ECT, initially 
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called Electroshock Therapy; and (5) Contemporary approaches that have been 
explored intensively over last decades such as tACS, tSDCS, and tRNS. As dis-
cussed above, many contemporary approaches developed following the emergence 
and methodology of tDCS.

Electrosleep (ES), the method of stimulating brain to produce a sleep-like state, 
was initiated in 1902 (Robinovitch 1914). Most of the work related to this topic was 
conducted mainly in Russia, until 1953 when clinical usage of this method began in 
Europe (Smith 2006). In 1977 ES and its derivatives went under review by FDA and 
in 1978 it was classified as a class III device for treatment of insomnia, anxiety, and 
depression. Modern CES is thus a historical descendant of ES with continuous use 
and development over the century.

In parallel with initiation of ES, EA which induced anesthesia using high fre-
quency stimulation, was first described in 1903 (Leduc and Rouxeau 1903). One of 
the first published claims of EA’s success during surgeries was made in the 1914 by 
Leduc (1914), however safety and tolerability concerns, as well as the development 
of early chemical anesthetics may have contributed to quelling of interest in EA. In 
the 1940s research on EA focused on chemical primers being used in conjunction 
with EA and soon after its use appeared to largely halt due to side effects. Although 
side effects were discovered, research into variants of EA continued and the term 
TCES was adopted around 1960–1963 with the intended use to potentiate some 
drug effects with the goal of drastic reduction in pharmacologic anesthetic agents. 
Circa 1965, interferential stimulation (IS) was proposed by Russian scientists who 
had two pairs of electrodes that could apply sinusoidal waves with slightly different 
frequencies. The intention of this approach was that through pulsation, higher fre-
quencies would create a lower frequency where the two frequencies intersect. This 
was clinically desired as low frequencies were presumed more efficacious in induc-
ing EA whereas higher frequencies were more desirable for tolerability. Historical 
EA and TCES used current intensities that were typically well above those used in 
contemporary tES.

Direct current stimulation has been used intermittently as a component in both 
ES and EA. In 1957, a DC bias was added to ES. In 1964, Redfearn and Lippold 
investigated polarizing current for treatment of neuropsychiatric diseases; their use 
of prolonged stimulation was motivated by animal studies showing that prolonged 
direct current stimulation could produce lasting changes in excitability (Bindman 
et al. 1964). The majority of studies after Lippold were relatively small and used 
comparable dose (Table 1.1). Commonly used current intensities from 1964 to 1998 
raged from 0.5 to 0.1 mA; though Redfearn and his colleagues used up to 3 mA in 
one patient. The most common electrode montage was active electrode(s) above 
eyebrow (supra-orbital) and reference electrode in an extra-cephalic position (e.g., 
leg, hand). In alternative montages, the active electrodes could be placed on occipi-
tal and temporal areas of the scalp. Apart from the leg and arm, the return electrodes 
were also placed on the mastoid bone or collarbone. Active electrode size was 0.1 to 
0.2 cm2 (mean 1.26 cm2). The reference electrode area was often larger than the 
active ones (Baker 1970; Lifshitz and Harper 1968), but in some cases they were the 
same size (Elbert et al. 1981).
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These early studies employed several sessions of stimulation, with a median of 
14 sessions (ranging from 1 to 120 sessions). The median of the total duration of 
stimulation was 30 h. Redfearn et al. conducted among the highest total dose stud-
ies, with 960 h total time of stimulation across sessions (Redfearn et al. 1964). The 
median duration of sessions was 4.5 h, with a maximum of 11 h (Redfearn et al. 
1964). Reflecting the long duration of stimulation in many studies, the devices were 
often portable and patient could move around the hospital or go home. In most stud-
ies from this era, stimulation apparatus was made of low voltage dry batteries in a 
pack with a potentiometer to produce constant current. In one early study (Elbert 
et al. 1981), an optocoupled system driven by the analog output provided constant 
current which had a ramp up period of 6 s to increase current from zero to 0.25 
mA. In all the studies, electrodes were metallic, either pure silver or silver chloride 
disks.

We note that in direct current stimulation methods before the modern period 
(before 1998), the active electrode’s mean size was smaller, current was lower, and 
session durations were higher. As discussed next, approaches used in the modern era 
was heavily derived from canonical neurophysiological studies (circa 2000), which 
were in fact not intended to optimize clinical benefit. It is thus interesting that con-
temporary efforts to enhance clinical efficacy now consider using longer duration 
sessions along with more sessions which benefit from home-use devices (Charvet 
et al. 2015), and are thus closer to these early clinical efforts.

 Modern tDCS 2000+

 The Canonical Methodological Paradigm

While research using low-intensity currents continued throughout the twentieth 
century, the modern resurgence in the investigation of weak direct and alternating 
currents is linked to seminal neurophysiology work circa 2000 (Nitsche and Paulus 
2000). This work and subsequent neurophysiologic studies (Clark et al. 2012; Leite 
et al. 2013) established the foundations of modern tDCS as evidenced through the 
establishment of certain canonical dose paradigms. These include use of currents in 
the 1 mA range, use of large sponge based electrodes (in the 30 cm2 range), use of 
long duration stimulation (tens of minutes), and intention to produce polarity spe-
cific modulation with the anode/cathode placed over the region to be excited/inhib-
ited (often with the other electrodes in a forehead/SO position). While the 
understanding of brain response to a given tDCS dose have continued to evolve 
through rigorous investigations (Monte-Silva et al. 2010; Ohn et al. 2008; Reis et al. 
2015) and new techniques have been invented (Nikolin et al. 2015), the basic ratio-
nal for tDCS design has continued to dominate the design of trials. Namely aspects 
like 1–2 mA, 10–20 min of “anodal/cathodal” tDCS to “increase/decrease” function 
using a large sponge electrode placed on the scalp over the target with the functional 
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role of the other electrode assumed unimportant. In both neurophysiological studies 
and clinical trials, there has been only a conservative escalation of both dose and 
sessions.

 Brief Overview of Current Understanding 
of Neurophysiological Mechanisms

While passage of current through surface electrodes results in some shunting of cur-
rent at the scalp as well as cerebrospinal fluid (CSF), a portion of current will pen-
etrate to the brain, producing a peak electric field of approximately 0.3 V/m per 1 
mA applied (Datta et al. 2009; Huang et al. 2017). While the resulting electric fields 
are low intensity (for comparison, TMS produces an almost 100 V/m electric field), 
the sustained “DC” electric field produced during tDCS will polarize the transmem-
brane neuronal potential (Jackson et al. 2016). This polarization, in turn, can influ-
ence “excitability” including the responsiveness to synaptic input (Rahman et al. 
2013), modulate the firing rate of individual neurons (Miranda et al. 2006; Wagner 
et al. 2007), and change information processing by cells (Huang et al. 2017) and 
networks (Reato et al. 2013).

Importantly, when sustained for several minutes and present during ongoing 
LTP, direct currents can modulate plasticity (Jackson et al. 2016). tDCS-modulated 
neuro-plastic changes may be associated with alteration of neuronal ionic channels, 
such as the L-type voltage gated calcium channel (L-VGCC), and N-methyl-D-
aspartate (NMDA) receptors (Paulus 2011; Stagg and Nitsche 2011). Mechanisms 
analogous to long-term potentiation (LTP) or long-term depression (LTD) have thus 
been attributed to tDCS effects on plasticity. Notably, since the current used in tDCS 
is subthreshold, it does not induce action potentials (Bikson et al. 2004); instead it 
modulates spontaneous neuronal activity (evoked, ongoing/endogenous activity) in 
a polarity-dependent fashion. Since tDCS does not necessarily produce, but instead 
modulates activity, it has the feature of being “functionally selective” where only 
paired plasticity (e.g. the training matched with stimulation) is boosted (Bikson and 
Rahman 2013).

The effects of tDCS are stimulation polarity dependent. Surface anodal stimu-
lation will typically produce inward current flow at the cortex, which is expected 
to produce somatic depolarization of pyramidal cortical neurons and apical den-
drite hyperpolarization, while surface cathodal stimulation will typically produce 
outward current flow at the cortex and is expected to result in somatic hyperpolar-
ization of pyramidal cortical neurons and apical dendrite depolarization (Radman 
et  al.  2009; Zaghi et  al. 2010). Changes in brain excitability were classically 
assumed to track somatic polarization, at least for moderate stimulation intensi-
ties (e.g. 1 mA) and durations (e.g. 15 min). However, ongoing and rigorous 
investigation of tDCS cellular targets and dose response indicate a more nuanced 
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mechanism. For example, the cellular targets of tDCS may include axons (Rahman 
et al. 2013), dendrites (Kronberg et al. 2017), glia (Monai et al. 2016), or endothe-
lial cells (Lopez-Quintero et al. 2010). New cellular targets, in turn, suggest var-
ied and more nuanced dependence on tDCS stimulation polarity (Rahman et al. 
2013). The dose response to increasing tDCS intensity may be nonlinear with 
increasing current, duration, or brain activity (Jamil et al. 2017).

There is also increasing sophistication about the anatomical targets of tDCS and 
montage design. While the nominal targets of tDCS are often simplistically assumed 
to be under the electrodes, the current flow produced using conventional tDCS in 
fact spans all cortical regions between and around the electrodes (Datta et al, 2009; 
Huang et al. 2017; Jog et al. 2016). It is therefore important to take care to distin-
guish between stimulating with an electrode “over” a region and specifically target-
ing “of” that region. Moreover, current flow with conventional montages is expected 
to reach deep structures (Bikson et al. 2010; Brunoni et al. 2012a; DaSilva et al. 
2012; Keeser et al. 2011; Miranda et al. 2006; Salvador et al. 2010; Zaghi et al. 
2010). In addition to tDCS  having effects on brain regions distant from the electrode 
due to physical diffusion of current flow, tDCS may also modulate distant networks 
which are functionally connected to directly stimulated regions (Nitsche et  al. 
2005). For example, tDCS has been found to modulate resting-state functional con-
nectivity after prefrontal stimulation (Keeser et al. 2011). As noted, to counteract 
diffusivity, tDCS may be “functionally” focalized by timing stimulation with spe-
cific tasks (Cano et al. 2013; Cohen Kadosh et al. 2010) – this combination with 
training is relevant for clinical applications as discussed next.

There are arguably no neuromodulation techniques that have been subject to as 
extensive neurophysiological investigation at the animal and human level as 
tDCS. In just the last decade, there have been dozens of human trials addressing 
nuance in dose response (Giordano et al. 2017; Jamil et al. 2017; Woods et al. 2016), 
which are supported by animal trials indicating the effects of tDCS are pathway and 
state specific (Bikson and Rahman 2013). While challenges remain, including in 
addressing individual dose response, it is important that the basic rationale for using 
direct current to alter brain function is exhaustively tested.

 Brief Overview of Rationale for Various Clinical Applications

Due to the neuromodulatory effects of tDCS, including its effects on excitability-
measures and rate of learning (Buch et al. 2017; Kim et al. 2017; Kronberg et al. 
2017) tDCS has been tested as a treatment for several neuropsychiatric disorders 
and to accelerate neuro-rehabilitation (Brunoni et al. 2012b) Since plasticity/excit-
ability/activity is pathologically altered in many neurological and psychiatric dis-
eases, tDCS is most often used to “re-adjust” or re-balance the system; examples 
here include epilepsy, pain, and depression, amongst others. A second rationale for 
testing of tDCS is the relevance of plasticity, and cortical activity/excitability 
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alterations, for learning and memory formation; and therefore, potential conjunctive 
application of tDCS during rehabilitation/training: examples include motor reha-
bilitation, visual restauration, dystonia (Furuya et al. 2014), and Alzheimer´s dis-
ease. Evidently the (individual) etiology of disease as well as the brain response is 
complex, the ability of tDCS to alter excitability and plasticity is a starting point to 
rationalize clinical trials (Lefaucheur et al. 2017; Naro et al. 2016).

For instance, tDCS has been used for motor learning enhancement in stroke 
rehabilitation (Schlaug et al. 2008), for behavioral performance enhancement with 
Alzheimer’s patients (Boggio et al. 2009b; Ferrucci et al. 2009; see also Chap. 12), 
for modulation of emotional affective neural circuits in depression patients (Boggio 
et  al. 2009b; see also Chap. 13; Bueno et  al. 2011; Kalu et  al. 2012), and for 
patients with chronic pain (Boggio et al. 2008; Fenton et al. 2009; Fregni et al. 
2006c; Gabis et al. 2009; Zaghi et al. 2011). In stroke neurorehabilitation, tDCS 
has shown benefits when used together with other interventions such as rehabilita-
tion training (see Chap. 11) or occupational therapy in humans (Nair et al. 2011; 
Zhu and Schlaug  2011). In terms of pain, tDCS has been applied to cases of 
chronic pain refractory to pharmacologic interventions (Lefaucheur et  al. 2008; 
Nizard et al. 2012) and for a number of different pain conditions such as fibromy-
algia, pelvic pain, and neuropathic pain (DaSilva et al. 2012; Fenton et al. 2009; 
Fregni et al. 2006a).

Indirect support for clinical interventions also come from experiments in healthy 
volunteers on cognitive function. Numerous studies have also examined the effects 
of tDCS on learning in healthy subjects, suggesting improvement in implicit learn-
ing (Kincses et al. 2004), motor memory (Galea and Celnik 2009), working mem-
ory (Mulquiney et al. 2011; Ohn et al. 2008), and memory retrieval (Boggio et al. 
2007; see also Chap. 9; Boggio et al. 2009a; Chi et al. 2010).

The clinical effectiveness of tDCS for any given indication depends from many 
factors, with adoption ultimate dependent on efficacy, safety, as well as a range of 
regularly, commercial, and payer issues. Regarding safety, the broad consensus of 
researchers and clinicians is there is no evidence for a serious adverse event being 
caused by tDCS (Russo et al. 2017) – which is made evident, in a sense, by the 
routine testing of tDCS on healthy subjects (e.g. up to 6 weeks in college students; 
Paneri et al. 2016). Regarding efficacy, clinical trials for a broad range indications 
are at varied phases, through for many treatments encouraging results often support 
ongoing clinical trials. For some indications, notable chronic pain and depression 
the consensus among researcher and clinicians is for moderate evidence for effi-
cacy (Aparicio et al. 2016; Bikson et al. 2016; Lefaucheur et al. 2017; Spagnolo 
and Goldman 2017; Zhu et  al. 2017), which also correspond to indications for 
which tDCS has been approved for treatment in some regions (e.g. the EU). It 
should also be noted that many tDCS trials include relatively small sample sizes 
and clinically homogeneous populations, and often use surrogate outcomes. 
Moreover, clinical trials vary in dose and inclusions/exclusion (e.g. concurrent use 
of medication) – which can profoundly affect outcomes and there is variation in 
outcome measures themselves, which makes it important to draw conclusions with 
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care. Noting ongoing progress in addressing the mechanisms of tDCS (above), 
many questions remain especially in the context of treating the damages of patho-
physiological brain. There is thus broad support for ongoing research especially 
aimed at optimization of dose (since the limited permutations tested so far could 
not be optimal), resolve individual responsiveness (recognizing that at useful treat-
ment does not need to be effective for every patient), and incorporation of new 
technology – discussed next.

 Emerging Technologies and Models

The field of tDCS is advancing, with new approaches and methodologies of tDCS 
recently developed. Many of these developments focus on improved method to 
deliver current to the brain. One such development is “High-Definition” tDCS 
(HD-tDCS), which utilizes an array of smaller gel-based electrodes, in contrast to 
the two large sponge-based electrode used in conventional tDCS. The position and 
current at each HD electrode can be optimized for a variety of desired outcomes, 
such as intensity or targeting (Dmochowski et al. 2011). One HD-tDCS configura-
tion, the “4 × 1 ring” electrode montage, has been shown to be a more focused 
method of stimulation compared to conventional tDCS (Fig. 2.7; Datta et al. 2009; 
Edwards et al. 2013). The 4 × 1 HD-tDCS configuration has been shown to be a 
reliable method of targeting specific cortical areas, can produce plasticity changes 
that may outlast conventional tDCS (Kuo et al. 2013). Clinical application of 4 × 1 
HD-tDCS are expanding, for example showing reduced perception on pain in fibro-
myalgia patients (Castillo-Saavedra et  al. 2016; Villamar et  al. 2013a, b) and in 
experimental pain (Borckardt et al. 2012).

A further important area of development for targeting of tDCS is use of 
EEG. Especially using HD-tDCS which can be integrated with EEG systems, there 
is compelling case for using clinical sub-population or subject-specific EEG to 
deliver a customized tDCS distribution. The notion of recording and HD-tDCS with 
the same or adjacent scalp electrodes is loosely based on the concept of reciprocity, 
which has only recently been formalized for non-invasive electrical stimulation 
(Dmochowski et  al. 2013). Prior this this formalization, there have been varied 
empirical proposal to guide tDCS from EEG ranging from simple (Cancelli et al. 
2016), to complex (Fernandez-Corazza et al. 2016; Wagner et al. 2016). EEG has 
also been suggested as useful to classify responders to tDCS (Al-Kaysi et al. 2016; 
Castillo-Saavedra et al. 2016) and broadly as a tool to diagnose the effects of tDCS 
(Cosmo et al. 2015; D'Atri et al. 2016; Mancini et al. 2016). The integration with 
EEG thus is an important frontier for tDCS optimization, but alongside this promise 
it is critical to consider technical concerns in implementation (Noury et al. 2016; 
Chap. 11).

There is a long-standing interest to use functional mapping information from 
fMRI to identify targets for tDCS (Clark et al. 2012; Teichmann et al. 2016) and 
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access outcomes (Jang et al. 2009; see Chap. 11; Clark et al. 2011; Lin et al. 2017; 
Cabral-Calderin et  al. 2016; Cavaliere et  al. 2016). However, there is a push for 
more sophisticated and numerically formalized methods to systematically combine 
spatial imaging with spatial targeting of (HD)-tDCS (Dunlop et al. 2016; Hunter 
et al. 2013). For example, it possible to co-register current flow and imaging data in 
analysis (Halko et al. 2011). A further interesting development is the use of MRI to 
image current flow produced by tDCS (Antal et al. 2014; Jog et al. 2016).

There have been various proposals on customized tDCS to a subject’s anatomy. 
This is motivated by individual differences in anatomy leading to different brain 
current flow patterns for the same dose (Bikson et al. 2012b; Datta et al. 2012; Kim 
et al. 2013; Truong et al. 2013). One approach using individual MRI derived mod-
els of current flow to customize dose (Bikson et al. 2012a; Ruffini et al. 2013; Opitz 
et al. 2015; see Chap. 9). This approach was first suggested in stroke where indi-
vidual brain lesions distort brain current flow patterns (Datta et al. 2011; Otal et al. 
2016) leading to pilot clinical trials in customized tDCS in rehabilitation 
(Dmochowski et al. 2013). An alternative line of proposed personalization of the 
stimulation is by adapting the electrode shape (rather than position and current at 
electrodes) to fit the structural and functional features of individual subjects 
(Cancelli et  al. 2015). Approaches used shaped concentric ring electrodes, to 
approximate the 4 × 1 HD-tDCS montage, are also proposed (Bortoletto et  al. 
2016).

One of the most promising features of tDCS is the ability to deploy to a wide 
range of environments, including home use. But there has been a dearth of studies 
using tDCS at home compared to the at the clinic/academic center, which in part 
reflected the need to establish efficacy in controlled environment but also the lack of 
availability until recently, of suitable equipment and protocols. Providing a patient 
with a device certified for use by an expert creates significant risk of misuse (Cabrera 
et al. 2014). Remote-Supervised tDCS is thus a key development to provide rigor-
ous protocols and equipment for home-based use, including rules to maintain repro-
ducibility and tolerability from clinic to home (Charvet et al. 2015; Knotkova et al. 
2017a, Chapter 13). Efforts to develop better tDCS electrodes are often guided by 
simplicity and replicability for home (remote supervised) use, including single-use 
pre-saturated snap electrodes with single-position head-gear (Chap. 10). The need 
for remote based tDCS is emphasized by evidence that the effect of transcranial 
direct current stimulation (tDCS) is cumulative – thus treatment protocols typically 
require multiple consecutive sessions spanning weeks or months. The desire for 
remote based tDCS must be critically balanced with the development of subject/trial 
specific telemedicine interventions (Kasschau et  al. 2015; Charvet et  al. 2015; 
Knotkova et al. 2017b).

In the coming years, significant advances in tDCS are expected including new 
technology for customized stimulation in the form of more specific brain targeting 
(e.g. HD-tDCS), patient specific image-guided dosage parameters, and technology 
more easily deployable in clinical and home environments.
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Chapter 2
Principles of Transcranial Direct Current 
Stimulation (tDCS): Introduction 
to the Biophysics of tDCS

Davide Reato, Ricardo Salvador, Marom Bikson, Alexander Opitz, 
Jacek Dmochowski, and Pedro C. Miranda

Human research on transcranial electrical stimulation provides direct evidence that 
weak electric currents can affect brain function in health and disease. However, 
limitations on both the control of stimulation delivery (including, e.g., dose/repeti-
tion and anatomical variations), factors known to influence modulation (e.g., brain 
state) and variability of outcome measures make it difficult to delineate a general 
framework to explain the effects of the stimulation based solely on human research. 
In this regard, computational models of tDCS and animal studies, either in vivo or 
in vitro, can help to develop a specific biophysical framework while being informed 
by results from humans.

The biophysics of tDCS, and more broadly neuromodulation, is based on spe-
cific and quantitative (equation-based) models of brain stimulation with explicit 
parameters (preferably based on measurable physical quantities such as field 
strength, membrane potential) and well-defined brain signals whose neuronal sub-
strates are known. This is required to guarantee testable and refutable hypothesis. 
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Each biophysical model of tDCS must support an incremental establishment of a 
comprehensive theory for tDCS. This is in contrast to more heuristic or qualitative 
descriptions of tDCS (e.g. “anodal stimulation makes the brain more excitable 
which increases function.”) – such theories are typically a priori used to justify trials 
(e.g. “anode over dorsolateral prefrontal cortex [dLPFC] to boost mood”) rather 
than test refutable mechanistic hypothesis.

In this chapter we describe the biophysics of tDCS. In the first section we review 
the basic physical principles that describe how computational models relate the 
electric current applied at the electrodes to electric field generated inside the brain. 
In the second part, we illustrate how such electric fields affect neuronal activity, 
focusing on results from animal studies because they allow a direct link between 
stimulation parameters and neuronal substrate.

 Physical Principles

Transcranial direct current stimulation (tDCS) is a non-invasive technique which 
has been shown to modulate cortical excitability (Nitsche and Paulus 2000, 2001) 
and is currently envisioned as a promising tool in several neurological and psychi-
atric disorders, as well as stroke recovery and chronic pain (Fregni et al. 2006; 
Nitsche et al. 2009; Nitsche and Paulus 2009; Schlaug et al. 2008). The neuro-
modulatory effects elicited by tDCS depend on the electric field (E-field, mea-
sured in Volts per meter, V/m) induced in the nervous system. This field is induced 
by two or more electrodes placed in contact with the scalp and connected to a 
stimulation device. The electrodes consist of conductive materials, such as metal 
or conductive rubber, connected to stimulator leads. This material is in contact 
with a conductive solution, the electrolyte, which is usually a conductive fluid or 
a gel. Examples of the latter include large (25 or 35 cm2) “sponge-sock” elec-
trodes soaked in physiological saline solution, with a conductive rubber pad, 
which is connected to the stimulator wires, located inside (Minhas et al. 2010; 
Nitsche et al. 2008; Ruffini et al. 2013; Saturnino et al. 2015). Smaller electrodes 
usually use gel as an electrolyte (Ruffini et al. 2014; Sehm et al. 2013). In modern 
current-controlled stimulators, the current (I measured in Amperes, A) that enters 
the volume (via the electrodes) is controlled during the stimulation (Peterchev 
et al. 2012). In these stimulators, the voltage difference between the electrodes is 
controlled by the device so that the current reaches the intensity specified by the 
user regardless of the time- varying impedance at the electrode-skin interface. The 
current flows from the anode to the cathode and the voltage difference between 
these two electrodes is always positive in tDCS (although not constant [Minhas 
et al. 2010]).

A weak, 1–2 mA, and long lasting, 1–30 min, current is usually chosen in tDCS 
(Nitsche et al. 2008). The current is kept constant throughout the protocol, except at 
the beginning/end, where it increases/decreases linearly in time: ramp-up/down 
period. The duration of these ramp periods is usually 10  s (Minhas et  al. 2010; 
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Nitsche et al. 2008). For purely resistive tissues, a valid approximation for DC sig-
nals (as discussed below), the E-field induced in the head during tDCS is propor-
tional to the applied current (Peterchev et al. 2012). The spatial distribution of the 
E-field and its direction depend on several other parameters, like the shape and 
positions of the electrodes (Saturnino et al. 2015), the current injected by each elec-
trode, the geometry of the head tissues (Opitz et al. 2015) and their electrical con-
ductivity properties (Datta et al. 2009; Miranda et al. 2006; Miranda et al. 2013). 
The way neurons are affected by the E-field depends on its magnitude and direction, 
as will be discussed in more detail later in this chapter, as well as on the duration of 
stimulation. The calculation of the E-field in the head volume for a given electrode 
montage is deemed the “forward problem” in tDCS. The mathematical formulation 
of the forward problem in tDCS is well known from electrostatics: the E-field 
induced in the head can be obtained from the gradient of a scalar function (the elec-
tric potential, V measured in Volts) which is a solution of the Laplace equation 
(Rush and Driscoll 1968, 1969). However, analytical solutions of the resulting 
equations can usually only be obtained in simple approximations for the head geom-
etry (such as a spherical geometry (Dmochowski et al. 2012) and hence numerical 
methods are commonly employed to obtain the E-field (Datta et al. 2009; Miranda 
et al. 2013).

 Electric Properties of Tissues

In general, for electrical stimulation using arbitrary waveforms, the current 
induced in the head can be divided into an ohmic (resistive) component and a 
displacement (capacitive) current. The first component arises from the movement 
of the free ions that exist in the intra and extracellular fluids of the head tissues. 
The property of materials that describes how well they can conduct electricity by 
means of free charges is called electrical conductivity (σ in Siemens per meter, 
S/m). The second component of the current results from the polarization of local-
ized charge distributions in the cellular membrane (Pethig and Kell 1987). The 
permittivity (ε in Farads per meter, F/m) of a medium is a measure of how easy 
this polarization is induced by an applied E-field. The values of these dielectric 
properties (σ and ε) depend on the frequency of the currents: permittivity values 
decrease with frequency, whereas conductivity values increase with it (Pethig and 
Kell 1987).

For purely ohmic materials, the waveform of the E-field follows that of the cur-
rent. When capacitive currents exist, this is no longer the case and strong distortions 
of the current’s waveform can occur (Wagner et al. 2014a). The latter exist only 
when the current varies with time. Since, the current in tDCS is mostly constant 
during stimulation, the displacement current can be considered zero. Even during 
the ramp-up/down period, when the current changes in time, the relatively low rate 
of change with time will not give rise to a strong displacement current (Opitz et al. 
2016).
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Knowledge about the conductivity of biological tissues is therefore crucial in 
tDCS. Several studies have appeared reporting measurements of these properties in 
biological tissues in a wide range of frequencies (Baumann et al. 1997; Gabriel 
et  al. 1996a, b; Geddes and Baker 1967; Koessler et  al. 2016; Logothetis et  al. 
2007; Oostendorp et al. 2000). The disparity between recording methods, tissue 
preparation and types (in vivo vs ex vivo) however, has led to the appearance of 
inconsistent data among studies (Gabriel et al. 1996a; Wagner et al. 2014a). This is 
especially true in the DC to low frequency range because measuring the dielectric 
properties in that region is technically more challenging (Schwan 1966; Wagner 
et al. 2014a). These uncertainties are a major cause for concern regarding compu-
tational predictions of E-field distributions during tDCS since changes in tissue 
conductivity values have been shown to significantly affect the E-field peak values 
and distribution (Laakso et al. 2015; Salvador et al. 2012).

Another important aspect concerning the conductivity and permittivity values is 
the fact that they are anisotropic in some tissues, i.e. the dielectric properties of the 
tissues are different depending on direction. This is typically due to the presence of 
structures that limit the flow of ions along specific directions. In the white matter 
(WM) the limiting structures are the axons of the neurons that constitute this tissue. 
These typically constrain the movement of ions in a direction parallel to the fiber 
(Geddes and Baker 1967). In the skull, anisotropy results from the presence of three 
layers of different tissues: a layer of cancellous bone between two layers of more 
insulating compact bone in the top part of the skull (Akhtari et  al. 2002). This 
arrangement results in a higher effective conductivity in a direction tangential to the 
skull surface compared to the effective conductivity perpendicular to it (e.g. Opitz 
et al. 2015; Rampersad et al. 2011; Wagner et al. 2014b).

For anisotropic media, the conductivity is described as a symmetric tensor. In the 
WM, the conductivity tensor can be estimated via diffusion tensor imaging (DTI) 
(Basser et al. 1994). DTI allows for the estimation of the water molecules’ diffusion 
tensor by acquiring diffusion weighted images (DWI) along several directions 
(Huisman 2010). Since the flow of ions and water molecules is thought to be con-
strained by the same structures, the conductivity tensor can then be obtained from 
the diffusion tensor (Tuch et al. 2001). This method, however, is limited by the fact 
that the scaling of the diffusion tensor components can be done in a variety of image 
processing ways and each produce very different conductivity values which highly 
affects the E-field calculations (Opitz et al. 2011; Tuch et al. 2001).

 The Spatial Distribution of the Electric Field: Insights 
from Modelling Studies

The E-field induced in the head during tDCS is a vector whose magnitude and 
direction changes from tissue to tissue but also within each individual tissue. Since 
most computational studies model the tissues as connected volumes bounded by 
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smooth surfaces (Datta et  al. 2009; Miranda et  al. 2006, 2013), discontinuities 
arise in the E-field’s magnitude and direction at these surfaces, provided the two 
tissues that are separated by them have different conductivities (Miranda et  al. 
2003). The discontinuities are such that the magnitude of the E-field’s component 
in the direction perpendicular to the surface (the normal component) is always 
higher in the side of the surface belonging to the tissue with the lowest conductiv-
ity. This discontinuity is proportional to the ratio between the difference and the 
sum of the conductivities of the two tissues (Miranda et al. 2003). No such effect 
occurs for the component of the E-field parallel to the surface (the tangential com-
ponent), which is continuous across these interfaces (Tofts 1990). This also means 
that the E-field’s principal direction tends to be perpendicular to the interfaces in 
the tissues with very low bulk conductivities (like the skull) and parallel to them 
in tissues with comparatively high conductivities (like the cerebrospinal fluid). In 
many modelling studies, the current density (J in Ampere per squared meter, A/m2) 
is reported instead of the E-field (Sadleir et al. 2010). The latter is also a vector 
which, in isotropic media, is proportional to the E-field: J is the product of the 
electric conductivity and the E-field. For anisotropic media, since the conductivity 
can no longer be described by a scalar but by a matrix instead (conductivity ten-
sor), the current’s density direction is no longer the same as that of the E-field 
(Miranda et al. 2003).

Most of what is presently known about the E-field distribution comes from 
computational modelling studies. The results obtained in these models can some-
times be counterintuitive. An example of one of such result is the fact that the 
E-field magnitude on the scalp under each electrode is not homogeneous. This 
can be seen in Fig. 2.1a, where the maxima of the E-field’s magnitude are seen to 
be located at the electrode’s edges. This also shows that the metric reported in 
many different studies, the ratio of the current to the electrode’s area, cannot be 
used to estimate the current density under the electrode since the latter, like the 
E-field, is not uniformly distributed under the electrodes (see also Miranda et al. 
2009). The maxima on the scalp are also much higher than those attained in the 
brain.

Another counterintuitive aspect of the E-field’s distribution in tDCS arises 
when one analyses it in the brain. The E-field shown in Fig. 2.1b, e displays prop-
erties in line with results from spherical head models (Datta et al. 2008; Miranda 
et al. 2006): a stronger field at the top of the gyri beneath the electrodes and with 
a direction perpendicular to the local cortical sheet and tangential to it in the region 
in between the electrodes. These results, however, were obtained for a fully homo-
geneous model (all tissues represented with the same conductivity value). A more 
realistic model for the conductivities of the tissues results in the E-field distribu-
tions shown in Fig. 2.1d, g. These results, which have been shown in a number of 
modelling studies (Datta et al. 2009; Miranda et al. 2013), arise from the effects of 
the low conductivity of the skull, which reduce the magnitude of the E-field in the 
brain (compare Fig. 2.1b with c). Another contribution comes from the combina-
tion of the high conductivity of the CSF, and the convoluted geometry of the corti-
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cal surface. This reduces the E-field’s magnitude in the brain, due to the shunting 
effect of the CSF, but creates localized maxima at the bottom of the sulci under the 
electrodes. The latter arise because the shunted current enters the GM perpendicu-
larly at the bottom of the sulci (Miranda et al. 2013). The presence of the CSF 
therefore boosts the field at the bottom of the sulci in a direction perpendicular to 
the GM’s outer surface, as shown in Fig. 2.1f. Finally, the inclusion of the WM as 
a tissue with different conductivities than the GM (Fig. 2.1g), introduces a discon-
tinuity at the GM-WM interface which tends to increase the E-field in the WM 
(which has a lower isotropic conductivity) as compared to the one induced in a 
homogenous brain model (Fig. 2.1f). The inclusion of an anisotropic WM pro-
duces subtler changes in the results (compare Fig. 2.1g with h). In this case, the 
E-field tends to decrease along the main direction of the fibers since the latter cor-
responds to higher conductivity values compared to those of the isotropic case. 
The E-field in the direction perpendicular to the fibers tends to increase its value 
since the conductivity is much smaller than the ones in the isotropic model (see 
also Opitz et al. 2011).
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Fig. 2.1 Impact of the electrical conductivities of the tissues in E-field distribution in a realistic 
head model. The model contains two homogeneous electrodes (σelectrodes = 2 S/m) located over the 
left hemisphere’s hand-knob region (anode) and the right supra-orbital region (cathode). A cur-
rent of 1 mA was injected at the anode. (a, b) E-fields distribution in the scalp (a) and the brain 
(b) in a homogeneous model where all tissues have an isotropic conductivity of 0.33 S/m. (c) 
Same as B but with the skull’s conductivity set to 0.008 S/m. (d) Same as C but with the CSF’s 
conductivity set to 1.79 S/m. (e) Same as B but now showing the direction of the E-field and its 
magnitude in a sagittal slice passing through the middle of the cathode and a coronal one passing 
through the middle of the anode. (f) Same as E but with the skull’s and CSF’s conductivities set 
to 0.008 S/m and 1.79 S/m, respectively. (g) Same as F but with the WM’s conductivity set to 
0.15 S/m. (h) Same as G but for an anisotropic conductivity for the GM and WM. False color: 
electric field (V/m)
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 Comparisons with Other Brain Stimulation Techniques

There are several other techniques which are used to induce an E-field in the brain 
non-invasively and thus affect the state of neurons. Two of them are closely related 
to tDCS because they use the same method to induce the E-field: transcranial 
alternating current stimulation (tACS) and random noise current stimulation 
(tRNS). tACS has been shown to interfere with ongoing brain waves or rhythms 
(Herrmann et al. 2013; Kanai et al. 2008; Zaehle et al. 2010), whereas high fre-
quency tRNS has been shown to increase cortical excitability in the motor cortex 
(Moliadze et al. 2010; Terney et al. 2008). The difference is essentially related to 
the waveform of the current. The current remains constant in tDCS (apart from the 
ramp-up/down periods at the beginning and the end), whereas in tACS it varies 
sinusoidally in time with a low frequency (1–45  Hz) and in tRNS it follows a 
white-noise band-limited waveform (0.1 – 640 Hz). For these low frequencies, the 
capacitive component of the current in the tissues is still much smaller than the 
resistive current, so the E-field waveform is in phase with that of the current as 
well (Plonsey and Heppner 1967). Since the current varies between a negative and 
a positive maximum value, the direction of the E-field will change in time, which 
does not occur in tDCS.

Another technique of interest is transcranial magnetic stimulation (TMS), which 
has been shown to be able to elicit motor responses when used over the primary 
motor cortex (Barker and Jalinous 1985; Hallett 2007). TMS produces a time- 
varying magnetic field which will induce a time-varying E-field, a processed 
described by Faraday’s law of electromagnetic induction (Eaton 1992). The mag-
netic field is generated by the passage of a very high magnitude (~1 – 3 kA) and 
short lasting (<1 ms) time-varying current through a coil located close to the target 
region in the head. The current is generated by a high-powered stimulator device 
connected to the coil (Peterchev et  al. 2008). The E-field induced in the head 
depends not only on the coil’s geometry and its position but also on the head geom-
etry. Besides, it has very different properties than the one induced in tDCS, as 
shown in Fig. 2.2 for the field induced by a figure-8 coil in an orientation tradition-
ally used to achieve stimulation of the motor cortex (Di Lazzaro et al. 1998). See 
also (Salvador et al. 2015) for a more detailed description. One of these differences 
is the induced E-field’s magnitude, which is much higher in TMS (~100 V/m) than 
in tDCS (~0.4 V/m). The orientation of the field and the location of the maxima is 
also substantially different (compare Fig. 2.2c with d). The maxima in TMS are 
predominantly located at the top of the gyri under the coil and the E-field there is 
oriented tangentially to the cortical surface. In tDCS the orientation of the field is 
predominantly radial to this surface at the top of the gyri, and local maxima also 
appear at the bottom of the sulci where the E-field induced in TMS is already very 
low. The temporal variation of the induced E-field in TMS follows that of the rate 
of change of the current in the coil (Roth et al. 1991) which depends on stimulator 
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type (Peterchev et al. 2008). This has been disputed by recent studies which seem 
to indicate that at the frequency of variation of the E-field in TMS, the capacitive 
component of the induced current might be significant which could alter signifi-
cantly the E-field waveform (Wagner et al. 2014a).

 Effects of Weak Direct Current Stimulation on Neuronal 
Activity in Animal Models

The main advantage of using animal models is the possibility of directly measuring 
the effects of weak currents at multiple scales, from distinct compartments of single 
cells all the way to full populations responsible for measurable behaviors. At the 
same time, the stimulation parameters can be controlled usually with higher preci-
sion than human studies, pharmacological and genetic manipulations can be easily 
applied (in a manner dangerous or impossible in humans) and electrophysiology 
and imaging can be performed routinely (including small network, synapse, and 
single cell measurements).This section provides a review of the current experimen-
tal evidence on the effects of weak electrical direct current (DC) on neuronal activ-
ity and highlights the biophysical models that emerge from this data. Human 
literature on this matter, mainly coming from pharmacological interventions, is not 
explicitly considered here since this has been already discussed elsewhere in this 
book and in previous reviews (for example see Stagg and Nitsche 2011; Woods 
et al. 2016).

Animal research on the biophysics of DC stimulation started over a century ago. 
While studying the origin of voltage gradients in the brain, Fritsch and Hitzig in 
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Fig. 2.2 E-field distribution in TMS (a, c) and tDCS (b, d). The first two figures show the geom-
etry and position of the figure-8 coil (a) and 7 × 5 cm2electrodes (b). (c, d) show the E-field distri-
bution in a sagittal slice passing through the hand-knob cortical representation for TMS and tDCS 
respectively. The field induced in TMS was obtained for a value of dI/dt of 67 A/μs, whereas the 
current injected by the tDCS electrodes was set to 1 mA. The tissues in the head were given isotro-
pic electrical conductivities based on values found in the literature, except the WM and GM which 
were modelled as anisotropic (for more details see Salvador et al. (2015). False color: electric field 
(V/m)
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1870 noticed that anodal stimulation increased the excitability of the brain while 
cathodal decreased it (Fritsch and Hitzig 1870). However, a first wave of quantita-
tive research on the use of transcranial electrical stimulation to study brain function 
did not begin until the second half of the twentieth century. Studies using different 
animal preparations characterized in great details the effects of weak electric fields, 
such as those induced by transcranial stimulation, on neuronal activity. In the major-
ity of these studies, however, the stimulation was used more as a tool to understand 
the origin of electric events/oscillations in the brain, not with the aim to validate a 
tool for neuromodulation (Bindman et al. 1964; Creutzfeldt et al. 1962; Terzuolo 
and Bullock 1956). A second wave of basic animal research on transcranial electri-
cal stimulation started after seminal papers in humans showed that weak currents 
could modulate cortical excitability (Priori et  al. 1998) and these changes could 
persist after the stimulation period (Nitsche and Paulus 2000). This second wave of 
animal research, that is still very active, does not aim at simply reproducing the 
results of human studies in animal models but, more importantly, at finding generic 
principles that explain how weak electric currents affect neurons and neuronal 
circuits.

The previous section of this chapter illustrated how computational current-flow 
models of transcranial electrical stimulation provide precise estimations of current 
densities (and electric fields) generated inside the brain. These estimates provide the 
numbers needed in animal studies to set the stimulation amplitudes and directions. 
However, knowing current flow by itself is not enough to predict the effects of such 
currents on neurons. Ultimately, the way a weak current affect brain function is 
determined by its interaction with neurons.

Brain function is evidently complex and determined by the concerted activity of 
large number of neurons and interconnected brain areas. These areas are composed 
of neuronal circuits made of different types of neurons and other non-neuronal cell 
types. To properly estimate the effects of weak electric currents on the brain it is 
therefore necessary to consider different scales: single neurons, how they are con-
nected and interact, how they communicate with other neuronal and non-neuronal 
populations and how these populations ultimately support behavior usually in con-
cert with other brain areas. As previously mentioned, animal research allows this 
type of multi-scale approach to study the temporal and spatial effects the 
stimulation.

This section describes the literature on the effects of weak direct currents on 
neuronal activity at these different scales in animal models. Building on prior 
reviews that addressed a selection of these aspects (Bikson et al. 2012; Krause et al. 
2013; Márquez-Ruiz et al. 2014; Pelletier and Cicchetti 2015; Reato et al. 2013b; 
Woods et al. 2016), here the emphasis is on the different scales at which electric 
currents can affect neuronal activity. Moreover, apart for reviewing the known lit-
erature on this topic, new frontiers in this field of research and open questions are 
highlighted. The hope is that this may help guiding future research and that the list 
of open questions will look obsolete in a few years from now.
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 Effects of Weak Direct Current Stimulation on Membrane 
Potential, Firing Rate and Spike Timing

Whether neurons are passive or active affects how weak electrical stimulation 
affects their function. “Passive” here refers to those neurons whose membrane volt-
age is not close to the threshold for action potential generation (10–20 mV over 
resting membrane potential). In the literature, the effects of weak electric fields on 
this neuron would be called sub-threshold. “Active” neurons are those that receive 
massive synaptic inputs and are so depolarized that they occasionally (or often) 
generate action potentials.

 Passive Neurons

The most widely accepted notion regarding the effects of DC currents on brain 
activity is that neurons under the anode are excited while neurons under the cath-
ode are inhibited. This simple explanation of tDCS effects (anode: excitatory, cath-
ode: inhibitory) is supported by seminal work of Jefferys (Jefferys 1981). By 
stimulating electrically granule cells in quiescent guinea-pig hippocampal slices, 
Jefferys showed that extracellular voltage fluctuations across a cell are able to 
modulate the membrane potential. This induced polarization is depolarizing 
(higher membrane potential) for the soma during anodal stimulation and hyperpo-
larizing (lower membrane potential) for cathodal, whenever neurons are aligned 
with their apical dendrite pointing towards the electrode. The membrane polariza-
tion at the soma affects the size of monosynaptic evoked potentials, with anodal 
stimulation increasing the response size while cathodal decreasing. Interestingly, 
Jefferys also found that the induced extracellular voltages are not uniform across 
neurons but changed depending on the cellular compartment. Similar results were 
found by Chan et al. for Purkinje cells in turtle cerebellar slices (Chan et al. 1988).

A later study by Bikson et al. (2004) further characterized Jefferys’ hippocampal 
preparation by directly measuring the membrane polarization of hippocampal CA1 
neurons and determining that the membrane potential at the soma changes linearly 
with the electric field magnitude in a polarity specific manner. The deflection of the 
membrane voltage at the soma is in the order of 0.1 mV of polarization per V/m 
electric field applied for pyramidal CA1 neurons. Moreover, using voltage sensitive 
dyes, the authors found that the polarization of neurons is compartment specific: 
soma depolarizing fields (anodal) hyperpolarize the dendrites and, vice-versa, soma 
hyperpolarizing fields (cathodal) depolarize the dendrites (Fig.  2.3a, b). These 
results were all consistent with the earlier findings of Jefferys (1981) and Chan et al. 
(1988). In addition, Bikson et al. showed that weak electric fields perpendicular to 
the main orientation of a neuron do not polarize the somatic membrane significantly 
(though may still influence function).
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The sensitivity of neurons to extracellular electric fields as measured in Bikson 
et al. is called the coupling constant (how many millivolts the somatic voltage of a 
neuron changes per V/m electric field applied). The estimation provided by Bikson 
et  al. (0.1–0.2  mV/V/m) was confirmed for pyramidal cortical neurons in ferret 
slices by Fröhlich and McCormick (Frohlich and Mccormick 2010) and for CA3 
pyramidal neurons in hippocampus by Deans et al. (2007). In the latter study, the 
coupling constant was directly measured varying the frequency of the field applied. 
Because of the membrane capacitative and resistive properties, the response of a 
neuron to an electric field is low-pass filtered: high frequency stimulation induces a 
small polarization compared to low frequencies. Therefore, the study by Deans 
et al. confirmed that the coupling constant depends on the frequency of the stimula-
tion applied (Fig. 2.3c). A couple of years later, Radman et al. added another key 
element to consider when evaluating the effects of electric fields on neurons 
(Radman et al. 2009). By performing a morphologic reconstruction of  biocytin- filled 
neurons, the authors found that the coupling constant strongly depends on neuronal 
morphology. Neurons with a symmetric dendritic arbor, like fast spiking interneu-
rons, were polarized by external electric fields much less than neurons with a more 
asymmetric morphology, such as pyramidal neurons. Similar results were also 
reported in another study for hippocampal neurons (Berzhanskaya et al. 2013).
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Fig. 2.3 Weak electric fields applied extracellularly polarize neuronal membrane. (a) Induced 
polarization is polarity- and compartment-specific and strongly depends on neuronal orientation 
relative to the electric field applied and morphology. (b) Somatic polarization depends linearly on 
the electric field amplitude. (c) Polarization decreases exponentiallthe equation is called the ay 
with the frequency of the field applied. (a and b are based on data from Jefferys (1981), Chan et al. 
(1988) and Radman et al. (2009). c is based on data from Deans et al. (2007))
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To summarize, the biophysical model that emerges from these studies is that the 
voltage fluctuations (ΔV, units: V or mV) at the soma induced by spatially uniform 
DC electric fields (E, units: V/m or mV/mm) oriented along the primary dendritic 
axis can be described by.

 
D = ( )V c M EE ,

 

where cE is the coupling constant (units: m or mm). The coupling constant is in 
general a complex function of neuronal morphology (M). A field that is oriented 
perpendicularly to the primary dendritic axis has no effect on the voltage at the 
soma, while its effect is maximum for parallel orientations.

The effect of an external applied electric field on the membrane potential can be 
determined by a formulation known as cable theory (for a recent review see (Rahman 
et al. 2015)). The generic equation that describes how the membrane potential of a 
neuron (Vm) is linked to the extracellular potential (Ve) as a function of time (t) and 
space (x) is the following:
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where the right side of the equation is called the activating function. Here, λ is the 
membrane length constant, which depends only on the electrophysiological proper-
ties of the membrane. This relatively complex equation can be simplified in particu-
lar conditions and solved analytically. In general, however, numerical methods can 
be used to solve it for multi-compartment neuronal models. There is a large amount 
of theoretical work in which cable theory was used to estimate polarization profiles 
of neurons subjected to an extracellular electric field (Ve) (Basser and Roth 2000; 
Chan and Nicholson 1986; Hause 1975; Joucla and Yvert 2009; Mcintyre and Grill 
1999; Miranda et  al. 2007; Plonsey and Barr 1998; Rahman et  al. 2013; Ranck 
1975; Svirskis et al. 1997; Tranchina and Nicholson 1986). However, one inevitable 
outcome of this classic theory is that the polarization profile produced by extracel-
lular fields is not simple, even for tDCS.  In the specific case in which a neuron 
compartment can be approximated as a very long (>5λ) straight cylindrical segment, 
as in the case of long dendrite or axon (terminal) processes of cortical or hippocam-
pal neurons, the coupling constant cE can be expressed directly as a function of the 
polarization length and the angle between the main neuronal axis and the electric 
field (θ):

 cE = l qcos  

While the estimation of somatic membrane polarization is robust across brain 
regions and species, a sophisticated analysis of tDCS effects must account for the 
distributed profile of polarization (Fig. 2.3a). Though it is correct that an “anodal” 
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direct field will depolarize the soma of cortical pyramidal neurons in a hippocampal 
slice, it will inevitable hyper-polarize their dendrites (Bikson et al. 2004), which can 
change dendritic processing (Fig. 2.3b). In addition, in tDCS, cortical folding will 
cause local changes in the orientation of neurons relative to the electric field such 
that neurons in adjacent cortical regions may be polarized in opposite direction 
(Rahman et al. 2013; Reato et al. 2013a). This was also anticipated by Terzuolo and 
Bullock as early as 1956, who wrote “Finally, current flowing along the surface of 
the grey matter (tangential directed flow as opposed to inward/outward radial flow) 
may influence brain function by polarizing structures oriented along the surface, 
namely afferent axons.” (Terzuolo and Bullock 1956).

The effects of stimulation on neuronal physiology can be understood by using 
computational models of single neurons. These models are based on a set of equa-
tions that describes how the membrane potential of a compartment of a neuron, V, 
evolves in time. The best-known is the Hodgkin-Huxley model (Hodgkin and 
Huxley 1952). The general formulation of a Hodgkin-Huxley-like model is:

 
C
dV

dt
I I

x
x= - +å ,

 

where C is the membrane capacitance, I an applied current and Ix describes in gen-
eral all the possible currents, either ionic, synaptic, due to input currents from other 
compartments, etc.

In their original formulation, Hodgkin and Huxley considered current contribu-
tions from sodium, potassium and a leakage current, such that the equation is:

 
C
dV

dt
g m h V E g n V E g V E INa Na K K L L= - -( ) - -( ) - -( ) +3 4 ,

 

where gNa,K,L are the maximum conductances for sodium and potassium and leakage 
currents, m and h describe the probability that sodium channels are open or inacti-
vated, n the probability that potassium channels are open and ENa,K,L the reversal 
potential for sodium, potassium and leakage channels respectively, and I is an 
applied current. Importantly for tDCS, the driving force terms (V − EX) are directly 
affected by changes in membrane potential, such that, for example if an externally 
applied electric field increases the voltage by ΔV (i.e. polarizes the membrane), then 
the driving force for all the conductances will be altered to  (V  +  ΔV  −  EX). 
Additionally, all the probabilities for channels to be open or inactivated are also 
time and voltage dependent. Therefore, changes in membrane potential affect 
directly ionic currents in two ways.

Synaptic conductances are also voltage dependent because their magnitude can 
be expressed as:

 
I g V Esyn syn syn= -( ),
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where the values of the parameters depends on the type of synaptic current (AMPA, 
NMDA, GABAa, GABAb, etc.). Current through gap-junctions connecting neurons 
or electrotonic coupling of neuronal compartments also depend on voltage differ-
ences. Finally the release on synaptic vesicles depends also on voltage changes.

In summary, any effect on membrane voltage affects potentially every aspect of 
neuronal, electrical and synaptic activity (Fig. 2.4). Therefore, the notion that tDCS 
affects neuronal function by inducing a membrane polarization must be extended by 
considering how that voltage fluctuation modulates the neuronal activity of interest. 
For example, depolarization of the somatic compartment is usually associated with 
hyperpolarization of the dendrites. Depolarization of the soma increases the excit-
ability of the neuron and hyperpolarization of the dendrites increases the driving 
force for excitatory synaptic inputs, while reducing the one for inhibitory inputs. 
How this dichotomy may be solved is an intense area of research (see next 
sections).

 Active Neurons

Assuming no synaptic inputs (as in many in vitro models) the polarization induced 
by electric fields generated during tDCS is too small (0.1–0.5 mV) to increase the 
membrane voltage of a neuron from rest sufficiently to generate an action potential 
(10–20 mV over resting membrane voltage). How does tDCS therefore affect neu-
ronal activity at all?

In contrast to typical in vitro conditions, neurons in the brain are often spontane-
ously active even when animals do not receive any specific sensory stimulus or are 
engaged in any specific task. The general level of activity depends strongly on the 
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behavioral state of the animal and specific patterns of neuronal firing are determined 
by intrinsic cellular and network properties (ion channel expression, number, type 
and strength of synaptic inputs, etc.). When animals are explicitly engaged in a task, 
neurons are usually highly depolarized, exhibit spiking activity and are in a high 
conductance state (Destexhe et  al. 2003). Therefore, when a neuron is already 
active, it seems more appropriate to consider the effects of the stimulation on the 
firing activity. This intuitive idea was already proposed and demonstrated a long 
time ago. In fact, Terzuolo and Bullock in 1956 (Terzuolo and Bullock 1956) already 
pushed forward ideas that are nowadays at the core of our understanding of the 
biophysics of transcranial electrical stimulation. In their study, they used crayfish 
and lobsters to test the effects of weak currents applied extracellularly on neurons 
while keeping the synaptic inputs under tight control. They used electric fields of 
the order of 1 V/m, a value completely reasonable for transcranial electrical stimu-
lation applied with common stimulation protocols. Interestingly, some of the sen-
tences from that paper contain already the majority of key concepts for describing 
the effects of electric fields on neurons. Here we report a few of those. “We have not 
seen in the literature, however, a quantitative evaluation of the sensitivity of nerve 
cells to electric fields in terms of voltage gradient across some appropriate dimen-
sion of the neuron. We have undertaken to estimate the threshold value as being the 
unique value of greatest interest and have found this to be far lower for modulation 
of the frequency of an already active neuron than for the excitation of a silent one.” 
Already then, it was recognized that: “it will be realized that there will be no char-
acteristic value for this membrane potential change, since in an equatorial region of 
the cell, with respect to the axis of polarization, the potential across the membrane 
will not be changed at all during polarization, and on one side of this line it will be 
increased and on the other side decreased.” Finally, “These values of voltage gradi-
ent were all obtained in the best axis of polarization of the neuron. When the field 
was rotated, a significant increase of the applied current was necessary in order to 
reproduce the same effect as that obtained in the axono-dendritic axis” It is quite 
astonishing that as early as 60 years ago the biophysics of DCS was already quite 
understood. The findings of Terzuolo and Bullock were then confirmed in vivo in 
anesthetized rats and in cat encéphale isolé. Bindman et al. (1964) applied electrical 
stimulation transcranially and found that firing rates are increased/decreased by 
anodal/cathodal stimulation (Fig. 2.5a). They also found that evoked potentials are 
similarly affected in a polarity-specific manner by the stimulation. Importantly, the 
authors found that stimulation applied for longer than 5 min induces long-lasting 
changes in firing rates. Purpura and Mcmurtry (1965) also reported changes in firing 
rates induced in a polarity specific- manner and linked the results to the orientation 
of neurons and induced polarization (even if the currents applied were high enough 
to directly generate action potentials). Similar results were also found a few years 
before by Creutzfeldt et al. (1962) by recording from motor and visual cortex of cat 
encéphale isolé while applying currents of the order of 1  mA transcortically. In 
particular, they also found that the relationship between firing rate changes and cur-
rent applied is approximately linear. Consistently with previous studies, they also 
found that electrically evoked activity is modulated by weak electrical stimulation. 
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The work of Gartside added more key elements to the after-stimulation effects of 
electric fields on neuronal firing (Gartside 1968). After inducing lasting effects as in 
Bindman’s work, the author cooled the whole body of rats to completely abolish 
neuronal activity. After the temperature was left free to rise again to normal levels, 
the changes in firing rate induced by the electrical stimulation were still present. The 
author therefore suggested that these persisting changes are not driven by reverbera-
tion of the activity but “The underlying mechanism must involve some type of syn-
aptic modification.”

Years later, Chan and Nicholson (1986) found that the firing rate of Purkinje cells 
in the cerebellum is very sensitive to weak electric fields (even though the stimula-
tion was alternating current). Firing rate increases by about 6 spikes per second per 
millivolt depolarization applied, a value that is consistent with results in cat visual 
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Fig. 2.5 Schematics of the effects of weak DC currents on active neurons. (a) Anodal/cathodal 
(blue/red) stimulation increases/decreases firing rate compared to control conditions (black). Top 
row: membrane voltage during the application of the stimulation. Bottom row: raster plot (each 
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or control conditions. (b) Anodal stimulation anticipates action potential generation while cathodal 
delays it. Control condition in black. (c) The effects on both firing rate and spike timing are linear 
with electric field amplitude. (a is based on data from Bindman et  al. (1964) and Reato et al. 
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cortex (but no electrical stimulation was applied (Carandini and Ferster 2000) and 
rat hippocampal slices (Reato et al. 2010)).

Apart from changes in firing rate, weak electric fields can also affect spike tim-
ing. Changes in spike timing do not necessary imply changes in rate, such that even 
if the average rate is the same, the timing of these events can be altered by electrical 
stimulation. A clear evidence of this phenomenon was provided by Radman et al. 
(2007). They patched hippocampal neurons and then linearly drove the membrane 
towards the threshold for action potential generation. In some trials, they applied a 
spatially uniform electric field on the top of that depolarization. They found that 
somatic anodal stimulation sped up the threshold crossing, while cathodal slowed it 
down (Fig. 2.5b, c). Furthermore, Radman et al. also showed that AC stimulation 
can entrain the spiking activity of single neurons, a key result for explaining how 
weak electric currents can entrain full neuronal populations (Deans et  al. 2007; 
Frohlich and Mccormick 2010; Ozen et al. 2010; Reato et al. 2010).

Changes in firing rate and spike timing produced by weak electric stimulation 
have been modeled throughout the years often using single-neuron descriptions that 
are simplified compared to the Hodgkin-Huxley formalism. These models assume 
that neurons can be described as a single compartment (the soma) and are particu-
larly suited for implementation in large populations of synaptically connected 
neurons.

Parra and Bikson (Parra and Bikson 2004) used an integrate-and-fire (IF) neuron 
model to show that the spike coherence in a neuronal population increased when 
small polarizations where applied to the whole network. Their model was described 
by:

 
t
dV

dt
V RI= - + ,

 

where R is the membrane resistance, τ the time constant, V the membrane voltage, 
and the term I includes both the synaptic currents from other neurons and the con-
tribution from an external electric field. We can refer to this as “RI” formalism, with 
direct analogy to how compartment-based biophysical models of electrical stimula-
tion incorporate the effects of electric fields as equivalent intracellular current injec-
tion (Lafon et al. 2016; Park et al. 2005). Expanding on this formalism to describe 
the effects of weak electric fields, Reato et  al. (2010) implemented Izhikevich’s 
single neuron model (Izhikevich 2003, 2007) to reproduce the effects of electric 
fields on a network of excitatory and inhibitory neurons (see following section). The 
differential equation that describes the voltage is

 

dV

dt
f V u V I Isyn E= ( ) - ( ) + +

 

where Isyn is the sum of the synaptic inputs from other neurons, u(V) an adapta-
tion variable and f(V) is a combination of a linear and quadratic function of the 
voltage that also give rise to the action potential generation (a reset of the voltage 
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is then necessary). Electrical stimulation can be implemented as a current term 
IE, such that

 I k EE E= ,  

where kE is the conversion factor that must be set to reproduce the correct polariza-
tion levels expected by the application of the electric field. In other words, if the 
value of the somatic membrane potential is V without stimulation and V + ΔV when 
the electric field is applied, the parameter kE must be tuned such that the current IE 
induces a change equal to ΔV. This type of simple modeling formalism has been 
broadly adopted including in simulate the effects of gamma oscillations in  vitro 
(Reato et al. 2010, 2015) as well as slow-waves in humans (Reato et al. 2013a) and 
in ferrets (Ali et al. 2013).

A similar simplified approach has been recently used to simulate the effects of 
electric fields on neuronal populations underlying decision-making processes 
(Bonaiuto and Bestmann 2015; Hammerer et al. 2016). Bonaiuto and colleagues 
used the exponential leaky integrate- and- fire (LIF) (Brette and Gerstner 2005), 
where the voltage dynamics is described by:

 
C
dV

dt
g V I Isyn E= ( ) + +

 

The function g(V) is a combination of linear and exponential functions. Similarly 
to Reato et al.’s approach using Izhikevich’s model, the effects of electric fields can 
be implemented by directly adding an external current input IE.

The use of simplified single-neuron models allows for the simulation of large 
neuronal populations. However, when full populations of neurons are stimulated, 
the average synaptic inputs in the network must be considered to estimate or predict 
the effects of weak currents on single neurons. In fact, as suggested in a recent 
review (Paulus and Rothwell 2016), if a neuron receives multiple synaptic inputs, 
the membrane becomes leakier. This translates to lower input resistance and there-
fore a smaller direct polarization induced by electric fields. Thus, while population 
activity can amplify the small effects of weak currents on neurons (Reato et  al. 
2010), strong synaptic tone decreases the polarization induced on single neurons. 
None- the- less, since active neurons are often near firing threshold, active systems 
are expected to be significantly more sensitive to polarization. This is turn leads to 
the notion of “functional targeting” discussed in the next sections.

 Summary of the Effects of Weak Direct Current Stimulation on Membrane 
Potential, Firing Rate and Spike Timing and Open Questions

The summarized literature delineates a precise view on the effects of weak electric 
fields, such those induced by tDCS, on single neurons. When neurons are not active, 
weak stimulation induces a small polarization of the membrane. When neurons are 
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active, the effects of fields are on firing rate and spike timing. Somatic anodal stimu-
lation increases firing rate and shorten the time required to reach the threshold for 
action potential generation. Somatic cathodal stimulation has the opposite effect. 
However, many open questions and debates remain on the effects of tDCS on single 
neurons:

 1. The dichotomy anodal/excitatory vs cathodal/inhibitory is not precise. 
Modulation of membrane potential does not directly translate to increased/
decreased excitability, since these concepts are linked to the desired effect of the 
stimulation. For example, depolarization of the soma may lead to easier genera-
tion of action potential, an effect that may be considered excitatory. Depolarization 
of the dendrites however may not be beneficial for post-synaptic neurons. An 
increase in membrane potential decreases the synaptic response of post-synaptic 
neurons because it reduces the driving force. Considering that neurons con-
stantly experience compartment-specific polarizations, it cannot be assumed that 
electric fields always have a net excitatory or inhibitory effect.

 2. The polarization of dendrites and axons has been predicted by modelling studies 
but never measured experimentally. A common assumption, for example, is that 
stimulation does not affect morphologically symmetric neurons. However, this 
assumption is mainly based on somatic polarization (the so-called somatic doc-
trine [Bikson et al. 2012]). It cannot be excluded that polarization of axons and 
dendrites may be very effective in modulating cellular functions ([Rahman et al. 
2013], see next paragraph).

 3. The coupling constant has not been measured directly in vivo. This experiment 
is quite critical to assure that the results from the in vitro literature can really be 
used to guide and support human research. Moreover, whether brain state and 
therefore high or low conductance neuronal states affect coupling constant is not 
known.

 4. Effects of weak electric fields on non-neuronal type of cells have not been 
exhaustively studied yet (Monai et al. 2016). For example, coupling constant for 
glial cells has never been measured before. These types of cells are critical for 
neuronal function and seem to mediate some of the lasting effects of electric 
fields (see next section).

 Effects of Weak Direct Current Stimulation on Synapses 
and Neuronal Populations

Ultimately, to affect brain function weak electric fields must exert significant effects 
on whole neuronal populations. A priori, the effects of stimulation on single neurons 
could be altered, amplified or damped (or completely disappear) at the population 
level. It is therefore not surprising that many studies on the biophysics of tDCS have 
now focused on neuronal populations and the effects of weak electric fields on syn-
apses. The majority of animal studies in  vitro on this topic involved the use of 
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evoked responses or analyzed the effects of the stimulation on neuronal oscillations. 
In some of these studies, plastic effects were reported. In vivo studies on the other 
hand, provide great opportunities to study the effects of electrical stimulation on 
behavior.

 Evoked Responses In Vitro

The most commonly studied animal model of transcranial stimulation is the modu-
lation by applied electric fields of evoked population responses, which, to a first 
approximation, provide a measurement of synaptic currents on post-synaptic neu-
rons. A stimulating electrode, usually bipolar, is placed close to fibers tract in vitro 
or in vivo. A very short (<1 ms) current pulse is then applied to generate action 
potentials in axons. An extracellular recording electrode is used to record the popu-
lation response (local field potential, LFP) around the dendrites or somas of the 
post-synaptic neurons. A weak electric field is then applied to modulate the popula-
tion response. Many of the studies mentioned in the previous paragraph reported 
modulation of evoked responses by weak electric currents. In particular, electric 
fields whose orientation is parallel to the somatodendritic axis of a neuron and 
pointing towards the soma (anodal stimulation for cortical cells) increase the evoked 
response, while fields with opposite orientation (cathodal for cortical cells) decrease 
the response (Fig. 2.6a). These results were found consistently for cortical (Bindman 
et al. 1964; Creutzfeldt et al. 1962; Purpura and Mcmurtry 1965) and hippocampal 
CA1 neurons (Bikson et al. 2004; Jefferys 1981). In recent years, new studies helped 
deepening our understanding on the effects of weak currents in this preparation.
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Fig. 2.6 Schematics of the effects of weak DC currents on evoked responses. (a) Anodal/cathodal 
(blue/red) stimulation increases/decreases the amplitude of evoked responses (green). (b) When 
evoked responses are combined with prolonged DC stimulation (~10 min), the amplitude of the 
response increases and this change outlasts the stimulation period. (c) When DC stimulation is 
applied during plasticity induction (LTP), the amount of potentiation is modulated bi-directionally 
by weak DC stimulation (fEPSP: field excitatory post-synaptic potential). The green line repre-
sents the control condition, red anodal stimulation and blue cathodal. (a is based on data from 
Creutzfeldt et al. 1962; Bindman et al. 1964; Purpura and Mcmurtry 1965; Jefferys 1981; Bikson 
et al. 2004; Rahman et al. 2013. b is based on data from Fritsch et al. 2010; c is based on data from 
Ranieri et al. 2012)
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Rahman and colleagues used evoked responses in rat motor cortex to test the 
effects of weak DC stimulation (Rahman et al. 2013). The authors stimulated differ-
ent cortical pathways and applied electric fields of different polarities, amplitudes 
and orientations relative to the stimulated neurons. They confirmed that when elec-
tric fields are oriented parallel to the dendrosomatic axis, the response is  modulated 
in the same way as for hippocampal slices. They then tried to stimulate pathways 
perpendicular to the applied field. From what was previously known, such fields 
should induce no net polarization at the soma and therefore no effects on evoked 
responses. However, the authors reported a modulation of the responses comparable 
in magnitude to that found for the pathways parallel to the electric field. To under-
stand this surprising result, Rahman et al. used a computational model of a single 
neuron in a spatially uniform electric field and found that terminal polarization 
could explain the experimental results. While these findings were not tested experi-
mentally, they suggest that, at least in some cases, somatic polarization does not 
fully explain the effects of weak electrical stimulation. Importantly, these findings 
are consistent with a previous study in hippocampus (Kabakov et al. 2012).

Additional animal studies aimed at understanding how weak electrical stimula-
tion can induce lasting effects on neuronal excitability as found in human studies. 
Fritsch and colleagues (Fritsch et  al. 2010) combined electrophysiology, 
 pharmacology and genetic tools to elucidate the cellular mechanisms underlying the 
lasting effects induced by tDCS. They evoked population responses in mouse motor 
cortex slices and applied weak DC stimulation extracellularly. They found that 
application of prolonged stimulation (15 min) induces a potentiation of the response 
(Fig. 2.6b). The change starts minutes after the stimulation onset and the magnitude 
of the responses continues to increase even after the cessation of the stimulation. 
Importantly, the effects are NMDA-dependent, and the lasting changes critically 
depend on whether or not synaptic co-activation is applied (and its frequency), sug-
gesting that the state of the cortical network may dictate the susceptibility to the 
stimulation. Finally, by using genetic tools, the authors found that DC stimulation 
enhances the release of BDNF and that BDNF receptors are required for plasticity 
induction. In fact, when the authors repeated the same experiments using mice 
where these receptors were knocked down, they found that the effects of DC stimu-
lation vanished.

Ranieri and colleagues, using evoked responses in hippocampal slices, critically 
improved our understanding on tDCS lasting effects (Ranieri et  al. 2012). They 
applied a standard stimulation protocol to induce plasticity at the CA3 to CA1 syn-
apse (Schaffer collateral) and found that anodal stimulation increased long-term 
potentiation (LTP) while cathodal decreased it. They further showed evidence that 
these effects may be due to an increased expression of zif268 protein (an early 
gene). The findings of this work suggested that weak electrical stimulation, while 
not inducing plasticity per se, may strongly modulate ongoing plasticity in a bi- 
directional manner (Fig. 2.6c).

Confirming and expanding this hypothesis, a study by Kronberg et  al. (2016) 
showed that weak DC stimulation effectively modulates LTP and depression (LTD). 
Kronberg et al. used a typical experimental model of hippocampal plasticity in brain 
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slices (as in Ranieri et al. study, (2012) in which stimulation of axonal afferents 
(Schaffer collaterals) can lead to post-synaptic potentiation or depression depending 
on the frequency of pre- synaptic activation (Cooper and Bear 2012). The authors 
found that DC stimulation biases plasticity towards potentiation, such that LTP is 
enhanced and LTD is reduced. Importantly, the authors found that similar effects 
could be induced using either anodal or cathodal stimulation, but with the effects 
localized in different dendritic compartments (apical/basal dendrites). Finally, 
Kronberg et al. clearly showed that DC stimulation alone or applied when plasticity 
was blocked did not lead to any synaptic changes.

Taken together, these studies on the lasting effects induced by weak electric cur-
rents suggest that stimulation alone does not produce significant persisting synaptic 
effects if not paired with activity or ongoing plasticity. This underlies the concept of 
“functional targeting”, in which stimulation paradigms can be targeted to specific 
neuronal populations depending on their activity and plasticity-permissive states 
(Jackson et al. 2016).

Finally, in the previous section we pointed out the possible issue that arises 
from compartment-specific polarization of the neuronal membrane. The polarity 
of somatic polarization (depolarization/hyperpolarization) is opposite than den-
dritic. A study by Lafon et al. (2016) shed light on this issue. By combining elec-
trophysiology in hippocampal rat brain slices and computational models based on 
previous research (Park et al. 2005; Prescott et al. 2008; Yi et al. 2014), Lafon 
et al. found that weak constant electric fields affect neuronal input/output func-
tion, i.e. the relationship between strength of synaptic inputs and the firing they 
induce on the post-synaptic neuron. Moreover, the authors found that somatic and 
dendritic polarization may have a synergistic effect for anodal stimulation: soma-
depolarizing electric fields increase the likelihood of neuronal firing while also 
increasing the driving force for synaptic input at the dendrites. However, the 
effects of electric fields of opposite polarity (cathodal) tend to cancel out. This 
result suggests how an asymmetry between the effects of anodal and cathodal 
stimulation may arise directly at the single neuron level.

 Oscillations In Vitro

Another in vitro experimental model commonly used to study the effects of weak 
electric fields is pharmacologically-induced oscillations or seizure-like population 
activity. However, in almost all the studies in the field, alternating currents (Ali 
et al. 2013; Berenyi et al. 2012; Deans et al. 2007; Frohlich and Mccormick 2010; 
Ozen et al. 2010; Reato et al. 2010) or Gaussian waveforms (Francis et al. 2003) 
were applied. Reviews on tACS are already present in the literature (Herrmann 
et al. 2013; Reato et al. 2013b) and so here the focus is just on DC stimulation 
studies.

Using high extracellular concentration of potassium in hippocampal slices to 
generate seizure-like activity, Gluckman and colleagues (Gluckman et  al. 1996) 
tested whether relatively weak electric fields could reduce epileptic activity. They 
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found that when fields were hyperpolarizing for the soma (cathodal stimulation), the 
seizure was temporarily stopped.

Pharmacologically induced beta/gamma oscillations in the hippocampus have 
been used to study the effects of AC stimulation (Deans et  al. 2007). However, 
Reato and colleagues characterized in more detail the effects of the stimulation 
(Reato et al. 2010). By using many frequencies (AC) and amplitudes in brain slices 
and a computational model they found that the effects of stimulation on the oscilla-
tions presumably depend on the interplay between excitation and inhibition 
(Fig. 2.7a), whose balance is a critical feature of this type of rhythm (Atallah and 
Scanziani 2009). In particular, when using DC stimulation, Reato et al. found that 
soma depolarizing (anodal) stimulation increases the power of the oscillations while 
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Fig. 2.7 Schematics of the effects of weak DC stimulation on gamma oscillations induced in vitro. 
(a) Gamma oscillations in vitro are generated by the interplay between excitatory and inhibitory 
neurons. (b) Anodal/cathodal (blue/red) stimulation increases/decreases the power of the oscilla-
tions compared to control experiments (green). (c) The modulation of the firing activity of single 
neurons by weak DC stimulation is amplified by the population. (d) When stimulation is applied 
for a prolonged time (10 min) the power of the oscillations and multi-unit activity modulation 
outlast the stimulation period for about 10 min. (a–c are based on data from Reato et al. 2010. d is 
based on Reato et al. 2015)
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cathodal decreases it (Fig. 2.7b). They explained the results as evidence of altered 
excitation and inhibition. When the firing rate of excitatory neurons is increased, 
inhibition compensates. Because the inhibition is fed by excitation and sets the tone 
of the oscillations, the result at the population level is an increase in oscillatory 
power. The opposite is true for cathodal stimulation. Lower firing rates of excitatory 
neurons lead to lower balanced inhibition and decreased gamma power. Using a 
computational model (see previous section), the authors showed that the weak 
effects of DC stimulation on single neurons (for example firing rate modulation) are 
amplified by the population dynamics (Fig.  2.7c). Importantly, the same authors 
found a similar amplification at the population level when implementing a compu-
tational model of slow-wave activity (Reato et al. 2013a).

The same group used the same in vitro preparation in a later study in which DC 
stimulation was applied not just for few seconds but for 10  min (Reato et  al. 
2015). Monitoring power and frequency of the oscillations as well as multi-unit 
activity (a proxy for population firing rate), they found that the stimulation induces 
lasting effects on the neuronal population in a polarity-dependent manner 
(Fig. 2.7d). Anodal stimulation increases the power of the oscillations and multi-
unit activity, while cathodal decreases both. Based on the hypothesis of balanced 
excitation and inhibition during gamma oscillations and the same computational 
model they used in their previous study, the authors suggested that the results 
could be explained by balanced synaptic changes of both excitatory and inhibitory 
synapses. While intriguing, however, this hypothesis has not been directly tested 
experimentally.

 Plasticity and Behavioral Effects In Vivo

A decade ago, Liebetanz et al. found that tDCS applied in rats is able to modulate 
pathological states. In a first study, cortical spreading depression (CSD) was induced 
in anesthetized rats using a high potassium chloride solution (Liebetanz et  al. 
2006a). Neither sham nor cathodal stimulation have any effect of the CSD while 
anodal stimulation significantly increases the propagation speed of the CSD.  In 
another study, the authors showed that tDCS is effective in modulating the threshold 
for epileptic seizure generation (Liebetanz et al. 2006b). The threshold was deter-
mined by applying a biphasic pulse train to the cortex to induce seizures. When 
anodal stimulation was applied, there were no changes on the threshold. However, 
cathodal stimulation applied for 60 min or 30 min at double intensity decreased the 
threshold for more than 2 h (Fig. 2.8a).

Another group also found that prolonged DC stimulation over the motor cortex 
of anesthetized mice induces an increase (anodal) or decrease (cathodal) of motor 
evoked responses (MEPs) that outlasts the stimulation period (Cambiaghi et  al. 
2010). The same group also later found, using anesthetized mice, that the amplitude 
of visually evoked potentials can be modulated with DC stimulation in a 
 polarity- dependent manner (Cambiaghi et al. 2011). Anodal stimulation increases 
the amplitude of the evoked potential and cathodal decreases. The effects of the 
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stimulation also persist for the 10  min following the termination of the current 
application.

An important study on tDCS effects on neuronal population in vivo came from 
Marquez-Ruiz and colleagues (Marquez-Ruiz et  al. 2012). Instead of using 
 electrically evoked responses (as usually done in in  vitro models), the authors 
induced sensory responses in awake rabbits by delivering air puff to the whisker 
pad. When DC stimulation was applied over the somatosensory cortex, the LFP 
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Fig. 2.8 Schematics of the effects of weak DC stimulation on in vivo animal models. (a) Cathodal 
stimulation increases the threshold for seizure generation (anticonvulsant effect). (b) Anodal tDCS 
improves performances in a Morris water maze test (lower latency) compared to non-stimulated 
animals. (c) Anodal tDCS improves performances in a novel object recognition task. (d) Anodal 
tDCS induces high amplitude and frequency calcium events in cortical populations that are driven 
by astrocytic calcium. (e) The lasting increase of visually evoked responses after tDCS is strongly 
limited when calcium transients in astrocytes are blocked. (a is based on data from Liebetanz et al. 
2006a. b and c are based on data from Podda et al. 2016). d and e are based on data from Monai 
et al. 2016)
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induced by the sensory stimulus was increased in magnitude during anodal and 
decreased during cathodal stimulation. The effect of cathodal stimulation persists 
after the cessation of the stimulation and the effects were abolished after blocking 
adenosine A1 receptors. Importantly, stimulation was able to directionally modulate 
eye blink conditioning. Using paired-pulse stimuli, the authors further found that 
the effects of tDCS are mediated by the modulation of thalamo-cortical synapses at 
presynaptic sites.

Two recent studies reported effects of tDCS on hippocampal plasticity. 
Application of anodal tDCS in freely moving mice boosts the amount of LTP that 
can be induced in slices ex-vivo by stimulating the Shaffer collateral pathway 
(Rohan et al. 2015). The authors also reported an increase in pair-pulse facilitation 
(PPF). The effects are NMDA receptor- dependent for LTP but not for PPF. The 
modulation depends on the stimulation amplitude and significant LTP enhance-
ment can be found also 1 week after the stimulation. Interestingly, there authors 
did not find any effects on evoked responses before LTP induction. Using a similar 
approach, a different group stimulated mice with tDCS for 20 min (Podda et al. 
2016). They confirmed that anodal stimulation leads to stronger LTP induction 
while cathodal decreases the amount of LTP without affecting basal synaptic 
transmission. To test whether the stimulation had an effect on hippocampal learn-
ing, mice were then tested on two different behavioral tasks (Morris water maze 
test and novel object recognition test) a day after receiving anodal stimulation. In 
both cases, mice performed better than mice subjected to sham stimulation 
(Fig. 2.8b, c). To confirm the lasting effects of the stimulation, the same tests were 
then performed a week after the stimulation. The authors reported very similar 
effects on electrophysiological tests and behavior. The authors then tried to eluci-
date the molecular pathway by which tDCS affected hippocampal plasticity. They 
found that tDCS induces differential regulation of exon-specific BDNF mRNAs 
and BDNF expression is higher after tDCS due to increased histone acetylation 
promoting BDNF transcription.

While the results of all the previous studies are broadly consistent with each 
other, a new study just expanded the view on how tDCS may affect brain function. 
Using a transgenic mouse line expressing G-CaMP7 in astrocytes and a subpopu-
lation of excitatory neurons, Monai and colleagues (Monai et al. 2016) found that 
DC stimulation over the visual cortex induces large calcium transients across the 
whole cortex (Fig. 2.8d). The transients are larger and longer than the spontane-
ous ones. Notably, the effects vanish when mice that lack the receptor responsible 
for calcium elevations in astrocytes (IP3R2) are used (Fig. 2.8e). When the authors 
used a cranial to image the target area at single-cell resolution, they found that the 
modulation of transients is due to effects mainly on astrocytes. With further 
experiments, the authors found that the effects on calcium surges are mediated by 
noradrenergic activation of adenosine A1 receptors. The authors further reported 
that lasting  enhancements of sensory responses (either visual or somatosensory) 
by transcranial stimulation vanish when calcium transients are blocked in 
astrocytes.
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 Summary of the Effects of Weak Direct Current Stimulation on Synapses 
and Neuronal Populations and Open Questions

While the effects of weak electric fields on single neurons are well characterized, 
both experimentally and theoretically, a general framework for neuronal popula-
tions is still lacking. Evoked responses can be modulated bi-directionally by weak 
electric fields both in vitro and in vivo. The effects appear to depend not just on 
somatic but possibly also on terminal polarization. DC stimulation increases or 
decreases the power of gamma oscillations presumably by affecting firing rate of 
single neurons. When applying stimulation on large neuronal populations, the 
effects on single neurons seem to be amplified by the network endogenous 
dynamics.

Until a few years ago, it was not clear how weak currents could induce lasting 
effects on neuronal activity. The literature presented here clarified the mechanisms. 
BDNF has been consistently linked to the lasting effects of DC stimulation, and 
NMDA receptors also play a major role in plasticity induction. Glial cells may also 
mediate the lasting effects of DC stimulation. Electrical stimulation can induce 
behavioral effects, including boosting learning and modulating sensory responses 
and pathological states. However, many questions remain open:

 1. Experimental and modeling results suggest that the weak effects of electric fields 
on single neurons are amplified by the network. Under which conditions this is 
true is not clear. Does it apply for all or only specific types of oscillations? What 
is the role of brain state in determining the effects of the DC stimulation? (for AC 
stimulation, see Alagapan et al. 2016).

 2. The modulation of gamma oscillations seems to depend on the interplay between 
excitatory and inhibitory neurons. A common assumption is that the effects on 
inhibition are indirect, through modulations of the excitatory population. What 
are the direct effects on inhibitory neurons at the population level? If inhibitory 
neurons are affected by DC stimulation, do the effects outlast the stimulation 
period?

 3. Current flow during tDCS is such that neurons are depolarized or hyperpolar-
ized depending on their orientation relative to the electric field. The mixed 
effects across a population pose a critical problem to understand tDCS effects: 
do the effects just cancel out such that there is no net effect on brain activity? 
Human studies show that this is not the case. Supported by a computational 
model, it was previously hypothesized that population activity may rectify the 
effects of mixed polarizations in the case of slow-wave oscillations and mono-
phasic quasi-DC stimulation (Reato et al. 2013a). However, the results may be 
specific to the specific oscillatory rhythm and may not apply to others. 
Understanding how to interfere with neuronal population dynamic with spe-
cific stimulation parameters is crucial to improve the specificity of the 
stimulation.

 4. The brain is always spontaneously active but often without showing any clear 
oscillatory activity. There is a full line of research on the dynamics of neuronal 
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networks and the computations they can perform even without synchronous 
activity (Renart et al. 2010; Vogels et al. 2005). How DC stimulation may affect 
non-oscillatory brain activity remains unknown.

 5. Until now, all the animal research on tDCS has focused almost exclusively on the 
temporal aspects of the stimulation (but see Xu et al. 2014) without considering 
in detail the possible spatial aspects. For example, oscillatory activity can be 
generated in localized positions in a brain area and so the general effects of DC 
stimulation may depend on the distribution of fields across the brain relative to 
the pools of neurons that generate the activity within the network.

 6. Cortical and hippocampal networks have been the main subject of studies on the 
effects of weak electric fields on neuronal populations. However, many networks 
in the brain do not show the same architecture. For example, the cerebellum, an 
area that can be easily stimulated transcranially (Galea et al. 2009; Grimaldi 
et al. 2016; Jayaram et al. 2012), has a very different neuronal organization. The 
lack of recurrent connections across Purkinje cells, presumably the most polariz-
able cells in the cerebellar cortex, implies that weak electric fields may easily 
regulate the output of the cerebellar cortex without unexpected non-linearities.

 7. Glial cells and neurons form what has been called a tri-partite synapse (Araque 
et al. 1999). Their role in synaptic transmission and plasticity is now well-estab-
lished (Di Castro et al. 2011; Panatier et al. 2011). Glial cells are electrotonically 
connected through gap-junctions and can feedback into neuronal activity through 
calcium-dependent glutamate release (Haydon and Carmignoto 2006). This 
feedback can strongly affect the dynamics of neuronal activity, including in path-
ological conditions like epileptic seizures (Gomez-Gonzalo et al. 2010; Reato 
et al. 2012). The effects of weak electric fields on the glial cells’ potassium buff-
ering activity has been studied in only one work (Gardner-Medwin and Nicholson 
1983). It is certain that any direct effect of stimulation on glial cells may affect 
the dynamics of neuronal populations.

 8. What is the relationship between BDNF and glial cells-mediated lasting effects 
of transcranial electrical stimulation? Are there many plasticity mechanisms that 
are induced/affected by DC stimulation?

 Emerging Framework: Functional Targeting by tDCS

In the last few years, our understanding of the mechanisms of interaction between 
electric fields and cells in the brain has been boosted by detailed animal studies. The 
body of literature reviewed in this chapter converges to suggest that tDCS may func-
tionally target neuronal function (Jackson et al. 2016) (Rahman et al. 2017) – the 
cellular concept of “functional targeting” provide an important substrate for how 
tDCS may boost specific tasks/learning. For acute effects, DCS modulations depend 
on the specific targeted neuronal population and its own ongoing dynamics, usually 
determined by the interplay between different cell types. At the same time, lasting 
effects of DCS are also mediated by modulation of ongoing neuronal activity and 
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plasticity. In this view, it seems that the effects of tDCS alone are not sufficient to 
generate lasting changes if not coupled with ongoing activity and/or plasticity. Thus, 
the cellular framework of “functional targeting” may provide the foundation for 
explaining at the single neuron/population/synapse levels why tDCS seems to be 
effective in humans mainly when applied during tasks/training paradigms.

However, to better define this framework and take full advantage of its predictive 
power, it is necessary to define a clear link between functional targeting and basic 
biophysical principles. Ideally, the notion of functional targeting should emerge spon-
taneously by basic biophysical principles. If this was the case, findings about specific 
tDCS studies could become more easily generalizable to other stimulation applica-
tions. In the future, a single multi-scale biophysical model could be used to guide 
human research by providing the best stimulation parameters (electrode montage, 
applied current, waveform, etc.) to stimulate specific neuronal activity in brain areas 
of interest. This model should take into consideration not only single cells but also 
how they work together as populations to support behavior. The computational neuro-
stimulation approach (Bestmann et al. 2015) aims exactly at providing a multi-scale 
approach that bridges effects on single neurons directly to behavioral consequences of 
stimulation. This may represent a first step to fully unravel how tDCS affects brain 
function and take full advantage of this powerful technique.
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Chapter 3
Mechanisms of Acute and After Effects 
of Transcranial Direct Current Stimulation

Marom Bikson, Walter Paulus, Zeinab Esmaeilpour, Greg Kronberg, 
and Michael A. Nitsche

 Introduction

Understanding the mechanisms of action of central nervous system modulation with 
direct current stimulation (DCS) is an important endeavor, given the increasing usage 
of tDCS as a research tool in basic and applied studies, including trials exploring 
clinical potential. The scale and breadth of tDCS research requires careful consider-
ation of tDCS mechanisms, namely tDCS-induced alterations of physiology and mor-
phology to understand trial results and develop a consensus of its application as a 
research or treatment tool. In the absence of such understanding, retrospective or 
meta-analysis can be misguided, for example grouping studies that use different tDCS 
protocols, which are known from mechanistic studies to produce different and 
sometimes even opposite functional changes. Leveraging insights on mechanism will 
support the design of stimulation protocols resulting in optimized functional outcome, 
especially for clinical application. The parameter space for tDCS protocols (spanning 
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not just variation in dose but also when/how tDCS is combined with training) makes 
discovery of best practices (by trial-and-error) in human trials impractical. Indeed, 
many ongoing trials are encouraging, as modern insights on mechanism are integrated 
into trial design and significant increases in efficacy can be expected. Similarly, real 
population level effects of tDCS are reduced in effect-size by inter-subject variabil-
ity – understanding tDCS mechanisms helps to explain this variability and point the 
way forward to individualize tDCS (including use of biomarkers) (Strube et al. 2016).

There is a broad base of knowledge regarding the mechanisms of action of tDCS, 
which spans decades but has rapidly increased during the last years. The first critical 
description of physiological and functional effects of DCS dates back to the 50s and 60s 
of the twentieth century in animal models and humans (for an overview see Nitsche 
et  al. (2003a)). This work helped to define basic mechanisms including established 
polarity specific effects on both acute and lasting activity. The early stimulation 
approaches were then nearly forgotten until the turn of the century. Interest in tDCS was 
then increasing again, mainly based on experiments in humans showing neuroplastic 
effects of tDCS. Based on established neurophysiological effects in man predominantly 
derived from motor evoked potential studies  – including polarity specific lasting 
changes – additional trials demonstrated effects on behavior and cognitive processes, as 
well as clinical symptoms in patients suffering from neurological and psychiatric symp-
toms. The demonstration that tDCS could influence a wide range of behaviors and dis-
orders, spurred further research regarding identification of the mechanistic foundations 
and thus modeling as well as animal studies and experiments in humans were conducted 
to this aim. This work reinforced the basic findings on polarity specific changes in acute 
function (e.g. synaptic efficacy) as well as the modulation of plasticity; but modern 
mechanistic studies have focused on developing a deeper and more subtle understanding 
of mechanism including identification of new cellular targets, molecular cascades, forms 
of plasticity (e.g. long-term potentiation [LTP] vs. long-term depression [LTD]) dose 
response (at time non-linear), and a more subtle understanding on how tDCS can be 
specific to various indications (e.g. “functional targeting”; (Bikson and Rahman 2013)).

Studying the mechanisms of tDCS can be approached from various scales and is 
relevant for understanding the effects of DCS; these can be discerned into studies 
exploring the effects of tDCS at the microscopic (molecular, cellular), mesoscopic 
(small neuronal networks, defined cortical areas), and macroscopic (whole brain 
effects including functional connectivity) level (Rahman et al. 2013). For comprehen-
sion of the effects of tDCS, combining all these levels ranging from single cells in 
animal brain slices to large-scale brain networks in human and ultimately cognition 
and behavior is relevant, and different experimental approaches are suited to explore 
tDCS effects at these different levels of complexity (Fig. 3.1). In addition to consid-
erations of scale, in regards to time the mechanisms of tDCS can be discerned in acute 
or primary effects, which emerge directly during stimulation, and after or secondary 
effects, which develop during stimulation, but outlast the intervention. We will follow 
this structure, starting with acute effects of the different levels of complexity, and then 
going on with tDCS after-effects. We then consider tDCS effects at the network level. 
Furthermore, we will describe morphological effects of tDCS and effects of tDCS on 
non-neuronal tissue, which have been comparatively less studied.

M. Bikson et al.



83

 Regional Neuronal Effects of tDCS

 Primary or Acute Effects

As with other forms of electrical stimulation (Mcintyre et al. 2004; Merrill et al. 
2005; Rattay and Wenger 2010), the physiological effects of tDCS can be under-
stood to derive from membrane polarization produced during stimulation. Weak 
DCS initiates the polarization of cell membranes; specifically the flow of electrical 
current produced by DCS results in sustained polarization of cell membranes 
exposed to this current flow (Bikson et al. 2004). Therefore, for the duration that 
DCS is applied the polarization is sustained. For example, if stimulation is applied 
for 20 min, then during that entire time the membranes of neurons would be slightly 
polarized. If tDCS is applied with a training task, then the polarization will be ongo-
ing during the neuronal activity generated by the task. This in turn, would have the 

Fig. 3.1 Multi-scale effects and outcome measures of transcranial direct current stimulation. 
MRI-derived FEM models of current flow illustrate EF in cortex as a function of stimulation polar-
ity, current intensity and electrode configuration. From macroscopic to microscopic level, a uni-
form EF along pyramidal neurons polarize membrane proportional to induced EF magnitude and 
direction. Neuronal excitability and plasticity is modulated by external electric field that in larger 
scale modulate network connectivity and ultimately cognition and behavior. tDCS effects can be 
probed using different techniques and experimental procedures regarding different scales
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effect of changing how neurons process information related to the task (Lafon et al. 
2017; Rahman et al. 2017) and their propensity for plasticity (Fritsch et al. 2010; 
Jackson et al. 2016; Kronberg et al. 2017).

Characterizing which cells (principal cells, interneurons, glia, endothelial cells…) 
are polarized, and more specifically which compartments within these cells (soma, 
dendrite, axon) is thus central for understanding the effects of DCS.  As discussed 
below, the consequences of membrane polarization are multi-faceted and complex, 
spanning changes in action potential threshold and timing following neuronal soma 
polarization (Radman et al. 2007b) to changes in network coherence (Polania et al. 
2011a; Reato et al. 2010) to changes in synaptic efficacy (Bikson et al. 2004; Dudel 
1971) and plasticity (Fritsch et al. 2010; Kronberg et al. 2017) to morphological and 
molecular changes (Pelletier and Cicchetti 2014). Early studies referred to tDCS/DCS 
as ‘polarizing current’ (Bindman et al. 1964), reinforcing the idea that transduction is 
by membrane polarization. Contrasting to other brain stimulation techniques, DCS has 
the inherent feature that the polarization is sustained (does not recover or reverse as 
consequence of change in stimulation waveform). The well-recognized time depen-
dence of tDCS/DCS plastic changes (Nitsche and Paulus 2000, 2001) presumably 
results from the need for sustained polarization, and so in some aspects may be unique 
to DCS.

A range of alternate transduction mechanisms have been historically ventured 
as alternative to membrane polarization such as ionic concentration changes some-
how generated directly by DCS (e.g. iontophoresis of charged molecules/ions; 
(Gardner- Medwin 1983)), but to our knowledge no quantitative analysis, much 
less experimental evidence, exists for tDCS.  Rather, as detailed throughout the 
remainder of this chapter, our mechanistic considerations typically start with the 
well-established principle of membrane polarization induced by extracellular 
direct current flow, and all other changes are presumed secondary to this mem-
brane polarization.

 The Polarization Effect and Acute DCS Polarity-Specific Excitability 
Changes

DC stimulation with electrodes on the scalp leads to current flow across the brain 
(Datta et al. 2009; Huang et al. 2017; Miranda et al. 2006; Opitz et al. 2016), with 
current from the anode flowing into the brain and current exiting the brain to the 
cathode. The flow of current around neurons results in polarization of cell mem-
branes when some of this current crosses the membrane. Flow into a specific mem-
brane compartment (from outside the neuron into it) will result in local membrane 
hyperpolarization, and flow out of another membrane compartment (from inside to 
out) will result in local membrane depolarization (Andreasen and Nedergaard 1996; 
Bikson et al. 2004). An often overlooked concept is that the physics of electrical 
stimulation dictate that any neuron exposed to extracellular DC stimulation will 
have some compartments that are depolarized while others are hyperpolarized 
(Bikson et al. 2004; Chan et al. 1988). Which compartments are polarized in which 
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direction depends on the neuronal morphology relative to the DC electric field. 
Simplistically, for a typical cortical pyramidal cell, with a large apical dendrite 
pointed toward the cortical surface, a surface anode (positive electrode, generating 
a cortical inward current flow) will result in somatic (and basal dendrite) depolariza-
tion and apical dendrite hyperpolarization (Radman et al. 2009). For this same neu-
ron, a surface cathode (negative electrode, generating cortical outward current flow) 
will result in opposite polarization effects (Fig. 3.2).

The importance of the somatic compartment in eliciting action potentials, and 
thereby determining cortical output, suggests somatic polarization plays a critical role 
in determining cortical excitability changes by DCS (Bikson et  al. 2004; Bindman 

Fig. 3.2 DCS modulation of LTP and LTD depends on dendritic location and endogenous synaptic 
activity. DCS was applied during synaptic plasticity induction in hippocampal brain slices. The 
frequency of synaptic activity and dendritic location of plasticity induction were varied to study 
their role in determining DCS effects. (aa) Schematic of hippocampal brain slice preparation, high-
lighting the membrane polarization of CA1 pyramidal neurons during each polarity of DCS. (ab) 
Changes in synaptic strength in each dendritic compartment when DCS is applied during LTP 
induction. Both anodal and cathodal DCS can enhance LTP, but in different dendritic compartments, 
consistent with a pivotal role for DCS induced dendritic membrane depolarization. (b) In apical 
dendrites, cathodal DCS modulates both LTD and LTP induced by trains of synaptic activity at vary-
ing frequencies. Note that when synaptic activity is very weak (0.0167 Hz), DCS has no effect on 
synaptic strength. (c) DCS effects depend on the synaptic activity that stimulation is concurrent with 
(20 or 1 Hz) and the dendritic compartment (apical or basal). Plasticity modulation here is the ratio 
of the change in synaptic strength for each stimulation condition to the change in synaptic strength 
for corresponding control condition. Figure adapted from (Kronberg et al. 2017; with permission)
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et al. 1964; Purpura and Mcmurtry 1965; Radman et al. 2007b), an idea we term the 
‘somatic doctrine.’ Some of the earliest DCS findings in animals were changes in neu-
ronal firing rate under electrodes consistent with surface-anode producing soma depo-
larization and surface-cathode producing soma hyper- polarization (Bindman et  al. 
1964; Purpura and Mcmurtry 1965). Ultimately, whether a neuron fires or not is not 
only determined by the soma, but by the integration of activity in all neuronal compart-
ments including dendrites, axon, presynaptic terminal, axon hillock (see below). DC 
fields can modulate the functionality of these compartments, increasing the complexity 
of a purely ‘somatic doctrine’ (Kabakov et al. 2012; Kronberg et al. 2017; Rahman 
et al. 2013). None-the-less, the somatic doctrine has implicitly informed the rationale 
for most tDCS human trials – namely presumed excitation by the anode and inhibition 
by the cathode.

In accordance with a primary polarizing effect of DC stimulation, studies in 
humans have shown that tDCS for a few seconds, which does not induce after- 
effects, already induces stimulation polarity-dependent cortical excitability altera-
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tions as probed by transcranial magnetic stimulation (TMS) (Nitsche et al. 2007a; 
Nitsche and Paulus 2000). These seem not to relevantly depend on synaptic effects, 
since block of glutamatergic NMDA receptors and enhancement of GABAergic 
activity – the main synaptic drivers of cortical excitability – do not affect acute 
DC-induced excitability alterations. Furthermore, intracortical inhibition and 
facilitation, which are driven by GABAergic and glutamatergic synapses, are not 
relevantly affected by stimulation protocols which do not induce after effects 
(Nitsche et  al. 2005). In contrast, block of voltage-gated ion channels, which 
should affect the impact of depolarizing stimulation on cortical excitability, abol-
ishes excitability-enhancing effects of tDCS (Nitsche et al. 2003a). Excitability- 
enhancing effects of anodal tDCS and –reducing effects with cathodal tDCS in the 
human motor cortex (Nitsche and Paulus 2000) are in accordance with respective 
de- and hyperpolarization of the soma of pyramidal cells. However, the respective 
experiments cannot rule out an effect of tDCS on other structures, since the pri-
mary measure of motor cortex excitability  – single pulse transcranial magnetic 
stimulation- generated motor evoked potentials – is an unspecific measure of cor-
tico-spinal excitability.

In analogy to findings that tDCS acutely changes response to TMS in man, stud-
ies in animal models have demonstrated that responses to afferent micro-stimulation 
are acutely changed in the target neurons by direct current (Bikson et  al. 2004; 
Kabakov et al. 2012; Lafon et al. 2017; Rahman et al. 2013). The modulation is 
polarity specific and for short duration DCS, the effects on evoked responses do not 
outlast the DCS.

 Quantification of Polarization Effects with Coupling Constant

Precisely understanding tDCS requires a quantitative model, beginning with quan-
tification of somatic, as well axon and dendrite, polarization during tDCS. Here, 
the coupling constant (also termed polarization length) is an important concept. 
Assumed that for weak electric fields (well below the threshold for action poten-
tial generation) the membrane polarization at any given compartment, including 
the soma, produced by DCS is linear with electric field intensity, for uniform 
electric fields, the membrane potential polarization can thus be expressed as: 
Vtm = G*E where Vtm is the polarization of the compartment of interest (in: Volts), 
G is the coupling constant (in: V per V/m, or simply: m) and E is the electric field 
(in: V/m). For rat hippocampus and cortical neurons, the somatic coupling con-
stant is in the range of 0.1–0.3 mm (Bikson et al. 2004; Deans et al. 2007; Radman 
et al. 2009). In ferret cortical neurons the coupling constant is similarly approxi-
mately 0.25 mm (Fröhlich and Mccormick 2010). Note that for humans, assuming 
scaling of sensitivity with total neuronal length (Joucla and Yvert 2009) somatic 
depolarization per V/m may be higher. The finding that higher stimulation intensi-
ties result in stronger effects of stimulation, within specific limits, in case of motor 
cortex tDCS in humans is in principle accordance with this coupling constant, 
although respective intensity-dependent effects have been only explored for 
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after- effects of tDCS so far (Nitsche and Paulus 2000) and higher dose and altered 
brain state complicates dose response in humans (Giordano et al. 2017; Jamil et al. 
2017).

An important consequence of the concept of the coupling constant (polariza-
tion length) is that a presumed linear polarization with DCS intensity means that 
there is no “threshold” for polarization; any field intensity will produce some 
level of polarization (Bikson et al. 2004). The central question is not if tDCS 
will polarize neurons at all but rather what is the consequence of that polariza-
tion, and specifically as tDCS is expected to produce only a small membrane 
potential change (e.g. less than a mV) what active brain processes “amplify” the 
effects of this polarization. Vice versa it has been argued that activation of neu-
rons may via opening of ion channels shorten the time constant of the membrane 
and reduce the efficacy of tDCS (Paulus and Rothwell 2016). Characterizing the 
mechanisms of tDCS has thus focused on explaining how weak membrane 
polarization of specific cellular compartments leads to functional changes of 
ongoing activity.

 Geometry of Stimulation Effects and Sensitivity of Soma, Dendrite, 
and Axon Compartments

Determining the coupling constant of the soma and other membrane compartments 
in humans to tDCS remains an important research question. The maximal depolar-
ization of pyramidal neurons somas occurs when the electric field is parallel with 
the somato-dendritic axis which typically corresponds to an electric field radial 
(normal) to the cortical surface, while electric fields orthogonal to the somato-den-
dritic axis (along the cortical surface) do not produce significant somatic polariza-
tion (Bikson et  al. 2004; Chan et  al. 1988). The somatic coupling strength is 
generally related to the size of the cell and the dendritic asymmetry around the soma 
(Radman et al. 2009; Svirskis et al. 1997) making layer II/IV and layer 5 pyramidal 
neurons relatively sensitive to DCS polarization. For cortical pyramidal neurons, 
the typical polarity of somatic polarization is consistent with the ‘somatic doctrine’ 
(e.g., positive somatic depolarization for positive electric field). The polarity of the 
coupling constant is inverted (using our field direction convention) for CA1 pyrami-
dal neurons due to their inverted morphology of the apical-dendrite branches rela-
tive to the field direction.

Experiments in humans support the direction-dependency of tDCS effects not 
only for antagonistic stimulation polarities, but also for the relation of cortical cur-
rent flow angle in relation to neuronal orientation. It was shown that the position of 
the return electrode, and thus electrical field orientation, critically determines the 
efficacy of tDCS (Nitsche and Paulus 2000). Furthermore, with the same target 
electrode position, antagonistically placed return electrodes, which convert the 
direction of electrical field orientation, result in roughly converted effects of visual 
cortex stimulation on visual evoked potentials (Accornero et al. 2007; Antal et al. 
2004a). Finally, studies showing that stimulation of distant, but connected areas 
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affect primary motor cortex excitability are compatible with the concept that tDCS 
might affect primarily pyramidal output neurons (Boros et al. 2008; Rivera-Urbina 
et al. 2015).

A presumption of the somatic doctrine is that at the cortex under the anode elec-
trode currents are radial and inward producing somatic depolarization, while at the 
cortex under the cathode current is radial and outward, producing somatic hyper- 
polarization. However, high-resolution modeling suggests that in convoluted human 
cortex, current is neither unidirectional nor dominantly radial (Rahman et al. 2013). 
Though the ‘somatic doctrine’ is based only on radially directed electrical current 
flow (normal to the cortical surface), during tDCS significant tangential current flow 
is also generated (along the cortical surface) (Rahman et al. 2013). Indeed, recent 
work suggests tangential currents may be more prevalent between and even under 
electrodes. Tangential currents cannot be ignored in considering the effects of 
tDCS. Moreover, due to cortical folding the direction of radial current flow under 
tDCS electrodes is not consistent, meaning there are clusters of both inward (depo-
larizing) and outward (hyperpolarizing) cortical current flow under either the anode 
or the cathode (Rahman et al. 2013). Due to the cortical convolutions, current is not 
unidirectional under electrodes, thus, under the cathode there may be isolated 
regions of inward cortical flow, and in those regions neuronal excitability may 
increase (Creutzfeldt et al. 1962).

For dendritic effects of DCS, the basal dendrite of pyramidal neurons will be 
polarized similarly as the soma, however the apical dendrite will be polarized in the 
opposite direction (Fig. 3.2) (Andreasen and Nedergaard 1996; Bikson et al. 2004). 
The dendrites are also electrically excitable. Animal studies with high intensity 
applied DC fields (~100 V/m) have shown that with sufficiently strong stimulation, 
active processes (spikes) can be triggered in the dendrites (Andreasen and 
Nedergaard 1996; Chan et al. 1988; Delgado-Lezama et al. 1999; Wong and Stewart 
1992). Even if the electric fields induced during tDCS are not sufficient in them-
selves to trigger dendritic spikes, they are likely to alter ongoing voltage- dependent 
mechanisms and synaptic integration in dendrites (Cavarretta et al. 2014). Indeed, 
recent work suggests that DCS modulates synaptic plasticity in a manner consistent 
with dendritic polarization (Fig. 3.3; (Kronberg et al. 2017)). The role of dendritic 
polarization during tDCS remains an open question especially when considering 
processing of synaptic input.

It is also well established that axons are sensitive to applied electric fields (see 
below); the magnitude and direction of polarization is a function of neuronal and 
axonal morphology (Bullock and Hagiwara 1957; Salvador et al. 2011; Takeuchi 
and Takeuchi 1962). While the axon initial segment would likely be polarized in the 
same direction as the soma (Chan et al. 1988), for distal regions of long axons, this 
is not necessarily the case. Hence, it is useful to separately consider the axon initial 
segments (within a membrane space constant of the soma) and more distal axonal 
processes, which can be further divided into ‘axons- of- passage’ and afferent axons 
with terminations. Notably, for long straight axons- of- passage (e.g., Peripheral 
Nervous System, PNS) cathodal stimulation will be more effective than anodal 
stimulation in inducing depolarization (opposite to the somatic doctrine; (Bishop 
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and Erlanger 1926)). It has been shown that weak DC fields can produce acute 
changes in CNS axon excitability (pre-synaptic/antidromic volley; (Bikson et  al. 
2004; Jefferys 1981; Kabakov et al. 2012)). The relevance of alteration of dendritic 
and axonal excitability by DC stimulation is underscored further by suggestions that 
not only radial, on which the somatic doctrine is based, but also tangential current 
flow might be relevant for DCS effects.

The involvement of non-pyramidal neurons in the effects of DC stimulation 
remains an open question. Because of their relatively symmetric dendritic morphol-
ogy, interneuron somas are expected to polarize less than pyramidal neurons 
(Radman et al. 2009). Based on the ‘somatic doctrine’ their importance might then 
be assumed diminished. However, one cannot exclude polarizing effects of fields on 
dendrites and axons of interneurons. Moreover, interneurons represent a wide range 
of morphologies and size, including more asymmetric morphologies (Freund and 
Buzsaki 1996). An impact of DC fields on interneuron excitability has been shown 
in animal experimentation (Purpura and Mcmurtry 1965). Interneurons exert a pow-
erful regional effect, including a role in plasticity and oscillations. An effect of 
paired-pulse facilitation in hippocampal slices may also suggest modulation of the 
activity of interneurons (Kabakov et al. 2012). Similarly at least for after-effects of 
tDCS, alteration of GABAergic-driven processes seems to be relevant, as shown in 
experiments in humans (Nitsche et  al. 2005; Stagg et  al. 2009a), although these 
experiments do not allow to conclude if these are direct or secondary effects of DC 
stimulation. Thus, the specific role of interneurons in the direct effect of tDCS 
remains an open question.

In summary, while it is convenient to assume a consistent direction of current 
flow under electrodes, such that brain regions under anode/cathode have uniform 
inward/outward direct current across the cortex, the situation in humans is more 
complex. The convoluted cortical surface in fact produces mixed directed currents 
even directly under each electrode (Lafon et al. 2017; Rahman et al. 2013). This in 
turn means that neurons will experience a mixed polarity of polarization. The mor-
phology of neuronal processes is itself heterogeneous, and the role of dendrite and 
axon polarization independent of soma, should be considered.

 Amplification: Enhancing Neuronal Sensitivity to DCS

Work quantifying how much current reaches the brain during tDCS (Datta et al. 
2009; Huang et al. 2017; Miranda et al. 2006; Opitz et al. 2016) and the sensitivity 
of neurons to weak DCS has raised questions about how such minimal polarization 
(<1  mV) could result in functional/clinical changes especially considering that 
endogenous ‘background’ synaptic noise can exceed these levels (Magee and Cook 
2000). In recent years, motivated by increased evidence that transcranial stimulation 
with weak currents has functional effects (Floel 2014), as well as ongoing questions 
about the role of endogenous electric fields that can have comparable electric fields 
(Fröhlich and Mccormick 2010), the mechanisms of amplification have been 
explored in animal studies.
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At the level of a single neuron, the most evident non-linear response that could 
serve as a substrate for acute amplification is the threshold-based all-or-none action 
potential. Importantly, as the electric fields generated in the brain during tDCS are 
too weak to trigger action potentials in neurons at rest (e.g. ~20 mV membrane 
depolarization from rest to action potential threshold) we should consider instead 
modulation of ongoing action potential activity. At the single cell level, amplifica-
tion could affect either: (1) the rate of action potential generation (rate effects); and/
or (2) amplification through change in the timing of action potentials (timing 
effects). As discussed above, classic animal studies on weak direct current stimula-
tion showed a change in ongoing action potential discharge rate that is roughly lin-
ear with electric field intensity and so membrane polarization by DCS (Bindman 
et  al. 1964; Creutzfeldt et  al. 1962; Purpura and Mcmurtry 1965; Terzuolo and 
Bullock 1956). In this sense, the amplification (gain) would relate to the sensitivity 
of discharge rate to DCS-induced membrane polarization. Interestingly, Terzuolo 
and Bullock (Terzuolo and Bullock 1956) reported a detectable change in neuronal 
firing rate at electric fields as small as 0.8 V/m, and postulated that this detection 
threshold would likely decrease with longer and more sophisticated experiments. 
Assuming that a 2 mA tDCS protocol generated a peak electric field in the brain of 
0.5 V/m (Huang et al. 2017) leading to ~0.15 mV somatic polarization (Radman 
et al. 2009), and that across animal studies changes in firing rates of 7 Hz per mV 
membrane polarization have been reported (Carandini and Ferster 2000), a change 
in firing rate of approximately 1  Hz during conventional tDCS is plausible. 
Remarkably, recent work has shown that sub-mV depolarization of pyramidal neu-
ron somas was sufficient to convert silent cells into place cells in the hippocampus 
(Lee et al. 2012).

Changes in AP timing (rather than discharge rate) could also serve to amplify the 
effects of weak membrane polarization produced by weak direct current stimulation 
(Radman et al. 2007b). In acute brain slice recordings and in a simple neuron model 
it was demonstrated that the resulting change in timing could be quantified simply 
by the induced membrane polarization times the inverse of the ramp slope. Thus, the 
inverse of the ramp-slope is a “gain/amplification” term because the shallower a 
ramp, the larger the timing change for any given small polarization by direct current 
stimulation. For example, based on an approximate 0.2 mV somatic polarization 
during 2 mA tDCS, then in response to a 1 mV/ms ramp slope, timing would change 
by 0.3 ms. Therefore, the amplification in this case can be understood as a larger 
change in action potential timing for a small DCS membrane polarization. This 
coupling sensitivity and the resulting timing changes were further confirmed by 
Anastassiou and colleagues (Anastassiou et al. 2010) using a more complex model. 
Though the basic principle of timing amplification is expected to generalize to other 
neuron types responding to an increasing synaptic input (Bikson et al. 2004), the 
most simple amplification equation makes specific assumptions about membrane 
properties and dynamics (Radman et al. 2007a) that may not extend to all neurons 
types (Radman et al. 2009). For acute effects of DC stimulation, amplification has 
not been studied in the human brain, but amplification seems to play a role in net-
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work after effects of tDCS (see below). For reasons not entirely clear, the mainte-
nance of tDCS for minutes appears to play a key role in the generation of after-effects 
and thus increasing sensitivity, as discussed next.

 DCS Modulation of Synaptic Efficacy and Polarization of Axon Terminals

A compelling topic of investigation about probable mechanisms of excitability 
changes induced by tDCS, is which types of neurons, and which neuronal compart-
ments are involved. Regarding changes in synaptic efficacy a key question is: as 
invariably during tDCS half the dendrite will be polarized in the same direction as 
the soma and half of the dendrite will be polarized in the opposite direction (see 
above), how do polarity-specific changes arise? This question has been addressed in 
detail in animal models examining acute changes in evoked synaptic efficacy (excit-
ability) during DCS.

Early work probing evoked responses in animal models indicated modulation in 
excitability, with the direction of evoked response change consistent with the 
somatic doctrine (Bindman et al. 1964; Creutzfeldt et al. 1962), though Bishop and 
O’Leary (1950) already noted deviations. Recent studies aimed at developing and 
validating animal models of transcranial electrical stimulation have shown modu-
lation of TMS evoked potentials and visual evoked potentials consistent with the 
somatic doctrine (Cambiaghi et al. 2010, 2011). In a pioneering work using uni-
form electric fields in brain slices, Jefferys showed acute modulation of excitabil-
ity (synaptically driven population spikes) in the dentate gyrus of hippocampal 
slices when electric fields were parallel to the primary target cell  dendritic axis. 
The detected polarity-specific changes were consistent with somatic polarization, 
and no modulation occurred when the electric field was applied orthogonal to the 
primary dendritic axis (Jefferys 1981). The precise control of electric field angle is 
possible in brain slices and was leveraged in subsequent work.

For the hippocampal slice preparation, several deviations from the somatic 
doctrine were found (Bikson et al. 2004). Optical imaging with voltage sensitive 
dyes provided direct evidence that DC electric fields always produce bimodal 
polarization across target neurons such that somatic depolarization is associ-
ated with apical dendrite hyperpolarization, and vice-versa – yet weak interac-
tions across compartments were observed. In addition, for synaptic inputs to 
the apical dendritic tuft, we reported modulation inconsistent with the somatic 
doctrine. Also in hippocampal slices, Kabakov et  al. (2012) reported modu-
lation of synaptic efficacy in a direction opposite to that expected from the 
somatic doctrine (noting inversion of dendrite morphology in CA1 pyramids 
relative to cortex). In this case, one may speculate that apical dendrite depo-
larization determines the direction of modulation despite somatic hyperpolar-
ization (Bikson et  al. 2004); though Kabakov et  al. (2012) provides evidence 
suggesting dendritic polarization affects the magnitude but not direction of 
modulation. As noted, in cortical slices by Fritsch et al. (2010), modulation of 
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evoked responses is indeed consistent with the somatic doctrine – a finding we 
have confirmed for four distinct afferent cortical synaptic pathways (Rahman 
et al. 2013). Variations across animal studies could be simply ascribed to differ-
ences in region/preparation, timescale (acute, long-term), and different forms of 
plasticity (BDNF dependent/independent), but this is speculative and provides 
little insight into tDCS. Rather, in attempt to reconcile these findings in a single 
framework, we cite evidence for and define the ‘terminal- doctrine’ to compli-
ment the ‘somatic-doctrine’.

The effects of tangential fields on synaptic efficacy were also explored (Bikson 
et  al. 2004). Tangential fields are oriented perpendicular to the primary somato- 
dendritic axis, so they are expected to produce little somatic polarization, which 
was directly confirmed with intracellular recording. Surprisingly, electric fields 
applied tangentially were as effective at modulating synaptic efficacy as radially 
directed fields. The afferent axons run tangentially, so we speculated they might be 
the targets of stimulation. Exploring different pathways, we found that axon path-
ways with terminals pointed toward the anode were potentiated, while axon path-
ways with terminals pointed toward the cathode were inhibited. Kabakov et  al. 
(2012) reported similar pathway specific dependence summarizing “the fEPSP is 
maximally suppressed when the AP travels toward the cathode, and either facili-
tated or remains unchanged when the excitatory signal [AP] propagates toward the 
anode”. In addition, Kabakov et al. (2012) observed changes in paired-pulse facili-
tation that are consistent with pre-synaptic vesicular glutamate release. In a variety 
of tDCS studies different tDCS polarity resulted in behavioral effects in one direc-
tion only. E.g. in an implicit motor learning paradigm anodal tDCS facilitated reac-
tion times (Nitsche et al. 2003a) whereas cathodal tDCS also induced a trendwise 
facilitation. One explanation could be that in case of anodal tDCS the somatic doc-
trine dominated whereas with cathodal tDCS more superficial horizontal afferents 
were facilitated.

We recently confirmed a similar directional sensitivity in cortical slices across 4 
distinct pathways where electric fields applied tangentially to the surface (and so 
producing minimal somatic polarization) (Radman et al. 2009), modulated synaptic 
efficacy (Rahman et al. 2013). An impact of premotor and posterior parietal tDCS 
on primary motor cortex plasticity was reported for the human brain, which is in 
accordance with an involvement of afferent terminals in the plasticity effects of 
tDCS (Boros et al. 2008; Rivera-Urbina et al. 2015). A role for pre-synaptic modu-
lation during DC stimulation is indeed not surprising and has been also historically 
observed. Purpura and McMurtry (1965) noted “although the [somatic] membrane 
changes produced by transcortical polarization current satisfactorily explains alter-
ations in spontaneous discharges and evoked synaptic activities in [pyramidal tract] 
cell, it must be emphasized that the effects of polarizing current on other elements 
constituting the ‘pre-synaptic,’ interneuronal pathway to [pyramidal tract] cells 
also appear to be determinants of the overt changes observed in [pyramidal tract] 
cells activities.” Bishop and O’Leary (1950) not only quantified pre-synaptic effects  
during DC stimulation in animals, they noted that pre-synaptic effects would  
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complicate the interpretation of post-synaptic changes as well as themselves induce 
long-lasting aftereffects.

Cellular process terminals including axon terminals are especially sensitive to 
electric fields as a result of their morphology, and terminal polarization can modu-
late synaptic efficacy (independent of target soma polarization) (Awatramani et al. 
2005; Bullock and Hagiwara 1957; Del Castillo and Katz 1954; Hubbard and 
Willis 1962a, b; Takeuchi and Takeuchi 1962). Moreover, this modulation is 
cumulative in time and endures after stimulation (Hubbard and Willis 1962b), has 
a temporal profile noted in classic DC experiments (Bindman et  al. 1964), and 
suggests the possibility for plasticity. The direction of modulation in brain slice 
studies consistently suggests that terminal hyperpolarization enhanced efficacy, 
while depolarization inhibited efficacy. Paired-pulse analysis in a rabbit model 
suggested tDCS influences pre-synaptic sites (Márquez-Ruiz et al. 2012). Since 
tDCS induces significant tangential fields, the role of terminal polarization (inde-
pendent of the ‘somatic doctrine’) remains a compelling and open question espe-
cially when taken together with the need for amplification and the role of synapses 
in plasticity.

 Secondary or After-Effects

Beyond the acute effects of DC stimulation on membrane polarity, sufficiently 
long stimulation (for some minutes) induces after-effects, which can last for over 
1 h, and under specific conditions more than 24 h after stimulation (Monte-Silva 
et al. 2013; Nitsche et al. 2003a; Nitsche and Paulus 2001). Several animal and 
human studies have speculated that processes linked to the dendrites are involved 
in the long-term effects of tDCS (e.g., glutamatergic receptors like n-methyl-D-
aspartic receptor, NMDAR) (Liebetanz et al. 2002; Nitsche et al. 2003a; Yoon et al. 
2012). Animal studies, some decades old, have suggested lasting changes in brain 
excitability by DCS. Animal studies in the 1960’s established that weak DC cur-
rent can produce lasting physical changes in neural activity, which cannot be 
explained as persistent ‘reverberating circuit’ of activation (Gartside 1968a, b). 
Especially notable are animal studies by Bindman and colleagues (Bindman et al. 
1962), who recognized the importance of prolonged DC stimulation to produce 
polarity-specific lasting cortical excitability changes (>5 h) which informed their 
early work in tDCS of psychiatric disorders (Costain et al. 1964; Redfearn et al. 
1964). Multi- minute stimulation was later adopted in humans to demonstrate 
polarity-specific lasting changes in cortical excitability by TMS (Nitsche et  al. 
2003a; Nitsche and Paulus 2000, 2001). Though these multi-minute protocols are 
now universally adopted in tDCS research, the mechanisms by which specifically 
prolonged stimulation protocols trigger plasticity have not been completely 
clarified.
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 General Framework for Synaptic Plasticity Modulation by DCS

Synaptic plasticity is considered central in brain plasticity, so synapses are an evi-
dent focus to explain lasting tDCS effects. Both in humans and animal studies 
changes in synaptically mediated evoked responses are considered reliable hall-
marks of long-term plastic changes. Thus, much of modern animal studies on tDCS 
plasticity considered lasting changes in synaptic efficacy.

Electric fields generated by tDCS are sub-threshold, in the sense that they are too 
weak to trigger action potential in quiescent neurons – in the brain where neurons 
are not quiescent the actions of tDCS are considered to modulate ongoing activity. 
Modulatory effects on firing rate, timing, and synaptic efficacy have been demon-
strated. Lasting changes in synaptic efficacy could be mediated through different 
paradigms, which are not necessarily exclusive:

 1. Membrane polarization may trigger plastic synaptic changes in a manner inde-
pendent of any ongoing, future, or past synaptic input or action potential genera-
tion (i.e., simply holding the membrane at an offset polarization initiates 
changes). However, in a cortical brain slice model (with no background activity), 
weak polarization was not sufficient to induce plastic changes in synaptic effi-
cacy (Fritsch et al. 2010) (c.f. Ranieri et al. 2012). The concept is mute in humans 
since the cortex is always active; it was shown that alteration of cortical activity 
levels modulates tDCS effects (Antal et al. 2007; Thirugnanasambandam et al. 
2011).

 2. Changes in action potential rate or timing, secondary to neuronal polariza-
tion, may affect synaptic plasticity. Bindman et  al. (1964) already stated 
“There is some evidence that a determining factor in producing long-lasting 
after effects is the change in the firing rate of neurons rather than the current 
flow that produces the changes.” Classic animal studies indicated weak DC 
stimulation is sufficient to induce plastic changes (Bindman et  al. 1964; 
Gartside 1968a).

 3. Incremental polarization of the membrane in combination with ongoing synap-
tic activity may induce synaptic plasticity. The specific hypothesis here is that 
the generation of plasticity requires synaptic co-activation during DC stimula-
tion. Fritsch et  al. (2010) shows synaptic potentiation in-vitro under anodal 
stimulation only during synaptic stimulation of specific frequencies. In a rabbit 
study, DCS was combined with repeated somatosensory stimulation in-vivo, 
leading to acute polarity-specific changes, and lasting changes for the cathodal 
case (Márquez-Ruiz et al. 2012). If dependent on combined polarization and 
synaptic input, then synapse specific changes are plausible. If one assumes 
DCS exerts a post-synaptic priming effect (polarization of soma/dendrite) then 
co-activation of afferent synaptic input could be conceived as Hebbian rein-
forcement. This plasticity paradigm is broadly analogous to combining tDCS 
with a cognitive task or specific behavior that co-activates a targeted network 
or combining tDCS with TMS.  Indeed, work showing the importance of  
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co-activation in cortical slices (Hess and Donoghue 1999; Rioult-Pedotti et al. 
1998), influenced Nitsche and Paulus (2000) in developing tDCS. Importantly, 
unlike in brain slice and anesthetized animal models, the human cortex is con-
stantly active such that tDCS is always applied in conjunction with ongoing 
synaptic input even if it is not explicitly paired with another intervention. 
However, plasticity-increasing effects are seen when tDCS is combined with 
peripheral nerve stimulation in humans (Rizzo et al. 2014), which supports this 
concept.

 4. Incremental polarization of the membrane may boost ongoing endogenous 
synaptic plasticity. Clinically this fourth paradigm is analogous to combing 
tDCS with learning/training (Bolognini et al. 2010). For example, in the afore-
mentioned rabbit study, DCS modulated ongoing synaptic habituation, similar 
to a model of associative learning (Márquez-Ruiz et al. 2012). An important 
implication of this paradigm is that DCS effects will depend on the nature of 
the endogenous plasticity that is paired with. For example, recent work in 
brain slices showed that DCS can modulate endogenous synaptic plasticity, 
but the direction and magnitude of this modulation depends on the dendritic 
location and pattern of endogenous synaptic activity (Fig. 3.3; Kronberg et al. 
2017). As a result, both anodal and cathodal stimulation can enhance and 
diminish LTP depending on these parameters. In human motor cortex, tDCS 
modulates simultaneous LTP induction via paired associative stimulation 
(PAS) (Nitsche et al. 2007b). Moreover, LTP-like plasticity-inducing tDCS has 
been shown to foster motor learning, which is thought to critically depend on 
LTP, if applied synchronously with task performance (Nitsche et  al. 2003b; 
Reis et al. 2009).

 5. Meta-plasticity is defined as sustained polarization before, or potentially after, 
the generation of endogenous LTP that “primes” the brain to respond differently 
to potentiation. Evidence from brain slices (Ranieri et al. 2012) and in vivo ani-
mal experiments (Podda et al. 2016; Rohan et al. 2015) shows priming with DCS 
modulates subsequent tetanus-induced LTP in a polarity specific manner. A simi-
lar effect has been shown for the human motor cortex in case of priming PAS-
induced LTP-like plasticity via anodal and cathodal tDCS. However, whether 
priming stimulation reduces or enhances subsequently induced plasticity might 
also critically depend on the inter-intervention interval (Fricke et  al. 2011; 
Monte-Silva et al. 2010).

 6. Changes in network dynamics where the generation of LTD/LTP is explained 
through intervention with ongoing oscillations and may manifest as lasting 
changes in oscillation dynamics (Reato et al. 2013a, 2015). Such modulation 
may reflect interference with the finely tuned excitatory- inhibitory synaptic 
balance during oscillations (Reato et al. 2010). Indeed, tDCS in humans was 
shown to alter oscillatory brain activity during (Hanley et al. 2016), but also 
after stimulation (Ardolino et al. 2005; Zaehle et al. 2010), and might also 
affect phase-coupling of oscillatory activity (Carter et al. 2015).
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 Decades of Research Characterizing DCS Changes of Neuronal Plasticity

It is remarkable that a decade before the widely-credited “discovery” of Long-Term 
Potentiation by trains of suprathreshold pulses by Bliss and Lomo (1973), animal 
studies had shown lasting changes in excitability following DCS lasting up to hours 
(Bindman et al. 1962). Moreover, DCS researchers had begun to address the under-
lying molecular mechanisms (Gartside 1968a, b) and translating results to humans. 
LTP/LTD induced by tetanic stimulation and by DC current may share some com-
mon molecular substrates (Gartside 1968b; Islam et al. 1995b; Ranieri et al. 2012).

Common forms of LTP/LTD are mediated by the NMDA receptor (Malenka and 
Bear 2004), which has been implicated in both long-term tDCS effects in humans 
(Liebetanz et al. 2002; Nitsche et al. 2003a, 2004) and in-vitro DCS-induced plas-
ticity (Fritsch et al. 2010). Moreover, GABAergic activity – which reduces gluta-
matergic plasticity in animal slice preparations (Castro-Alamancos et  al. 1995) 
seems to be reduced by both, cathodal and anodal tDCS, as shown for the human 
motor cortex (Stagg et al. 2009a). This combined mechanism might enhance the 
propensity of tDCS to induce plasticity in the human brain in vivo. Given the rele-
vant involvement of calcium in NMDA receptor-dependent glutamatergic plastic-
ity, it is not surprising that intracellular calcium content is increased by LTP-like 
plasticity-inducing DC stimulation in animal models (Islam et al. 1995), and that 
calcium channel block abolishes tDCS-induced LTP-like plasticity in humans 
(Nitsche et al. 2003a). The dependency of LTP and LTD induction on the amount 
of calcium influx  – low increase results in LTD, high increase in LTP (Lisman 
2001), and even higher increase might again diminish plasticity due to compensa-
tory mechanisms – explains furthermore the switch from LTP- to LTD- like plastic-
ity if stimulation lasts too long (Monte-Silva et al. 2013), or is accompanied by 
pharmacological intervention increasing calcium influx (Lugon et al. 2015).

Beyond these potential drivers of DC stimulation-induced plasticity, experiments 
in humans have revealed an important impact of neuromodulators, such as dopa-
mine, acetylcholine, and serotonin. Alteration of the activity of these systems prom-
inently impact the plasticity-inducing effects of DC stimulation (Fresnoza et  al. 
2014a, b; Grundey et  al. 2012; Nitsche et al. 2012). Similarly, the BDNF/TrKB 
pathway is known to be a potent modulator of these common forms of LTP/LTD (Lu 
2003) and this pathway has also been implicated in long-term tDCS effects in both 
humans and animals (Fritsch et al. 2010; Podda et al. 2016; Ranieri et al. 2012). 
Earlier work looked at accumulation of potential molecular targets of stimulated 
brain tissue, and beyond the impact of calcium (Islam et al. 1995a) found effects of 
DC stimulation on adenosine-sensitive cAMP (Hattori et al. 1990), and protein 
kinase C (Islam et al. 1995b), each of which play a role in LTP/LTD. Building on 
this, more recent in  vivo animal work has shown long-term tDCS effects to be 
dependent on the adenosine A1 receptor (Márquez-Ruiz et  al. 2012). While evi-
dence is accumulating that DCS-induced plasticity shares molecular mechanisms 
with classic LTP/LTD, the manner in which the primary, polarizing effect of tDCS 
interacts with this molecular machinery remains an important area of research. Here 
experiments in humans show that combination of anodal tDCS and voltage-gated 
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ion channel block not only abolish acute, polarization-dependent effects of tDCS, 
but also after-effects, which suggests an important role of polarization for the devel-
opment of neuroplasticity (Nitsche et al. 2003a).

Furthermore, regarding contributing neurons, motor cortex studies in humans 
deliver relevant information adding to the results of pharmacological studies. Here, 
tDCS polarity-dependently alters intracortical inhibition and facilitation, which are 
driven by glutamatergic and GABAergic neurons. However, tDCS polarity- 
independently enhances I-wave facilitation, which is suppressed by GABAergic 
activity (Nitsche et al. 2005). Modulation of afferent activity to the primary motor 
cortex might be involved, since modulation of premotor activity by DC stimulation 
modifies intracortical inhibition and facilitation in a similar manner as primary 
motor cortex stimulation (Boros et al. 2008).

Given the complexity of plasticity, and how it underpins learning, there are open 
questions about how tDCS modulates synaptic function. Importantly, valuable 
research in this direction should not be confused with the absence of decades of 
literature (summarized above). Similarly, exhaustive work over the past decade 
showing nuance in how DCS modulates synaptic efficacy (such as state dependent 
effects) should not be conflated with a deficiency in existing knowledge. Rather, 
ongoing research on tDCS modulation of plasticity is more advanced than most 
other neuromodulation tools and indeed many drugs. These studies reflect the detail 
of ongoing work. Many of these investigations relate to variation in the direction of 
modulation, if anodal and cathodal stimulation always exhibit and inhibit synaptic 
efficacy – consistent with the ‘somatic doctrine’ – or if there are dose and brain- 
state specific reversals in direction.

 Synaptic Plasticity and Galvanotropism

The kind of plasticity induced by tDCS so far refers to functional or synaptic plas-
ticity. Another plasticity mechanism includes morphological alterations, like axonal 
growth and guidance, which might also be affected by DCS. It is well established 
that electric fields play a role as signals in the development and regeneration of the 
nervous system (Mccaig et al. 2005). Several studies have shown endogenous elec-
tric fields within growing and recovering tissue. Whether similar mechanisms may 
be relevant during DCS may come down to the sensitivity of growth to DCS rele-
vant electric fields. As we review, axonal growth in vivo and in vitro has been dem-
onstrated with applied fields at significantly higher intensities and for longer 
durations than tDCS (Mccaig and Rajnicek 1991).

The study of electric fields and cellular galvanotropism (induced growth by an 
electrical stimulus) has been linked to cell proliferation, development, membrane 
protein redistribution, and recovery from injury (Mccaig et al. 2005). We will focus 
here on the role of galvanotropism for tDCS relevant field intensities and durations. 
The first quantitative study in vitro by Marsh and Beams in 1946, exposed medul-
lary explants from chicken embryos to ~60 V/m electric fields and demonstrated 
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that neural processes grow preferentially towards the cathode and their development 
is suppressed towards the anode (Marsh and Beams 1946). In 1979 Jaffe and Poo 
assessed that neurites grow about three times faster towards the cathode at 70 V/m 
(Jaffe and Poo 1979). The lowest reported field values to induce galvanotropis are: 
3 V/m applied for 20 min for locally induced fields (Patel and Poo 1984) and for 
uniform fields from 7 V/m applied during 16–20 h (Hinkle et al. 1981) to 10–50 V/m 
applied for 24 h (Patel and Poo 1982). The mean growth induced by DC fields is 
0.4 μm per V/m per minute for local fields and 0.12 nm per V/m per minute for 
uniform fields (Patel and Poo 1982).

The effects of extracellular fields on nerve migration have been extensively 
characterized in vivo. In 1984, Pomeranz et al. applied 1 μA of current for 3 weeks 
to a sprouting rat nerve (Pomeranz et al. 1984). Hindpaw sensitivity was assessed 
before and after applying the field, finding an increase in responsiveness only when 
the cathode was placed in the direction of growth of the sprouting nerve (anodal 
stimulation). Physiological correlates were measured through histological studies 
showing an elevated number of neural fibers for anodal stimulation. In 1987, 
McDevitt et al. were the first to describe re-growth in mammals. They did a cut- 
suture intervention of the sciatic nerve and applied currents that generated fields of 
approximately 10 V/m for 20 days, each session lasting 30 min. Electromyographic 
activity was present in 67% of the animals that received stimulation with growth 
directed toward the cathode, and only in 17% with the reversed polarity (Mcdevitt 
et al. 1987). Supporting evidence is shown for an increase in neurofilament growth 
towards the cathode in damaged sciatic nerves (Politis et al. 1988) and for morpho-
logical regeneration after nerve transection (Roman et al. 1987). In addition, func-
tional recovery was assessed by measuring various parameters of the rat’s gait 
(Beveridge and Politis 1988).

Even endogenous injury potentials, which are presumed to have a functional 
role, are over an order of magnitude above tDCS fields (~10  V/m compared to 
<0.5 V/m). Given that studies on galvanotropism use much higher magnitude and 
longer duration DCS (typically ~100  V/m; (Palmer et al. 2000)), at first glance, 
effects of tDCS-relevant dose might be dismissed. However, assuming a linear 
dose-response (e.g. 0.12 nm per V/m minute) and considering the scale of individ-
ual synapse/dendrite spines, it is possible that even small morphological modifica-
tions have an important role in plastic changes underlying long term effects induced 
by tDCS.  Indeed, the need for long-duration tDCS to produce after-effects may 
reflect cumulative galvanotropism. For example, 2  mA tDCS would, in theory, 
result in local electric fields of ~ 0.5 V/m, which over 20 min, could displace a neu-
ronal process by 1.2 nm. Thus, during tDCS morphological reorientation of axon 
terminals and dendritic spines at synapses (rather than growth of axons over long 
distance) may be significant. To distinguish this local synaptic-cleft phenomena 
from conventional long range axon guidance, we call this “nano-galvanotropis”. 
This conjecture reinforces our overall methodological theme that the relevance of 
animal studies to tDCS relies on both dose response (e.g. change per V/m) and out-
come measures (e.g. plasticity vs. migration).
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 Network Effects of tDCS: Amplification and Recruitment

The consideration of how tDCS interacts with active networks (e.g. oscillations) is 
a major area of ongoing research: just as networks of coupled active neurons 
exhibit “emergent” network activity not apparent in isolated neurons, the applica-
tion of DCS to active networks can produce responses not expected by single 
neurons. These responses are specific to the network architecture and activity 
(Reato et al. 2013b; Schmidt et al. 2014). Networks also provide an important 
substrate for amplification beyond the cell/synapse level. Ongoing studies on 
tDCS in humans has addressed modulation of EEG oscillations, while reports that 
DCS can alter “spontaneous rhythm” in animals span decades (Antal et al. 2004b; 
Dubner 1939; Marshall et al. 2011). Finally, modulation of oscillations are a sub-
strate for changes in plasticity (Reato et al. 2013a, 2015).

Beyond the single neuronal level, amplification of networks might play a role in 
DCS effects. As discussed above, the initial action of DC stimulation remains to 
polarize all neurons subjected to the electric field (current flow inside the head). Our 
emphasis here is that tDCS generates electric fields across large areas of cortex and 
that polarization acts on every neuron in these brain regions. In considering the 
effects of tDCS on networks, a key concept is that the entire population of coupled 
neurons is polarized- this coherent polarization of the population provides a sub-
strate for signal detection and for amplification (Parra and Bikson 2004; Reato et al. 
2013b; Schmidt et al. 2014). In an oscillating network, DCS  polarization of even a 
sub-set of neurons effects the whole population – in this way cells that in isolation 
might be less sensitive (e.g. interneurons) might be recruited to respond to tDCS 
(Reato et al. 2010).

Interestingly, at the single neuron scale the effective coupling constant for a neu-
ron immersed in an active network may be enhanced compared to that of neurons in 
isolation (Reato et al. 2010) – meaning that by virtue of being in a network, a given 
compartment (soma) may be polarized directly by the field and indirectly by field 
actions on a collection of afferent neurons. In addition, in a network if tDCS is 
effective on a (more sensitive) upstream neuron, this will change synaptic activity at 
downstream neurons (Boros et al. 2008).

As described above, the concept that the threshold for electric field sensitivity 
would be “lower for modulation of the frequency of an already active neuron than 
for excitation of a silent one” (Terzuolo and Bullock 1956) is well established, but 
network activity adds another dimension to this. During many network activities, 
notably oscillations, neurons are near threshold and thus primed for firing. If a neu-
ron is near threshold by virtue of network drive, then a small polarization may be 
influential in modulating the likelihood of firing. For example, a relatively small 
depolarization may be sufficient to trigger an action potential. Moreover, because 
the network is interconnected, activated neurons could synaptically trigger action 
potentials in other neurons. The whole process can be feed-forward such that a 
small DC electric field can induce a robust action potential discharge in a popula-
tion. This has been demonstrated in brain slices and explained with quantitative 
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models (Reato et al. 2010). This concept is interesting because it blurs the distinc-
tion between “supra-threshold” stimulation, such as TMS, and “sub-threshold” 
stimulation, as tDCS is commonly considered.

Mechanisms of network amplification are difficult to explore in the human brain 
directly, but functional imaging data are in accordance with enhanced glutamatergic 
activity during stimulation (Alekseichuk et al. 2016; Hone- Blanchet et al. 2016). 
Moreover, electroencephalography shows that DC stimulation enhances individual 
alpha activity (Spitoni et al. 2013), which is in good accordance with network 
amplification mechanisms of tDCS (Polania et al. 2011a).

 Network Effects of tDCS: Consequences for Spread 
of Neuromodulation

Apart from the regional network effects of tDCS under or near the stimulation elec-
trodes, remote effects on topographically distant cortical and subcortical areas were 
described relatively early for the human brain (Lang et al. 2005). There is no a pri-
ori rationale to ignore these regions in interpreting the behavioral and cognitive 
consequences of tDCS.  These brain-wide changes might also further support 
network- scale amplification.

However, it was unclear whether those effects are caused by physiological 
spreading of cortical activity (i.e. one region being activated by tDCS and subse-
quently driving another region) or by physical current spread (i.e. during tDCS cur-
rent flow). Simulation studies, which have been recently validated, are in favor of at 
least a partial contribution of spread of current flow (Datta et al. 2009; Huang et al. 
2017). In addition, clear physiological effects of tDCS on remote areas have been 
described. Premotor anodal tDCS enhances intracortical facilitation of M1, most 
probably due to the activation of premotor-primary motor cortex afferents (Boros 
et al. 2008). Similarly, combined dorsal premotor and supplementary motor area 
(SMA) stimulation alters motor and somatosensory evoked potentials (Kirimoto 
et al. 2011). For parietal cortex stimulation, anodal tDCS enhanced, but cathodal 
tDCS reduced MEP amplitudes elicited by motor cortex TMS. Moreover, anodal 
tDCS over the posterior parietal cortex increased ipsilateral M1 intracortical inhibi-
tion and facilitation, as well as parietal-motor cortical connectivity (Rivera-Urbina 
et  al. 2015). Furthermore, anodal tDCS over posterior parietal cortex increased 
cortico-cortical potentials elicited by TMS in both local and surrounding or contra-
lateral regions (Romero Lauro et al. 2014).

Recently, functional connectivity approaches have been applied to explore corti-
cal network alterations induced by tDCS in humans. For motor cortex stimulation 
under resting conditions, a 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 connectivity of M1, 
functional connectivity was enhanced between the primary motor cortex on the one 
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hand, and premotor and superior parietal areas on the other (Polania et al. 2011b). 
In another study, cathodal tDCS of the primary motor cortex increased functional 
connectivity between the stimulated M1, and the contralateral M1 and premotor 
cortices (Stagg et  al. 2009b). A similar effect of tDCS was described for anodal 
stimulation combined with motor practice in an EEG study, where functional con-
nectivity was enhanced between primary motor, premotor, and sensorimotor areas 
in the high gamma band (Polania et al. 2011a). Moreover, anodal tDCS of the pri-
mary motor cortex alters cortico- subcortical connectivity of the motor cortex at rest. 
Specifically, it was shown to enhance connectivity with the ipsilateral caudate 
nucleus, and thalamus (Polania et al. 2012a). Alterations of intrinsic motor cortex 
connectivity by tDCS have also been demonstrated: cathodal stimulation increased 
local connectivity, most likely due to cortical noise reduction accomplished by the 
respective excitability and activity diminution, while anodal tDCS enhanced long-
distance connectivity within this area (Polania et al. 2012b). Therefore it can be 
concluded by the results of these studies that motor cortex tDCS alters the connec-
tivity of large parts of the motor network, and thus regional stimulation has network 
effects.

Such effects are not restricted to motor cortex tDCS. Stimulation of the dorsolat-
eral prefrontal cortex has been demonstrated to induce widespread alterations of 
functional connectivity, including the default mode network, and attention-related 
networks in healthy subjects (Keeser et al. 2011; Pena-Gomez et al. 2012). Thus it 
can be concluded that the effects of DC stimulation in vivo are not restricted to the 
primary target area, but involve a larger set of connected areas. Since these effects 
are assumed to be activity-related, the impact of tDCS on remote areas might nev-
ertheless differ from those stimulated directly by the intervention, because the 
polarizing effect by external application of an electrical field is missing. If and in 
which way this leads to different functional and physiological effects in these sec-
ondary areas remains to be shown.

 Non-neuronal Effects of tDCS

So far, most research on DC stimulation was focused on neurons. However, addi-
tional cell types – including glia and endothelial cells – are affected by DC fields and 
might contribute to the neuromodulation outcomes. Here, it can be distinguished 
between (1) direct stimulation effects, reflecting direct polarization and modulation 
of these cell types by direct current fields; (2) indirect stimulation effects, reflecting 
changes in function secondary to direct excitatory neuronal activation that then influ-
ences these other cell types; and (3) modulatory effects, where the sensitivity of neu-
rons to direct effects (e.g., their excitability) is influenced by these other cell types.

Glia cells represent the majority of cells in the CNS – the concept that they are 
just ‘passive’ support cells is outdated (Haydon and Carmignoto 2006) and their 
essential role in neuronal functions such as plasticity are being elucidated (Di Castro 
et al. 2011; Panatier et al. 2011). Astrocytes are particularly crucial in regulating 
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synaptic transmission and plasticity, leading to the recent idea of a ‘tripartite syn-
apse’ (Perea et al. 2009). While astrocytes are sensitive to small changes in mem-
brane potential (Amzica et al. 2002) and their elongated processes are susceptible to 
polarization by DCS (Ruohonen and Karhu 2012), the effects of weak DCS on these 
cells remain relatively neglected in the literature (Gellner et al. 2016). However, a 
recent in vivo study in mice showed that tDCS induced astrocytic calcium waves in 
visual cortex, which appeared to drive plasticity of visually evoked potentials 
(Monai et al. 2016). It was unclear whether this effect was due to direct or indirect 
action on astrocytes, but this motivates more work in understanding the role of 
astrocytes in tDCS induced plasticity. In addition to effects in individual glia cells, 
a glial syncytium (an electrically coupled population of glial cells) might act to 
amplify field polarization. Just as a single cell (glia) experiences a biphasic polar-
ization in response to DCS, the glial syncytium may experience a net biphasic polar-
ization across the network axis. Another possible mechanism for DC modulation 
through glia cells relates to the concept of potassium ‘spatial buffering’. Glia cells 
are thought to regulate extracellular potassium concentration through a polarization 
imbalance across their membrane, and the biphasic polarization induced by DC 
fields would be expected to drive the collection and release of potassium across the 
glia or glial syncytium ends. Indeed, Gardner-Medwin induced extracellular potas-
sium transport by passing DC current and noted concentration changes in saline 
near the electrodes, which is mechanistically distinct from tissue changes (Gardner-
Medwin 1983). Studies in brain slices however show no changes in extracellular 
potassium concentration with DC fields (Lian et al. 2003), though the brain slice 
preparation has distorted extracellular concentration control mechanisms (An et al. 
2008).

Endothelial cells form the blood-brain barrier (BBB) that tightly regulates trans-
port between the brain extracellular space and blood. Any direct action of DC stimu-
lation on endothelial cells would thus have important consequence for brain 
function. Endothelial cells do not have processes and their spherical shape indicates 
peak polarization will be related to cell diameter (Kotnik et al. 2010). However, a 
compelling hypothesis is that the blood vessel network formed by the BBB might 
channel current flow in a manner that concentrates electric field across the BBB. The 
direct effects of tDCS current on vascular response remain an open and compelling 
question. There is abundant evidence that DC current affects vascular function in 
skin (Berliner 1997; Ledger 1992; Malty and Petrofsky 2007; Prausnitz 1996) and 
skin redness is inevitable under tDCS electrodes (Minhas et al. 2010) – with a com-
ponent that is pressure related but a component that is in response to current flow 
(Ezquerro et al. 2016).

Vascular and neuronal functions in the brain are closely interrelated, as evi-
denced by functional Magnetic Resonance Imaging (fMRI). The relation is also 
complex, and it can be difficult to disentangle direct neuronal and potential direct 
vascular effects (Takano et  al. 2011), including during tDCS.  Wachter and col-
leagues (2011) reported a polarity specific change in blood perfusion during tDCS 
in the rat, in a direction consistent with the somatic doctrine, and speculated the 
direction specificity was consistent with a primary neuronal action. Furthermore, it 
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was shown that high-intensity electrical stimulation could increase transport across 
the blood-brain barrier. This phenomenon was termed “electro- permeation” between 
cells, to distinguish it from electroporation of single cells (Lopez-Quintero et al. 
2010). Taken together, there are reasons to assume that application of DC fields 
affect also non-neuronal cells of the CNS, but the paucity of experimental evidence 
requires further investigation on the ultimate impact on tDCS outcomes.

 Concluding Remarks: Building on an Extensive Foundation 
of Mechanistic Studies

This chapter gave an overview about the current state of knowledge of the physio-
logical effects of brain stimulation with weak DC fields. As can be derived from the 
available studies and concepts, knowledge is extensive but far from being complete. 
Whereas basic general mechanisms of action have been identified, especially at the 
microscopic cellular level and clinical neurophysiology, important identified ques-
tions await yet to be answered. The effects of tDCS may be complex in the sense 
that they are brain-state and dose (montage, current intensity, duration) dependent, 
such that different mechanisms are operant depending on the application. None-the- 
less, certain basic principles, as highlighted in this review, are likely universal. 
Especially integration of knowledge across animal and human experiments at dif-
ferent levels of organization, is important to address this complexity.

What seems to be clear even at different physiological scales (from cellular to 
human neurophysiology), is that the general assumption that anodal DC stimulation 
enhances excitability and cathodal stimulation diminishes excitability is an over- 
simplification. Rather, the outcome of stimulation is to be qualified by protocol 
specifics. At the same time it’s important to recognize that such over-simplifications 
are not germane to tDCS and exist across neuromodulation technologies (e.g. DBS) 
and pharmacology. tDCS research, more than other domains, has (1) over decades 
established a scientific foundation; (2) in this process addressed head-on limitations 
in existing understanding. It is a mistake to confuse ongoing discovery of nuance in 
DCS effects with a crisis in the fundamentals.

For example, ongoing experiments in animal models of direct current stimula-
tion are beginning to provide insight into how neuromodulation by tDCS cannot be 
explained as a monolithic “sliding-scale” of excitability (where regions under the 
anode are “excited” while regions under the cathode are “de-excited”). Brain func-
tion and disease are complex and so their influence by DC stimulation is similarly 
complex. Moving beyond the “somatic doctrine”, polarization of dendrites, axon 
terminals, and astrocytes can no longer be ignored. The effects of polarization in 
each of these compartments are likely to vary with their activity state (e.g. mem-
brane potential, neurotransmitter tone, ion channel state), with effects being ampli-
fied by increased ongoing activity. Importantly, this may support modulation of 
plasticity specifically in the most active synapses. This also implies that tDCS may 
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have vastly different effects depending on the form of endogenous plasticity (e.g. 
driven by dendritic or somatic spikes).

Which neuronal processes are modulated and how, will depend on the tDCS mon-
tage used and the state of the underlying network. The rational advancement of 
tDCS thus requires progressing from the sliding-scale approach (applied indis-
criminately across cognitive applications and indications) and addressing these 
mechanistic and targeting issues. With increased recognition of complexity, the 
need for translational animal studies, that are properly designed, becomes increas-
ingly clear. Following the organization in this chapter, this includes considering the 
effects of DCS at three scales: membrane compartment polarization, synaptic effi-
cacy, and network effects. While brain function is evidently understood to span 
across these levels, this among other structures introduced here, provide a path 
forward toward framing of new hypotheses. Combining animal experimentation 
with human experimental work, and new approaches like computational neuro-
stimulation (Bestmann 2015) will help to comprehend the mechanisms of action of 
DC stimulation further, which will be the essential pre-condition to develop stimu-
lation protocols which allow clearly defined and targeted interventions in basic and 
applied neuroscience.
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Chapter 4
Current Methods and Approaches 
of Noninvasive Direct Current–Based 
Neuromodulation Techniques

Walter Paulus and Alberto Priori

 Introduction

In the last 20 years several techniques for inducing excitability changes based upon 
the delivery of direct current (DC) over the skin overlying different structures of the 
central nervous system became available to experimental and clinical neuroscien-
tists. Transcranial direct current stimulation (tDCS) refers to DC delivery on the 
scalp over the cerebral cortex (Nitsche and Paulus 2000; Priori et al. 1998), cerebel-
lar DC stimulation refers to delivering DC current over the cerebellum (Ferrucci 
et al. 2015), and transcutaneous spinal DC stimulation (tsDCS) refers to the delivery 
of DC currents over the spinal cord (Cogiamanian et al. 2012).

 Electrodes

Any transcranial electric stimulation technique needs to transfer the electric current 
by at least two electrodes, a target electrode and a return electrode. Multiple elec-
trodes may be used as well both for the target and for the return electrode in order 
to shape the current flow. The types of electrode used for tDCS encompass metal 
electrodes usually covered by sponges, conductive rubber electrodes or plastic elec-
trodes providing some mm of space for being filled with a contact medium such as 
conductive cream or any combination of it. Electrode fixation is usually achieved 
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by the aid of elastic straps, or head gears attached in various ways to the subject 
head. No ideal fixation system so far exists. The straps may still allow some move-
ment over time during a tDCS session. Over-tightening the straps may lead to evac-
uation of saline from the electrode sponges. At the conductive electrode 
electrochemical reactions take place. Therefore the electrode should contact the 
skin by intermediate gel or saline solution in a sponge as a buffer between electrode 
and skin – with sufficient electrolyte volume preventing chemicals formed at the 
electrode from reaching the skin (Palm et al. 2014). In order to confine the electrode 
surface to the size of the electrode neither too much gel nor too much saline solu-
tion should be applied. In general, precise location of electrodes needs to be docu-
mented and kept constant to minimize variability (Saturnino et  al. 2015). For 
example, even the position of the connecting electrode wire should be documented 
to provide maximum potential for replication (e.g., wire oriented to back of head, 
behind the ear, etc.).

The shape and the size of electrodes and/or sponges significantly alters the distribu-
tion of current delivered to the scalp and the brain (Saturnino et al. 2015). Small elec-
trodes enable a more focused stimulation of smaller brain areas ending up e.g. in 
selective modulation of muscles targeting thenar or hypothenar (Nitsche et al. 2007). 
Large electrodes such as those conventionally used (Nitsche and Paulus 2000) with an 
area of 35 cm2 provide the advantage that at first glance a not so precise allocation of 
the electrode position is needed. However in the light of the calculations made by 
Saturnino (Saturnino et al. 2015) and others small deviations from a standard electrode 
allocation may result in a substantial variability. Variability may be further enhanced 
and complicated by local thinnings of the skull which as a current running pathway 
may guide current through areas of locally reduced resistance somewhat independent 
of the location of larger electrodes (Opitz et al. 2015) (Fig. 4.1).

Fig. 4.1 Skull thickness (right). Red areas mark thick skull, blue areas thin skull (“temporal win-
dow” also used in ultrasound investigation). Red circle marks local thinning. On the left side 
electrical flow induced by a 7*5 cm electrode is calculated. Current drawn to the electrode edges 
is seen as well as a current pathway caused by the local thinning (red circle)
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This problem can be circumvented by smaller electrodes which however need 
higher allocation precision (Woods et al. 2015) (see also Chap. 7, “Methodological 
Considerations for Selection of tDCS Approach, Protocols and Devices”).

At the motor cortex this can be comparatively easy achieved by transcranial mag-
netic stimulation, other methods incorporate the International 10-20 (or 10-5) 
Electrode Placement System or commercially available neuronavigation systems.

With larger electrodes one should keep in mind that the conducting gel in larger 
electrodes guides electric current towards the edges of the electrodes, in fact a kind 
of ring stimulation may be taking place – although this scenario might particularly 
apply for the skin, but not the brain level. While other electrodes have been designed 
for defibrillation purposes with decreasing conductivities towards the electrode edges 
to enforce a more homogeneous current distribution, these electrode types have so far 
not been employed in transcranial stimulation techniques (Saturnino et al. 2015).

Usually the target electrode is placed above the target area. The return electrode(s) 
play a decisive role for guiding electric current through the intended brain or spinal 
cord areas. The early study by Nitsche and Paulus (2000) already showed that out of 
a number of different return electrodes only the one placed at the contralateral 
 forehead provided effects during stimulation (Nitsche and Paulus 2000). In the spi-
nal cord, the position of the return electrode influences the level of distribution of 
the maximum current density (Parazzini et al. 2014a) (Figs. 4.2 and 4.3).
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Fig. 4.2 Cortical excitability change during current flow showing rapidly induced effects of weak 
DC stimulation on the size of the motor evoked potential (MEP) in the right abductor digiti minimi 
(ADM) muscle, revealed by transcranial magnetic stimulation (TMS), using the motor cortex—
contralateral forehead arrangement. MEP amplitudes during stimulation are normalized by divi-
sion by MEP amplitudes without stimulation. During DC stimulation, the MEP amplitude 
increased with anodal and decreased with cathodal current stimulation. An effect was only seen 
with the m-cf montage. (Taken from Nitsche and Paulus 2000; with permission)
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Large return electrodes with an area of about 100 cm2 have been suggested as a 
tool to dilute current intensity below threshold for excitation of brain tissue (Nitsche 
et al. 2007). Extracephalic electrodes have been discussed as another means to cir-
cumvent stimulation of the brain areas beneath cephalic return electrodes. In order 
to achieve comparable after effects sizes however stimulation intensity has to be 
doubled, at least with a return electrode at the arm (Moliadze et al. 2010b). Many 
modelling studies have suggested optimized current flows by the use of multichan-
nel electrode arrays e.g. (Minhas et al. 2010; Ruffini et al. 2014). These arrays need 
individual calculations of electrode positions, commercial programs as well as 
shareware programs (e.g. www.simnibs.de) are available. It should be noted that 
these models have not been physiologically validated in most cases (Fig. 4.4).

 Stimulation Protocols

In contrast to tACS with its capability for on-line entrainment of brain function, 
tDCS is essentially a method for induction of plastic after effects, although it 
was shown very early that 4  s of anodal tDCS increases and cathodal tDCS 
decreases excitability (Nitsche and Paulus 2000). Most of the available literature 
has dose-titrated systematically required physical parameters by single pulse 
TMS at the motor cortex. At least 0.6 mA intensity with a stimulation duration 
of at least 3 min was necessary to induce after effects (Nitsche & Paulus, 2000). 
In order to achieve an anodal excitatory after effects of 1 h a stimulation duration 

Classic (M1-SO) Montage Ring (M1) Montage

Fig. 4.3 Electrode montages can be realized in a conventional “bipolar” (top) or “center- surround” 
mode (bottom). (From Heise et al. 2016). The outer ring has the disadvantage that current flow 
cannot be controlled for compensation at thinner or thicker skull areas
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of 13 min is required (Nitsche and Paulus 2001), for cathodal inhibition 9 min 
are sufficient (Nitsche et al. 2003b). The original expectation that longer stimu-
lation durations inevitably lead to longer plastic after effects is not true. After 
26 min of continuous anodal stimulation the excitatory after effects switch into 
inhibition (Monte-Silva et al. 2013). Excitatory after effects can be achieved if 
the 26 min stimulation duration is interrupted by an either 3 min or 20 min inter-
val, in these cases extending into the 24 h range (Monte-Silva et al. 2013). Also 
variation of stimulation intensity may induce a reversal of the sign of the after 
effects. While 1 mA cathodal stimulation intensity leads to inhibition a switch to 
2 mA amplitude causes cathodally induced excitation (Batsikadze et al. 2013). 
All these data were derived from and are confined to resting relaxed subjects. In 
case of attentional challenge the after effects collapse and tend to reverse; anodal 
tDCS under finger tapping leads to reduction of MEP after effects sizes below 
baseline (Antal et al. 2007). A possible explanation for this behaviour might be 
that in activated neurons channels may open leaving a smaller range of mem-
brane potential alteration induced by transcranial electrical stimulation methods 
(Paulus and Rothwell 2016). In line with these MEP results, also behavioural 
data show deviations from the simple rule – anodal tDCS~ excitation, cathodal 
tDCS ~inhibition. Furthermore, excitation and inhibition from tDCS may not be 
synonymous with functional changes in task performance (e.g., excitation may 
not equal faster reaction time in all cases and may be dependent on the inherent 
systems engaged in a given behavioural task). For example, in an implicit motor 
learning paradigm involving motor reaction times anodal tDCS improved reac-
tion times, at odds with the MEP inhibition by anodal tDCS during finger tap-
ping. Furthermore, cathodal tDCS also improved reaction times, albeit 
non- significantly (Nitsche et al. 2003c). Hence, the application of anodal current 
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Fig. 4.4 A specific form of center-surround stimulation encompasses 4 surrounding electrodes 
called high-definition tDCS by (Minhas et al. 2010). Any other combination of (more) electrodes 
in the centre or both more or less electrodes in the surround is possible. If a constant current flow 
of 25% in each of the surround electrodes is to be guaranteed then a split channel connecting 4 
electrodes must be used summing up to 100% in the center, with consistent impedance for the 4 
electrodes. (Taken from Saturnino et al. 2015)
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does not mean necessarily facilitation of a given function and vice versa for 
cathodal polarity. Some effects may be related to much more complex neuro-
chemical, metabolic and plastic changes occurring in the central nervous system 
often uncoupled from excitability changes at least as assessed by TMS. Thus, 
operating on the simple assumption that anode equals excitation and cathode 
equals inhibition may be ill advised.

As a corollary, the stimulation parameters obtained effectively at the motor 
cortex provided a gross impression which intensities and stimulation durations 
might be best suited for stimulation of other areas. However, in the case of 
patients every item has to be reconsidered. Stroke patients having had loss of 
brain tissue being replaced by CSF will probably need very different tDCS in 
terms of electrode placement and stimulation parameters. Thinner CSF will lead 
to higher electric fields in the underlying brain (Opitz et al. 2015), hence in older 
patients with brain atrophy (i.e, more CSF) it may be the case that current levels 
reaching the brain are less than would be achieved in younger adults. This how-
ever awaits experimental verification. As a consequence each new specific exper-
imental protocol should incorporate a titration of stimulation parameters. 
Furthermore individual efficacy varies considerably even with the standard TMS 
protocol at the motor cortex. A substantial number of subjects behave in an oppo-
site direction when compared to the overall group level, both in tDCS and other 
neurostimulation applications. Individual adjustment of stimulation protocols by 
current flow calculations may end up at a theoretical limit when cortical folding 
is taken into account. Suppose a target area incorporates a cortical gyrus includ-
ing the crown and both opposing walls, anodal stimulation at one side will by 
opposed by cathodal stimulation at the opposite wall. Thus, current flow direction 
in relation to neuronal orientation will be in opposite directions. Switching to 
tACS or tRNS, which may end up with after effects similar to tDCS might pro-
vide an improvement in the present context (Moliadze et al. 2010a, 2012; Terney 
et al. 2008). Another way to guide tDCS after effects in a wanted direction will be 
the combination with neuropharmacology. If the sodium channel blocker carba-
mazepine is combined with tDCS only inhibitory effects survive (Nitsche et al. 
2003a). L-Dopa in a medium dosage of 100 mg switched anodal excitation into 
inhibition, and stabilized excitability-diminishing effects of cathodal tDCS (Kuo 
et al. 2008), vice versa serotonin reuptake inhibition guides inhibitory cathodal 
after effects into excitation, and enhances excitatory effects of anodal tDCS 
(Nitsche et al. 2009). Boosting tDCS after effects by co-application of citalopram 
in the treatment of depression has been confirmed in a large multi-center study 
(Brunoni et al. 2013). Many more effects of these and other drugs have been pub-
lished beyond the scope of this contribution (Nitsche et al. 2012). Nonetheless, 
drugs may substantially affect the effects induced by DC-based transcutaneous 
techniques and pharmacological influences should be carefully considered in 
designing and interpreting the results of clinical studies in patients. Different 
results obtained with tDCS by different groups, can be explained by differences 
in ongoing pharmacological treatments.
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 Sham Stimulation

In a large study on depression encompassing 120 patients the placebo response with 
2 mA anodal tDCS amounted to − 18.2% on the Montgomery Asberg Rating Scale 
as compared with the tDCS response of – 39.5% (Brunoni et al. 2013). As in any 
drug or other interventional study proper control for sham stimulation effects is a 
big issue. Usually a fade in fade out protocol is used to imitate some initial skin 
sensation in order to assure a subject’s or patient’s feeling real stimulation. In any 
case the subject should be questioned after the stimulation about his own rating if 
sham or real tDCS has been applied. A few issues have to be considered. Up to 
about 1  mA amplitude it is difficult for unexperienced subjects to differentiate 
between sham and real tDCS (Ambrus et  al. 2012). With 2 mA current strength 
tDCS stimulation comfort is lower at stimulation onset in young and older adults 
and, overall, lower for young participants (Wallace et al. 2016).

With conventional 35 cm2 electrodes active stimulation at 2 mA can be identified 
at above chance levels with an accuracy never exceeding 65% (Wallace et al. 2016). 
Stimulators will have to be modified in order provide some itching during the whole 
stimulation procedure at higher intensities for proper blinding. With 3 mA tDCS 
intensity stimulation starts to become painful. Smaller electrodes per se do not 
increase skin sensations (Turi et al. 2014). Other issues of importance for blinding 
(parallel design, skin erythema, double blinding, repeated measures conditions and 
others) have been discussed recently (Woods et al. 2016).

The usual approach of blinding participants for plasticity-inducing protocols is 
to apply a “sham” stimulation protocol, which encompasses ramping stimulation up 
and down like in the real stimulation condition, but to stimulate with the target 
intensity only for a few seconds. Participants will feel the initial itching/tingling 
sensation, but the stimulation duration is too short to induce after effects. For 1 mA 
tDCS with an electrode size of 25 cm2, this method has been shown to reliably blind 
participants (Gandiga et al. 2006). Stronger stimulation will induce larger sensa-
tions, and thus compromise blinding, especially under repeated measures condi-
tions (Nitsche et  al. 2003b; Opitz et  al. 2015). In crossover studies, this might 
however not be a relevant problem (Palm et al. 2014). Alternative approaches are 
application of topical anaesthetics to abolish skin sensations (Parazzini et al. 2014a) 
or an active control condition (i.e. stimulation over an area irrelevant for the task 
under study). Since the occurrence of skin damage seems to be not reliably associ-
ated with cutaneous sensation (Parazzini et al. 2013), local anaesthetics should not 
put participants specifically at risk. Blinding of the experimenter with regard to the 
specific stimulation protocol is accomplished by use of stimulators that include a 
sham stimulation function, thus keeping the  experimenter unaware of the specific 
stimulation condition. Even here, however, the presence of skin erythema, which is 
due to tDCS-induced vasodilation (Parazzini et al. 2014b), can compromise blind-
ing. Skin erythema is reliably reduced by acetylsalicylate, or topical application of 
ketoprofen (Parazzini et al. 2014b; Paulus and Rothwell 2016). Thus, for reliable 
double-blinding, a couple of approaches are available, which should be chosen care-
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fully due to the specific experimental design. Other approaches for testing the speci-
ficity of the effects are assessing the effects of opposite stimulation polarities, or 
testing the effect on different central nervous system areas.

 Cerebellar Direct Current Stimulation

In the last 10 years several pieces of evidence demonstrated that delivering DC 
over the cerebellum can modulate its functions. Ferrucci et  al. (2008) firstly 
reported that delivering DC with one electrode over the cerebellum and the other 
over the right shoulder (Fig. 4.5) for few minutes at 2 mA, specifically decreased 
the rate of improvement of a working memory task. Interestingly, stimulation over 
the dorsolateral prefrontal cortex induced the opposite effect, whereas sham stim-
ulation failed to induce any change. Additionally, cerebellar stimulation did not 
influence the visual evoked potential, therefore ruling out any possible effect 
through influence over the visual system. Though indirect, this was the first report 
about the behavioural and cognitive effects of DC stimulation of the cerebellum. 
A further step forward were the physiological experiments reported by Galea 
et al. (2009) who observed that cathodal cerebellar DC stimulation (2 mA) can 
modulate cerebellar-brain inhibition assessed by transcranial magnetic 
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Fig. 4.5 (a, b) Allocation of the motor cortex area 4a and 4p in the anterior wall of the human 
motor cortex. (Taken from Geyer et  al. 1996). Current flow may be more perpendicular in the 
sulcus than at the crown, favouring tDCS effects in a sulcal as compared to a crown located area. 
However, this is currently a hotly debated notion. In contrast, it is accepted that the same electric 
field will result in different current flow directions regarding neuron positions at the crown or the 
skull. The human motor cortex, area 4a and 4p, a mostly allocated in the anterior wall of the pre-
central gyrus and not at the crown
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stimulation. Again, sham stimulation failed to induce any physiological change. 
These two seminal papers prompted several groups to test the effects of cerebellar 
DC stimulation on different behavioural and neurophysiological variables (for 
recent reviews see Ferrucci and Priori 2014; Grimaldi et  al. 2014, 2016). The 
hypothesis is that in spite of the highly folded pattern DC stimulation can influ-
ence the excitability of cerebellar cortex, ultimately modulating its inhibition over 
the cerebellar nuclei, and therefore their efferent output projections to the brain. 
Modelling studies showed that the electric field generated by cerebellar DC stim-
ulation variably goes deep into the posterior cranial fossa in relation with gender 
and age: the field apparently is deeper in children and woman (Parazzini et  al. 
2013, 2014b) (Fig. 4.6).

Besides the observations of the effects induced by cerebellar DC stimulation 
in normal subjects, there are also interesting studies in patients with ataxia and 
Parkinson’s disease. Benussi et  al. (Benussi et  al. 2015) reported that in 19 
patients with ataxia of different etiologies, a single session anodal cerebellar 
DC stimulation (20  min, 2  mA) –but not sham stimulation— transiently 
improves symptoms and motor coordination in patients with ataxia. The cere-
bellum is also involved in the pathophysiology of movement disorders other 
than cerebellar ataxia as for instance Parkinson’s disease (Mirdamadi 2016; Wu 
and Hallett 2013). With the hypothesis of modulating the motor cortical excit-
ability during levodopa induced dyskinesias, Ferrucci et  al. (2016) tested a 
group of 9 patients with Parkinson’s disease with anodal and sham DC stimula-
tion (20 min, 2 mA) either over the cerebellum or over the motor cortical areas 
for 5 days: anodal –but not sham-- DC stimulation over both sites failed to 
change the UPDRS III but significantly improved the UPDRS IV related to 
involuntary movements. Minichino et  al. (2014) assessed sleep quality of a 
group of 25 euthymic patients with bipolar disorder and found that sleep 
distrurbance- dependent daytime dysfunction significantly decreased after 3 
consecutive weeks of treatment (20 min, 2 mA). In 14 patients with depression 
cerebellar DC stimulation with the other electrode over the prefrontal cortex 
was also found effective (Ho et al. 2014). Ten-session anodal cerebellar tDCS 
(twice a day, 20 min 2 mA) with the other electrode over the prefrontal cortex in 
treatment resistant obsessive compulsive disorder improved obsessive symp-
toms but not depression by some 26% for 3 months, thus making DC stimula-
tion an attractive possibility in the management of obsessive compulsive 
disorder (Bation et al. 2016).

 Transcutaneous Spinal Direct Current Stimulation

The third target for DC based non invasive neuromodulation techniques is the 
spinal cord. Eccles et  al. in the sixties observed that polarizing DC currents 
delivered over the exposed cat spinal cord elicited consistent and remarkable 
changes in motoneuronal function in the ventral horn (Eccles et  al. 1962). 

4 Current Methods and Approaches of Noninvasive Direct Current–Based



124

a

a

Ella

Billie

Duke

Slice a Slice b

Slice a Slice b

Slice a

1

0.8

0.6

0.4

0.2

0

Slice b

b

a

b

a

b

b

Fig. 4.6 Position of electrodes for transcutaneous cerebellar DC stimulation shown on a model used 
for current estimation. (From Parazzini et al. 2014a, b. with permission). Top, (a) electrode (green 
and light blue) position viewed from the back; the active electrode is over the cerebellum and the 
return electrode over the left shoulder. The active electrode can also be smaller and placed over a 
single cerebellar hemisphere, the return electrode can also be placed in other position over the head 
or face (not shown). Top, (b) a sagittal MRI reconstruction showing the tissues below the electrode; 
different tissues are identified by different colours shown on the right. Bottom: current density 
amplitude distributions below the electrode for cerebellar DC stimulation in three different subjects 
(Ella, Billie, Duke) modelled on a transversal MRI slice passing through the electrode; current den-
sity is plotted according to the colour scale on the right. Note that the current density distribution 
varies in different subjects and tends to spread anteriorly in the adolescent Billie (middle), whereas 
remains localized to cerebellar hemispheres in the adult male subject Duke (bottom) and has an 
intermediate distribution in the adult female Ella (top)
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Starting from the observation by Eccles and coworkers, the Milano group 
assessed the effects of delivering DC over the thoracic human spinal cord 
(Cogiamanian et  al. 2008) by transcutaneous thoracic spinal DC stimulation 
(Fig. 4.6). The conduction along the lemniscal system was assessed by somato-
sensory evoked potentials (SEP) elicited by stimulation of the tibial nerve in 
healthy subjects. The SEP amplitude decreased after anodal DC stimulation and 
increased (not significantly) after cathodal DC stimulation. Interestingly tho-
racic DC stimulation failed to change the SEP evoked by median nerve stimula-
tion, thus demonstrating that the effect of DC was spatially restricted to the 
sensory fibres travelling in the spinal cord below the stimulating electrode but 
not in other places. Further studies found that a similar effect appeared for the 
spinothalamic system (Truini et al. 2011) and corticospinal fibers (Bocci et al. 
2015). Nierat et al. (2014) found that cathodal tsDCS at cervical level increased 
significantly the volume of air inhaled or exhaled in a single breath (Tidal 
Volume) in a group of healthy subjects, possibly modulating the descending 
input over phrenic motoneurones. Several other studies tested the effects of 
tsDCS on segmental reflexes. For instance, Winkler et  al. (2010) found that 
tsDCS modulated the H-reflex post-activation depression in a polarity depen-
dent manner, Cogiamanian et al. (2011) found that tsDCS modulated the noci-
ceptive flexion reflex in humans. Bocci et al. (2014) tested the effects of tsDCS 
on spinal motorneuron excitability: they found that cathodal- tsDCS dramati-
cally increases motor unit number estimation (MUNE) values following cervi-
cal polarization, while sham and anodal polarization had no significant effect. 
At the same time, cathodal-tsDCS dampened the peripheral silent period in 
respect to sham and anodal conditions. The authors concluded that tsDCS, pos-
sibly also through supraspinal effects, could provide a novel therapeutic tool in 
managing several pathological conditions characterized by reduced motor unit 
recruitment (Fig. 4.7).

Anodal tsDCS in restless leg syndrome decreased for a short time symptoms on 
the VAS, whereas application of sham stimulation had no effects (Heide et al. 2014) 
supporting the pathophysiological concept of spinal cord hyperexcitability in 
RLS. Hubli et al. (2013) assessed the effects of tsDCS on spinal reflexes in patients 
with complete spinal cord injury reporting that reflexes improved after anodal 
tsDCS concluding that anodal tsDCS can modulate spinal neuronal circuitries after 
SCI.

 Direct Current–Based Noninvasive Neuromodulation 
Techniques at Home

Among various advantages of tDCS over rTMS, there is the possibility of delivering 
stimulation at home. Yet, DC-based techniques are relatively cheap, safe, and the 
devices are small, easily portable, and wearable. The patients and their caregivers 
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can easily learn how to place the electrodes for different types of brain, cerebellar 
and spinal cord DC stimulation. At difference from TMS related techniques, though 
the great feasibility and accessibility of DC-based techniques can be dangerous 
because it makes it easy using tDCS as a “toy”, without medical supervision, the 
simplicity of the technique and of the devices allows the treatment of large popula-
tions of patients at home (Priori et al. 2009). Andrade (2013) effectively and safely 
used tDCS at home in a patient with clozapine refractory auditory hallucinations. 
Mortensen et al. (2016) found that tDCS at home is well-tolerated by patients with 
upper limb impairment following intracerebral hemorrage and the authors found 
that anodal tDCS increased the grip strength thus representing a feasible add-on 
treatment for home rehabilitation. Kasschau et al. (2016) reported the use of a tele-
medicine platform to monitor the use of tDCS at home in a group of patients with 
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Fig. 4.7 Position of electrodes for transcutaneous spinal DC stimulation shown on a model used 
for current distribution estimation. (From Parazzini et al. 2014a). Left: with the active electrode 
over the lower thoracic spinal cord, three different positions of the return electrode (I0) are shown 
from the left to the right: left shoulder, abdominal wall, and vertex. Right: current density distribu-
tion (top: lateral view, bottom: viewed from the back) within the spinal cord keeping the green 
active electrode over the lower thoracic spinal cord, with three different positions of the return 
electrode shown from the left to the right: left shoulder, abdominal wall, and vertex. Current den-
sity is graphically expressed according to the colour scale. Note that when the return electrode is 
placed over the right shoulder the maximum current density is in the thoracic spinal cord above the 
level of the electrode, when the return electrode is on the abdominal wall the maximum current 
density is below the lower half of the stimulating electrode, and when the return electrode is on the 
vertex the maximum current density is in the cervical spinal cord. Hence, different positions of the 
return electrode can focus the current distribution at different spinal cord levels
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multiple sclerosis concluding that remotely supervised tDCS can be safe and reli-
able in multiple sclerosis, further expanding the patient access to the technique. 
Hyvarinen et al. (2016) found domiciliary tDCS safe and feasible for tinnitus. In 
conclusion, the possibility of home delivery of tDCS opens the avenue to a treat-
ment that will be feasible in large population of patients without entering a hospital. 
This has also obvious implications for developing countries or countries where 
there are great distances to be covered before finding a hospital.

 Conclusions

Available evidence shows that non-invasive DC-based neuromodulation techniques 
can influence the function of different structures in the human brain, cerebellum, 
and spinal cord. Although the effects can vary from subject to subject in relation 
with different factors (age, gender, concomitant drug consumption), the excitability 
changes induced have potential clinical relevance for therapeutic purposes. In addi-
tion, the techniques discussed above share feasibility for use at home and the safety 
that warrant their possible use in large population of patients. Much remains to be 
done, especially for the development of standardized protocols of DC stimulation in 
different neuropsychiatric disorders.
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Chapter 5
Transcranial Direct Current Stimulation 
Modulation of Neurophysiological Functional 
Outcomes: Neurophysiological Principles 
and Rationale

Helena Knotkova, Michael A. Nitsche, and Rafael Polania

 Introduction

Exploring the physiological effects of tDCS is of utmost importance for the field due to 
numerous reasons. First, physiological measures allow the quantification of basic 
effects of tDCS, and thus help to develop and tailor stimulation protocols based on 
parameters like magnitude, duration, and focality of effects. Second, combination of 
tDCS with physiological measures can help to improve mechanistic understanding of 
neuroplasticity of the human brain. Third, physiologically defined tDCS protocols are 
relevant to develop targeted and rationally based stimulation procedures for modifica-
tion of psychological and behavioral processes, both in basic, but also in applied clini-
cal studies. Nowadays, numerous neurophysiological and functional imaging tools are 
available which allow to monitor physiological alterations induced by tDCS in the 
human brain. For monitoring regional effects of tDCS of a specific target region, these 
include evoked potential measures, which enable monitoring of tDCS effects over sen-
sory and motor cortices, event-related potentials, EEG, combination of transcranial 
magnetic stimulation (TMS) and EEG, and neuroimaging tools such as magnetic 
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resonance tomography, and positron emission tomography for exploration of physio-
logical effects also over association cortices. Some of these techniques do also allow to 
disentangle the effects of tDCS to afferent structures of the target area, and thus to 
monitor the impact of tDCS on specific neuronal populations. Adding pharmacological 
interventions enable to explore the impact of tDCS on spefific neurotransmitters, ion 
channels, and receptors, or allow to disentangle the sometimes complex impact of the 
activity state of transmitters on tDCS effects. Depending on the specific technique, 
these allow monitoring of cortical excitability or activity. On the other hand, tools like 
functional magnetic resonance tomography and EEG allow monitoring of network 
effect of stimulation, by correlating activity indices of remote cerebral areas. EEG 
allows monitoring of associated cortical activity with high temporal, but less spatial 
precision, whereas fMRI enables also identification of cortico-subcortical connectivity 
with high spatial sensitivity. Respective studies have shown during the last years that 
tDCS are not restricted to a specific targeted area, but induce alterations of connectivity 
of distributed cerebral networks. Beyond pure physiological results at the regional and 
network level, combination of tDCS and cognitive or behavioral interventions with 
physiological monitoring might furthermore be suited to obtain information about the 
physiological background of task-related effects of tDCS, which is of specific rele-
vance due to the state-dependent neuromodulatory effects of this intervention.

In this chapter, an overview about neurophysiological effects of tDCS on the 
human brain is given. It will cover the main fields which have been explored so far 
with regard to regional and network effects of tDCS, but also include emerging 
techniques which hold promise to reveal substantial information about tDCS- 
induced neuromodulation.

 Regional Effects of tDCS

tDCS accomplishes its effects via electrodes positioned to affect one or more target 
areas. For these target areas, electrical fields are induced which are sufficiently 
strong to induce physiological effects at the sites of neuronal tissue, i.e. primary 
effects like membrane polarization, and secondary neuroplastic effects, which go 
along with excitability alterations and modulation of spontaneous neuronal activity. 
These effects under the target areas should be discerned from remote effects of 
tDCS on functionally connected neuronal population, which are thought to be elic-
ited via activity alterations of the target area, but do not include respective physical 
polarization effects. For exploring regional physiological effects of the stimulation 
technique, the primary motor cortex is the most frequently used model, because it is 
relatively easy to access by non-invasive brain stimulation because of its surface- 
near position, and a couple of tools are available to explore stimulation-induced 
physiological effects. Physiological effects of tDCS on other cortical areas, how-
ever, have been also explored, which is relevant, because due to differences of corti-
cal architecture, receptor distribution, and anatomical factors, it cannot be taken for 
granted that motor cortex tDCS effects translate one-to-one to other areas.
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 Motor Cortex

The majority of studies exploring physiological effects of tDCS has been conducted 
for the primary motor cortex. Beyond monitoring of tDCS-induced excitability 
alterations via transcranial magnetic stimulation (TMS) (Fig. 5.1), a couple of stud-
ies explored tDCS effects on cortical activity via functional imaging approaches 
such as EEG, fMRI, and PET.

Primary effects of tDCS are thought to depend on membrane polarization of the 
targeted neurons, causing an alteration of cortical excitability which depends on the 
direction of current flow in relation to neuronal orientation. Early TMS experiments 
support this view by showing that stimulation for a few seconds alters motor cortex 
excitability, as demonstrated by modulation of single pulse TMS-elicited motor 
evoked potentials (MEPs), a relatively unspecific parameter of cortico-spinal excit-
ability. MEPs were enhanced by the anode positioned over the motor cortex, while 
cathodal tDCS resulted in an excitability diminution. In accordance with the pro-
posed electrical field direction sensitivity of tDCS effects, in these experiments only 
motor cortex vs contralateral supraorbital electrode positions induced respective 
effects (Nitsche and Paulus 2000). In accordance with the polarization hypothesis, 
voltage-gated ion channel block prevented acute effects of tDCS, while pharmaco-
logical alteration of the glutamatergic system by NMDA receptor block or of the 
GABA-ergic system via benzodiazepines, which would affect synaptic tDCS effects, 
did not alter respective excitability changes (Liebetanz et al. 2002, Nitsche et al. 
2003c, Nitsche et al. 2004b). Likewise, TMS double pulse stimulation protocols, 
which monitor synaptically driven excitability alterations were not affected by these 
tDCS protocols (Nitsche et al. 2005).

Secondary physiological effects of motor cortex tDCS emerge with stimulation 
durations for a few minutes. Similar to the acute effects, anodal stimulation enhances 
and cathodal tDCS reduces motor cortex excitability, as explored for single pulse 
TMS-elicited MEP amplitudes (Nitsche and Paulus 2000, 2001; Nitsche et al. 2003b). 
These effects were accomplished with specific stimulation protocols (1 mA current 
intensity, 35 cm2 electrode size, stimulation duration for up to 20 min in healthy young 
adults). Hereby, stimulation for 5 and 7  min induce relatively short lasting after-
effects, while 9 min or longer tDCS prolong after-effect duration for 30–90 min. The 
duration of these MEP alterations is in the range of early phase long term potentia-
tion- and depression-like plasticity (Malenka and Bear 2004). Combination of TMS 
with pharmacological interventions have shown that the respective excitability altera-
tions depend on the glutamatergic system, because block of NMDA receptors with 
dextromethorphan abolished any after-effects of tDCS (Liebetanz et al. 2002; Nitsche 
et al. 2003c), whereas the NMDA receptor agonist d-cycloserine prolonged the after-
effects of anodal tDCS (Nitsche et al. 2004a). Supporting evidence comes from TMS 
studies with double pulse stimulation TMS protocols, which show reduced intracorti-
cal inhibition, but enhanced facilitation, after anodal tDCS, but reversed effects after 
cathodal tDCS (Nitsche et  al. 2005). For both measures, NMDA receptors are 
involved. Furthermore, and in accordance with the relevance of NMDA receptors for 
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Fig. 5.1 Motor cortex TMS for monitoring tDCS-induced excitability changes. (a) shows the 
experimental setup. Current source is a constant current stimulator (a). The stimulator is connected 
with a stimulation electrode over the motor cortex (b), and a reference electrode positioned over 
the contralateral orbit (c). The impact of tDCS on cortical excitability is monitored by transcranial 
magnetic stimulation (TMS, d – stimulator, e – coil) of the representation area of the abductor 
digiti minimi muscle. Motor evoked potentials are recorded from this muscle via surface electro-
myography electrodes (f). (b) shows motor evoked potential (MEP) alterations induced by short 
tDCS (4 s), which induces no after-effects. (c) depicts after-effects of anodal (A) and cathodal  
(B) motor cortex tDCS, as monitored by baseline-standardized TMS-generated MEP amplitudes. 
(With permission of Klinische Neurophysiologie, J Physiol, Neurology, and Clin Neurophysiol; 
Nitsche et al. Klin Neurophys 2002, Clin Neurophysiol 2003, Nitsche & Paulus J Physiol 2000, 
Neurology 2001)
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the after-effects of tDCS, which have calcium channel properties, the calcium depen-
dence of the after-effects of tDCS is substantiated by the fact that block of voltage- 
gated calcium channels via flunarizin prevented the formation of excitability 
enhancement by anodal tDCS (Nitsche et al. 2003c). Studies combining pharmacol-
ogy with TMS to explore the physiology of tDCS after effects furthermore show that 
dopaminergic as well as nicotinergic receptor activity is required for the after effects 
of tDCS, since block of respective receptors or receptor hypoactivity due to nicotine 
withdrawal in smokers abolished after effects of tDCS (Nitsche et al. 2006; Grundey 
et al. 2012). With regard to the contribution of GABAergic effects, combination of 
tDCS with the benzodiazepine lorazepam, which enhances already active GABA 
receptors, did not lead to major effect differences on stimulation- induced MEP altera-
tions (Nitsche et al. 2004b). TMS- evoked I-waves however, which are reduced by 
GABA activity, were enhanced by anodal and cathodal tDCS (Nitsche et al. 2005). 
This at first sight puzzling result is explained by a magnetic resonance spectroscopy 
(MRS) study, which revealed that independent from stimulation polarity tDCS 
reduces GABA activity (Stagg et al. 2009). Beyond the above-mentioned transmitter 
systems, serotonin activation has a relevant impact on tDCS-induced excitability 
alterations, as it enhances amplitude and duration of MEP alterations induced by 
anodal tDCS, whereas it converts the inhibitory effects of cathodal tDCS into inhibi-
tion (Nitsche et al. 2009; Kuo et al. 2016). Electrophysiological studies furthermore 
helped to define the level of action of tDCS. Comparison of tDCS-driven MEP altera-
tions obtained via TMS, which activates corticospinal tract neurons indirectly via its 
impact on intracortical neurons, and high voltage transcranial electrical stimulation 
(TES), which directly activates corticospinal tract neurons, shows that only TMS-
evoked MEPs were affected in accordance with a primary intracortical effect (Nitsche 
and Paulus 2000, 2001; Nitsche et al. 2003b). This assumption is supported by a study 
in which spinal tract recordings were performed after tDCS, which showed a primary 
effect of tDCS on the amplitude of cortically evoked I-waves, and by results of two 
studies which demonstrated that intracortical motor cortex inhibition and facilitation 
were modulated by tDCS-induced excitability alterations of the premotor and poste-
rior parietal cortex, which are both relevantly connected with the primary motor cor-
tex (Boros et al. 2008; Rivera-Urbina et al. 2015).

All above-mentioned physiological effects were obtained with the “classic” 
stimulation protocols, as outlined above. For adjustment of stimulation protocols to 
obtain optimal physiological effects, within these limits stronger and longer stimu-
lation increase the alteration and duration of TMS-induced MEP amplitude changes 
(Nitsche and Paulus 2000, 2001; Nitsche et al. 2003b). It could however been shown 
that too strong and long stimulation convert the direction of MEP alterations. 20 min 
tDCS with 2  mA resulted in an excitability enhancement after cathodal tDCS, 
whereas 26 min anodal tDCS with 1 mA reduced MEP amplitudes (Batsikadze et al. 
2013; Monte-Silva et al. 2013). Given that tDCS effects are calcium-dependent, and 
that in animal experimentation low calcium increase result in LTD, and high cal-
cium increase in LTP (Lisman 2001), it can be speculated that this shift of MEP 
alterations is caused by enhancing calcium concentration in case of cathodal tDCS 
to the LTP-inducing range, whereas in case of prolonged anodal tDCS, calcium 
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overflow causes counter-regulatory neuronal activities. Indeed the respective con-
version of plasticity in case of anodal tDCS is abolished by calcium channel block 
(Monte-Silva et al. 2013). In contrast, tDCS-dependent MEP alterations can be rel-
evantly prolonged if LTP- and LTD-like plasticity-inducing protocols are repeated 
within a time window critical for late phase plasticity induction in animal models, 
i.e. application of the second intervention within a time window of 30 min (Monte-
Silva et al. 2010, 2013). Here anodal tDCS induces after effects lasting for more 
than 24 h after plasticity induction, and these effects are NMDA receptor dependent, 
because block of these receptors abolishes respective MEP alterations. Interestingly, 
for stimulation protocols falling short of inducing prolonged neuroplastic effects, 
the impact of repeated stimulation within relatively short intervals seems to be more 
mixed and heterogeneous (Fricke et al. 2011).

Physiological effects of tDCS are object to intra- and interindividual variability, 
which is not surprising given that the primary physiological effect is a slight modula-
tion of resting membrane potentials. Wiethoff et  al. (2014) found excitability 
enhancements following anodal tDCS in about 75% of all participants, while below 
50% had lower MEP amplitudes after cathodal tDCS.  Intra- individual variability 
seems to be lower, with about 70% of participants showing similar MEP results for 
an inter-session tDCS interval for up to a year (López- Alonso et al. 2015). Sources 
for this variability of effects might be handedness, brain state according to task per-
formance or muscle contraction, genetic polymorphisms, or differences in availabil-
ity of neurotransmitters or receptor activity, head size, and presence of neurological 
or psychiatric dieases, amongst others (Nitsche et al. 2006; Antal et al. 2007, 2010; 
Kuo et  al. 2008; Hasan et  al. 2011; Thirugnanasambandam et  al. 2011; Grundey 
et al. 2012; Schade et al. 2012; Kessler et al. 2013). The relative contribution of these 
factors to variability of physiological tDCS effects is unknown so far. Sensitivity to 
TMS might have predictive value for the magnitude of MEP alterations induced at 
least by anodal tDCS, as shown in a retrospective analysis, where subjects displaying 
higher TMS sensitivity reacted stronger to tDCS (Labruna et  al. 2016). If this is 
caused by anatomical or physiological factors, and if this means that individual 
intensity adjustment of tDCS based on TMS sensitivity will reduce variability is 
unclear at present.

Beyond tDCS-induced cortical excitability alterations, tDCS effects on human 
motor cortex activity were explored in a couple of studies. For oscillatory brain 
activity, in resting EEG motor cortex cathodal stimulation increased delta and theta 
activity in one study (Ardolino et al. 2005). In another study, increased power of the 
theta and alpha frequency bands was described after both, anodal and cathodal 
tDCS (Pellicciari et al. 2013). Enhanced theta and alpha power were also described 
in another study during anodal tDCS, while cathodal stimulation reduced delta 
power (Roy et al. 2014). tDCS was furthermore shown to modulate event related 
desynchronisation of mu rhythm polarity dependently (Matsumoto et  al. 2010; 
Kasashima et al. 2012; Lapenta et al. 2013; Kasuga et al. 2015). For motor cortex-
related blood flow alterations, which are indexing cortical activity, induced by 
tDCS, a PET study showed increase after anodal, and decrease after cathodal tDCS 
under resting conditions (Lang et al. 2005). Similar effects during stimulation were 
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obtained in a PET study measuring blood flow alterations during tDCS combined 
with motor task performance. For fMRI, BOLD measures under resting conditions 
showed enhancement of blood flow in the primary motor cortex after anodal tDCS 
in resting conditions in one study, but not in another with similar relatively short 
stimulation conditions (repeated stimulation for some seconds, Antal et al. 2011; 
Kwon et al. 2008). Zheng et al. (2011) describe blood flow enhancements during 
and after anodal tDCS, but reductions after cathodal tDCS for the arterial spin label-
ling (ASL) method, which might have superior sensitivity for detection of blood 
flow changes (Fig. 5.2). Task-related BOLD signal changes seem also to be some-
what heterogeneous, and might depend on stimulation parameters. Whereas 
Baudewig et al. (2001) did not identify tDCS-induced BOLD activity changes after 
5 min tDCS in the primary motor cortex, such effects were seen in later studies, in 
which more extended stimulation protocols were applied (Jang et al. 2009; Stagg 
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Fig. 5.2 Blood flow alterations induced by motor cortex tDCS. In this study, arterial spin labeling 
(ASL) was used to explore cerebral blood flow changes induced by anodal and cathodal tDCS. (a) 
shows interleaved tDCS-off and tDCS-on design while acquiring ASL images, where two ASL 
images were acquired at each on phase and two ASL images were acquired at each off phase, 
beginning with a baseline consisting of three ASL acquisitions. (b) shows the average changes in 
rCBF (normalized to zero) for the first OFF-ON-OFF of anodal and cathodal stimulation across all 
subjects. The description 1st off and 2nd OFF refers to the two acquisitions after the end of the 
stimulation and reflects the trend in rCBF after the stimulation has been turned off. (c) displays the 
averaged distribution of CBF response across the entire brain space correlated with the timecourse 
obtained from the VOI under the electrode for the anodal condition. Significant correlations 
(p < 0.001, uncorrected at the group level) were overlaid onto a single spatially standardized brain 
(Zheng et al. 2011, with permission by the authors, and Neuroimage)
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et al. 2009; Kwon and Jang 2011). Thus taken together, beyond polarity-dependent 
cortical excitability changes, tDCS results in similar effects on cortical activity, as 
shown by EEG, PET, and fMRI studies.

The study results described so far were conducted with the “classic” electrode 
arrangement with relatively large target electrodes positioned over the hand area 
of the primary motor cortex. This stimulation procedure elicits relatively diffuse 
effects, affecting different movement representations relatively unspecifically 
(Nitsche et al. 2007), and might tackle also adjacent areas, such as the premotor 
cortex (Boros et al. 2008), although at least under task performance conditions, 
physiological specificity of tDCS effects might be determined also by synergistic 
effects on task-related activations (Polanía et al. 2011b). The focality of stimula-
tion can be enhanced by reducing the size of the target electrode, and adjusting 
stimulation intensity accordingly to keep current density constant (Nitsche et al. 
2007). Reduction of the motor cortex electrode size in this study limited MEP 
alterations during and after tDCS to a hand muscle representation covered by the 
small electrode, but left an adjacent hand muscle representation not covered by the 
electrode unaffected. Another electrode arrangement which was developed for 
more focal stimulation is so-called high-definition (HD) tDCS. Here, a central 
relatively small target electrode is surrounded by 4 return electrodes (Edwards 
et al. 2013). The efficacy of this electrode arrangement to induce MEP alterations 
is similar to the classic electrode arrangement (Kuo et al. 2013). Enhanced focality 
of this electrode arrangement is suggested by modelling approaches, but physio-
logical evidence for respective higher focality of stimulation effects is limited 
(Edwards et al. 2013).

The majority of motor cortex physiological tDCS studies was so far conducted 
for small hand muscles. The respective motor cortical sub-field has the advantage 
that it is situated relatively superficially, and thus easy to be influenced by non- 
invasive brain stimulation. Moreover, sophisticated TMS protocols do exist for this 
area which allow monitoring of specific cortical subsystems, such as intracortical 
inhibition, facilitation, I-wave facilitation, amongst others, which are not in each 
case similarly well established for other motor cortex regions. However, tDCS exerts 
physiological effects also on other sub-compartments of the primary motor cortex. 
Only a limited amount of studies is available for physiological effects of stimulation 
of proximal muscles of the upper limb is available. It was however shown that anodal 
tDCS of the motor cortex representation enhances the activation of the contralateral 
biceps brachii muscle significantly, as shown by surface  electromyography (Krishnan 
et al. 2014). For TMS- elicited MEP alterations in this muscle at rest, however, no 
significant effects of anodal tDCS were described (Mccambridge et al. 2015). 
Similarly, cathodal tDCS of the biceps brachii representation has not been shown to 
alter MEP amplitudes so far, however, it was suggested to suppress ipsilateral pro-
jections to propriospinal neurons of the proximal upper limb (Bradnam et al. 2011). 
Interestingly, in the same study cathodal tDCS suppressed MEP in a contralateral 
distal hand muscle. This pattern of results argues against missing efficacy of this 
specific stimulation protocol. The relatively minor plasticity effects of tDCS on 
proximal upper limb muscles might be caused by relatively low proneness of these 
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muscles to undergo neuroplastic changes. Alternatively, differences in orientation or 
position of these neurons might require adjusted stimulation protocols. For the pha-
ryngeal motor cortex, initial evidence is available that anodal tDCS enhances, 
whereas cathodal tDCS reduces respective MEP amplitudes (Jefferson et al. 2009). 
For physiological effects of tDCS on lower extremity muscles, an MEP enhance-
ment was described in the resting and pre- contracted anterior tibial muscle after 
anodal tDCS, while cathodal stimulation over the primary motor cortex had no effect 
(Jeffery et al. 2007). In accordance, anodal, but not cathodal tDCS improved maxi-
mal pinch force (Tanaka et al. 2009). BOLD fMRI results were showing no direct 
effects on the stimulated primary motor cortex in another study, but indicative for 
increased activity of the ipsilateral sma and decreased activity of contralateral pri-
mary motor cortex, as compared to sham stimulation (Kim et al. 2012). Thus so far 
no protocols are available which reduce leg motor cortex excitability, whereas the 
physiological impact of anodal tDCS on lower extremities movement representa-
tions seem to be similar to those of hand muscle representation stimulation. Similar 
to proximal muscles of the upper extremity, limited effects might be caused by a 
minor propensity for plasticity in lower extremities, different neuronal orientations, 
or also caused by the larger electrode to brain distance, as compared to the motor 
cortex hand area.

Taken together, for motor cortex tDCS numerous studies are available which 
favour a polarity-dependent effect on cortical excitability and activity. Whereas the 
primary effect of tDCS seems to depend on subthreshold membrane polarization, 
after effects involve modification of the strength of glutamatergic synapses, and 
reduced GABAergic activity. The neuromodulatory effects of tDCS imply that 
beyond speficic limits of stimulation intensity and duration, the impact of tDCS on 
cortical excitability converts its direction. Less studies are available which explore 
the effect of tDCS on cortical activity via functional imaging tools, and respective 
results are less clear-cut. Physiological mechanisms of action have been best clari-
fied for hand muscle representations, but effects are also obtained for other motor 
cortex areas. Especially for these protocols, studies which systematically explore 
protocol parameters suited to induce optimal effects are missing.

 Sensory Cortices

 Somatosensory Cortex

Effects of tDCS on neurophysiological function of the somatosensory cortex can be 
evaluated by means of changes in the somatosensory evoked potentials (SEPs) or 
somatosensory evoked magnetic fields (SEFs), changes in brain’s hemodynamic 
response, or at the behavioral level by effects on measures of somatosensory per-
ception (Dieckhöfer et al. 2006; Sugawara et al. 2015; Kojima et al. 2015; Wang 
et al. 2015; Grundmann et al. 2011; Rehmann et al. 2016; Song et al. 2011; and 
others).
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SEPs represent electrical potentials generated in sensory pathways at peripheral, 
spinal, subcortical and cortical levels, elicited by electrical stimulation of a periph-
eral nerve (usually the median or posterior tibial nerves). A comprehensive over-
view of SEP components, normal waveforms and clinical interpretations can be 
found in Mauguiere (1999). SEP evaluations often include low-frequency SEP com-
ponents, such as N20, P20, P22, N30, P35, or P60; neuroanatomical studies suggest 
that generator sources for these components are located cortically, including area 
1,2 (component P60) or 3b (N20) of the primary sensory cortex (S1) or in the motor 
cortex (e.g. component P35). Further, SEP evaluations may also include high- 
frequency oscillations (HFOs; ~600 Hz) which are believed to be at least partially 
generated by postsynaptic activities in S1 as well as by subcortical generators, such 
as presynaptic terminals of thalamo-cortical pathways to S1 (Curio et  al. 1994, 
1997; Curio 2000; Dieckhöfer et al. 2006). Some SEP evaluations employ a paired-
pulse paradigm, which typically involves evaluation of the N20 (N20-P25) compo-
nent after stimulation of the median nerve with two stimuli delivered in a short 
interval (~30 ms), and is based on the premise that the resulting second N20 response 
shows a reduction in its amplitude when compared to the first pulse (Ragert et al. 
2004a). The strength of the paired-pulse suppression depends on the interstimulus 
interval, but – contrary to the single-pulse SEP response -- shows only weak depen-
dence on stimulus intensity; only the N20-P25 component shows some intensity 
effects. Here higher intensities result in stronger paired-pulse suppression (Ragert 
et al. 2004b). The paired-pulse suppression is believed to arise from inhibition gen-
erated by intracortical networks and it has been used as a marker of cortical 
excitability.

Evidence up to date indicates that tDCS delivered over the somatosensory cortex 
exerts different effects on low- and high-frequency SEPs, and the effects depend on 
tDCS modality. Nine minutes of cathodal tDCS at 1 mA applied to the somatosen-
sory cortex in healthy subjects (Dieckhöfer et al. 2006) resulted in a long-lasting 
reduction of the low-frequency N20 SEP component after contralateral median 
nerve stimulation (Fig. 5.3). This finding corroborates evidence for an inhibitory 
effect of cathodal tDCS on the excitability of the human cortex (Nitsche and Paulus 
2000). Accordingly, application of cathodal tDCS to the somatosensory cortex has 
been shown to have similar effect on paired-pulse suppression of SEPs (Rehmann 
et al. 2016), reduces tactile acuity (Rogalewski et al. 2004), and also resulted in 
decreased amplitudes of laser-evoked potentials (LEPs) and decreased pain percep-
tion in experimentally induced pain (Antal et al. 2008).

Application of anodal tDCS over S1  in Dieckhofer’s study (Dieckhöfer et  al. 
2006) had no significant effects on low-frequency SEPs. Notably, when applied 
over the sensorimotor cortex, anodal tDCS resulted in increased amplitudes of P25/
N33, N33/P40 and P22/N30 in another study (Matsunaga 2004). Anodal tDCS over 
S1 had no effects on LEPs, or pain perception (Antal et al. 2008). As for tactile acu-
ity, anodal tDCS over S1 had no effect if applied for 10 min (Rogalewski et  al. 
2004), but an increase in tactile acuity was observed after an extended (20 min) 
stimulation (Ragert et al. 2008a, b), and anodal tDCS delivered over S1 also had an 
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excitatory effect on paired- pulse suppression of SEPs in a paired-pulse paradigm 
study (Rehmann et al. 2016).

For the high frequency SEP component (600 Hz oscilations, HFOs), no effects 
from anodal or cathodal tDCS over S1 were observed (Dieckhöfer et al. 2006). This 
finding is in accordance with evidence that the generators of HFOs are localized 
subcortically and therefore distant from the local effects of tDCS.

Some evidence of tDCS effects on the somatosensory cortex originates from stud-
ies employing evaluation of somatosensory evoked magnetic fields (SEFs). 
Evaluations of SEFs following median nerve stimulation focused on three main com-
ponents: N20, P35 and P60 (Huttunen et al. 2006; Sugawara et al. 2015). In a study 
by Suguwara et al. (2015), anodal tDCS (15 min at 1 mA; electrodes 35 cm2) over the 
somatosensory cortex had a significant effect on somatosensory evoked magnetic 
fields, increasing the source strength of P60. As noted above, it is believed that the 
generator for this component is located within areas 1 and 2 (Huttunen et al. 2006; and 
others). The component P35, which is believed origin from the motor cortex 
(Kawamura et al. 1996), was unchanged. Notably, the source strength of both compo-
nents increased, if tDCS was delivered over the motor cortex.

Values normalized to pre-tDCS amplitude
1.3

N20 cathodal
N20 anodal

1.1

1

0.9

0.8
1–10 11–20 21–30 31–40 41–50 51–60 minutes post tDCS

1.2

Fig. 5.3 After-effects of anodal and cathodal tDCS on somatosensory-evoked potentials. Time 
course changes in N20 amplitude evoked by stimulation of the contralateral median nerve follow-
ing 9  min polarization with 1  mA  DC current. Filled symbols indicate significant differences 
between SEP amplitudes after polarization and baseline. Error bars indicate standard error of 
means (From Dieckhöfer et al. 2006, Fig. 3, with permission)

5 Transcranial Direct Current Stimulation Modulation



144

Accordingly, tDCS delivered over the motor association cortex has been shown 
to induce plastic changes in the ipsilateral primary motor as well as somatosensory 
cortices (Kirimoto et al. 2011).

In summary, existing studies indicate that tDCS effects on neurophysiological 
activity of the somatosensory cortex depend on multiple factors including tDCS 
modality, such as anodal or cathodal tDCS, tDCS-targeted area, including its loca-
tion (cortical or subcortical) of the neural generators of the response.

 Visual Cortex

In the visual system, polarity-specific tDCS effects were demonstrated, too.
Anodal tDCS enhances excitabilty of the visual cortex. In a study by Sczesny- 

Kaiser et al. (2016), real or sham tDCS were applied in healthy subjects over V1 in a 
randomized, double-blinded design over four consecutive days. Excitability parame-
ters were measured by analyzing paired stimulation-elicited visual-evoked potentials 
(ps-VEP) and by measuring phosphene thresholds before and after a stimulation 
period of 4 days. Compared with sham-tDCS, anodal tDCS resulted in increased ps-
VEP ratios (Fig. 5.4) and reduced phosphene thresholds (Sczesny-Kaiser et al. 2016). 
Decreased phosphene thresholds after anodal tDCS over the occipital cortex have 
been also observed by Antal et al. (2003a, b). However, anodal tDCS over the visual 
cortex did not result in significant changes of contrast perception thresholds (Antal et 
al. 2001), possibly due to a ceiling effect.

Cathodal tDCS has been shown to increase thresholds for moving as well as 
stationary phosphenes in studies by Antal et al. (2003a, b), but had no effects on 
phosphene thresholds or VEPs in a study by Sczesny-Kaiser et al. (2016). Further, 
Accornero et al. (2007) evaluated changes in amplitudes and latencies of VEP com-
ponent P100 (VEP-P100) in healthy subjects after anodal and cathodal tDCS applied 
for 3 and 10 min at 1 mA, with an extracephalic position of the return electrode 
(Accornero et al. 2007). In this study, anodal tDCS resulted in reduced VEP-P100 
amplitude, whereas cathodal polarization significantly increased the amplitude, and 
no significant changes were observed in the VEP-P100 latencies.

 Auditory Cortex

Very few tDCS studies have focused on tDCS modulation of sensory processing in 
the auditory cortex (Vines et al. 2006; Mathys et al. 2010; Chen et al. 2014a, b; 
Impey and Knott, 2015; Impey et al. 2016). The available studies mostly employed 
event-related potentials (ERPs) as an objective neural measure of information pro-
cessing pertaining to early pre-attentive auditory processes such as sensory gating 
indexed by the ERP component P50, sensory discrimination indexed by the mis-
match negativity (MMN) component, or novelty detection indexed by P3a; as well 
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as to assess higher order auditory processes, such as attentional allocation ad pro-
cessing speed indexed by P3b (Impey et al. 2016).

Early findings by Zaehle and colleagues (Zaehle et al. 2011) indicate that anodal 
tDCS over the auditory cortex increases amplitudes of the auditory P50, whereas 
cathodal tDCS over the primary and secondary auditory cortex (Vines et al. 2006; 
Mathys et al. 2010) resulted in decreased pitch discrimination and pitch memory 
performance. Further, pilot findings by Impey and Knott (2015) and a subsequent 
study by Impey et al. (2016) have suggested that an application of anodal tDCS over 
the temporal lobe in healthy subjects can increase auditory discrimination indexed 
by MMN, and that this modulation is baseline-dependent: anodal tDCS over the 
temporal cortex improved MMN-indexed auditory discrimination, compared to 
sham stimulation, particularly in individuals with relatively low sensory discrimina-
tion performance. In contrast, reduced MMN amplitudes with cathodal tDCS, com-
pared to baseline assessment were obtained particularly in individuals with relatively 
high level task performance. These studies point toward the importance of the use 
of neurophysiological markers stratified by the baseline response when examining 
tDCS modulatory impact on cerebral functions.

1.2 *

1.0

0.8

0.6

A
m

p
lit

u
d

e 
ra

ti
o

0.4

0.2

0.0
D1

Cathodal Anodal Sham

D5

Fig. 5.4 Effects oft DCS on paired-stimulation VEP (psVEP). Mean amplitude ratios of all three 
groups on day 1 (D1) and day 5 (D5) are plotted. *significance level, p < 0.017. Error bars indicate 
standard error of the mean (From Sczesny-Kaiser et al. 2016, Fig. 5, with permission)
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 Association Areas

Assocation areas are defined as cortical regions which receive projections from spe-
cific primary sensory or motor cortices. In addition, multimodal association areas 
receive sensory imput from different sensory modalities and various specific asso-
ciation areas and play a crucial role in multisensory integration. The posterior mul-
timodal association area relates to bodily spatial awareness, as well as to reading, 
naming, and emotional components of speech. The anterior association area together 
with the limbic association area is involved in multimodal integration of past experi-
ence and processes of conditioning. Previous research employing rTMS indicates 
that modulation of multisensory integration, such as an integration of the proprio-
ceptive, somatosensory and visual input, is possible (Tsakiris et al. 2008; Azanon 
and Haggard 2009). Accordingly, at the behavioral level tDCS has been shown to 
alter multisensory input, such as visuomotor coordination (Antal et al. 2004; Kwon 
et al. 2015) or visuomotor learning (Antal et al. 2004b; Shah et al. 2013), as well as 
processes pertaining to various cognitive domains, including risk taking behavior, 
planning ability, or behavioral inhibition. Further, in a study by Lapenta et al. 
(2014), tDCS has been shown to modulate inhibitory control as indexed by ERPs, 
and at the behavioral level reduced food consumption. In this study, active tDCS 
over the dorsolateral prefrontal cortex (anode right/cathode left) reduced the frontal 
N2 component and increased the P3 component of responses to No-go stimuli, as 
compared to sham, and these physiological effects were paralleled by reduced food 
craving and caloric intake. Increased No-go P3d amplitudes are in general inter-
preted as indicators that increased cognitive resources are recruited to achieve inhi-
bition (Albert et al. 2010; Yang et al. 2009; Pfefferbaum et al. 1985; and others). In 
the study by Campanella et al. (2017) tDCS over the right inferior frontal cortex 
(rIFC, a neural substrate crucial for inhibitory control), but not sham stimulation, 
resulted in reduced P3d amplitudes in a Go/No-go task, indicating that boosting 
rIFC may specifically enhance inhibitory skills by decreasing the neural activity 
needed to correctly inhibit the response. Modulatory effects of tDCS on P3 ERP 
components have also been observed in other studies. A study by Conti et al. (2014) 
examined the effects of DLPFC modulation by single and repetitive tDCS on pre-
frontal visual P3 ERP components under neutral and drug cue exposition in crack-
cocaine addicted subjects. Significant differences were found in P3-related 
parameters when comparing group of stimulation (active vs. sham tDCS) and num-
ber of sessions (single vs. repetitive tDCS). Specifically, P3 amplitudes in the left 
DLPFC after a single active tDCS application increased during neutral cues and 
decreased during crack-related cues, while opposite effects were observed in the 
sham group. Furthermore, significant increases of P3 DLPFC activity under both, 
neutral and crack-related cues (Fig. 5.5) were obtained bilaterally after five tDCS 
applications on five alternated days as compared to activity measured before the 
first tDCS application. When compared to the effects of a single dose, the multiple 
tDCS application increased P3 amplitudes not only in the DLPFC, but also in a 
wider array of prefrontal areas, including presumably the frontopolar cortex, 
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orbitofrontal cortex and anterior cingulate cortex, when subjects were visualizing 
crack-related cues. These effects may reflect rescuing of prefrontal cognitive control 
that might have clinical potential for addiction management (Conti et  al. 2014). 
Another study (Faehling and Plewnia 2016) focused on tDCS modulation of cogni-
tive control upon negative emotional distraction. In this study, healthy subjects per-
formed working memory tasks with neutral or emotionally loaded distraction during 
sham or real tDCS at intensities of 0.5–1.5 mA, with the anode placed over the left 
DLPFC, and the cathode over the right deltoid muscle. The late positive potential 
(LLP) – an ERP that indexes attention allocation, was recorded during tDCS/sham. 
The results show that in the sham group a valence-specific increase of the early por-
tion of the LPP (eLPP, 250–500 ms) was associated with less emotional distraction, 
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and tDCS had an intensity-related effect on this correlation. The later part of LLP 
(lLLP, 500–1000 ms) correlated with reaction time regardless of valence, while a 
general effect of tDCS on LLPs was not detected. These findings support the notion 
that the changes of eLPP reflect effective compensation for behavioral distraction 
by negative stimuli and thus points toward a neuronal mechanism for effective con-
trol of the emotional bias.

Overall, the findings up to date indicate that tDCS can impact on activity of neu-
ronal networks of brain association areas and can modulate outcomes at both neu-
rophysiological and behavioral levels.

 Network Effects: Functional Imaging

A large body of research suggests that goal-directed behavior depends on an effi-
cient integration of neural activity where several connected but widely distributed 
areas linking whole brain regions, cell populations, and individual cortical neurons, 
closely interact to generate an action or choice. In a typical goal-directed choice 
scenario, we must first process incoming sensory signals, then recognize the alter-
natives for choice, compute their values and the difference between them, followed 
by a mapping of these computations to locations in space and finally execute the 
appropriate action (Rangel et al. 2008; Rangel and Hare 2010; Polanía et al. 2014,  
2015; Grueschow et al. 2015). But the question is: How can the brain achieve such 
a fast an efficient integration of information in a quickly changing environment? 
Synchronized neural activity in the brain appears to be a fundamental mechanism 
for such cognitive processes requiring an efficient large- scale integration of distrib-
uted neural activity, supporting both neural communication and plasticity (Polanía 
et al. 2012a, b; Siegel et al. 2012).

Based on the physiological effects observed in primary motor and other cortices 
described in the previous sections of this chapter, it can be speculated that tDCS 
could be used as tool to modulate more complex cognitive functions involving the 
type of goal-directed choice described above that are predominant in our everyday 
life. This also suggests that tDCS could potentially be used to resolve whether 
certain brain regions are indeed causally involved in specific behaviors based on, 
for instance, neuroimaging studies which are limited by their correlative nature. 
For example, based on prior neuroimaging work implicating the frontopolar cortex 
(FPC) in exploratory reward learning behavior (Daw et al. 2006), it was investi-
gated whether upregulating and downregulating neuronal excitability with anodal 
or cathodal tDCS it is possible to show that the FPC is indeed causally involved for 
this type of complex behavior (Raja et al. 2015). The investigators found that that 
applying different types of tDCS (anodal or cathodal) over FPC indeed causes par-
ticipants to explore more or less in uncertain environments, thus establishing a 
causal role for the FPC in regulating both exploration and exploitation behavior in 
humans.
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Beyond behavior at the level of individual decisions, many of the proposed links 
between social decision making (and social learning) also come from neuroimag-
ing studies in healthy participants and thus rely on correlations between task 
parameters and brain activity, thus once more raising the question of whether the 
observed neural responses are merely correlated with the observed behavior in 
social settings or whether they play a causal part. Based on a prior neuroimaging 
study implicating activity in the lateral prefrontal cortex (LPFC) in compliance 
with social norms (Spitzer et al. 2007), it was investigated in a subsequent tDCS 
study whereas this brain region is indeed implicated in this type of complex social 
behavior (Ruff et al. 2013). The investigators showed that LPFC is indeed involved 
in both voluntary and sanction-induced norm compliance (Fig. 5.6). Interestingly, 
both types of compliance could be changed by varying the neural excitability of 
this brain region with anodal or cathodal tDCS, but they were affected in opposite 
ways. Thus, once more using tDCS as a tool to test the link between activity and in 
this case complex social behaviors, the results of this study revealed that LPFC is a 
key biological prerequisite for social norm compliance, a socially important aspect 
of human behavior.

Despite the fact that in the above-mentioned examples tDCS was used to resolve 
whether certain brain regions are indeed causally involved in specific behaviors, the 
effects underlying these tDCS-induced modulations in the human brain, which are 
afterwards reflected in modulations of behavior, remain incompletely understood. 
For instance, from these studies (Ruff et al. 2013; Raja et al. 2015) it is unknown 
whether the observed effects on behavior are due to tDCS-induced alterations of 
activity underneath the electrode, and if it is the case, it is unknown what type of 
alterations are induced by the stimulation. On the other hand it could be hypothe-
sized that one important aspect of the tDCS-induced functional effects could be 
attributed to learning- or task-related synaptic connections. Hereby, tDCS-induced 
effects might modulate functional connectivity between segregated cortical areas in 
the task under study.

Electrophysiological and neuroimaging methods such as electroencephalogra-
phy (EEG) and functional magnetic resonance imaging (fMRI) have been used as 
tools to noninvasively acquire information regarding the neural activity of the brain 
with their respective spatial–temporal advantages and dis-advantages. In the last 
decade, these methods have been used as powerful tools to study the architecture of 
human brain functional networks at the large scale level both during rest (Keeser 
et al. 2011; Polanía et al. 2011b; Peña-Gómez et al. 2012), and also during the plan-
ning and execution of goal-directed actions (Antal et al. 2011; Saiote et al. 2013). 
Hence, the use of methods such as EEG and fMRI combined with noninvasive brain 
stimulation might be an appropriate starting point to elucidate the impact of tDCS-
induced neuroplasticity on human brain functional networks on how these are 
linked to the observed changes in behavior.

In the following sections we provide insights on how different imaging and sta-
tistical methods can be used to track for tDCS-induced brain network effects in 
humans. We start by using the primary motor cortex as an example region, where 
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Fig. 5.6 (a) Brief description of the Bandit (Explore/Exploit) Task: Participants selected among 
three virtual slot machines (squares) whose payout values drifted independently and randomly across 
trials. The randomly-varying monetary rewards required participants to continuously learn about the 
slot machines payout values to maximize their monetary payoffs. At the start of each trial, partici-
pants saw three bonuses (numbers in first screen) that had to be added to the slot machine’s underly-
ing payout value to determine the total reward. After participants made their choice (circle), the total 
reward was displayed (last screen). The Degree of exploration on each trial was defined as the amount 
of monetary reward the participant was willing to give up by not selecting the highest-paying option 
and instead explore. (b) Effects of tDCS on Explore/Exploit behavior: Anodal stimulation over the 
FPC led to an increase in exploration, whereas cathodal stimulation decreased exploration, relative 
to inactive sham stimulation that left exploration unaffected. (c) Brief description of the norm com-
pliance task: Both players (a and b) receive 25 initial monetary units (MUs). Player a is given an 
additional 100 MUs that she can share with player B by sending a transfer X (in multiples of 10 
MUs). In a subsequent decision stage, Player B can either accept X or invest Y MUs from her initial 
endowment to punish player A and therefore reducing A’s payoff by 5 × Y MUs. Player A is aware 
of this possible sanction; any increase in transfers for punishment relative to baseline rounds there-
fore measures sanction-induced norm compliance. (d) Effects of tDCS on norm compliance: Higher 
values indicate that the punishment threat led to a larger adjustment of transfers toward the fairness 
norm of an equal split, thus, suggesting that anodal tDCS over the rLPFC enhances fairness in the 
presence of sanction-induced norms, whereas cathodal tDCS induces the opposite effect
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the tDCS-induced effects on brain networks have been more systematically studied 
relative to other brain areas and cognitive tasks, and then we complement this 
knowledge with more recent studies attempting to investigate tDCS-induced effects 
on higher cognitive functions and their associated brain networks.

 tDCS-induced Global Network Effects

Characterization of complex human brain networks has been of increasing interest 
in the recent years using graph theory as a mathematical approach (Bullmore and 
Sporns 2009). This approach allows examining the functional connectivity architec-
ture of the brain, which provides information regarding its organization linked to the 
capability of integration and transfer of information within and between different 
regions. Using this computational methodology in combination with EEG, it was 
investigated whether tDCS-induced excitability changes are expressed in modifica-
tions of the functional cortical architecture in humans when anodal tDCS was 
applied over the primary motor cortex (M1) during the execution of a simple motor 
task (Polanía et al. 2011a). The authors found a prominent increase in synchroniza-
tion of regions involved in motor task performance in the gamma band (between 60 
and 90  Hz) but also enhanced synchronization between the primary motor area, 
premotor and sensorimotor areas. Based on these results, it is tempting to speculate 
that tDCS-related increases of functional synchronization when applied over M1 is 
relevant for the beneficial effects of anodal tDCS on motor learning observed in a 
large number of reports in the past decade (Nitsche et al. 2003a; Reis et al. 2009). 
Based on this evidence, it is well possible to hypothesize that an important aspect of 
the beneficial effect of excitatory anodal tDCS might be that it enhances strengthen-
ing of dynamical task-related synaptic connections.

In a second study, the same authors aimed to explore whether tDCS-induced 
functional connectivity changes can be identified by a voxel-based graph theoretical 
approach in BOLD fMRI (Polanía et  al. 2011b), thus exploiting the high spatial 
resolution offered by this non-invasive imaging technique (however, this time dur-
ing resting state fMRI measurements). The graph theoretical analysis revealed once 
more a reconfiguration of the functional brain networks: Anodal stimulation over 
M1 combined with cathodal stimulation over the contralateral fronto- polar cortex 
during rest induces a global decrease in the long distance topological functional 
coupling of the left M1 with the rest of the brain. In other words, the number of 
direct functional connections from the left M1 to topologically distant brain areas 
significantly decreased. Interestingly, this result was accompanied by an increase of 
the functional coupling between M1 and neighbored topological regions such as the 
left premotor, and left parietal cortex, which is in line with the results found in the 
initial EEG study (Polanía et al. 2011a). Extending the previously postulated 
hypothesis (that anodal stimulation over M1 enhances strengthening of dynamical 
task-related synaptic connections (Polanía et al. 2011a)), the results of the resting 
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state fMRI study suggest that excitatory anodal stimulation over M1 preconditions 
the task-related cortical motor areas by enhancing functional coupling within these 
cortical regions.

Beyond the effects on M1, tDCS in combination with fMRI has been recently 
used to understand the brain mechanisms underlying more complex behaviors. One 
such behavior crucial in many aspects of interactions with the environment is inhibi-
tory control, which reflects the ability to suppress proponent responses. 
Neuroimaging studies have implicated a network of regions that together form the 
“stopping network” that supports the processes involved in inhibitory control. This 
network includes the pre-supplementary motor area (preSMA) as a key player in the 
implementation of inhibitory control of motor actions, which actively interacts with 
other brain regions such as the dorsolateral prefrontal cortex (DLPFC), medial pre-
frontal cortex (mPFC), and posterior parietal cortex (PPC) (Ray Li et al. 2006). 
Based on this evidence, researchers used tDCS in combination with fMRI to inves-
tigate the potential causal role of preSMA on inhibitory control (Yu, Tseng et al. 
2015). In line with their hypothesis, investigators found that applying anodal tDCS 
over the preSMA leads to a significant improvement of inhibitory control in healthy 
participants. Interestingly, these behavioral improvements where accompanied by 
an increased activation in the preSMA following anodal DCS as opposed to the 
sham condition when stopping processes occurred. Additionally, a subsequent con-
nectivity analysis revealed increased coupling with the ventro-medial prefrontal 
cortex (vmPFC), a region relatively remote with respect to the preSMA, but the only 
region whose activation difference was predictive of the individual improvement in 
behavioral performance. Hence, the results of this study further support the notion 
that the neural mechanisms behind the short and rapid behavioral improvement 
brought forth by tDCS may be quite different from, yet functionally connected to, 
the region/network targeted by the stimulation also in more complex cognitive 
functions.

 tDCS-induced Local Network Effects

Coming back to tDCS-induced effects on M1 connectivity, it is also well possible 
that induced network effects also take place at the level of local circuits. Following 
this idea, researchers investigated the hypothesis that the relatively long-lasting syn-
aptic modification induced by tDCS over M1 results in the alteration of associations 
among populations within M1 neurons which may be reflected in a change of its 
intrinsic functional architecture (Polanía et al. 2012c). This hypothesis is based on 
the fact that the intrinsic horizontal neuronal connections within M1 have been 
found to exhibit short-term and long-term plasticity, which is a strong substrate for 
learning-related map reorganization (Iezzi et  al. 2011; Sanes 2000). Such a 
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tDCS-generated alteration of intrinsic connectivity might help to explain the previ-
ously reported impact of tDCS on motor learning (Nitsche et al. 2003c; Reis et al. 
2009). Thus, in this study the authors based their graph theory analysis focused on 
resting-state BOLD fMRI measurements within the M1. For anodal tDCS, the 
authors did not find any region where the connectivity degree significantly increased 
or decreased, however they found that nodes belonging to a cluster around the arm/
hand region of M1 (located at approximately the center of the tDCS electrode) com-
municate more efficiently with the rest of the M1 network. This pattern of results 
suggests that the increase in efficient connections does not depend on an increase in 
the total number of functional connections, but is rather due to an efficient reorga-
nization of the functional network. These results therefore provide important evi-
dence indicating that the promotion of LTP- like plasticity induced by anodal tDCS 
(Fritsch et al. 2010) might be related to an efficient reorganization of the functional 
architecture of M1.

In a different study, researchers used a type of brain scan called magnetic reso-
nance spectroscopy (MRS) to gain insights into the neuro-chemical mechanisms by 
which tDCS induces its effects at the level of local circuits (Stagg et al. 2009). The 
levels of a chemical called GABA (a neurotransmitter molecule that inhibits the 
activity of nerve cells) were measured in the primary motor cortex before and after 
healthy participants received tDCS over M1. The results revealed that anodal stimu-
lation leads to a significant decrease in the GABA concentration in the cortex. In 
contrast, inhibitory, cathodal stimulation leads to a significant decrease in gluta-
mate, with a correlated decrease in GABA. Crucially, this finding is in line with the 
hypothesis that LTP-like plasticity within the neocortex is critically dependent on 
GABA modulation (Trepel and Racine 2000), thus further supporting the notion of 
tDCS being capable of inducing LTP-like plasticity alterations in  local neural 
circuits.

Using this knowledge, in a recent study investigators used tDCS as a mean to test 
the theoretical proposal that cognitive function is tightly related to the maintenance 
of detailed cortical balance, where synaptic inputs received by cortical neurons is 
balanced such that excitatory and inhibitory currents are precisely matched and 
stable firing preserved (Okun and Lampl 2008; Haider and Mccormick 2009). This 
hypothesis was tested using an associative learning task in humans where the pre-
diction is that when stimuli are paired together, their neuronal activity patterns 
should exhibit representational overlap at the local circuit level, a consequence of 
the increase in strength of mediating excitatory connections (Barron et al. 2016). To 
assess the consequences of cortical rebalancing, the investigators used fMRI to 
track changes in representational overlap of the learned associations over time, 
before combining this approach with anodal tDCS in order to induce a local reduc-
tion in cortical GABA. In an extremely fascinating finding, the investigators showed 
that cortical memories can be re-exposed by reduction in local GABA concentra-
tions, induced via tDCS.  Interestingly, the extent to which the memory is re- 
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expressed occurs in proportion to the tDCS-induced GABA reduction. Thus, this 
finding provides a clear example into how tDCS in combination with different neu-
roimaging modalities (MRS and fMRI) can be used to reveal the neural mechanisms 
of rather complex cognitive processes at the level of local neural circuits in healthy 
humans.

 tDCS-induced Cortico-Subcortical Network Effects

Many of the tDCS-induced effects when the stimulation is applied over M1 can be 
readily explained by the effect of tDCS within the primary motor cortex (Nitsche 
and Paulus 2000; Stagg et al. 2009; Polanía et al. 2012c) and also due to alterations 
of task-related cortical connectivity of motor areas by enhancing functional cou-
pling within these cortical regions (Polanía et al. 2011a; Stagg et al. 2014). However, 
some other functional effects of tDCS are more compatible with an additional alter-
ation of subcortical areas. For instance, it has been shown that tDCS over M1 
induces changes in thermal and mechanical sensory percepts and produces long 
lasting pain relief in chronic pain patients (Fenton et al. 2009). These effects have 
been attributed to suppression of thalamic sensory pathways following motor cortex 
stimulation. Additionally, motor cortex tDCS improves gait and bradykinesia in 
patients suffering from Parkinson’s disease (PD) (Benninger et  al. 2010), which 
might be caused by tDCS- induced alterations of basal ganglia function. The results 
of these studies suggest that cortico-striato-thalamo-cortical circuits might be mod-
ulated by transcranial cortical stimulation. Thus based on this evidence, it could be 
hypothesized that anodal tDCS over M1 would increase the functional connectivity 
between striatal and thalamic regions and cortical regions associated with motor 
function. Once more based on resting-state fMRI measurements, it was found that 
anodal tDCS over left M1 enhanced functional connectivity between the left pri-
mary motor cortex and the ipsilateral thalamus (Polanía et al. 2012d). Additionally, 
functional connectivity of the caudate nucleus, which receives afferents from the 
cortex and the thalamus, with associative areas such as the superior parietal cortex 
was enhanced. In line with these findings, in another work it was shown that tDCS 
over the primary sensori-motor cortex in anaesthetized animals not only affects cor-
tical neurons, but also facilitates activation of neurons in subcortical motor systems 
(Bolzoni et al. 2013). In addition, it was shown that this subcortical facilitation 
greatly outlasts (by more than 1 h) the period of transcranial polarization. These 
studies carried out both in humans and animals provide new evidence of plasticity 
at subcortical levels, the mechanisms for which remain to be investigated. These 
findings are of great interest for clinical translational applications considering that 
anodal stimulation over the motor cortex has been shown to improve gait and bra-
dykinesia in patients suffering from PD (Benninger et al. 2010), where it was specu-
lated whether thalamic activity could be theoretically modulated by cortical 
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stimulation. The results of the above mentioned studies are indeed in favor for con-
nectivity-driven indirect effects of tDCS on thalamic function.

Beyond the effects on M1, tDCS in combination with fMRI has been recently used 
to understand the brain mechanisms underlying more complex behaviors involving 
higher cognitive functions, which most likely also actively involve the action of sub-
cortical brain circuits. One such behavior which has received considerable attention 
in the last few years, is value-based decision-making, sometimes also known as eco-
nomic decision-making (Krajbich and Dean 2015). Compelling evidence has shown 
that making decisions based on subjective values involve a large network of regions 
including cortical areas such as the ventromedial prefrontal cortex (vmPFC) and 
dopaminergic subcortical structures such as the ventral striatum (VS), substantia 
nigra (SN) and ventral tegmental area (VTA) that in turn project to numerous cortical 
areas in the brain including the vmPFC (Williams and Goldman- Rakic 1991; Clithero 
and Rangel 2013). Using tDCS applied over the frontopolar cortex combined with 
fMRI, a group of researchers investigated whereas vmPFC causally supports choices 
based on subjective preferences in a task where healthy participants had to make 
attractiveness ratings of a series of faces while being scanned with fMRI before and 
after receiving tDCS over the FPC (Chib et al. 2013). In line with their hypotheses, 
following anodal stimulation of vmPFC, participants found the presented faces sig-
nificantly more attractive. The fMRI analyses revealed that activity in the vmPFC was 
correlated with attractiveness ratings for all participants both before and after stimu-
lation, however, with no specific effects induced by the stimulation. However, in a 
subsequent interaction analysis in order to test for the specific effects of tDCS, the 
investigators found that, following stimulation, activity in the ventral midbrain was 
more positively correlated with attractiveness ratings. In a subsequent connectivity 
analysis, the investigators examined the network effects of VMPFC stimulation on 
other brain regions with special interest in regions encompassing the ventral midbrain 
dopaminergic areas. Strikingly, they found that the same ventral midbrain region 
found in the interaction analysis was more functionally coupled with activity in the 
vmPFC following stimulation. Thus, providing crucial evidence that functional con-
nectivity between vmPFC and ventral midbrain is enhanced by anodal tDCS applied 
over the vmPFC. The results of this work have once more implications for clinical 
applications. Given that midbrain regions such as SN/VTA neurons lie deep within 
the brain, the primary means of influencing them in neuro-pathologies affecting mid-
brain dopaminergic structures have been with systematic pharmacological interven-
tions, however, it precludes from region-specific interventions (Miyamoto et al. 
2012). Alternatives, when the pharmacological interventions fail to deliver the desired 
effects, include the implantation of deep brain stimulators (Mayberg et  al. 2005), 
however, at the expense of invasive and high risk chirurgical procedures. As shown by 
the above-mentioned example study (Chib et al. 2013), networks of interconnected 
brain areas can be stimulated with tDCS to influence deep brain regions, thus making 
tDCS a promising tool to noninvasively modulate subcortical activity and functions 
that may be disrupted in neuropsychiatric disorders.
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 Conclusions

The studies presented in this section provide important evidence that long-lasting 
synaptic modifications induced by tDCS, which result in behavioral improvements, 
might include an alteration of associations among populations of neurons involved 
in the respective task-relevant functional networks. These series of studies have 
important clinical implications given that functional connectivity loss and altera-
tions have been observed in many neurological diseases such as stroke (Wang et al. 
2010), Alzheimer’s disease (AD) (Stam et al. 2007), Schizophrenia (Zhou et  al. 
2007), among many others (Van Den Heuvel and Pol 2010). Thus the combination 
of tDCS, non-invasive brain imaging techniques and computational methods pro-
vide a new and promising platform to track for functional recovery and to correlate 
these changes with behavioral improvements in both health and disease.

 Concluding Remarks

Insight into neurophysiological effects of tDCS on targeted neuronal populations as 
well as on complex cerebral networks provides the crucial foundation for advancing 
both research and clinical applications of tDCS. Quantification of tDCS effects using 
advanced neurophysiological and functional imaging tools represent an important 
stepping stone towards the development of parameter-tailored stimulation protocols 
in order to improve mechanistic understanding of neuroplasticity of the human brain, 
to elucidate the link between changes in cerebral activity and modification of func-
tional and behavioral outcomes, as well as to facilitate the development of physiolog-
ically justified tDCS treatment protocols for clinical applications in neurorehabilitation, 
psychiatry or pain management. Despite enormous progress in mapping and under-
standing tDCS effects in recent years, many questions remain unanswered or only 
poorly understood. Among them stands out the gap in understanding the sources of 
inter-individual and intra-individual variability in tDCS effects at the molecular, cel-
lular, systemic and functional/behavioral level. Regardless, tDCS bears great poten-
tial for modulation of neurophysiological outcomes in health and disease.
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Chapter 6
Safety of Transcranial Direct Current 
Stimulation

Pnina Grossman, Adam J. Woods, Helena Knotkova, and Marom Bikson

 Introduction

The goal of this chapter is to review the safety of transcranial Direct Current 
Stimulation (tDCS), focusing only on reported Serious Adverse Effects in human 
trials and irreversible brain damage as reported in animal models. As such, this 
chapter is based on and expands upon the 2016 safety consensus published in Brain 
Stimulation (Bikson et al. 2016). For the purposes of this chapter, and following the 
approach set in the 2016 consensus, the analysis relies on (1) outcomes from human 
trials, including reports of serious adverse events and imaging changes; (2) results 
from animal models, including histologically observable tissue; and (3) predictions 
from computational modeling to the limited extent they inform the interpretation of 
experimental data. In accordance with WHO-delineated definitions (www.who.int/
medicines/areas/quality_safety/safety_efficacy/.../definitions.pdf), we distinguish 
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between adverse events (which are potentially coincidental and so not necessarily 
causal to application of tDCS) and adverse effects (for which there is a rational basis 
to establish causally related to application of tDCS). Tolerability or transient adverse 
cognitive and behavioral changes that are not associated with Serious Adverse 
Effects are not taken into account for the purposes of this chapter since they fall 
outside the stated operational definition of safety.

Electrical stimulation in animals, including epicranial stimulation, is referred to 
as Direct Current Stimulation (DCS), as opposed to tDCS, to distinguish it from 
human electrical stimulation. Human data in this chapter relies on reports of serious 
adverse events in published trials in which subjects are not typically exhaustively 
tested for injury per se or followed for an extensive period, providing an inherent 
limitation to any conclusions but not evidence for risk. There are limited prospective 
studies on tDCS safety in humans (Nitsche et al. 2004; Sawyer et al. 1989). In con-
sidering data from animal studies, we focus on understanding the translation of 
findings (e.g. dose scaling) to humans. Data from translational animal studies sup-
port establishing tDCS safety limits only in the context of detectable irreversible 
brain damage. Importantly, we avoid speculation regarding theoretical risks of 
tDCS including any that based on extrapolation from reports in which no specific 
link to tDCS has been established (e.g. inferring the potential risks of low intensity 
direct current based on the known risks of high intensity current). It is easy to con-
fuse theoretical concern in the absence of evidence as a rationale to “call for cau-
tion” or suggest an inherent risk. While it is certainly valuable to identify factors 
that may change susceptibility to stimulation safety risks (e.g. children have smaller 
heads), this cannot justify claiming such susceptibilities incur a known safety risk 
without rational analysis. This is especially important when such unjustified claims 
can distract from evidence-based considerations, unduly restrict a trial or even pre-
vent access to treatment. All this is not to suggest a cavalier approach to tDCS 
safety, rather, it is to encourage careful distinction between inferences based on 
evidence (even if incomplete) and speculation based on philosophy (e.g. children 
are different so tDCS is risky) or conclusions drawn from absence of evidence (e.g. 
tDCS has not been tested for over 20 years so long-term use is risky).

It is important to clarify that exclusion of subjects from participation in clinical 
trials because of preexisting co-morbidities (e.g. exclusion of subject with epilepsy 
from studies on efficacy for depression, and exclusion of subjects with depression 
from epilepsy studies) reduces the number of complicated (atypical presentation) 
cases tested with tDCS. Notably, when such exclusion is not explicitly justified for 
safety reasons then it likely reflects experimental design (e.g. depression post stroke 
is considered a different illness to depression of another etiology) rather than real 
concern regarding risk. Nonetheless, such “conservative” exclusions, as well as 
subject-specific safety monitoring protocols applied in the absence of evidence for 
risk, can be a source of confusion with regards to safety norms and are therefore 
noted in this chapter where relevant.

Operator intentions when applying tDCS (e.g. the stated goal of a trial), the effi-
cacy of tDCS in eliciting desired outcomes (Brunoni et al. 2012), and the presumed 
mechanisms of tDCS (Medeiros et al. 2012) are not within the scope of this chapter 
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as they do not necessarily influence safety (though they might influence separate 
risk/benefit consideration). Similarly, potential neuroprotective effects are not 
within our scope (Kim et al. 2010), except for cases in which they inform safety. 
Data from animal experiments are limited to non-invasive or epicranial electrode 
techniques, since the safety profile for implanted electrodes that directly contact the 
brain is markedly different (e.g. implanted electrodes produce electrochemical 
byproducts not relevant for non-invasive techniques such as tDCS). The conclusions 
derived from this chapter regarding safety, which mirror those of prior review and 
consensus statements, may inform ongoing ethical and regulatory decisions while 
not directly commenting on them (Fregni et al. 2015).

 Definitions and Considerations of Dose Metrics 
for tDCS Safety

The terms “anodal” and “cathodal” can be misleading in tDCS, including in the 
context of safety, as both polarity electrodes are always present (there is always an 
anode electrode and a cathode electrode) and all current that enters the brain must 
exit, passing through brain regions between the electrodes (Bikson et  al. 2010). 
Indeed, the folding of the cortex (sulci and gyri) results in cortical current flow 
polarity inversions with respect to the cortical surface even under a single electrode 
(Datta et al. 2009). Therefore, we do not attempt here to develop separate safety 
criterion in humans for “anodal” or “cathodal” tDCS. For the purposes of aggregat-
ing number of stimulation sessions, so-called “anodal” and “cathodal” tDCS are 
naturally collapsed, and tDCS safety data across polarities are grouped except 
where there are specific hypotheses to consider polarity specific effects. For animal 
DCS studies we not distinguish between polarity specific results, rather we collapse 
across polarities to obtain a conservative injury estimate. While differences in the 
two polarities with regard to injury thresholds and mechanisms are expected 
(depending on the mechanism of injury) here we are concerned with the minimum 
threshold regardless of polarity. An exception to collapsing across polarities will be 
made in our discussion of testing on seizures, where, for reasons explained in that 
section, the positions of the cathode and anode are noted.

We review data from human trials of tDCS by dose (Fig. 6.1). To obtain a coher-
ent meta-analysis of tDCS, inevitably some testing conditions are collapsed (Nitsche 
et al. 2015) (e.g. electrode size, age and medical condition in a comparison of 1 mA 
intensity in adults with epilepsy using 25  cm2 electrodes vs. 1  mA intensity in 
healthy children using 35  cm2 electrodes). It is conventional to assume that risk 
increases monotonically with current intensity or duration (e.g. all else being equal, 
decreasing current from 2 mA to 1 mA maintains or reduces theoretical risk). In 
some sections, we aggregate data by current and/or duration (e.g. total number of 
sessions at 1 mA and 10 min), and we assume a monotonic dose-response relation-
ship (e.g. the safety of 1 mA is supported by the total number of sessions at 1 mA 
or more). However, this collapsing of data is inherently problematic precisely 
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because it ignores all other factors such as pre-existing morbidity. Evaluating risk 
factors by considering theoretically vulnerable (susceptible) populations have been 
addressed in the 2016 consensus (Bikson et al. 2016).

Prior efforts to assess tDCS safety proposed safety standards based on summary 
metrics (Liebetanz et al. 2009; Sundaram et al. 2009) such as charge (which com-
bines stimulation intensity and time), current density (which combines intensity and 
electrode size), or charge density (which combines intensity, time, duration, and 
electrode size). On the one hand, summary metrics are appealing because they sim-
plify analysis (e.g. 1 mA for 10 min, 2 mA for 5 min, and 10 mA for 1 min are 
equivalent from the perspective of charge). But, basing safety standards on sum-
mary metrics presupposes that critical details are not lost in combining terms such 
as current and duration. Moreover, it assumes no important interaction between 
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dose terms and other factors such as inclusion criteria or brain state. Summary met-
rics are based on simple math (e.g. electrode charge density is charge divides by 
electrode area) rather than any detail model of the tissue or current flow patterns. 
For this last reason, there is a mismatch between summary metrics based on dose 
(what is applied outside the body) and complex or subject-specific current flow in 
the brain. Any reliance on a summary metric is further limited by the absence of 
established mechanisms for injury; this makes it difficult to know which stimulation 
properties are most relevant to safety and, hence, how to select relevant summary 
metrics. Thus, while useful in other contexts, safety discussion based on summary 
metrics is limited in this chapter.

There are additional “distributed” metrics of stimulation that can be predicted 
based on the underlying tissue properties and are not single values, but rather dis-
tributed values specific to locations within the brain. These include current density 
(in mA/m2) that reflects the current flow distribution and intensity through the body. 
Electric field (in V/m) is current density multiplied by local tissue resistivity. The 
peak current density or electric field represents the maximum value at any point in 
space, which can be further restricted by head region such as peak current density in 
the brain or skin. Power density (in mW/m3) is electric field multiplied by current 
density. The electric field predicts neuronal activation threshold more meaningfully 
than current density, but it is very sensitive to assumptions on local tissue resistivity. 
It is also not established whether injury is linked to neuronal activation (e.g. excito-
toxic) or other factors. The above tissue properties are not time dependent, but can 
be combined with time in new metrics.

To control for unsafe tDCS practice, studies in which electrodes were not prepared 
following established methods are excluded. For included studies, stimulation is 
applied over skin that is not compromised by a pre-existing burn or injury (e.g. open 
wound) and is thus largely homogenous. Acne, however, is typically not an exclusion 
for electrode locations. Skin preparation does not typically include significant abra-
sion (intended to remove epidermis; (Shiozawa et al. 2013)), though cleaning of the 
skin/hair with saline or alcohol is sometimes used (Dasilva et al. 2011). Standard 
tDCS electrodes (pads) are typically square 5 × 5 cm or 5 × 7 cm, though both smaller 
and larger electrode assemblies have been explored (Nitsche et al. 2007). There is 
relatively limited data on circular pads. Standard tDCS electrode assemblies use 
either metal or conductive rubber electrodes (Kronberg and Bikson 2012). Electrolytes 
are most commonly isotonic saline (saturated in a sponge that wraps around the elec-
trode), but conductive gels and/or creams have also been used. The details of elec-
trode assembly design are considered important for tolerability and skin safety. For 
example, it is important to maintain a minimal distance between the electrode and 
skin, as well as the area of the electrode compared to the electrolyte-skin area 
(Kronberg and Bikson 2012). Pad electrodes, by virtue of size and materials, are typi-
cally limited in number to a maximum of 3–4. High-Definition (HD) electrodes are 
circular ~1 cm diameter with a sintered Ag/AgCl electrode and conductive gel or 
paste (Minhas et al. 2010). Because of this smaller size, a higher number and density 
of HD electrodes may be applied on the scalp (Dmochowski et al. 2012, 2013). When 
one or more HD electrodes are used, tDCS is called High-Definition tDCS (HD-tDCS) 
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regardless of the number of electrodes or if stimulation is optimized for focality or 
intensity (Dmochowski et al. 2011). Except when indicated, our analysis is not spe-
cific to electrode design (e.g. HD-tDCS is “conventional” as long as meeting current, 
duration, and charge limits).

 Definition and Considerations of Serious Adverse Effects 
for tDCS Safety

Following the evidence-based approach established in the 2016 consensus (Bikson 
et al. 2016), this chapter considers tDCS safety to indicate the absence of a Serious 
Adverse Effect, including brain tissue injury, related to tDCS application. It is nec-
essary to precisely define this threshold for safety for clinical trials and separately 
for experiments in translational animal models.

Based on a prior consensus (Bikson et  al. 2016), which in turn adapted prior 
standards including International and US guidelines on serious adverse events from 
medical devices (including the Office of Human Research and Protection (OHRP) 
of the U.S. Department of Health And Human Services (HSS); FDA regulations at 
21 CFR 312.32[a]; 1996 International Conference on Harmonization E-6 Guidelines 
for Good Clinical Practice; ISO/DIS 14155  – Clinical investigations of medical 
devices in humans, good clinical practices, 2008), this chapter classifies a Serious 
Adverse Effect related to tDCS as a documented event that:

 1. Is reported in a published clinical trial AND
 2. Based upon scientific judgment is determined to be caused or aggravated by the 

application of direct current to the head, such that serious adverse events not linked 
to stimulation are excluded, even if they are subject to reporting requirements AND

 3. EITHER Results in irreversible damage of brain tissue OR
 4. Results in lasting disability or incapacity with a substantial disruption of a per-

son’s ability to conduct normal life functions, i.e., the adverse effect resulted in 
an unwanted significant, persistent or permanent change, impairment, damage or 
disruption in the patient’s body function/structure, physical activities and/or 
quality of life OR

 5. Results in otherwise unexpected inpatient hospitalization or prolongation of 
existing hospitalization, where emergency room visits that do not result in admis-
sion to the hospital should be evaluated for one of the other serious outcomes 
(e.g., life-threatening; required intervention to prevent permanent impairment or 
damage; other serious medically important event) OR

 6. Results in death or is life-threatening where the patient was at substantial risk of 
dying as a result of the adverse event, or use was discontinued based on evidence 
tDCS might have resulted in death OR

 7. Medical or surgical intervention was considered necessary to mitigate risk of 
permanent imminent impairment of a body function due to tDCS, or to prevent 
or minimize permanent damage to a body due to tDCS
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Per criteria 1, our analysis is restricted to events reported in the scientific litera-
ture from human trials. A report meeting any of criteria 3 through 6, but not 2, 
would be a serious adverse event. As explicitly defined above, for the purpose of this 
chapter a Serious Adverse Effect requires a causal link with tDCS application. For 
example, serious adverse events potentially related only to a pre-existing condition 
or other activity in the trial (e.g. a fall unrelated to stimulation) would not meet the 
above criteria. Similarly, study dropouts are not necessarily Serious Adverse Effects. 
Reversible skin irritation not requiring medical intervention to prevent permanent 
injury would not meet the above criteria. Sensation and transient pain (tingling, 
itching) are similarly not relevant for safety though they impact tolerability and 
compliance. Changes in clinical symptoms are not considered a Serious Adverse 
Effect, unless proven to meet the above criteria; nor are transient decrements in 
cognition or behavior (Pirulli et al. 2014). As defined for this chapter, absence of a 
reported serious adverse event indicates lack of evidence for a Serious Adverse 
Effect.

Theoretical long-lasting changes in neuronal morphology (e.g. spine density, 
synaptic plasticity) or EEG activity (e.g. alpha oscillation power, ERP magnitude) 
are not considered a Serious Adverse Effect unless proven to meet the above crite-
ria. Clinical and animal studies exploring long-lasting changes remain an important 
but challenging area of research.

Because establishing causality (and thus meeting criteria for a Serious Adverse 
Effect) can be difficult, human subject protection protocols often adopt predeter-
mined and measurable stopping criteria to manage adverse events. Specific rules for 
subject withdrawal and/or trial cessation are designed to minimize risk in a real- 
time manner, which is distinct from a trial designed to establish safety. For example, 
in a trial of tDCS for epilepsy, stop criteria may include: (1) discontinuation of the 
session if the frequency of interictal discharges or seizures increases by 60% above 
baseline in the 2 h after stimulation or (2) cessation of the study if over 40% of 
subjects in a stimulation study have a 60% increase of seizure frequency in the first 
36 h after tDCS. Such rules provide an objective standard for an investigator decid-
ing whether a given event was serious enough to potentially cause harm to the 
patient regardless of causality. Then, in later analysis and discussion, a determina-
tion of probable causality can be decided. This methodology errs on the side of 
safety for ongoing trials. However as defined here, subject withdrawal or session/
trial stop for a serious event is not necessarily a Serious Adverse Effect until causal-
ity is established.

As the case across medical research, in some tDCS trials insufficient data are 
collected, or details reported, to confirm causality of adverse events or whether a 
dropout might relate to a Serious Adverse Effect. Methods for subject monitoring 
and potential standardization in tolerability/safety outcomes is not in the scope of 
this chapter but has been considered elsewhere. Cases where causality with tDCS 
application is ambiguous do not meet this chapter’s standard for a Serious Adverse 
Effect, but such examples show the desirability for more detailed reporting on 
adverse events.
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If tDCS is applied with the intention to produce an abnormal brain state, for 
example to interrupt normal brain processing, then the abnormal brain state would 
be expected and appropriate safety measures would be in place if needed (e.g. hos-
pitalization). Therefore, this is not considered a Serious Adverse Effect. In this 
sense (extrapolating from related fields and standards), the intentional generation of 
a seizure by electroconvulsive therapy (ECT) or magnetic seizure therapy (MST) is 
not a Serious Adverse Effect, while the unintentional generation of seizures in rTMS 
is a Serious Adverse Effect.

One potential limitation of using “evidence-based” causality to establish the 
criterion of Severe Adverse Effect is that it may not be possible to empirically 
determine whether causal relationships exist between very rare events and tDCS 
due to lack of data. In the absence of sufficient data to establish these links, the 
causality criterion of severe adverse effects may theoretically obscure very uncom-
mon but causally related events, creating a bias toward judging tDCS to be safe. 
Nonetheless, sham-controlled trials are the best way to empirically assess adverse 
effects, including serious ones, and this chapter addresses the scale of data col-
lected to date.

 Assumptions Regarding Dose-Response Curves for Safety 
Data from Animal Studies

In summarizing animal safety data, the approach adopted here was to use the lowest 
current intensity documented to produce a measurable destructive brain tissue 
response in an animal model at any stimulation duration. This approach has its own 
limitations and assumptions. In any given experimental series, the limitations on 
both the precision of current increments tested and the number of animals tested 
will limit validation of a single lowest damage threshold. Alternatively, the entire 
data set may consolidate a curve-fit to extrapolate a minimum damage threshold. 
Though the quality of curve fit may support this approach, assumptions on the type 
of dose-response curve for damage will profoundly influence the resulting extrapo-
lation, notably to low doses not actually tested. For example, dose-response projec-
tions based on injury at moderate intensity would ignore if lower intensities might 
in fact provide protection from injury (e.g.. also called “hormetic” dose response; 
(Calabrese, 2016; Calabrese et al. 2015)). Especially in the absence of a mechanis-
tic explanation for damage supporting a particular dose-response curve, accumula-
tion of data from different model systems and varying lesion measures we avoided 
extrapolation beyond tested stimulation intensities. For the same reason, we avoided 
putative summary-metrics of damage, such as charge or charge-density; but as the 
animal trials cited used stimulation durations equal to or greater than clinical tDCS, 
limits based simply on current can be considered conservative with regards to sum-
mary metrics influenced by time  – assuming a monotonic relationship between 
stimulation duration and injury at any given intensity.

P. Grossman et al.



175

Additional assumptions about dose-response relationships are made. 
Experimental studies are often limited in time points for measurement (since the 
collection of tissue for analysis often requires terminal procedures), so we assume 
that damage is irreversible and that delayed damage responses cannot be excluded. 
Again, without an established mechanism for damage, we limit ourselves here to 
reported data.

The sensitivity of damage detection is evidently limited by the experimental 
measures. In addition, the relative sensitivity of animal tissue to DCS versus human 
tissue to tDCS is unclear. While arbitrary safety factors are sometimes applied in 
developing guidance, our goal here is to summarize injury evidence. In developing 
human safety guidelines, it is prudent not to approach injury thresholds, especially 
with montage and inter-individual differences. Consolidated animal DCS safety 
data, when scaled to the human case using computational models, indicates that at 
least with regards to manifest tissue damage, current conventional tDCS protocols 
are orders of magnitude below injury threshold.

 DCS Safety Data from Animal Lesion Studies 
and Translational Models

Data on DCS lesion threshold in animals have been used to support the safety of 
existing tDCS protocols, with evidence demonstrating the wide gap between current 
tDCS protocols and DCS lesion thresholds, provides some reassurance (Bikson 
et  al. 2009; Liebetanz et  al. 2009). However, with increasing adoption of tDCS, 
these data warrant updating.

The issues when basing human safety standards on animal histology thresholds 
were previous outlined (Sawyer et al. 1989) and include: (1) potential differences in 
susceptibility of animal and human tissue to damage; (2) experimental limits on 
detecting various modes of damage including assumptions about dose-response 
relationships; (3) difference in scale from rodent (or other nonhuman) to human 
gross anatomy; (4) difference in method of stimulation (e.g. transdermal vs. epicra-
nial). The use of animal models provides the distinct advantage of being able to 
histologically assess the impact of current on brain tissue. The results from animal 
models can thereby inform current threshold limits and, in addition, be used to vali-
date and improve the computational models used for determining predictive safety 
thresholds in humans.

Tissue damage from animal studies using electrodes in direct contact with the 
brain or using other waveforms (e.g. AC) are largely inappropriate (and potentially 
misleading) for establishing tDCS safety guidelines (Bikson et  al. 2009). Here, 
results from three groups of testing safety thresholds for epicranial DCS are con-
solidated, acknowledging the limitations of the different methods of lesion detec-
tion (e.g. hematoxylin-eosin (H&E) staining is potentially less sensitive than the 
direct staining of neurodegeneration by Fluoro-Jade C): (i) Liebetanz and colleagues 
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(Liebetanz et al. 2009), (ii) Fritsch and colleagues (unpublished data), (iii) Jankord 
and colleagues (unpublished data). In all cases DCS was applied to the surface of a 
rat skull using a relatively small electrode-contact (defined as the electrolyte-skull 
interface) compared to the return electrode on the body. The lowest DCS intensity 
at which histological damage was detected in the three studies were as follows: (i) 
Liebetanz, 500 μA applied through 2.1 mm diameter circular electrode-contact for 
10 min (return electrode on the chest), assessed by H&E stain (used for histological 
assessment of tissue following current exposure); (ii) Fritsch, 600  μA applied 
through 4 mm diameter circular electrode-contact for 20 min (return electrode on 
the chest), assessed by FluoroJade C stain; (iii) Jankord, 500 μA applied through 
5 × 5 mm square electrode-contact for 60 min (return electrode behind the neck), 
assessed by H&E stain.

To scale these results to humans, we developed a high-resolution rat model 
and predicted brain current flow produced for each montage used. The predicted 
minimum induced current density for detected damage was 12, 17, and 6.3 A/m2 
for Liebetanz et al. Fritsch et al. and Jankord et al. respectively. By comparing 
resulting peak current density (or electric field) per applied mA in the rat brain 
to the peak electric field produced per mA in the human brain, we are able to 
propose a scaling factor from DCS to tDCS.  Specifically, the scaling factor 
allows us to predict how much current should be applied in the human using a 
representative montage (M1- SO adult) to approximate the brain electric field 
produced in a rat for a given current. Note the M1-SO montage is among the 
most commonly used in tDCS but does not produce the theoretically maximum 
brain electric field. Applying this scaling factor to the current intensity damage 
threshold observed in rat allows us to predict a current intensity damage thresh-
old in humans. The scaling factor determined was 288 for Fritsch et al. 240 for 
Liebetanz et al. and 134 for the Jankord et al. studies. Combining the reported 
current-thresholds for damage in animal models with the respective rat-to-human 
scaling factors results in a predicted human damage threshold of 173 mA based 
on Fritsch, 120 mA based on Liebetanz, and 67 mA based on Jankord. These 
scaled values are over an order of magnitude above maximum currents levels 
used during tDCS.  Differences across animal models are expected and arise 
from additional dose metrics (e.g. time, which model based scaling does not 
account for), and which are neglected for the purpose of the chapter. If separate 
scaling factors are used (e.g. average electrode current density as opposed to 
model based scaling) or additional dose metrics considered, then different 
animal-to- human scaling factors would be predicted for each study. This analy-
sis does not in any way constitute an endorsement for the use of such high cur-
rent in humans but serves only to illustrate the vast difference between current 
producing observable tissue damage in animal models and current used in con-
ventional tDCS.

Kim et al. (2010) assessed whether anodal DCS increases pre-existing infarct 
volume in a rat stroke model 2 days post-injury. Their results showed no increase 
in volume at the doses tested (0.785 cm2 epicranial electrode, 0.1 mA for 20 min), 
and a potential neuro-protective effect. Cathodal DCS at 0.2 mA has also been 
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shown to have a protective effect for ischemic stroke in rats (Baba et al. 2009). 
These results suggest that the safety threshold predicted above extends to post- 
injury models. Results in the mouse model differ from those in the rat. Peruzzotti- 
Jametti and colleagues (2013) suggest anodal stimulation induced an increase in 
the post-ischemic lesion volume and augmented blood brain barrier derangement 
in a mouse model with 1.2 mm diameter epicranial stimulation at 0.25 mA for 
40  min total, while cathodal stimulation had a protective effect. Importantly, 
decreased mouse head volume compared to the rat suggests a further scaling fac-
tor – which if ≥2 brings this result in line with those in healthy rats. However, it 
is important to note that several studies in the acute and subacute phase of recov-
ery have been successfully conducted in humans (see above) without reported 
serious adverse events (Cho and Cha 2015; Fusco et al. 2014b; Kim et al. 2014; 
Sattler et al. 2015; Tahtis et al. 2014).

 tDCS Safety Data from Human Trials and Models

There is direct support for the safety of tDCS as applied thus far in controlled human 
trials (previously reviewed in (Brunoni et al. 2011, 2012)). Though mild skin ery-
thema is common during tDCS, it is not inherently hazardous (Guarienti et al. 2015) 
and resolves after stimulation. tDCS was not found to produce edema or injurious 
alterations of the blood-brain barrier or cerebral tissue detectable by MRI (Nitsche 
et al. 2004), though non-injurious reversible changes in brain perfusion are plausible 
(Mielke et al. 2013; Wachter et al. 2011) as a result of direct action on endothelial 
cells or indirectly via modulation of neuronal (metabolic) activity.

During tDCS the ratio of current density in the skin to the brain is predicted to 
exceed 10:1 (Minhas et al. 2011). If one assumes comparable sensitivity to injury of 
skin and brain, then the tolerability to tDCS evidenced by lack of skin lesions pro-
vides indirect support for safety with respect to the brain. For example, tDCS pro-
duces negligible temperature changes in the skin (Minhas et al. 2010), making direct 
injury from brain heating improbable. Poor electrode skin contact (dry sponges) will 
lead to skin irritation (e.g. by dramatically reducing the stimulation area, which 
increases current density). In rare cases, poorly designed or prepared electrodes pro-
duced skin lesions (Frank et al. 2010; Palm et al. 2014; Rodríguez et al. 2014; Wang 
et al. 2015). If these are attributed to electrochemical reactions produced locally at the 
electrode (Bikson et al. 2009; Minhas et al. 2010), it would not be relevant for brain 
injury since chemical products above the skin surface are not expected to diffuse into 
the brain. Important factors in electrode design and preparation have been reviewed 
(Woods et al. 2015).

The maximum current density generated in the brain will vary according to 
montage and head anatomy for a given applied current. The resulting current den-
sity can be quantified using computational models and demonstrated experimen-
tally (Edwards et  al. 2013). In susceptible populations, current flow to the head 
may be further altered by pathological changes in the cranium or brain tissue such 
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as stroke. This may also be the case in patients with post-surgical or trauma-induced 
skull defects or post-stroke encephalomalacia (Datta et al. 2011, 2010). In children, 
further divergence from expected current flow may be attributable to an immature 
brain anatomy (Gillick et al. 2014; Kessler et al. 2013). Across heads and mon-
tages, the maximum predicted brain current density (0.23 A/m2 for a small adult 
head and 0.32 A/m2 for pediatric head) remains substantially below injury thresh-
old levels found in animals (6.3–17 A/m2, described in detail below). Peak current 
densities in the modeling literature (spanning head sizes, model parameterization 
and tDCS dose) range from 0.0828 to 0.211  A/m2 (Laakso and Hirata 2013; 
Mekonnen et al. 2012; Rampersad et al. 2014; Sadleir et al. 2010). At these pre-
dicted current densities, we are not aware of any well-defined theoretical risk for 
brain injury by tDCS based on experiments or modeling.

Controlled human studies involving the general population, susceptible sub-
jects (e.g. children), and potentially susceptible (e.g. subjects with altered neuro-
anatomy or neurophysiology) populations support safety in tDCS application 
(Grecco et al. 2014a, b; Mattai et al. 2011; Vestito et al. 2014). We are aware of 
no direct evidence from human trials involving tDCS that suggests tissue damage 
or behavioral changes indicative of irreversible brain injury. Though methodol-
ogy and rigor for reporting adverse events in tDCS are inconsistent across studies 
(Brunoni et al. 2011a; Kessler et al. 2012; Mcintire et al. 2014; Morales-Quezada 
et al. 2015; Nitsche et al. 2003; Poreisz et al. 2007; Raimundo et al. 2012; Russo 
et al. 2013; Tadini et al. 2011) human trials (per IRB guidance) should have spe-
cifically designed safety monitoring and reporting. Especially given the severity 
of a serious adverse event as defined above and mandatory reporting require-
ments defined in CFR, the lack of Serious Adverse Effect report in any trial sup-
ports the absence of occurrence. A meta-analysis of the aggregate number of 
tDCS sessions failed to identify even a single record of Serious Adverse Effect 
related to tDCS across >33,200 sessions. Among these over 1000 subjects 
received tDCS repeatedly (multiple sessions across days) without Serious 
Adverse Effect (Fig. 6.2).

The acceleration in the number of publications is not associated with a general 
increase in trial size (number of subjects) or period of trial (number of sessions per 
trial). This is consistent with tDCS being adopted by increasingly more independent 
groups as well increased activity within groups, and so more investigators in gen-
eral. Demographics suggest a majority of sessions were applied to healthy subjects. 
This is consistent with the use of tDCS to study normal brain function under the 
assumption tDCS is minimal risk. The treatment of a broad range of indications has 
been explored by tDCS.  Distribution of sessions by medical indications often 
reflects the size of trials rather than number of publications (e.g. tinnitus) (Fig. 6.3). 
The distribution and diversity of clinical trials with tDCS support the generalization 
of overall safety findings.

There are also data on individual patients who have received over 100 treatment 
sessions of tDCS without any indication of adverse effects arising from cumulative 
exposure. These include a patient with schizophrenia who received maintenance 
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tDCS once to twice daily on a domiciliary basis over a three-year period (i.e. > 1000 
sessions) (Andrade 2013); and patients with depression who received multiple 
courses of tDCS (>100 sessions in total) safely, assessed with structured question-
naires of side effects and formal neuropsychological testing (Tadini et al. 2011). 
Further, 33 healthy volunteers received up to 30 sessions of tDCS over the course of 
6 weeks (2 mA, 20 min, high-performance adhesive electrodes) without a serious 
adverse event (Paneri et al. 2015).
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To our knowledge, the US FDA considers trials of tDCS as non-significant-risk, 
which means tDCS is without reasonable expectation of any Serious Adverse Effect 
(as defined here). The FDA requires reporting of “unanticipated” adverse events. As 
of the publication of this chapter, the FDA “MedWatch” database search returns no 
reports for “tDCS” or “transcranial Direct Current Stimulation.” A similar research 
status approval is in place from Health Canada and internationally (Fregni et  al. 
2015).
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 tDCS Special Consideration for Safety in Children

As is typical for most investigational techniques, experience with tDCS in children 
has been limited compared to adults, and applications in the developing brain 
require additional considerations. Fewer than 5% of published tDCS studies include 
pediatric populations. In children, considerations include potential modification of 
dosing for both safety and efficacy. Specific systems and techniques for recording, 
side-effects, potential adverse events and effects, and tolerability measures are 
required.

In trials involving children, at least 2800 sessions have been applied across 
nearly 500 subjects. No Serious Adverse Effects have been reported. tDCS has 
been investigated in children with a variety of diagnoses including cerebral palsy, 
stroke, encephalitis, epilepsy, schizophrenia, and attention-deficit hyperactivity 
disorder (Andrade 2013; Aree-uea et al. 2014; Auvichayapat et al. 2013; Cosmo 
et al. 2015; Duarte Nde et al. 2014; Gillick et al. 2015; Grecco et al. 2014a, b, c; 
Mattai et al. 2011; San-Juan et al. 2011a; Young et al. 2013). According to clini-
caltrials.gov, current studies in pediatric applications of tDCS include perinatal 
stroke, cerebral palsy, dystonia, childhood-onset schizophrenia, attention deficit 
hyperactivity disorder, and autism. The relatively limited nature of this tDCS 
experience across  pediatric populations as compared to that of adults is shown in 
Fig. 6.4. Combining this emerging pediatric evidence with the larger animal and 
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adult experience suggests tDCS within the same ranges of dosing and duration 
can be considered minimal risk, based on current evidence, in school-aged 
children.

 tDCS Special Considerations for Safety in Aging Populations

Given the increasingly older demographic of our national population, there is a 
growing interest in tDCS as a mechanism for stabilizing, or even enhancing, cogni-
tive functioning in older adults (Anton et al. 2015). It is established that particular 
aspects of cognitive decline, even during “normal” aging (Salthouse 2010), are 
exacerbated by incipient neurodegenerative diseases. It is important to distinguish 
between increased risks arising from unrelated comorbidities in these subjects, such 
as increased risk of seizures and other comorbid medical conditions, including neu-
rodegenerative disease (Stephen and Brodie 2000), from evidence that aging sub-
jects are at increased risk for Serious Adverse Effects during tDCS. As in other 
situations, exclusion of subjects from tDCS human trials for pre-existing conditions 
is not necessarily evidence by itself for increased risk.

Building on the results of a recent review in this content area (Hsu et al. 2015), 
we identified a total of 19 tDCS studies that targeted a range of motor and cognitive 
abilities (Berryhill and Jones 2012; Boggio et al. 2010; Fertonani et al. 2014; Flöel 
et al. 2012; Goodwill et al. 2013; Hardwick and Celnik 2014; Harty et al. 2014; 
Holland et al. 2011; Jones et al. 2015; Liebetanz et al. 2009; Manenti et al. 2013; 
Meinzer et al. 2014; Meinzer et al. 2013; Parikh and Cole 2015; Park et al. 2014; 
Puri et al. 2015; Ross et al. 2011; Sandrini et al. 2014; Zhou et al. 2015). These 19 
studies included over 500 participants whose mean ages were in the mid to late 60’s. 
Across studies, participants received between 1 and 10 sessions of tDCS, with a 
duration of 5–30 min, at an intensity of 1 to 2 mA. Five studies failed to report any 
safety data (Berryhill and Jones 2012; Flöel et al. 2012; Jones et al. 2015; Puri et al. 
2015; Ross et al. 2011) (which this chapter considers evidence for the absence of a 
serious adverse event), and one reportedly asked about side effects but failed to 
report any data (Hardwick and Celnik 2014). None of the remaining 13 studies 
reported any adverse events (serious or otherwise). Five studies made limited com-
ments about all participants tolerating treatment well (Manenti et al. 2014; Parikh 
and Cole 2015; Park et al. 2014; Sandrini et al. 2014; Zhou et al. 2015), and the 
other eight reported expected sensory experiences (e.g., itching, tingling, burning) 
that were generally indistinguishable from those reported by participants receiving 
sham stimulation.

If effective, tDCS could be particularly beneficial for treating cognitive, motor, 
and psychiatric symptoms of neurodegenerative diseases, as well as decline in 
health associated with normal aging (see reviews by (Elder and Taylor 2014; Hsu 
et al. 2015)). We identified 15 studies that evaluated the effects of tDCS on patients 
with Alzheimer’s disease (Boggio et al. 2009, 2012; Cotelli et al. 2014a; Ferrucci 
et al. 2008; Khedr et al. 2014; Suemoto et al. 2014), Parkinson’s Disease (Benninger 
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et al. 2010; Boggio et al. 2006; Doruk et al. 2014; Fregni et al. 2006a; Kaski et al. 
2014; Manenti et  al. 2014), Dementia with Lewy Bodies (Elder et  al. 2015), 
Corticobasal degeneration (Manenti et  al. 2015), and Frontotemporal dementia 
(Cotelli et al. 2014b). In all, there were over 275 subjects (some assigned to sham 
conditions) who received between 7 and 30 min of stimulation in each of 1 to 10 
sessions with an intensity of between 1 and 2.8 mA. Ten studies comment on safety. 
One patient was removed from treatment after experiencing delirium caused by 
pneumonia, and another patient experienced a bout of diarrhea and could not attend 
some of the tDCS sessions (Suemoto et al. 2014). Neither of these events appear to 
be attributable to tDCS and thus are not considered Serious Adverse Effects for this 
chapter. Four studies reported typical side effects (e.g., itching, tingling, burning) 
(Doruk et al. 2014; Elder et al. 2015; Suemoto et al. 2014), as well as temporary 
headache and dizziness (Khedr et  al. 2014). It is also worthwhile to note that a 
review of eight tDCS studies in the geriatric depression literature found no major 
side effects of stimulation (Gálvez et al. 2015).

Overall, there were no unexpected or serious adverse events in >40 studies with 
>600 older adults regardless of cognitive or disease status. There is thus no current 
evidence for increased risk of Serious Adverse Effects with aging subjects.

 Risk of tDCS-Related Seizures and Use in Epilepsy

As defined for our purposes, a Serious Adverse Effect for tDCS would include the 
triggering of a seizure, either in healthy individuals, individuals with epilepsy or 
others predisposed to seizures, with evidence that tDCS was causally related to the 
ictal event. Encouragingly, no such instances have been reported in published 
human trials.

Clinical experience with tDCS in epilepsy patients indicates the procedure is 
well-tolerated and safe (Brunoni et  al. 2012). When a cathode electrode is posi-
tioned over epileptogenic cortex, there may be a mild anti-epileptogenic effect, 
manifest as reduced interictal discharge frequency (San-Juan et  al. 2015). There 
have been several studies investigating the effect of tDCS with the cathode posi-
tioned over the targeted cortex on reducing seizure frequency and focal hyperexcit-
ability in partial onset seizures (six original studies published in English in a 
recently published meta-analysis, (San-Juan et al. 2015)). In a randomized, sham-
controlled study applying a single session of tDCS (1 mA, 20 min) with the cathode 
over the epileptogenic zone and the anode placed over an area without epileptiform 
activity, there was a significant reduction in the frequency of interictal epileptiform 
discharges, with a trend towards decrease in seizure frequency (Fregni et al. 2006b). 
In another study involving 36 children with partial epilepsy, a single session of 
tDCS (1 mA, 20 min) with the cathode directed toward the target suppressed epilep-
tiform activity for 48 h and demonstrated seizure reduction (Auvichayapat et al. 
2013). Several case reports and small case series similarly suggest tDCS is well-
tolerated with the cathode over epileptogenic cortex (San-Juan et al. 2011b; Yook 
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et al. 2011), including transient reduction in spike frequency in continuous spike 
and waves during slow wave sleep (Faria et al. 2012). As with other indication, 
while ongoing research on efficacy and dose optimization to enhance effect size is 
warranted, in regards to safety (as defined for the purposes of this chapter) there is 
no evidence for increased risk for patients with epilepsy.

 Special Considerations for Susceptible Populations 
and Subjects with Implants

In the 33 studies considered of tDCS in persons with stroke published since 2014, 
there are 2 studies reporting minor adverse events (Gillick et al. 2015; Kim et al. 
2014) including mild headache, sleepiness, and various sensations. In addition, 
there are few reports of dropouts with 14 out of 507 total participants from 6 stud-
ies (Cho and Cha 2015; Fusco et  al. 2014a; Gillick et  al. 2015; Lee and Chun 
2014; Smit et al. 2015; Wu et al. 2015) across 33 studies. Reporting criteria and 
reasons for dropouts vary and include personal reasons (e.g. unrelated medical 
problems, refusal to participate, etc.) that were not Serious Adverse Effects as 
defined in this chapter. To date, we identified no persistent decrements in behav-
ioral performance or mood reported as a consequence of tDCS trials in stroke 
populations.

A theoretical concern is that the presence of skull defects may increase risk by 
creating a “funnel” of current through the skull, resulting in local concentrations of 
current density in the brain. Electrical field modeling suggests that typical tDCS 
protocols administered over a range of skull defects may result in local increase in 
current density compared to the intact-skull case, under worst-case theoretical con-
ditions corresponding to a six-fold increase in brain current density (Datta et  al. 
2010; Opitz et al. 2015). This does not exceed the current density threshold for 
injury reported in animal models. Increases in brain current density can be pre-
vented or minimized by adjusting electrode montage. The exclusion of subjects 
from some human trials because of pre-existing implants is not evidence for 
increased risk of a Serious Adverse Effect.

Treatment-emergent (hypo)mania (TEM) is a potential Serious Adverse Effect 
that can occur in depressed patients during pharmacologic antidepressant treatment, 
for instance, in up to 2.3% of patients with unipolar depression (Benvenuti et al. 
2008). There are four stand-alone case reports in literature (Arul-Anandam et al. 
2010; Baccaro et al. 2010; Brunoni et  al. 2011b; Gálvez et  al. 2011) and some 
reports in randomized clinical trials (Brunoni et al. 2013; Loo et al. 2012) of mania 
or hypomania induction after tDCS treatment. Most of these episodes resolved 
spontaneously when tDCS was withheld for a few days or with either small dose 
adjustments or introduction of a new pharmacotherapy. It is not possible to disen-
tangle with confidence which intervention, or indeed if both interventions, was 
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responsible for the symptoms and thus these were not Serious Adverse Effects as per 
the definition of this chapter. Thus, in trials for depression, more than 4160 sessions 
have been applied across more than 430 subjects without a documented Serious 
Adverse Effect.

For subjects with implants, theoretical concerns about increased susceptibility to 
tDCS include (1) injury to the brain related to changes in brain current flow pattern 
as a result of a conductive implant and/or associated skull defect, that can lead to a 
local current concentration, and (2) damage or disruption of device function, espe-
cially when the device includes an electrical sensing component (such as a pace-
maker). Theoretical concern about interactions with pacemakers increases for 
extracephalic electrodes but remains hypothetical (Parazzini et al. 2013). Though 
exclusion of subjects with preexisting implants, especially head implants, is com-
mon in tDCS trials as a precautionary measure (Brunoni et al. 2012) – there is no 
evidence of injury to a subject with an implant and no theoretical risk of injury 
based on modeling. Limited ongoing experience with tDCS in subjects with both 
DBS and cortical electrode arrays (the latter for pre-epilepsy surgical monitoring) 
suggests that stimulation is tolerated (Esmaeilpour et al. 2017; Huang et al. 2017; 
Opitz et al. 2016). Thus, while pre-existing implants remain a theoretical concern, 
neither theory nor limited clinical experience establish evidence for increased risk 
of Serious Adverse Effects.

 Extended Use and Home Use

With growing indications and data supporting extended (e.g. weeks of) treat-
ment, home use, as opposed to in-clinic administration, is expected to become 
more common. Indeed, there is growing evidence that beneficial effects may be 
compounded with repeated sessions (Monte-Silva et al. 2013), including when 
paired with cognitive/behavioral programs (e.g. cognitive or physical exercises 
for recovery of function; see Chang et al. 2015; Mortensen et al. 2015; Tippett et 
al. 2015). Therefore, extended tDCS sessions over time may be essential to the 
effectiveness of many treatments. Home use may also be helpful to either sustain 
or continue an initial therapeutic benefit, possibly spanning months (e.g. 100+ 
sessions) (Andrade 2013; Ho et  al. 2015). While testing remains limited 
(Hagenacker et  al. 2014), in the context of human trials with approved equip-
ment, there has been no established Serious Adverse Effects for home-use 
(including self- directed) tDCS.  However, it is critical to distinguish between 
clinical trials of tDCS where home-use is carefully monitored and only special-
ized equipment is used, with any other approaches where the equipment and/or 
protocols are not medical grade. Only the former is within the scope of this chap-
ter, and standards for medical grade home-use (e.g. Remote Supervised tDCS) 
are summarized next.
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Importantly, the clinical study of tDCS with home use must be both safe and reli-
able. This means procedure must be reproducible and compliance measurable. 
Guidelines for home use in tDCS clinical trials have been developed, governed by 
remote-supervision through a telemedicine platform (Charvet et al. 2015). Critical 
to this “remote supervised tDCS” approach is specially-designed equipment that 
both carefully regulates and records use. Comprehensive training procedures and 
safety checks at each step can guide safe self-application or application by caregiver 
or other proxy (Kasschau et al. 2015).

 Conclusions

This chapter examined safety of tDCS based on an explicit and limited definition of 
evidence of safety – which directly derives from the 2016 tDCS safety consensus. 
(Bikson et al. 2016). While recognizing the “absence of evidence is not evidence of 
absence,” this approach is strictly data (evidence) limited, in the sense that we do not 
suggest injury where there is no proof. This chapter does not make specific recommen-
dations or propose guidelines regarding new protocols (e.g. a new dose in a new popu-
lation). Lack of evidence for risk should not be confused with suggesting that for any 
tDCS protocol safety monitoring is not important. As with any investigational tech-
nique, vigilance is warranted, and responsibility to manage risk rests with the trial 
sponsors and requires independent ethics review. But, at the same time, unscientific 
concerns (e.g. calls for “caution” ignoring existing evidence) can, in fact, impede 
research.

We show evidence supporting the fact that brain injury by DCS in animal models 
occurs at size-corrected intensities over an order of magnitude above the intensities 
used in conventional tDCS. To date, based on a total of over 33,000 sessions and 
over 1000 subjects who received repeated tDCS sessions, there is no evidence for 
irreversible injury produced by conventional tDCS protocols within a wide range of 
stimulation parameters (≤40  min, ≤4  mA, ≤7.2 C). This analysis mirrors and 
updates the 2016 tDCS safety consensus (Bikson et al. 2016). These general conclu-
sions are also in agreement with other analyses of safety (Antal et al. 2017; Moffa 
et al. 2017; Poreisz et al. 2007; Woods et al. 2015).
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Chapter 7
Methodological Considerations  
for Selection of Transcranial Direct Current 
Stimulation Approach, Protocols and Devices

Shapour Jaberzadeh, Donel Martin, Helena Knotkova, and Adam J. Woods

 Evidence-Based tDCS Use

Appropriately selecting a transcranial direct current stimulation (tDCS) approach, 
design, protocol and specific device is a multifaceted process that requires careful 
and iterative consideration before the most suitable (and feasible) configuration is 
chosen. Practically speaking, the choice of an ideal or preferred selection is often a 
careful balance of available resources versus targeted outcomes. Thus, it is impor-
tant to carefully consider how to balance the selection of tDCS approach, without 
compromising integrity and quality of the outcomes. Whether tDCS is used in 
research or non-research applications, the outcomes (or their segment, such as 
adverse event occurrence) become a part of the overall pool of evidence, which 
iteratively advances knowledge of the tDCS field and provides foundation for 
evidence- based tDCS practice. Building evidence-based tDCS practice (in the 
means of evidence-informed tDCS use) has the following implications:
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 1. tDCS users should be able to access and critically interpret available evidence
 2. New tDCS studies or applications should be designed with consideration of their 

ability to meaningfully contribute to the existing pool of evidence
 3. Standards or guidelines of tDCS use should be based on systematic review of 

evidence (and therefore periodically revised as the body of evidence is 
growing)

Clearly, all these points are highly relevant for the step-by-step process of deter-
mining the best approach, parameters or protocol. The decision-making process 
starts with defining the purpose of the intended tDCS application; “Why” tDCS will 
be used and “What” specifically should be achieved. Answers to these two ques-
tions, to a large extent, require selecting the right design, stimulation protocol or 
workflow for tDCS procedures. At the beginning of the planning process, the 
answers to Why and What are usually vague, embedded in a broader open question, 
issue, gap in knowledge, or need. At that stage of planning, a critical review of 
existing tDCS evidence is invaluable to help clarify the answers and prevent meth-
odological mistakes or poor choices for the overall tDCS setup.

When critically reviewing and evaluating existing evidence, an “evidence lad-
der” (Fig. 7.1) can assist in navigating the process.

tDCS studies in animal models primarily provide evidence pertaining to tDCS 
mechanisms and safety, and association between animal models and human studies. 

Meta analysis

Systemtic review

Randomized controlled trail

Cohort studies

Case control studies

Case reports/case series

Animal models

Filtered information

Unfiltered information

Fig. 7.1 Evidence Ladder
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These studies supply evidence necessary for designing Randomized Controlled 
Trials (RCTs), such as initial evidence on effect size to properly power a study. The 
highest level of “unfiltered” evidence comes from RCTs, where the study design 
lacks methodological flaws. Alternatively, aggregate statistical evaluation of find-
ings from a pool of RCT’s, in the form of meta-analysis, then represents the “filtered 
evidence” at the top of the ladder. There are several systems available for evaluating 
the quality of the evidence. Although the evidence-scoring systems originate in 
health science/medical research, their principle fully applies to critical review of 
tDCS evidence as well. According to, for example, a “GRADE” scoring system 
(clinicalevidence.bmj.com), high quality evidence requires RCT’s with only few 
methodological flaws. RCT GRADE quality is downgraded if RCT’s have flaws, do 
not assess key elements, or the findings are inconsistent. Low quality evidence is 
usually produced by uncontrolled or observational studies; quality is upgraded if 
they include meticulous methods and produce moderate to large effects. Although 
uncontrolled studies and observations in general represent low-level evidence, they 
are essential as foundation for high-quality RCT’s. Importantly, a carefully planned 
small-sample study may generate more meaningful evidence when implementing 
foundational support from preliminary studies. Moreover, in non-research settings, 
evidence-informed tDCS use may substantially facilitate progress in tDCS practice, 
while reckless tDCS applications not reflecting/ignoring the existing foundational 
knowledge may harm or set-back the field as a whole.

 Practical Tips for Evidence Review

Meta-analysis:

• Review inclusion criteria – if the inclusion criteria are too broad, interpretation 
of the findings may be problematic. Although it is well known that tDCS out-
comes are parameter specific, some published meta-analyses aggregate tDCS 
studies with other non-invasive neurostimulation modalities, or aggregate tDCS 
studies across brain targets or across delivered doses, (Lowe et al. 2017). In these 
cases, a careful interpretation is warranted. For example, results of meta-analysis 
evaluating studies of tDCS placing electrodes over the frontal lobes at F3 and 
F4 in 10 sessions over 10 consecutive days and studies placing the anode elec-
trode over M1 and the cathode electrode over contralateral supraorbital area in 
once-a month regimen may be misleading and have little practical significance 
for planning of future applications, including selection of suitable approach or 
stimulation protocol.

• Evaluate bias – it is important to know not only if the included RCTs were biased, 
but also the source of the bias. The bias may originate from selection (systematic 
differences in baseline characteristics of the compared study groups), carry-over 
effect in cross-over RCTs, reporting (reported vs unreported findings), incom-
plete outcome data, unsuccessful/insufficient blinding, and other factors.

7 Methodological Considerations for Selection of Transcranial Direct Current
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• Evaluate findings on the effects – What is the size and direction of the effect? 
What is the strength of evidence for the effect? Is the effect consistent across 
studies?

Critical review of clinical trials:

• Consider generalizability – findings may only be applicable to narrowly defined 
participant-population and may not be generalizable to other contexts.

• Consider power determination – Was the study adequately powered? How was 
the sample size determined? Interpretation of findings is especially problematic 
if the study is a non-inferiority trial that does not detect a significant difference 
between the study groups. It may be difficult to identify if the finding is really 
due to non-inferiority of the compared interventions or due to insufficient sam-
ple size.

• Consider overall quality of reporting of the study – clinical trial reporting should 
follow the CONSORT requirements (www.consort-statement.org).

Overall, a thorough review of published tDCS literature and other available evi-
dence pertaining to the topic relevant for the planned tDCS use is a stepping-stone 
that helps progress through the tDCS approach, design, protocol and device 
decision- making process. Considerations, as discussed below, aim to assist the 
reader in selecting the most appropriate approach, design, protocol and specific 
tDCS device.

 Experimental Versus Intervention Protocols

Non-invasive brain stimulation is a tool for modulation of brain physiological func-
tions through alterations of brain activity, and excitability. It can be used as a: (1) 
research tool, (2) neuroenhancement tool and (3) therapeutic tool. As a research 
tool, it is applied to explore the role of different cortical and/or deeper areas of the 
brain in behavior (Filmer et al. 2014). The approach could potentially be used to 
shed light on the underlying mechanisms in different fields of neuroscience, as dis-
cussed in detail in Chap. 19. As a neuroenhancement tool, it is applied on healthy 
individuals to affect human motor control of movement and improve cognitive/
sensory-motor learning capacity in a variety of tasks including sports, music, etc. 
(Furuya et al. 2014; Hendy et al. 2015; Moreau et al. 2015; Picazio et al. 2015; Zhu 
et al. 2015). As a therapeutic tool, it is used for management of pain, symptoms of 
aging, and reduction of clinical symptoms in neurological and psychiatric condi-
tions (Anton et al. 2015; Fregni and Pascual-Leone 2007; George and Aston-Jones 
2010; Nitsche et al. 2009).
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 tDCS as a Research Tool

Better understanding the brain-behavior relationship is a central goal in neurosci-
ence research. A large number of studies focus on correlations between brain 
changes (Fig. 7.2) assessed by transcranial magnetic stimulation (TMS) and imag-
ing techniques such as functional magnetic resonance imaging (fMRI), positron 
emission tomography (PET), magneto electroencephalography (MEG), electroen-
cephalography (EEG), and near-infrared spectroscopy (NIRS) and behavioral 

PET MEG

EEG

NIRS

fMRI

TMS
Tools for assessment of

cortical changes

Outcome measures for assessment
of behavioral changes

PL

PTh

STh RT

ER

Skill

tDCS → Cortical changes → Behavioral changes

Fig. 7.2 Cortical and behavioral effects of tDCS. TMS transcranial magnetic stimulation, fMRI 
functional magnetic resonance imaging, PET positron emission tomography, MEG magneto elec-
troencephalography, EEG electroencephalography, NIRS near infrared spectroscopy, PL Pain 
level, PTh pain threshold, STh sensory threshold, RT response time, ER error rate
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changes assessed by a wide variety of outcome measures (Fig. 7.2) during sensory, 
motor or cognitive tasks. Combination of these methods and tDCS can convey sig-
nificant insight for current basic and clinical research.

In this field of research, tDCS has been used to reduce or enhance the activity or 
excitability of cortical areas:

• To probe stimulation effects on near and far cortical regions (Vaseghi et  al. 
2015a, b), which helps to establish functional connectivity between different cor-
tical areas.

• To measure stimulation effects on sensory, motor or cognitive functions 
(Apolinário-Souza et al. 2016; Nakagawa et al. 2016; Pope et al. 2015; Woods 
et al. 2014). This helps to establish the causal links between one specific cortical 
area and the task performed.

• To investigate hemispheric differences in processing of behavioral tasks (Bardi 
et al. 2013). When using certain parameters, the function of a cortical area in one 
side of the brain can be enhanced while the same area in the other side of brain 
is inhibited. The outcome of this interhemispheric imbalance can then be mea-
sured and used as evidence for communication and or rivalry between two 
hemispheres.

• To assess two or more behavioral outcomes to investigate if they are affected in 
the same way by tDCS to shed light on the functional organization of the brain 
(e.g., Iuculano and Cohen Kadosh 2013).

• To examine how it affects EEG power spectrum (Soekadar et al. 2014) and corti-
cal excitability.

 Blinding and Sham/Placebo Effects of tDCS

Blinding is a research procedural step for reduction of bias in modern RCTs. In 
double blinding, both participants and/or researchers are kept unaware of the alloca-
tion group. Without proper researcher blinding, they are more prone to bias during 
evaluation of the participants (Boutron et al. 2007; Brunoni et al. 2014). Lack of 
participants blinding is also problematic because it can increase the chance of pla-
cebo responses and treatment non- compliance (Noseworthy et  al. 1994; Turner 
et al. 2012; Woods et al. 2016). Blinding integrity in any controlled trial or research 
study involves two main aspects: concealment allocation and a sham/placebo 
treatment.

Concealed allocation is not hard to achieve and technically is blinding during 
screening and separation of the candidates into two (or more) arms of a study. None 
the less, care should be taken in operator blinding including device options for 
coded programming (Alonzo et al. 2016; Russowsky Brunoni et al. 2015) and with 
subtle factors such as active-arm specific impedance changes or skin erythema  
considered (Ezquerro et al. 2017). On the other hand, it is not trivial to develop a 
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reliable method of sham tDCS, as it should be very similar to the active tDCS condi-
tion (Fig. 7.3a), yet free of neuromodulatory effects (Boutron et al. 2007).

Literature suggests the following techniques for sham tDCS in randomized 
trials:

 1. The fade in, short stimulation, fade out (FISSFO) approach (Fig. 7.3b). In this 
method, the Direct Current (DC) is initially increased incrementally over several 
seconds (e.g., 10 or 30 s) until reaching the current density of choice (Hummel 
et al. 2005; Iyer et al. 2005; Nitsche et al. 2003). In active tDCS, stimulation is 
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Fig. 7.3 Schematic diagram to simplify the techniques for application of sham tDCS (a) Active 
tDCS for 10 minutes with 10s fade in and 10s fade out at the beginning and end of the stimulation 
period. (b) The fade in, short stimulation, fade out (FISSFO) approach. (c) FISSFO at the beginning 
and FISSFO at the end of application time. (d) Low dose current (0.1mA) constant stimulation
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maintained for the whole treatment time (e.g., between 10 and 20 min), while in 
sham tDCS it is ramped down after 30 s. The 30 s stimulation for sham tDCS was 
chosen based on previous reports that the perceived tingling sensations on the 
skin, usually fades during the start of tDCS (Nitsche et al. 2003). This method 
has been employed from the earliest tDCS studies. Gandiga et al. described simi-
lar rates of discomfort and adverse effects between active and sham tDCS 
(Gandiga et al. 2006). They also reported that none of the participants or investi-
gators were able to distinguish between stimulation groups. This group con-
cluded that tDCS can be used in double-blind sham controlled RCTs. In line with 
the findings in this study, other studies have also reported non-significant differ-
ence between the rate of common discomfort and adverse effects between the 
active vs. sham groups (Brunoni et al. 2011; Poreisz et al. 2007).

 2. FISSFO at the beginning and FISSFO at the end of application time (Fig. 7.3c) 
(Caparelli-Daquer et al. 2012). In this approach, the current is ramped up and 
down at the beginning and end of the treatment time.

 3. Maintaining a very low-dose current (e.g., 0.1 mA) during the stimulation ses-
sion (Coffman et al. 2012; Fig. 7.3d).

 4. For HD-tDCS, as the electrodes are smaller, a scalp-shunt sham is possible 
where electrodes are placed in close proximity (Richardson et al. 2014). The full 
current dose is provided (e.g. 2 mA for 20 min) even in the sham arm, but the 
proximity minimizes brain stimulation.

The tolerability (sensations) during any tDCS active or sham protocol is highly 
dependent on the electrodes use and preparation. Therefore, the internal validity of 
sham in any trial and the rationale for comparing sham reliability across trials is 
entirely depending on the reporting and controlled of electrode selection and prepa-
ration techniques (Woods et al. 2016).

It should be noted that the third sham technique (Fig. 7.3d), maintaining a very 
low-dose current during the stimulation session, is not used broadly by researchers. 
This may be partly due to the fact that lower intensities are also capable of inducing 
corticospinal changes (Bastani and Jaberzadeh 2013a, b), therefore this method is 
not a true ‘sham’ and it may confound interpretation of ‘active’ and ‘sham’ 
outcomes.

While the FISSFO procedure at 1  mA validated by Gandiga and colleagues 
(Gandiga et al. 2006) is followed in the majority of tDCS studies, results from a 
series of more recent studies questioned the reliability of this method. Ambrus and 
colleagues (Ambrus et al. 2010, 2012) have shown that experienced investigators 
were able to correctly distinguish between active and sham tDCS. Using higher cur-
rent intensities (i.e. 2 mA instead of 1 mA) is considered as a key factor that is 
associated with detection of active tDCS (Ambrus et al. 2010; Dundas et al. 2007; 
O’Connell et al. 2012; Palm et al. 2013). Aforementioned examinations refer mainly 
to single-session studies. Integrity of blinding becomes more problematic in multi-
ple-session tDCS studies, which refers to daily tDCS sessions for several days or 
weeks. This process may help participants to become more aware of the difference 
between their feelings during active and sham stimulation sessions, which may 
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adversely affect the blinding process. In conclusion, compared to 2  mA, lower 
intensities (i.e. 1 mA) in single or multiple session tDCS studies represent a better 
approach to keep integrity of blinding. However, this is not in all cases the best 
functional solution and use of an “active” control (e.g., use of a behavioural task 
expected to not be influenced by stimulation of a given brain region) may provide 
greater clarity on tDCS specific effects.

 tDCS as a Therapeutic Intervention

tDCS has been investigated as a therapeutic intervention for a large number of neu-
rological and psychiatric conditions. In particular, tDCS has attracted a great deal of 
research attention in the areas of pain management, stroke rehabilitation, cognitive 
rehabilitation, and depression. There are a number of methodological consider-
ations for selecting and designing tDCS protocols that should be taken into account 
depending on the method of intervention (i.e., as a stand-alone or adjunctive treat-
ment). Considerations for both types of intervention are outlined below.

 tDCS as a Stand-Alone Technique

Stand-alone tDCS, that is in the absence of a concomitant intervention, has promis-
ing therapeutic potential particularly for pain management and as a treatment for 
major depression. Additionally, it has been investigated for reducing symptoms in 
multiple other neurological and psychiatric conditions. These interventions typi-
cally involve the administration of repeated tDCS sessions over consecutive days, 
ranging from one to several weeks. The rationale is that the effects of tDCS on corti-
cal excitability are cumulative when administered over repeated sessions (Alonzo 
et al. 2012; Galvez et al. 2013). There are several methodological considerations 
when designing a protocol for using tDCS as a stand-alone therapeutic technique.

First, both the number and spacing of treatments is potentially important for 
treatment outcomes. For example, for treatment of depression, greater number of 
sessions has been associated with increased treatment response (Brunoni et  al. 
2016). For management of neuropathic pain after spinal cord injury, however, 
shorter duration of treatment (i.e., <1 week) compared to longer duration of treat-
ment (i.e., >1 week) was associated with better treatment effects (Mehta et al. 2015). 
The spacing of treatments also can affect physiological outcomes, with cumulative 
effects found with daily sessions, but not when sessions were spaced 1 day apart 
over a 5 day period (Alonzo et al. 2012). Choosing the optimal number and spacing 
of tDCS sessions therefore may be dependent on both the clinical condition and 
treatment outcome in question. Similar considerations should also be given to the 
duration of stimulation, current intensity and montage, as these factors may simi-
larly affect outcomes differently for different clinical populations. This is the case 
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as therapeutic outcomes for a particular clinical condition may depend on stimula-
tion of different targeted regions. When investigating the therapeutic effects of 
tDCS in a new clinical condition, titration of stimulus parameters is therefore rec-
ommended, for example, in a clinical pilot.

A further consideration is standardization of subject’s activity during the tDCS 
stimulation. This is potentially important as the relative activity levels within stimu-
lated regions can interact with treatment outcomes. For example, the post stimula-
tion physiological effects of tDCS have been shown to be dependent on whether 
subjects were sitting passively at rest during tDCS, paying attention to a cognitive 
task, or actively engaging the stimulated region with performance of a motor task 
(Antal et  al. 2007; Fig.  7.4). The relative level of task-related activity may also 
affect treatment outcomes. Whilst performance of a slow motor task during stimula-
tion of the motor cortex improved learning and increased cortical excitability, poorer 
learning and decreased cortical excitability occurred when subjects performed a fast 
motor task (Bortoletto et al. 2014). Due to these potential interactions dependent on 
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task activity during tDCS, attempts should be made to control for potential brain 
state effects during administration of tDCS as a stand-alone treatment. Implementing 
methods to either standardize or restrict behavioural activity, such as movement and 
talking, prior to, during and following stimulation is therefore recommended. 
Finally considering the interaction of placebo-related brain state changes with tDCS 
(Schambra et al. 2014), the patient experience (clinical ritual) including interaction 
with staff should be defined and controlled – especially in trials without concomi-
tant intervention (explicit matched behavioural/cognitive therapy) as the case for 
most depression and pain trials.

For study design, the inclusion of a control condition that uses a different tDCS 
montage (e.g., actively stimulating an alternative target region) can also be consid-
ered. This could have potential utility for elucidating whether treatment effects are 
associated with neuromodulatory effects in particular brain regions. For example, 
Boggio et al. (2008) investigated the effects of stand-alone tDCS as a treatment for 
depression and randomized participants to receive either 10 sessions of active tDCS 
with the anode positioned either over the left dorsolateral prefrontal cortex 
(LDLPFC), or occipital cortex with the cathode positioned over the right supraor-
bital area, or sham. Results showed therapeutic effects only in the LDLPFC condi-
tion. This research thus formed the rationale for tDCS montages used in subsequent 
RCTs investigating tDCS for depression. Given limits on tDCS focality, computa-
tional models of current flow may be consulted in selecting the targeted intervention 
montage and active control montages (Truong et al. 2014).

 tDCS as an Adjunctive Technique

Recently, there has been increased attention given to the investigation of tDCS as an 
adjunctive technique, through combining tDCS with other therapeutic interven-
tions. These other therapeutic interventions could potentially be pharmacological, 
another form of brain stimulation, or behavioral. The rationale for using tDCS as an 
adjunct to pharmacological interventions is based on evidence that particular medi-
cations either potentiate or diminish tDCS neuromodulatory effects (Nitsche et al. 
2012; Stagg and Nitsche 2011). tDCS may be used in combination with other forms 
of brain stimulation to prime, or precondition prior to administration of the second 
form of brain stimulation (Loo et al. 2009). Regarding combining tDCS with behav-
ioral interventions, studies using animal models show that the presence of ongoing 
background activity is necessary for inducing lasting neuroplastic changes (i.e., 
Hebbian plasticity; Fritsch et al. 2010). In this regard, tDCS has been investigated 
as an adjunctive intervention to rehabilitative strategies in patients following stroke 
(Elsner et al. 2016), cognitive rehabilitation (Elmasry et al. 2015) and other inter-
ventions (e.g., cognitive behavioral therapy; D’Urso, Mantovani et al. 2013).

A potentially important methodological consideration for using tDCS as an 
adjunctive method with behavioral interventions is the timing of tDCS administra-
tion relative to intervention/task execution. Both behavioral and physiological  
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outcomes have been shown to differ depending on whether tDCS is administered 
‘online’ (i.e., during tDCS administration) or ‘offline’ (i.e., either immediately prior 
to or following stimulation). For example, while improvement in motor learning 
was found with ‘online’ tDCS, decreased learning occurred when the same task was 
performed ‘offline’ following tDCS stimulation (Stagg et al. 2011). Similarly, better 
performance on a cognitive training task was found during ‘online’ compared to 
‘offline’ tDCS administration, with maintenance of performance benefits the fol-
lowing day (Martin et al. 2014). These effects could at least be partly attributed to 
relative differences in the effects of tDCS on regional blood flow (i.e., as an index 
of neuronal activity) between the two conditions, with widespread increased activ-
ity during ‘online’ stimulation, and decreased activity in the period immediately 
following stimulation (Stagg et al. 2013). Given that therapeutic outcomes are likely 
dependent on the nature of the intervention (e.g., the effect of cognitive behavioral 
therapy on tDCS neuromodulatory effects), careful consideration should therefore 
be given to the timing of tDCS administration.

A further consideration is study design. It is ideal to include stand-alone tDCS as 
a control condition when it is unclear whether there is a therapeutic, additive or 
synergistic effect of tDCS as a stand-alone treatment or when combined with a par-
ticular intervention. The SELECT DCS trial was conducted in patients with major 
depression (Brunoni et al. 2013). This study used a 2 × 2 factorial design which 
included the following conditions: sham tDCS + placebo, tDCS + placebo, sertra-
line + sham tDCS, and sertraline + tDCS conditions. Such a design thus enabled the 
investigation of whether tDCS as an adjunctive intervention combined with sertra-
line had additive or synergistic effects on treatment outcomes.

Selection of an appropriate tDCS protocol depends upon the nine parameters 
outlined in Fig. 7.5.

 Physiologic/Therapeutic Goals

 Physiologic Effects

Physiologic effects of tDCS can be polarity dependent (Priori et al. 1998; Rowny and 
Lisanby 2008; Wagner et al. 2007). Typically, it is considered in the literature that 
application of the positive polarity electrode (Anode) over the target brain area 
(a-tDCS), increases resting membrane potential (depolarization of soma of cortical 
neurons) which leads to increased cortical excitability (Nitsche and Paulus 2000). 
Instead, application of the negatively polarity electrode (cathode) over the target brain 
area (c-tDCS), decreases resting membrane potential (hyperpolarization of cortical 
neurons soma), and causes decreased cortical excitability. However, new literature 
indicates that the polarity dependent effect of tDCS on cortical excitability is protocol 
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Subjective/Objective Evaluation
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• Impairment
• Disability

• Therapeutic effects
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 effects

Select alternative intervention

Contraindications

Select alternative intervention

Other goals↑ Motor Learning↓ Pain↓ Cortical excitability↑ Cortical excitability

Physiologic/Therapeutic goal(s)

Is there enough evidence for the use of tDCS?
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No
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tDCS devices
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analysis

Application technique
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• Total charge
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• small active electrode
• Large return electrode
• Single site tDCS {
• Bi-hemispheric dual-site stimulation
• Uni-hemispheric concurrent dual-site stimulation
• Multi-site stimulation 

• Intracephalic
• Extracephalic

• Home use, self administration of portable micro tDCS devices.
• Clinic use, administration of tDCS in a clinic setting by a clinician.

• Single session
• Within session multiple tDCS
• Multiple session

• tDCS as a stand-alone technique
• tDCS as an adjunct technique

• Patients with sensory deficits.
• Patients with difficulty in providing reliable feedback on stimulation
 sensation.
• Children

Is treatment
tolerated?

No

Yes
Continue

Adjust
parameters Terminate

c-tDCS Single, dual or multi sites a- and/or c-tDCS

Fig. 7.5 Decision tree for selection of tDCS protocols
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specific. This indicates that c-tDCS parameters, such as current intensity, duration of 
application, and site of stimulation, may determine its effects on corticospinal excit-
ability (Batsikadze et al. 2013; Boros et al. 2008; Monte-Silva et al. 2010). Batsikadze 
et  al. (2013) described a non-linear relationship between stimulation intensity and 
modulation of corticospinal excitability (Batsikadze et al. 2013). For example, one 
study showed that 20 min c-tDCS with intensity of 1 mA significantly diminished 
corticospinal excitability, while 20 min c-tDCS with intensity of 2 mA increased cor-
ticospinal excitability (Batsikadze et al. 2013). Recently, Vaseghi et al. showed that 
concurrent c-tDCS of M1 and DLPFC increased the corticospinal excitability, unlike 
separate stimulation of these two cortical centers (Vaseghi et al. 2016). These finding 
supports the notion that the effects of c-tDCS is protocol specific.

 Therapeutic Effects

tDCS is a non-invasive technique that is considered to produce only transient and 
mild adverse effects (Aparício et al. 2016; Bikson et al. 2016, 2017; Russo et al. 
2017). Its use in clinical research has significantly increased, particularly for neuro-
psychiatric disorders such as major depressive disorder, schizophrenia, rehabilita-
tion after stroke, Parkinson’s disease, drug addiction and other neurological and 
psychiatric conditions (Fregni and Pascual-Leone 2007; George and Aston-Jones 
2010; Nitsche et al. 2009). In spite of heterogeneous results in some studies, typi-
cally due to differences in the methodological procedures and differing inclusion/
exclusion criteria used in a given study, the findings are generally promising and 
further well controlled clinical studies are required to better address the therapeutic 
effects of tDCS.

 Characteristics of Applied Currents

The extent of tDCS-induced corticospinal excitability changes depend on the cur-
rent intensity/density (Nitsche and Paulus 2000) and duration of current applica-
tion (Furubayashi et al. 2008; Nitsche et al. 2008; Nitsche and Paulus 2000; Nitsche 
and Paulus 2001). As reported in a systematic review (Bastani and Jaberzadeh 
2012), tDCS with higher current densities induces larger corticospinal excitability 
changes. Nitsche and Paulus (2000) compared five current intensities between 0.2 
and 1 mA (CDs between 0.006 and 0.029 mA/cm2). They found that a stimulus 
intensity of at least 0.6 mA (electrode size 35 cm2; CD: 0.017 mA/cm2) for 5 min 
is required to induce a significant increase in corticospinal excitability (Nitsche and 
Paulus 2000).

Even though, literature indicates success in the use of 1–2 mA (10–20 min) for 
induction of different cortical and behavioral changes (Furubayashi et  al. 2008; 
Nitsche and Paulus 2000; 2001; Nitsche et al. 2008), Bastani and Jaberzadeh (2013a, b) 
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showed that lower intensities (i.e. 0.3 mA) induces larger corticospinal excitability 
changes than 0.7 mA or 1.4 mA. This indicates that effects of intensity may be non-
linear. Thus, future research is required to further evaluate the modulatory effects of 
lower current intensities on the induction of corticospinal changes. Compared to 
higher intensities (1–2 mA), the 0.3 mA induces less side/adverse effects and there-
fore it is tolerated better by participants and could be safely used in protocols with 
multiple tDCS applications. However, the majority of current evidence in tDCS 
exists for stimulation intensities between 1 and 2 mA.

 Electrode Size

Electrode size is a key factor in determination of current density and total charge 
density during application of tDCS, which also influences the relative spatial distri-
bution of the applied current in the brain. Using smaller electrode sizes tends to 
increase the relative spatial focality, as measured by neurophysiological outcomes, 
of the induced cortical electric field during application of tDCS (Nitsche et al. 2007) 
though physical computational models (Datta et al. 2009; Dmochowski et al. 2011) 
and measurments (Antal et al. 2014; Huang et al. 2017; Jog et al. 2016) predict cur-
rent must always flow in the brain regions between electrodes. Due to close proxim-
ity of cortical sites within the brain, larger electrodes can directly affect a number 
cortical sites affected by stimulation.

Nitsche et al. (2007) have manipulated the size of conventional pad electrodes 
and assessed its effects on modulation of corticospinal excitability. They found that 
a small (3.5 cm2) anode placed over the abductor digiti minimi representation over 
M1 did not affect the excitability of the neighbouring representation of the first 
dorsal interosseus muscle, which located just outside the boundaries of the anode. 
Furthermore, computer modelling studies showed that larger electrodes resulted in 
more diffuse current flow between the electrodes (Datta et al. 2009; Wagner et al. 
2007). Additionally, Bastani and Jaberzadeh (2013a, b) compared the effects of dif-
ferent electrode sizes over M1 and showed that using smaller electrodes with same 
current density induces larger corticospinal excitability changes. They concluded 
that the larger electrodes may also stimulate nearby cortical functional areas, which 
may have inhibitory effects on the M1. The relationship between electrode current 
density and resultant current density (electric field) in the brain is not simple, 
depending also in the position of the “return” electrode, and can be informed by 
computational current flow models (Bikson et al. 2010; Faria et al. 2011) (also see 
Chap. 9).

However, even the smallest brain regions can be functionally connected to 
other distal brain regions. Thus, it is not correct to assume that even more focal 
stimulation of a brain region, or even truly focal stimulation of a single gyrus 
(the latter of which is currently not possible with currently available methods – 
such as what we see during high definition tDCS), remains locally. Indeed, it 
may have downstream effects on the function of anatomically connected distal 
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brain regions (Polanía et al. 2012). This fact highlights the critical importance 
for not over- interpreting the focality of tDCS results, even when using smaller 
electrodes such as 3.5 cm2 or even 1 cm diameter high definition electrodes.

 Stimulation Site(s)

The stimulation site should be selected carefully based on the desired effects of 
tDCS interventions. As discussed above, no brain region operates in true isolation. 
Different neural processes are carried out by a dynamic network of interacting 
brain regions (Baudewig et al. 2001; Lang et al. 2004, 2005). In addition, many 
behavioral indicators of neurological and psychiatric diseases are not merely the 
result of abnormality in one isolated brain region but represent alterations in dif-
ferent brain sites within brain networks. As a result, simultaneous or consecutive 
stimulation of different superficial sites in the brain networks may be central to 
optimizing tDCS outcomes.

 Montage Selection

Traditional application of tDCS involves, placement of one electrode where cur-
rent is delivered to the head over a cortical site of interest and one return electrode 
where that current is taken back up, over another area. This electrode arrangement 
is called a cephalic montage and is the most utilised montage for application of 
tDCS. If the return electrode is positioned over another region of the body (not 
over the cranium) the technique is called extracephalic. It should be noted that the 
size and the place of the return electrode determine the path of the penetrating 
current, which appears to influence the final effects of stimulation (Bikson et al. 
2010; Kabakov et al. 2012). A common misconception in the literature is that the 
return electrode is passive (or inert). However, studies have shown that the return 
electrodes are not physiologically passive/inert and actively contribute (whether 
antagonistic or additive) based on return electrode position (Accornero et al. 2007; 
Antal et al. 2004).

 tDCS Devices

Currently a limited set of certified tDCS-stimulators are available. All certified 
devices deliver constant current (Agnew and Mccreery 1987; Bronstein et  al. 
2015), are battery operated and can be broadly classified as either laboratory/
clinic-based (DaSilva et al. 2011; Schestatsky et al. 2013; Villamar et al. 2013) or 
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home-based (Kasschau et al. 2015) devices. Stimulators differ for specific features, 
such as suitability for other stimulation protocols (e.g., transcranial alternating cur-
rent stimulation, transcranial random noise stimulation, etc.), programming capa-
bilities, number of channels, size, weight, portability, suitability for magnetic 
resonance imaging (MRI), ramp features, and blinding options. All certified tDCS-
stimulators provide the basic features required for tDCS.  These basic features 
include the ability to produce constant current, the ability to ramp current up and 
down over a period of time (rather than on/off), a method for evaluating electrode 
contact quality (e.g., impedance), a method for setting stimulation intensity (e.g., 1 
vs. 2 mA), and a method for setting stimulation duration (e.g., 10, 15, 20 min, etc.). 
As such, stimulator choice depends on planned application (e.g., need for blinding 
protocols, desired intensity level, number of electrodes, portability, wear-ability, 
home-use, lab/clinic-use, etc.). In contrast to lab/clinic stimulation devices, home-
based devices are designed to simplify self- (or proxy-) administration to patients 
at home. In these home-based devices the stimulation parameters are usually set by 
the clinicians or researchers, and to avoid any un-authorized use, they are fitted 
with locking mechanisms (e.g., coded activation of device for single use, remote 
activation by clinician, etc.) (Charvet et al. 2015). In addition, exactness of deliv-
ered current delivered is of crucial importance, and should be tested (e.g., by aid of 
an oscilloscope), since minor deviances can result in prominent alterations of 
experimental or clinical outcomes.

 Frequency of tDCS Applications

Earlier literature reported a monotonic relationship between the duration of tDCS 
application and its induced effects (Jaberzadeh et  al. 2012; Nitsche and Paulus 
2000, 2001). However, this notion was challenged by Monte-Silva et al. (2013). 
They concluded that the observed direct relationship between the duration of 
tDCS application, size and duration of the effect of stimulation may not exist dur-
ing longer applications of tDCS. Neuronal counter-regulation, which prevents 
over-excitation of the involved neurons, is a possible mechanism for explanation 
of this observation (Monte-Silva et al. 2013). This finding suggests that increasing 
the duration of tDCS application is not the best strategy for induction of larger and 
longer lasting corticospinal excitability (Monte-Silva et  al. 2013), but may not 
generalize to other outcomes (e.g., cognition, etc.). Within session repetition of 
shorter tDCS applications, could be considered as an alternative approach for 
induction of larger and more lasting effects (Bastani and Jaberzadeh 2014; Monte-
Silva et al. 2013). Monte-Silva et al. (2013) showed that single-session repetition 
of 13 min of a-tDCS within certain time intervals induces M1 excitability altera-
tions which lasted for 24 h. This finding was supported by Bastani and Jaberzadeh 
(2014), concluding that within-session repeated tDCS induces larger corticospinal 
excitability with day-long lasting effects. Multiple sessions of tDCS application 
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appear to extend the size and duration of the effects (Goldsworthy et  al. 2015; 
Meinzer et al. 2014).Stimulation repetition interval may also be relevant (Monte-
Silva et al. 2013).

 Application Technique

tDCS could be used as a stand-alone therapeutic intervention or as an adjunctive 
technique to prime the effects of other treatments (Hesse et al. 2007; Hummel and 
Cohen 2006). As a stand-alone therapeutic technique, tDCS has been used for mod-
ulation of pain (Mehta et al. 2015; Rostami et al. 2015), treatment of depression 
(Brunoni et al. 2016), and management of epileptic seizures (Assenza et al. 2014). 
As an adjunct technique it could be used to facilitate motor rehabilitation following 
stroke (Elsner et al. 2016), or to enhance learning with other interventions.

 Targeted Population

tDCS can be used in both healthy and patient populations at different age levels. 
Differences in brain size and anatomy suggest that children and adult brains 
require different tDCS dosage (Kessler et  al. 2013; Minhas, Bikson, Woods, 
Rosen, & Kessler, 2012). This is driven by a number of factors, including smaller 
overall head size, thinner cerebrospinal fluid space in children, thinner skulls in 
children, and a number of other physical factors. Likewise, compared to younger 
adults, the brain in elderly people, require special consideration for similar rea-
sons (e.g., greater cerebrospinal space, etc.). This will be described further in 
Chap. 20. Population specific dosage calculations for these groups have not been 
established yet and should be considered as a priority for future tDCS research. 
Caution must be taken when selecting specific design criteria for populations yet 
unstudied or with limited prior study using tDCS. In addition, special consider-
ation should be given to vulnerable populations or groups that may not clearly 
adhere to the study design considerations above (e.g., children). Ethical consider-
ations regarding vulnerable populations and regarding protocol selection will be 
discussed in Chap. 14.

 Conclusion

This chapter provided a framework for considering the factors relevant to make an 
informed choice about the appropriate tDCS approach, protocol and device for a 
given study or clinical trial. The necessary workspace that must be considered to 
reach an informed and appropriate decision is highly complex. Ranging from 
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electrode size, stimulation intensity, online vs. offline application, stand-alone vs. 
adjunctive approaches, duration of stimulation, location of stimulation, or the addi-
tional factors covered in this chapter, each must be considered carefully before 
study initiation or clinical application. Many of the topics in this list deserve careful 
and detailed consideration in their own right. Other chapters in this book will serve 
to provide the detailed information necessary for full consideration of tDCS 
approach, protocol, and device in the design phase of clinical and research applica-
tions of tDCS. While the literature provides a primary point of reference for study 
protocols used in past studies, it is very often the case that incomplete methodologi-
cal reporting limits our ability to fully replicate prior studies. The information pro-
vided in the current chapter will help the reader to identify critical considerations 
that should be attended to not only in their own study or trial design, but also in their 
evaluation of studies presented in the literature.
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Chapter 8
Stimulation Parameters and Their Reporting

Adam J. Woods, Helena Knotkova, Alexa Riggs, Dennis Q. Truong, 
and Marom Bikson

Following the proposal of Peterchev et al. (2012), transcranial direct current stimu-
lation (tDCS) dose is defined “by all parameters of the stimulation device that affect 
the electromagnetic field generated in the body.” tDCS dose therefore includes the 
stimulation waveform (i.e. DC), intensity and duration, and the number of elec-
trodes and their surface area (size/shape). For electrode surface area, it is specifi-
cally the surface where the electrolyte contacts the skin that defines electrode size/
shape. For example, for an electrode design where a conductive rubber electrode is 
inserted into a saline-saturated sponge-pocket, it is the surface area of the sponge 
(when saturated), but not the conductive rubber that defines electrode area. Not 
strictly part of dose, but also critical for reproducibility, are complete details of the 
electrode assembly including electrode material, coupling medium, electrode 
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thickness, and any relevant details of electrode specifics, such as if they are designed 
for a single or repeated use. These must be provided or referenced through a unique 
make/model number (Woods et al. 2016).

A single tDCS session is conceived as the period from initiation of current flow 
(start of ramp up) to end of current flow (end of ramp down). However, convention-
ally the “duration” of a tDCS session is exclusive of the ramp up or ramp up period 
and thus refers to the period when tDCS is at the target sustained current (e.g. 
2 mA). Ideally, to avoid ambiguity, description of “duration” should clearly identify 
if ramping is in- or excluded. For example, one could state that “the overall duration 
of the current flow and the duration of the ramp up/down was 21 min including both 
ramp up and ramp down period for 30 s each”. Or, “the overall duration of the 
stimulation was 20 min, with an additional 30 s ramp up and ramp down.”

All tDCS devices produce an imperfect signal, resulting in a fractional superim-
posed non-DC component (noise). At what level does this fractional non-DC com-
ponent become significant enough to not meet the definition of tDCS (Salimpour 
et al. 2016a, b)? It is hard to set a specific threshold for noise on the direct current 
based simply on output (e.g. 1% noise of DC, 0.1% noise of DC). A simple rule of 
thumb may be: when a high quality tDCS source does not reproduce the tolerabil-
ity or efficacy of a noisy tDCS source, then the outcomes of the noisy tDCS rely 
on a non-DC component and, per our definition, it is not strictly tDCS. To avoid 
such ambiguity, the performance of any tDCS stimulator should be independently 
verified by the trial site. It is also recommended that stimulation intensity and 
polarity are independently verified (e.g. using an ammeter) before any new device 
is used.

Transcranial direct current stimulation must involve at least one electrode on the 
scalp. The anode is defined as any electrode where current (positive quantity) enters 
the body and the cathode is defined as any electrode where the current (positive 
quantity) exits the body. tDCS must have at least one anode and at least one cathode. 
As such, the terms “anodal-tDCS” (a-tDCS) and “cathodal-tDCS” (c-tDCS), though 
common, should be used with caution. There is no pure unipolar tDCS (effects 
exerted under one electrode), as may be implied by these terms. The terms “anodal” 
and “cathodal” in this context thus reflect the intended outcome of stimulation at the 
electrode of interest to the operators and should be understood as only an expected 
outcome (or hypothesis). However, the extent to which the inevitable concurrent 
anodal and cathodal sources produce net effects on brain excitability, especially in 
the context of brain processing and behavior, are complex and unresolved. In any 
case, since electrical field orientation relative to neuronal orientation determines the 
neuronal effects of tDCS, and the former depends on the placement of both the 
anode and the cathode, referral to just one electrode is misleading. The preferred 
language should thus be descriptive and refer to physical aspects of electrode place-
ment, such as “the anode electrode over brain region X” (Clemens et al. 2014) or 
“anode electrode at scalp coordinate Z defined by the EEG 10-20 positioning sys-
tem” rather than “anodal tDCS of brain region X” since the latter incorrectly implies 
current delivered to just that brain region (Datta et al. 2009) and moreover over-
simplistic intended outcomes. Similarly, the terms “active”, “reference”, and 
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“return” electrode have no specific physical meaning and again refer to an operator 
fixation on one electrode with a hypothesis of action (see below).

Transcranial direct current stimulation produces current flow though brain 
regions not just under, but spanning between the electrodes (Antal et al. 2014; Datta 
et al. 2009), including theoretical influence of current reaching subcortical regions 
(Dasilva et al. 2012). The region of potential influence of tDCS (brain regions whose 
stimulation may explain outcomes) is thus significantly wider than the typically 
assumed “under” one electrode (Lang et al. 2005). Just because there are well estab-
lished montage specific effects on bio-markers (e.g. TMS evoked MEPs) or behav-
iors (e.g. change in reaction time or performance) associated with brain regions 
nominally targeted by tDCS, this does not imply that current was restricted to one 
brain area (e.g. “under” the “active” electrode) (Fig. 8.1).

Early forms of tDCS dating before 2000 used a wide range of intensities, dura-
tions, and montages (Esmaeilpour et al. 2017). In contemporary tDCS, post 2000, 
most conventional efforts used current intensities spanning between 1.0 and 2.5 mA; 
though higher current (3–4  mA) has been tested (Chhatbar et  al. 2017). Some 
exploratory studies tested durations spanning 4 s (used only for transient changes; 
Nitsche and Paulus 2000) but the majority of trials used stimulation lasting several 

Mastoid -DLPFC
P10 – F4

Bilateral DLPFC
(F3 – F4)

Inion -Zygoma
(Iz-Cheek)

M1 – contralateral Supraorbital
(C3 – Fp2)

Fig. 8.1 Example of conventional tDCS montages. For four montages (clockwise from top left: 
DLPFC-mastoid, Bilateral DLPFC, Inion-Zygoma, M1-SO) the electrode position (right panel), 
along with resulting predicted current flow (left panel)
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minutes (typically 10–40 min used for durable changes; (Acler et al. 2013; D’Urso 
et al. 2013; Ferrucci et al. 2014; Kühnl et al. 2008; Sandrini et al. 2014). tDCS lim-
ited to a few mA which, when proper technologies and protocols are used (Fertonani 
et al. 2015; Minhas et al. 2010; Moliadze et al. 2015; Paneri et al. 2016) is well 
tolerated.

Contemporary tDCS uses rectangular electrode assemblies of 5x5 cm to 5x7 cm 
skin-electrolyte contact area, though both smaller and larger electrode assemblies 
have been explored (Nitsche et al. 2007). Common tDCS electrodes assemblies use 
either metal or conductive rubber electrodes (Kronberg and Bikson 2012). Electrolytes 
or more commonly isotonic saline (saturated in a sponge) but gels and/or creams have 
also been used. The details of electrode assembly design and preparation (including 
operator training) are considered important for tolerability. For example, it is impor-
tant to maintain a minimal distance between the electrode and skin (Kronberg and 
Bikson 2012). The details of electrode design and preparation protocols are also criti-
cal for dose reproducibility. Excessive saturation leading to leakage across the scalp 
or insufficient saturation (including drying during use) will change the electrolyte-
skin contact area, which is the electrode area as defined in dose. Poorly controlled 
dose, even in a minority of subjects, can undermine the reproducibility of any effort.

Conventional tDCS commonly uses 2 electrodes, though 3- or 4-electrode mon-
tages are conceivable (Sellers et al. 2015). tDCS limits of feasible number of elec-
trodes is related to the conventional size of electrodes, since using large electrodes 
limits the number that can be positioned on the scalp. High-definition tDCS 
(HD-tDCS) is defined as any tDCS montage using electrodes with a compact (e.g. 
<5 cm2 total electrode contact area) skin-electrolyte that is defined by a rigid holder 
(e.g. comparable to EEG designs). Two or more electrodes may be used for 
HD-tDCS. A feature of smaller electrodes is the potential to use a higher number of 
electrodes and/or electrodes in closer proximity; this in turn provides increased flex-
ibility in montage design (Dmochowski et al. 2013) as well as facilitates simultane-
ous recording of EEG during tES Roy et al. (2014). HD-tDCS may be optimized for 
focality with targeted current flow or for intensity with broad current flow 
(Dmochowski et al. 2012).

In tDCS, the terms “return” or “reference” electrodes have been typically used to 
describe an electrode with presumed “physiological inertness” or perceived lack of 
importance—for example as a consequence of not being in proximity to the brain 
regions of interest for a particular intended use. However, all electrodes are func-
tional (even if they are not related to the hypothesis tested) in the engineering sense 
if they are used to carry current. The physiological “activity” of electrodes can be 
reduced for example by increasing electrode size or using a ring of electrodes (Datta 
et al. 2008; Nitsche et al. 2007); none-the-less, the configuration of these electrodes 
needs to be made explicit and their polarity and configuration must be indicated. 
The configuration and position of the “return” electrode has in any case a profound 
effect on current flow near the “active” electrode including current direction and 
strength – the use of an extra-cephalic electrode evidently does not cancel the role 
of this electrode in brain current flow (Bikson et al. 2010; Truong et al. 2014).
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The term “active” or “stimulating” electrode has been typically used to refer to 
those electrodes presumed to be physiologically active – or more specifically that the 
physiological / behavioral outcome of interest is due to current passing through these 
electrodes. “Active”, “Stimulating”, “Return”, and “Reference” are thus terms that 
typically relate to the “intent” of stimulation and if they are used it should be (i) with 
the recognition that despite intent, the physiological actions of stimulation may be 
unexpected and (ii) with the complete documentation of the stimulation dose (e.g. it is 
never appropriate to not provide details of reference electrode size, placement, and 
materials).

In summary, the essential stimulation parameters for tDCS, also called dose, are 
in principle simple to define, control, and reproduce. These are stimulation intensity 
(typically a few mA), the duration during with that intensity is maintained (typically 
tens of minutes), and the electrode montage (the skin-electrolyte contact area of all 
electrodes). Yet as explained above, lack of attention to detail or appreciation of the 
technology can lead to ambiguity (e.g. are ramps part of duration?) and irreproduc-
ibility (e.g. undefined level of saline). In addition, it is necessary to appreciate ter-
minology which is loaded with assumptions (hypothesis) such as “anodal/cathodal 
tDCS” or “active/return” electrode, and that during tDCS all electrodes are active 
and current travels through brain regions spanning between the electrodes. These 
issues, along with the rational for selecting a given dose for a given application, are 
expounded on throughout this book.
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Chapter 9
Role of Computational Modeling for  
Dose Determination

Ricardo Salvador, Dennis Q. Truong, Marom Bikson, Alexander Opitz, 
Jacek Dmochowski, and Pedro C. Miranda

 Computational Forward Models in Transcranial 
Direct Current Stimulation

 Introduction to Dose Definition and Selection

Dose, as defined in the context of transcranial stimulation with magnetic or electrical 
fields (E-fields), includes all the controllable parameters of the stimulation device that 
affect the electromagnetic field induced in the body (Peterchev et al. 2012). In the 
case of tDCS, this includes parameters such as the size, geometry, position, orienta-
tion and number of electrodes, the current intensity and polarity in each electrode, the 
duration of the applied current and the duration of the ramp-up/down period. Other 
parameters related to the experimental protocol and the skin preparation techniques 
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used can also be included in this definition of dose to the extent they influence elec-
tromagnetic fields in the body – though they are always important in the broader 
content of protocol reproducibility. Replicating all of these dose parameters across 
subjects does not guarantee, however, that the subjects’ response will be the same. 
This has become increasingly evident by studies indicating that the responses to 
tDCS can vary substantially across subjects within the same protocol (Lopez-Alonso 
et al. 2014; Wiethoff et al. 2014). One cause for this difference is the fact that the 
E-field distribution in the head during tDCS can be substantially different across sub-
jects due to individual differences in head geometry. Since direct in vivo measure-
ment of the E-field distribution during tDCS is not possible, except in special cases 
where implanted electrodes are present (Datta et al. 2016; Dymond et al. 1975; Opitz 
et al. 2016), computational models remain the only practical tool available to predict 
E-field in the brain for a given tDCS dose. Information from these models can be used 
to adjust dose parameters to induce comparable E-field across subjects, or it can be 
used to optimize these parameters to maximize the effects in a specific target cortical 
region (Dmochowski et al. 2011; Ruffini et al. 2014).

 Methods for Generation of Computational Models

The first models to predict the E-field in brain stimulation techniques relied on ana-
lytical solutions of the underlying physical equations (Eaton 1992; Rush and 
Driscoll 1968). The complexity of such approaches often demanded drastic simpli-
fications at the level of head geometry, number of tissues involved and electrode/coil 
geometry. Numerical computational approaches were soon identified as promising 
alternatives, but the limited computational resources available at first imposed simi-
lar limitations to the models (Roth et al. 1991; Tofts 1990). As such, many of the first 
computational studies of E-field distribution induced in tDCS adopted spherical 
head models (Miranda et al. 2006) or computer-aided design (CAD)  generated 
simplified geometries (Wagner et al. 2007). The advent of powerful computational 
resources has made it possible to build increasingly realistic head and electrode 
models (Datta et al. 2009a; Oostendorp et al. 2008).

Table 9.1 summarizes several published studies that have employed computa-
tional models of tDCS. Most of the recent studies have used realistic head models, 
and they employ similar techniques to generate such models. A generalized pipeline 
to create computational models is shown in Fig. 9.1. It should be mentioned that 
although the studies usually employ the same steps as those highlighted in the fig-
ure, the methods employed at each step can be substantially different across studies. 
The description of the studies presented in Table  9.1 shows the wide variety of 
electrode configurations and geometries that has been studied (see columns 
‘Electrodes’ and ‘Montages’). It also shows that the studies can be used in a variety 
of applications, such as investigating the fundamental properties of the induced 
E-field, studying the distribution of the E-field in montages typically used in clinical 
settings, optimizing montages to target specific cortical areas and/or studying the 
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Table 9.1 List of all studies involving computational models in tDCS

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

Spherical head models

1.  Miranda et al. 
(2006)

σScalp = 0.45 S/m
σSkull = 0.006 S/m
σBrain = 0.45 S/m
Isotropic.

Rectangular:
5 × 5 cm2

6.5 × 15 cm2.
Homogeneous 
conductivity: 
2 S/m.

4 electrode 
montages.

Type (1).

2.  Datta et al. 
(2008)

σScalp = 0.465 S/m
σSkull = 0.01 S/m
σCSF = 1.65 S/m
σBrain = 0.2 S/m
Isotropic.

Cylindrical
0.5 cm2.
Ring (variable 
diameters)
Homogeneous 
conductivity: 
5.9 × 107 S/m.

6 electrode 
montages.

Type (1) and (2). 
Concentric ring 
electrodes induced a 
field with the highest 
focality and 
directionality.

3.  Faria et al. 
(2011)

σScalp = 0.465 S/m
σSkull = 0.0083 S/m
σCSF = 1.79 S/m
σBrain = 0.332 S/m
Isotropic.

Cylindrical 
with areas 
between 
1 − 35 cm2.
Homogeneous 
conductivity: 
0.332 S/m.

Various bipolar 
configurations.

Type (1).

4.  Rampersad 
et al. (2012)

σScalp = 0.435 S/m
σBrain = 0.333 S/m
Isotropic.
The skull was given several 
different properties: 
Isotropic, three-layers, 
anisotropic.

Rectangular:
35 cm2.
Homogeneous 
conductivity: 
1.4 S/m.

Several bipolar 
configurations 
with electrodes 
separated by 180°, 
90° and 45°.

Type (1). Single layer 
anisotropic skull or a 
single layer isotropic 
skull with a 
conductivity equal to 
that of the 
conductivity in the 
radial direction of the 
anisotropic model, 
gives similar results to 
3-layered model.

CAD generated models

5.  Wagner et al. 
(2007)

σScalp = 0.465 S/m
σSkull = 0.01 S/m
σCSF = 1.654 S/m
σGM = 0.276 S/m
σWM = 0.126 S/m
Isotropic.

Rectangular:
5 × 5 cm2

7 × 5 cm2

1 × 1 cm2

7 × 7 cm2.

7 bipolar 
montages.

Type (1), (3) and (4). 
Implemented 3 stroke 
models.

Models generated from segmentation of MR images

6.  Oostendorp 
et al. (2008)

σScalp = 0.33 S/m
σSkull = 0.102 S/m
σCSF = 1.79 S/m
σGM = 0.33 S/m
σWM = 0.14 S/m
Isotropic.
For WM and skull, 
anisotropy was also 
included.

Rectangular:
5 × 9 cm2 
(patch 
projected into 
scalp).

Anode over LM1 
and cathode over 
RSO.

Type (1).

(continued)
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Table 9.1 (continued)

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

7.  Datta et al. 
(2009a)

σScalp = 0.465 S/m
σSkull = 0.01 S/m
σCSF = 1.65 S/m
σGM = 0.2 S/m
σWM = 0.2 S/m
Isotropic.

Rectangular:
5 × 7 cm2.
Cylindrical
0.5 cm2.
Modelled with 
a copper layer 
(5.9 × 107 S/m) 
on top of a 
layer of gel 
(0.3 S/m).

Rectangular 
anode over LM1 
and cathode over 
RSO.
4 × 1 cylindrical 
electrode 
configuration (1 
anode over LM1 
and 4 cathodes 
surrounding it).

Type (1), (2) and (3).

8.  Datta et al. 
(2009b)

Same as (7). Type (1). No 
significant 
temperature increases 
were reported in any 
tissue including the 
scalp during tDCS.

9.  Sadleir et al. 
(2010)

σScalp = 0.43 S/m
σSkull = 0.0015 S/m
σCSF = 1.8 S/m
σGM = 0.1 S/m
Isotropic.
σWM: Anisotropic
Other tissues were included 
(total of 11).

Rectangular:
22 cm2.
Homogeneous 
conductivity: 
1 S/m.

Anode over F3 
and cathode over 
RSO.
Anode over F4 
and cathode over 
LSO.

Type (1) and (2).

10.  Datta et al. 
(2010)

Same as (7).
Skull holes were modelled 
(either filled with CSF or 
scar tissue).

Rectangular:
5 × 7 cm2.
Modelled as  
in (7).

Anode over C3 
and cathode over 
RSO.
Anode over O1 
and cathode over 
RSO.

Type (1) and (4). 
Placing electrode over 
skull hole significantly 
affects the E-field 
distribution, but if the 
hole is midway 
between the two 
electrodes, no 
significant effects 
occur.

11.  Parazzini et 
al. (2011)

σScalp = 0.012147 S/m
σSkull = 0.020028 S/m
σCSF = 2 S/m
σGM = 0.027512 S/m
σWM = 0.027656 S/m
Isotropic. Many other 
tissues were considered 
(total of 26).

Rectangular:
Anode: 
3.5 − 35 cm2

Cathode: 
25 − 100 cm2

Electrodes 
modelled as 
perfect 
conductors.

Anode over C3 
and cathode over 
Fp2.

Type (1), (2) and (3).
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Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

12.  Mendonca 
et al. (2011)

σScalp = 0.465 S/m
σSkull = 0.01 S/m
σCSF = 1.65 S/m
σGM = 0.276 S/m
σWM = 0.126 S/m
Isotropic. Many other 
tissues were considered 
(total of 8). A synthetic 
neck and shoulder region 
was added with an isotropic 
conductivity of 0.17 S/m.

Rectangular:
4 × 4 cm2 and 
8 × 10 cm2.
Modelled as  
in (7).

Anode over C3 
and the cathode 
over cervical/
thoracic transition 
dorsal midline.
Anode over RSO 
and cathode 
unchanged.
Anode over C3 
and cathode over 
RSO.

Type (1), (3) and (5). 
Effects of 
extracephalic return 
electrodes and 
application to 
fibromyalgia.

13.  Halko et al. 
(2011)

Same as (12) (without 
“synthetic” neck-shoulder 
region). Includes a stroke 
lesion modelled as CSF.

Rectangular:
5 × 7 cm2.
Modelled as  
in (7).

Anode over Cz 
and the cathode 
over Oz.

Type (4) and (5). 
Patient specific model 
of a patient with a 
stroke lesion.

14.  Datta et al. 
(2011)

Same as (12) but with 
synthetic neck-shoulder 
region with a conductivity 
of 0.35 S/m. Includes a 
stroke lesion modelled as 
CSF.

Rectangular:
5 × 5 cm2.
Modelled as  
in (7).

Anode over C3 
and cathode over:
(a) Right shoulder
(b) Right mastoid
(c) Right 
orbitofrontal
Anode over C4 
and cathode over 
left shoulder

Type (4) and (5). 
Position of return 
electrode significantly 
affected E-field 
distribution.

15.  Dmochowski 
et al. (2011)

Same as (7) but with 
muscle and air cavities 
segmented as well.

Cylindrical 
1.1 cm2. 
Modelled as  
in (7).

64 possible 
positions 
according to the 
10/10 
international 
system.

Type (6). Algorithms 
to determine current 
intensity and polarity 
in pre-defined grid of 
electrodes to optimize 
E-field in target 
region.

16.  Suh et al. 
(2012)

σScalp = 0.33 S/m
σSkull = 0.0132 S/m
σCSF = 1.79 S/m
σGM = 0.33 S/m
σWM = 0.14 S/m
Isotropic. Skull and WM 
anisotropy was also 
modelled.

Cylindrical
0.5 cm2.
Modelled as 
homogeneous.

Anode over C3 
and cathode over 
C4.

Type (1). Skull 
anisotropy 
significantly affects 
the E-field distribution 
whereas the WM 
anisotropy has a 
smaller effect (except 
on deeper regions).

17.  Dasilva et al. 
(2012)

Same as (12), but more 
tissues were segmented 
(total of 15).

Rectangular:
5 × 7 cm2

Modelled as  
in (7).

Anode over C3 
and cathode over 
RSO.

Type (3) and (5). 
Application to chronic 
migraine.

18.  Turkeltaub 
et al. (2012)

Same as (12). Rectangular:
5 × 5 cm2.
Modelled as  
in (7).

Anode over 
RpTC (midway 
between T7 and 
TP7) and cathode 
placed over LpTC 
(midway between 
T8 and TP8).

Type (3) and (5). 
Application to 
dyslexia study.

(continued)
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Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

19.  Datta et al. 
(2012)

Same as (12) (without 
“synthetic” neck-shoulder 
region).

Rectangular:
5 × 7 cm2.
Cylindrical 
1.1 cm2.
Modelled as  
in (7).

Same as (7). Type (1) and (3). 
Compares E-field 
distribution across 3 
different subjects. 
Reports the need to 
incorporate subject 
specific models.

20.  Minhas et al. 
(2012)

Same as (19). Type (1) and (4). 
Compares E-field 
distribution in an adult 
model and a model of 
a child (12 years old).

21.  Sadleir et al. 
(2012)

Same as (9). 19 possible 
locations selected 
from the 10 to 20 
system.

Type (6). Algorithms 
to determine current 
intensity and polarity 
in pre-defined grid of 
electrodes to optimize 
E-field’s magnitude in 
target region.

22.  Parazzini 
et al. (2012)

Same as (11). Rectangular:
5 × 7 cm2.
Modelled as 
perfect 
conductors.

1 electrode over 
LTA (halfway 
between C3 and 
T5) and another 
one over Fp2.
Electrodes over 
F3 and F4.

Type (3) and (6). 
Study of electrode 
montages used in the 
treatment of tinnitus.

23.  Truong et al. 
(2013)

Same as (19). Includes fat 
as a separate tissue.

Same as (19). Same as in (7)
Anode over F8 
and cathode over 
LSO.

Type (1), (3) and (4). 
Compares E-field 
distribution in 
individualized models 
of 5 subjects with 
various body-mass 
indexes (ranging from 
normal to obese).

24.  Shahid et al. 
(2013)

σScalp = 0.43 S/m
σSkull = 0.015 S/m
σCSF = 1.79 S/m
σGM = 0.32 S/m
σWM = 0.15 S/m
Isotropic. WM anisotropy 
was also modelled. Other 
tissues were also segmented 
(total of 15).

Rectangular:
5 × 5 cm2.
Homogeneous 
conductivity: 
1.4 S/m.

Anode over C3 
and cathode over 
Fp2.

Type (1) and (3). 
Reports significant 
effects of anisotropy 
in current density 
distribution.

Table 9.1 (continued)
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Table 9.1 (continued)

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

25.  Miranda et al. 
(2013)

σScalp = 0.33 S/m
σSkull = 0.008 S/m
σCSF = 1.79 S/m
σGM = 0.32 S/m
σWM = 0.15 S/m
Isotropic.

Rectangular
5 × 7 cm2,
3 × 3 cm2.
Cylindrical
π cm2.
Homogeneous 
conductivity: 
2 S/m.

Anode over C3 
and cathode over 
right SO.
The rectangular 
anodes were 
rotated 45° so that 
their edge is 
approximately 
parallel to the 
central sulcus.

Type (1) and (3). 
Reports E-field 
maxima at the bottom 
of the sulci under the 
electrodes.

26.  Dmochowski 
et al. (2013)

Same as (12) (without 
“synthetic” neck-shoulder 
region). Includes stroke 
lesions modelled as CSF.

Cylindrical 
1.1 cm2. 
Modelled as  
in (7).

74 possible 
positions 
according to the 
10/10 
international 
system.

Type (4) and (6). 
“Optimized” electrode 
positions increased 
E-field strength, as 
compared to 
conventional 
montages, at stroke 
lesion sites in 8 
patients.

27.  Kessler et al. 
(2013)

Same as (19). Rectangular:
25 cm2.
Cylindrical 
0.95 cm2.
Modelled as  
in (7).

Rectangular 
electrodes:
  Anode/cathode 

over C3/C4.
  Anode/cathode 

over the 
posterior left/
right STG.

  Anode/cathode 
over F3/F4.

  Anode cathode 
over left M1/
RSO

4 × 1 cylindrical 
electrode 
configuration  
(1 anode over 
LM1 and 4 
cathodes 
surrounding it). 
Two distances 
from cathodes to 
anode were 
modelled

Type (1), (3) and (4). 
4 models of healthy 
adults and 2 models of 
children (ages 8 and 
12) were created. For 
the same currents, the 
E-field in the children 
models is stronger.

(continued)
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Table 9.1 (continued)

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

28.  Parazzini 
et al. (2013a)

Same as (11). Anodes: 
Rectangular 
5 × 7.5 cm2 
copper 
conductor 
(5.9 × 107 S/m) 
on top of a 
7 × 8 cm2. 
“Sponge” 
(0.3 S/m).
Cathode: Same 
as before but 
with different 
dimensions for 
the copper 
5 × 9.5 cm2 
and sponge 
7 × 10 cm2.

Anode over Fz 
and cathode over 
the right tibia.
Anode over T3 
and cathode over 
right deltoid.
Two anodes over 
C3 and C4 and a 
cathode over right 
deltoid.

Type (1) and (3). 
Reports current 
density magnitude in 
the midbrain, pons 
and medulla. Data 
suggests that 
interference of the 
extracephalic 
reference electrodes 
with the brainstem 
should be limited.

29.  Parazzini 
et al. (2013b)

Same as (11). Anode/cathode 
over F3/F4.
Same as the last 
two 
configurations  
in (28).

Type (1) and (3). 
Reports current 
density magnitude in 
the heart. The induced 
current density in the 
heart is lower than 
reported values for 
ventricular fibrillation 
threshold.

30.  Wagner et al. 
(2014a, b)

σScalp = 0.43 S/m
σSkull Compacta = 0.007 S/m
σSkull Spongiosa = 0.025 S/m
σCSF = 1.79 S/m
σGM = 0.33 S/m
σWM = 0.14 S/m
Isotropic. WM was also 
modelled as anisotropic.

Rectangular
5 × 7 cm2.
Homogeneous 
conductivity: 
1.4 S/m.

Anode over left 
M1 and cathode 
over RSO.
Anode and 
cathode place 
bilaterally over 
the area of 
TP9/10, P7/8, 
T7/8 and CP5/6.

Type (1) and (3). 
Reports moderate 
changes due to WM 
anisotropy in current 
density direction in 
GM. In the WM 
bigger differences are 
observed.

31.  Rampersad 
et al. (2014)

σScalp = 0.465 S/m
σSkull Compacta = 0.007 S/m
σSkull Spongiosa = 0.025 S/m
σCSF = 1.65 S/m
Isotropic. GM/WM, 
cerebellar GM/WM and 
brainstem: Anisotropic with 
volume normalized 
approach. Other tissues 
were considered (total of 9).

Rectangular
5 × 7 cm2.
Homogeneous 
conductivity: 
1.4 S/m.

Anode-cathode:
  LM1-RSO
  LDLPFC-RSO
  LDLPFC- 

RDLPFC
  LIFG-RSO
  Oz-Cz
  Right 

cerebellum – 
right cheek.

Type (1) and (3). 
Reports sub-optimal 
field strengths in the 
target regions for each 
electrode 
configuration.
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Table 9.1 (continued)

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

32.  Shahid et al. 
(2014)

Same as (24). WM, GM 
and skull anisotropy was 
included as well. Other 
tissues were also 
represented (total of 19).

Rectangular:
5 × 5 cm2.
Homogeneous 
conductivity: 
1.4 S/m.
Cylindrical 
1.1 cm2. 
Modelled as  
in (7).

Rectangular 
anode over C3 
and cathode over 
Fp2.
Cylindrical anode 
over C3 and 
cathodes over C1, 
FC3, CP3 and 
C5.
Cylindrical anode 
over C1 and 
cathodes over Cz, 
C3, FC1 and 
CP1.

Type (1) and (3). The 
effects of anisotropy 
would not affect the 
clinical decision in the 
examples analyzed. 
However, they are of 
importance if cellular 
model predictions are 
to be made.

33.  Ruffini et al. 
(2014)

Same as (25). Cylindrical
π cm2, 25 cm2.
Homogeneous 
conductivity: 
2 S/m.

π electrodes: Any 
one of 27 
positions in the 
10–20 system.
25 cm2 
electrodes: 
Several bipolar 
montages based 
on literature.

Type (3) and type (6).

34.  Parazzini et al. 
(2014a)

Same as (11) but with skin 
conductivity set to 0.1 S/m.

Rectangular 
5 × 7 cm2 
copper 
conductor 
(5.9 × 107 S/m) 
on top of 
sponge 
(1.4 S/m).

Cathode over the 
midpoint between 
C3 and F3 and 
anode over:
  RSO area;
  Right shoulder 

area.

Type (3) and (4). 
Determines the E-field 
distribution in 
children models. The 
cathode was placed in 
the most common 
epileptogenic focus in 
children.

35.  Parazzini 
et al. (2014b)

Same as (11). Rectangular 
5 × 7 cm2 
copper 
conductor 
(5.9 × 107 S/m) 
on top of 
7 × 8 cm2 
sponge 
(0.3 S/m).

Anode/cathode 
centered over 
cerebellum and 
reference 
electrode over the 
right arm.

Type (3). Reports 
current density 
distribution in tDCS 
of the cerebellum.

36.  Gillick et al. 
(2014)

No details provided. Rectangular 
5 × 7 cm2. No 
details 
provided 
regarding 
modelling.

Anode/cathode 
over C3/C4.
Anode/cathode 
over LM1/RSO.

Type (3) and (5). 
Shows results of 
E-field modelling in a 
child brain model with 
a stroke.

(continued)
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Table 9.1 (continued)

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

37.  Brunoni et al. 
(2014)

Same as (12) (without 
“synthetic” neck-shoulder 
region).

Rectangular:
5 × 7 cm2.
Modelled as  
in (7).

Anode over left 
DLPFC and 
cathode either 
over occipital 
area or left TPJ.

Type (3). Shows 
E-field distribution in 
montages typically 
used in schizophrenia.

38.  Metwally 
et al. (2015)

σScalp = 0.33 S/m
σSkull = 0.0132 S/m
σCSF = 1.79 S/m
σGM = 0.33 S/m
σWM = 0.14 S/m
Isotropic.
WM and skull were also 
modelled as anisotropic.

Rectangular:
5 × 7 cm2.
Cylindrical 
0.5 cm2.
Homogeneous 
conductivity: 
5.8 × 107 S/m.

Rectangular 
anode over C3 
and cathode over 
RSO.
4 × 1 cylindrical 
electrode 
configuration (1 
anode over LM1 
and 4 cathodes 
surrounding it).
Cylindrical anode 
over C3 and 
cathode over C4.

Type (1) and (3). The 
presence of WM 
anisotropy leads to 
significant differences 
in the E-field 
direction, especially 
within the sulci.

39.  Opitz et al. 
(2015)

σScalp = 0.25 S/m
σSkull Compacta = 0.008 S/m
σSkull Spongiosa = 0.025 S/m
σCSF = 1.79 S/m
Isotropic. The GM and WM 
were considered 
anisotropic. Other tissues 
were considered (total of 8 
tissues).

Rectangular:
5 × 7 cm2.
Homogeneous 
conductivity: 
1.79 S/m, but 
other values 
were 
considered as 
well.

Same as (25). Type (1) and (3). 
Studies the influence 
of several parameters 
such as skull 
thickness, sulcal depth 
and CSF thickness on 
E-field distribution.

40.  Saturnino 
et al. (2015)

σScalp = 0.25 S/m
σSkull Compacta = 0.008 S/m
σSkull Spongiosa = 0.025 S/m
σCSF = 1.654 S/m
σGM = 0.275 S/m
σWM = 0.126 S/m
Isotropic. Other tissues 
were considered (total of  
8 tissues).

Rectangular:
5 × 7 cm2.
Ring: Outer/
inner diameters: 
5 cm/ 2.5 cm.
Cylindrical
1.1 cm2 or 
π cm2.
Electrodes 
modelled with 
increasing 
degrees of 
complexity.

Rectangular/ring 
anode over C3 
and cathode over 
RSO.
4 + 1 cylindrical 
electrode 
configuration  
(1 anode over C3 
and 4 cathodes 
surrounding it).

Type (1) and (3). The 
way the electrodes are 
modelled can 
significantly affect the 
E-field distribution. 
Important parameters 
include the location of 
the metal connector 
and the conductive 
rubber’s conductivity.
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Table 9.1 (continued)

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

41.  Laakso et al. 
(2015)

σScalp = 0.08 S/m
σSkull Compacta = 0.013 S/m
σSkull Spongiosa = 0.06 S/m
σCSF = 1.8 S/m
σGM = 0.1 S/m
σWM = 0.1 S/m
Isotropic. Other tissues 
were considered (total of 10 
tissues).

Cylindrical
25 cm2.
Homogeneous 
conductivity: 
0.3 S/m.

Anode over C3 
and cathode over 
Fp2.

Type (1) and (3). 
Studies E-field 
distribution in 24 head 
models. Reports 
significant differences 
in magnitude and 
E-field distribution 
across subjects. States 
that CSF and brain 
geometry are factors 
that explain these 
differences and that 
age is the only 
external factor that 
had a significant effect 
on results.

42.  Salvador 
et al. (2015)

Same as (25). GM-WM 
anisotropy was included.

Rectangular:
5 × 7 cm2.
Cylindrical 
π cm2. 
Homogeneous 
conductivity: 
2 S/m.

Anode 
(rectangular or 
cylindrical) over 
C3 and 
rectangular 
cathode over right 
SO.
The rectangular 
anode was 
oriented as in 
(25).

Type (1) and (3). 
Compares the E-field 
distribution of tDCS 
and TMS of the motor 
cortex. Reports 
significant E-field 
differences in 
direction, magnitude 
and location of 
maxima.

43.  Schmidt et al. 
(2015)

Does a sensitivity analysis 
varying the conductivities 
of 4 of the 5 represented 
tissues:
σScalp = 0.280 − 0.575 S/m
σSkull = 0.0016 − 0.0173 S/m
σCSF = 1.79 S/m
σGM = 0.220 − 0.445 S/m
σWM = 0.090 − 0.190 S/m
Isotropic.

No details 
provided.

74 possible 
electrode 
positions 
(extended 10/10 
system). An 
optimization 
scheme was used 
for auditory 
cortex 
stimulation.

Type (1), (3) and (6). 
Optimization scheme 
to induce a field radial 
to the cortical target in 
the auditory cortex. 
The influence of tissue 
conductivity in this 
optimization scheme 
was studied.

44.  Galletta et al. 
(2015)

Same as (12) (without 
“synthetic” neck-shoulder 
region). Includes stroke 
lesions modelled as CSF.

Rectangular:
5 × 7 cm2.
Modelled as  
in (7).

Anode over CP5/
F5 and cathode 
over RSO.
Anode over CP6/
F6 and cathode 
over LSO.
Anode over F5 
and cathode over 
F6.

Type (3) and (4). 
Study of tDCS 
montages used to 
promote recovery of 
post-stroke aphasia.

(continued)
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Table 9.1 (continued)

Reference Tissues represented Electrodes Montages
Study description / 
Additional comments

45.  Parazzini 
et al. (2016)

σScalp = 0.43 S/m
σSkull = 0.015 S/m
σCSF = 1.79 S/m
σGM = 0.32 S/m
σWM = 0.15 S/m
Isotropic.

17.5 cm long 
electrode (area 
of 35 cm2) that 
follows 
approximately 
the trajectory  
of the central 
sulcus.
17.5 cm long 
electrode (area 
of 35 cm2) 
rounded 
crown.
Rectangular 
10x7 cm2 pad.
Modelled as  
in (34).

The long 17.5 cm 
electrodes were 
positioned either 
over M1 or S1. 
The rectangular 
electrode was 
placed over Oz.

Type (1), (2) and (3). 
Investigates the use of 
a personalized 
electrode to modulate 
the entire extension of 
the motor / 
somato-sensitive area.

46.  Bortoletto et 
al. (2016)

Same as (25). Rectangular:
5 × 7 cm2.
Ring with 
inner/outer 
radius of 
3.5 cm/4.0 cm.
Homogeneous 
conductivity: 
2 S/m.

Same as (25).
Central 
cylindrical anode 
placed over the 
FDI region in the 
LM1. Ring 
cathode was 
surrounding it.

Type (2), (3) and (5). 
Reports higher 
focality of the radial 
component of the 
E-field with the 
concentric ring 
configuration.

A priority was given to papers published in international peer reviewed journals, so conference 
proceedings were ignored unless the work they reported was not found published elsewhere. For 
notes regarding the classification of the study and the positions of the electrodes, please refer to the 
bottom of the table
Legend: R/LM1 Right/Left motor cortex, RSO/LSO Right/Left supra-orbital area, L/RDLPFC 
Left/Right dorsolateral prefrontal cortex, LIFG Left inferior frontal gyrus, STG Superior temporal 
gyrus, FDI First dorsal interosseous, TPJ Temporoparietal junction, C1, C3/4, Cz, Fp2, FC1, FC3, 
O1, Oz, T5, T7/8, TP7/8, F3/4, F8, CP1, CP3, CP5/6, P7/8 Positions of the 10–10 international 
system
Classification:
Type (1): Basic principles of E-field distribution in tDCS: influence of tissue dielectric properties 
(including anisotropy), electrode modelling, tissue thickness, tissue heating…
Type (2): Study of electrode design: study of a particular electrode design for improving focality 
of field for a specific application
Type (3): Study of E-field distribution in well-known montages for specific applications
Type (4): Study of tDCS in possible susceptible populations: stroke, obese, children, subjects with 
skull openings, …
Type (5): Modelling study integrated in study involving trials with subjects
Type (6): Electrode montage optimization
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properties of the E-field induced in susceptible populations (more on this in section 
“Use of Computational Models in Clinical Practice”).

The majority of studies shown in Table 9.1 employ a numerical technique known 
as the finite element method (FEM) to solve the governing physical equations that 
determine the E-field induced in tDCS (i.e., Laplace’s equation) (Johnson 1997). The 
FEM yields an approximate numerical solution to a specific equation (or set of equa-
tions) that specifies a physical problem in a geometry. In the FEM, the geometry is 
subdivided into a number of finite elements of a specific shape that are connected by 
nodes. The latter comprise the finite element’s mesh. Within each element of the 
mesh, the solution to the equation can be written in terms of an interpolation function 
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E-field induced in tDCS

9 Role of Computational Modeling for Dose Determination



246

whose parameters depend on the values of the dependent variable in the nodes of 
each element. In the case of tDCS, the dependent variable is V, the electrostatic 
potential, and its gradient yields the electric field vector, E. By approximating the 
solution to the equation with an interpolation function in every element of the mesh, 
the original equation can be rewritten as a linear equation of the form AV = b, where 
A is a matrix (whose values depend on the geometry of the mesh and the type of ele-
ments used), V is the column vector with the values of the dependent variable (elec-
trostatic potential) in each node of the mesh and b is another column vector whose 
values depend on the boundary conditions of the problem (for instance the current 
injected at each electrode). In order to obtain the column vector V, it is necessary to 
invert matrix A, which can be performed using a number of numerical algorithms.

The first step for creating computational tDCS models is the specification of the 
geometry of the volume conductor, i.e., the head and electrodes. In most recent studies 
this is achieved by segmentation of structural magnetic resonance (MR) images, thus 
obtaining masks, i.e., the set of voxels labeled as belonging to a specific tissue. The 
choice of MR over other image modalities, such as computed tomography (CT), is 
mainly related to the fact that it does not involve ionizing radiation. It also offers a 
higher contrast between soft tissues, such as grey matter (GM) and white matter (WM) 
and the possibility for molecular phenomena to be observed (e.g. diffusion weighted 
imaging) (Bashir et al. 2015). MR also has some limitations, however, like the fact 
that the skull emits a very weak MR signal, therefore making its reconstruction diffi-
cult (Windhoff et al. 2013). Most studies use T1-weighted MR images with an isotro-
pic resolution of 1 mm (lower resolutions are sometimes used), although other studies 
have employed T2 and even PD-weighted images to allow for a better segmentation 
of the CSF and skull (Miranda et al. 2013; Windhoff et al. 2013). A variety of algo-
rithms and software are described in the literature in order to perform the automatic 
segmentation of the images. However, manual inspection of the resulting masks and 
manual segmentation of some structures is often reported as well. The majority of 
studies produce segmentation masks for the skin, skull, CSF compartments, GM and 
WM, but others include many more tissues such as muscle, subdermal fat, and eye 
sclera (Shahid et al. 2013). A number of studies segment the skull into compact and 
spongy bone (Laakso et al. 2015; Opitz et al. 2015; Rampersad et al. 2012; Saturnino 
et al. 2015; Wagner et al. 2014a, b). MR images do not usually allow for these two 
tissues to be segmented, so manual methods (Opitz et  al. 2015) or custom MR 
sequences (Rampersad et al. 2014) are employed.

Generation of the finite element mesh from the segmentation masks is performed 
using several possible software and algorithms. Three aspects related to the mesh are 
noteworthy. The first one is its resolution, i.e. the mean distance between the nodes 
in the mesh. The mesh must have sufficient resolution to accurately predict the spa-
tial distribution of the E-field. The second aspect is the type of element, i.e. the 
geometry of the finite element. Tetrahedra are often used because they allow for 
easier compliance to complex curved geometries. However, meshes with hexaedra 
are described in some studies (Laakso et al. 2015; Sadleir et al. 2010). Tetrahedral 
meshes are more time consuming to produce, since they require that smooth triangu-
lated surfaces be built for each mask. These surfaces are then used to generate the 
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volume meshes. Hexahedral meshes can be built directly from the masks, but they do 
not allow for smooth tissue boundaries to be represented. The only study that was 
found that compares these two types of meshes (Indahlastari and Sadleir 2015), 
focused on differences between mean values of the current density in predefined 
volumes. The differences on the direction of the E-field, however, remain unclear. 
The third aspect is the quality of the elements in the mesh, which is related to the 
shape of the elements. Elements with low quality, i.e. elongated elements with very 
small or very large angles (Windhoff et al. 2013), may lead to numerical instabilities 
in the FEM. The impact of mesh size and quality is of paramount importance to the 
obtained E-field results, but remains largely unaddressed in studies published up 
until now. This is in part due to the complexity of the head geometry, which makes a 
systematic study of the impact of the mesh challenging.

The stimulating electrodes are accommodated in the model by modifying the 
scalp’s volume mesh. The latter can have different geometries and can be modeled 
with different degrees of complexity (see Table  9.1). Most models represent the 
electrodes as homogeneous patches with uniform conductivities (Miranda et  al. 
2013; Sadleir et al. 2010; Wagner et al. 2007) or as two layers of materials with dif-
ferent conductivities (metal on top of conductive gel) (Datta et al. 2009a). However, 
recent studies have shown the importance of accurately modeling the geometry of 
the electrodes, including the presence of a rubber pad inside the saline soaked 
sponge (sock-electrodes) and accounting for the position of the metal connector in 
the electrode (Saturnino et al. 2015).

Once the finite element mesh is obtained, the electric conductivity of each tissue 
and the boundary conditions must be set. The skin and CSF compartments are usu-
ally modeled as homogeneous and isotropic. In most models, the GM, WM and 
cerebellum are also modeled as such, but several studies use diffusion weighted 
(DW) MR to estimate the diffusion tensor and assign a conductivity tensor for 
these tissues (Metwally et al. 2015; Oostendorp et  al. 2008; Opitz et  al. 2015; 
Rampersad et  al. 2014; Sadleir et  al. 2010; Salvador et al. 2015; Schmidt et al. 
2015; Shahid et al. 2013, 2014; Suh et al. 2012; Wagner et al. 2014a, b), thus allow-
ing for the anisotropy to be taken into account. The skull can either be modeled as 
isotropic (single layer or three layers, when spongy bone and compact bone are 
segmented) or as anisotropic (with a single layer) (Rampersad et  al. 2012). 
Conductivity values for DC or low frequencies can be found in a number of recent 
studies in the literature (Gabriel et al. 1996; Wagner et al. 2014a, b). However, the 
results are sometimes in disagreement with older data (more on this in the next sec-
tion). The conductivity of the electrodes/conductive gel/conductive rubber in the 
electrode models is also often unknown. For homogeneous electrodes this seems to 
have a limited effect on the results (Opitz et al. 2015), but for more complex elec-
trode models, this can significantly affect the E-field distribution (Saturnino et al. 
2015). Other important boundary conditions specify the currents injected by each 
electrode. This is performed by adjusting the difference between the electric poten-
tial of the electrodes (upper boundary of the electrodes in simple electrode models 
or the metal connector in more realistic models), until the desired current is 
obtained.
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The next step in these models involves inverting the matrix A, therefore obtain-
ing the values of the potential at each node of the mesh. Since these models can have 
more than ten million degrees of freedom (nodes), iterative procedures are usually 
employed (Barrett et al. 1993). These have been shown to provide solutions that 
have a small error with respect to analytical solutions (Faria et al. 2011). This form 
of validation, i.e. comparing the results of models with the numerical solution of the 
E-field, can only be performed in simpler geometrical models, when analytical solu-
tions can be obtained (Ferdjallah et al. 1996; Rush and Driscoll 1968). It also does 
not allow for a validation of the model per se, since many simplifications are intro-
duced related to the geometry of the volume conductor (head) and the electric prop-
erties of the tissues. The latter likely affect the predictions of these models much 
more than numerical inaccuracies.

The final step of the pipeline illustrated in Fig. 9.1 involves the visualization of 
the E-field distribution and its analysis. This is a crucial step as it will directly influ-
ence any clinical decision made about dose. These types of models allow for volume 
or surface data to be analyzed. Volume data can be processed to yield mean/maxi-
mum E-field magnitude values in regions of interest (ROI). Mean E-field values are 
preferred because they are less sensitive to variations in element size or low-quality 
elements in the mesh. Surface data can be used to extract information regarding the 
orientation of the field, particularly in directions perpendicular to the surface (nor-
mal component) and tangential to it (tangential component). Analysis of surface 
data must be performed with care, as the normal component of the E-field is discon-
tinuous across interfaces between tissues (Miranda et al. 2013). In order to further 
aid the visualization of the results, methods of cortical surface inflation have also 
been proposed (Laakso et al. 2015; Opitz et al. 2015), since they allow for an easier 
identification of the E-field maxima at the bottoms of sulci (Miranda et al. 2013). 
Another challenge lies in the comparison of E-field distributions across subjects, as 
inter-individual anatomical variability render direct comparisons non-trivial. One 
interesting solution that has been proposed is to register the individual models to a 
common atlas (Laakso et al. 2015).

 Limitations of State-of-the-Art Computational Models

Computational models based on segmented structural MR images remain the only 
viable alternative to predict the E-field as a function of the dose parameters. However, 
they present limitations that can significantly affect the accuracy of their predictions. 
The first limitation is related to the inherent difficulties associated with segmentation 
of certain tissues in MR images. As mentioned previously, the skull and the CSF are 
particularly difficult to segment from T1/T2 images, and thus require manual correc-
tions, or the use of specific image acquisition parameters that are not commonly used 
in a clinical setting. However, correctly modeling these tissues is critical to achieving 
accurate predictions, particularly because the largest change in electrical conductivity 
occurs precisely at the skull-CSF border. Many studies have shown the impact of the 
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skull modeling (Opitz et al. 2015; Rampersad et al. 2012) and of the thickness of the 
CSF layer on the electric field in the brain (i.e., cortical regions where the CSF is thin 
have a significantly higher E-field magnitude, (Opitz et al. 2015)).

The geometry of the head models is usually obtained from MR images of a single 
individual. This can significantly bias the obtained E-field distribution, since great 
anatomical variations can exist between individuals (Huang et al. 2016). The effects 
of these differences have been addressed in a number of studies (Datta et al. 2012; 
Laakso et al. 2015). One alternative is to create individualized models for each par-
ticipant in a given study, but this is difficult due to the high computational resources 
and specific know-how required to build such models. One other option is to use a 
volume conductor geometry that is obtained from averaged MR images of a number 
of individuals (Huang et al. 2016). This makes the particular features of the geom-
etry of the volume conductor less susceptible to individual features of a single head 
but might be less representative for a specific individual (i.e., patients or research 
subjects).

One large difference between studies lies in the way the electrical conductivity of 
tissues is modeled, and which values are assigned to it. This can be clearly seen by the 
sometimes great disparity between the conductivity values assigned to the different 
tissues (see the second column of Table 9.1). Since this greatly affects the predictions 
of computational models, some studies have conducted sensitivity analyses on the 
values of the isotropic conductivities or the effects of the presence of skull and/or WM 
anisotropy (Laakso et al. 2015; Metwally et al. 2015; Schmidt et al. 2015; Shahid et al. 
2013, 2014; Suh et al. 2012; Wagner et al. 2014a, b). No “gold standard” exists nowa-
days for a way to model the electrical properties of tissues in the DC range of frequen-
cies, so care must be taken when comparing predictions between studies that employ 
different settings.

Another important limitation of computational models is that the information 
they provide is hampered by the lack of knowledge about the precise mechanisms 
of interaction of the E-field with the neurons. In other words, much is still unclear 
about how the information obtained from these computational models about the 
magnitude and direction of the E-field translates into modulation of the electrical 
activity of neurons. At first this may sound paradoxical, since the fundamentals of 
the E-field interaction with single neurons have been known for a long time (see 
Chap. 2 and (Roth 1994) for a review). In summary, polarization will occur in 
regions of maximum value of the activation function (gradient along the neuron of 
the E-field parallel to the neuron’s trajectory) (Rattay 1986). At the scale of cortical 
neurons, the gradient of the E-field along the neuron is small, but strong polariza-
tions can occur in regions where the axon or dendritic tree processes bend or termi-
nate (Amassian et al. 1992; Nagarajan et al. 1993) as well as on the soma (Rahman 
et al. 2013).

The existence of several potential interaction mechanisms, together with the fact 
that the actual geometry of the neurons is rather complex, makes predictions about 
sites of activation and the components of the E-field more likely to influence them 
hard to make. One generally adopted approximation that has been proposed to solve 
this is to assume that the polarization of the neurons will be proportional to the 
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E-field’s magnitude. This is termed the “quasi-uniform” assumption (Bikson et al. 
2013) and similar approximations have been proposed before in other forms of stimu-
lation, such as TMS (Ruohonen 1998). The E-field’s component in a direction either 
perpendicular (radial) or tangential to the cortical sheet may also be explicitly com-
puted (Faria et al. 2011) and might be the relevant factor in determining the field’s 
interaction with neurons. The radial component of the E-field optimally polarize pyra-
midal cells in the cortex with dendrites that extend normal to the surface (Bikson et al. 
2004; Datta et al. 2008). It also easily explains the polarity dependent nature of the 
neuro-modulatory effects elicited by tDCS that is observed up to a certain value of 
current intensity (Merlet et al. 2013; Nitsche and Paulus 2000). Tangential E-fields 
would optimally polarize axon afferents projecting along the surface (Rahman et al. 
2013). The quasi-uniform assumption does not model neuron specific effects (Radman 
et al. 2009) or consider the role of changes in electric fields, as notably occurs across 
the grey-white matter interface (Miranda et al. 2003, 2007; Salvador et al. 2011).

 Use of Computational Models in Clinical Practice

 Optimizing Efficacy

Since the early days of tDCS, many options regarding dose parameters have been 
chosen on a trial-and-error basis. As an example, consider the original study by Nitsche 
and Paulus (Nitsche and Paulus 2000), which demonstrated that tDCS could elicit long 
lasting excitability changes in the motor cortex, by placing one electrode over the pri-
mary motor cortex and the other over the contralateral supraorbital area (M1-SO mon-
tage). In that study, the authors reported several other bipolar electrode configurations 
that were tested and that failed to elicit the same results. While in some follow-up 
studies these canonical results were interpreted as suggesting that current flow in the 
M1-SO montage affected mostly the motor region- and by extension that tDCS could 
be focalized to any region by placing a large pad electrode over it – it is import to rec-
ognize that such an interpretation was not implied by the authors of the original study.

The recent computational studies that have emerged provide useful insights into 
the E-field distribution in the brain that can aid in optimizing the efficacy in clinical 
applications of tDCS. Many of the initial computational studies aimed at clarifying 
the E-field distribution in realistic representations of electrode montages used in 
clinical practice in a series of applications (Datta et al. 2009a; Miranda et al. 2013; 
Sadleir et  al. 2010). In contrast to earlier models based on concentric spheres 
(Miranda et  al. 2006; Rush and Driscoll 1968) or abstracted geometry (CAD, 
(Wagner et al. 2007)), a critical feature of models applied since ~2009 is the incor-
poration of “gyri-precise” resolution based on precise anatomical MRI scans, and 
attention to continuity of CSF involving smoothing beyond scan resolution. This 
level of detail resulted in several key predictions that challenged prevailing views on 
dose design: (1) significant current flow occurs between (rather than simply under) 
electrodes; (2) current is clustered in hot-spots whose locations depend on idiosyn-

R. Salvador et al.



251

cratic anatomy; (3) both electrodes are functional regardless of position (including 
extracephalic or “supra-orbital) and current under each electrode is influenced by 
the position of the others (Bikson et al. 2010). It should be noted that even as model-
ing technology has continued to evolve (e.g. addition of anisotropy; (Oostendorp 
et al. 2008; Suh et al. 2009)), and despite variation in methods (e.g. conductivity, 
(Opitz et al. 2015)), these basic predictions remain largely intact over the last 7 years 
of intensive modeling studies. In fact, is it precisely because current flow is not 
intuitive that models are important tools in the interpretation and design of tDCS 
studies.

These high-resolution studies proved useful in determining which regions were tar-
geted by these configurations and what was the direction of the induced E-field in dif-
ferent regions. Based on the latter, a newer batch of studies has appeared geared towards 
optimizing multi-electrode montages to achieve a target E-field distribution and orien-
tation in pre-defined cortical regions of interest (Dmochowski et al. 2011; Ruffini et al. 
2014; Sadleir et al. 2012). They use the superposition principle, i.e., the principle that 
the E-field distribution in the head induced by a given set of electrodes can be obtained 
by the weighted sum of the E-fields induced by bipolar electrode configurations with a 
common return electrode. The weights used to sum the bipolar induced E-field con-
figurations are the currents set in each electrode of the multi-electrode configuration. 
These types of models then determine the current intensity applied at each electrode 
(placed in a predefined array of positions) such that the induced E-field best approxi-
mates a pre-defined target E-field distribution in the brain. This optimization procedure 
can be further constrained by imposing maximum values for the current on each elec-
trode and the total injected current.

The main difference between the implementations in each study is related to the 
components of the E-field which were optimized (pre-determined E-field with any 
desired direction, as specified by the user (Dmochowski et al. 2011), E-field compo-
nent radial to the cortical sheet in (Ruffini et al. 2014) or magnitude of the E-field 
(Sadleir et  al. 2012)). Other differences are the algorithms used to minimize the 
difference between the induced E-field and the target field, and the type of elec-
trodes and pre-defined electrode positions. These studies have shown that it is pos-
sible to induce E-fields in target regions with higher focality and/or magnitude that 
those using conventional approached (i.e. bipolar “pad-like” electrodes) 
(Dmochowski et al. 2011). Moreover, they suggest the possibility of using data from 
functional imaging techniques (electroencephalography, positron emission tomog-
raphy and functional magnetic resonance imaging) to derive cortical activation 
maps that may serve as the target E-field distribution that served as input to these 
studies (Ruffini et al. 2014). Finally, they offer the possibility of avoiding unwanted 
stimulation of certain regions by minimizing the E-field induced in the latter (Sadleir 
et al. 2012).

In spite of the usefulness of computational models, their implementation can be 
a complex task for research groups, particularly those with clinical applications. 
Working in close collaboration with a computational modeling group might be an 
alternative, and indeed, many studies nowadays seek to incorporate the information 
from these models as a rationale to dose parameter decisions and/or as support for 
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some of the conclusions of the study (see references marked as type (5) in Table 9.1). 
The creation of tools to allow for easier implementation of these models (Jung et al. 
2013; Windhoff et al. 2013) and of databases of models (Truong et al. 2014) can 
also allow for a wider implementation of computational models as part of the pipe-
line for experiment design.

 Safety and Tolerability Considerations

It is not trivial to translate the predictions of computational E-field calculations to 
statements about safety or tolerability of a specific dose selection in tDCS. This 
occurs because, while the E-field distribution in tDCS can be predicted from these 
models in different tissues, the relation between the field and potential unwanted 
side-effects are not well known. None-the-less, under the assumption that increas-
ing the E-field in a given target increases the theoretical risk of injury, even by pro-
viding comparative electric field across montages and subject populations (e.g. 
pediatric, stroke, injury), models are a valuable tool to assess risk.

One aspect related to tolerability, for instance, are the reported tingling and itch-
ing sensations under the electrodes and the acute erythema that has been associated 
with vasodilation (Woods et al. 2016). Computational models allow for the E-field 
in the skin-electrode interface to be calculated, and complex electrode models 
incorporating the gel and conductive rubber pads within saline soaked electrodes 
have been produced (Saturnino et  al. 2015). These calculations, however, are of 
limited application since no model exists at the moment to relate the E-field to the 
reported undesired effects.

Regarding safety issues, attention has focused on predicting the electric field 
(current density) threshold at which injury may occur in the brain, skin or other 
structures. This work has, in turn, relied on injury thresholds proposed by animal 
models – which generally suggest thresholds more than one order of magnitude 
above clinical tDCS intensities. Computational models are essential to make scal-
ing of intensities between animal models and humans more precise for this pur-
pose, because for the same applied current or current density at electrodes, the 
resulting electric fields in rodent are much higher than those in human. For 
instance, injuries linked to possible tissue damage caused by heating (joule heat-
ing) may be relevant to tDCS. This has been addressed in a study (Datta et al. 
2009b) which has shown that application of tDCS with a current to electrode area 
ratio of 142.9 A/m2, a value that has been shown to lead to lesions in in vivo rat 
models (Liebetanz et al. 2009), caused a small maximum temperature increase in 
the brain (0.55  °C) but a significant scalp temperature increase (14.68  °C). 
However, these models require validation and many important factors, like sweat 
gland response in the scalp, were not modeled.

Another important safety issue is related to the usage of extracephalic return elec-
trodes, which have been proposed to avert unwanted effects of tDCS in cortical areas 
away from the target region (Moliadze et al. 2010). However, modeling studies 
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showed that use of extracephalic electrodes does not “cancel” the role of the return 
electrode, but rather creates extensive current flow through the foramen magnum, 
thereby affecting deep and mid-brain structures (Datta et al. 2011). It was speculated 
that current flow produced by extracephalic electrodes might interfere with other 
excitable tissues in the brainstem or the heart, which can lead to severe complications. 
Studies addressing this (Parazzini et al. 2013a, b) calculated current density magni-
tudes in these tissues and compared them to reported threshold values for cardiac 
fibrillation or with values induced in the brainstem during conventional bipolar mon-
tages, as these do not show unwanted brainstem neuromodulatory effects. These 
approaches to assess the lack of unwanted effects of the induced E-field still have 
some potential shortcomings, however, since the direction of the E-field is also a fac-
tor influencing neuronal stimulation and this aspect is not taken into account when 
analyzing only the magnitude of the field. One alternative to the use of  extracephalic 
electrodes is the use of the multi-electrode optimization approaches that were men-
tioned in the last section, which may allow for a reduction of the unwanted secondary 
activations in unwanted brain areas. The latter also allows for the current in each 
electrode and the total overall current to be limited to specified maximum values.

The use of tDCS in subjects with skull defects (Datta et al. 2010) or in children 
(Gillick et al. 2014; Kessler et al. 2013; Minhas et al. 2012; Parazzini et al. 2014a) 
is also a matter that warrants caution, since the E-field distribution in these popula-
tions may be significantly different from that in healthy adult subjects. The presence 
of skull holes, for instance, was found to significantly increase the E-field if the 
electrode is placed directly on top of it. Regarding pediatric tDCS applications, the 
E-field induced in the child brain was found to be on average higher than that 
induced in adult brain using the same dose parameters. These results support the 
importance of carefully studying the E-field distribution in these models and lever-
aging them as a means to adjust dose parameters.

 Dose Selection on an Individual Basis

Currently, the technical sophistication required to generate high-resolution compu-
tational models make implementation on a subject specific basis a very time-con-
suming process. Recent efforts have aimed to automate the individual segmentation 
process in a manner that does not compromise model precision (Huang and Parra 
2015). Typically, however, computational studies involve the creation of one head 
model and the generalization of the results to other head geometries. This approach 
works well when the study’s goal is to determine basic principles of the spatial dis-
tribution of the E-field in tDCS. A few modeling studies have studied the impact of 
intersubject variability in the E-field distribution in tDCS (Datta et al. 2012; Laakso 
et al. 2015). These studies report significant differences arising from details in the 
geometry of the cortical sheet. One of these studies reports that the E-field in the 
hand motor area across 24 individual subjects followed a normal distribution with a 
standard deviation of about 20% of the mean (Laakso et  al. 2015). Recently, a 
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standardized head based on the MNI has been developed specifically for tDCS mod-
eling, and has been show to provide reasonable predictions of individualized subject 
response (Huang et al. 2016).

Other examples of cases warranting individualized head models are studies 
involving stroke patients, for which the size of the lesion and its location and shape 
can significantly affect the distribution of the induced E-field (Datta et al. 2011). 
Other examples are the already mentioned studies involving children (Minhas et al. 
2012) or studies involving obese subjects (Truong et al. 2013). In those cases, indi-
vidualized models remain the only viable way to provide a realistic E-field distribu-
tion and thus optimize dose parameters (Dmochowski et al. 2013).

 Examples of Application of Computational Modeling 
in Case Studies

Computational models of tDCS can be performed proactively or retroactively. 
Proactive modeling can influence montage selection by informing researchers of 
stimulation focality and intensity for a region of interest. In atypical case studies, 
safety concerns can be assessed and mitigated by proactively modeling the stimula-
tion protocol and comparing to a typical subject. Examples of this strategy include 
pediatrics, stroke, and subjects with cranial defects (Bikson et  al. 2016; Minhas 
et al. 2012). In Fig. 9.2, tDCS is simulated in a subject with and without idealized 
Deep Brain Stimulation (DBS) leads. As an extreme case, the burrhole defect typi-
cal in subthalamic nucleus DBS is allowed to be fluid filled and relatively conduc-
tive. Common sponge (conventional) and HD-tDCS montages for motor and 
cerebellar stimulation are compared. Fluid filled burrholes draw a greater amount of 
current density than what would normally exist with healthy tissue (dashed images). 
However, peak current density and electric field are minimally affected (less than 
twofold). In general, HD configurations exhibit lower electric field intensities in 
deep brain structures while exhibiting more focal field patterns.

While tDCS modeling tools are becoming more accessible (COMETS, Bonsai, 
SimNIBS) (Jung et al. 2013; Thielscher et al. 2015; Truong et al. 2014) many tran-
scranial stimulation studies have been and are performed without the guidance of 
modeling. Retroactive modeling of a specific study’s stimulation parameters can 
help to resolve mechanisms of action or explain variance within or between studies. 
Fig. 9.3 represents a post-hoc analysis of common tDCS montages used in schizo-
phrenia (Brunelin et al. 2012; Shiozawa et al. 2013). The electric field magnitude on 
the cortical surface depicts regions of maximum stimulation regardless of field ori-
entation (A). The radial component of the electric field predicts the effects of stimu-
lation on layer V pyramidal neurons aligned perpendicular to the cortical surface 
(B). Field orientation, anodal (red) or cathodal (blue), is commonly postulated to 
have excitatory or inhibitory effects on local regions (B). Meanwhile, tangential 
electric field magnitude is predicted to affect local connections oriented along the 
cortical surface (C).
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Chapter 10
Transcranial Direct Current  
Stimulation Electrodes

Niranjan Khadka, Adam J. Woods, and Marom Bikson

 Importance of tDCS Electrodes

Significant contributors to the broad adaption of transcranial direct current stimula-
tion (tDCS) are the portability and ease-of-use along with the tolerability profile of 
tDCS – adverse events limited to transient cutaneous sensations (e.g. perception of 
warmth, itching, and tingling) and erythema (Aparício et  al. 2016; Bikson et  al. 
2016; Dundas et al. 2007; Fertonani et al. 2015). Therefore, the design and prepara-
tion of tDCS electrodes are central to tolerability, and design increasingly empha-
sizes ease and robustness of use. Conversely, when established electrode protocols 
are not followed or poor electrode design used, tDCS can produce unnecessary 
significant skin irritation and burns (Dundas et  al. 2007). Thus, tDCS electrode 
design is central to understand the proper preparation of stimulation and prevent 
avoidable adverse events. Given that cutaneous sensation and irritation are the pri-
mary risks of tDCS, proper electrode uses and essential care at electrode preparation 
are vital to enhance tolerability and maximize reproducibility (Dundas et al. 2007; 
Minhas et  al. 2011; Turi et  al. 2014). Since sensations also determine effective 
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blinding, tDCS electrodes are critical for blinding reliability. Finally, to the extent 
tDCS electrodes design shaped the current flow through the brain, electrode selec-
tion and preparation is critical for the reproducibility of efficacy.

The conventional tDCS electrode configuration utilizes two electrodes  – one 
anode and one cathode – of comparable size (e.g. 5 × 5 cm2) positioned around the 
head. However, strategies scaling bipolar electrode size or increasing number of 
electrodes (using High-Definition electrodes) have been investigated to address 
concerns about tDCS spatial focality (Galletta et  al. 2015; Minhas et  al. 2012; 
Monte-Silva et al. 2010). This chapter does not address the question on montage 
design to target specific brain regions (instead see Chap. 9) or achieve specific neu-
romodulation outcomes, but only focus on the fundamental issue of electrode selec-
tion and preparation. Background on the design of electrodes is needed to guide 
users on electrode selection and proper application.

Technically, an “electrode” refers only to the surface of metal or conductive rub-
ber that makes a proper contact with an electrolyte such saline or conductive gel 
(Merrill et al. 2005). However, in the tDCS literature, an electrode conventionally 
refers to the totality of entire assembly that includes (1) an actual electrode (metal 
snaps, pin, pellet, disk, sheet, mesh or conductive rubber); (2) a conductive electro-
lyte such as the saline, conductive paste, or conductive gel that serves as the contact 
between the electrode and the skin; (3) a sponge material, if used, has a function of 
holding a liquid electrolyte in place; (4) any non-conductive mechanical support 
material either adhesive or non-adhesive (for e.g. rubber straps, headgear, electrode 
holder/adapter, HD-electrode casing, adhesive layer) used to hold the assembly in 
place or support its shape; (5) any conductive material supporting electrical connec-
tions such as wires or metal snaps that are integrated with the electrode assembly 
(with some elements like a metal snap connector serving both a mechanical and 
electrical connection role).

An essential function of the sponge and/or other support materials (such as the 
HD case) is to prevent direct contact between metal/conductive rubber electrode 
and skin. The reason is that electrochemical reactions (including changes in pH) 
occur right at the metal/rubber and electrolyte interface (Merrill et al. 2005) such 
that a “thick” electrolyte (e.g. realized by a thick sponge, or rigid shape) minimizes 
these reactions from reaching the skin. Thus, the saline, conductive paste, or con-
ductive gel is used to maintain good contact quality at the skin but also serves as a 
buffer between the metal/rubber and the skin surface (Minhas et  al. 2010). If as 
result of poor electrode design (e.g. conductive metal/rubber not fully protected 
from the skin) or preparation (e.g. a metal/rubber electrode pushed through paste) 
the metal/rubber contacts the skin, these electrochemical changes then directly 
impact the skin and skin irritation is likely.

An important function of electrodes used in tDCS is to protect the skin from 
electrochemical reactions occurred at the surface of the metal/rubber. Therefore, all 
electrodes designed for tDCS include some mechanism to separate the metal/rubber 
from the skin. As explained in the following sections, this separation can be gener-
ally facilitated by:
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 1. Sponge-electrode: A sponge which is saturated with the electrolyte, typically 
saline;

 2. Self-adhesive electrode or Dry electrode: An electrolyte, typically gel, that itself 
has sufficient rigidity and which can either include an adhesive (self-adhesive 
electrode) or does not include an adhesive (dry electrode); or

 3. HD electrode: A stiff mechanical support material that contains the electrolyte, 
typically gel and controls the position of the metal.

These choices between these general design approach also create restrictions on 
the size of the electrode (e.g. small HD vs large sponge) and how it is applied (e.g. 
self- adhesive gel or not adhesive with saline).

 Sponge-Electrode

This electrode type is the most common electrode design used in conventional tDCS 
(Fig. 10.1, (Dasilva et al. 2011)), largely due to its apparent simplicity and historical 
norms – starting with the canonical tDCS studies circa 2000 (Nitsche and Paulus 
2000). However, there are significant details in both the optimization of sponge-
electrode design and techniques in sponge-electrode preparation (Woods et  al. 
2016) – especially as in their most basic form, sponge- electrode requires compo-
nent assembly at every use. Most commonly in current tDCS protocols, a conven-
tional sponge-electrode pad has a skin contact area of either 25 cm2 or 35 cm2 with 
the scalp. For sponge electrodes, selection and positioning of the conductive carbon 
rubber sheath or metal can be varied. For example, Soterix Medical (EasyPad, 
Soterix Medical Inc., NY, USA) provides rubber electrode embedded inside a rect-
angular sponge pocket and uses plastic rivets to hold the rubber in place. In the 
Neuroconn sponge-electrode (neuroCare, Munich, Germany), the rubber sheath is 
similarly inserted into a sawn rectangular sponge pocket. In both cases, the rubber 
electrode is smaller than the outer dimensions of the sponge. In the Amrex- style 
sponge electrode (Caputron, NY, USA) a metal electrode is placed behind the rect-
angular sponge, and an insulating rubber encases the metal and sponge, except on 
the skin contact side. These conductive rubber electrodes typically include a female 
port which is connected to a male banana clip or pin terminated wire from the 
stimulator.

There are updated variants on the sponge-electrode design. The conductive rub-
ber may be (semi) permanently embedded into a circular (Sponstim, Neuroelectrics, 
Spain) or rectangular (EasyPad-2, Soterix Medical Inc., NY, USA) sponge with a 
male metallic connector attached to the rubber and emerging through the sponge (on 
the side opposite the skin contact). The male connector can be affixed to a female 
connector on the head-gear directly. As with other sponge electrodes, the electrodes 
can be re-used or are single-use – for a single-use, electrodes are further available as 
pre-saturated so requiring no preparation (Soterix EasyPad-2). A recent innovation 
is a more rigid sponge with bristles that enhances preparation through hairs and uses 
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sponge material embedded with salt in a manner that only water can be added over 
multiple uses (Halo Neuroscience, San Francisco, CA). Along with new types of 
associated head-gear (e.g. home-use; (Kasschau et al. 2015)) and connectors (e.g. 
magnetic), these examples illustrate that even with the conventional sponge- 
electrode paradigm, there is an ongoing innovation often focused on ease-of-use 
(e.g. pre-assembled and saturated) or reliability (e.g. sponge shape).

Sponge electrodes are intended to increase the contact quality even in the areas 
of the scalp with thick hairs because the electrolyte (saline) may penetrate under the 
hair and saturate the skin surface. Theoretically, the saturation of skin may also 
reduce inhomogeneity in current flow through the skin (Kronberg and Bikson, 

a A1I. A2I.

A1II. A2II.

b B1I. c

B1II.

C1I.

C1II.
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Internal view

Fig. 10.1 The architecture of sponge-electrode and its variations. (a) An exemplary FEM model 
of sponge pad positioning over left and right dorsolateral prefrontal cortex (dlPFC) in a head 
model. (a1I, a1II) CAD exemplars of sponge assembly variations wherein both variations rubber 
electrode is placed in between two layers of sponges, except the later has metal snap on top of the 
rubber (see c1III) to facilitate connection with customized headgear (head strap). Both variations 
of sponges have rivets to minimize edge effects, hence, maximizing tolerability. (a2I, a2II) shows 
the computational model of the above- mentioned sponges positioned over the skin surface. (b) 
Bifrontal placement of riveted sponge electrode (as in a1I) on a subject forehead. (b1I, b1II) 
Images of actual sponge electrode (5  ×  5  cm) as used in b1. (c) illustrates the  positioning of 
updated snap-in sponge-electrode assembly on a fixed montage specific headgear, in this case, 
M1-SO. (c1I, c1II) depict different views of the snap-in sponge electrodes (5 × 5 cm) as in A1II. 
The shape of the rubber electrode doesn’t influence the total current delivery to the brain region. 
(c1III) illustrates an internal view of the snap-in sponge electrode where the circular rubber elec-
trode is placed exactly at the center of the sponge pad
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2012). In some designs, where the sponges are readily accessible during the treat-
ment session, sponge hydration must be carried out with care: oversaturated sponges 
with saline has indicted changes in impendence or reported tolerability (Woods 
et al. 2016). Some disadvantages of using sponges are that sponge is prone to leak-
ing which distorts the “effective” electrode size making stimulation not reproduc-
ible – for this reason the volume of saline added to the sponges should be carefully 
calibrated (to the sponge model, size, and application) and a cap (e.g. neoprene) 
may be avoided since both obscure and support fluid spread.

Sponge electrode of various sizes have been used for tDCS (including 3 × 3, 
5 × 5, 5 × 7, 10 × 10 cm) but smaller sizes are not practical or necessarily tolerated 
(but see HD electrodes). Neither changing sponge-skin contact shape from square 
to circular (Ambrus et al. 2011; Minhas et al. 2011) nor changing sponges-skin 
contact size within the conventional range (with larger electrode potentially pro-
ducing slightly more irritation (Turi et al. 2013)) had significant effect on tolera-
bility (Aparício et  al. 2016; Fertonani et  al. 2015). Potentially, more important 
than electrode-skin contact area/shape is the electrode design, such as material 
thickness and use of rivets (Kronberg and Bikson 2012) and electrolyte salinity 
(Dundas et al. 2007). However, changes in electrode shape and size (Nitsche et al. 
2007), and even design (Opitz et al. 2015), may influence brain current flow even 
in the absence of significant changes in reported tolerability. Sponge electrode 
requires a head-gear to hold them in place (but see self-adhesive electrodes). In 
general, sponge-electrodes are easy to set up preferred by many researchers and 
clinicians worldwide (Fig. 10.1).

 Self-Adhesive Electrode

Relatively uncommon but of interest for wearable technologies, self-adhesive elec-
trodes adhere to the skin surface and require minimal preparation – making them 
easiest to use at a location without significant hair (Paneri et al. 2016). The bottom 
of the electrode has a layer of conductive hydrogel along with an adhesive mate-
rial, over this layer is a conductive wire, rubber or metal, and over either of them 
is a layer of insulation (see Fig. 10.2d2). The metal may be connected to a short 
cable with a female pin connection and the cable from the stimulator can be con-
nected to this female pin or the metal may be connected to a snap connector that 
protrudes through the insulation layer. Adhesive electrodes have been used in a 
limited number of tDCS trials (Paneri et al. 2016) but are common in other applica-
tions where pulses and AC stimulation are used such as cranial nerve electrical 
stimulation (Feusner et  al. 2012). Although self-adhesive electrodes are easy to 
apply, their use is limited as they are not practical for stimulating areas of the head 
with hairs. Moreover, while they are many brands and designs of self-adhesive 
electrodes, most are not suitable for direct current stimulation and may produce 
skin lesions.

10 Transcranial Direct Current Stimulation Electrodes



268

 High Definition Electrode (HD-Electrode)

High definition (HD) electrodes are another variant of the tDCS electrode assembly 
with a skin contact area of fewer than 5 cm2. The HD electrode includes a cup that 
sits on the skin and determines the skin contact area. The cup is filled with conductive 
gel or paste (Minhas et al. 2010). Suspended inside the gel is a metal ring, disk or 
pellet made from Ag/AgCl. The gel and metal are thus positioned by the interior 
dimensions of HD cup. The design of the HD cup controls the important factors of 
gel contact area with the skin and the distance between the metal and the skin 
(Fig. 10.3). As with conventional tDCS using sponge electrodes, there are different 
montages of HD-tDCS but HD electrodes, by the virtue of being smaller, can be 
deployed in significantly higher number and/or precision of placement (Borckardt 
et al. 2012; Dmochowski et al. 2011; Kuo et al. 2013). A common HD montage is the 

a b

c

d1

e

d2

Top

Top

Bottom

Bottom

Fig. 10.2 Illustration of adhesive hydrogel electrode (left and right). (a) Placement of rectangular 
anode on the subject’s right temples. (b) A square cathode electrode positioned about 1 cm to the 
right of the subject’s midline on the back of the neck. (c, e) representation of analogous electrode 
positioning as A and B on a realistic head model. (d1, d2) An actual image of the anode and cath-
ode adhesive electrode. The bottom of the electrode has an adhesive hydrogel to enhance adher-
ence with the skin whereas, at the top, there is a mesh of fabric used to hold the conductive in place
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4 × 1-ring montage where a ring/circular fashion using four “return” (cathode) disk 
electrodes arranged around an “active” (anode) electrode at the center (Datta et al. 
2009; Alam et al. 2016; Shen et al. 2016; Hill et al. 2017). The active electrode is 
positioned over the scalp (coinciding with the center of the active tDCS sponge pad) 
and surrounded by four return electrodes: each at a disk distance (from center to 
center of the disk) of ~3 cm from the active electrode). The HD electrodes are held in 
place using a cap headgear and a conductive electrolytic gel is filled into the electrode 
holders. Note that in contrast to sponge-electrodes, here a cap does not introduce 
issues related to electrolyte spread since the gel is well confined by the HD cup 
(Fig. 10.3).

 Electrode Preparation

The preparation and placement of tDCS electrodes remain the most critical and 
hence prone-to-error step in tDCS (Dasilva et al. 2011). Materials required for con-
ventional tDCS (Fig. 10.4) are simple but the safety and tolerability of the treatment 
require the administrator to firmly follow standard protocols.

Monitoring of electrode resistance before and during tDCS is considered impor-
tant for tolerability (Dasilva et al. 2011; Khadka et al. 2015a) where an unusually 
high electrode resistance is indicative of undesired electrochemical changes and/or 
poor skin contact conditions. However, monitoring of electrode impedance in no way 
reduces the need and importance of proper electrode selection and set-up- in the 
sense that poor electrodes conditions may be associated with a low resistance and, 
conversely, in some cases (e.g. subjects with high resistance scalp) good contact may 
be associated with a moderately high resistance. Skin irritation and discomfort may 

a

b

FEM modelRendered HD cup and
electrode

c

HD-tDCS electrode
placment

HD cup

Ag/Agcl Electrode

Gel

Fig. 10.3 Positioning of high definition (HD) electrode on a head model. (a) HD-cup with an 
electrode submerged in a conductive gel. (b) 4 × 1-ring configuration of electrode placement where 
four cathode electrodes are positioned around a central anode. (c) Illustration of HD-electrode 
assembly on a subject head. Electrodes are secured in a 4 × 1 configuration using a specialized 
head cap that follows EEG standard electrode position nomenclature
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be associated with high resistance, but not necessarily. Thus, monitoring of resis-
tance is an adjunct tool to detect not only ideal conditions at the electrode-skin inter-
face but also a substitute for quality electrode design and strict protocol adherence 
(Khadka et al. 2015a; Woods et al. 2016).

As noted, direct poor contact between the metal or conductive rubber electrode 
(site for electrochemical reaction) and the skin can trigger skin irritation (Merrill 
et al. 2005). Hence, sufficient electrolytic gel, cream or saline should be used as a 
buffer in between. However, oversaturation of saline in the sponge-electrode is a 
concern. Oversaturated sponges will be leaky and can impact the reproducibility of 
the treatment. Sufficiently, saturated sponges maintain good contact quality between 
the electrode and enhance the tolerability of the treatment. Since the saline soaked 
sponges are exposed to the ambient room temperature and are in contact with the 
human body surface (convection), saline will evaporate, and dehydration will be an 
issue. Therefore, it is imperative to obtain good contact quality directly under the 
electrode while maintaining an adequate saline saturation at the sponge-electrode. 
For sponge-electrodes, simple methods of quantifying saline saturation (e.g. use of 
medical grade syringes to dispense saline) can assist in achieving a consistent and 
appropriate amount of contact medium.

Consistent with the issues introduced by oversaturation of sponges, the shape 
or size of tDCS electrodes significantly alter the distribution of current delivered 
to the brain (Khadka et  al. 2015b; Kronberg and Bikson 2012; Minhas et  al. 
2011). Variation in the electrode assemblies or particularly electrode size results 

Headgear

Rubber electrode

Syringe

Saline
Stimulator

Sponges

Fig. 10.4 Lists of material used for conventional tDCS sessions with sponge electrodes. Generally, 
conventional sponges are soaked with saline using a syringe and the rubber electrodes are placed 
inside the sponge pockets. Sponge-electrodes are then secured over the brain target using custom-
ized headgear or head-strap. Finally, the rubber electrodes are energized using corresponding 
anode and cathode wires connected to the stimulator
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in differences in the distribution of the current across the surface area of the scalp 
and to the brain (Kronberg and Bikson 2012; Minhas et al. 2011). Thus, it is criti-
cal 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 elec-
trode assembly.

Inter-individual variation in the head size and shape demands subject-specific 
headgears or head straps (Bikson et al. 2010). Often elastic straps are used to fasten 
the conventional saline-soaked tDCS electrodes over the desired location. However, 
the force applied to secure the electrodes over the skin might induce pressure under 
the electrode and thus pressure-induced erythema either under or around the edges 
of the electrode as observed during sham stimulation (Ezquerro et  al. 2017). 
Moreover, excess force can cause leakage of saline from the sponge-electrode caus-
ing unnecessary mess or hindrance in current distribution over the scalp and requires 
frequent hydration of the sponge-electrode.

 Electrode Placement

A central consideration for tDCS is determining where to place electrodes on the 
head (montage). Studies monitoring neuro-physiological changes following tDCS 
and current flow FEM prediction have demonstrated that the relative location of 
electrodes result in significant differences in where and how much current is deliv-
ered to the brain (Kessler et al. 2013; Minhas et al. 2012; Woods et al. 2015). For 
example, Nitsche and Paulus (2000) demonstrated that relative differences in elec-
trode locations alter 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 selective brain targets (Kessler et al. 2013; Minhas et al. 2012; Woods 
et al. 2015). Hence, even a small variation in electrode location (distance between 
the anode electrode and the cathode electrode) significantly alters overall distribu-
tion of predicted field intensity in the brain. This chapter addresses proper electrode 
selection and placement, but these issues impact the control and reproducibility of 
dose (Woods et al. 2015). Generally, the importance of electrode location also high-
lights yet another critical consideration, preparation of a stable electrode placement 
on the head.

As head size and shape vary from person to person, it is important to use a 
method for common localization of electrode position. Few methods/techniques for 
addressing this issue includes: (1) International 10–20 (or 10–10 or 10–5) Electrode 
Placement System (Klem et al. 1999; Oostenveld and Praamstra 2001) or another 
gross anatomical coordinate system (Seibt et al. 2015); (2) neuro-navigation sys-
tems (e.g., MRI guided; (Feurra et  al. 2011a, b; Santarnecchi et  al. 2014); (3) 
physiology- based placement (e.g., TMS generated MEPs). At present, physiology-
based placement can only be performed for motor and other primary cortices  
(e.g., sensory). However, further options may become available in the future  
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(e.g., TMS-EEG methods). Use of EEG to guide (HD) tDCS electrode placement is 
investigated (Fernández-Corazza et  al. 2016). Any positioning technique should 
specify the center of each electrode along with electrode orientation. If any special 
accommodations are made for individual subjects, beyond those already inherent to 
the positioning technique (e.g. EEG 10-10) dosage must be noted (Kessler et al. 
2013). In essence, any positioning method selected must be clearly documented and 
reproducible allowing the study to be reproduced.

Once desired locations are identified, the electrode assembly must be affixed to 
the head for delivery of current. Non-conductive headgear used to position the elec-
trodes on the body or scalp (e.g. elastic straps) are critical for appropriate electrode 
placement (Woods et al. 2016). For tDCS using sponge-electrodes, elastic straps or 
other head-gear is used to secure electrodes in place during the entire tDCS session. 
Pressure-induced erythema even during sham stimulation has been previously 
reported by Ezquerro et al. (2017). Furthermore, if electrode straps are over-tight-
ened, there is an increased probability of saline leakage. Especially with rubber 
bands (elastic strips) or poorly designed caps, there is a risk with the  increasing 
tightening of drift toward the vertex (Woods et al. 2015). Specific head-gear designs 
prevent drift and can provide more reliable pressure across subjects and operators 
(Fig. 10.5).

With conventional rubber straps, various techniques exist to mitigate the above- 
mentioned issues. For example, the contour at the base of the skull below the inion 

a cb

d e f

Fig. 10.5 An updated method for electrode placement using fixed position head-gear and pre- 
saturated snap sponge-electrode. (a) Example of a headgear with a build-in anode and cathode 
snap-in wire terminals at a fixed position (M1-SO montage). (b) Pre-saline-soaked sponges with 
snap connected are affixed to the anode or cathode terminal. (c) Complete assembly of sponges- 
electrode and a headgear. (d–f) Different views of head-strap placement on a subject head
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and the flat of forehead provide stable placement of a strap around the head. For 
participants with long hair, placement of the back of the strap under the hairline also 
improves the  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. However, the use of a cross-strap under the chin 
can counteract this tendency but may be uncomfortable to participants. If under- 
chin straps are used, these should be used for all participants to maintain consis-
tency of participant experience in the study. In totality, an  advancement in 
the electrode assembly, particularly electrode straps can enhance the reproducibility 
of tDCS. One exemplar of updated snap-in sponge electrode headgear with a fixed 
montage (Knotkova et al. 2017) is shown above.

 Further Consideration for Electrode Design and Selection

 Erythema May Be Important for Blinding But Not Injurious

Skin redness (erythema) during or after tDCS is one of the most evident side-effects 
in tDCS trials. The causes of tDCS erythema may include but not limited to expo-
sure to saline, iontophoresis, pressure by headgear, and the stimulation current itself. 
Redness resolves spontaneously after stimulation and is not injurious. Electrode 
design and thickness, gender, skin type, nature of stimulation (anodal or cathodal), 
and intensity of stimulation may mediate its strength (Dundas et al. 2007; Guarienti 
et al. 2014; Guleyupoglu et al. 2014). Recent studies have been conducted to char-
acterize and control tDCS-induced erythema. Brunoni and colleagues previously 
reported that skin pretreatment with ketoprofen reduces tDCS-induced erythema 
(Guarienti et  al. 2014), although such an  approach inconveniently increases the 
preparation time. Erythema induced during tDCS varies from mild to moderate. 
Rater based evaluation of erythema can be overestimated which is solely based on 
visual inspection of the skin. Hence, a novel approach is to use the collected images 
for estimating a probability heat map on the skin area, which presumably represents 
the erythema distribution under the electrode. This model also corroborates the 
investigators’ observation of skin redness after sham stimulation which might have 
occurred for some reasons such as (1) the brief period of active stimulation at the 
session onset; (2) pressure of the pad, depending on how it is fixed; and (3) irritation 
of the skin due to the saline solution.

Skin redness (erythema) compared between rater-based and software-based data 
has demonstrated a very mild erythema occurred after sham stimulation although it 
was significantly higher after active stimulation, and even higher for the thick com-
pared to thin sponge-electrodes (Fig. 10.6). In the stimulation groups: stimulation 
using both thin and thick electrode of the  same size, erythema was comparable 
between the groups. Moreover, redness did not concentrate around the pad edges 
but it was rather diffuse under the electrode (Ezquerro et al. 2017). Assuming that 
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the electric current causes redness, it seems that current density is fairly homoge-
neous below the pad, and redness would be caused by an increase in blood perfusion 
among the tissue. This contrasts with a previous modeling study that showed that a 
thin sponge would have the current concentrated in the center of the sponge and a 
thick sponge, on the edges (Wagner et al. 2007). However, that model did not fully 
capture the inhomogeneity and anisotropy within the skin; for instance, skin/scalp 
was considered a combined mass of muscle, skin, fat and connective tissues.

The implications of erythema results in informing tDCS trial design should be 
taken with caution. First, the results can be specific to the headgear (e.g., presuming 
sham erythema reflects pressure), electrode technologies, electrolyte (gel/saline/
cream) used, subject demographics, and waveforms tested. In fact, a prior study has 
shown dependence on electrode design and skin type. Trial-specific considerations 
would determine the need and value to mitigate erythema-related sham concerns. At a 
minimum, researchers should be rigorous in controlling and reporting the relevant 
headgear and electrode, as well as other factors that could induce erythema. Simple 
methods to conceal exposed skin areas can be implemented. If appropriate, erythema 
intensity can be reduced by treating skin with 2% ketoprofen before stimulation 
(Guarienti et al. 2014). Importantly, a protocol that involves either trained operators or 
quantified segmentation, with optimal lighting and image capture, and with the tar-
geted intention to identify erythema difference across arms, is something impractical 
for regular use in tDCS trials. The finding from the respective tDCS erythema study 
(Ezquerro et al. 2017), therefore, do not necessarily contradict conventional experi-
ence in tDCS trials where sham was found effective by operator and subject reports, 
but rather raise a need for more detailed report of procedures used in future research to 
conceal stimulation group allocation, since it is now well documented that erythema is 
an independent factor for breaking investigator blinding in within-subjects design.

 Technical Comments on Resistance (Impedance) in tDCS

The simplest way to minimize skin irritation is through limiting current applied 
(e.g. peak current, total charge per session), use of well-designed electrodes (e.g. 
designed for tDCS), and following protocols for electrode and skin preparation. 
None-the-less, none ideal conditions can arise. Subject reporting of sensation, gen-
eral observation of electrode/skin conditions, and the monitoring of “electrode 
resistance” during stimulation (Wagner et al. 2007) are the only methods to monitor 
electrode conditions  – and of these, electrode resistance is the only device con-
trolled and objective measures. Electrode resistance is thus, universally relied on 
tDCS. However, the “electrode resistance” is, in fact, the voltage at the current stim-
ulator output (as the voltage is adjusted to maintain a constant current) divided by 
the applied current. This voltage reflects many non-linear processes at both elec-
trodes and the tissue (shown as Rt and RE in Fig. 10.7). While valuable in tDCS 
monitoring, since large excursions in voltage are indicative of non-ideal electrode 
conditions, this is not a first measure of “skin conditions” nor a measure of single 
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Fig. 10.7 Lumped circuit analysis of tDCS using two electrodes with an additional sentinel elec-
trode (not carry direct current). (a) represents an exemplary circuit using a test signal (test) and a 
sentinel (Rref) to predict DC voltage. This example includes two sources, S1 (DC) and a test AC 
signal, two active electrodes used for DC simulation: RE1 and RE2, and a sentinel electrode (Rref) 
to test the assumption that the AC voltage detected across RE1 and Rref can predict the DC voltage 
(hence, DC-resistance) of RE1. (b) Illustrates methodology to detect single electrode resistance 
changes. The schematic has two electrodes (RE1 & RE2) and a DC source (S1). The resulting volt-
age across these electrodes is the function of tissue impedance (Rt) and the resistance of both 
electrodes. (c) Presents a solution for the problem indicated in B based on the assumptions outlined 
in A, where a sentinel electrode (Rref) is used to selectively monitor a stimulating electrode (in this 
case RE1) of interest. Here, a single source produces a combined direct current with superimposed 
test AC signal and the sentinel electrode (not used for DC stimulation) is required, but not addi-
tional current sources

N. Khadka et al.



277

electrode resistance, or even strictly resistance  – since electrode over-potentials 
contribute as well. Rational development of tDCS can benefit from recognizing the 
non-triviality of this “electrode resistance” measurement.

Before and after tDCS, measurement of resistance requires the application of a 
low-intensity test current. Even prior to stimulation, the resistance reported by a 
device will speak about the properties of the test current used. Minor variations in 
the waveform of the test current (e.g. pulses vs DC test waveform, 10 vs 20 μA test 
current) can significantly change the calculated resistance (Hahn et  al. 2013). 
Therefore, the pre/post resistance reported by different tDCS devices, even under 
exactly identical electrode and skin contact conditions may vary. Since resistance 
during stimulation is measured under relatively high current (e.g. 1 mA), the pre/
post resistance also does not simply predict resistance during stimulation, though a 
general correlation is expected (e.g. very high pre-resistance is associated with high 
during resistance). None of this diminishes the value of testing resistance in tDCS, 
but compounded by the issues discussed next, raises cautions about interpreting 
resistance values in strictly absolute terms.

A relevant outcome of tDCS is that the passage of current itself across the skin 
may lower the skin resistance. This means that the effective resistance measured 
during tDCS is less than before tDCS. This feature can be taken advantage of in a 
situation where it is desired to limit the voltage (energy) generated by a tDCS device 
(Hahn et al. 2013). It also has important consequences for blinding. If the active 
tDCS arm produces a distinct current-dependent change in resistance that is absent 
in the sham arm, then devices that report resistance to the operator during stimula-
tion are not strictly blinded. However, one does not want to remove resistance 
reporting since its value is warning of non-optimal conditions. One solution is to 
replace resistance measured during stimulation with more categorical indicators of 
resistance (e.g. “Good”, “Moderate” or “Poor”), that can further be calibrated to be 
even across active and sham conditions (Alonzo et al. 2016; Russowsky Brunoni 
et al. 2015). The source of this resistance drop is likely a decrease in skin impedance 
(Hahn et al. 2013).

The electrochemical performance of electrodes under DC, as well as tissue, has 
been addressed elsewhere (Merrill et al. 2005). None-the-less, context is necessary 
to inform rational design. tDCS is current controlled with the voltage output (total 
source-voltage) of the stimulator adjusted to maintain a controlled current 
 application. The electrode and tissue have complex non-linear impedances. For 
example, the impedance may change over time and both electrodes and tissue may 
generate internal potentials. For electrodes, this is the overpotential from the elec-
trode interface (Minhas et  al. 2010) and for tissue, this includes skin potentials 
(Nitsche and Paulus 2000). How then does this complex system of impedance 
inform monitoring of “electrode resistance” for tDCS safety? It is accepted that dur-
ing tDCS, significantly increased voltage (at the current source output), which is 
associated with increased cell impedance, suggests non-optimal conditions at the 
electrode or electrode- skin interface. This is biophysically justified since maintain-
ing a low electrode over-potential voltage (Minhas et al. 2010) for a detailed discus-
sion) at the electrodes and high conductivity (e.g. good gel/saline contact with the 
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electrode and skin) are associated with minimized chemical reactions and good con-
tact. These, in turn promote, but do not guarantee, tolerated stimulation. In multiple 
electrode scenarios, the challenges in measuring single electrode resistance still 
exist where electrode impedances are confounded through crosstalk. Measurements 
of “electrode resistance” (as extrapolated from the voltage as one of the current 
sources) may be misleading such that poor electrode conditions are not detected 
(false negative) or good electrode conditions as reported as poor (false positive). 
Thus, individual electrode impedance measurement is valuable for two electrode 
tDCS, for multi- electrode tDCS it becomes essential (Fig. 10.7).

Isolation of individual electrode resistance has been previously demonstrated, 
based on tested fundamental assumptions: (1) passage of a low-intensity and low- 
frequency sinusoid current (test signal) across a tDCS electrode produces a sinusoid 
voltage across an electrode that predicts the DC voltage across that same electrode. 
Hence, the sinusoid test impedance should predict the DC impedance of the elec-
trode (Fig.  10.8a1, b1), (2) electrode resistance (for both DC and test signal) is 
greater than tissue impedance. Rational to this assumption is that poor electrode 
conditions will result in high electrode resistance and therefore will be detected. 
High electrode resistance is indicative of poor electrode conditions whereas a low or 
comparable tissue resistance is not a matter of concern, (3) administration of test 
current (Fig.  10.7 “test”) does not itself confound either tolerability of tDCS or 
electrode performance (Fig.  10.8a2, b2). This assumption appears to be valid as 
physiological actions on the  skin or peripheral nerves could be resulting from a 
change in sensation or resistance. Moreover, current densities at the brain are much 
lower than skin (Dasilva et  al. 2011) where changes could not be detected, and 
experimentally, it has been validated by prior observations (Antal et  al. 2008; 
Nitsche and Paulus 2000) that a low amplitude and frequency test signal as used in 
this study do not influence brain function (Fig. 10.8).

Fig. 10.8 Demonstration of failures to detect single electrode impedance changes (electrode 
faults) with specificity and methods to correct (a1, b1) Type A error and method of correction 
using a sentinel electrode and test signal in in vitro. A constant source (S1) energizes an anode and 
cathode with 2 mA whereas a second source (S2) delivers a test sinusoidal current (38 μA peak- 
peak at 10 Hz) across the anode (shared) and a sentinel electrode (not used for direct current). At 
any instance (in above illustration around 100–120 s of stimulation; a1) when the anode electrode 
becomes faulty – here, intentionally made defective through reduced electrode gel contact area – 
the voltage/resistance increases across the DC current source and at the time the AC voltage/
impedance increases across the second test source. In contrast, when a fault is created at the cath-
ode, DC-resistance across the first source again increases but AC-impedance at the second course 
is unaffected. (a2, b2) Type B error and method for correction using a sinusoidal test signal. Two 
independent sources pass direct current (DC) across independent pairs of electrodes. S1 generates 
a superimposed test signal (38 μA) on top of a DC (0.5 mA) while S2 generates 2 mA DC. S2 is 
activated transiently (around 100–150 s) whereas the DC voltage/ resistance across S1 is contami-
nated by the voltage produced when S2 is energized, the AC voltage/impedance is not affected
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 Tingling, Itching, and Related Sensations

Tingling is yet another common adverse effect reported in tDCS studies, observed 
in almost 3 out of 4 subjects (Kessler et al. 2012; Poreisz et al. 2007). Generally, 
the severity of adverse events is low across all condition (Brunoni et al. 2012), 
however, the frequency of tingling is significantly higher under thin vs. thick 
sponge stimulation (88% vs. 64% incidence, respectively) (Minhas et al. 2010). 
As discussed above, electrode size and salinity of sponge-electrodes may influ-
ence sensation (Dundas et al. 2007). In principle, electrode design must be opti-
mized to reduce the frequency and intensity of tingling and related sensations in 
clinical trials, which enhances blinding effectiveness. For this same reason, stud-
ies which have focused on the effectiveness of tDCS blinding technique but pro-
vide little attention to the electrode design and preparation techniques (including 
document operator training), are of limited generalized value. There is a dissocia-
tion between erythema and tingling  – tingling being higher under thin sponge 
stimulation than thick electrodes (Ezquerro et al. 2017). A potential reason may be 
that the thick sponge produces more uniform current density at the skin surface, 
resulting in evenly diffused erythema distribution and hence, lower tingling 
sensation.

 Heating, No Evidence in tDCS

One of the concerns to be addressed during tDCS is the change in temperature at 
the skin surface. These changes might be stimulation polarity (anode or cathode) 
specific, contributed due to passive heating, or due to a change in blood perfusion. 
Small non-injurious changes in skin temperature during tDCS may influence 
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cutaneous sensation (Lagopoulos and Degabriele 2008) and even influence cur-
rent flow patterns to the brain (Dasilva et  al. 2011; Gholami-Boroujeny et  al. 
2015). Such changes may also confound blinding of subjects (e.g., a sensation of 
warmth that is based on real temperature changes) or operators (e.g., in the active 
case sponges are warmer). Although higher temperature changes may be injurious 
and contribute to less tolerable treatment, prior experimental and FEM modeling 
studies have curtailed a role for significant temperature increases during 
tDCS. Datta et al. (2009) predicted no significant temperature rise at the sponge- 
electrode and the scalp interface deploying 4 × 1 ring HD-tDCS and conventional 
tDCS, however, this temperature increase phenomenon was not reported using 
experimental measures. A recent study conducted by Khadka et al. (2017b) indi-
cated a moderate and non-hazardous increase in temperature (~1 °C) at the skin 
surface during 2 mA tDCS that was independent of polarity and resulted from 
stimulation induced blood flow rather than passive heating (Fig. 10.9).

Any electrical stimulation might produce temperature changes; reflecting com-
plex interactions between joule heat due to applied current across the resistive tis-
sue, changes in metabolism (neuronal activation) or perfusion (flare), and heat 
conduction (Abram et al. 1980; Elwassif et al. 2006). Temperature changes in the 
body are typically considered insignificant in the efficacy or safety of neuromodula-
tion technologies (Balogun et al. 1996; Cramp et al. 1999). Skin surface tempera-
ture changes of 1 °C are none injurious and within normal variation (e.g., due to 
exercise, environment; (Elwassif et al. 2006; Scudds et al. 1995)). Moreover, as this 
small increment is, in fact, compensating for a reduction in surface temperature fol-
lowing application of room-temperature sponges, and since the core body tempera-
ture of the blood limits perfusion-based heating, this mechanism is not hazardous. 
Warmth sensation felt under the tDCS electrode can be attributed to electrical nerve 
activation rather than heating, and any significant skin irritation (that occurs only 
when standard protocols are not followed) being electrochemical in nature (Minhas 
et al. 2010). Any warming of sponges observed by subjects or operators touching 
the electrode surface would reflect passive heating from the body and it is unlikely 
that the difference between active and sham can be resolved, hence, not a confound 
to blinding.

 Future Electrode Advancement

 Within Electrode Current Steering (WECS)

Conventionally, tDCS employs rectangular saline-soaked sponge pads (25–35 cm2) 
placed on the scalp, with an internal electrode (carbon rubber electrode) connected 
to the direct current source. In many cases, impedance measurement across the cur-
rent source output may fail to recognize any non-uniform conditions at the elec-
trode-skin interface such as an uneven content or saturation. Hence, there is a need 
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to have a technology that enhances the sophistication of electrode design, and fur-
ther augments tolerability and promote broad use (for e.g., remotely supervised use 
or in-house use). Within electrode current steering (WECS), a novel method by 
Khadka et al. (2015b), is distinct from across electrode current steering as devel-
oped for implanted devices technology such as deep brain stimulation (DBS), where 
current is steered between electrodes that are in contact with the deeper brain tissues 
with the goal of changing desired brain regions that are activated. In WECS, current 
is adjusted between electrodes, not in contact with tissue but rather embedded in an 
electrolyte on the body surface (Fig. 10.10a2). The goal here is ‘not’ to alter brain 
current flow (Fig.  10.10e), but rather compensate for non-ideal conditions 
(Fig. 10.10b) at the electrode-skin interface. This technology also leverages meth-
ods for independently isolating electrode impedance and over potential during mul-
tichannel stimulation (Khadka et  al. 2015a). Having presented this novel idea 
through an exemplary case, WECS supports the need of future studies in the optimi-
zation of tDCS electrode design, automation of algorithms to control current 
(including using impedance measurement), and ultimately validation using experi-
mental measures.

In principle, WECS applies to noninvasive electrical stimulation with two or 
more electrodes (metal-rivets) embedded in an electrolyte (saline or gel)) on the 
skin (Poreisz et al. 2007). Each electrode is independently powered by a current 
source. Success in the implementation of WECS depends on geometry and material 
of each component of the assembly and an algorithm for current steering between 
electrodes. Changing the diameter and distance between the electrodes, the distance 
between the electrodes and skin, or electrolyte conductivity will discriminate how 

Fig. 10.9 Skin surface temperature increases under tDCS electrodes during pre-stimulation, stim-
ulation, and post-stimulation phases in the phantom, in vivo studies, and FEM simulations. (a1) 
An architecture of a skin model showing three skin layers (epidermis, dermis, and subcutaneous 
layers) and an electrode positioned on the skin surface. (a2) illustrates uniformly seeded current 
density flow streamlines inside the different skin tissue layers from the top surface of the anode 
electrode. (b) represents an average temperature change in subjects (in vivo testing) and phantom 
(in vitro testing) normalized to a  temperature at t = 0. In the phantom, ΔT was approximately 
identical across test samples and mode of stimulation, whereas in the subject testing, maximum 
ΔT was measured under the active electrode (max. under cathode) during stimulation. (c1) 
Analysis of normalized average ΔT in the phantom study (p < 0.01). No significant difference in 
ΔT was found in the control, compared to the anode and the cathode. (c2) shows predicted ΔT for 
the non-stimulation (control) and stimulation cases in the phantom FEM model. Predicted findings 
indicated no significant effect of stimulation on the phantom. (d1) In vivo analysis of temperature 
difference over time within subjects during pre-stimulation, stimulation, and post-stimulation. Red 
and green asterisks symbolize a  statistical significant difference (p < 0.01) between anode and 
control, and cathode and control, respectively. There was a significant difference in ΔT under the 
anode (p < 0.01) and the cathode (p < 0.01), compared to the control. Temperature under both 
anode and cathode gradually increased due to stimulation. (d2) FEM representation of the pre-
dicted ΔT in the skin model. A maximum ΔT of 1.36 °C was predicted by the computational model 
during direct current simulation
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current from the electrode reaches the skin (Kronberg and Bikson 2012), however, 
the total brain current flow remains unaltered and is independent of electrode con-
figuration (Fig. 10.10e). In WECS technique, an entire electrode assembly receives 
a fixed total current (intensities vary based on application). Current is evenly divided 
across the electrodes within the electrode assembly. For example, if an assembly has 
four electrodes, under an “even” current split of 2  mA, each electrode receives 
0.50 mA current (Fig. 10.10b).

WECS can be generalized to other noninvasive electrical stimulation techniques 
and potentially invasive techniques where an artificial or natural electrolyte barrier 
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Fig. 10.10 Validation of the underlying assumption of within electrode current steering (WECS) 
using FEM simulation. (a1) represents a realistic head model with an electrode assembly. (a2) illus-
tration of an exemplary electrode assembly for WECS. (a3) Uniformly seeded current density 
streamlines originated from within electrodes to the head tissues. (b) An “Even”, “Partially Uneven”, 
and “Fully Uneven” current administration mode through metal rivets of an electrode assembly 
keeping total current constant was considered. (c) Current flow isolines from each energized metal 
rivets. (d) Predicted current density at the electrode-scalp interface. (e) Presents an even electric 
field distribution in the brain target, even under different current administration conditions

10 Transcranial Direct Current Stimulation Electrodes



286

exists between the electrode and the tissue. For invasive techniques, WECS may 
complement traditional current steering but be used to protect electrode and tissue 
from injury. A further consideration is how current flow at the skin (scalp) is altered. 
On the one hand, current steering should avoid significant increases in current den-
sity at the skin, maintaining as uniform a current density at the skin as practical. On 
the other hand, when non-ideal conditions at the electrode or skin arise, including 
increasingly non-uniform current flow or electrode failure, current steering may be 
used to compensate. For example, if a given electrode fails and a high overpotential 
at the electrode is detected, current may be steered to other electrodes to minimize 
electrochemical hazard (Kessler et al. 2012) or if one region of the sponge becomes 
dry during use, current may be diverted to the most distant electrodes. Inherent to 
the above concept is the ability to detect non-ideal conditions and program appro-
priate corrective measures. The simplest feedback is the voltage at each current 
source, which using signal processing and “test signals” (superimposed currents not 
used for neuromodulation) or a “sentinel electrode” (not used for DC) may be used 
to calculate single electrode impedance (Khadka et al. 2015a). Additional informa-
tion can be derived by using test signals to isolate the impedance of the sponge/
electrolyte between the electrodes, generating a prediction for current density pat-
terns that can be corrected.

a b c d

e f g

Fig. 10.11 Future electrode advancement in tDCS, multilayer hydrogel composite (MHC) dry 
electrode. (a, b) Images of actual MHC dry electrode. (c) illustrates placement of the dry electrode 
over the specialized rubber electrode with the adhesive layer facing the rubber while the non- 
adhesive layer on the opposite side (skin side). The rubber holder is encapsulated in a flexible 
insulated holder. (d) shows an electrode assembly (CAD model render) – rubber electrode posi-
tioned over the MHC electrode. (e–g) Images of MHC dry electrode secured over the brain region 
through the specialized headgear (wearable built-in stimulator)

N. Khadka et al.



287

 Multilayer Hydrogel Composite (MHC) Dry Electrode

Dry electrodes are defined as electrodes that exclude: (1) any saline or other con-
ductive hydrogel based paste or gel, that is prone to leaking; (2) an adhesive at the 
electrode-skin interface or 3) any electrode preparation steps. The Multilayer 
Hydrogel Composite (MHC) electrode design fulfills these criteria. A dual layer 
structure of the MHC dry electrode was adopted by independently optimizing 
mechanical, electrical, and chemical properties of each layer to get some novel 
characteristics. First, in order to attain a dry surface, a non-adhesive bio-compatible 
polymer hydrogel containing Poly-Vinyl Alcohol (PVA) was used as a bottom sur-
face layer (thickness 1 mm) and an adhesive polymer hydrogel was used in an inner 
layer (top layer, thickness 0.6 mm) (Fig. 10.11). The top layer was optimized to 
have a low impedance to redistribute the current within the electrode, whereas the 
bottom layer was optimized to have a high impedance to avoid current clustering at 
the skin defect sites. Further pH changes at the non-ionic/ionic conduction inter-
faces within the electrodes were optimized by using the top layer as a diffusion 
barrier and the rubber electrode/top layer interface was designed to avoid skin sur-
face exposure.

Preliminary analysis of the performance of this MHC electrode using experi-
mental measures on skin-phantom and FEM predictions has shown a comparable 
voltage and current/current density distribution under the MHC dry electrode when 
compared to the state-of-the-art conventional sponge-electrode, however, the FEM 
model of the former predicted more homogeneous current density distribution at the 
electrode-skin interface. tDCS using MHC dry electrode and conventional sponge- 
electrode was equally tolerated with comparable VAS ratings and adverse event 
reporting (Khadka et al. 2017a). In general, this study reveals a potential alternative 
of saline-soaked sponge-electrode in wearable devices with comparable 
performance.

 Summary

Electrodes represent a critical component of tDCS application. In this chapter, we 
have described technical and practical considerations for electrode preparation, 
design, and application. While, at present, sponge-covered electrodes and Ag/AgCl 
electrodes are the most commonly applied variety, this too will change with mate-
rial science and engineering advances. We also described the state-of-the-art work 
in this domain as well as appropriate practices for the common electrode types. 
Regardless of an electrode type, careful consideration must be given in preparation 
and application procedures to maximize safety and reproducibility. Common mis-
takes in electrode preparation and placement can significantly alter outcomes and 
in the worst cases (e.g., over-saturation leading to the distribution of saline beyond 
the electrode, bridging of electrodes, etc.) interfere with the ability to deliver tDCS 
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that penetrates the skull. However, appropriate use of electrodes can provide safe 
and effective delivery of tDCS in a variety of study designs and application 
settings.
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 Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimula-
tion technique that involves application of low intensity direct currents at the 
scalp for the modulation of central nervous system excitability in humans (Woods 
et al. 2016). tDCS is an increasingly important tool, being used in a wide range 
of human neuroscience applications, as well as a potential adjunct therapy for a 
range of neurological and psychiatric disorders including chronic stroke recov-
ery, depression and migraine. However, despite its obvious promise, the potential 
of tDCS cannot as yet be fully exploited as there is still a lack of understanding 
of the neural mechanisms underpinning stimulation. A key methodological 
advance toward bridging the gap in our understanding of the neural mechanisms 
of tDCS effects involves integration of tDCS with modern clinical and cognitive 
neuroscience techniques. This chapter will discuss integration of tDCS with 
three major neuroscience techniques: magnetic resonance imaging/spectroscopy 
(MRI/MRS), near infrared spectroscopy (NIRS) imaging, and human electroen-
cephalography (EEG).

MRI provides a high degree of spatial resolution regarding both brain structure 
and function, with the ability to assess brain-behaviour questions across the entire 
brain. However, the temporal resolution of magnetic resonance methods is limited. 
In contrast, EEG provides a high degree of temporal resolution for neural pro-
cesses, but overall poor spatial resolution. NIRS provides both spatial and tempo-
ral resolution for brain activity, but typically only for tissue near the cortical 
surface. Each method has both strengths and weaknesses regarding the types of 
hypotheses that can be tested. From an observational perspective, these techniques 
provide novel insight into the relationship between brain structure/function and 
behaviour. However, when combined with tDCS, a wide variety of novel questions 
and hypotheses can be tested. tDCS provides a method for directly intervening on 
brain tissue, altering the resting membrane potential of stimulated neurons. Thus, 
integration of tDCS with these methods provides the ability to evaluate not only 
correlations between brain function and behaviour, but also experimentally manip-
ulate brain activity in stimulated brain regions and assess how these observational 
relationships between the brain and behaviour change. Thus, integration of tDCS 
with modern neuroscience methods has the potential to providing greater causal 
insight into the brain-behaviour relationship in contrast to observational studies 
using these methods in isolation. In addition, these integrated methods may also 
provide critical insight for understanding how, where and when stimulation is most 
effective in the context of tDCS treatment studies (e.g., pain, cognitive aging, 
dementia, etc.). This information may prove critical in optimizing treatment effi-
cacy and outcome.

The chapter will review the current state of the art in efforts to integrate MRI/
MRS, NIRS, and EEG methodologies and discuss technical challenges commonly 
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faced with integration. In addition, the chapter will give the reader a better under-
standing of experimental design concerns that should be considered prior to under-
taking integration of tDCS with these methods. We will first describe the integration 
of tDCS with MRI and MRS methods, also covering arterial spin labelling (ASL). 
We will then turn to integration of tDCS with NIRS. Finally, we will discuss inte-
gration with EEG.  In each case, careful considerations must be taken to acquire 
quality data in the presence of tDCS. This chapter will help the reader to understand 
what considerations must be made, as well as methods for addressing these issues.

 Integration with MRI

To date, the neural effects of tDCS have been primarily studied through experiments 
utilizing transcranial magnetic stimulation (TMS), sometimes in combination with 
pharmacological agents (Stagg and Nitsche 2011) which have added greatly to our 
understanding of the local physiological effects of stimulation. However, in recent 
years, there has been an increasing interest in using advanced neuroimaging tech-
niques to study the effects of tDCS – both in healthy controls and clinical popula-
tions. Once technical difficulties are overcome, the combination of tDCS with 
Magnetic Resonance (MR) provides a powerful tool that allows us to study not only 
brain regions directly stimulated by tDCS, but unlike most TMS approaches, also 
how tDCS modulates activity in the rest of the brain.

It is important to note at this point that the neural effects of tDCS are probably 
dependent, at least to some extent on a number of parameters of the stimulation 
paradigm, including the duration of stimulation; the site of stimulation; and the 
electrode configuration used. The majority of studies investigating the mechanistic 
underpinnings of tDCS using MR approaches have studied the “conventional” elec-
trode placement as first described by Nitsche and Paulus (Nitsche and Paulus 2000), 
with one 5 × 7 cm electrode over the primary motor cortex (M1) and one 5 × 7 cm 
electrode over the contralateral supraorbital ridge, with a current of 1–2 mA applied 
for up to 20 min. This section will therefore focus on studies using these stimulation 
parameters, important studies using other electrode placements are included where 
these shed important light on the mechanisms of tDCS.

It is important to note that while some of the findings from studies involving an 
M1 montage will be applicable to other sites, it cannot be assumed that this is always 
the case, and therefore the results from these studies should not be assumed to be 
directly relevant for other stimulation montages. While it is still not clear exactly 
what facets of neural anatomy have significant effects on tDCS, the distinctive lay-
ers in M1and its position on the anterior bank of the large central sulcus, as well as 
its anatomical connectivity, may well mean that tDCS effects cortical excitability in 
this region differently to other cortical areas.
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 MR Approaches

 Functional Magnetic Resonance Imaging (fMRI)

Functional magnetic resonance imaging (fMRI) is a versatile and non-invasive tool 
that has been used for a number of years to study many aspects of neural activity. 
The first paper to highlight that fMRI can be used to inform our understanding of 
how tDCS can modulate activity within the brain was published in 2001 by 
Baudewig et al. (2001b), since when the literature has been rapidly increasing. 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 techniques are available, of which Arterial Spin Labelling (see later) is 
perhaps the most relevant in the context of studying the effects of tDCS.

 BOLD Functional MRI

The BOLD signal relies on changes in the relative concentrations of deoxygenated 
haemoglobin (DeoxyHb) and oxygenated haemoglobin (OxyHb) caused by local 
changes in brain activity, and is therefore an indirect measure of neuronal activity. 
The BOLD signal is reliant on the magnetic properties of these two compounds. In 
brief, DeoxyHb contains an iron molecule making it paramagnetic; meaning it has 
a significant interaction with the applied magnetic field during MRI. By contrast, 
OxyHb is diamagnetic, so has little effect on the magnetic field. Therefore, if the 
ratio of OxyHb:DeoxyHb changes within a localized region of tissue, then 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 (Aroniadou and Keller 1995; Castro-Alamancos et al. 1995; 
Hess et al. 1996; Logothetis 2008; Trepel and Racine 1998, 2000). FMRI is cur-
rently used in two major approaches to study the effects of tDCS either in the pres-
ence or absence of a task.

 Task-Based fMRI

Task-based fMRI is the classical brain imaging approach, and 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 can be done using a 
number of paradigms, but broadly the BOLD signal from each brain area is com-
pared during task and rest, where the difference in signal reflects changes resulting 
from changing neural activity in task-based areas of the brain (Woods et al. 2014). 
This approach usually results in the acquisition of data across the whole brain with 
a high spatial (in the order of 2–3 mm) and reasonably high temporal resolution.
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 Resting State fMRI

Functional MRI acquired while the subject is lying in the scanner at rest, and com-
monly following the instruction “not to think of anything in particular” is an 
increasingly used method to studying brain connectivity. Without a super-imposed 
task to perform, the on-going physiological fluctuations in the BOLD signal associ-
ated 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. By studying 
the relationship of the BOLD signal from one brain region to that of others, regions 
where the time course of fluctuations are highly correlated can be identified, and 
these regions are said to be “functionally connected”. Studies of functional con-
nectivity can be made using a wide array of statistical methods including those 
utilizing graph theory and independent component analysis (ICA) approaches (for 
more detail see, for example (Beckmann et al. 2005; Cole et al. 2010; Fornito et al. 
2013).

“Resting State Networks” (RSNs) are robust distributed networks identified from 
ICA that show coordinated and highly reproducible fluctuations in activity between 
spatially distinct but anatomically closely connected areas while subjects lie at rest 
(Fox and Raichle 2007; Raichle et al. 2001; Snyder and Raichle 2012). RSNs are 
being widely investigated due to observed differences during different cognitive and 
clinical states. They are thought to reflect intrinsic functional architecture in the 
brain, and separable networks can be identified within resting fMRI data which 
closely reflect brain regions that are active during task performance (Beckmann 
et al. 2005; Smith et al. 2009; Stagg and Nitsche 2011). While the physiological 
underpinnings of changes in RSN connectivity are are still very much the focus of 
investigation and open to often complex interpretation (Johansen-Berg 2013; 
Nitsche and Paulus 2000), it is clear that RSNs are highly sensitive to changes in 
connectivity in a wide range of diseases (Baudewig et al. 2001a; Filippini et  al. 
2009; Pievani et al. 2011, 2014), and that resting state fMRI is a potentially power-
ful approach for the study of a wide range of clinical conditions as it removes the 
confound of task performance (Aroniadou and Keller 1995; Castro- Alamancos 
et al. 1995; Fornito et al. 2013; Hess et al. 1996; Logothetis 2008; Trepel and Racine 
1998, 2000).

 Arterial Spin Labelling (ASL)

Although BOLD fMRI is the most common method of assessing neural activity 
changes during or following tDCS, it has some limitations. BOLD has a relatively 
high signal-to-noise ratio, meaning that data can be acquired over relatively short 
timescales, making is highly suitable for studying the effects of non-invasive brain 
stimulation, the physiological underpinnings of the BOLD effect are complex and 
currently relatively poorly understood. This may be of particular importance when 
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studying the effect of tDCS in clinical populations, where changes in blood supply 
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 perfu-
sion directly in the brain. It has a much lower signal to noise ratio than BOLD 
fMRI but 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 contrast is inherently simpler to understand 
than BOLD.

 Magnetic Resonance Spectroscopy

As well as utilising advances in functional MR Imaging to understand the activity 
changes induced by tDCS, MR can also be used to investigate how tDCS affects the 
neurochemicals underpinning these plastic changes via magnetic resonance spec-
troscopy (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 (Beckmann et al. 2005; 
Bottomley et al. 1985; Cole et al. 2010; Fornito et al. 2013), and since then has been 
primarily used to investigate metabolic changes in pathological states. MRS mea-
sures signals are produced by the behaviour of certain diamagnetic molecules within 
a magnetic field. While MRI focuses on the variations in signal across space, MRS 
most commonly examines signals produced from only one volume of tissue. 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 molecules 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 within a predetermined volume of interest (VOI) or voxel (a 3 
dimensional pixel).

The characteristic peaks and frequencies of many neurochemicals are well 
described, meaning that the resonances produced from these metabolites can be 
identified from sample spectra. The amplitudes of the peaks derived from a given 
metabolite are directly proportional to the concentration of that compound within 
the target volume of tissue, therefore allowing accurate quantification.

There are a number of limitations to MRS approaches. The most relevant of these 
relates to the inherently low signal-to-noise of the technique. Signals in MRS are 
typically summed across a large volume in comparison with other forms of MR 
imaging (e.g. in the order of 3  cm  ×  3  cm  ×  3  cm in 1H MRS compared with 
3 mm × 3 mm × 3 mm in MRI); this creates an increase in the signal produced by 
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given metabolites relative to the background noise. However even summing across 
a large area, only metabolites present in millimolar concentrations are detectable. 
Fortunately, many neurochemicals involved in neurotransmission and metabolism 
are present in concentrations above this threshold, but others (for example 
Dopamine) are not, making their detection and quantification impossible with cur-
rent MRS methods.

MRS lacks some of the flexibility of functional imaging  – it requires a large 
number of options to be pre-specified: volumes of interest must be decided in 
advance; as must the acquisition parameters, which determine which molecule sig-
nals can be resolved. Traditionally MRS only allowed spectra to be obtained of one 
volume of interest at a time, but recent developments, both for MR Spectroscopic 
Imaging (MRSI) at 3 T and the advent of ultra-high field 7 T MR scanners have 
demonstrated robust spectra from multiple brain regions simultaneously (e.g. Fox 
and Raichle 2007; Lemke et al. 2015; Maudsley et al. 2006; Raichle et al. 2001; 
Snyder and Raichle 2012). This is of particular importance when considering the 
use of MRS to study the effects of tDCS, where a control VOI, placed in an anatomi-
cally distant site, is important to understand the anatomical limits of any described 
relationships, often requiring an additional experimental session.

 Considerations When Combining tDCS and MRI

To date, tDCS has been integrated with functional magnetic resonance imaging 
(fMRI), both in terms of Blood Oxygen Level Dependent (BOLD) fMRI (Amadi 
et al. 2014; Antal et al. 2011; Baudewig et al. 2001b; Stagg et al. 2009b) and 
Arterial Spin Labelling (ASL) (Stagg et al. 2013; Zheng et al. 2011); as well as 
proton and non-proton MR Spectroscopy (MRS) (Binkofski et al. 2011; Clark 
et al. 2011; Stagg et al. 2009a).

tDCS may be combined with MR using two approaches. The techniques may be 
used sequentially, where 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 
(concurrently) either at the same time as collecting MR data, or during rest.

Both approaches have been used successfully in the literature. A concurrent 
acquisition is often more advantageous due to the logistical and timing issues asso-
ciated 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 controlled for reproducibility (in terms of placement for 
spectroscopy voxels or high-resolution fMRI slices). However, while there are obvi-
ous advantages to concurrent stimulation, integration of tDCS to MRI requires mul-
tiple extra considerations including MR specific kit, additional setup criteria and 
potential adverse effects on MR acquisitions which need to be considered when 
taking this approach.
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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 scanner environment by trained individuals.

 Practical Considerations When Combining tDCS and MR

Prior to the advent of MR compatible tDCS systems, studies were limited to 
sequential acquisition. This presents logistical and analytical issues for BOLD 
fMRI and MRS data, most significantly in terms of accurate subject placement and 
the need to acquire data as soon as possible after stimulation has ceased, although 
neither of these are insurmountable. However, with the advent of MR-compatible 
tDCS system it became possible to stimulate subjects in the bore of the magnet. 
Thus, participants can undergo baseline scans prior to stimulation, simultaneous 
acquisition of data during stimulation, and/or post-stimulation scanning immedi-
ately after stimulation has ceased while remaining in the same position throughout 
the scan. This has obvious advantages for studies where the reproducibility of the 
subject is important, for example for MRS voxel placement or high-resolution 
fMRI. However, integration of the tDCS device into an MRI system is not without 
complications, and a number of technical aspects need to be considered 
carefully.

It perhaps goes without saying that when tDCS is integrated with MRI, standard 
subject safety standards for both MRI and tDCS (for example, no metal on or in the 
head, no implants susceptible to electrical current or magnetic fields, etc.) should be 
adhered to. In addition, standard tDCS acquisition considerations including the 
accurate localization of electrodes, careful preparation and placement of electrodes, 
and methods to ensure that electrodes, once sited, remain in a stable location on the 
head remain critical in order to acquire good quality data.

Concurrent tDCS/MRI requires a specialist kit that is MR compatible and rigor-
ously tested. The use of tDCS within the bore of the MR scanner requires the place-
ment of specially designed MRI-compatible (non-ferrous or appropriately shielded) 
tDCS electrodes with cables passed from the stimulator, through the magnet suite 
waveguide, and into the magnet bore. The electrodes used should be fitted with 
high-ohmic (commonly 10 KOhm) resistors to prevent induction of eddy currents 
within the stimulating leads. It is vital to ensure that electrodes are not in contact 
with the head coil, or headphones, to prevent electrode displacement and, also, 
unexpected interactions between the stimulator and the scanner.

Care should also be taken to keep the leads away from the subject to prevent 
burns and run parallel to the bore without loops to prevent eddy currents. The tDCS 
stimulator should be kept in the control room as it is not magnet safe and stimula-
tion, as with tDCS outside the scanner, should be monitored closely by a researcher 
for the entire duration of the stimulation. Careful monitoring of the subject is par-
ticularly necessary as the subject is at a distance and, if engaged in a task during 
stimulation, verbal communication is impossible.
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Electrodes should be carefully prepared with high conductance electrical paste 
(such as that used for EEG) as the saline-soaked sponges which are often used for 
tDCS applied outside the scanner will dry out over time, making them unsuitable for 
use in MRI scans that ordinarily last around 60–90 min. This is particularly the case 
where often a baseline scan or scans lasting tens of minutes are acquired before 
tDCS is applied. Dry sponges result in poor conductance of the electrical current, 
which can be uncomfortable or even painful for the participant and might result in 
skin burning in severe cases. A thick, even, coating (≥3 mm) of paste should be 
applied to the electrode to provide sufficient distance between the electrode and 
scalp, ensuring that stimulation is delivered evenly across the electrode.

As with all tDCS experiments, care should be taken to ensure that the electrodes 
do not move. However, most tDCS electrodes are not visible using standard MRI 
acquisition, so they electrodes are often marked with oil-capsules to confirm their 
position on the resulting MR images. The adhesive quality of the paste often assists 
in maintaining the electrode placement, but also requires additional straps for fully 
secure placement. The entire montage can be covered by a relatively loose-fitting 
cap, which has the dual roles of protecting the electrodes from accidental movement 
during subject placement in the MR and protecting the scanner from the electrode 
paste.

 Data Quality Considerations When Combining tDCS and MR

The constant electrical current which constitutes tDCS interacts with the magnetic 
field generated by the MR scanner, resulting in warping of the images acquired. 
This artifact is of critical concern for BOLD fMRI protocols, as it has the potential 
to result in false positive changes in the BOLD signal. The magnitude and nature of 
any artefacts are likely to depend on the exact experimental setup and therefore will 
vary from centre to centre. This variability is reflected by the published studies: one 
study demonstrated evidence of BOLD signal within the brains of two cadavers dur-
ing a concurrent tDCS and fMRI protocol (Antal et al. 2014), strongly suggesting 
that tDCS is capable of inducing significant BOLD signal, although it is worth not-
ing that in most situations the timecourse of this “activation” is likely to be distinct 
from the task performed and will most likely follow the stimulation period. Another 
study demonstrated visual evidence of change in EPI field maps, but this was lim-
ited to the scalp and cortical tissue near to the electrode site (Holland et al. 2011). 
Other sites also observe artefacts directly under the electrodes, but these are limited 
to the scalp and soft tissues (unpublished data, CJS). However, to date, very few 
studies have provided explicit data on change in the magnetic field in relation to 
concurrent tDCS/fMRI, in terms, for example, of visible artefacts, change in signal 
to noise or non-physiological signal change. The contrasting evidence from the lit-
erature demonstrates the need for careful consideration of concurrent data and 
acquisition of appropriate field map data to allay concerns over false positive func-
tional results from perturbation of the magnetic field.
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 fMRI Studies of tDCS

The relative ease with which resting-state fMRI experiments can be performed and 
the absence of the confound of task performance has meant a relatively large number 
of studies utilizing the combination of tDCS and rs-fMRI have been published. A 
number of studies have demonstrated that tDCS is capable of modulating the resting 
functional connectivity between a number of brain regions, although to date no clear 
consensus across the literature has emerged as to the specific pattern of stimulation-
induced changes (Amadi et al. 2014; Bachtiar et al. 2015; Polanía et al. 2011a, b, 
2012; Sehm et al. 2012, 2013). This lack of agreement between studies as to the 
effects of tDCS probably reflects the likely sensitivities of different analysis 
approaches as well as differences in MR acquisition and stimulation parameters, but 
makes interpretation of the literature as it stands somewhat difficult.

 Task-Based Studies in Healthy Controls

Behaviourally, tDCS applied with anode over M1 concurrently with a motor task 
has been shown to improve performance in a variety of domains, including motor 
speed and dexterity (Nitsche et al. 2003; Stagg et al. 2011b), and motor learning and 
adaptation (Boggio et al. 2006; Nitsche et al. 2003; Reis et al. 2009). In prior stud-
ies, tDCS under the cathode electrode has been shown to either impair (Stagg et al. 
2011b) or to have no effect on learning (Nitsche et al. 2003; Reis et al. 2009) or 
simple reaction times (Nitsche et al. 2003). A number of studies have employed 
task-based fMRI to understand not only the activity changes underlying these 
behavioural effects within the stimulated cortex, but also in more anatomically dis-
tant regions.

Baudewig and colleagues initially confirmed the feasibility of combining func-
tional MRI and tDCS (Baudewig et al. 2001a). In this study, the BOLD signal was 
recorded in a group of six subjects before and after 5 min of tDCS. The authors 
reported small stimulation-induced changes in activation in the supplementary 
motor area (SMA), an effect still noticeable 15 min after the end of stimulation.

Since this work, a number of imaging studies in healthy controls have investi-
gated the effects of tDCS on motor-related activity (Antal et al. 2011; Kwon et al. 
2008; Lindenberg et al. 2013; Meinzer et al. 2014; Stagg et al. 2009b). Of these, one 
investigated the effects of a conventional electrode montage (left M1 and the right 
supraorbital ridge) and a stimulation period of 10 min, on the performance of a 
simple explicit sequence learning task (Stagg et al. 2009b). The expected increase 
in activation after stimulation with the anode over M1 compared to sham was 
observed in the stimulated M1, ipsilateral dorsal premotor cortex (dPMC) and 
SMA. After stimulation with cathode over M1, an increase in BOLD signal was 
observed under the stimulating electrode (left M1), as well as in the contralateral 
(right) M1, dPMC and SMA.
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 ASL Studies

The first study to combine tDCS with ASL was performed by Zheng and colleagues, 
which showed an increase in perfusion after short periods of both anode over M1 
and cathode over M1 (Zheng et al. 2011). A subsequent ASL study during concur-
rent tDCS to the left dorsolateral prefrontal cortex (DLPFC) demonstrated an 
increase in perfusion during and after stimulation with the anode over left DLPFC 
and a decrease in perfusion during and after stimulation with the cathode over left 
DLPFC (Stagg et al. 2013), a finding in line with animal models (Wachter et al. 
2011). This study also went on to analyse the tDCS-induced changes in perfusion 
across the whole brain and demonstrated significantly increased perfusion during 
the anode over DLPFC condition in those areas anatomically connected to the 
DLPFC (Stagg et al. 2013).

 Combining tDCS with MRS

The majority of studies investigating the effects of tDCS on 1H MRS-measured 
neurochemistry have focused on applying anode or cathode electrodes over M1. 
Stimulation with anode over M1 leads to a decrease in MRS measured GABA levels 
in the stimulated area of cortex (Bachtiar et al. 2015; Kim et al. 2014; Stagg et al. 
2009a, 2011a). Studies in parietal cortex have demonstrated a concurrent increase 
in glutamate/glutamine (Clark et al. 2011; Hunter et al. 2015), though this has not 
been demonstrated in M1 (Stagg et  al. 2009c, 2011a). This lack of consistency 
between studies raises an interesting question about whether the location of brain 
stimulation alters its effects on neurochemistry, or whether this is a facet of the dif-
ferent MRS approaches used, but it is not possible to draw global conclusions as 
neither of these parietal cortex studies examined GABA changes.

 Integration with NIRS Imaging

Beyond effects on neuronal excitability, after-effects of tDCS on regional cerebral 
blood flow (rCBF) have been demonstrated (Zheng et al. 2011). Changes in rCBF 
can be related to the local neuronal activation, which is termed neurovascular cou-
pling (NVC) (Girouard and Iadecola 2006). NVC is defined by neural activity 
closely related, spatially and temporally, to rCBF. Although the proposition of a 
correlation between neuronal activity and the increment of vascular supply due to 
the brain’s energy demand increase is a long-standing concept (Roy and Sherrington 
1890): “…the brain possesses an intrinsic mechanism by which its vascular supply 
can be varied locally in correspondence with local variations of functional activity,” 
the exact cellular mechanism of NVC is still elusive (Girouard and Iadecola 2006). 
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The importance of NVC to the health of the normal brain has been highlighted in a 
review by Girouard and Iadecola (2006) that suggested it as a therapeutic target in 
pathologies associated with cerebrovascular dysfunction. Pulgar (2015) has pro-
posed tDCS for improvement of cerebrovascular dysfunction, based on findings 
showing that it modulates cerebral vasomotor reactivity (VMR), and heart rate vari-
ability (Vernieri et al. 2010). Also, tDCS can influence downstream metabolic sys-
tems regulated by the brain (Binkofski et al. 2011). However, the effects depend on 
the tDCS electrode montage, e.g., List et  al. (2015) showed with a double-blind 
crossover within-subject design that 20 min of stimulation did not affect cerebral 
autoregulation assessed by low-frequency oscillations (LFO) of cerebral blood flow 
where VMR was measured by transcranial Doppler sonography. Therefore, they 
hypothesized that the extracephalic return electrode in the study by Vernieri et al. 
(2010) may have stimulated the brainstem autonomic centers which can be con-
firmed with the calculations of electric field (and current density) induced by the 
tDCS montage (Noetscher et al. 2014).

The neurovascular unit (NVU) consists of the endothelium, glia, neurons, peri-
cytes, and the basal lamina where computational models can capture NVU dynam-
ics (Dutta 2015; Huneau et al. 2015). Simple low-dimensional models can describe 
NVU as a lumped system to relate neural activity with an “energy” variable (analo-
gous to ATP) as output (Chhabria and Chakravarthy, 2016). ATP is required for 
neuronal metabolic processes like synapto-vescicular recycling and maintenance of 
the gradient potential (Attwell et al. 2010; Hamel 2006). Specifically, tDCS-evoked 
increases of neuronal activity might result in aerobic glycolysis (Vaishnavi et al. 
2010) and associated lactate surge (Mintun et al. 2004) which can modulate spatio-
temporal activity of primary cortical neurons through a receptor-mediated pathway 
(Bozzo et al. 2013). Besides the role of lactate in energy metabolism, a signaling 
molecule inducing calcium influx and the expression of long-term plasticity-related 
genes in neurons has recently been identified (Yang et al. 2014). Also, glial involve-
ment in tDCS-induced plasticity in mouse brain has been shown using calcium 
imaging (Monai et  al. 2016) where a minimum current of ~50 μA (current density, 
∼2.5 mA/cm2) at the anode was required to induce cortex-wide calcium surge. However, 
at lower current intensity of ~14 μA (current density, ∼0.7 mA/cm2), the calcium 
surge was local at the anode. Such local effects can be due to subthreshold shift of 
neuronal resting membrane potentials by tDCS that may alter the spontaneous 
activity with no effects on synaptic plasticity (Stagg and Nitsche 2011). Alterations 
in spontaneous activity can affect rCBF via various metabolites like K+, adenos-
ine, NO, or CO2 (Dutta 2015). Four kinds of potassium channels, namely ATP-
sensitive potassium channels, calcium-activated potassium channels, delayed 
rectifier potassium channels, and inward rectifier potassium channels play the major 
role in maintenance of vascular tone of cerebral blood vessels. Via activation of 
these channels, efflux of K+ causes closure of voltage-dependent calcium channels 
leading to vascular relaxation (Bonnet et al. 1991; Brayden 1996; Edwards and 
Weston 1993; Kitazono et al. 1995; Nelson et al. 1990). Also, neuronal nitric oxide 
synthase (NOS) plays a significant role in maintenance of cerebral blood flow 
(Attwell et al. 2010). The aftereffects of stimulation following sufficient duration of 
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stimulation depend on the modulation of both GABAergic and glutamatergic syn-
apses and are calcium-dependent (Giordano et al. 2017; Stagg and Nitsche, 2011) 
where activation of neuronal NMDA receptors via glutamate causes an influx of 
calcium that activates NOS and can further increase blood flow (Attwell et al. 2010). 
At higher current density, glial involvement in tDCS-induced plasticity is possible 
(Monai et al. 2016) that can be powerful regulators of neuronal spiking, synaptic 
plasticity and brain blood flow (Bazargani and Attwell, 2016), and are involved in 
the generation of calcium waves between neighbored neurons via metabotropic glu-
tamate receptors (Leybaert et al. 1998) leading to cortex-wide calcium surge (Monai 
et al. 2016). Within NVU, glial-cells astrocytes regulate increased local blood-flow 
during neuronal activation (high energy demand) by secretion of vasoactive sub-
stances like NO, and Prostaglandin E2 that are involved in synaptic plasticity 
(Leybaert et al. 1998; Oomagari et al. 1991). Anatomical connections between the 
vascular system and astrocytes at the functional level are well known (Mathiisen et 
al. 2010). Astrocytes express a surface protein required to detect neuronal activation 
and facilitate the gated efflux of K+ that causes vasodilation (Paulson and Newman 
1987). Astrocytic network has extensive connectivity via gap junctions and direct 
tDCS effects on the astrocytic network (Dutta 2015) will cause widespread changes 
in the cerebral blood flow, as shown by a recent study (Takai et al. 2016). Moreover, 
direct effects on the astrocytic network can facilitate neural efficiency by its priming 
effects on the NVU (Dutta et al. 2015). Stimulation of astrocytes raises calcium in 
the end-feet that can have a vasoactive effect on parenchymal arterioles. Dilation or 
constriction depends on the level of calcium (Mulligan and MacVicar 2004). Here, 
a transition between vasoconstriction and vasodilatation was observed in single ves-
sels by varying the stimulation intensity (Tsytsarev et al. 2011). Indeed, differences 
of calcium dynamics are proposed to result in different effects of specific tDCS 
protocols (Stagg and Nitsche 2011) where astrocytic Ca2+/IP3 signaling has been 
implicated in the metaplasticity changes of the cortex with tDCS (Monai et  al. 
2016). Our current understanding of glial involvement in tDCS (Monai et al. 2016) 
and its relation to neuronal function (Bazargani and Attwell 2016) lends to the pos-
sibility of bidirectional interactions between neuronal and hemodynamic responses 
to tDCS (Dutta 2015). This can lead to multi-timescale cross-talk and resulting 
complex non-linear spatiotemporal dynamics (Jolivet et al. 2015) that may not 
remain limited to the area immediately under the stimulation electrode (Takai et al. 
2016).

The primary purpose of NVU is to maintain homeostasis of the brain’s micro-
environment (Abbott et al. 2006) where the hemodynamic component of the tDCS 
response can be captured by functional magnetic resonance imaging (fMRI) as 
well as functional near-infrared spectroscopy (fNIRS) neuroimaging. MRI can 
have a high resolution (up to isotropic resolution of 140 μm (Stucht et al. 2015) 
with full coverage of human brain but with relatively slow sampling rate (e.g., 
ASL scan taking approximately 3.5  min (Zheng et  al. 2011), and MRI suffers 
from potentially confounding interference from current flow during tDCS (Antal 
et al. 2014). Therefore, fNIRS is better suited being an optical functional neuro-
imaging using NIRS technique (Obrig 2014). NIRS can noninvasively and con-
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tinuously measure cerebral hemoglobin oxygenation, which is widely used for 
monitoring of cerebral vascular status under various clinical conditions. The pho-
tons in the near-infrared (NIR) spectral range (650–950 nm) are able to penetrate 
human tissue. NIR wavelengths can be selected such that the change in concentra-
tion of oxy-hemoglobin (O2Hb) and deoxy-hemoglobin (HHb) in the brain tissue 
can be detected. NIR light spectrum between 700 and 900 nm is mostly transpar-
ent to skin, tissue, and bone, while O2Hb and HHb are stronger absorbers of this 
spectrum. Differences in the absorption spectra of O2Hb and HHb enable us to 
measure relative changes in hemoglobin concentration through the use of light 
attenuation at multiple wavelengths (Scholkmann et al. 2014). Two or more wave-
lengths can be selected, with one wavelength above and one below the isobestic 
point of 810 nm at which HHb and O2Hb have identical absorption coefficients. 
Using the modified Beer-Lambert Law (mBLL), relative concentration can be cal-
culated as a function of total photon path length. Typically, the light emitter and 
detector are placed ipsilaterally on the subjects skull so recorded measurements 
are due to back-scattered (reflected) light following elliptical pathways. NIRS 
instrumentation works on different measuring principles, e.g., continuous wave 
(CW) (Scholkmann et al. 2014), frequency domain (FD) (Fantini 2014), and time 
domain (TD) (Torricelli et al. 2014). Absolute concentration measurements may 
be possible with more expensive TD and FD techniques (Scholkmann et al. 2014), 
but quantification is not a crucial factor when one needs to detect a relative change 
in O2Hb and HHb in cerebral hemodynamic response to tDCS rather than to 
quantify the hemodynamic response in absolute terms. CW fNIRS signal is 
strongly contaminated with systemic interference of superficial origin where 
more expensive TD fNIRS can discriminate between intra- and extra-cerebral sig-
nals (Torricelli et al. 2014). Nevertheless, CW fNIRS offers a relatively inexpen-
sive, non-invasive, safe, and portable method of monitoring microvascular 
hemodynamics in parallel to tDCS in a neurorehabilitation setting. However, CW 
fNIRS imaging during tDCS requires identification of systemic interference to 
avoid measuring fNIRS hemodynamic responses that are not due to neurovascular 
coupling (Tachtsidis and Scholkmann 2016), e.g., by the means of a regression 
analysis (Kirilina et al. 2012) using short-separation NIRS measurements (Sood 
et al. 2015) to explicitly sample the extra-cerebral tissue response.

 NIRS Probe Development for Imaging of tDCS Responses

The 4 × 1 HD-tDCS montage allows precise targeting of cortical structures (Villamar 
et al. 2013). Anode centered HD-tDCS increases cortical excitability and is postu-
lated to induce local neuronal and hemodynamic response during focal stimulation 
(Sood et al. 2016) that can be captured with NIRS-EEG joint imaging, as shown in 
Fig. 11.1a, b. Freely available SimNIBS software pipeline (Windhoff et al. 2013) 
was used to develop a subject-specific head model based on MRI data. SimNIBS 
incorporates FreeSurfer tools (Fischl 2012) to segment the brain and FSL (Jenkinson 
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et al. 2012) BET/BETsurf tools to segment the rest of the head. Developers of the 
SimNIBS software pipeline recommend MPRAGE acquisitions with selective water 
excitation for fat suppression for FreeSurfer tools to work well (http://simnibs.de/
version2/mri_sequences). For FSL BET/BETsurf tools, they recommend high band-
widths both for the T1- and T2-weighted images and thin slices with gaps in-between 
for the T2-weighted images. Therefore, ideally four sets of images should be 
acquired, two with fat suppression and two without fat suppression, but with high 
bandwidth and thin slices. The SimNIBS software pipeline (Windhoff et al. 2013) 
can use the fat-suppressed T1 as input for FreeSurfer, the fat-suppressed T1- and 
T2-weighted images to reconstruct the inner skull boundary, and the normal T1- and 
T2-weighted images to reconstruct the outer skull boundary and the skin surface 
with FSL (Jenkinson et al. 2012) BET/BETsurft tools. This software pipeline was 
applied on the Colin27 average brain, which is based on 27 times on an individual, 
and linear registration of the images to create an average with high SNR and struc-
ture definition (Holmes et al. 2015). The tetrahedral head meshes from the Colin27 
average brain MRI data were generated using the ‘mri2mesh’ tool in the SimNIBS 
software pipeline (Windhoff et  al. 2013). The tDCS electrode positions in the 
SimNIBS software pipeline was defined using MNI coordinates of 10–20 scalp posi-
tions given by Okamoto et al. (2004) for the finite element analysis (FEA) using 
GetDP – a freely available finite element solver (http://getdp.info/). The FEA model 
used electrostatic volume conductor physics with default (in SimNIBS) material 
conductivities (in S/m): white matter = 0.126; gray matter = 0.275; CSF = 1.654; 
bone  =  0.01; scalp  =  0.465; spongy bone  =  0.025; compact bone  =  0.008; eye 
balls = 0.5; eye region = 0.25. The electric field magnitude can be used (Datta et al. 
2011) to determine tDCS-affected brain areas as shown in Fig. 11.1c.

The open-source software package AtlasViewer (Aasted et al. 2015) was used to 
design NIRS probes to cover tDCS-affected (based on electric field magnitude 
(Datta et al. 2011)) brain areas using NIR sources and detectors. AtlasViewer pro-
vides tools for spatial registration, probe sensitivity computation, and reconstruction 
of images. The NIRS forward model (and probe sensitivity) can be computed by the 
Monte-Carlo photon transport software, ‘tMCimg’, available in the AtlasViewer 
package that computes the probabilistic path of photons from the optode source 
located at the scalp through the head model tissues to the re-emission at the scalp 
located optode detectors. Colin27 head model (Holmes et  al. 2015) with the 
International 10–20 system as the reference points for the NIRS probe design. 
AtlasViewer also provides ‘iso2mesh’ – an image-based 3D surface and volumetric 
mesh generator comparable to ‘mri2mesh’ tool in the SimNIBS  software pipeline 
(Windhoff et  al. 2013)  – to generate individual MRI-based head models. The 
AtlasViewer package allows a probe to be designed, amended, and assessed prior to 
probe fabrication (Aasted et al. 2015). Increasing the source- detector (SD) separa-
tion past 2  cm monotonically increases sensitivity to brain tissue; diminishing 
returns appear to begin at around 4–5 cm (Strangman et al. 2013). The probe sensi-
tivity can be found using the Monte-Carlo (MC) photon transport  software ‘tMCimg’ 
(Boas et al. 2002) available in the AtlasViewer package. Initial rapid assessment of 
the probe placement and sensitivity was performed with 1e6 photons and more accu-

11 Transcranial Direct Current Stimulation Integration with Magnetic Resonance

http://simnibs.de/version2/mri_sequences
http://simnibs.de/version2/mri_sequences
http://getdp.info


308

Fig. 11.1 (a) An illustrative NIRS-EEG/HD-tDCS montage with NIRS channels, 1–16, according 
to the standard EEG 10–10 at the ipsilateral and contralateral sensorimotor areas (b) The experi-
mental set-up of the HD-tDCS electrodes and local NIRS-EEG channels, 3–6, (c) Electric field 
magnitude due to HD-tDCS in the gray matter surface, (d) Sensitivity distribution of NIRS probe 
at gray matter surface. (Pictures adapted from Sood et al. (2016) with permission)
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rate results were obtained with 1e8 photons to evaluate the final probe design. This 
time-consuming MC simulation generates the forward matrix that represents the 
spatial sensitivity profile of each measurement channel to cortical absorption 
changes. A graphical processor unit can substantially speed up the simulation by 
more than 100× using mesh-based MC simulation (Fang 2010). The NIRS forward 
model was identified for the head volume where AtlasViewer projects the volumet-
ric sensitivity in the gray matter onto the surface of the pial matter and implements 
the AAL atlas (Tzourio-Mazoyer et al. 2002) for localizing the brain region of inter-
est. In fact, NIRS signals in adult humans are strongly biased towards the outermost 
1–1.5 cm of the intracranial space (Strangman et al. 2013). Registration of this head 
model to a subject can be achieved using affine transformation in the AtlasViewer 
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with fiducials 3D digitized at Nz, Iz, Cz, right and left preauricular points. It is also 
essential to incorporate optical properties representing heterogeneously lesioned 
individual brains to build realistic individual head models, especially, for the recon-
struction of images of the measured brain activation patterns in stroke survivors.

 Preliminary Results

The set-up of the HD-tDCS electrodes and NIRS optodes was formed on the surface 
of the skull according to the standard used EEG 10–20 (Jasper 1958) at the ipsilat-
eral and contralateral primary sensorimotor cortex (SMC), as shown in Fig. 11.1a, 
b. The HD-tDCS (Starstim®, Neuroelectrics NE, Barcelona) cathodes were placed 
on FC1, FC5, CP5 and CP1 with the anode in the center, C3, in a 4 × 1 ring configu-
ration (Fig. 11.1a). The corresponding electric field magnitude at the gray matter 
surface is shown in Fig. 11.1c. Measurements of hemodynamic changes were made 
from 16-channel CW NIRS system (Oxymon MkIII, Artinis, Netherlands) at a sam-
pling frequency of 10 Hz. Pathlength Differential Factor was calculated based on 
the age of the subject in order to know the variations in concentration of O2Hb and 
HHb (Delpy et  al. 1989). The receiver-transmitter distance of 3  cm was chosen 
based on computational modeling; the respective measurement sensitivity distribu-
tion of the NIRS probe at the gray matter surface is shown in Fig. 11.1d. The receiv-
ers (Rx) were placed on FC3 and CP3 for the left hemisphere and FC4 and CP4 for 
the right hemisphere (Fig. 11.1a). Transmitters (Tx) were placed diagonally, i.e., at 
P1, P5, C1, C5, F5 and F1 for the left hemisphere and at P6, P2, C6, C2, F2 and F6 
for the right hemisphere. These Rx and Tx fibres were held in place with a plastic 
ring on a 1 mm thick silicone-based band and the bands were held together with 
Velcro® tape (see Fig.  11.1b). The experiment was divided into three sessions: 
10 min before (pre), at 10 min during (“online”), and 3 min after (“offline”) anode 
centered HD-tDCS of the SMC (2 mA: 20 min), the subject performed a self initi-
ated simple finger sequence (SFS) task with their right and left hand in an alternat-
ing block design (30-s task and 30-s rest, repeated 5 times). The fNIRS results 
showed that anodal HD-tDCS induced a significant reduction in bilateral SMC acti-
vation (i.e., smaller decrease in HHb) for a similar SFS frequency (i.e., motor out-
put) (Muthalib et al. 2016) that is shown for NIRS channels 4 and 12 (left and right 
SMC respectively) in Fig. 11.2a. Muthalib and colleagues (2016) postulated that 
anodal HD-tDCS induced a “greater efficiency” of neuronal transmission in the 
bilateral SMC to perform the same SFS task where “greater efficiency” can be 
related to anodal HD-tDCS “priming” the NVU with evoked hemodynamic response 
(Guhathakurta and Dutta 2016). Indeed, the resting state fNIRS data showed focal 
hemodynamic responses as a correlate of the electrical field distribution (see 
Fig. 11.1c) in the stimulated hemisphere during HD-tDCS (Muthalib et al. 2016). 
Figure 11.2b shows that online HD-tDCS at rest induced a gradual increase in the 
concentration of O2Hb (red line) at the left hemisphere peaking after 5 min at the 
fNIRS channels located adjacent to the 4 × 1 HD-tDCS electrode montage (e.g., 
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Fig. 11.2 Illustrative fNIRS result in healthy humans. (Adapted from Muthalib et  al. (2016), 
(Muthalib et al. 2017)). (a) fNIRS changes of left SMC (left panel: channel 4) and right SMC (right 
panel: channel 12) during the right hand simple finger sequence (SFS) task before “Pre”, during 
“Online” and after “Offline” anode centered HD-tDCS. (b) Online HD-tDCS at rest induced a 
gradual increase in the concentration O2Hb (red line peaking after 5 min, x-axis shows the number 
of the datapoint sampled at 10 Hz) in the left hemisphere fNIRS channels (3, 4, 5, 6) located adja-
cent to the 4 × 1 HD-tDCS electrode montage. The concentration of HHB (blue line) did not show 
a significant change during HD-tDCS
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channels 3, 4, 5, 6). Also, online HD-tDCS at rest induced a decrease in the concen-
tration of O2Hb (red line) at the right (contralateral) hemisphere (e.g., channels 
9–15) peaking after 2 min which may be related to inter-hemispheric inhibition. 
However, the concentration of HHB (blue line) did not show a significant change 
during HD-tDCS where tDCS can have direct effects on glial cells (Monai et al. 
2016) and smooth muscles of blood vessels (Pulgar 2015) without affecting oxygen 
utilization leading to alterations in rCBF (and O2HB). Therefore, an analysis of the 
resting-state NVC was conducted based on local NIRS-EEG channels adjacent to 
the 4 × 1 HD-tDCS electrode montage (i.e., channels 3, 4, 5, 6). An autoregressive 
(ARX) model was developed to track the transient coupling relation between log 
(base-10) transformed EEG band-power (0.5–11.25 Hz) and NIRS O2Hb signal in 
the low frequency (≤0.1 Hz) range (Sood et al. 2016), as shown in Fig. 11.3. This 
transient coupling fluctuated between in-phase and out-of-phase during anodal 
HD-tDCS which may be due to the dynamics within NVU. A stroke case-series 
demonstrated an impaired NVC functionality during anodal tDCS in chronic 
(>6 months) ischemic stroke survivors (Dutta et al. 2015) that revealed the lesioned 
hemisphere with impaired circulation (Jindal et al. 2015). Therefore, we postulate 
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that portable NIRS-EEG joint imaging of tDCS responses incorporated into brain 
computer interfaces may be used to identify, assess, and customize dosing of tDCS 
in cerebrovascular diseases (Dutta 2015).

 Integration with EEG

Recent technological advances in the field of EEG and tDCS have allowed for 
increasingly seamless integration of tDCS and EEG. Combining non-invasive brain 
stimulation with imaging, especially concurrent online integration, provides objec-
tive outcome measures and allows for optimization of the interventions (Baudewig 
et al. 2001a; Hunter et al. 2013; Komssi et al. 2002). These optimizations can be 
done using the concept of reciprocity, which suggests that EEG electrical recordings 
can be inverted to guide electrical stimulation (tDCS) to specific targets within the 
brain (Cancelli et  al. 2016; Fernández-Corazza et al. 2016; Wagner et  al. 2016). 
Similar to other integrated modalities though, the integration of EEG and tDCS 
does come with some limitations. These can include the type of integration, hard-
ware limitations, as well as several types of artifacts that can occur with 
integration.

Both EEG and tDCS (Minhas et al. 2010) use conductive interfaces between elec-
trodes and scalp across the head, are portable and low-cost (Charvet et al. 2015), and 
have broad applications spanning the cognitive and neuropsychiatric domains 
(Al-Kaysi et al. 2016; Brunoni et al. 2012; Buch et al. 2017). In the case of EEG, 
electrolyte gel is used between the scalp and recording electrodes, whereas with 
tDCS saline soaked sponges or electrolyte gel can be used, specifically in 
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HD-tDCS. The use of HD-tDCS when combined with EEG is advantageous  compared 
to traditional tDCS, due to its increased focality, small area required to apply stimula-
tion as well as its gel interface with the scalp, which is similar that of EEG. Analogous 
to EEG, with HD-tDCS small stimulation electrodes holders are used to hold exter-
nally applied stimulating electrodes, alternatively these cups can incorporate both 
stimulation and recording electrode options. With the integration of EEG with tDCS 
protocols, high resolution real time scalp voltage monitoring can be achieved as well 
as voltage dynamics and frequency shifts prior to, during, and after tDCS. These 
features, combined with the perception that tDCS produces only DC artifacts in the 
EEG that are readily filtered, have encouraged human trials of concurrent (online) 
EEG recording during tDCS (Cunillera et al. 2015; Faehling and Plewnia 2016; Faria 
et al. 2012; Mancini et al. 2015; Mangia et al. 2014; Roy et al. 2014).

Previous studies that have reported on concurrent tDCS and EEG have used sig-
nal processing of varying complexity to remove what are presumed “non- physiologic 
stimulation artifacts” – namely artifacts that arise from non-ideal stimulation and 
recording amplifier performance (Cunillera et al. 2015; Faehling and Plewnia 2016; 
Faria et al. 2012; Mancini et al. 2015; Mangia et al. 2014; Roy et al. 2014). Studies 
reporting effects of tDCS on EEG have made varied assumptions about the nature 
of the stimulation artifact such as: the artifact is narrowband in the frequency domain 
(DC at 0 Hz), allowing for simple high-pass filtering; or the artifact is time invariant, 
supporting stationary artifact removal techniques (e.g. ICA); the artifact is montage 
independent, supporting the use of control tDCS montages (i.e. montage/polarity/
current specific); and/or the artifacts do not outlast stimulation, supporting pre/post 
(offline) comparisons without need for  corrections. In light of new and emerging 
evidence though, these assumptions warrant further testing (Noury et al. 2016).

 EEG Integration Approaches: Practical Aspects

With the integration of EEG and tDCS technologies several approaches can be 
taken. These approaches can be structured upon practical limitations with experi-
mental design, hardware limitations, or regions of interest on the scalp. 
Experimental design is a key component that should be considered when designing 
EEG –tDCS protocols. This can influence the type of hardware used as well as 
quality of data acquired. For example, if comparisons of offline (no stimulation) 
and online (stimulation) EEG are to be compared, understanding what type of 
baseline measures to compare to and when to acquire proper baseline measures 
would be important. Improper experimental designs including inadequate tDCS 
washout periods, missing study arms, etc. can introduce detrimental confounds 
that can detract from meaningful study outcomes and should be avoided. Specific 
regions of interest on the scalp (i.e. standard sites C3 commonly associated with 
motor cortex stimulation) may influence the selected EEG electrode density and 
placement, relative to stimulation sites. It can also dictate the number of head caps 
used (i.e. one solely for acquiring EEG and one solely for applying stimulation). 
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Hardware limitations, including the lack of bandwidth or encoding bit depth to 
record large voltages produced by stimulation, can greatly influence the types of 
EEG amplifiers used. Amplifiers that cannot accommodate large voltages pro-
duced during stimulation can produce nonlinear artifacts when voltages approach 
the limit of the amplifier’s dynamic range. When voltages go beyond the dynamic 
range of the amplifier non- recoverable saturation occurs, leaving unusable EEG 
data.

 Offline EEG-tDCS

In cases where EEG data during stimulation is not required (or “offline” stimula-
tion) the hardware options are to utilize (1) a single cap with overlapping stimula-
tion and acquisition sites where EEG data acquisition sites are shared with 
stimulation sites; (2) a single cap with non-overlapping stimulation and acquisition 
sites where EEG data acquisition sites are interleaved with stimulation sites; or (3) 
two caps, one for EEG data acquisition with designated EEG electrode positioning 
and one for HD-tDCS with designated sites for delivering stimulation. With a single 
cap containing overlapping sites, stimulation sites can be digitally selected and 
changed from recording to stimulation sites over the course of an experiment. When 
utilizing a single cap with non-overlapping, interleaved stimulation sites; the option 
of stimulation at specific data acquisition sites is not available; instead stimulation 
is delivered to neighboring sites. For example, with an M1SO (motor to contralat-
eral supraorbital) stimulation montage, data can be acquired over the motor cortex 
from standard site C3 and stimulation can be delivered at standard site C5 (centime-
ters away from C3) with a contralateral supraorbital return electrode at F8. Utilizing 
two different caps, involves acquiring data then swapping caps to one that holds 
stimulation sites then applying stimulation (or vice versa). In this case, if data acqui-
sition and stimulation are done in close temporal proximity to each other, technical 
issues like gel smearing can arise. This smearing of gel can lead to electrical bridg-
ing with EEG data acquisition or current shunting with stimulation and is typically 
not recommended.

 Online EEG-tDCS

If EEG data acquisition during stimulation (or “online” stimulation) is of interest and 
amplifier bandwidth can accommodate large voltages, then several options, similar 
to offline stimulation, are available with the use of a single cap. Single or integrated 
caps can have (1) overlapping stimulation and acquisition sites where at each scalp 
location electrodes can acquire EEG data or be used to deliver stimulation; or (2) non-
overlapping stimulation and acquisition sites where there are sites dedicated solely 
to data acquisition and additional interleaved scalp locations dedicated to stimulation 
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(Fig. 11.4a); or (3) selectively removed acquisition sites. When using a cap with over-
lapping sites, locations for stimulation and data acquisition can be digitally selected 
and EEG data can be derived from the same points of stimulation during the stimula-
tion. When utilizing online stimulation with non- overlapping sites, acquired data are 
in close proximity (centimeters away) to stimulation sites but do not overlap with 
them. With selective removal of acquisition sites, selected EEG recording sites are 
mechanically removed at some point over the course of an experiment and replaced 
with stimulating electrodes. They can either be removed during the course of both 
data acquisition and stimulation or just over the course of stimulation.

 Stimulation Device Selection

When designing stimulation protocol, the choice of stimulation device is of great 
importance. With tDCS, devices that specifically deliver a direct current should be 
used. Ideally devices that adhere to circuit architectures that utilize current con-
trolled, current sources should be utilized for DC delivery. In many cases, studies 
performing tDCS have resorted to utilizing iontophoresis devices, which in essence 
do deliver an averaged desired DC output, but have voltage outputs that are oscilla-
tory. When acquiring online stimulation EEG data with devices such as iontophore-
sis devices, large oscillatory voltage artifacts can be introduced in acquired EEG 
data (Fig.  11.5a). These oscillating artifacts can be difficult to attenuate in post 
processing and can significantly decimate signal quality. For these reasons stimula-
tion devices should be tested to ensure they deliver a stable DC, prior to incorporat-
ing them into integrated online stimulation and EEG protocols (see also section 
“Inherent Stimulator Artifacts”).

 Characteristics of the DC Voltage

During HD-tDCS, the application of an external direct current strongly influences 
the recorded voltages at all EEG electrodes (Fig. 11.4b–e). Across protocols (appli-
cation routines, montages, currents), the largest deviations in voltage track the 
applied current, increasing to a value during the tDCS ramp up, generally maintain-
ing the value (the “DC offset”) during the sustained current phase, and decreasing 
along with the tDCS ramp down (Fig.  11.5a). The largest positive and negative 
voltage deviations are observed near the anode and cathode, respectively. These 
polarity specific offsets indicate that DC offset is montage specific. This indicates 
that the EEG voltage profile for an M1SO stimulation montage will be different 
from that of a Bifrontal stimulation montage. Applying 2  mA of current during 
tDCS produces a DC offset that is up to 1000 fold larger than baseline neural EEG 
signals (Fig. 11.5a). This large voltage offset is also consistent across all different 
types of stimulation devices that deliver a DC.
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Fig. 11.4 (a) EEG cap layout with the locations of the integrated stimulation sites indicated at 
sites AF7, AF8, and C5. The HD-Bifrontal stimulation montage is demonstrated (blue pairs) where 
electrodes are placed over standard sites AF7 and AF8. The HD-M1SO montage is demonstrated 
(green pairs) where electrodes are placed over standard sites AF8 and C5. In both cases polarities 
can be interchanged within each montage. MRI derived head model indicating scalp locations of 
stimulating electrodes for HD-Bifrontal stimulation (top, blue disks), HD-M1SO stimulation (bot-
tom, green disks), and some EEG recording electrodes (gray disks). (b) Skin voltage distribution 
predicted by computational models for 2  mA of HD-Bifrontal stimulation where the anode is 
placed at AF8 and the cathode is placed at AF7. Flux lines (black) indicate direction of current flow 
across the skin, with maximal voltages near the anode and cathode as well as in frontal EEG elec-
trodes. (c) Topographic voltage distribution for 2 mA of HD-Bifrontal stimulation from model 
predictions. Model scalp voltages were sampled at EEG recording sites for HD-Bifrontal stimula-
tion. (d) Skin voltage distribution predicted by computational models for HD-M1SO stimulation 
where the anode is placed at C5 and the cathode is placed at AF8. Flux lines (black) indicate direc-
tion of current flow across the skin, with maximal voltages near the anode and cathode as well as 
in frontal and left parietal EEG electrodes. (e) Topographic voltage distribution for HD-M1SO 
stimulation from model predictions. Model scalp voltages were sampled at EEG recording sites for 
HD-M1SO stimulation. With both montages, colorbars indicate voltages for both computational 
models’ skin voltage and scalp topographic distributions
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Fig. 11.5 (a) Voltage over time across different stimulation devices. The largest voltage offsets or 
DC voltage is seen at electrodes closest to the stimulation sites (anode: AF8, cathode: C5). The 
linear ramp-up and ramp-down periods can also be observed at the beginning and end of the stimu-
lation period. (b) Mean voltage topographies across stimulation devices where the largest voltage 
negativity is observed near the cathode (C5) and the largest voltage positivity is observed near the 
anode (AF8). During the post stimulation period mean voltage topographies show the presence of 
residual scalp voltage across devices. The spatial distribution of the post stimulation voltage topog-
raphies is identical those during stimulation. (c) Post stimulation, electrodes exhibit a decay in 
voltage. Electrodes that are closest to the stimulation sites show the largest residual voltage after 
stimulation ends. (d) Spectrograms over time show the broadband distortion produced during the 
ramp-up and ramp-down periods. They also show the low-frequency spectral density offset pro-
duced during stimulation as well as post stimulation. Physiologically related frequency bands can 
be seen between 8 and 12  Hz across the pre, during, and post stimulation periods. (e) Across 
devices, the frequency distribution across electrodes differed. Electrodes near the anode show 
larger power offsets than those near the cathode at lower frequencies (0–10 Hz). (f) Compared to 
baseline conditions electrodes near the cathode (C5) show pronounced peaks between 1 and 1.2 Hz
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The DC offset can sometimes change incrementally (“drift”) while stimulation is 
sustained (Hahn et al. 2013), this fractional change (up to ~ 3 mV or 2% of the DC 
offset over 50 secs with 2 mA of current) is still larger than EEG signals in general. 
Residual DC offset post stimulation can also be evident for up to approximately 
1 min after the end of the ramp down (Fig. 11.2c). These residual voltages are sig-
nificantly less than the peak DC offset during stimulation (~1.5 mV) but are on the 
order of magnitude of drift in the DC offset during stimulation. The spatial distribu-
tion of the scalp topography of the residual DC offset (scalp voltage after stimula-
tion) is comparable to that of the DC offset during stimulation (scalp voltage during 
stimulation), where it has the largest positive and negative values near the anode and 
cathode electrodes, respectively (See Fig. 11.5b Post Stim).

 Characteristics of the Spectral Profile

By utilizing spectrograms, the broadband harmonic distortions created during the 
ramp-up/ramp-down periods of the stimulators as a result of the stepwise escala-
tion/de-escalation of current and resultant stepwise voltage offset can be easily 
illustrated (Fig.  11.5d). The distortions created during the ramp-up/ramp-down 
periods introduce broadband noise that contaminate these period of online stimula-
tion EEG data and can be difficult to attenuate during post processing. After ramp-
 up though, this broadband step-wise contamination is eliminated during the delivery 
of the DC. During stimulation, significant power at low frequency (~0 Hz) reflect 
the DC offset. Overall low frequency activity (<10 Hz), also has increased power 
compared to no stimulation conditions. The reduced but significant DC offset post 
stimulation is also apparent and should be noted (See period after ramp-down in 
Fig. 11.5d).
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Fig. 11.5 (continued)
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With online stimulation, EEG features like inherent alpha activity (8–12 Hz) can 
be resolved with proper frequency windowing. In some cases, spectrograms can 
reveal increased low frequency activity (1–1.2 Hz) during but not pre or post stimu-
lation, with higher power near stimulation electrodes (see also Fig.  11.5e). For 
example, clear 1–1.2 Hz peaks are observed at electrode C3, nearest the cathode 
(C5), whereas at electrodes FP2 and F8 such prominent peaks are not evident (pos-
sibly due to blink interference at frontal channels; Fig. 11.5f).

 Linearity of DC Voltage

With Bifrontal stimulation (anode:AF7, cathode: AF8), EEG electrodes closest to 
the anode exhibit a positive voltage offset and those near the cathode exhibit a nega-
tive voltage offset; whereas the opposite polarities can be seen at the aforemen-
tioned electrodes when the stimulation polarities are switched (anode:AF8, 
cathode:AF7; Fig. 11.6a). In this case electrodes F7 and F8 exhibited the highest 
voltage changes, whereas those further away from the stimulating electrodes exhib-
ited a smaller change in voltage during stimulation (Fig. 11.6b).

When the current intensity is increased (from 0.5 to 2.0 mA), scalp topographies 
show increases in the area of the high voltage offsets (both negative and positive 
depending on the montage used; Fig. 11.6b). When applying a series of different 
current intensities (i.e. 0.5, 1.0 1.5, 2.0 mA) over the course of one EEG recording, 
the mean voltage offset for repeated current intensities are linearly correlated across 
the majority of EEG electrodes (Fig. 11.6c). This is true for different current polari-
ties as well (i.e. switching the anode and cathode). In other words, the voltage offset 
changes linearly between applied current intensities. Although electrodes further 
away from the stimulation sites do not exhibit large voltage offsets, they do show a 
linear relationship across applied stimulation intensities. Taking the topographic 
difference between stimulation intensities results in a slope computation across the 
scalp and shows that the change in voltage between current intensities has identical 
spatial patterning across the scalp (Fig.  11.6d). This demonstrates that although 
there is a large voltage change between stimulation intensities the slope or increase 
in voltage (mV/mA) remains similar between stimulation intensities.

 Inherent Physiologic Artifacts

Inherent physiological artifacts can be characterized as artifacts that are indepen-
dent of stimulators as well as EEG devices and that result from physiologic integra-
tion with the overall DC artifact produced by stimulation (see Fig. 11.5a). These 
physiologic artifacts that occur during stimulation can range over a broad spectrum 
of physiologic processes, however here we highlight four types of physiological 
distortions that are seen during concurrent EEG and tDCS. These include cardiac 
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Fig. 11.6 (a) EEG voltage over time with online stimulation and EEG. The DC voltage offset can 
be seen when randomized current intensities between 0.5–2.0 mA are applied and removed over 
time. The largest DC voltage offset is seen at electrodes closest to the anode and cathode. (b) For 
Bifrontal stimulation frontal EEG electrodes have the largest increase (negatively and positively) 
with increasing current intensity. Areas under the anode have large positive offsets whereas those 
under the cathode have larger negative offsets. (c) The mean voltage offset across applied current 
intensities for both stimulation polarities are linearly correlated across the majority of EEG elec-
trodes. (d) The change in voltage between current intensities (mV/mA) have identical spatial pat-
terning across the scalp for different current intensities. This spatial patterning is consistent across 
current intensities applied for both stimulation polarities
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artifacts, oculomotor artifacts, myogenic artifacts, and DC drift artifacts. We also 
talk about the use of computational head models, which can be used to model and 
understand the dynamics and sources of these artifacts.

We define “physiologic stimulation artifacts” as real changes in the voltage on 
scalp that reflect physical interaction of applied current with the body – by defini-
tion these artifacts are then inherent (or unavoidable) to any stimulation or record-
ing hardware. Of particular concern is if such physiologic artifacts, by failing to 
meet the assumptions above, may not be removed or properly attenuated by con-
ventional signal processing techniques, leading to spurious conclusions. 
Identifying the mechanisms and features of physiologic artifacts allows for iden-
tifying and applying suitable signal processing and having greater confidence in 
outcomes.

Fig. 11.6 (continued)
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 Physiological Artifact: Cardiac Artifact

The cardiac artifact, sometimes referred to as a ballistocardiographic artifact or bal-
listocardiogram (Rubin and Daube 2016; Schmitt 2017), can be observed consis-
tently during stimulation and is highly disruptive to acquired data. The artifact, 
which can sometimes resemble and be mistaken for stimulator shifts in voltage 
(Roy et al. 2014), is stimulation device independent (Fig. 11.7a, b), montage spe-
cific (see Fig. 11.7b, f), narrowband (Fig. 11.7c), and stimulation intensity specific 
(Fig. 11.7e).

When paired with concurrent electrocardiogram (ECG) the oscillatory cardiac 
artifact shows consistent peaks following the QRS complex but preceding the T-wave 
of the ECG (Fig. 11.7a). These cardiac related peaks can be observed across differ-
ent types of DC stimulators, excluding iontophoresis devices which can introduce 
device related artifacts obscuring the cardiac artifact. The artifacts’ peaks are also 
polarity dependent and montage specific indicating that it is strongest near stimula-
tion electrodes (Fig. 11.7b). In the frequency domain, the cardiac artifact’s activity 
is seen as a low frequency, heartbeat-locked peak at approximately 1 Hz (depending 
on subjects’ heart rate; Fig. 11.7c). This activity is seen during but not before or after 
stimulation. Analogous to the DC offsets, this activity is present in electrodes closest 
to the stimulating electrodes in a montage specific manner. Since the cardiac artifact 
exhibits a slow rise and fall that is time locked relative to the R-wave of ECG signals 
and is montage specific; it is believed to be a mechanical cardiac signal amplified 
with local changes in skin impedance during stimulation (Noury et al. 2016).

The artifact can also be easily produced with currents as low as 0.5  mA and 
increases as more current is introduced during stimulation (Fig. 11.7e–g). The mon-
tage specificity is seen with the spatial scalp distribution of the cardiac artifact; a 
maximal negative deflection is present nearest the cathode and maximal positive 
deflection is present nearest the anode (Fig. 11.7b, f). EEG electrodes further away 
from the stimulating electrodes however do not exhibit significant voltage modula-
tions resulting from the cardiac artifact.

Assuming a skin impedance change of 0.01% during stimulation, a computa-
tional model can be generated to simulate the cardiac artifact’s spatial distribution 
and the magnitude of its voltage deflection. Incorporating the aforementioned 
assumptions, the computational models predict that for HD-Bifrontal stimulation, 
anterior recording electrodes would undergo higher voltage amplitude changes dur-
ing a cardiac pulse, with decreasing voltage deviation with increasingly posterior 
electrode locations (Fig. 11.7g). These predictions corroborate the notion that tDCS 
first creates a montage specific distribution of scalp voltages that is then modulated 
at each pulse by a global change in scalp impedance.

The concerning aspects of the appearance of the cardiac artifact is its stimulation 
dependent amplitude as well as its time variant scalp distribution. With skin imped-
ance being a dynamic factor, the cardiac artifact could be highly influenced by 
subjects’ physiological and psychological state (Luft and Bhattacharya 2015) dur-
ing stimulation where anxieties or fears during tDCS can cause a raise in heartbeat 
and increase sweating, nonlinearly altering acquired data. In electrodes adjacent to 
stimulation sites, the cardiac artifact can be seen to increase up to approximately 
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40 μV with 2  mA of current, which is larger than most event-related potentials 
(ERPs) (Dinteren et al. 2014) and raises concerns with previous concurrent online 
EEG and stimulation studies that have examined ERPs (Cunillera et  al. 2015; 
Faehling and Plewnia 2016). Detectable changes in the overall voltage offset of the 

Fig. 11.7 (a) The cardiac artifact is reproducible with a range of stimulation devices, with the 
exception of the Activadose II, which produces large-amplitude, high-frequency broadband noise 
during stimulation in EEG data as well as in ECG electrodes. The cardiac artifact appears as con-
sistent peaks following the QRS complex but preceding the T-wave of the ECG. Detrended traces 
for electrodes FC6 and CP5 are also present for comparison. (b) Scalp topographies during the 
peak of the cardiac artifact across stimulation devices show that the artifact is montage specific 
since the artifacts’ spatial distribution is reflective of the stimulation montage. (c) A comparison of 
ECG; and EEG baseline (not powered), during, and post stimulation. A prominent peak at 1–1.2 Hz 
is present for both the ECG and EEG during stimulation conditions, but not for EEG baseline (not 
powered) and post stimulation. (d) ECG, ECG envelope, and respiration signal over time. During 
stimulation, the overall ECG signal has a pronounced DC offset. Linear changes in the ECG volt-
age during the stimulation ramp-up and ramp-down periods are also present. (e) The cardiac arti-
fact over time with applied current intensities of 0.5, 1.0, 1.5, and 2.0  mA. (f) Mean scalp 
topographies at the peak of the cardiac artifact during 0.5, 1.0, 1.5, and 2.0 mA of applied current. 
(g) Mean and SEM of cardiac artifact peaks at electrodes F7 and F8 during stimulation for current 
intensities of 0.5, 1.0, 1.5, and 2.0 mA. (h) Computational model prediction of the spatial scalp 
distribution of the cardiac artifact during HD-Bifrontal stimulation
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ECG signals (~0.5 mV), measured across the chest during stimulation, also raise 
further questions about how stimulation interacts with autonomic nervous system 
(Clancy et al. 2014; Schestatsky et al. 2013; Schroeder et al. 2015; Vandermeeren et 
al. 2010), which could in turn result in changes to the cardiac artifact, as well as 
heart rate or heart rate variability. In the clinical domain, studies examining the 
online effects of tDCS are cautioned when it comes to patients who have disorders 
affecting cardiac function. With the aforementioned studies, concurrent ECG with 
EEG monitoring is highly recommended. As such, patients with cardiac dysfunc-
tions may introduce further variability to the already time variable cardiac artifacts, 
which can be misinterpreted as alterations in low frequency Delta activity in 
acquired EEG data. Reassuringly though, the artifact disappears with the removal 
of the DC current after both long and short periods of stimulation, attesting to the 
artifact’s dynamics.

 Physiological Artifact: Ocular Motor Artifact

During stimulation, strong modulatory effects are observed in relation to ocular 
motor or blink responses. Amplitudes of these physiologic responses can become 
highly variable across stimulation current intensities as well as across stimulation 
montages. The spatial distribution during blink responses become altered during 
stimulation, in a stimulation montage specific manner.

Depending on the montage used and compared to baseline or no stimulation 
conditions, the blink artifact amplitude increases, inverts in polarity, or becomes 
unrecognizably low in amplitude that it appears to be suppressed (see Fig. 11.8a). 
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Fig. 11.7 (continued)
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These alterations are consistent across DC stimulators (Fig. 11.8b). Interestingly, 
the latency of the blink propagation between the left and right eye remains unal-
tered; remaining time-locked under pre, during, and post stimulation conditions. 
Near the anode, where a positive scalp voltage is present, blink artifacts have large 
decreases in amplitude opposed to near the cathode, where a negative scalp  voltage 
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is present, where blink artifacts have large increases in voltage during stimulation 
(Fig. 11.8c, d). Within stimulation montages the ocular motor amplitude modula-
tion linearly increases or decreases with stimulation intensity (Fig. 11.8e–g). These 
dramatic changes in amplitude are believed to be a result of eyelid closure with 
possible smaller contributions from the shifting of the eyes’ retinocorneal dipole 
(Berg and Scherg 1991; Iwasaki et al. 2005). With the eyelids closing during stim-
ulation, they considerably alter the path of the applied current on the scalp and 
distort the resultant positive amplitude normally seen with Cz referential 
montages.

These alterations pose problems for automatic artifact rejection algorithms since 
during stimulation the blink artifact becomes highly distorted in some cases. 
Previous studies examining tDCS effects on blink responses in healthy subjects 
using electrooculogram (EOG; Beyer et al. 2017; Cabib et al. 2016; Zuchowski et 
al. 2014) may also be affected by these artifactual voltage modulations. Similarly, 
any future studies in the clinical domain using EOG as an online biomarker in tDCS 
trials with disorders including Parkinson’s disease, or multiple sclerosis, would be 
cautioned. As with other physiologic artifacts the use of traditional control experi-
ments (changing montage) and some signal processing corrections may not suffice. 
Fortunately though the topographic spatial distribution of scalp voltages during 
blinks were somewhat predictable based on the overall average topographic scalp 
distribution during stimulation, which could provide means for development of 
more dynamic blink artifact rejection methods.

To model the nature of the altered blink responses during concurrent EEG and 
stimulation computational models can be utilized. In order to model simplistic blink 
responses, skin over the eye (eyelids) are removed from the computational head 

Fig. 11.8 (a) During the pre and post-stimulation time periods, both FP1 and FP2 detect positive 
blink deflections. During the course of cathodal M1SO (referring to cathode:C3, anode:AF8) stimula-
tion the blink responses at FP2 (near the anode) reverse in polarity and show a high amplitude nega-
tive deflection, whereas blink responses at FP1 decrease in amplitude and maintain a diminished but 
positive polarity. (b) A comparison of blink responses across stimulating devices compared to pre-
stimulation. During stimulation a negative monopole is present in electrodes over the right SO loca-
tions (near the anode) and a positive monopole is present in electrodes over the left SO locations, 
across devices (with the exception of the Activadose II) for the application of 2 mA of cathodal M1SO 
stimulation, whereas Bifrontal positive dipoles are present over both eyes, pre- stimulation. (c) Blink 
scalp topographies for pre-stimulation, during 1 mA of anodal M1SO stimulation (cathode:AF8, 
anode:C3), during 1 mA of cathodal M1SO stimulation (cathode:C3, anode:AF8), and post-stimula-
tion conditions. (d) Mean and SEM of blink amplitudes at electrodes FP1 and FP2 during 1 mA of 
M1SO anodal and cathodal stimulation, compared to pre and post- stimulation blink responses. (e) 
Blink responses at FP1 and FP2 over time during 0, 1, and 2 mA of current with a Bifrontal stimula-
tion montage. As the current intensity increases the difference between peak blink amplitude, between 
FP1 and FP2, increases. (f) Blink scalp topographies during 0, 1, and 2 mA of current with a Bifrontal 
stimulation montage. (g) Mean and SEM of blink amplitudes at electrodes FP1 and FP2 for 0 mA, 
1 mA, and 2 mA of applied current with a Bifrontal stimulation montage. As the current intensity 
increases the difference in peak amplitudes between FP1 and FP2 becomes larger. (h) Computational 
model prediction of blink scalp topography during HD-Bifrontal stimulation
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models. The difference between model predictions during stimulation with and 
without eyelids produced an overall scalp topography akin to that seen during 
EEG. Like topographic voltage distribution seen during EEG, the model prediction 
demonstrates that with Bifrontal stimulation there is an elevated left SO positive 
voltage and an elevated right SO negative voltage (Fig. 11.8h). These predictions 
support the notion that blink responses increase near the cathode whereas they 
decreased near the anode.

 Physiological Artifact: Myogenic Distortions

During stimulation myogenic artifacts, related to facial muscle contraction or jaw 
clenches, are seen to be montage specific, broadband, and are highly modulated in 
a current intensity specific manner (Fig. 11.9a–c), similar to the blink and cardiac 
artifacts. With higher current intensities, the overall broadband activity shifts in 
amplitude depending on the stimulation montage used. Increasing current intensity, 
introduces a low frequency drift to the high frequency muscle activity, during mus-
cle contraction. This activity is variable across the scalp and the divergence in 
amplitude between left and right hemispheric high frequency activity increases with 
increased bilaterally applied current (HD-Bifrontal; Fig. 11.9a, b). In terms of spa-
tial scalp location, during stimulation and jaw clenching, the DC alters the distribu-
tion and polarity of the muscle activity seen on the scalp, compared to muscle 
activity without stimulation (Fig. 11.9c).

Myogenic interactions during EEG, specifically electromyography (EMG) with-
out stimulation, are the result of contractions of primarily the masseter, temporalis 
and frontalis muscles (Goncharova et al. 2003; Whitham et al. 2007). These con-
tractions can significantly contaminate acquired data due to its high amplitude, and 
broadband spectral and anatomical overlap with neurogenic sources (Barlow 1985; 
Shackman et al. 2009). When combined with stimulation, these myogenic distor-
tions become exacerbated and with their overlap with neurogenic sources, makes it 
even more difficult for correction algorithms to separate both sources. These myo-
genic interactions, like the cardiac artifact, can be influenced by subjects’ physio-
logical and psychological state (Bradley et al. 2001; Coan and Allen 2003; Tassinary 
et al. 2007; Waterink and van Boxtel 1994), resulting in variable muscle activation. 
Even weak facial muscle contractions have been shown to produce low frequency 
EEG activity that can be mistaken for changes in cognitive related frequency bands 
like Alpha rhythms (Goncharova et al. 2003; Lee and Buchsbaum 1987; Willis et al. 
1993), which can be especially concerning when these artifacts are accentuated by 
stimulation currents. In the clinical setting, these EMG artifacts may appear in 
patients with conditions including facial myokymia, hemifacial spasm, or palatal 
myoclonus (Westmoreland 1996). Caution should be taken in cases like these and 
other disorders affecting myogenic activity since coupled with stimulation, resultant 
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artifacts can be misinterpreted as epileptiform activity or modulations in the fre-
quency domain. These modulations with stimulation however, did not outlast the 
duration of stimulation and disappeared as the external current was removed.

In order to model EMG activity resulting from jaw clenches during stimulation, 
the masseter and temporalis muscles are incorporated into MRI-derived computa-
tional models. Muscle fibers are represented over the mandible for the masseter 
muscle and over temporal regions of the skull for the temporalis muscles. The scalp 
voltages produced by tDCS are then computed with either “relaxed” muscle proper-
ties assigned or “active” muscle properties – assuming a 1% muscle conductivity 
change during to muscle fiber activation. The difference in scalp voltages between 
the two models gives a prediction of the spatial profile of the myogenic artifact. This 
muscle activity on the scalp during stimulation, are in accord with the overall DC 
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Fig. 11.9 (a) Jaw clenches over time detected at bilateral electrodes FP1 and FP2 for applied cur-
rents of 0, 1, and 2 mA. Currents were applied in a HD-Bifrontal montage and voltages at FP1 
(near the anode) diverged negatively from FP2 with increasing current. (b) Jaw clenches over time 
at bilateral electrodes C3 and C4 for applied currents of 0, 1, and 2 mA. Currents were applied in 
a HD-Bifrontal montage and voltages at C3 (near the anode) diverged positively from C4 with 
increasing current. (c) Average scalp topographies during jaw clenches plotted as z-scores for 
comparison. (d) Computational model prediction of the spatial scalp distribution of EMG activity 
resulting from jaw clenches during stimulation
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produced with EEG derived voltages, but do not fully capture the voltage shift dur-
ing muscle contraction (Fig. 11.9d).

 Physiological Artifact: DC Drift

The physiologically related DC drift artifact usually arises from increased perspira-
tion on the scalp (Klass 1995), which consequently alters skin impedance. During 
EEG this physiologically related DC drift usually takes the form of a low frequency 
(<0.5  Hz), high amplitude wave (Corby et al. 1974; Picton and Hillyard 1972). 
During concurrent tDCS and EEG, this non-stationary physiologic artifact can be 
exacerbated with the introduction of a DC current. With stimulation, this artifact can 
be high amplitude, low-frequency, narrowbanded, change over the course of the 
stimulation session, montage specific (normally localized nearest the points of high 
perspiration, however strongest effect can be seen nearest stimulating electrodes 
during tDCS), and under some circumstances outlast the duration of stimulation if 
left unattended. Although not detrimental to data quality since the artifact can be 
attenuated in post processing, care should be taken to avoid such artifacts in order 
to acquire the highest quality of EEG data.

 Inherent Stimulator Artifacts

With concurrent HD-tDCS and EEG, one source of significant extraphysiologic 
noise introduction can arise from the stimulators themselves. Stimulators that pro-
duce variable current outputs and not a constant direct current can distort and deci-
mate the voltage profile of acquired EEG. These artifacts, referred to as inherent 
stimulator artifacts, are described as artifacts that are universal to any stimulator/
EEG system used, however its severity or impact on data quality is variable. Inherent 
stimulator artifacts can be divided into three main types of artifactual distortions: 
broadband noise artifact, “on noise” artifact, and DC-offset artifact.

The broadband noise artifact describes the fact that, under ideal conditions, no 
simulator can generate an ideal DC without the introduction of power at unintended 
frequencies. This type of artifact, as its name suggests, produces distortion or non-
linear modulations of both signal and noise across several frequencies (hence broad-
band) including those of physiologic interest with EEG. With this type of artifact, 
during tDCS the highest modulation can be seen around 0 Hz (the DC frequency) 
when compared to pre stimulation or no stimulation conditions (device off base-
line). The broadband noise artifact can also change over the course of a stimulation 
session as a result of stimulator reactivity or impedance changes on the scalp. This 
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type of artifact usually does not outlast stimulation and usually disappears after the 
stimulator is turned off, however residual scalp voltages together with skin imped-
ance changes post stimulation can produce low frequency broadband modulations 
(see Fig. 11.7c). When it comes to the artifacts spatial variation on the scalp, the 
broadband noise artifact is seen to be montage and current intensity specific, having 
maximal distortion in EEG electrodes nearest to the stimulating electrodes in a 
manner reflective of/tracing the scalp DC voltage.

The “On noise” artifact is the result of leakage or injection of stimulator noise 
into the recording electrodes while the stimulating device is on yet not stimulating 
(See time zero onwards in Fig. 11.10a). In some cases large voltage offsets can be 
seen when the stimulation device is turned on and noise can occur when these 
devices check impedances before stimulation. This type of artifact has been shown 
to be broadband, montage specific, additive, and can possibly outlast stimulation if 
the stimulation device is left connected and on.

The DC-Offset artifact refers to the large voltage offset produced during stimula-
tion (See during stimulation period Fig. 11.2a). This offset, under ideal stimulator 
and EEG data acquisition conditions, is stable and linear; however, the DC-offset 
can be somewhat non-stationary and fluctuate over the course of stimulation due to 
physiologic changes in scalp impedance or subject perspiration. Under non-ideal 
hardware conditions slow dynamic changes can be seen as the result of the stimula-
tor used, in that the stimulator does not produce a stable DC current; as a result of 
impedance changes within the stimulator; or as a result of non-linear EEG amplifier 
performance if voltages reach amplifier limitations.

 Non-inherent Artifacts

Artifacts created as a result of non-ideal experimental conditions or set-up can be 
classified as non-inherent artifacts. These artifacts can easily arise if quality control 
is not met or strict data monitoring is not performed. Although non-inherent arti-
facts span a wide range of classifications, here we focus on stimulation and move-
ment distortion, EEG saturation, EEG distortion, and electrode bridging.

Similar to myogenic artifacts, movement disruption during EEG and stimulation 
can result in robust signal distortion of neural signal. Abrupt or slow head rotation 
or tilting can introduce broadband noise and in some cases fully distort neural activ-
ity during concurrent stimulation and EEG. When examined with concurrent dis-
placement recordings in the X, Y and Z, directions from Cz; spectrograms over time 
and frequency show that during 2 mA M1SO (anode M1) stimulation, slow neck 
rolling motions greatly disrupted acquired data. EEG electrodes nearest to the stim-
ulating electrodes (F8) show the largest distortions over time and frequency whereas 
those further away show lesser distortions (O2; Fig. 11.10b, c). Correlations of EEG 
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electrodes and accelerometer deflections corroborate the notion that the distortions 
seen in EEG channels during head motion are related to the movement of the head 
and electrodes, which is most likely exacerbated or amplified by the applied 
DC. These distortions in most cases are the result of slight movement of the stimu-
lating electrodes as well as the recording EEG electrodes on the scalp. Together 
with stimulation these distortions are stimulation montage and current intensity 
dependent, can change over the course of stimulation, and do not outlast the dura-
tion of stimulation (depending on the subject). To avoid this, subjects should be 
comfortably seated and instructed to minimize movement during stimulation and 
data acquisition. In some cases a headrest can be utilized to keep subjects head in 
place during experimental procedures.

EEG saturation can occur regardless of stimulation introduction. Saturation 
occurs when the dynamic range of EEG amplifiers have been reached and EEG 
signals become “clipped” or do not register voltages above or below a certain range 
(Light et al. 2010). Amplifier gain settings can, in some cases, influence the dynamic 
range of the data being acquired and bring the data closer to saturation if gain set-
tings are too high. With concurrent stimulation and EEG this issue can arise very 
easily and frequently. Since tDCS creates/injects a large voltage offset in EEG 
recording electrodes, these electrodes become shifted towards their saturation 
point, designated by the dynamic range of the EEG amplifiers. For example, in 
Fig. 11.10d current was gradually ramped up during concurrent EEG where the 
amplifier gain was increased (prior to the commencement of stimulation). Electrodes 
closest to the anode and cathode (F7 and P8) saturated much sooner than those 
further away (FP1 and O2), as indicated by the derivative of the EEG voltage 
(lighter colors) over time (Fig. 11.10d). As the saturation point was reached, the 
derivative of the EEG voltage over time became zero and voltages beyond the 
dynamic range of the amplifier were no longer recordable. When the EEG elec-
trodes saturate the data recorded cannot be utilized since any underlying neural data 
is obliterated. This type of stimulation- related saturated data is usually not broad-
band, can change during a stimulation session, is highly montage specific, and can 
sometimes outlast stimulation.

When EEG signals approach the ends of the dynamic range of amplifiers, they 
can sometimes enter a non-linear amplification range in the EEG amplifiers used. 
Within this non-linear region EEG signals can sometimes become highly distorted 
and artifactual. This type of artifact is usually broadband, can change during a stim-
ulation session, is montage specific, and disappears after stimulation ends if it is 
strictly stimulation related. This type of saturation can be avoided by ensuring that 
EEG amplifiers that are used have an adequate dynamic range to accommodate 
large voltage fluctuations.

Electrode bridging in EEG often occurs when too much electrolyte gel is intro-
duced between the scalp electrode interface and the gel merges with neighboring 
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Fig. 11.10 (a) Device “On Noise” where time zero onwards indicates the time the stimulation 
device was switched on but not stimulating. Scalp topography displays the difference in voltage 
between device on and device off, after zero and before zero respectively. (b) Spectrograms at 
electrodes F8 and O2 over the course of pre, during, and post stimulation with the subject making 
several head movements during stimulation. EEG electrodes are presented with concurrent time- 
locked accelerometer recordings, each indicating the direction of displacement. (c) Correlation of 
accelerometer displacement with EEG voltage distortion over time, over the course of stimulation 
and head movement. (d) Electrode saturation over time with increasing current intensity. As cur-
rent is increased electrodes (F7 and P8) closest to stimulating electrodes saturated earlier in time 
than those further away (FP1 and O2). Darker colors indicate electrode voltage over time whereas 
lighter colors indicate the derivative of the voltage over time. When the derivative becomes zero, 
saturation is reached
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recording sites creating low impedance electrical bridges between two or more 
neighboring electrodes (Alschuler et al. 2014; Greischar et  al. 2004; Tenke and 
Kayser 2001). This issue could be further exacerbated with environmental factors 
like room temperature that can result in increased scalp perspiration in subjects, 
which can also act as an electrolyte bridge. In terms of data quality, electrode bridg-
ing results in false identical signals being received by multiple electrodes that are 
bridged. In terms of tDCS though, the effects of electrode bridging of either stimu-
lation electrodes, recording electrodes, or a combination of both; on acquired data 
can be detrimental. Electrode bridges during stimulation and EEG can result in 
robust current shunting across the scalp. Not only does the current not reach its 
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Fig. 11.10 (continued)
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proper target but it also gets introduced directly into the EEG recording electrodes 
distorting any neural data being recorded. Bridging can be avoided by utilizing an 
appropriate amount of electrolyte gel or saline at recording sites and at stimulation 
sites. Also ensuring that EEG caps adequately fit (not too tight or too loose), are not 
moved or do not shift over the course of procedures can help in avoiding bridging.

 Artifact Removal

In order to realize the promise of combined EEG-tDCS, it is necessary to develop 
robust techniques for removing or otherwise mitigating the aforementioned arti-
facts. Although no straightforward approach exists, due to the robustness of said 
artifacts, some signal processing techniques exist for cleaning up some aspects of 
acquired concurrent online EEG- stimulation data. One common feature of all these 
artifacts is that they possess a seemingly stable spatial topography that is closely 
related to the tDCS montage. As a result, spatial filtering based techniques that esti-
mate the (spatial) subspace of the artifact may be able to remove a significant pro-
portion of the artifact variance. By regressing the corrupted EEG onto the artifact’s 
subspace and then subtracting the projections (Parra et al. 2005), a large part of the 
artifact variance should vanish. Unfortunately, even a small amount of residual vari-
ability will likely have a confounding effect on any subsequent analysis, as the raw 
power of the artifacts is very large. It is worth pointing out that this problem is 
analogous to the one faced when recording EEG in the fMRI environment where 
artifacts are similarly large (Allen et al. 2000; Niazy et al. 2005). Previous works 
have employed multistage techniques for removing the residual artifact from the 
EEG recorded during tACS (Helfrich et al. 2014) and some of these can be adapted 
for tDCS.

 Summary

Integration of tDCS with MRI/MRS, NIRS, and EEG holds great promise for 
shedding light on the underlying neural mechanisms of stimulation effects. While 
integration with these methods requires special consideration, a growing body of 
work provides both evidence of feasibility as well as insight into solutions to com-
mon concerns. Integration may not be easily achieved in certain cases, but clearly 
understand the current limitations of integration is an important first step in 
designing effective and interpretable studies. In addition, this information pro-
vides a clear guide to areas of tDCS integration that require future study and 
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refinement. Regardless of current limitations, recent work in the integration of 
tDCS with modern neuroscience methods has produced critical insight into tDCS 
neural mechanisms and provides clear evidence of feasibility. Integration of these 
methods provide a platform for understanding brain behavior relationships using 
the inherent strengths of each approaches: tDCS providing a method for directly 
intervening on brain tissue, EEG providing high degrees of temporal resolution in 
brain processing, MRI providing a high degree of spatial resolution for structural 
and functional brain function, MRS providing insight into neurometabolite and 
neurotransmitter concentrations in brain tissue, and NIRS providing both spatial 
and temporal resolution of brain activity near the surface of the cortex. This meth-
odological toolbox can be used to answer a wide range of questions about the 
brain and behavior, as well as underlying neural mechanisms of treatment response 
and efficacy. In addition, the potential for using this information to better optimize 
tDCS treatment studies is an exciting frontier in the field. As this field of study 
grows and our methodological understanding of integration process improves, the 
range of testable hypotheses about tDCS and the brain will only expand.
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 Introduction

In recent years, transcranial direct current stimulation (tDCS) has been explored as 
a treatment for a variety of disorders in psychiatry, neurology, rehabilitation, and 
pain medicine. This technology has a number of features that make it appealing as 
a potential clinical application, including a favorable safety profile, low cost, and 
ease of use. However, despite its advantages, tDCS currently has no FDA-approved 
indications. Further development of tDCS as an approved therapy requires that 
investigators pursue clinical trials that are of sufficient size and methodological 
rigor to convincingly establish the efficacy of tDCS for treating specific disorders. 
In turn, implementation of these well-designed trials requires consideration of a 
number of important factors, including study design, patient selection, use of appro-
priate control conditions, and the selection of optimal stimulation parameters. While 
many of these issues are similar to those facing the development of other novel 
treatments such as pharmacologic agents or other medical devices, the fact that 
tDCS is designed to leverage and enhance brain plasticity can add further complex-
ity to these concerns. This chapter will address a range of methodological consider-
ations in the design and execution of clinical trials involving tDCS.

 Overview of tDCS Study Designs

Clinical trial design methodology has largely been driven by the study of pharma-
ceuticals, and this accumulated knowledge and experience informs the design of 
clinical trials of all types. However, clinical trial methods must be adapted to specific 
issues that arise in device trials in general, and noninvasive brain stimulation (NIBS) 
and tDCS studies specifically. The progression of a pharmaceutical compound to a 
clinically available medication includes pre-clinical studies in animal models; phase 
1 trials (whose primary role is initial safety assessments and/or dose finding, and 
may be performed in healthy adults or a disease population); phase 2 trials (whose 
role is evaluating safety and tolerability, and gaining preliminary evidence of effi-
cacy in a limited sample of patients with the disorder of interest); phase 3 studies 
(pivotal trials of efficacy in a large sample of patients which are needed for regula-
tory body approval for commercial marketing); and phase 4 post-marketing studies 
which conduct surveillance of the therapy after it is in widespread commercial use.

In contrast to the development of pharmaceutical treatments, in tDCS and other 
NIBS trials the initial evidence of potential efficacy does not typically come from 
animal studies, but rather from small, open label (non-randomized) case series or 
comparative observational studies that provide “proof-of-concept” of a treatment 
goal. Though this is an important step for determining whether to move forward with 
further studies, and for beginning to work out the best stimulation parameters, the 
gold standard for showing efficacy is to conduct randomized controlled studies, 
which will be the focus of this discussion. In device trials in general, the progression 
to proof of efficacy is often simpler: pilot studies (smaller studies showing safety, 
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tolerability, and preliminary evidence of efficacy), and pivotal studies (larger studies 
aiming to establish clinically meaningful efficacy), particularly for implantable 
devices whose safety cannot be studied in healthy people because of the permanence 
and risk of implantation. Non-invasive brain stimulation falls somewhere in between 
these two poles – with some similarities to drugs, and other similarities to implantable 
devices. Thus, clinical trial methodology needs to be tailored to the specific issues of 
tDCS, and of course to the specific disease processes being targeted for treatment.

It is important to note the reasons why open label and non-randomized studies 
are inadequate to prove efficacy. A comparator group is essential to testing the effi-
cacy of a treatment because there may be random fluctuations in disease severity 
that lead to a false appearance of effect. Moreover, the act of enrolling patients in a 
trial may in itself result in them receiving additional attention that may positively 
influence their function or outcome. Randomization is critical for efficacy trials in 
order to balance these and other measured and unmeasured confounders between 
the treatment groups, so that differences in outcome can be attributed to the treat-
ment without bias. An example of balancing measurable confounders is the case in 
which enrolled patients are on CNS active medications either for the disorder being 
studied or for a comorbid condition. For instance, if by chance a higher proportion 
of patients on an SSRI are treated with verum (real) stimulation compared to sham 
(placebo) tDCS, the result may be inadvertently biased toward showing an effect of 
tDCS. While it might be possible to account for a measurable confounder like this 
(by accounting for that factor in the statistical analyses), unmeasured confounders 
cannot be dealt with in ways outside of randomization. Unmeasurable confounders 
include intrinsic biological factors, such as capacity for neural plasticity, that are not 
easily assessed. Randomization and adequate study sample sizes are critical for 
balancing factors like these, which are otherwise difficult to control explicitly.

There are several ways of structuring a clinical trial. Study design choices salient 
for tDCS trials include: parallel (between subjects) versus cross-over (within sub-
jects), and single interventions versus factorial (more than one intervention tested 
simultaneously). The classic trial design is a 2-arm parallel enrollment study of 
treatment (A) versus placebo/sham or other treatment, including a different dose of 
active tDCS (B). In this design, patients are randomized to A or B, outcomes are 
measured at a specified time point, and comparisons are made between the two 
independent groups. The advantages of this design include shorter duration of par-
ticipation for an individual patient and thus shorter overall study duration. In addi-
tion, this design is more conducive to evaluating long term outcomes. The 
disadvantages of a parallel design study include the requirement for larger numbers 
of patients than cross-over studies, and the potential for recruitment difficulty if 
patients dislike the idea of being randomized to sham treatment.

The alternative to a parallel study is the cross-over study, in which patients are 
randomized to one treatment arm first (treatment A, for example), followed by assess-
ment of outcome at a specified time point, followed by entry into the other treatment 
arm (treatment B) with assessment of outcome at a specified time point (Fig. 12.1). 
The advantages of this design are that smaller numbers of patients are required to 
populate each treatment arm, every patient is exposed to the experimental treatment, 
and there is less heterogeneity between the two treatment arms because they are not 
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independent of each other. The major disadvantage of this design is the “wash out 
period” – that is, the amount of time necessary after a treatment for the effects of that 
treatment to dissipate. This design has been popular in NIBS studies because many 
studies have offered short term treatment exposure (even a single session sometimes) 
and have measured short term outcomes. However, in studies in which tDCS and 
other NIBS methods are being investigated for possible long term, or even permanent, 
effects, this design may eventually prove adequate. Furthermore, in clinical trials of 
tDCS for cognitive rehabilitation or augmentation, practice effects that occur when 
subjects undergo the same cognitive test multiple times must also be accounted for. 
Cross-over studies can also be challenging to implement and interpret in studies of 
neurodegenerative disease, wherein neurologic performance declines over time irre-
spective of clinical intervention. Another limitation to this design is that the sensory 
experience of sham tDCS may not be completely indistinguishable from verum stim-
ulation, in which care it may be more difficult to achieve a true sham effect if patients 
are exposed to verum treatment prior to sham stimulation (Kessler et al. 2012).

A related trial design is the partial cross-over study, in which patients are ran-
domized to either verum or sham treatment, and after the first outcome assessment, 
patients in the sham arm are crossed over to the verum arm. This method reduces or 
eliminates the concern about a wash out period for verum treatment, but there are 
statistical considerations that must be addressed in assessing the effect when the 
comparison groups are only partially independent.

Finally, another related trial design is the placebo run-in study – this is a rela-
tively newer method that is gaining popularity in fields where there are historically 
high degrees of placebo effect, such as depression and headache. In the placebo 
run-in design, all subjects are started on placebo first, and subjects who are robust 
placebo responders are then removed from the study prior to randomization of the 
remaining subjects to placebo or active treatment. In this way, the randomization 
population is enriched for subjects who are not placebo responders, and thus the 
difference (effect size) between the two arms may be bigger, and the study would 
require fewer subjects to have the power to detect a true difference. This issue may 
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be particularly relevant for tDCS trials because the treatment requires equipment 
and is more time and labor intensive for the investigative team than an oral pharma-
ceutical that can be dispensed to be taken at home. However, some investigators in 
fields using this design have raised concerns about whether it artificially elevates the 
absolute effect size and have called for it not to be used, particularly in phase 3 
pivotal trials (Lee et al. 2004; Rosenkranz 2016).

In the study designs discussed so far, one treatment is compared to another or to 
placebo. In a factorial design, a combination of treatment can be compared to indi-
vidual treatment and to placebo. In the classic 2 × 2 factorial study design, patients 
are randomized to treatment A, treatment B, treatment A and B together, or no treat-
ment (sham). All patients undergo outcome assessment at a specified time point 
after enrollment. This study design may be particularly useful in tDCS studies when 
tDCS is believed to be augmentative, not independently effective. For example, this 
design may be useful in evaluating whether tDCS is more effective than standard 
rehabilitation techniques in a stroke population, or whether tDCS plus rehabilitation 
is more effective than either single treatment alone. The major disadvantage of this 
design is the requirement for a larger sample size than a simple 2 arm parallel group 
design, and the logistical challenges that attends combining two therapies (particu-
larly if neither is a pharmaceutical that can be taken independently at home).

One of the most critical elements of clinical trials is the choice of control subjects 
and conditions. Clearly, the choice of study design is critical in determining who the 
control group is, as discussed above. In prior commentaries on tDCS treatment for 
neurologic or psychiatric disorders, and indeed in the broader medical literature, 
some investigators have raised concerns about the ethical issues of comparing treat-
ment to placebo. However, this issue is nuanced. Randomization of patients to dif-
ferent treatment arms, including placebo, is ethical when there is clinical 
equipoise – genuine uncertainty about which treatment is safer and more beneficial, 
or whether treatment is safe and beneficial at all compared to placebo. Investigators 
who have invested time and effort into developing a new treatment which is inher-
ently exciting to them may be inclined to believe that not providing the therapy is 
unethical – however, it is important for investigators to remember that strong pre- 
clinical evidence, or evidence from uncontrolled studies in humans, or in humans 
outside of the target population is rarely if ever robust enough to remove clinical 
equipoise. A strong argument can be made that it is, in fact, unethical to offer treat-
ment with a weak evidence base (without randomized controls trials). Special cases 
arise in disorders that are rapidly life threatening, but under most circumstances the 
importance of properly conducted comparative trials when possible is hard to 
over-emphasize.

Recent advances in the science of clinical trial design have focused on adaptive 
trial designs, modifications to classical clinical trial methods which address key 
 barriers to study completion such as expense, achieving adequate sample size, lengthy 
duration of studies, and the need for sequential studies to identify optimal treatments 
(Chow and Chang 2008). Adaptive designs allow for modifications to the trial proce-
dures or statistical analyses after trial initiation without undermining its validity or 
integrity. The general goal is to achieve adequate statistical power with smaller sam-
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ple sizes. Examples of adaptive designs include adaptive randomization, in which the 
probability of randomization to one treatment arm changes based on prior treatment 
assignments, in order to increase the likelihood of success; group sequential design, 
which allows for stopping a trial early for safety reasons or efficacy reasons during 
interim analyses; pick the winner design, which is employed when multiple treat-
ments are being compared simultaneously, and allows for the least efficacious treat-
ment arms to be dropped during interim analyses to allow subsequent patients to be 
assigned to treatments with higher likelihood of effect; and adaptive dose finding, 
which is used in early phase trials to find the minimum effective dose or maximally 
tolerated dose to determine the best dose range for the next phase trial.

Adaptive trial designs employ Bayesian statistical methods to determine the like-
lihood that study findings are true or false. This approach is based on the notion of 
updating the probability for a hypothesis as more evidence or information becomes 
available. A major advantage of adaptive trial designs for patients is that they may 
increase the likelihood of a patient being allocated to treatment that is beneficial to 
that patient while minimizing the risk of being exposed to potential harms – there-
fore enhancing the risk benefit balance. In this way, adaptive designs may also 
address some of the concerns raised in the discussion above about the ethics of 
enrolling patients in sham controlled studies. Studies involving tDCS may be espe-
cially well-suited for adaptive designs. Because there are many parameters that can 
affect outcome with tDCS, an adaptive design might employ Bayesian statistical 
methods to first find which electrode montage has the greatest effect, followed by 
which dose is most efficacious with the least discomfort. Of note, these approaches 
work best when short-term outcomes are being assessed.

 Time Course and Natural History of Disease on tDCS Trials

Understanding the clinical characteristics and natural history of the disease being 
studied is essential to the decision-making process that takes place when designing 
a treatment trial. This is especially true for treatments like tDCS that involve long- 
term modulation of cortical activity. One of the critical functional properties of the 
central nervous system is its ability to form dynamic neuronal connections that can 
adjust and accommodate to new stimuli and situations. This capacity for neuroplas-
ticity is considered the foundation of many behavioral and cognitive processes, and 
is also the basis for recovery after brain injury. Aberrant neuroplastic changes are 
also a critical component of several neurologic and psychiatric conditions. 
Modifying the dynamic processes that leads to plastic changes in the nervous 
 system is the main goal of noninvasive neuromodulation approaches like tDCS. 
Importantly, patterns of altered cortical excitability and the ability of the brain to 
adapt vary according to the time course of injury (i.e. acute, subacute, or chronic) 
and the natural history (i.e. improving, static, or declining) of specific diseases. 
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Therefore, these factors must be taken into account when considering the appropri-
ate design of clinical trials involving tDCS.

In the next two sections of this chapter we will use stroke as an example of a 
neurologic condition in which the timing of tDCS intervention and the time course 
of the disease have a tremendous impact on study design. Stroke is one of the best- 
studied neurologic conditions with respect to response to tDCS treatment, in that 
there is a large body of evidence that supports the use of tDCS for the treatment of 
both motor and cognitive post-stroke deficits (Elsner et al. 2013; Flöel 2014; Kang 
et al. 2015). Although the mechanisms through which tDCS exerts its beneficial 
effects are somewhat understood, there is no clear consensus as to what stage of 
stroke recovery will benefit most from NBIS techniques. We will discuss some of 
the benefits and disadvantages of selecting patients in the acute/subacute versus 
chronic stages of post-stroke recovery for clinical trials, and how the natural evolu-
tion of the disease through each specific stage affects trial design.

 Acute and Subacute Conditions

Post-stroke recovery is often classified into acute, subacute, and chronic, although 
the time lapses that define such stages tend to vary in the literature. In general, the 
first 7 days after the injury are referred to as acute, 1 week–3 months are known as 
the subacute stage, and the time period after 3 months is the chronic stage (Duncan 
et al. 2003; Ng et al. 2008; Werner et al. 2002). It is important to point out that the 
acute and subacute phases stages of stroke recovery are widely considered to be 
critical periods in disease rehabilitation, when most synaptic reorganization nor-
mally occurs. Correspondingly, several studies (Cramer 2008; Hankey et al. 2007; 
Jørgensen et  al. 1995, 1999) have shown that the most significant proportion of 
functional recovery in patients who have suffered a stroke will occur between 
months 3 and 6 after an injury, with a very small proportion of patients accomplish-
ing some degree of recovery after 18  months (Hankey et  al. 2007). In general, 
neural recovery usually precedes motor recovery by approximately 2 weeks, and 
the severity of the initial lesion will predict the rate of recovery, with those suffer-
ing from more severe injuries taking longer to experience improvement in the 
motor area (Jørgensen et al. 1995, 1999).

Based on what is known about the natural progression of recovery, it would seem 
logical that stroke patients would benefit most from therapeutic interventions started 
very early during their convalescent period. In support of this, some studies have 
shown that starting rehabilitation with physical (PT) and occupational therapy (OT) 
early in the hospital stay of patients admitted with stroke improves outcomes 
(Horn et al. 2005). However, the use of tDCS for stroke rehabilitation has, to date, 
mainly been reserved for the subacute and chronic periods of recovery. Given the 
physiologic changes that take place in the recovering post-stroke brain, one may 
think that introducing tDCS as early in the recovery process as possible would add 
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a significant advantage to neural recovery, by enhancing beneficial neuroplasticity 
taking place in the damaged area, and by decreasing the maladaptive plastic changes 
in compensatory areas. However, there are a number of drawbacks that complicate 
the design of rigorous and interpretable clinical trials using tDCS in the acute stage 
of post-stroke recovery.

One of the most important challenges to designing tDCS trials in the early phases 
of stroke recovery is disambiguating natural recovery from treatment effects. As pre-
viously noted, the natural history of stroke is for most recovery to occur early after 
injury. This is of great importance for designing any study assessing the efficacy of a 
stroke rehabilitation intervention, in that it makes it more difficult for researchers to 
prove that improvements in either motor or cognitive function are a direct result of 
the introduced treatment, and not a normal consequence of the spontaneous recovery 
process. In addition, one could theorize that if there is a significant amount of plastic-
ity that normally takes place very early on after neural injury, further increasing excit-
ability in critical networks with tDCS may offer little added advantage. Moreover, it 
is important to consider that the degree to which tDCS and other neuromodulation 
therapies may benefit patients in the acute and subacute phases after stroke may vary 
from individual to individual. It has therefore been argued that it may be critical to 
correctly select subjects that would be responsive to early tDCS intervention, though 
the means for selecting such patients have not yet been determined.

The fact that the functional capacities of post-stroke patients can improve dra-
matically over a short period of time in the acute and subacute phases of recovery 
makes it difficult, if not impossible, to gather stable baseline behavioral assessments 
at different timepoints in the course of a prolonged clinical study. Because of these 
“period effects,” crossover designs that use patients as their own controls must 
always carefully consider the impact of disease stage on the validity and interpret-
ability of data, especially when subjects are being tested in the early phases of 
recovery. Unfortunately, while using a between-subject approach allows for treat-
ment assumptions that are more robust and less complex, this study design approach 
also requires a larger number of subjects and measurements to achieve statistical 
power, as well as careful selection of patient characteristics in order to reduce vari-
ability related to baseline differences between patient groups.

We conducted a search on PubMed for clinical trials analyzing the effects of 
tDCS on patients in the early post-stroke stage, either acute or subacute. Only two 
of the retrieved studies included a sample of acute post-stroke subjects (Di Lazzaro 
et al. 2014; Sattler et al. 2015). Both trials were conducted within 4 weeks of injury 
and had a 2-group parallel design, and one was completed in an in-hospital setting. 
Although results from these two studies were inconsistent, they both addressed the 
possibility of spontaneous motor recovery as a possible limitation. Similarly, all 
subacute stage studies had a 2-group parallel design. However, most trials sampling 
subjects in the subacute stage did not include this aspect as a possible limitation for 
analysis of results (Bang and Bong 2015; Chang et al. 2015; Fusco et  al. 2014; 
Hesse et al. 2007; Khedr et al. 2013; Kim et al. 2010; You et al. 2011). Only one of 
the retrieved studies mentioned the possibility of spontaneous recovery as a possible 
confounding factor in their trial (You et al. 2011).
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 Chronic Conditions

Conducting clinical studies with tDCS in the chronic phase of recovery of stroke 
introduces a different set of benefits and concerns with respect to trial design. It is 
generally accepted that late in the course of convalescence most subjects have 
reached a steady state of performance, which allows researchers to test their hypoth-
eses regarding the efficacy of interventions against stable baseline performance. 
Nonetheless, a well-designed control condition is typically necessary in these inves-
tigations in order to assess other effects related to improvement, such as motivation 
and the Hawthorne effect, which is alteration of behavior by the subjects of a study 
due to their awareness of being observed.

After approximately 6 months following stroke, recovery becomes more stable 
and fewer changes in cognitive and motor function are seen. This makes baseline 
measurements of performance more stable and amenable to being compared in a 
crossover design. Between-subject comparisons remain more robust, but require a 
larger number of subjects. Large sample size requirements can become burdensome 
in studies with chronic patients; because patients in this stage of recovery are often 
at home and not hospitalized or in special care centers, access to them may be more 
limited, making recruitment more challenging. Patients who are coming in from 
home to participate in studies also have higher rates of attrition than patients studied 
in the inpatient environment. Most subjects after a moderate to severe stroke require 
some type of assistance in daily living activities, including transportation. Therefore, 
being part of a long clinical trial can become especially taxing to them and their 
caregivers, undermining their motivation to continue participating in studies. The 
different challenges facing within- and between-subject tDCS involving patients 
with chronic stroke are reflected in the existing literature. Of the 11 current studies 
that use a sample of chronic post-stroke patients, four included a crossover design 
(Celnik et al. 2009; Lefebvre et  al. 2013, 2014; Zimerman et  al. 2012), which 
allowed them to have relatively smaller sample sizes because of their decreased 
baseline heterogeneity and variance.

 Management of Pre-existing Therapies in Chronic Conditions

In addition to conditions like stroke, where there is a single initiating event followed 
by a period of acute, subacute, and chronic recovery, tDCS has also been explored 
in clinical trials aimed at treating disorders in which the underlying disease process 
may be chronic, fluctuating or recurrent. For many such conditions, there are already 
pre-existing treatments that are believed to have some degree of efficacy (e.g. SSRIs 
for depression). Therefore, a key consideration in the design of clinical trials for this 
category of disorders is whether tDCS should be given in addition to existing treat-
ments or whether current clinical treatments are withdrawn before tDCS is given. In 
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this section, we will consider this dilemma in detail using depression as our main 
clinical example.

Many regulatory authorities require that a new experimental intervention (here 
tDCS) should be tested in the absence of other interventions, so that one can gauge 
the “pure” effect of the intervention without interference or interaction with other 
treatments. At face value this may seem reasonable, but in reality it poses several 
problems. The process of withdrawing a patient who has been stably established on 
drug treatments for several months, for the purpose of initiating tDCS in a clinical 
trial, is complex. First, withdrawal of existing treatments may lead to worsening of 
the clinical state of the patient. For example, in depression, one may see, paradoxi-
cally, an initial brief improvement, then followed by a decline in mental state. This 
means a complex and difficult-to-predict time course of mood changes, around the 
time that one is then introducing tDCS as an intervention. In clinical trials where 
participants have been withdrawn from prior treatments, for depression this has 
often involved a 2-week “wash out” period. However, the above effects may not 
have resolved by 2 weeks and a longer period may be necessary from the point of 
view of scientific purity. However a longer period is often not feasible within a 
clinic trial design.

Withdrawal of a participant from concurrent treatments also poses clinical risks 
and thus ethical questions. For example, someone who has partially responded to 
antidepressant treatment but still meets the entry criteria for a trial in terms of sever-
ity, may decline to a substantially worse mental state if current treatments are with-
drawn, then become too unwell to enter the research trial and possibly even require 
urgent treatment due to suicide risk. This may happen in a not insignificant propor-
tion of patients (personal observations). Thus, the participant is then denied trial 
entry and has gone from being stable though only partially responsive to treatment, 
to unstable and at acute risk. This not uncommon scenario arises because treatments 
to which the patient has failed to fully respond may still be partially effective (in this 
example with antidepressant effects) or may be providing specific beneficial effects 
e.g. antidepressants may improve anxiety and sleep without improving mood per se.

Withdrawal of concurrent medications also raises the challenging question of 
which medications should be withdrawn, since many medications have more than one 
effect. For example, in the case of a depression trial, one may specify that antidepres-
sant medications should be withdrawn. However, the patient may also be on antipsy-
chotic medications, some of which have independent antidepressant effects (e.g. 
quetiapine) or which may augment the effect of antidepressant treatments (e.g. aripip-
razole). Further, depressed patients may often be on benzodiazepines to assist with 
sleep and anxiety. Patients with bipolar disorder (who may also be treated in depres-
sion trials) may be on mood stabilisers. If these are withdrawn, the participant is 
likely to be at increased risk of a manic upswing in mood i.e. a serious adverse event.

Withdrawal of concurrent treatments also means that it is difficult to know how 
the outcomes of the clinical trial then apply to a general clinical population, in 
whom concurrent treatments would not be withdrawn unless required for safety 
reasons. Thus, though the clinical trial may have been a useful “proof of concept” 
study testing the effects of tDCS in isolation, the results may not actually be gener-
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alizable to clinical practice. Translation into clinical practice is the ultimate aim of 
clinical trials of new interventions.

Given the above concerns, depending on the disorder being treated, the best com-
promise may be to require participants to be on stable doses of those medications 
which have effects on the specific outcomes being tested, and that these doses 
remain stable for a substantial period of time prior to the trial entry. This period 
should be informed by the disorder being treated and the time course for anticipated 
treatment effects to emerge with changes in dose. For example, for depression trials, 
this should be at least 6 weeks of a stable dose for new medications, or 4 weeks 
without change of dose for an established medication.

Later in this chapter, we will discuss specific interactions between tDCS and 
psychopharmacologic and nonpharmacologic interventions and further underscore 
the importance of considering the role of concurrent medication use on study 
design.

 Impact of Disease Symptoms, Functional Impairments, 
and Medical Co-morbidities on tDCS Studies

In addition to the natural history and time course of the diseases being studied, 
disease-related symptoms, co-morbidities, and overall limitations of functional sta-
tus associated with disease can substantially impact an overall feasibility and out-
comes of any clinical trial, including trials employing tDCS. These factors often 
influence enrollment, retention, procedure compliance and data collection, and 
therefore require careful considerations in the planning stage of a study. Here we 
discuss three specific ways in which patient-related clinical factors can impact clini-
cal trials involving tDCS: the ability of patients to provide informed consent, the 
ability of patients to travel to a research facility to participate in trials, and the ability 
of investigators to collect reliable data.

 Informed Consent

The adverse cognitive effects of many neuropsychiatric diseases—and in some 
cases, the treatments for these diseases—may compromise patients’ ability to fully 
consider risks and benefits of the study and to make informed decisions about study 
participation. While the nuances of determining whether a patient is in full com-
mand of the faculties required to provide consent are beyond the scope of this chap-
ter, patients can be categorized broadly into individuals who are cognitively intact, 
those with cognitive deficits who possess decisional capacity, and those lacking 
decisional capacity.

Enrollment of study participants who are cognitively intact follows the usual 
consenting procedures delineated by regulatory authorities, such as the Institutional 
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Review Boards employed in the U.S. Adjustments to the consenting process are 
required if cognitively intact subjects suffer from sensory deficits (e.g. blind sub-
jects); in such cases, regulatory bodies can provide specific guidance as to how to 
obtain the informed consent. The presence of patient’s legal representative and/or an 
additional witness is often required.

Inclusion of subjects who present with cognitive difficulties but maintain 
decisional capacity, is more challenging (Galeotti et al. 2012; Giampieri 2012; 
Iacono and Carling-Jenkins 2012). These individuals have the legal capacity to 
provide informed consent for the study, but it is the responsibility of the investi-
gator to ascertain (and sufficiently document) that these subjects understand the 
risks and benefits of the study as well as the study procedures and rights and 
responsibilities pertaining to study participation (Palmer et al. 2013). A suitable 
and frequently used approach to this issue is to include a brief quiz as a part of 
the informed consent (e.g. Knotkova et al. 2014; Nikulina et al. 2016; Rosedale 
et al. 2012). The quiz, approved by the regulatory authorities prior to the study 
together with the consent, usually includes a set of True/False statements, such as 
“If I participate in this study, I will be asked to come to the research facility for 
three visits”; “If I participate in the study I may not receive the real tDCS treat-
ment”; “If I decide to participate in the study, I may withdraw from the study any 
time.” A quiz such as this should cover all important aspects of study participa-
tion and procedures. If a patient answers incorrectly, the study personnel review 
the consent form with the patient again and provide clarification. A written note 
signed or initialized by both the investigator and the patient should be made to 
document that clarification was provided and that the patient verbalized 
understanding.

Regarding participants who lack decisional capacity, at least in the U.S. there are 
clear regulations on how to proceed with research consent (e.g. “Electronic Code of 
Federal Regulations 2016”; “New England Institutional Review Board 2016”). 
Consent is provided by the patient’s legally authorized representative, and the study 
protocol often includes co-participation of a consented assistant or representative. It 
is expected that an authorized representative and/or the co-participating assistant 
will act in best interest of a patient, carefully weighing the anticipated risks and 
benefits of the trial, as well as an overall burden for the patient. Clinical trials 
 involving participants lacking decisional capacity are extremely challenging in all 
aspects, but can yield valuable data on the potential utility of tDCS to treat serious 
medical conditions. To illustrate, a tDCS study by Angelakis et al. (2014) applied 
tDCS to subjects lacking decisional capacity due to disorders of consciousness (a 
persistent vegetative and minimally conscious states), and determined that tDCS 
may have the potential for clinical benefit in a field where effective treatments are 
sorely needed.
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 Limitations in Mobility and Travel

Because repeated administrations of tDCS are typically required to achieve long- 
lasting clinically meaningful changes in functional outcomes (Boggio et al. 2006; 
Cruciani et al. 2009; Fregni et al. 2006; Knotkova et al. 2009, 2012; Mori et al. 
2010; Palm et al. 2012; Park et al. 2014; Sandrini et al. 2014; Valle et al. 2009; and 
others), participation in tDCS clinical trials often requires frequent travels to a 
research facility. This may be a substantial burden or barrier for some patient popu-
lations, such as patients with motor impairments or other symptoms that confer a 
high level of disability and/or low overall performance status. Until recently, partici-
pation in tDCS studies for such patients was either very limited or impossible. 
However, at-home systems for tDCS delivery have become available (Cha et  al. 
2016; Charvet et al. 2015; Kasschau et al. 2016; Knotkova et al. 2016). At-home 
tDCS requires that patients or individuals assisting them undergo comprehensive 
training in tDCS administration. This approach also requires a way to collect and 
transmit data that accounts for patient- specific limitations, systems that enable com-
pliance and safety monitoring, and the ability to regulate critical stimulation param-
eters, such as stimulation intensity and duration. Experience indicates that the 
at-home tDCS approach, which is discussed in detail in Chap. 14, overcomes a 
number of barriers to participation in tDCS trials and enables inclusion of subjects 
with wide range of physical disabilities.

Another possible way to include subjects with decreased mobility or low perfor-
mance status is an in-patient study. This approach has been successfully used in 
tDCS to accommodate the needs of patients with acute conditions in postoperative 
settings (Borckardt et al. 2013; Glaser et al. 2016), but can be extended also to tDCS 
trials in elderly patients or in persons with advanced illness who are in skilled- 
nursing facilities, nursing homes or hospice settings.

 Limitations in Data Collection

Patient-related constrains pertaining to data collection arise from several issues that 
are often intertwined: sensory, motor and cognitive deficits, or overall low stamina. 
While an adjustment of data collection procedures for a specific deficit is usually 
straightforward, making adjustments for patients with overall low performance sta-
tus, such as in patients with advanced illness or in elderly, is problematic because 
the volume of collected data has to be kept at minimum in order to maintain feasibil-
ity and to prevent excessive patient attrition. These constrains on data collection can 
be substantial and require careful selection of assessment tools and careful consid-
eration of the duration of testing, the properties and demands of the assessments, 
and the anticipated value of the information to be gained. The issue of limited data 
collection in participants with low overall performance status can be at least par-
tially mitigated by data collection assisted by patients’ medical or informal 
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caregivers, or supplementary data collection from a collateral source (Kutner et al. 
2015). This approach has been successfully used in tDCS applications in patients 
with low performance status due to advanced life-threatening illness (Knotkova 
et al. 2016).

 Balancing Inclusion and Exclusion of Patient Characteristics

The features of the population to be enrolled in any clinical trial are reflected in the 
inclusion and exclusion criteria employed to screen patients into and out of the 
investigation. The specifics of these criteria dramatically impact the heterogeneity 
or uniformity of study cohorts and the degree to which they are likely to be impaired 
by the disease being studied or by other comorbid conditions. The breadth or nar-
rowness of these criteria must be largely informed by the purpose of the planned 
study.

If the purpose of the proposed trial is to determine the efficacy of tDCS (i.e. 
answering a research question “Does tDCS work for specific disease, symptom or 
population?”), the study sample should be well selected, and many potentially con-
founding conditions should be set as exclusion criteria at screening. This reflects the 
accepted notion that efficacy trials should be conducted with the study population 
that has the best likelihood of detecting effects (Friedman et al. 2014; Gartlehner 
et al. 2006). For that reason, many tDCS efficacy trials plan for exclusion of con-
comitant medication, either via wash-out prior the enrollment or by including med-
ication-naive participants. However, it is also important to keep in mind that an 
excessive stringency in patient enrollment can paradoxically undermine a clinical 
trial. Study inclusion and exclusion criteria must be clinically relevant, and allow 
for generalization of the findings. For instance, it is important that the cluster of 
“core” symptoms typical for a disease of interest not be excluded, because that 
would render interpretation of the trial results in the broader clinical context prob-
lematic. From a practical standpoint, excessive exclusion can also jeopardize enroll-
ment. For example, fatigue is a common symptom in many diseases, such as 
fibromyalgia, cancer, multiple sclerosis. Thus, excluding subjects with fatigue in 
clinical trials involving these patient populations would substantially affect both the 
generalizability of the study results and the feasibility of enrollment.

In contrast to efficacy trials, if the purpose of a proposed trial is to determine 
effectiveness, (answering the question “Does tDCS work in real life settings?”), 
inclusion of relatively broad study population is more appropriate. In such trials, 
patients’ clinical characteristics, including co-morbidities and medication regimen 
should be built into the study protocol. This requires thorough considerations about 
strengths and weaknesses of different study designs because not all types of design 
are suitable for patients saddled with complex symptoms, multiple co-morbidities, 
polypharmacy or low stamina.

In summary, the inclusion of patient populations with complex symptoms, func-
tional impairments, and medical co-morbidities is a complicated challenge, but one 
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that promises to yield positive advances for tDCS as a potential therapeutic inter-
vention. Taking complex patient factors into account further facilitates the develop-
ment of approaches and protocols that target multiple symptoms and enhances 
exploration of tDCS paired with conventional non-tDCS treatments (Mendonca 
et  al. 2016; Oliveira et  al. 2015; and others). Hopefully, more comprehensive 
engagement with the various characteristics and co-morbities of patients’ diseases 
will ultimately allow investigators to uncover the potential of tDCS to treat larger 
numbers of patients with currently unmet needs.

 The Influence of Concurrent Treatments on tDCS Effects

Earlier in this chapter, we discussed concurrent treatments as a complicating factor 
in the design of tDCS studies in areas such as depression and chronic pain. One 
important reason to consider concurrent treatments very carefully when designing 
tDCS studies is that other clinical interventions—both pharmacologic agents and 
behavioral therapies—may influence the effects of tDCS in additive, synergistic, or 
in some cases, unexpected ways. Here we will review some of these issues.

 Interactions with Pharmacologic Agents

In some cases, tDCS can be combined with other treatments to intentionally increase 
efficacy by eliciting additive and/or synergistic effects. Perhaps the best know 
example of this is the addition of SSRI antidepressant medications to tDCS in the 
treatment of depression. First, an initial proof of concept study in healthy volunteers 
showed that tDCS given concurrently with citalopram (an SSRI medication) led to 
enhanced and prolonged effects of anodal tDCS (Nitsche et al. 2009). Brunoni et al. 
(2013) then applied this principle in a two-factor clinical trial, showing that tDCS 
was superior to sham stimulation in treating depression, but that the combination of 
an SSRI (sertraline) and tDCS had superior effects to tDCS alone. Brunoni et al. 
(2012) also showed in a retrospective analysis of data from other clinical trials that 
a similar enhancement of antidepressant effects may also occur with antidepressants 
from another class. An early, open label pilot trial of tDCS in unipolar and bipolar 
depression suggested that effects of tDCS in bipolar depression may be superior, i.e. 
more prolonged, than in unipolar depression. The authors speculated that this last-
ing effect may have been due to the 14 bipolar patients involved being treated with 
concurrent mood stabilizer medications.

Combining tDCS with other concurrent treatments may also have complex, 
unintended and difficult to predict effects. For example, Nitsche et al. (2004) found 
that giving tDCS concurrently with a benzodiazepine (lorazepam) delayed the 
effects of anodal tDCS, though effects were later facilitated. However, an analysis 
by Brunoni et al. (2012) found that in depressed participants, receiving tDCS in the 
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presence of a benzodiazepine may reduce the efficacy of tDCS. Similarly, Nitsche’s 
group found that carbamazapine negated the cortical excitability- enhancing 
effects of anodal tDCS (Nitsche et al. 2003a). However, the analysis by Brunoni 
et al. (2012) in depressed participants did not find any effect of non-benzodiaze-
pine anticonvulsant medications on stimulation efficacy. It is perhaps not surpris-
ing that experiments based on a single session of tDCS in the motor cortex of 
healthy volunteers, in a highly controlled, proof of concept setting do not translate 
into clinical findings when tDCS is given repeatedly in a clinical population of 
heterogeneous phenomenology, in combination with a variety of medications, 
even though they may belong to the same class. Apart from the examples discussed 
above, there are also multiple other pharmacological agents and receptor systems 
which may be involved, e.g. glutamate/NMDA, dopamine etc. (for review see 
Stagg and Nitsche 2011).

Other important considerations are whether the concurrent treatment is com-
menced with tDCS or whether it is a preexisting treatment. It is important that clini-
cal treatment trials clearly demarcate between these two scenarios. Further, even if 
the concurrent treatment is initiated with tDCS, the brain’s prior exposure to this 
particular medication, or medications from this class may also be important in 
determining stimulation outcomes, due to receptor changes which outlast the actual 
period of medication administration.

 Interaction with Behavioral Tasks and Therapies

As with pharmacologic agents, there is evidence that tDCS has additive or synergis-
tic effects when combined with behavioral tasks and interventions. Such effects 
have been observed with tDCS combined with motor and language rehabilitation 
following stroke (Meinzer et al. 2016), cognitive behavioral therapy for the treat-
ment of depression (D’Urso et al. 2013), cognitive training for cognitive enhance-
ment (Martin et  al. 2013), and specialized skill learning for military application 
(Clark et al. 2010). Given the many possible interactions between tDCS physiologi-
cal and behavioral effects, attempts should be made to both standardize patient 
behavior during an intervention and monitor both intentional and potential uninten-
tional effects. This is important for understanding treatment effects, ensuring patient 
safety, and maintaining adequate blinding.

Evidence indicates that the physiological effects of tDCS are different when sub-
jects perform a task during stimulation. Measurement of motor evoked potentials 
(MEPs) using single pulse TMS has been the most commonly used model to inves-
tigate tDCS physiological effects following stimulation. Antal et al. (2007) investi-
gated the effects on post-stimulation MEPs after subjects performed two different 
tasks during anodal tDCS administered to the primary motor cortex, a cognitive task 
(general knowledge questions) and a motor task (pushing a ball with the right hand), 
compared to subjects sitting at rest during active tDCS. The type of behavioral task 
performed during tDCS was found to significantly affect the magnitude of MEPs 
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post-stimulation. Task intensity has also been found to affect outcomes. Performance 
of fast thumb movements during anodal tDCS administered to the primary motor 
cortex reduced post stimulation MEPs, whilst slow thumb movements increased 
MEPs compared to sham (Bortoletto et al. 2015).

Functional neuroimaging studies further support the notion that behavioral tasks 
influence the effect of concurrent tDCS administration. Using fMRI, Antal et al. 
(2011) showed that concurrent finger tapping during anodal tDCS administered to 
the primary motor cortex decreased the BOLD response in the supplementary motor 
area compared to finger tapping with sham tDCS.  In contrast, increased BOLD 
response in the primary sensorimotor cortex occurred with grasp hand movements 
during anodal tDCS administered to the primary motor cortex compared to the same 
movements during sham tDCS (Kwon and Jang 2011). In patients with mild cogni-
tive impairment, Meinzer et al. (2015) found reduced BOLD responses in bifrontal 
task-relevant regions during performance on a verbal fluency task with active anodal 
tDCS administered to the left ventral inferior frontal gyrus compared to during 
sham tDCS.  Using EEG, picture naming during concurrent tDCS caused differ-
ences in event related potentials (ERPs) during active compared to during sham 
tDCS, as well as reduced delta power immediately following active stimulation 
(Wirth et al. 2011). While the aforementioned neuroimaging studies are important 
in demonstrating different physiological effects of tDCS during performance of 
behavioral tasks, it is important to note that these studies did not examine the effects 
of active tDCS alone, so potential additive or synergistic physiological effects are 
unclear.

There is substantial evidence that tDCS has cognitive effects both during and 
following stimulation. These effects should be considered when designing a clinical 
trial. What patients do cognitively whilst receiving tDCS may influence treatment 
outcomes due to potential interactions between stimulation and task performance. 
For example, Segrave et al. (2014) found that antidepressant effects were improved 
when depressed participants performed cognitive tasks during tDCS compared to 
tDCS alone. Performing a task during concurrent tDCS over repeated sessions has 
also been found to both improve task performance and learning. For example, on a 
difficult motor learning task, anodal tDCS administered to the primary motor cortex 
improved performance during concurrent training over 5 consecutive days, with an 
increase in between-session compared to training during sham tDCS (Reis et  al. 
2009). In a subsequent study using the same task, this learning effect was found to 
be dependent on the duration of time between repeated sessions, with a period of at 
least 3  h following tDCS and training identified as necessary for consolidation 
effects (Reis et al. 2015). Concurrent anodal tDCS administered to the left dorsolat-
eral prefrontal cortex (LDLPFC) also improved performance on a cognitive training 
task compared to sham tDCS over 10 daily sessions, though no effect was found for 
learning (Martin et al. 2013; Richmond et al. 2014). Task performance during con-
current tDCS over repeated sessions therefore may improve both performance on 
the task and learning between sessions. These effects though likely depend on the 
task in question, regions of stimulation, and interval between sessions. They also 
depend on the timing of the task relative to stimulation.
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There is also the potential for unintended behavioral effects when patients per-
form tasks during tDCS. Such unintended effects first came to attention in a study 
which involved concurrent tDCS and task performance over repeated sessions. 
Iuculano and Kadosh (2013) administered numerical tasks during concurrent anodal 
tDCS administered either to the posterior parietal cortex or LDLPFC. While parietal 
tDCS improved learning on the trained task, performance on the second task was 
impaired compared to during sham tDCS.  Interestingly, the opposite effect was 
observed in the LDLPFC condition, thus showing a double dissociation with task 
and stimulation effects. Given the limited evidence for adverse effects such as these, 
careful monitoring of potential unintended effects is recommended for protocols 
involving tDCS in combination with task performance, particularly in those involv-
ing repeated treatments. This can be achieved through incorporating comprehensive 
standardized assessments.

 Choosing tDCS Parameters for Clinical Trials

Determining the appropriate approach for delivery of tDCS and the optimal param-
eters of stimulation is a critical consideration for the use of tDCS in clinical trials. 
As discussed in prior chapters, tDCS parameters include the size, number, and loca-
tion of electrodes, the duration and intensity of stimulation, and the number of stim-
ulation sessions. In this final section of Chap. 12, we will review practical 
considerations for the selection of stimulation parameters in clinical trials and high-
light current challenges to appropriate parameter selection.

 Electrode Properties: Size, Number, and Location

Because electrodes are the point of delivery of current generated by a tDCS stimula-
tor, their properties—size, location and number—are important variables to con-
sider in any stimulation study. The size of electrodes dictates the spatial distribution 
of current across the scalp at the point of contact with the head (Nitsche and Paulus, 
2000; Woods et  al. 2016). This feature can alter the distribution of current flow 
through brain tissue (Datta et al. 2009). Larger electrodes tend to result in distribu-
tion of current across a larger area of tissue, but also result in lower levels of stimu-
lation intensity within stimulated tissue (Bikson et al. 2010; Datta et al. 2009). Thus, 
if the goal of a clinical trial was to deliver stimulation to a larger overall area of 
tissue with a lower stimulation intensity at any given region, larger anode and cath-
ode electrodes would be appropriate (Bikson et al. 2010). However, if the goal of a 
trial was to deliver more intense stimulation to smaller area of the brain, smaller 
electrodes would be more appropriate. It is critical to note that a two-electrode tDCS 
approach (also referred to as 1 × 1 tDCS or conventional tDCS) using electrodes 
that are several centimeters in size (e.g., 5.0 × 5.0 cm) generally delivers stimulation 
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that has a low spatial resolution compared to other neuromodulation technologies 
like transcranial magnetic stimulation (TMS), so the notion of administering tDCS 
with either more or less focality is relative. Nonetheless, the size of the electrode 
directly impacts the overall distribution of current and the intensity of current flow 
at a given unit of tissue. For example, a trial might aim to distribute current more 
broadly with less overall intensity under one electrode (e.g., cathode) to potentially 
minimize the impact of current flowing from or to that electrode. In this case, a trial 
should use of a large electrode (e.g., 10 cm2) paired with a smaller electrode (e.g., 
3.5 cm2; see Fig. 12.2). One caveat regarding this approach is that it is predicated on 
an assumption from the early tDCS literature that stimulation with different elec-
trode polarities has opposite effects on brain activity (i.e. neuronal excitation under 
the anode and inhibition under the cathode), and that the delivery of more intense 
stimulation to a site is associated with more robust physiologic and behavioral 
effects. While this appears to be the case for certain combinations of parameters, 
this assumption is not universal and does not apply to all parameters used in tDCS 
(Nitsche and Paulus 2000, 2001; Stagg et al. 2013). It is also noteworthy that at least 
some recent data suggest that the relationship between electrode size and tDCS-
induced changes cortical excitability may not be as predictable as had previously 
been presumed (Ho et al. 2016). Thus, it is not entirely clear whether it is always the 
case that a large electrode referenced to a small electrode serves to minimize effects 
under the larger electrode.

Most studies and trials using tDCS have employed a conventional two-electrode 
(1 anode and 1 cathode) approach. However, more recently, a number of studies have 
experimented with multi-electrode arrays in an attempt to alter the focality of current 
delivery to brain tissue (Borckardt et al. 2012; Edwards et al. 2013; Kuo et al. 2013; 
Nikolin et al. 2015; Villamar et al. 2013). For example, so-called High-Definition 

3.5 cm referenced
to 3.5 cm electrode

a b

0.07

0.05
F

ie
ld

 In
te

ns
ity

(V
/m

)

F
ie

ld
 In

te
ns

ity
(V

/m
)

0.04

0.02

0

0.07

0.05

0.04

0.02

0

3.5 cm referenced
to 10 cm electrode

P PL

L

L

L

Fig. 12.2 (a) 3.5 cm2 electrode over the right supraorbital (SO) area referenced to a 3.5 cm2 elec-
trode over CP3 (10–20 nomenclature) on the contralateral left hemisphere. (b) 3.5 cm2 electrode 
over the right supraorbital (SO) area referenced to a 10 cm2 electrode over CP3 on the contralateral 
left hemisphere. L left, P posterior, V/m = volts per meter, white circle = center of current model 
sampling location. Note the difference in current intensity between A and B
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(HD) tDCS employs a 4 × 1 array of small electrodes, typically 1 cm2 silver-silver 
chloride electrodes. This method places either a single anode or cathode electrode in 
the center of an array of four surrounding electrodes (Edwards et al. 2013; Woods 
et  al. 2016). Modeling data demonstrates that the 4 × 1 high definition approach 
delivers current to a region of cortical tissue within the area defined by these elec-
trodes, with little stimulation of deeper brain structures (Fig. 12.3) (Datta et al. 2009; 
Kessler et al. 2013; Minhas et al. 2012). Thus, if a trial seeks to stimulate only brain 
tissue near the cortical surface in a focal area, HD-tDCS could provide the necessary 
focality of stimulation for such a trial. Unlike the broad pattern of stimulation 
described with larger electrodes, the combination of small electrode size, higher 
electrode number, and careful placement of electrodes on the scalp interact to pro-
vide a level of spatial resolution that is not achievable with conventional tDCS 
(Woods et al. 2016).

It is possible to exceed five electrodes when administering tDCS. Some stimula-
tors provide the option of using up to 20 or more electrodes with custom control of 
intensity of current delivery at each electrode (Park et al. 2011). While modeling 
software exists that can allow one to estimate the potential impact of “dense array” 
tDCS, the potential impact of this approach is almost entirely unexplored. Thus, it is 
not currently advisable to pursue dense array tDCS in clinical trials until further 
research on mechanism and impact are performed, or in the presence of clear pilot 
data supporting the effectiveness of the approach. Moreover, while traditional two- 
and five-electrode approaches are more common in the literature and have received 
significantly more investigation, the impact of varying parameters in these relatively 
well-established approaches are not well known. Thus, in the absence of pilot data 
that supports the use of a novel stimulation approach, radical modification or combi-
nation of parameters should be viewed with caution when planning a trial.
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Fig. 12.3 (a) 3.5 cm2 electrode over the right supraorbital (SO) area referenced to a 3.5 cm2 elec-
trode over M1 on the contralateral left hemisphere. (b) 4 × 1 montage centered at M1 using 1 cm 
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model sampling location. Note the difference in the stimulation intensity range in V/m between 
models indicates less stimulation intensity with the 4 × 1 montage
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Electrode location is one of the most important properties for consideration when 
selecting stimulation parameters for a clinical trial (Bikson et al. 2010; DaSilva et al. 
2011; Woods et al. 2015, 2016, since electrode placement dictates where in the brain 
stimulation is delivered, as well as the areas of greatest current density within brain 
tissue (Bikson et al. 2010; Dasilva et al. 2011; Woods et al. 2015, 2016). As noted 
above, conventional two-electrode (or 1 × 1) tDCS delivers a relatively broad pattern 
of current across large areas of brain tissue (Datta et al. 2009). However, while it is 
generally important for investigators to avoid the misconception that conventional 
tDCS has a high degree of spatial resolution for targeting brain structures (Woods 
et al. 2016), careful selection of electrode locations can help to make 1 × 1 tDCS 
more focal than simply stimulating the entire brain (Bikson et al. 2010; DaSilva et al. 
2011; Woods et al. 2015, 2016). For example, placing conventional electrodes at F3 
and F4 appears to produce stimulation that alters current density throughout the fron-
tal cortices (Woods et al. 2014), whereas placing electrodes at CP3 and CP4 stimu-
lates the entire parietal cortex, as well as posterior frontal, occipital, and superior 
temporal regions (Woods et al. 2014). While there is some overlap in areas of stimu-
lation, the current flow patterns of these two electrode montages are sufficiently 
different to allow for experimental comparison of frontal vs. parietal effects of tDCS 
(Woods et al. 2015). Thus, careful electrode placement is critical to reassure investi-
gators that regions that are meant to be stimulated are receiving a relatively high 
current, while areas that ought to be avoided are not. Various available modeling 
software packages—both free and for purchase—can be used to generate estimated 
current flow and density maps from model brains. However, caution should be exer-
cised in interpreting these models, as they largely reflect the physical properties of 
the brain (e.g. tissue conductances), but not its physiological properties (e.g. patterns 
of brain activity at the time of stimulation). Moreover, these models do not typically 
account for the unique variations in individual brain anatomy. Currently, generating 
individualized models is a process that requires significant computing resources and 
personnel hours (López-Alonso 2014; Parazzini et al.2015). However, as modeling 
technology improves, it is likely that an individually optimized approach will pro-
vide improved guidance in electrode placement for clinical trials.

 Number of Sessions, Stimulation Intensity,  
and Stimulation Duration

Other critical choices in the design of tDCS clinical trial include the number of 
stimulation sessions and the spacing of these sessions. While mechanistic, proof-of 
principle, and brain-behavior relationship oriented experiments typically involve 
designs where participants undergo a single session of active stimulation compared 
to a single session of sham stimulation in a within-subject design, or a single session 
of either tDCS or sham in a between subject design, a single-session approach is 
generally not useful for trials exploring tDCS as a clinical intervention (Gill et al. 
2014; Woods et al. 2014). Because the effects achieved from a single session of 
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tDCS are typically quite small, repeated stimulation sessions over multiple days are 
generally required to elicit larger, sustained, clinically meaningful impact (Faber 
et al. 2012; Ferrucci et al. 2014; Martin et al. 2014; Mattioli et al. 2015; Rushmore 
et  al. 2013; Triccas et  al. 2016; Villamar et  al. 2013). Many studies have thus 
employed either a 1 week (e.g., five consecutive days) or 2 week (e.g., 10 days out 
of 14 possible days) repeated session design. Of note, the common use of these 
specific time periods is largely driven by feasibility rather than by any demonstrated 
difference in efficacy between specific periods of stimulation. Unfortunately, there 
is little information regarding the optimal number of sessions required to achieve 
maximal clinical effectiveness in any domain currently under study. Furthermore, it 
is also unclear whether multiple stimulation sessions within a single day could have 
more clinical benefit that single daily session approaches. While the ideal duration 
of multiday and multisession tDCS studies is yet to be determined, at literature cur-
rently strongly suggests that tDCS clinical trials are best suited to multiday repeated 
session approaches.

Stimulation intensity is another important but complex tDCS parameter that must 
be selected carefully in clinical trials. A very common assumption in the field is that 
stimulation under the anode electrode equates to excitation of underlying cortical 
structures, stimulation under the cathode equates to inhibition. However, this over-
simplified account of the effects of tDCS derives in part from early neurophysiology 
studies of tDCS that examined the effect of 1 mA on TMS-elicited motor evoked 
potentials (MEPs) (Antal et  al. 2004; Nitsche and Paulus, 2000; Nitsche et  al. 
2003b). These classic studies demonstrated that when the anode electrode was 
placed over the primary motor cortex (M1) and the cathode electrode was placed 
over the contralateral supraorbital region of the head (SO, i.e., above the eye), TMS-
induced MEPs increased, consistent with increased motor excitability. The opposite 
pattern was found, smaller MEPs, when the cathode electrode was placed over M1, 
with the anode over SO. This finding has been replicated many times across numer-
ous labs. However, more recent work has shown that when stimulation intensity is 
increased to 2 mA, MEPs increase when either the anode or cathode are placed over 
M1, with the opposing polarity electrode over SO (Batsikadze et  al. 2013). This 
finding contradicts the assumption that brain areas under the anode and cathode are 
always excited and inhibited, respectively, and also indicates that the relationship 
between stimulation intensity and the physiologic effects of stimulation is not linear. 
Moreover, it remains unclear whether simple assumptions regarding electrode polar-
ity and stimulation effects extend to regions in the brain outside the motor cortex. 
Further still, the effect of higher levels of stimulation (>2 mA) on tissue response is 
almost completely unknown. Thus, it is currently not recommended for clinical tri-
als to exceed 2 mA of stimulation intensity in the absence of clear pilot data support-
ing the potential benefit of such a change.

Just as with stimulation intensity, stimulation duration is another tDCS parame-
ter for which the assumption that “more is better” has been shown to be both over-
simplified and potentially misleading. In most tDCS studies, the duration of 
stimulation ranges between 10 and 20 min. The effects of stimulation in this dura-
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tion range are estimated to last from minutes to hours, or perhaps days in the case of 
multi-day repeated stimulation sessions (Nitsche et al. 2008; Woods et al. 2016). 
However, recent research demonstrates that stimulation lasting 20 min or more may 
alter the direction of tDCS-based effects on brain tissue (Batsikadze et al. 2013). 
Specifically, when 2 mA of stimulation was administered with the cathode over the 
primary motor cortex for 20 min, there was an increase in motor excitability, as 
reflected by increased motor evoked potentials elicited by TMS. This shift in direc-
tion of effect could have unintended negative consequences in the context of trials 
seeking to alter the excitability of brain tissue in specific ways. Of note, these effects 
were observed in healthy individuals; the effects of prolonged stimulation duration 
are likely to be even more unpredictable in patients. Thus, in the absence of clear 
pilot data demonstrating the efficacy of prolonged stimulation, investigators are 
advised to use caution in designing tDCS trials that employ stimulation durations 
that exceed 20 min.

 Passive Versus Task-Associated Application of tDCS

In clinical trials tDCS has been explored as either a in a passive manner (i.e. no 
associated activity) or paired with a concurrent cognitive or behavioral task or activ-
ity. For example, in the case of depression, tinnitus, or pain, tDCS is often delivered 
while participants wait passively (Brunoni et  al. 2011, 2013; Faber et  al. 2012; 
Fagerlund et al. 2015). By contrast, in clinical trials attempting to treat cognitive 
symptoms of aging, stroke, traumatic brain injury, or other conditions, tDCS is often 
paired with a behavioral intervention, with the goal of strengthening the set of 
behaviors or mental operations elicited during stimulation (Jones et al. 2015; Martin 
et al. 2013, 2014; Mattioli et al. 2015). Recent research suggests that tDCS effects 
on cognition are state- dependent, meaning that stimulation appears to be most 
effective when people are stimulated when engaged in tasks that induce cognitive 
states of interest (Gill et al. 2014; Martin et al. 2014). In studies comparing “online” 
vs. “offline” applications of tDCS and cognitive training, online (i.e. concurrent) 
stimulation and training has shown the greatest effect on cognitive function (Martin 
et al. 2014). Further still, recent research suggests that tDCS effects occur when 
cognitive demands on the participant are relatively high in the domain of interest 
(Gill et al. 2014). For example, Gill et al. (2014) demonstrated that persons under-
going stimulation during a challenging working memory task showed effects of 
tDCS on neurocognitive measures of working memory function, whereas persons 
stimulated during a less challenging working memory task failed to evidence sig-
nificant effects. Thus, while tDCS as a passive intervention is appropriate for certain 
clinical trials (e.g., depression, tinnitus, pain), trials that employ tDCS to treat dis-
orders of cognition may be best suited to pair the application of stimulation with 
relevant tasks.
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In summary, current knowledge of the optimal stimulation parameters tDCS in 
clinical trials remains fairly rudimentary. At present the parameter space of tDCS is 
very often oversimplified. Even in this brief section, we have outlined several mis-
conceptions that permeate the field of tDCS. In this section of the chapter, we pro-
vided initial guidelines for consideration when designing the parameter space of a 
clinical trial. However, additional foundational studies are needed to more fully 
explore key variables such as electrode size, number, and location, stimulation 
intensity, duration, and frequency, and the role of concurrent behavioral tasks. In the 
meantime, clinicians and researchers designing clinical trials are best advised to 
work within common parameter space or based on specific pilot data when ventur-
ing outside common parameter space.

 Conclusions

Designing robust and informative clinical trials for any intervention can prove to be 
formidable challenge. Investigators must select a study design that best fits the char-
acteristics of the patient population, including the chronicity, clinical features, func-
tional impairments, and co-morbidities of the disease being studied. In addition, 
there are a number of concerns that must be addressed in trials that employ tDCS, 
including but not limited to the interactions that arise between stimulation and other 
pharmacologic and behavioral interventions. Finally, a number of considerations 
relate specifically to the parameters of tDCS administration, such as the location, 
intensity, duration, and frequency of stimulation. In light of this extensive list of 
potential concerns, it is important for the field to look for ways to promote the con-
sistency and quality of clinical trials involving tDCS.

One important way to achieve this goal is to use commonly agreed upon stan-
dards of practice in the design and reporting of tDCS clinical trial data. One such 
set of standards is spelled out in the Consolidated Standards of Reporting Trials 
(CONSORT) statement (“The CONSORT Statement 2016”), an evidence-based, 
minimum set of recommendations for reporting randomized trials. This state-
ment has been endorsed by prominent peer-reviewed journals and editorial orga-
nizations, and a modified set of these standards has been supported by a growing 
number of investigators pursuing clinical trials employing tDCS (e.g. Brunoni 
and Fregni 2011). In addition, clinical trials involving tDCS should be registered 
at ClinicalTrials.gov (“ClinicalTrials.gov 2016”), an NIH-run registry and 
results database of publicly and privately supported clinical studies involving 
human participants. Registration at this site is now widespread practice in clini-
cal research, and some journals now decline to publish trials that are not 
registered.

In summary, although it has yet to be approved by the FDA for any clinical indi-
cation, tDCS has a number of features that make it attractive as a potential interven-
tion, and is actively being explored for treatment of a wide variety of disorders. 
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Careful consideration of the many issues that accompany the design and implemen-
tation of tDCS studies and the adoption of common standards for reporting clinical 
trial data will permit investigators to greatly accelerate the pace of discovery of 
successful tDCS treatments.

References

Angelakis, E., Liouta, E., Andreadis, N., Korfias, S., Ktonas, P., Stranjalis, G., & Sakas, D. E. 
(2014). Transcranial direct current stimulation effects in disorders of consciousness. Archives 
of Physical Medicine and Rehabiliattion, 95(2), 283–289. 

Antal, A., Kincses, T. Z., Nitsche, M. A., Bartfai, O., & Paulus, W. (2004). Excitability changes 
induced in the human primary visual cortex by transcranial direct current stimulation: Direct 
electrophysiological evidence. Investigative Opthalmology & Visual Science, 45, 702–707.

Antal, A., Polania, R., Schmidt-Samoa, C., Dechent, P., & Paulus, W. (2011). Transcranial direct 
current stimulation over the primary motor cortex during fMRI. NeuroImage, 55(2), 590–596. 

Antal, A., Terney, D., Poreisz, C., & Paulus, W. (2007). Towards unravelling task-related mod-
ulations of neuroplastic changes induced in the human motor cortex. European Journal of 
Neuroscience, 26(9), 2687–2691. 

Bang, D., & Bong, S. (2015). Effect of combination of transcranial direct current stimulation and 
feedback training on visuospatial neglect in patients with subacute stroke: A pilot randomized 
controlled trial. Journal of Physical Therapy Science, 27(9), 2759–2761. 

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M.-F., & Nitsche, M. A. (2013). Partially non- linear 
stimulation intensity-dependent effects of direct current stimulation on motor cortex excitabil-
ity in humans. Journal of Physiology, 591, 1987–2000. 

Bikson, M., Datta, A., Rahman, A., & Scaturro, J. (2010). Electrode montages for tDCS and weak 
transcranial electrical stimulation: Role of “ return” electrode’s position and size. Clinical 
Neurophysiology, 121, 1976–1978. 

Boggio, P. S., Ferrucci, R., Rigonatti, S. P., Covre, P., Nitsche, M., Pascual-Leone, A., & Fregni, F. 
(2006). Effects of transcranial direct current stimulation on working memory in patients with 
Parkinson's disease. Journal of the Neurological Sciences, 249(1), 31–38. 

Borckardt, J. J., Bikson, M., Frohman, H., Reeves, S. T., Datta, A., Bansal, V., … George, M. S. 
(2012). A pilot study of the tolerability and effects of high-definition transcranial direct current 
stimulation (HD-tDCS) on pain perception. Journal of Pain, 13, 112–120. 

Borckardt, J.  J., Reeves, S. T., Robinson, S. M., May, J. T., Epperson, T.  I., Gunselman, R.  J., 
… George, M. S. (2013). Transcranial direct current stimulation (tDCS) reduces postsurgical 
opioid consumption in total knee arthroplasty (TKA). The Clinical Journal of Pain, 29(11), 
925–928. 

Bortoletto, M., Pellicciari, M. C., Rodella, C., & Miniussi, C. (2015). The interaction with task- 
induced activity is more important than polarization: A tDCS study. Brain Stimulation, 8(2), 
269–276. 

Brunoni, A. R., Ferrucci, R., Bortolomasi, M., Scelzo, E., Boggio, P. S., Fregni, F., … Priori, A. 
(2012). Interactions between transcranial direct current stimulation (tDCS) and pharmacologi-
cal interventions in the major depressive episode: Findings from a naturalistic study. European 
Psychiatry, 28(6), 356–361. 

Brunoni, A. R., Ferrucci, R., Bortolomasi, M., Vergari, M., Tadini, L., Boggio, P. S., … Priori, A. 
(2011). Transcranial direct current stimulation (tDCS) in unipolar vs. bipolar depressive disor-
der. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 35, 96–101. 

Brunoni, A. R., & Fregni, F. (2011). Clinical trial design in non-invasive brain stimulation psy-
chiatric research. International Journal of Methods in Psychiatric Research, 20(2), E19–E30. 

12 Methodological Considerations for Transcranial Direct Current Stimulation



372

Brunoni, A. R., Valiengo, L., Baccaro, A., Zanão, T. A., Oliveira, J. F., Goulart, A., … Fregni, 
F. (2013). The sertraline vs electrical current therapy for treating depression clinical study: 
Results from a factorial, randomized, controlled trial. JAMA Psychiatry, 70(4), 383–391. 

Celnik, P., Paik, N., Vandermeeren, Y., Dimyan, M., & Cohen, L. G. (2009). Effects of combined 
peripheral nerve stimulation and brain polarization on performance of a motor sequence task 
after chronic stroke. Stroke, 40(5), 1764–1771. 

Cha, Y., Urbano, D., & Pariseau, N. (2016). Randomized single blind sham controlled trial of 
adjunctive home-based tDCS after rTMS for Mal De Debarquement syndrome: Safety,  efficacy, 
and participant satisfaction assessment. Brain Stimulation, 9(4), 537–544. 

Chang, M. C., Kim, D. Y., & Park, D. H. (2015). Enhancement of cortical excitability and lower 
limb motor function in patients with stroke by transcranial direct current stimulation. Brain 
Stimulation, 8(3), 561–566. 

Charvet, L. E., Kasschau, M., Datta, A., Knotkova, H., Stevens, M. C., Alonzo, A., … Bikson, M. 
(2015). Remotely-supervised transcranial direct current stimulation (tDCS) for clinical trials: 
Guidelines for technology and protocols. Frontiers in Systems Neuroscience, 9. 

Chow, S.-C., & Chang, M. (2008). Adaptive design methods in clinical trials – A review. Orphanet 
Journal of Rare Diseases, 3, 11. 

Clark, V.  P., Coffman, B.  A., Mayer, A.  R., Weisend, M.  P., Lane, T.  D., Calhoun, V.  D., … 
Wassermann, E.  M. (2010). TDCS guided using fMRI significantly accelerates learning to 
identify concealed objects. NeuroImage, 59(1), 117–128. 

ClinicalTrials.gov. (2016). Retrieved July 14, 2016, from http://clinicaltrials.gov/
Cramer, S.  C. (2008). Repairing the human brain after stroke: I.  Mechanisms of spontaneous 

recovery. Annals of Neurology, 63(3), 272–287. 
Cruciani, R. A., Esteban, S., Sibirceva, U., & Knotkova, H. (2009). Non-invasive brain stimula-

tion therapy for the management of complex regional pain syndrome (CRPS). Journal of Pain 
Management, Special issue on “Brain stimulation for treatment of pain”, 2(3), 277–285.

D’Urso, G., Mantovani, A., Micillo, M., Priori, A., & Muscettola, G. (2013). Transcranial direct 
current stimulation and cognitive-behavioral therapy: Evidence of a synergistic effect in treat-
ment-resistant depression. Brain Stimulation, 6(3), 465–467. 

Dasilva, A. F., Volz, M. S., Bikson, M., & Fregni, F. (2011). Electrode positioning and montage in 
transcranial direct current stimulation. Journal of Visualized Experiments, 54. 

Datta, A., Bansal, V., Diaz, J., Patel, J., Reato, D., & Bikson, M. (2009). Gyri-precise head model 
of transcranial direct current stimulation: Improved spatial focality using a ring electrode ver-
sus conventional rectangular pad. Brain Stimulation, 2(4), 201–207.e1. 

Di Lazzaro, V., Dileone, M., Capone, F., Pellegrino, G., Ranieri, F., Musumeci, G., … Fregni, F. 
(2014). Immediate and late modulation of interhemipheric imbalance with bilateral transcra-
nial direct current stimulation in acute stroke. Brain Stimulation, 7(6), 841–848. 

Duncan, P., Studenski, S., Richards, L., Gollub, S., Lai, S. M., Reker, D., … Johnson, D. (2003). 
Randomized clinical trial of therapeutic exercise in subacute stroke. Stroke, 34(9), 2173–2180. 

Edwards, D., Cortes, M., Datta, A., Minhas, P., Wassermann, E.  M., & Bikson, M. (2013). 
Physiological and modeling evidence for focal transcranial electrical brain stimulation in 
humans: A basis for high-definition tDCS. NeuroImage, 74, 266–275. 

Electronic Code of Federal Regulations. (2016). Retrieved July 15, 2016, from http://www.ecfr.
gov/

Elsner, B., Kugler, J., Pohl, M., & Mehrholz, J. (2013). Transcranial direct current stimulation 
(tDCS) for improving function and activities of daily living in patients after stroke. Cochrane 
Database of Systematic Reviews, 11. 

Faber, M., Vanneste, S., Fregni, F., & Ridder, D. D. (2012). Top down prefrontal affective mod-
ulation of tinnitus with multiple sessions of tDCS of dorsolateral prefrontal cortex. Brain 
Stimulation, 5(4), 492–498. 

Fagerlund, A. J., Hansen, O. A., & Aslaksen, P. M. (2015). Transcranial direct current stimulation 
as a treatment for patients with fibromyalgia. Pain, 156(1), 62–71. 

Ferrucci, R., Vergari, M., Cogiamanian, F., Bocci, T., Ciocca, M., Tomasini, E., … Priori, A. 
(2014). Transcranial direct current stimulation (tDCS) for fatigue in multiple sclerosis. 
NeuroRehabilitation, 34, 121–127. 

R. H. Hamilton et al.

http://clinicaltrials.gov
http://www.ecfr.gov/
http://www.ecfr.gov/


373

Flöel, A. (2014). TDCS-enhanced motor and cognitive function in neurological diseases. 
NeuroImage, 85(3), 934–947. 

Fregni, F., Boggio, P. S., Nitsche, M. A., Rigonatti, S. P., & Pascual-Leone, A. (2006). Cognitive 
effects of repeated sessions of transcranial direct current stimulation in patients with depres-
sion. Depression and Anxiety, 23(8), 482–484. 

Friedman, L. M., Furberg, C. D., & DeMets, D. L. (2014). Fundamentals of clinical trials (3rd 
ed.). Cham, Switzerland: Springer.

Fusco, A., Assenza, F., Iosa, M., Izzo, S., Altavilla, R., Paolucci, S., & Vernieri, F. (2014). The 
ineffective role of cathodal tDCS in enhancing the functional motor outcomes in early phase of 
stroke rehabilitation: An experimental trial. BioMed Research International, 2014, 1–9. 

Galeotti, F., Vanacore, N., Gainotti, S., Izzicupo, F., Menniti-Ippolito, F., Petrini, C., … Raschetti, 
R. (2012). How legislation on decisional capacity can negatively affect the feasibility of clini-
cal trials in patients with dementia. Drugs Aging Drugs & Aging, 29(8), 607–614. 

Gartlehner, G., Hansen, R. A., & Nissman, D. (2006). Criteria for distinguishing effectiveness 
from efficacy trials in systematic reviews. Agency for Healthcare Research and Quality, 12, 
1–17.

Giampieri, M. (2012). Communication and informed consent in elderly people. Minerva 
Anestesiologica, 78(2), 236–242.

Gill, J., Shah-Basak, P. P., & Hamilton, R. (2014). It’s the thought that counts: Examining the 
task-dependent effects of transcranial direct current stimulation on executive function. Brain 
Stimulation, 8, 253–259. 

Glaser, J., Reeves, S. T., Stoll, W. D., Epperson, T. I., Hilbert, M., Madan, A., … Borckardt, J. J. 
(2016). Motor/prefrontal transcranial direct current stimulation (tDCS) following lumbar sur-
gery reduces postoperative analgesia use. Spine, 41(10), 835–839. 

Hankey, G. J., Spiesser, J., Hakimi, Z., Bego, G., Carita, P., & Gabriel, S. (2007). Rate, degree, 
and predictors of recovery from disability following ischemic stroke. Neurology, 68(19), 
1583–1587. 

Hesse, S., Werner, C., Schonhardt, E. M., Bardeleben, A., Jenrich, W., & Kirker, S. B. (2007). 
Combined transcranial direct current stimulation and robot-assisted arm training in subacute 
stroke patients: A pilot study. Restorative Neurology & Neuroscience, 25(1), 9–15.

Ho, K., Taylor, J. L., Chew, T., Gálvez, V., Alonzo, A., Bai, S., … Loo, C. K. (2016). The effect 
of transcranial direct current stimulation (tDCS) electrode size and current intensity on motor 
cortical excitability: Evidence from single and repeated sessions. Brain Stimulation, 9(1), 1–7. 

Horn, S.  D., Dejong, G., Smout, R.  J., Gassaway, J., James, R., & Conroy, B. (2005). Stroke 
rehabilitation patients, practice, and outcomes: Is earlier and more aggressive therapy better? 
Archives of Physical Medicine and Rehabilitation, 86(12), 101–114. 

Iacono, T., & Carling-Jenkins, R. (2012). The human rights context for ethical requirements 
for involving people with intellectual disability in medical research. Journal of Intellectual 
Disability Research, 56(11), 1122–1132. 

Iuculano, T., & Kadosh, R.  C. (2013). The mental cost of cognitive enhancement. Journal of 
Neuroscience, 33(10), 4482–4486. 

Jones, K.  T., Stephens, J.  A., Alam, M., Bikson, M., & Berryhill, M.  E. (2015). Longitudinal 
neurostimulation in older adults improves working memory. PLoS One, 10(4), e0121904. 

Jørgensen, H.  S., Nakayama, H., Raaschou, H.  O., & Olsen, T.  S. (1999). Stroke: Neurologic 
and functional recovery. The Copenhagen stroke study. Physical Medicine and Rehabilitation 
Clinics of North America, 10(4), 887–906.

Jørgensen, H.  S., Nakayama, H., Raaschou, H.  O., Vive-Larsen, J., Støier, M., & Olsen, T.  S. 
(1995). Outcome and time course of recovery in stroke. Part II: Time course of recovery. The 
Copenhagen stroke study. Archives of Physical Medicine and Rehabilitation, 76(5), 406–412. 

Kang, N., Summers, J. J., & Cauraugh, J. H. (2015). Transcranial direct current stimulation facili-
tates motor learning post-stroke: A systematic review and meta-analysis. Journal of Neurology, 
Neurosurgery & Psychiatry, 87(4), 345–355. 

Kasschau, M., Reisner, J., Sherman, K., Bikson, M., Datta, A., & Charvet, L. E. (2016). Transcranial 
direct current stimulation is feasible for remotely supervised home delivery in multiple sclero-
sis. Neuromodulation: Technology at the Neural Interface, 19, 824–831. 

12 Methodological Considerations for Transcranial Direct Current Stimulation



374

Kessler, S. K., Minhas, P., Woods, A. J., Rosen, A., Gorman, C., & Bikson, M. (2013). Dosage 
considerations for transcranial direct current stimulation in children: A computational model-
ing study. PLoS One, 8(9), e76112. 

Kessler, S.  K., Turkeltaub, P.  E., Benson, J.  G., & Hamilton, R.  H. (2012). Differences in the 
experience of active and sham transcranial direct current stimulation. Brain Stimulation, 5(2), 
155–162.

Khedr, E.  M., Shawky, O.  A., El-Hammady, D.  H., Rothwell, J.  C., Darwish, E.  S., Mostafa, 
O. M., & Tohamy, A. M. (2013, September 22). Effect of anodal versus cathodal transcra-
nial direct current stimulation on stroke rehabilitation: A pilot randomized controlled trial. 
Neurorehabilitation and Neural Repair, 27(7), 592–601.

Kim, D., Lim, J., Kang, E. K., You, D. S., Oh, M., Oh, B., & Paik, N. (2010). Effect of transcra-
nial direct current stimulation on motor recovery in patients with subacute stroke. American 
Journal of Physical Medicine & Rehabilitation, 89(11), 879–886.

Knotkova, H., Homel, P., & Cruciani, R. A. (2009). Cathodal tDCS over the somatosensory cortex 
relieved chronic neuropathic pain in a patient with complex regional pain syndrome (CRPS/
RSD). Journal of Pain Management, Special issue on “Brain stimulation for treatment of 
pain”, 2(3), 365–368.

Knotkova, H., Malamud, S. C., & Cruciani, R. A. (2014). Transcranial direct current stimulation 
(TDCS) improved cognitive outcomes in a cancer survivor with chemotherapy-induced cogni-
tive difficulties. Brain Stimulation, 7(5), 767–768.

Knotkova, H., Riggs, A., Patel, V., Troung, D., Arce, D., Datta, A., & Bikson, M. (2016). Adjustment 
of headgear for easy use by chronically ill patients performing non-invasive neurostimulation 
at home. Poster. New York, NY: Metropolitan Jewish Health System Research Day.

Knotkova, H., Rosedale, M., Strauss, S. M., Horne, J., Soto, E., Cruciani, R. A., … Malamud, D. 
(2012). Using transcranial direct current stimulation to treat depression in HIV-infected per-
sons: The outcomes of a feasibility study. Frontiers in Psychiatry, 3.

Kuo, H., Bikson, M., Datta, A., Minhas, P., Paulus, W., Kuo, M., & Nitsche, M.  A. (2013). 
Comparing cortical plasticity induced by conventional and high-definition 4 × 1 ring tDCS: A 
neurophysiological study. Brain Stimulation, 6(4), 644–648.

Kutner, J. S., Blatchford, P.  J., Taylor, D. H., Ritchie, C. S., Bull, J. H., Fairclough, D. L., … 
Abernethy, A. P. (2015). Safety and benefit of discontinuing statin therapy in the setting of 
advanced, life-limiting illness. JAMA Internal Medicine, 175(5), 691–700.

Kwon, Y. H., & Jang, S. H. (2011). The enhanced cortical activation induced by transcranial direct 
current stimulation during hand movements. Neuroscience Letters, 492(2), 105–108.

Lee, S., Walker, J. R., Jakul, L., & Sexton, K. (2004). Does elimination of placebo responders in 
a placebo run-in increase the treatment effect in randomized clinical trials? A meta-analytic 
evaluation. Depression and Anxiety, 19(1), 10–19.

Lefebvre, S., Dricot, L., Laloux, P., Gradkowski, W., Desfontaines, P., Evrard, F., … Vandermeeren, 
Y. (2014). Neural substrates underlying stimulation-enhanced motor skill learning after stroke. 
Brain, 138(1), 149–163.

Lefebvre, S., Laloux, P., Peeters, A., Desfontaines, P., Jamart, J., & Vandermeeren, Y. (2013). Dual- 
tDCS enhances online motor skill learning and long-term retention in chronic stroke patients. 
Frontiers in Human Neuroscience, 6.

López-Alonso, V., Cheeran, B., Río-Rodríguez, D., & Fernández-Del-Olmo, M. (2014). Inter- 
individual variability in response to non-invasive brain stimulation paradigms. Brain 
Stimulation, 7(3), 372–380.

Martin, D. M., Liu, R., Alonzo, A., Green, M., & Loo, C. K. (2014). Use of transcranial direct 
current stimulation (tDCS) to enhance cognitive training: Effect of timing of stimulation. 
Experimental Brain Research, 232(10), 3345–3351.

Martin, D. M., Liu, R., Alonzo, A., Green, M., Player, M. J., Sachdev, P., & Loo, C. K. (2013). Can 
transcranial direct current stimulation enhance outcomes from cognitive training? A randomized 
controlled trial in healthy participants. The International Journal of Neuropsychopharmacology, 
16(9), 1927–1936.

R. H. Hamilton et al.



375

Mattioli, F., Bellomi, F., Stampatori, C., Capra, R., & Miniussi, C. (2015, May 26). 
Neuroenhancement through cognitive training and anodal tDCS in multiple sclerosis. Multiple 
Sclerosis Journal, 22(2), 222–230.

Meinzer, M., Darkow, R., Lindenberg, R., & Floel, A. (2016). Electrical stimulation of the motor 
cortex enhances treatment outcome in post-stroke aphasia. Brain, 139(4), 1152–1163.

Meinzer, M., Lindenberg, R., Phan, M. T., Ulm, L., Volk, C., & Floel, A. (2015). Transcranial 
direct current stimulation in mild cognitive impairment: Behavioral effects and neural mecha-
nisms. Alzheimer’s & Dementia, 11(9), 1032–1040.

Mendonca, M. E., Simis, M., Grecco, L. C., Battistella, L. R., Baptista, A. F., & Fregni, F. (2016). 
Transcranial direct current stimulation combined with aerobic exercise to optimize analgesic 
responses in fibromyalgia: A randomized placebo-controlled clinical trial. Frontiers in Human 
Neuroscience, 10.

Minhas, P., Bikson, M., Woods, A. J., Rosen, A. R., & Kessler, S. K. (2012). Transcranial direct cur-
rent stimulation in pediatric brain: A computational modeling study. 2012 Annual International 
Conference of the IEEE Engineering in Medicine and Biology Society.

Mori, F., Codecà, C., Kusayanagi, H., Monteleone, F., Buttari, F., Fiore, S., … Centonze, D. 
(2010). Effects of anodal transcranial direct current stimulation on chronic neuropathic pain in 
patients with multiple sclerosis. The Journal of Pain, 11(5), 436–442.

New England Institutional Review Board. (2016). Retrieved August 15, 2016, from http://www.
neirb.com/

Ng, M. F., Tong, R. K., & Li, L. S. (2008). A pilot study of randomized clinical controlled trial of 
gait training in subacute stroke patients with partial body-weight support electromechanical 
gait trainer and functional electrical stimulation: Six-month follow-up. Stroke, 39(1), 154–160.

Nikolin, S., Loo, C. K., Bai, S., Dokos, S., & Martin, D. M. (2015). Focalised stimulation using 
high definition transcranial direct current stimulation (HD-tDCS) to investigate declarative ver-
bal learning and memory functioning. NeuroImage, 117, 11–19.

Nikulina, V., Guarino, H., Acosta, M. C., Marsch, L. A., Syckes, C., Moore, S. K., … Rosenblum, 
A. (2016). Patient vs provider reports of aberrant medication-taking behavior among opioid- 
treated patients with chronic pain who report misusing opioid medication. Pain, 157(8), 
1791–1798.

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A., … Pascual-Leone, 
A. (2008). Transcranial direct current stimulation: State of the art 2008. Brain Stimulation, 
1(3), 206–223.

Nitsche, M. A., Fricke, K., Henschke, U., Schlitterlau, A., Liebetanz, D., Lang, N., … Paulus, 
W. (2003a). Pharmacological modulation of cortical excitability shifts induced by transcranial 
direct current stimulation in humans. Journal of Physiology, 553(1), 293–301.

Nitsche, M.  A., Kuo, M.  F., Karrasch, R., Wachter, B., Liebetanz, D., & Paulus, W. (2009). 
Serotonin affects transcranial direct current-induced neuroplasticity in humans. Biological 
Psychiatry, 66(5), 503–508.

Nitsche, M. A., Liebetanz, D., Schlitterlau, A., Henschke, U., Fricke, K., Frommann, K., … Tergau, 
F. (2004). GABAergic modulation of DC stimulation-induced motor cortex excitability shifts 
in humans. European Journal of Neuroscience, 19(10), 2720–2726.

Nitsche, M. A., Nitsche, M. S., Klein, C. C., Tergau, F., Rothwell, J. C., & Paulus, W. (2003). Level 
of action of cathodal DC polarisation induced inhibition of the human motor cortex. Clinical 
Neurophysiology, 114(4), 600–604.

Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced in the human motor cortex 
by weak transcranial direct current stimulation. The Journal of Physiology, 527(3), 633–639.

Nitsche, M. A., & Paulus, W. (2001). Sustained excitability elevations induced by transcranial DC 
motor cortex stimulation in humans. Neurology, 57(10), 1899–1901.

Oliveira, L. B., Lopes, T. S., Soares, C., Maluf, R., Goes, B. T., Sá, K. N., & Baptista, A. F. (2015, 
April 20). Transcranial direct current stimulation and exercises for treatment of chronic tem-
poromandibular disorders: A blind randomised-controlled trial. Journal of Oral Rehabilitation, 
42(10), 723–732.

12 Methodological Considerations for Transcranial Direct Current Stimulation

http://www.neirb.com/
http://www.neirb.com/


376

Palm, U., Schiller, C., Fintescu, Z., Obermeier, M., Keeser, D., Reisinger, E., … Padberg, F. 
(2012). Transcranial direct current stimulation in treatment resistant depression: A randomized 
double- blind, placebo-controlled study. Brain Stimulation, 5(3), 242–251.

Palmer, B. W., Savla, G. N., Roesch, S. C., & Jeste, D. V. (2013, June 09). Changes in capac-
ity to consent over time in patients involved in psychiatric research. The British Journal of 
Psychiatry, 202(6), 454–458.

Parazzini, M., Fiocchi, S., Liorni, I., & Ravazzani, P. (2015). Effect of the interindividual vari-
ability on computational modeling of transcranial direct current stimulation. Computational 
Intelligence and Neuroscience, 2015, 1–9.

Park, J., Hong, S. B., Kim, D., Suh, M., & Im, C. (2011). A novel array-type transcranial direct 
current stimulation (tDCS) system for accurate focusing on targeted brain areas. IEEE 
Transactions on Magnetics, 47(5), 882–885.

Park, S., Seo, J., Kim, Y., & Ko, M. (2014). Long-term effects of transcranial direct current stimu-
lation combined with computer-assisted cognitive training in healthy older adults. Neuroreport, 
25(2), 122–126.

Reis, J., Fischer, J. T., Prichard, G., Weiller, C., Cohen, L. G., & Fritsch, B. (2015). Time- but not 
sleep-dependent consolidation of tDCS-enhanced visuomotor skills. Cerebral Cortex, 25(1), 
109–117.

Reis, J., Schambra, H. M., Cohen, L. G., Buch, E. R., Fritsch, B., Zarahn, E., … Krakauer, J. W. 
(2009). Noninvasive cortical stimulation enhances motor skill acquisition over multiple days 
through an effect on consolidation. Proceedings of the National Academy of Sciences of the 
United States, 106(5), 1590–1595.

Richmond, L. L., Wolk, D., Chein, J., & Olson, I. R. (2014). Transcranial direct current stimulation 
enhances verbal working memory training performance over time and near transfer outcomes. 
Journal of Cognitive Neuroscience, 26(11), 2443–2454.

Rosedale, M., Malaspina, D., Malamud, D., Strauss, S.  M., Horne, J.  D., Abouzied, S., … 
Knotkova, H. (2012). Developing patient-centered treatment protocols in brain stimulation: A 
rationale for combining quantitative and qualitative approaches in persons with HIV. Journal 
of the American Psychiatric Nurses Association, 18(3), 166–174.

Rosenkranz, G. K. (2016). Remarks on designs enriching for placebo non-responders. Clinical 
Trials, 13(3), 338–343.

Rushmore, R. J., Desimone, C., & Valero-Cabré, A. (2013). Multiple sessions of transcranial direct 
current stimulation to the intact hemisphere improves visual function after unilateral ablation 
of visual cortex. European Journal of Neuroscience, 12, 3799–3807.

Sandrini, M., Brambilla, M., Manenti, R., Rosini, S., Cohen, L.  G., & Cotelli, M. (2014). 
Noninvasive stimulation of prefrontal cortex strengthens existing episodic memories and 
reduces forgetting in the elderly. Frontiers in Aging Neuroscience, 6.

Sattler, V., Acket, B., Raposo, N., Albucher, J., Thalamas, C., Loubinoux, I., … Simonetta-Moreau, 
M. (2015). Anodal tDCS combined with radial nerve stimulation promotes hand motor recov-
ery in the acute phase after ischemic stroke. Neurorehabilitation and Neural Repair, 29(8), 
743–754.

Segrave, R.  A., Arnold, S., Hoy, K., & Fitzgerald, P.  B. (2014). Concurrent cognitive control 
training augments the antidepressant efficacy of tDCS: A pilot study. Brain Stimulation, 7(2), 
325–331.

Stagg, C.  J., Lin, R.  L., Mezue, M., Segerdahl, A., Kong, Y., Xie, J., & Tracey, I. (2013). 
Widespread modulation of cerebral perfusion induced during and after transcranial direct cur-
rent stimulation applied to the left dorsolateral prefrontal cortex. Journal of Neuroscience, 
33(28), 11425–11431.

Stagg, C. J., & Nitsche, M. A. (2011). Physiological basis of transcranial direct current stimula-
tion. The Neuroscientist, 17(1), 37–53.

The CONSORT Statement. (2016). Retrieved July 7, 2016, from http://www.consort-statement.
org/

Triccas, L. T., Burridge, J., Hughes, A., Pickering, R., Desikan, M., Rothwell, J., & Verheyden, G. 
(2016). Multiple sessions of transcranial direct current stimulation and upper extremity reha-
bilitation in stroke: A review and meta-analysis. Clinical Neurophysiology, 127(1), 946–955.

R. H. Hamilton et al.

http://www.consort-statement.org/
http://www.consort-statement.org/


377

Valle, A., Roizenblatt, S., Botte, S., Zaghi, S., Riberto, M., Tufik, S., … Fregni, F. (2009). 
Efficacy of anodal transcranial direct current stimulation (tDCS) for the treatment of fibro-
myalgia: Results of a randomized, sham-controlled longitudinal clinical trial. Journal of Pain 
Management, 2(3), 353–362.

Villamar, M.  F., Wivatvongvana, P., Patumanond, J., Bikson, M., Truong, D.  Q., Datta, A., & 
Fregni, F. (2013). Focal modulation of the primary motor cortex in fibromyalgia using 4×1- 
ring high-definition transcranial direct current stimulation (HD-tDCS): Immediate and delayed 
analgesic effects of cathodal and anodal stimulation. The Journal of Pain, 14(4), 371–383.

Werner, C., Frankenberg, S. V., Treig, T., Konrad, M., & Hesse, S. (2002). Treadmill training with 
partial body weight support and an electromechanical gait trainer for restoration of gait in sub-
acute stroke patients: A randomized crossover study. Stroke, 33(12), 2895–2901.

Wirth, M., Rahman, R. A., Kuenecke, J., Koenig, T., Horn, H., Sommer, W., & Dierks, T. (2011). 
Effects of transcranial direct current stimulation (tDCS) on behaviour and electrophysiology of 
language production. Neuropsychologia, 49(14), 3989–3998.

Woods, A., Antal, A., Bikson, M., Boggio, P., Brunoni, A., Celnik, P., … Nitsche, M. (2016). 
A technical guide to tDCS, and related non-invasive brain stimulation tools. Clinical 
Neurophysiology, 127(2), 1031–1048.

Woods, A. J., Bryant, V., Sacchetti, D., Gervits, F., & Hamilton, R. (2015). Effects of electrode 
drift in transcranial direct current stimulation. Brain Stimulation, 8(2), 320–321.

Woods, A.  J., Hamilton, R.  H., Kranjec, A., Minhaus, P., Bikson, M., Yu, J., & Chatterjee, A. 
(2014). Space, time, and causality in the human brain. NeuroImage, 92, 285–297.

You, D. S., Kim, D., Chun, M. H., Jung, S. E., & Park, S. J. (2011). Cathodal transcranial direct 
current stimulation of the right Wernicke’s area improves comprehension in subacute stroke 
patients. Brain and Language, 119(1), 1–5.

Zimerman, M., Heise, K.  F., Hoppe, J., Cohen, L.  G., Gerloff, C., & Hummel, F.  C. (2012). 
Modulation of training by single-session transcranial direct current stimulation to the intact 
motor cortex enhances motor skill acquisition of the paretic hand. Stroke, 43(8), 2185–2191.

12 Methodological Considerations for Transcranial Direct Current Stimulation



379© Springer International Publishing AG, part of Springer Nature 2019 
H. Knotkova et al. (eds.), Practical Guide to Transcranial Direct Current 
Stimulation, https://doi.org/10.1007/978-3-319-95948-1_13

Chapter 13
Home-Based Patient-Delivered Remotely 
Supervised Transcranial Direct  
Current Stimulation

Helena Knotkova, Ashley Clayton, Michael Stevens, Alexa Riggs, 
Leigh E. Charvet, and Marom Bikson

 Introduction

The attractive idea of tDCS application in home settings has been propelled by 
encouraging findings on tDCS neurophysiological and behavioral effects, as well as 
by a notion that tDCS effects are cumulative and a single application is not enough 
to elicit longer lasting effects.

The trend toward tDCS applications at home resonates with different groups of 
users, addressing variety of unmet needs (Knotkova et al. 2013, 2015; Rosedale 
et  al. 2012; Woods et  al. 2016). In research, tDCS application at home may 
improve retention of study subjects, decrease costs for subject’s travel to the 
research facility and costs associated with the personnel time needed for the appli-
cations. It also opens new possibilities for participation in tDCS studies to seri-
ously ill patients, and patients with specific disabilities that make travel to research 
facility excessively burdensome or impossible. The idea of tDCS applied at home 
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may also be attractive from the scope of clinical/therapeutic settings, yielded by 
the vision of a medical professional sending selected patients home with a tDCS 
stimulator instead of a bottle of pills. And, of course, the at-home tDCS concept 
has been attractive to specific segments of the general healthy public, especially in 
recent years, as the evidence on tDCS effects is growing and medical and public 
attention to possibilities of functional enhancement in healthy subjects 
intensifies.

As with any other innovative idea, the use of tDCS in home settings has enor-
mous potential - to enhance the tDCS practice-at-large, and to facilitate the overall 
development of the neurostimulation field - if used responsibly; on the other hand, 
careless/reckless tDCS use without provisions for safety, proper training, or access 
to assistance or resources can be counterproductive and lead to undesired outcomes 
for involved individuals or the field.

Therefore, it is of interest of all involved to facilitate the environment for tDCS 
applications in home settings in a safe and effective way.

 Potential Benefits of At-Home tDCS

While there is warranted opposition against using “do-it-yourself” (DIY) devices of 
unknown origin or devices that do not have safety certifications, there are many 
potential benefits to conducting tDCS at-home as opposed to in a clinic setting. 
tDCS is a convenient and low cost method of treatment. The size and weight of the 
device is minimal and it is usually battery-powered making the ability for adminis-
tration extremely user-friendly. Because of the device configuration and portability, 
tDCS has the most potential for use outside of a clinic setting (Alonzo and Charvet 
2016; Knotkova et al. 2017a).

Another aspect in favor of an at-home approach is that the burden on the patient 
as well as the institution or clinic is reduced. tDCS sessions often take place at least 
one time daily, 5 days a week. Daily travel to a treatment facility is often not fea-
sible for most individuals. Work and family schedules and often limited transporta-
tion capabilities contribute to the impracticality of daily in-clinic sessions 
(Kasschau et al. 2016). For those patients living in remote areas without the means 
of traveling to large cities where academic institutions are located, and are often 
the ones offering such services, the ability to conduct sessions at home is a tremen-
dous benefit.

Further, remote tDCS is cost effective. The cost associated with trips to the clinic 
is lessened considerably when sessions are conducted in the home setting. For insti-
tutions, at-home tDCS is also financially beneficial. By minimizing the number of 
in-clinic visits, the cost of dedicated space and allotted staff time at the treatment 
facility is reduced.

Research has shown that cumulative sessions of tDCS may be more beneficial 
than a single treatment session (Monte-Silva et al. 2013). The availability of a tDCS 
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treatment option that does not consist of a need for recurring, in-person visits, may 
lead to a higher retention rate in research protocols.

At-home tDCS is also more accessible than other similar non-invasive brain 
stimulation techniques such as transcranial magnetic stimulation or TMS. Unlike 
tDCS, TMS involves strong magnetic field induction and cannot be performed out-
side of the clinic setting.

Still, another benefit to at-home tDCS use stems from the physical limitations 
often seen in patients with a number of various medical conditions. Many neuro-
logic conditions, for example, can result in an inability to ambulate easily from 
place to place, making trips to clinic both challenging and frustrating for the patient. 
For example, multiple sclerosis, or MS, patients may benefit from tDCS in regards 
to a number of related symptoms, but these patients often have ongoing problems 
with ambulation. Recent survey results indicate that the majority of the MS popula-
tion face mobility challenges on a daily basis (Larocca 2011). Such limitation can 
prevent patients from independently attending clinic visits, thus, requiring the need 
for caregiver assistance, and further increasing the existing patient burden. By limit-
ing the need for such in-clinic visits, a potential larger number of subjects are able 
to complete protocols through to the final session.

 Approaches to At-Home tDCS

There is still an underlying concern of safety and clinical guidance regarding at- 
home use and tDCS in general. Non-invasive brain stimulation, especially the use of 
tDCS, will eventually be available on a much greater scale. Therefore, it’s important 
to look at the current approaches in at-home use, along with the pros and cons of 
these methods, in order to carefully inform those looking towards expanding this 
implementation.

The variety of approaches to at-home tDCS arises from differences in several 
elements:

• Specificity in selection of good candidates for at-home application
• Quality/intensity of training of the prospective user (and assurance of compe-

tence to perform tDCS safely and in accordance with good practices)
• Degree of adjustment of the tDCS procedure with regards to efficacious and safe 

use (e.g. adjustments allowing for precise electrode positioning at home)
• Quality and technological advancement of the device (e.g. including or not 

including functionalities allowing for dose control)
• Degree of rigor pertaining to monitoring for safety (adverse events) and compli-

ance with the protocol
• Degree of rigor pertaining to outcome assessment and data collection
• Degree of support and remote assistance provided to the tDCS user

On the continuum of variability in these elements, the top tier is represented by 
approaches implementing the highest level of control/rigor, aiming for replicability 
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and thus, suitable for conditions with high rigor requirement, such as clinical con-
trolled trials, and we discuss them in detail below (Charvet et al. 2015; Knotkova 
et al. 2017a, b; Riggs et al. 2017a, b).

The low end of the continuum includes DIY tDCS application by untrained indi-
viduals on their own, using devices that often do not meet the good manufacturing 
practices (CGMP) for quality assurance and internationally accepted standards, such 
as those codified by ISO 13485. Currently, there are several DIY websites and blogs 
that are making it as convenient as possible for the average lay person to obtain and/
or construct their own DIY tDCS device. Many of these sites promote simply purchas-
ing a 9-volt battery, wires, and sponges in order to meet the “requirements” of at-home 
brain stimulation. There are also devices currently being marketed for online purchase 
such as foc.us and The Brain Stimulator (Alonzo and Charvet 2016). While the cost 
of these products varies, they are still readily available to the average consumer. 
Purchase of devices such as these or creation of DIY tDCS kits should not be encour-
aged. There is no prescription needed to purchase these devices. With that, comes no 
supervision, safety standards, or the ability to control dosing over repeated sessions.

The ability to control dose administration incorporates correct electrode prepara-
tion, montage, and waveform. Although it can be argued that no formal oversight is 
required for a private use of publicly available tDCS devices (even those of question-
able quality), it is important to understand that the potential adverse effects due to 
careless/uninformed tDCS application can negatively impact the entire tDCS field.

Besides the two approaches defining the top and lowest tier, there are other 
approaches of tDCS applications in home settings, utilizing various degree of compli-
ance control, support or training. One approach in research involving tDCS in home 
settings has been to provide patient participants with devices and instruction for self-
administration (Andre et al. 2016; Hagenacker et al. 2014; Hyvarinen et al. 2016). 
Another approach has been to combine tDCS with an extension of in-clinic treat-
ments such as TMS (Cha et al. 2016). The advantage of this approach is that it most 
closely approximates real-world use, simulating a potential model of prescription 
use. However, in addition to any potential safety concerns, there are limitations to 
these studies in terms of understanding the exact doses administered and, especially, 
reproducibility of the findings. Further, participants may have some difficulty with 
self-administration if they have cognitive or motor disabilities, and may require ongo-
ing guidance for use. Some clinicians are utilizing tDCS home-use to sustain clinical 
benefit (Andrade 2013; Narayanaswamy et  al. 2014). This tailored individual 
approach can be helpful to the patient, but does not serve to answer overall research 
questions and is completed without parameters or guidance.

 Home-Based Patient-Delivered Remotely-Supervised tDCS

The idea of remotely-supervised versus non-supervised at-home tDCS is one of the 
largest distinctions between the current approaches. The implementation of a 
remotely-supervised method is overall favored, as it adheres to the necessary safety 

H. Knotkova et al.



383

and standardized procedures previously mentioned. Further, in terms of the most 
important aspect of an at-home approach to tDCS is safety. A currently used 
remotely supervised (RS) tDCS protocol implements a number of safety features to 
minimize risk, maximize benefit that other at-home devices disregard. Sessions are 
conducted under direct supervision of a tDCS trained technician. The training the 
technician receives goes beyond the real-time supervision during sessions. Prior to 
any interaction with patients, technicians are trained on the proper technique of 
tDCS, how to correctly place the headset, the ability to identify unexpected adverse 
events, and how to overall screen for potential eligible subjects. With safety being 
one of the primary concerns surrounding remote tDCS sessions, a structured proto-
col inclusive of real-time monitoring helps to alleviate such unease (Charvet et al. 
2015; Knotkova et al. 2017a, b).

In summary, the increased interest surrounding tDCS has been overall well- 
received in the scientific and medical communities. While it is clear that tDCS will 
ultimately be used at home, either directly by the consumer or through a prescrip-
tion, research is needed to answer critical questions of safety and tolerability of 
extended treatments and dosing optimization. If an individual self-administers 
tDCS for treatment, there are currently no known parameters for how many ses-
sions, and of what duration and strength, are safe and effective. In addition, they 
would not have objective measurements at baseline in which to measure any prog-
ress or response to treatment. Therefore, directed and monitored home use in a 
research context is essential for the guidance of the future of tDCS as a therapy.

 Protocols, Technologies and Consumers

It has been recognized that even within the most rigorous remotely-supervised 
tDCS application in home settings, the treatment protocol and technology (func-
tionality of the tDCS device) must reflect specific needs and limitations of the user. 
Below, we discuss three examples of specific patient-tailored adjustments of the 
remotely-supervised tDCS application in home settings to various patient popula-
tions – those with the Attention-Deficit/Hyperactivity Disorder (ADHD), Multiple 
Sclerosis (MS) and seriously ill polymorbid, polysymptomatic patients who are 
candidates for- or receiving specialist-level community-based palliative care.

Attention-Deficit/Hyperactivity Disorder

ADHD is a behaviorally-defined disorder affecting 5–7% of children and adoles-
cents (Barkley et al. 2002; Kessler et al. 2006). DSM 5-defined ADHD (American 
Psychiatric Association 2013) is marked by excessive impulsivity/hyperactivity 
and inattention as well as frequent and diverse cognitive impairments (Frazier et al. 
2004; Willcutt et al. 2012) that cause significant, academic, employment, legal or 
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psychosocial problems (Barkley et al. 2006; Breslau et al. 2009, 2011; Hinshaw 
1992a, b; Polderman et al. 2010; Raggi and Chronis 2006) despite the best-sup-
ported treatments (Jensen et al. 2007; Molina et al. 2009; The MTA Cooperative 
Group 1999), and is linked to increased risk for other psychopathology and sub-
stance disorder (Breslau et al. 2011; Levin et al. 1998; Wilens 2004). These symp-
toms and the problems that are associated with ADHD represent a substantial 
burden to patients and typically require treatment to improve functioning. First- 
and second-line recommended treatment for ADHD is pharmacotherapy with psy-
chostimulants that increase extracellular levels of dopamine or with atomoxetine 
that blocks reuptake of norepinephrine (Kooij et  al. 2010; Pliszka and Issues 
AWGoQ 2007). Although the majority of ADHD patients show some degree of 
clinical improvement when using these medications, the parents of a surprisingly 
high number of ADHD-diagnosed children and adolescents seek alternative treat-
ments to manage the behavioral and cognitive problems associated with the disor-
der. The reasons why medications are so unpopular with many parents are varied 
(Dosreis et al. 2003; McLeod et al. 2004), but often involve parent attitudes towards 
medications, such as misunderstanding of safety or concerns about the long-term 
effects of medication use (DosReis et al. 2009), as well as perceived social stigma 
or other concerns. Moreover, ADHD medications have meager effects on academic 
performance (Langberg and Becker 2012; Prasad et al. 2013), inconsistent effects 
on adult psychosocial outcome (Advokat 2009; Barkley and Cunningham 1978; 
Carlson and Bunner 1993; Cunningham and Barkley 1978; Gadow 1983; Loe and 
Feldman 2007; Swanson et al. 1991), and carry a high substance abuse potential 
(Bright 2008; Faraone and Upadhyaya 2007; Harpur et al. 2008; Johnston et al. 
2008).

Among numerous non-pharmacological treatments that have been examined in 
ADHD (typically behavioral interventions or cognitive training) (Evans et  al. 
2014; Hodgson et al. 2014; Rabipour and Raz 2012; Rutledge et al. 2012; Sonuga-
Barke et al. 2013; Toplak et al. 2008) tDCS has recently garnered interest based on 
theoretical arguments that it could have a potential clinical benefit (Demirtas-
Tatlidede, et al. 2013; Rubio et al. 2016). Despite the interest, the available empiri-
cal evidence that tDCS has a meaningful positive effect on ADHD still remains 
limited at present. Laboratory studies conducted so far have typically examined 
whether single-session tDCS has an immediate facilitative effect on cognitive 
abilities found to be abnormal in ADHD. Most published evidence is supportive. 
For instance, anodal tDCS over the left dorsolateral prefrontal cortex improves 
attention and behavioral inhibition (Bandeira et  al. 2016) or response accuracy 
(Soltaninejad et al. 2015). However, contrary evidence also exists; e.g., a similar 
study in ADHD adults found no improvement in inhibitory control after 1 mA 
anodal stimulation (Cosmo et al. 2015a, b). However, it remains unclear whether 
the differences compared to other studies are due to the age of the patients or other 
experimental factors. In addition, other applications of tDCS have been shown to 
influence ADHD-related cognitive deficits and suggest alternative uses for tDCS 
to treat ADHD that might engage different mechanisms of action. In one study, 
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ADHD-diagnosed children exposed to 0.75 Hz oscillating tDCS increased EEG-
recorded slow wave oscillation during sleep, and improved subsequent memory 
recall the next day (Prehn-Kristensen et al. 2014), while in another study ADHD-
diagnosed boys undergoing a similar treatment had less variable motor perfor-
mance and generally slower reaction time during Go/NoGo task the next day 
(Munz et al. 2015). Also, cathodal tDCS was found to improve ADHD behavioral 
inhibition in one study (Soltaninejad et al. 2015). The basis of these potentially 
beneficial tDCS effects on neural function is not yet well understood, but so far 
appears consistent with known models of ADHD pathophysiology. A study using 
a spontaneously hyperactive rat model of ADHD not only found repeated tDCS 
administration over 8 days improved animal analogues of ADHD-related behav-
ioral abnormalities, but also that dopamine levels in the striatum – a brain region 
linked to ADHD pathophysiology by several lines of research (Del Campo et al. 
2011) – were higher after tDCS treatment (Leffa et al. 2016). In another study, 
anodal tDCS applied over the left prefrontal cortex altered ADHD brain dysfunc-
tion not only under the target area, but also in brain regions known to be inter-
connected within neural networks (Cosmo et al. 2015a, b). This indicates tDCS 
effects can propagate among brain regions within extended neural systems that 
numerous studies have implicated as dysfunctional in ADHD (Cao et  al. 2014; 
Cortese et al. 2012; Rubia et al. 2014; Weyandt et al. 2013).

This emerging evidence that tDCS acutely improves neurocognitive task perfor-
mance known to often be abnormal in ADHD along with the well-documented 
safety, general tolerability, and established long-term effects of tDCS on both cogni-
tive performance (Ditye et al. 2012) and brain function (Miniussi and Ruzzoli 2013; 
Sale et al. 2015) suggest tDCS might be an option for an unmet ADHD treatment 
need that arises from patient and parent concerns about medication use, tolerability, 
or inadequate response. However, before tDCS can be used clinically, it must be 
validated by properly-designed clinical trials to test its clinical efficacy. To date, no 
study has looked at the effects of repeated tDCS administration in ADHD to deter-
mine if it has cumulative benefits on cognitive function. More importantly, there has 
not yet been a study to determine whether tDCS might reduce ADHD symptoms or 
associated social, academic, related functional impairments. The practical difficul-
ties of such studies are considerable. For instance, a prototypical treatment protocol 
would require ADHD patients and their families to attend near-daily clinic visits 
over 2–4 weeks. This duration and frequency are needed not only to ensure ade-
quate “dose” of neurostimulation, but also because such a timeframe is needed to 
evaluate meaningful change in clinical function. Typical families contend with the 
schedules of two working parents, school demands and extra-curricular activities, 
and often have to manage more than one child’s needs. Therefore, any clinic-based 
tDCS trial for ADHD not only would miss potential recruitment opportunities 
because of family refusal, but would also likely be plagued by poor compliance and 
high dropout. Probably only the most motivated of families and subjects would 
complete treatment, complicating generalizability and efficacy inferences. 
Remotely-supervised tDCS represents a means to accelerate the pace and feasibility 
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of such clinical trials by opening interventions to a wider potential ADHD partici-
pant pool than would otherwise be possible.

There are two primary considerations for population-specific recommendations 
for tDCS performed at home for ADHD. The first is the patient or research partici-
pant age. Unlike many other clinical groups for which tDCS is being considered as 
a potential treatment, ADHD is a disorder usually diagnosed in childhood when 
problem behavior becomes severe enough to bring the patient to clinical attention. 
Administering tDCS at home for ADHD children and adolescents should require a 
family member to participate to help ensure proper protocol adherence. While 
some adolescents might have the maturity to set up and administer tDCS without 
direct parental assistance using remote supervision, it is an impractical idea for 
most children. Furthermore, most institutional review boards are unlikely to 
approve research trial protocols where youth are asked to set up and administer 
tDCS themselves. This suggests effective clinical trial design must overcome addi-
tional issues arising from parent training, parent-child interactions, and joint tDCS 
procedure troubleshooting in order to ensure that tDCS is administered properly 
each and every treatment session. Second, unlike other clinical populations who 
benefit from tDCS (e.g., stroke or multiple sclerosis) whose patients often require 
assistance in tDCS set up due to fine motor impairment, ADHD does not have frank 
motor disabilities to overcome. ADHD cognitive deficits not only are varied and 
not found in all ADHD patients (Willcutt et al. 2005), they also typically are not 
particularly severe  – most often merely relative weaknesses. Thus, there are no 
specific disabilities in ADHD that require careful planning for the population as a 
whole to overcome. However, the problems with distractibility, inattention to 
detail, and persistence are hallmark problem behaviors in ADHD. ADHD neuro-
biological theory also implicates motivational brain systems in the disorder 
(Sonuga-Barke 2005), which could represent a similar hindrance to remaining 
engaged throughout a clinical trial of tDCS without proper oversight. Therefore, 
ADHD-specific recommendations for remotely-supervised tDCS fall primarily 
into the category of efforts tailored to the population to help ensure treatment pro-
tocol adherence, patient motivation, and continuity of optimal tDCS administration 
by capitalizing on parental engagement. As such, most recommendations would 
apply equally to either research-based clinical trials or to clinical services that 
eventually might be offered to ADHD patients if research evidence for tDCS effi-
cacy ultimately is found.

Fortunately, considerable effort already has been made to understand what spe-
cific factors influence ADHD patients’ compliance with treatment. This body of 
published research focuses on ADHD medication adherence, for which 
 non- compliance or discontinuation rates vary from 13 to 81% across studies (Adler 
and Nierenberg 2010; Ferrin et al. 2012). Medication adherence can be operational-
ized in different ways. Typically, it is taken to mean the patient’s and family’s 
engagement in and consistency using a medication regimen that both the medical 
provider and family believe could be beneficial (Gearing et  al. 2011). Although 
some reasons why ADHD patients choose to discontinue pharmacological  
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treatment are highly specific to medication use (e.g., drug  side-effect intolerance), 
many of its lessons can be directly translated to non-pharmacological interventions. 
As might be expected, there are age-specific predictors of ADHD treatment adher-
ence that track the developmental maturity of patients. For instance, younger chil-
dren are more likely to adhere to treatment recommendations if they have more 
troublesome ADHD symptoms or associated problems (Charach and Gajaria 2008; 
Coletti et al. 2012), except for when those problems cause such severe levels of fam-
ily discord they interfere with treatment (Coletti et  al. 2012; Gau et  al. 2006). 
ADHD-diagnosed adolescents often take increasing responsibility for managing 
their treatment as they develop insight into the functional aspect of medication in 
their lives (Brinkman et al. 2012). Adolescent treatment adherence is higher when 
academic benefits are perceived, side-effects are low, and any social stigma is con-
trolled (Bussing et  al. 2012). Adult ADHD medication non- compliance rates are 
similar to that found in youth, e.g., between 11–64% (Christensen et  al. 2010; 
Olfson et  al. 2007). For adults with ADHD, treatment adherence is lower when 
patients have more severe symptoms or engage in illicit substance use (Semerci 
et al. 2016). Factors that predict medication adherence for all ages of ADHD patients 
include beliefs that ADHD is a biological disorder (Charach and Gajaria 2008; 
Coletti et al. 2012), understanding the treatment safety profile (Bussing et al. 2012), 
and efforts to reduce the practical burden of treatment (Gau et al. 2006). It is also 
clear that familial and medical support are highly important. Not only does higher 
socioeconomic status and two-parent households predict treatment compliance 
(Charach and Gajaria 2008), studies that find patients and their families have active, 
supportive relationships with treatment providers are more likely to adhere to treat-
ment as well (Coletti et al. 2012).

Taken together, these factors suggest several practical suggestions for ADHD 
tDCS treatment protocols performed at home. These suggestions emphasize estab-
lishing an effective treatment relationship between the clinicians or researchers 
overseeing the treatment and the ADHD patients and their families, educating par-
ents and children about what to expect with tDCS treatment, and devising ways to 
plan, structure and otherwise facilitate interactions between parents and their chil-
dren. All recommendations should be tailored to the developmental age of the 
patient. Nearly all should be considered for protocols involving ADHD-diagnosed 
adults.

 Establish an Effective Treatment/Research Relationship Because research shows 
that ADHD treatment compliance is supported by a well- established relationship 
between patients and caregivers, tDCS protocol adherence likely will be facilitated 
if effort is made to explain the ways in which patients or their families can seek sup-
port during the treatment protocol. Although the protocols of clinical trials will 
differ from study to study, it is recommended that all protocols include a) a clinic 
visit for consent, clinical assessment, and training with particular attention paid to 
educating families that treatment must be a “whole family” cooperative effort, b) a 
home visit prior to treatment so that research staff can assess and advise tDCS 
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equipment set up and other technical issues, and c) a schedule of contacts for when 
the medical/research team will contact the family to check in about the protocol. 
Contact information for ways to reach a member of the treatment team should be 
provided not only for emergencies or reporting any adverse events believed to be 
related to the treatment, but also for routine questions. Having a direct and respon-
sive avenue of contact is useful to avoid frustration that can lead to treatment 
non-compliance.

 Provide tDCS Psychoeducation Because ADHD treatment adherence is greater 
when patients and the their parents understand ADHD is a neurobiological disor-
der, tDCS clinical trials or clinical treatment performed at home should include a 
standardized discussion that educates both the patient and family member who 
will be assisting the trial about (a) how tDCS is believed to work neurobiologi-
cally and its purported therapeutic effect on specific aspects of ADHD neural dys-
function, (b) tDCS risk profile, in particular age-specific caveats to existing safety/
tolerability research for children where less information is known than for tDCS 
in adults (Brunoni et  al. 2011a, b), (c) expectations for therapeutic effects that 
emphasize that treatment in clinical trials might not show an effect at all, or that 
effects might be small and not emerge until the end of treatment or long after. The 
latter should also include that current models of ADHD believe it likely is caused 
by multiple different etiologies (Sonuga-Barke, 2005), which may or may not be 
responsive to tDCS.

 Describe Outcome Evaluation Process Perceived lack of benefit is a key reason for 
ADHD treatment discontinuation. For ADHD tDCS treatment protocols, it is rec-
ommended to explain that tests of attention, response inhibition, or other cognitive 
abilities are surrogate outcome measures that may or may not predict actual behav-
ioral change. Evaluation of ADHD symptoms and associated problems is best done 
over a longer timeframe. For research protocols, this means explaining the use of 
standardized ADHD behavioral outcome measures (e.g., parent- or teacher-report 
ADHD symptom severity checklists) so parents can understand how the study 
plans to gauge the impact of the treatment over time. For clinical treatment, this 
might include goals for outcome evaluation that are patient-specific (e.g., sibling 
arguments, homework compliance, etc.) and devising ways to for parents and 
patients to measure gains towards those goals.

 Parent Preparedness/Training When the patient is a child or adolescent, parental 
involvement should be required or at least strongly recommended. However, the 
interpersonal nature of the parent- child relationship should be discussed as a fac-
tor that can facilitate or hinder treatment adherence. A potentially effective 
approach is for each to articulate their hopes and goals for the treatment, i.e., to 
make clear what is motivating them. The role of the parent as a “coach” instead of 
“drill sergeant” should be emphasized. Youth with greater developmental maturity 
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can take more responsibility for the practical issues, relegating parental involve-
ment to oversight and documentation. Because interpersonal factors that might 
influence both tDCS protocol adherence and outcome in ADHD are unknown, it is 
advised that formal assessments of parent-child dyadic interactions or familial 
relationship styles be conducted at treatment baseline of research studies. Such 
metrics can be examined as potential outcome moderators in the statistical analy-
sis of outcome data. Finally, it should be emphasized that the trial should be a 
“whole family” effort. A pre-treatment training session should discuss family 
schedules such as extra-curricular activities for both the patient and other children 
in the family to identify in advance potential hurdles. Practical issues such as 
establishing a regular tDCS time, ensuring lack of interruption by siblings, etc. 
should be emphasized.

 tDCS Equipment Training A trial using remotely-supervised tDCS is unlikely to 
succeed if patients or their families are unable to access the technology required. 
As described elsewhere in this chapter, training should cover both proper use of 
the tDCS equipment, but also the communication medium used for the study. 
Ideally, a videoconferencing system will be employed so that staff can confirm 
the proper positioning of tDCS electrodes. If concurrent cognitive stimulation 
(e.g., a “cognitive training” framework) is included as part of a tDCS experimen-
tal protocol, training on how to start those exercises must be provided. As inti-
mated above, the roles of parents versus ADHD-diagnosed children or adolescents 
might optimally fall into one of two categories: a) one in which parents perform 
all set up, communication with caregiver staff, and documentation, or b) one in 
which parents supervise, but older youth might take responsibility for much of the 
practical set up.

 Contingency Management The goal of tDCS treatment adherence ultimately is to 
complete a prescribed number and duration of stimulation sessions within a particu-
lar timeframe. As such, some ADHD patients might benefit from contingency man-
agement approaches (Kaiser et  al. 2008). A system of small incentives might be 
established that rewards increasing levels of compliance throughout any lengthy 
treatment protocol. For example, a small reward can be provided after each daily 
tDCS session is successfully completed, followed by a choice of a larger reward on 
the weekend if all sessions that week were done. The benefit of such a system likely 
will depend on the age of the patients and developmental appropriateness of the 
rewards, but likely should be considered standard for the youngest patients. 
Moreover, if a contingency management approach is included in any treatment pro-
tocol, parents should be trained how to properly present contingencies in order to 
avoid a punitive or coercive approach. Protocol-specific guidelines on how and 
when to provide positive reinforcements should be made explicit, and their use 
should be quantified by trial staff weekly.
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 Multiple Sclerosis

For individuals living with multiple sclerosis (MS), tDCS has shown early promise 
in ameliorating many frequent and often disabling symptoms including cognitive 
impairment, fatigue, pain, and motor problems (Ayache et al. 2016; Cuypers et al. 
2013; Ferrucci et  al. 2014; Mattioli et  al. 2016; Meesen et  al. 2014; Palm et  al. 
2014). However, at-home use is critical for providing adequate access for patients 
for both treatment and participation in clinical study. Many of those living with MS 
are not able to travel to a clinic to receive treatment, especially if sessions span 
weeks or even months of daily stimulation. As MS often occurs in younger adults, 
typically with both work and family responsibilities, time for treatment, especially 
involving in-clinic appointments, is a major obstacle. In addition, for those that are 
more advanced in disability, traveling to a clinic appointment can be a tremendous 
burden, in terms of time and the need to make specific transportation arrangements, 
for both the patient and caregiver as well. To provide remote treatment for both clini-
cal and research purposes in MS, there are several considerations for optimal use.

First, there is consideration for cognitive capacity to understand and participate 
in the tDCS procedures. While cognitive impairment is frequent (occurring in up to 
70% of all individuals), deficits are typically marked by cognitive slowing and dif-
ficulty with new learning, but are not at the severity seen in dementias. A brief 
cognitive screening procedure can ensure that the potential tDCS candidate will be 
successful in executing the procedures. This can include checking for understanding 
during the screening process and completion of brief measures such as reading rec-
ognition (as a proxy for premorbid intellectual functioning) and information pro-
cessing speed (e.g., Symbol Digit Modalities Test [SDMT]).

A second concern is sufficient fine motor functioning for headset placement. MS 
is frequently associated with fine motor impairment and slowed motor functioning. 
Therefore, devices must be designed as simplistically as possible. This includes 
easily-held devices with large buttons and press points for operation. In addition, 
headsets must be designed for simple placement (Fig. 13.1).

Headsets in a current MS protocol have been re-configured to include an adjust-
able headpiece so electrode placement is optimal for varying head sizes (Kasschau 
et al. 2015). The wires attached to the headset are color coded black and red for 
simple connection to the device. The anode and cathode are labeled red and black, 
respectively to also assist in proper, simplistic placement. In general, a cap-like 
design that can be easily grasped, lifted, and placed is important. Electrodes and 
sponges must also be easy to manipulate and place. This latter concern has been 
especially challenging, but pre-moistened sponges (that do not require the use of a 
saline syringe), provided in perforated single use packaging, have been most help-
ful. In addition, a snap connection placement for sponges to join the headset is 
preferred over a button connection.

In some cases, the individual with MS may meet screening requirements for 
cognitive ability, but might have too severe motor involvement to adequately place 
the headset and operate the device. In these cases, a caregiver proxy may be enlisted 
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depending on institution requirements. In these cases, the proxy must be screened 
and trained during the baseline visit in all procedures.

During the training period, tolerability can be tested as well as capacity. Once 
cleared, the MS participant (with or without a caregiver proxy) can be required to 
demonstrate successful headset placement and device operation. In addition, while 
in-clinic, the targeted dose should be tested on the participant, for at least 1 min, in 
order to ensure that the individual can tolerate the treatment. If the subject does not 
pass the initial tolerability test, they are terminated from further protocol participa-
tion. If the tolerability test is successful, it is then recommended to complete the first 
full session under the supervision of a study technician to stimulate the individual’s 

Fig. 13.1 4 × 4 tDCS headgear. Custom-made headgear has been modified with the goal of sim-
plifying placement and minimizing dependence on manual dexterity. Electrodes will be securely 
attached to specific markings on the headset with the use of pre-moistened sponges. The sponges 
are provided in single-use packets, and once opened, can be readily attached in the correct place-
ment to the headgear. A marker guides accurate user placement of the headgear. (The figure is 
courtesy of L. Charvet)
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daily experience from home, and provide an extra measure of clearance. Only once 
cleared, they can be provided an “at-home” tDCS kit for remote sessions. Once 
again, the tDCS technician reviews with the subject and/or proxy each part of the 
tDCS kit (headset, device, laptop, and sponges) prior to departure so that at-home 
sessions are confidently and safely administered.

At-home devices must be designed for safety, reliability of stimulation delivery, 
and optimal remotely supervised operation. For instance, one device that has been 
studied, the Soterix Mini-CT, is dependent on a code to “unlock” delivery of only 
one “dose” for stimulation (or sham) to be administered. Once connected, the tech-
nician can coach the participant and/or proxy on correct placement and ensure all 
safety criteria are met. An impedance meter is included in the device which prevents 
access until the placement is adequate. The previously mentioned code is not pro-
vided until the device displays a “good” connection. Through the videoconferenc-
ing platform, visual confirmation of correct placement can also be made. Then, the 
session is monitored in real-time to ensure consistent stimulation and no unexpected 
adverse events including poor tolerance.

In addition, parameters to assess such adverse events and participant experiences 
must minimize user burden. For example, the study technician should adhere to 
brief, visual analog scales to assess pain and fatigue, with a standardized, verbal 
interview of any side effects experienced.

The currently used MS protocol includes extensive training procedures as well as 
highly detailed “stop” criteria that provide the technician with specific steps and 
guidelines to initiate and oversee each session. In cases of violations, including 
failure to observe safety features or report of any pain over a moderate level, the use 
code is not provided and/or the remote use is discontinued.

This protocol was initially demonstrated to be feasible in a sample of adults with 
MS (Kasschau et al. 2016). Twenty participants (n = 26), ages 30–69 years with a 
range of neurologic disability form mild to severe (using a proxy) and subtype 
including both relapsing remitting and progressive forms, were enrolled to test the 
feasibility of the methods. Protocol adherence exceeded what has been observed in 
studies with clinic-based treatment delivery, with all but one participant (95%) com-
pleting at least eight of the ten sessions. Across a total of 192 supervised treatment 
sessions, no session required discontinuation and no adverse events were reported. 
The most common side effects were itching/tingling at the electrode site with no 
side effect exceeding an intensity of moderate. The study was met with strong 
patient interest and highly positive feedback.

In a second and ongoing study, n = 32 MS participants have been randomized to 
either active or sham 2.0 mA tDCS for 20 sessions. Those in the sham condition are 
offered an additional 10 open-label active sessions at study end. A third trial has 
expanded this protocol to patients with Parkinson’s disease (n = 12) for an initial 10 
open-label sessions for feasibility. We continue to see very high protocol adherence 
with both the expanded session number (20 sessions) and sham conditions, as well 
as when applying the procedures to those with Parkinson’s disease. In over 800 
remotely-supervised sessions to date, only one session has been discontinued dur-
ing stimulation (due to headache). There have been no serious adverse events, and 
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tolerability remains consistent with what is published in the extensive literature of 
in-clinic application (Bikson et al. 2016). In sum, remote supervision offers a plat-
form to provide in-home treatment to those living with MS and potentially many 
other neurologic conditions.

 Chronically Ill Patients with Multiple Symptoms

With aging of the worldwide population, the prevalence of chronic illness is rising 
(Centers for Medicare and Medicaid Services 2012; Hasselman 2013; Ortman et al. 
2014). In the U.S., approximately 50% of adults have one or more chronic illness. 
Symptom management is challenging in those with multiple chronic conditions, 
particularly when age-related risk from drug therapy compounds the risks associ-
ated with disease-related organ dysfunction. Distress associated with poorly con-
trolled symptoms such as pain, fatigue, depressed mood or cognitive difficulties, is 
highly prevalent in the chronically ill, and it can substantially affect patient’s func-
tional independence, as well as drive health-care costs (Dhingra et  al. 2017; 
Hasselman 2013; Ortman et al. 2014).

Most chronically ill patients live at home and seek care that aims to mitigate ill-
ness burden and maintain a good quality of life. Therefore, adjunct non- 
pharmacological strategies for symptom control in home settings are highly relevant 
for this patient population. Although tDCS has shown promising potential for symp-
tom control, the burden of repeated visits to receive tDCS in medical- or research 
facilities has been among the major obstacles that made an access to tDCS difficult 
for many chronically ill patients. Therefore, the development of tDCS protocols 
suitable for the patient’s use in home settings represents a great opportunity specifi-
cally for those with multiple illnesses, complex symptoms and lower functional 
status. However, designing an at-home tDCS protocol for this potentially vulnerable 
patient population requires specific considerations, such as the following:

Involvement of Family Caregiver Seriously ill patients frequently rely on assistance 
of family caregivers. Therefore, it is likely that home-based tDCS applications in 
some patients may need to be assisted by an informal caregiver rather than self- 
applied by the patient. However, patients with higher functional status may find it 
important to be directly involved in tDCS application. Thus, both options should be 
included in the tDCS protocol and offered to the patient and the family.

Minimal Burden Both the patient and the informal caregiver bear the enormous 
burden of the illness and the level of their overall distress may be high. Therefore, 
study procedures pertaining to the tDCS administration and data collection must be 
user friendly, easy and not time-demanding. While data collection in healthy popu-
lations or patients with higher performance status may include extensive question-
naire sets and testing, data collection in frail, seriously ill patients must be carefully 
selected and include only a brief set of assessment tools.
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Time Flexibility It is difficult for the patient and their informal caregiver to accom-
modate multiple day-to-day chores in daily life affected by the illness. Adding 
another element, such as participation in an at-home tDCS study only adds to an 
already full schedule. Therefore, time planning of tDCS procedures should leave 
reasonable margins acceptable for both the patient-caregiver dyad and the study 
personnel, for example when scheduling the real-time video monitoring of the 
procedure.

Maintaining the Medication Regimen Medical care and symptom management in 
seriously ill patients relies largely on pharmacological treatments, often including 
multiple medications. Due to ethic as well as regulatory reasons (seriously ill 
patients are considered potentially vulnerable subjects), medication wash-out prior 
to participation in a tDCS study is not feasible. This may represent a substantial 
methodological hurdle, because certain agents (such as NMDA antagonists) may 
alter tDCS effects. It requires careful consideration when planning the tDCS proto-
col and the study inclusion and exclusion criteria.

Other Considerations It has to be taken into account that the tDCS stimulation 
session usually takes 20–30 min during which the patient should remain seated or 
in a bed, without walking around. Therefore, subjects who are restless or are not 
comfortably able to comply with that requirement are not good candidates for the 
tDCS procedure.

Overall, the feasibility of home-delivered remotely-monitored tDCS in seriously 
ill patients is multifaceted, including (but not limited to) the following elements: (a) 
Patient’s and family caregiver’s understanding of the procedure, their willingness 
and ability to participate in tDCS applications; (b) Patient’s or caregiver’s ability to 
perform tDCS specific procedures after training; (c) Patient’s acceptability and tol-
erability of the procedure, including being able to remain seated or in bed for the 
20-min stimulation; (d) Patient’s ability to provide a brief feedback or numerical 
rating when asked; (e) Home environment, including sufficient arrangements to 
accommodate tDCS administration; and tDCS acceptability in the frame of  spiritual/
religious beliefs and overall settings of the household (Riggs et al. 2017b).

A schema of a tDCS patient-tailored protocol suitable for polysymptomatic seri-
ously ill patients aiming for symptom control in home settings (Knotkova et  al. 
2017a) is depicted in Fig. 13.2.

The protocol allows for an optional inclusion of assisting informal caregiver. 
There is 1 home visit for consenting, screening and familiarization with the tDCS 
device, followed by in-person initiation of training that will then continue in 
remote.

To facilitate familiarization with tDCS at the home visit, the tDCS technician 
demonstrates the equipment and function of the device, and the patient has an 
opportunity to experience the sensory sensation associated with tDCS procedure: 
the patient undergoes 1 min of tDCS first on their arm and then on their head, at 
the default intensity of 1.5 mA. As the protocol is tailored to the patient’s needs, 
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those who find the sensation not acceptable, may repeat the acceptability test at 
lower intensity of 1.0 mA, which - if accepted - then become the patient-specific 
stimulation intensity through the protocol. Patients who do not find the lower 
intensity acceptable are not suitable candidates for tDCS. Although tDCS is in 
general well accepted even at higher intensities, such as 2 mA, some patients may 
have increased skin sensitivity due to clinical condition, medications or other fac-
tors. After familiarization with the device and sensory sensation, the tDCS techni-
cian initiates patient’s or informal caregiver’s training in tDCS application. The 
training continues in remote for about 1 week with an assistance from the tDCS 
technician via videoconference as needed. tDCS skill-building is extremely 
important for tDCS applications in home settings and for that reason the training 
is concluded with a competency test, to assure that the designated individual (the 
patient or the caregiver) is able to perform tDCS in accordance with good 
practice.

After conclusion of the competency test, patients are encouraged to apply one 
tDCS session per day on multiple consecutive days. In the second phase, patients 
are allowed to apply tDCS as needed, ranging from none to two applications per 
day, and the applications are remotely supervised. The level of remote supervision 
is patient-tailored and varies upon the patient’s/caregiver’s tDCS skills and compli-
ance with good practices for tDCS applications.

The initial feasibility and face validity of this protocol has been determined in an 
IRB-approved study (Riggs et al. 2017b).

Mon-Fri

Acceptability testIC / Screening Training Competency testRecruitment

Patient + family caregiver (optional)

Follow up

tDCS applications as needed 10 tDCS applications

Home visit In remote

Sat/Sun Mon-Fri Sat/Sun Mon-Fri Sat/Sun Mon-Fri Sat/Sun

In remote

Fig. 13.2 Schema of tDCS protocol suitable for home-bound seriously ill patients with multiple 
symptoms. The protocol includes 1 at-home visit and has specific patient-tailored elements, such 
as an optional inclusion of an assisting informal caregiver, as well as elements that enhance com-
pliance and safety, including remote visual contact with the patient via telehealth tablet. (The fig-
ure is courtesy of H. Knotkova and A. Riggs)
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 Regulatory and Ethical Aspects Pertaining to At-Home tDCS

The regulatory framework that applies to tDCS in general, including at-home appli-
cations, is substantially different for tDCS in clinical/medical use vs research. Thus, 
regulations that apply to use of off-label devices in medical practice vs research 
differ, and the distinction between the two is guided by the respective definitions: 
The goal of medical practice is to “provide diagnosis, preventative treatment or 
therapy”, while research is “designed to test a hypothesis, permit conclusions to be 
drawn, and thereby to develop or contribute to generalizable knowledge.” (Riley 
and Basilius 2007; Wittich et al. 2012). The FDA (and comparable organizations 
that regulate device manufacturers) does not regulate the practice of medicine, 
which instead is subject to the direction of state and federal professional and licens-
ing boards. Thus, the federal Food, Drug, and Cosmetic Act of 1938 does not play a 
role in creating physician liability for off-label device use. When not classified as 
tools involved in research, medical devices can be used in an off-label manner in 
medical practice without FDA regulatory oversight. Currently, the general legality 
and value of off-label use is integral for medical practice, and under the U.S. law, 
physicians may prescribe drugs and devices for off-label use (Wittich et al. 2012). 
A limitation to this rule is that physicians may only prescribe off-label devices if the 
physicians are not employed by the medical or pharmaceutical companies in ques-
tion. (Wilkes and Johns 2008).

Entirely different regulatory framework, however, applies to tDCS medical 
devices in clinical research outside of or contrary to FDA approval, and the fol-
lowing requirements must be met: (i) Approval by an institutional review board 
(IRB); and additionally, if the study involves a significant risk device (defined as 
one that presents a potential for serious risk to the health, safety, or welfare of a 
subject), approval of an investigational device exemption (IDE) by FDA; (ii) 
Informed consent from research participants; (iii) Labeling of the device for inves-
tigational use only; (iv) Monitoring of the study; and (v) Compliance with required 
records and reports.

In summary, there is duality in the regulatory framework that applies to tDCS use 
in research settings vs off-label clinical use, and this duality applies not only to a 
general tDCS use, but encompasses also at-home applications.

 Challenges, Open Questions and Future Trends  
in At-Home tDCS

Any new approach faces hurdles to its widespread use and acceptance. The ability 
to conduct tDCS treatment or research outside of a clinic setting does not simply 
require technological advances to make it possible, but also must be able to sur-
mount valid concerns about feasibility, safety, and proper oversight. As described 
above, many of the safety concerns can be addressed using technical design features 
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that prevent harm through uncontrolled stimulation. Oversight concerns are largely 
addressed both through focused training and by the ability to provide 
videoconferencing- based interaction to ensure proper tDCS use – either as periodic 
check-in assessments or at every tDCS treatment session if deemed necessary or 
useful. At this stage of remotely-supervised tDCS, feasibility issues are largely 
addressed. It currently is possible to conduct tDCS clinical trials in a wide range of 
clinical populations in home settings. However, a concise, thoughtful, and effective 
series of guidelines and recommendations is needed to navigate the development of 
protocols for these trials. We have endeavored to provide a generalized set of expec-
tations for such protocols in this chapter and in our previous reports (Charvet et al. 
2015).

• Although some remotely-supervised tDCS studies are underway (Kasschau et al. 
2015, 2016; Knotkova et al. 2016), additional clinical trials conducted in a vari-
ety of patient populations are needed to ultimately demonstrate the feasibility of 
generalized use. Not only will more trials identify other possible practical barri-
ers that might need to be overcome, continued demonstration that patients can 
effectively and reliably administer tDCS at home with remote supervision will 
promote general acceptance of the method as viable and informative. It is hoped 
that with increasing empirical support for tDCS as an effective treatment, there 
will be increased demand to streamline equipment for remotely-supervised use. 
One can envision that as technology progresses, so will construction of new 
devices that more seamlessly integrate tDCS delivery, videoconferencing-based 
telecommunications using built-in cellular capability, optional cognitive stimula-
tion, and features to automatically upload clinical trial-relevant data via internet 
to a central monitoring site into a single unit such as a handheld PDA or tablet 
device. Such integrated systems would go even further to offer remotely- 
supervised tDCS to a greater number of households, including households with-
out computers. However, smartphones are commonplace now, suggesting that 
families without extensive computer experience are likely to be able to use such 
devices with less familiarization and training.

• Perhaps the most significant near-term challenge for remotely-supervised tDCS is 
to facilitate the process of empirical research needed to validate the treatment 
approach in various disorders. Currently, tDCS shows the strongest empirical sup-
port for potential efficacy in Major Depressive Disorder, stroke and selected 
chronic pain conditions. However, complexity arises as there are a variety of ways 
to deliver tDCS in potentially therapeutic ways. The combination of these differ-
ent tDCS approaches and different patient groups offers numerous options for 
exploratory treatment trial agendas. As with any new set of options to explore, 
potential delays and risks to scientific progress arise from the difficulty comparing 
the results across several small trials when they use disparate methodology. So in 
addition to a set of recommendations for optimal remotely-supervised tDCS pro-
tocol construction, a likely next step to facilitate tDCS research might be the con-
struction of a tDCS-specific clinical trials informatics platform for researchers. 
Two things might specifically help. First, reporting standards should be developed 
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that detail the minimal information that should be collected about remotely-super-
vised tDCS in all future clinical trials. Such a system should not only follow, but 
expand upon CONSORT 2010 guidelines (Schulz et al. 2010) for clinical trial 
reporting with tDCS-specific information about tDCS equipment configuration, 
ratings of the quality of each session set up, the number and duration of tDCS 
treatment sessions, which tDCS equipment was used, and what methods were 
employed to remotely-supervise patients, etc. Second, a repository should be 
established so that patient-based data across different studies could be integrated. 
Such resources typically are feasible only when they are voluntary, but that clear 
expectations are made by the researchers who lead the field that investigator 
reporting compliance is in the field’s best scientific interest. Moreover, there is an 
increasing trend for federally-funded research to require researchers to contribute 
data to such repositories. Therefore, it is possible that if such a system is made 
available, the reporting of tDCS-specific administration information might even-
tually be mandated for any tDCS research funded by the National Institutes of 
Health. However, the potential payoff for this effort is  considerable. By fostering 
large-scale remotely-supervised tDCS clinical trial reporting, such standards 
would not merely facilitate accurate and rigorous reporting of tDCS trial results, 
they would guide the aggregation of a database that can be continually mined to 
assess the quality of remotely-supervised tDCS methodology as more research is 
done. If participant demographic data, basic clinical characteristics, and outcome 
data were included in this repository, it also could facilitate future meta-analytic 
studies. Such information could be integrated at the meta-analytic level to charac-
terize factors that moderate tDCS protocol adherence or even outcome, determine 
whether those factors are disorder- or population-specific or generalized, etc. The 
availability of such a standardized reporting framework/repository likely would 
prompt other useful additions. For instance, researchers might develop a brief, 
standardized questionnaire to assess patient attitudes about tDCS and reasons for 
seeking tDCS treatment or participating in tDCS research trials.

• This sort of recommendation is feasible because the number of tDCS researchers 
currently is limited, and is unlikely to grow to unmanageable proportions unless 
tDCS becomes fully validated as a treatment for specific disorders and people 
begin arguments about whether tDCS should be offered to specific patient groups 
as standard care options. Looking forward, it is possible to envision future chal-
lenges involving how remotely-supervised tDCS is best delivered clinically. 
Although the technical demands are not prohibitive, it is unlikely that at home 
tDCS will ever become “over the counter” or practically fit into the scope of 
general medical practice. More reasonably it will be used by specialty medical 
clinics, whose staff are fully trained to manage the technical, education, and 
oversight responsibilities necessary for at-home tDCS to be administered validly. 
This raises questions about how those staff members should best be trained. The 
guidelines we offer here are geared to the state of the field today, which is far 
more dominated by research-related concerns than issues of clinical delivery. 
However, they provide a blueprint of many issues that will also be relevant  
when considering the development of clinical care protocols. For instance, at 
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minimum, future training standards for tDCS clinical services should be devel-
oped that are specific to remotely-supervised procedures. This includes training 
and possible accreditation of technical staff. Here, the remotely-supervised tDCS 
can learn from standards applied in telehealth centers where medical staff 
remotely monitors biomedical information from at-home patients. In fact, the 
remotely supervised tDCS would fit well into the scope of practice of specialized 
telehealth centers or units, and the adoption would not require excessive addi-
tional resources.

• It is possible that the availability of at-home tDCS with remote supervision may 
trigger interest in physicians prescribing tDCS application at home for therapeu-
tic purposes. In the U.S., different regulations apply to research vs medical 
practice.

 Conclusions

In conclusion, tDCS applied in home settings can have multiple benefits to all 
involved. However, existing approaches in at-home tDCS vary in many elements, 
such as degree of rigor pertaining to patients’ training, data collection, compliance 
with stimulation protocol, and level of supervision or necessary assistance in admin-
istration. The top tier is represented by approaches implementing highest level of 
control/rigor, aiming for replicability and enhanced safety. An approach utilizing 
remote supervision and enhanced compliance monitoring and safety monitoring, 
with high requirement for replicability, is suitable for tDCS clinical trials in various 
populations; population-specific adjustments of protocol and technology, as illus-
trated on examples in this chapter, document wide usefulness of this approach. The 
future trends in the field of tDCS applied in home settings include further develop-
ment of the tDCS technology paired with technical solutions for remote monitoring/
supervision; broad data sharing via data repositories; and rigorous results-reporting 
that may facilitate replication studies.
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Chapter 14
Transcranial Direct Current Stimulation 
Ethics and Professional Conduct

Andrea Antal, Adam J. Woods, and Helena Knotkova

 Introduction

Low intensity transcranial direct current stimulation (tDCS) is increasingly used in 
research and clinical practices around the world including a wide range of neuro-
logical and psychiatric conditions, where patients have no or few alternative treat-
ment options. In parallel, the regulatory, safety and ethical considerations (Maslen 
et  al. 2014, 2015; Maslen et  al. 2013, 2014; Wexler 2016) and related problems 
using this methodology started to grow rapidly. Nevertheless, important ethical con-
cerns with regard to different kind of electrical stimulation methods emerged already 
more than 200 years ago, since electrophysiology was born, mainly through inci-
dental findings. E.g. Aldini travelled through Europa promoting his belief that elec-
trical stimulation could reanimate the dead (Parent 2004). In early clinical 
applications the risk-benefit ratio was frequently ignored: a well-known example is 
a case study in 1874, when Dr. Bartholow applied electrical current to the exposed 
dura in a female patient. After the induction of muscular twitches, he increased the 
applied current intensity until distress, convulsion and finally coma were reported 
(Harris and Almerigi 2009). About 100 years later in the twentieth century, one of 
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the most shocking and ethically unacceptable incident raised relevant public atten-
tion. Two physicians at the Tulane University aimed to treat a patient because of his 
homosexuality. Combining electrical stimulation applied over the septum with sex-
ual interactions provided by a female prostitute, they reported a 10-month suppres-
sion of the homosexual behavior (Moan and Heath 1972). However, by evaluating 
these events in the past, we have to consider that the ethical awareness was/is always 
linked to the social definitions and moral, both in health and disease. Nowadays a 
very careful assessment of the Institutional Review Boards and Ethical Committees 
of a given clinic or university is required before a study is initiated. Nevertheless, 
the main responsibility with regard to the appropriate conduct and keeping a rigor-
ous ethical framework remains always by the investigators. In this chapter we pro-
vide an overview of the present ethical issues associated with the scientific and 
therapeutic application of tDCS, including recommendations, in which ways these 
issues should be addressed.

 Regulatory Framework and System of Regulations

As research involving human subjects must comply with ethical principles and stan-
dards. Although the regulatory framework differs among countries, the leading prin-
ciples revolve around topics of protection and safety of participating subjects, and 
professional conduct. This in general involves multiple aspects addressed by a com-
plex system of regulations, recommendations and principles, for example Good 
Practices in Clinical Research, Code of Federal Regulations (CFR) or Food and 
Drug Administration (FDA) in the USA, the Medical Devices Directive (MDD) and 
European health authorities in the EU. CFR is accessible to public online and regu-
lations pertaining to protection of human subjects appear in CRF Titles 21 and 45. 
At present, tDCS is not approved in the United States by the FDA as a medical treat-
ment for any indication. Devices from two companies, Soterix or Neuroconn, whose 
have an ‘investigational device exemption’ from the FDA, can be obtained by 
researchers and by medical personnel for investigational use.

Generally, non-invasive brain stimulation medical devices (NIBS), like transcra-
nial magnetic stimulator (TMS), are classified as class IIa devices according to the 
Council Directive 93/42/CEE for medical devices and should conform to standards 
and directives. The MDD distinguishes two main cases for medical devices made 
available to the user, with and without CE marking. Devices without CE marking 
are either custom-made devices or devices intended for clinical evaluation. All other 
devices necessitate CE marking. Devices intended for clinical evaluation should be 
evaluated by the manufacturer with regard to the possibility of undesirable side 
effects during use. All medical devices must fulfill the Essential Requirements for 
safety and performance described in Annex I of the MDD, which state that a device 
used for its intended purpose shall not compromise the safety of any person (patients 
and professional users, who are applying the stimulation. The manufacturer should 
trace each device on the market in order to perform post-market surveillance by 
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implementing a systematic procedure (with regard to malfunction of the stimula-
tors, appearance and frequency of side and adverse effects, etc). Medical practitio-
ners are required to report all incidents, related to the use of stimulator.

In 2016 the European Parliament and Council reached an agreement for better 
surveillance and traceability of medical devices, the Commission published a com-
munication concerning the position of the Council on the adoption of the regulation 
on 9 March, 2017. The medical devices regulation will enter into force 3 years after 
publication, on 26 May 2020 (http://www.europarl.europa.eu/legislative-train/theme-
environment-public-health-and-food-safety/file-regulation-on-medical-devices).

 Ethical Considerations Pertaining to tDCS Personnel

It is the responsibility of the clinician and researcher to obtain appropriate training 
to insure optimal safety of patients and participants receiving tDCS. In the absence 
of such training, the patients or participants are exposed to an unnecessary increased 
risk of burn or other adverse event (AE) that would be otherwise avoidable. Suitable 
training should involve formal knowledge acquisition including lectures, hands-on 
training, and supervised administration. At a minimum, training should include: (1) 
knowledge of relevant background (2) knowledge of information relevant to com-
mon safety concerns, (3) knowledge of necessary precautions for reduction of AEs 
and serious AEs (SAEs), and the correct documentation of these, if they occur, (4) 
hands on training with the preparation and application of tDCS electrodes, (5) hands 
on training with tDCS stimulator operation, (6) supervised preparation and applica-
tion of tDCS electrodes, (7) supervised operation of the tDCS stimulator, and (8) 
demonstration of mastery of the above training components.

 1. Knowledge of relevant background. This element of training should include 
information regarding the physiological mechanisms underlying tDCS, with 
specific focus on the impact of tDCS on tissue properties including all of the 
neuronal elements, neurotransmitters, and possible interaction with common 
medications and medical conditions.

 2. Knowledge of information relevant to common safety concerns. Training should 
also include information on how variations on contact medium, electrode prop-
erties, electrode preparation, equipment sanitization, and other tDCS parameters 
and their interactions that could impact the overall efficacy and safety of tDCS 
application.

 3. Knowledge of necessary precautions for reduction of AEs and SAEs. In addition, 
training should involve information for optimizing safety of tDCS electrode 
preparation and application, medical conditions that may increase the likelihood 
of adverse events or serious adverse events (e.g., existing skin lesions, history of 
epilepsy, etc.), and special considerations for potentially vulnerable populations 
(e.g., children, persons with skull defects) and the correct documentation and 
process in case of these occur.
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 4. Hands on training with the preparation and application of tDCS electrodes. 
Training should include demonstration and hands on practice with the prepara-
tion and application of electrodes. This should include appropriate localization 
of electrodes (e.g., 10–20 International Electrode Measurement System, by 
using neuronavigation or TMS), application of contact medium to electrodes, 
placement of electrodes on the head, safe removal of electrodes, and equipment 
sanitization procedures.

 5. Hands on training with tDCS stimulator operation. This element of training 
should involve demonstration and hands on experience with the tDCS stimulator 
and all of the possible settings on the device. This should include, at least, meth-
ods for powering on and off the device, knowledge of the unit power supply, how 
to check impedance or contact quality metrics, blinding procedures, ramp-up 
and down, stimulation intensity and duration settings, and emergency procedures 
for stopping stimulation in the middle of a session.

 6. Supervised preparation and application of tDCS electrodes. This component of 
training must take place before a person is allowed to independently stimulate a 
patient or participant. This should involve supervision of the trainee in the full 
preparation and application of electrodes to a patient or participant, with guided 
feedback when necessary. A single observation is not sufficient, at least two, but 
preferably three or more, sessions should be supervised.

 7. Supervised operation of the tDCS stimulator. Similar to the preceding compo-
nent, trainees should be supervised in operation of the tDCS stimulator with 
guided feedback on at least two occasions, but preferably three or more.

 8. Demonstration of mastery of the above training components. Following comple-
tion of components 1–7, trainees should be required to demonstrate independent 
mastery of each component through demonstration of necessary knowledge and 
skills. This demonstration of mastery should ideally involve a formal test of rel-
evant knowledge and observation of expertise through independent application 
of electrodes and stimulator operation. Only after this demonstration of mastery 
should the trainee be allowed to work independently.

Until recently, relatively few formal courses were available for tDCS training. 
Several courses have become available that meet the above criteria. These courses 
provide the best opportunity for optimal training of clinicians and researchers new 
to tDCS. In the absence of a formal course work, materials with the relevant infor-
mation for items 1–3 can be obtained from the literature (e.g., Antal et al. 2004; 
Batsikadze et al. 2013; Bikson et al. 2010; Boggio et al. 2007; Datta et al. 2009; 
Kessler et al. 2013; Minhas et al. 2012; Monte-Silva et al. 2010; Nitsche et al. 2000, 
2003a, b, 2004a, b, 2005, 2007, 2008; Palm et al. 2008; Stagg and Nitsche 2011; 
Stagg et  al. 2009, 2013; Woods et  al. 2015, 2016) or in textbooks like this one. 
However, hands-on training and supervision must be acquired from either a formal 
course or in the lab of someone with extensive expertise in tDCS application. To 
reiterate, it is never advised for persons without training to apply tDCS to another 
person. Whether it is in a research, clinical or at-home settings, the administrator of 
tDCS has an ethical responsibility to protect the person receiving tDCS from AEs to 
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the best of their ability, even when that person is administrator stimulation to him or 
herself.

Any research team carrying out a tDCS study has to be arranged for several spe-
cific functions and roles, some pertaining to general research activities and some 
specific to the tDCS use. Although one individual may assume more than one role 
and responsibilities associated with the role, the duties have to be clearly described, 
assigned, accepted and documented. Key roles within the research team and a typi-
cal scope of responsibilities include:

Principal investigator (PI) bears the overall responsibility for the whole research 
project. An important aspect from the regulatory and ethical point of view is that PI 
can delegate specific responsibilities and duties to others, such as co-investigators, 
but the PI’s accountability pertaining to the project is not transferable. Therefore, it 
is in the best interest of PI to have the process of duty delegation well-defined and 
documented, so that an effective oversight of the personnel and quality checks can 
be made. Co- investigators substantially contribute to the scientific component of 
the project (such as contributing to design of the study) and/or to day-to-day study 
procedures (such as participant’s screening). Co-investigators as all study personnel 
must comply with mandatory regulatory requirements clearly stated in the ethic 
proposals and report to the PI.

Study coordinator is mainly responsible for day-to-day study activities, such as 
contact with study participants, deployment of equipment, carrying out study proce-
dures, and maintaining study documentation including participants individual study 
files, mandatory regulatory files, and study database. An important consequence 
pertaining to study coordinator’s responsibilities is that the study coordinator is the 
core person dealing with regulatory files and associated documents and processes, 
such as mandatory time-frames pertaining to reporting or standard operating proce-
dures to be followed. Thus, misconduct, negligence or insufficient training will 
likely have direct effects on the regulatory compliance of the study. Therefore, 
assigning duties to study coordinator for a specific study should emphasize this 
aspect and should be discussed in detail before the duty is assigned, and through 
training pertaining to regulatory agenda should be issued and documented. In many 
research teams the day-to-day study procedures are carried out by post-graduate 
trainees (such as post-doctoral students), it is important to keep in mind that still all 
duties that typically belong to the study coordinator have to be covered. They can 
either be assigned in full to the trainee, or can be split with a co-investigator or other 
senior member of the team, so that the trainee carries out the day-to-day study pro-
cedures and the senior member is responsible for maintaining the mandatory regula-
tory files.

Assisting personnel supports day-to-day study operations. Ethical and regulatory 
issues pertaining to assisting personnel encompass mostly two broad areas: (i) the 
supporting personnel have to have sufficient knowledge of the study so that they 
input is in compliance with the study protocol and regulatory requirements, and 
(ii) responsibilities on a specific study have to be really clearly defined. Although it 
seems to be trivial, substantial difficulties may arise if the responsibilities of support-
ing personnel are in the “gray zone”, not clearly clarified. For example: Is assisting 
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personnel allowed to contact study participants? If yes, for all which purpose? A 
phone call for scheduling purpose has an entirely different regulatory framework 
than a call to follow-up on a serious adverse event. In real life, the issue of responsi-
bility of assisting personnel gets more complicated due to possible multitude of stud-
ies that the assisting personnel support. Thus, a clear check list of activities/support 
provided and not provided for each study helps keep track and ease the compliance 
oversight for the assisting personnel, and an at-a-glance duty delegation log provides 
an overview of specific responsibilities of each individual contributing to the study.

It is a frequently discussed issue whether researchers have a responsibility to 
laypersons who appropriate their research, or not. Many scientists agree that 
research results should be made freely available in order to better inform e.g. those 
engaging in do-ot yourself (DIY) practices. Indeed, a lay summary in scientific 
publications might help to avoid misinterpretation and misuse of the methodology 
by individuals who may lack the scientific background to understand the details. 
Nevertheless, there is no clear agreement with regard to these points.

 Ethical Considerations Concerning Recipients, Including 
Research Participants and Patients

As the research and clinical value of tDCS grows, questions concerning treatment 
guidelines and the continuous updating of these guidelines must be considered. First, 
have to contemplate what criteria should we adopt before recommending tDCS, and 
not another treatment as a possible option. Furthermore, the scientific actuality about 
what tDCS can and cannot do must be explicitly stated, and every effort to balance a 
patient’s hopes and expectations should be fairly done. Informed consent and any 
kind of communication with potential participants must be clear, and the objectives 
transparent. Risk – benefit determinations, (including an evaluation of the possible 
and probable risks the type, magnitude, and duration of benefit; the level of uncer-
tainty, patients’ tolerance for risk and perception of benefit) should always part of the 
informed consent. Moreover, participants should fully understand that they have the 
option to choose another alternative treatment options. Here, the basic ethical and 
legal requirements for inclusion of human subjects to tDCS are summarized.

 Informed Consent

In the USA and in the EU the federal regulations for the protection of human sub-
jects require investigators to obtain legally effective informed consent (IC) from 
individuals participating in research. IC is considered legally effective if (a) all fed-
erally required elements of IC (discussed below) as set forth in the Code of Federal 
Regulations, section 45 CFR 46.116 (USA) are contained in the consent form docu-
ment, and (b) the consent of the participant is obtained prior to conducting any 
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study-related procedure or intervention, and (c) the person signing the consent form 
is the participant or the participant’s legally authorized representative. Although 
there are exceptions to this requirement, such as a waiver of consent, these excep-
tions are limited and must be approved by the IRB or Ethical Committee before the 
commencement of the study. Importantly, IC is not a single event or form to be 
signed, but an educational process that takes place between the authorized study 
personnel and the prospective participant. The process should include providing 
information in several sessions or phone calls, providing written information and 
allowing enough time, so that the information can be reviewed by the prospective 
participant. Further, sufficient time has to be allowed for questions and answers 
before the consent is obtained. The following are the required conditions and ele-
ments of IC:

 1. Consent must be sought under circumstances that provide the participant or the 
legally authorized representative sufficient opportunity to consider whether or 
not to participate, and to minimize the possibility of coercion or undue 
influence.

 2. Consent may not include any exculpatory language (a) through which the par-
ticipant or the legally authorized representative is made to waive or appear to 
waive any of the participant’s legal rights, or (b) which releases, or appears to 
release, the investigator, the Sponsor, or its agents from liability for negligence.

 3. The consent must include the following elements:

 – Explicit statement that the subject is consenting to research (including promi-
nent use of the term “research”).

 – The purposes of the research, including the name of the study and who is 
conducting the study.

 – The description of the procedures to be followed/what will happen to the 
participant and the methods will be used. The ethics application must spec-
ify what other measures or stimulation methods (if any) will be employed 
in conjunction with tDCS.  It must indicate the expected duration of the 
participant’s involvement, including the time commitment for each compo-
nent of the study and the total expected time to complete the study. If there 
are experimental procedures as part of the research, these must be 
identified.

 – Description of any reasonably foreseeable risks, AEs, SAEs, or discomforts 
to the participant.

 – Description of any benefits to the participant or others, which may be reason-
ably expected from the research.

 – Disclosure of appropriate alternative procedures or courses of treatment/ther-
apy, if any, that might be advantageous to the participant.

 – Description of the manner and extent to which the confidentiality of records 
identifying the participant will be maintained.

 – Statement as to what audio or visual recording devices will be used, if any, 
and what will be done with such recordings upon completion of the study. The 
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consent form should include a separate signature line for the participant to 
agree to be video- or audio-taped or photographed.

 – Explanation as to whether and what compensation is provided and schedule 
of payments.

 – When appropriate, contact information and emergency contact information 
for the participant in the event of a research-related injury to the participant.

 – When appropriate, information about the insurance during the experiments, 
available medical treatments for research-related injuries, payments for these 
treatments, and contact information for additional information about these 
issues.

 – Name and contact information of the PI and contact persons for answers to 
pertinent questions by the participant about the research and his or her rights 
as a participant, at any time before or during the research.

 – Statement that participation is voluntary, that refusal to participate will not 
involve any penalty or loss of benefits to which the participant is otherwise 
entitled, and that the participant may discontinue participation at any time 
without penalty or loss of benefits to which the participant is otherwise 
entitled.

 – IRB and Ethic Committee contact information and statement that the partici-
pant may contact the IRB and Ethic Committee at any time with any ques-
tions or complaints.

 – Statement that the participant will be given a copy of the consent form.

In the USA and in Europa the IRB or Ethical Committee has the final authority as 
to the content of the consent form presented to the prospective study participants 
and may require adding additional elements to the consent, for example if the 
research involves potentially vulnerable population, such as chronically ill patients, 
children, pregnant women and prisoners; or subjects with sensory disabilities, lan-
guage barrier, or if inclusion of subjects without decisional capacity is planned. 
Further, the IRB and Ethical Committee have the authority to determine the way 
how IC will be obtained and documented. For example, they may approve obtaining 
verbal IC or an abbreviated written IC, but in most studies IC is obtained in written 
using a full length consent form.

The process of the consent must be documented in the participant’s study files. 
As the study files are confidential and do not bear the participant’s name (only an 
individual study participation code), the signed consent has to be kept in a separate 
location from the individual study files in order to maintain confidentiality.

It is mandated that no study procedures take place until the IC is obtained. Thus, 
screening for the full Inclusion/Exclusion criteria is carried out after obtaining the 
IC and those who do not fully meet the Inclusion/Exclusion criteria are noted in the 
study files as screen failures and discharged from the study. It is important to note 
that any study participant may withdraw from study at any time. In addition, partici-
pants may be removed from the study by study personnel for specified reasons. A 
clear criteria for removal of a participant from the study by the study personnel have 
to be in place, noted in written in the study protocol as well as in the text of the 
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informed consent. Criteria for removal from the study vary among studies, but often 
include the following events:

 – Not following the study protocol or instructions from study personnel.
 – If a SAEs or repeated AEs related or potentially related to the study procedure 

occurs.
 – For administrative reasons, such as if the study closes.

 Screening of Subjects

It is of the utmost importance that subjects or patients be carefully screened using 
the Inclusion/Exclusion criteria that maximize their safety during tDCS in a research 
or clinical protocol, as discussed above. For a study investigating the role of a brain 
regions in a given behavior in healthy adults would include common items, includ-
ing but not limited to: absence of head injury or neurological disease, no personal or 
family history of seizures, a minimum age or a specific age-range for participants, 
no metal implanted in the head (e.g., stent, plate, metal shavings in the eye, hearing 
aids, etc.) or body (e.g., pacemaker, insulin pump, etc.) that could be affected or the 
function altered by current flow, no pregnancy, drug and alcohol abuse, no glutama-
tergic or GABA-ergic medications that could alter tDCS effects, no major psychiat-
ric illness (depression, schizophrenia, etc.). However, some of these criteria will 
differ based on the intended application or treatment use of tDCS. For example, a 
depression trial would specifically target persons with a clinical diagnosis of depres-
sion, but might maintain all other criteria.

Appropriate screening methods of the population of study or treatment must use 
appropriate methods. For research studies in otherwise healthy populations, a 
detailed self-reported medical history is the typical method for acquiring this infor-
mation. When using this method, it is important to stress in the consenting process 
or phone interview prior to consent, the importance and relevance of the screening 
criteria and how they can impact the person, is critical. For example, relaying how 
metal in the head could interact with the electrical current flow to cause damage 
helps to fully inform the participant of risks, should they misreport information on 
the self-reported medical screening. In addition, and when possible, permission to 
review of the person’s medical records can help the researcher to cross-validate self- 
reported information and further enhance study/participant safety. However, the 
availability of medical records is not universal when working with healthy 
populations.

In contrast, when working in patient populations, self-report can be used, but 
should also be verified using medical records and/or in collaboration with the per-
son’s physician. These materials should be reviewed by a study physician and the 
subject should optimally be interviewed by the study physician before study entry 
and after they have had the opportunity to review the medical records. In clinical 
treatment studies, the availability of medical records will provide much of the 
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needed information for study screening. However, medical records are often incom-
plete, especially when patients use different health care systems for treatment across 
the lifespan (extremely common). Thus, it is also important to cross validate this 
information with self-reported information to identify discrepancies that deserve 
further investigation.

In the case of patients or participants with compromised cognitive abilities, self- 
report information should be obtained from the caregiver and cross-validated with 
medical records. Nonetheless, it is not always easy to identify compromised cogni-
tive function, thus matching medical records to self-report from the patient/partici-
pant and the caregiver provides optimal insight into premorbid conditions or other 
factors that may prevent a participant from participating in a study or treatment.

 Ethical Issues Related to Choosing Subject Population

Choosing a sample size For prospective research applications of tDCS, sample size 
calculations should be performed prior to initiation of a study using either pilot data 
or best available data in the literature to estimate the necessary minimum sample 
size for appropriate tDCS effect estimation. If a study is underpowered with no 
potential for appropriate effect estimation, subjects are exposed to study risks, even 
if minimal, without any potential for scientific benefit. However, in the absence of 
appropriate data, a pilot study in a small sample of subject may be used to acquire 
the data needed for appropriate estimation. Again, the minimum number of subjects 
necessary for initial effect size estimation should be used in pilot studies, minimiz-
ing any exposure to risk for the participants. Furthermore, appropriate sample size 
estimation is critical for avoiding an oversampling of the population and, in effect, 
the unethical process of “chasing a statistical p-value.” As is the case with paramet-
ric statistics, a significant effect can be “found”, if a study collected enough sub-
jects. This issue highlights the importance of not only reporting test-statistics, but 
also measures of effect size. Simply put, if a test statistic is significant, but the effect 
size estimate is small (e.g., Cohen’s d less than 0.2), this is an indication of a small 
and perhaps negligible effect of stimulation even in the presence of statistical sig-
nificance. Nevertheless, the scientific aim should always be considered, e.g. with 
regard to clinical studies including a small number of patients for the global test 
comparing primary and secondary endpoints of the study among treatment groups a 
p value less than 0.2 indicates a possible treatment effect and warrants further stud-
ies (Kianifard and Islam 2011),

Another point of consideration is the use of appropriate statistical procedures to 
investigate tDCS effects. If a sample size does not allow for assumptions necessary 
for parametric statistics (and a normal distribution of the data is a necessary condi-
tion related to the study aim) non-parametric statistics should be used. Furthermore, 
general or generalized linear modeling approaches accounting for covariates of 
interest and non-interest are important for understanding the meaning and potential 
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impact of data. The use of t-tests as primary test statistics for data analyses is gener-
ally not the best choice, unless used as a planned contrast following prior appropri-
ate statistical procedures (e.g., ANOVA, ANCOVA, multiple linear regression).

Choosing appropriate inclusion/exclusion criteria Identifying the appropriate pop-
ulation and selecting inclusion/exclusion criteria to minimize subject risk is an 
important part of the overall study design and ethical execution of a study or clinical 
treatment using tDCS. Inclusion/exclusion criteria will vary significantly depending 
on the population of interest and the applied experimental procedures. For example, 
while personal or family history of epilepsy would be major exclusion criteria for a 
study using tDCS to enhance cognitive function in older adults, it would be an inclu-
sion criteria for a study seeking to enhance cognitive function in patients with epi-
lepsy. Very few inclusion/exclusion criteria are universal, except for exclusion of 
persons with metal implanted or lodged in the head, neck or face. In the case of 
metal piercings or studs that cannot be removed, these persons should also be 
excluded from tDCS. Stimulation of persons with face tattoos that may use inks 
containing metals should be avoided as well. Another exclusion criteria important to 
consider is the exclusion of persons with implanted devices in the body that control 
autonomic function or perform a function that, if altered by introduction of current, 
could endanger the patient (e.g. pacemaker, implanted medication pump, etc). In the 
absence of technical and medical specialist that can verify the continued functional-
ity of such devices during and after tDCS, these persons should be excluded from 
research or clinical applications of tDCS.

Other criteria important for consideration to minimize risk and maximize possi-
ble benefit include significant medical histories that may predispose a person to 
seizure activity. While no cases of seizure have been reported to date from tDCS, 
introduction of electrical current to the brain, no matter how small, requires careful 
consideration and minimization of risk when considering of the study outweigh the 
possible increased risk profile of including someone with a personal history or fam-
ily history of epilepsy. Conditions related to vascular, traumatic, tumoral, infectious 
or metabolic lesions of the brain, even without history of seizure, administration of 
drugs that potentially lower seizure threshold, sleep deprivation, alcoholism should 
always carefully evaluated. As in the example above, it is possible that seizure his-
tory can be an inclusion criteria in a clinical study, but for most applications it is a 
common exclusion criteria.

Medications that can alter the impact of tDCS on brain function are yet another 
criteria important for consideration. For example, prior research shows that 1 mA 
stimulation while a person is on an selective serotonin reuptake inhibitor (SSRI) 
changes the typical inhibitory effects related to cathodal stimulation in the motor 
system to a net excitatory effect and enhances and prolongs the efficacy of anodal 
stimulation (Nitsche et al. 2009). Depending on the study goals (e.g., adjunctive 
depression treatment), this may be a desirable effect. However, in other applications 
where selective inhibition and excitation under different electrodes is desired  
(e.g., some inhibitory control paradigms), use of concurrent SSRI could have unin-
tended consequences and change the potential benefit/risk profile for specific sub-
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jects. Another careful consideration is exclusion of persons on drugs that either 
block NMDA receptors or GABA agonists, as these have been shown to undermine 
the overall neuroplastic effect of tDCS (Nitsche et al. 2004a, b). This would mean 
that a person may have limited to no potential benefit from tDCS in the presence of 
such drugs, and this would alter the benefit/risk ratio for the participant or patient, 
too. As dose-response relationships are relatively poorly understood in many appli-
cations of tDCS, careful consideration and caution are required to maximize safety 
of participants and patients.

Ethically, it is also important not to use biased inclusion/exclusion criteria, provid-
ing equitable access to tDCS studies or treatments. For example, exclusion based on 
gender or ethnic background must be clearly justified by the scientific aims of a study. 
For example, a study examining ethnic differences between analgesic tDCS response 
for two ethnic groups with differing pain profiles could be justified in a series of eth-
nicity based inclusion/exclusion criteria. In contrast, ethnic or gender- based inclu-
sion/inclusion criteria are never acceptable for consideration of clinical treatment 
options of tDCS. Age of participant is another factor that must be carefully consid-
ered regarding potential for benefit vs. risk. Several studies suggest (Kessler et al. 
2013; Minhas et al. 2012) that application of ‘adult’ tDCS protocols to children does 
not result in the same effects that were observed in adults. For example, application 
of 2 mA tDCS can produce current density much higher in the brain of an 8 year old 
a child versus an adult. Aside from parameter considerations, inclusion/exclusion of 
children should be considered very carefully relative to potential benefit vs. risk. It is 
entirely unknown what long-term effects of repeated applications of tDCS in a devel-
oping brain might have on the plastic development of neuronal tissue. While no nega-
tive data have been produced, no data exist to support or refute possible long-term 
effects. Thus, inclusion of participants that are still in a phase of neural development 
must be strongly justified by potential benefit to the participant. The human brain is 
reported to continue development in frontal regions into the mid-twenties. However, 
most work in tDCS has been applied to college age students participating in research 
studies. While the effects on a “mostly” developed brain may be negligible or even 
positive, there is yet again an absence of data supporting either notion. Nevertheless, 
here a distinction should be made between repeated stimulation sessions and a single 
application that does not induce a long lasting physiological change.

 Ethical Considerations Related to the tDCS  
Implications of Involuntary or Coercive Use

As tDCS becomes more commonly applied in clinical settings, the potential for 
coercive use of tDCS as a treatment becomes a realistic possibility that deserves 
careful consideration. tDCS has been shown effective in treating a number of symp-
toms and disease states that have potential for impact on this issue. For example, 
some studies have shown efficacy in treating symptoms of schizophrenia. As such, 
it is possible that a psychiatrist could order treatment within a mental health facility, 
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as is the case with electroconvulsive therapy (ECT) or pharmaceutical treatment. It 
is within the purview of informed and trained clinicians to make medically relevant 
decisions regarding treatment of their patients when that treatment has a potential 
for alleviating the medical condition afflicting the patient. There is also the potential 
for clinicians or researchers to apply tDCS to children at the request of their parents. 
Prior to the age of consent within a given country, this is within the legal rights of 
the parents, as they are deemed best qualified to dictate the treatment of their child 
in collaboration with a trained and certified clinician. This is not disputed here. 
However, a strong word of caution is needed regarding such applications – as the 
long-term consequences of tDCS for developing tissue is yet undetermined. In cases 
where the clinician and parents deem the potential benefit to the child to outweigh 
unknown risks to the developmental process, these applications may be warranted. 
However, the quantification of unknown risk is difficult at best, similarly to many 
other interventions in children.

Furthermore, as tDCS is a technology that can be acquired by the community at 
large with little effort, yet using devices that have inferior or no device qualifications 
(discussed further in a following section below), there is also the possibility of tDCS 
being applied without consent to children by their parents, without consultation of 
a clinician. This is both ill-advised and unethical, as the technology’s consequences 
are not at a stage where this process could be considered safe – due to unknown 
optimal dosing parameters, unknown long-term effects and risks, and increased 
potential for harm when using uncertified devices available to the public. At a future 
date where these factors are better understood, this application may become possi-
ble within an ethical space, but this is currently not the case.

 Ethical Aspects of Reimbursement  
(and Methods How to Mitigate Coercive Effect)

It has been widely accepted that participants in research may be reimbursed for their 
time or discomfort, but ethical considerations are needed to mitigate coercive effect 
of the reimbursement. It is recommended (and in some studies required) to derive 
the level of reimbursement from the characteristics of each involved study proce-
dure, such as time-demand, burden for the participant, or need for frequent travel to 
the research facility. It is recommended to dispense the reimbursement at time 
points along the study protocol (e.g. at each study visit), avoiding all-in-once pay-
ment at the beginning or end of a study, in order to avoid potential bias of “buying 
participants to the study” or potential coercive effect as some participants may tend 
to under-report AEs in order to be eligible for the reimbursement at the end of study. 
Importantly, the process of reimbursement must be planned and codified in the 
approved study protocol, and each reimbursement transaction must be documented 
and kept on files.

14 Transcranial Direct Current Stimulation Ethics and Professional Conduct



420

 Ethics Pertaining to tDCS Procedures

Independently from the type of the study, stimulation parameters and schedules 
must always be chosen with clear clinical goals and safety considerations in mind 
and these parameters and protocols must be accepted by the IRB and Ethical 
Committee before initiation of a study. However, it could happen that during a given 
study the approved research protocol cannot be or was not followed, i.e. due to a 
change in a research activity. If an unanticipated or unintentional divergence from 
the approved protocol happens (e.g. higher intensity, longer stimulation duration 
was applied) it must be reported to the IRB/ Ethical Committee (usually within 
7 days of their discovery). Generally, the only ethically acceptable intentional pro-
tocol deviation is when urgent action is required to eliminate an immediate hazard 
to a subject.

Other single occurrence deviations could occur e.g. in inclusion/exclusion crite-
ria that are often planned exceptions in clinical studies. They should receive IRB or 
Ethical Committee approval before being implemented.

Like in every research and clinical application, the potential benefit of the tDCS 
must be found by an independent assessment to outweigh the risk. In any case, the 
decision on the risk-benefit ratio of a given study needs to be made by each PI and 
the local IRB or Ethical Committee. The requirement of equal distribution of the 
burdens and benefits of research can be violated when tDCS is conducted on seri-
ously ill patients or patients made vulnerable by physical or social or conditions, 
bearing only its burdens. Nevertheless, in these patients alternative therapies also 
have significant risks (e.g. neurosurgical procedures). It is not only sufficient that 
the subject be willing to accept the risk involved and it is advised that the likelihood 
of clinical benefit must always outweigh the potential risks.

tDCS studies in patients with primary therapeutic objective, including the devel-
opment of new protocols that have been not yet tested for safety, e.g. cumulative 
daily or weekly applications of tDCS for therapeutic purposes, has a potential 
resulting in direct individual clinical benefit, nevertheless with potential risk(s). 
Studies with indirect benefit and related moderate risk might involve patients where 
the potential clinical benefit is speculative or where no clinical benefit is anticipated, 
but the study might result in a better understanding of pathophysiological mecha-
nisms of different disorders. Here the exposure to AEs (when clinical benefit is 
 uncertain) for patients and many times healthy controls subjects should carefully be 
evaluated by the PI and the IRB or Ethical Committee.

Appropriate safety measures related to a given study must permanently be intro-
duced. It is important to assess the subject/patient’s acute condition prior to each 
tDCS application. Thus, participants would answer a series of questions regarding 
their experience with various symptoms prior to the first stimulation session, to 
establish a baseline. Furthermore, subjects must be continuously monitored during 
and after the stimulation sessions. It is advised that following each session partici-
pants should complete an Adverse Effects Questionnaire, (http://www.neurologie.
uni-goettingen.de/downloads.html)  which requires participants to rate of any 
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AEs such as local pain, tingling, burning, headaches, perception, or cognitive effects 
before, during and after stimulation. At the next session, they would report on these 
questions regarding the interval between the last stimulation to immediately before 
the day’s stimulation session. After stimulation, they would again report on the 
experience during and immediately after stimulation. This approach provides the 
researcher or clinician to assess for AEs or changes that could warrant concern for 
study continuation. These questionnaires typically query participants using either a 
visual analog scale or a basic Likert scale that can be quickly evaluated by the 
researcher or clinician and quantified for further analyses. These data might also 
provide information important for validating effectiveness of sham versus real tDCS 
stimulation in both clinical and research settings.

Participants should remain in the laboratory for min. fifteen minutes after stimu-
lation has ended. If they feel unwell, they should be seen by a medical doctor. With 
respect to the skin contact, there is a possibility of electrochemical production of 
toxins and electrode dissolution products at the electrode tissue interface that occurs 
very rarely, probably due to using non-suitable electrode material. Repeated appli-
cations of tDCS over several days might cause skin irritation under the electrodes in 
some individuals. Participants should therefore be interviewed for the existence of 
skin diseases and the condition of the skin under the electrodes should be inspected 
before and after stimulation. In the case of notable skin irritation caused in sensitive 
individuals it should be decided at case by case basis whether to proceed with the 
experiment.

Long-term negative  cognitive and neuropsychological changes of single tDCS 
applications seem negligible. However, at least one study has suggested that using 
tDCS to “enhance” certain functions may impair others (Iuculano and Kadosh 2013). 
Therefore, neuropsychological monitoring is strongly recommended when repeated 
daily sessions of tDCS are administered for therapeutic purposes, or when new param-
eters of stimulation (e.g. higher intensities) are investigated (even in healthy subjects). 
Many laboratories apply physiological monitoring (TMS, EEG) of every subject under-
going new tDCS protocols. It is responsibility of the PI to decide the most appropriate 
tests to be applied. These additional procedures should also be approved by the IRB.

 Open Questions and Gray Areas in the tDCS Ethics

There is much discussion about the difference between treatment and neuroen-
hancement. Where does tDCS treatment versus neuroenhancement differ? Does it 
matter? On the one hand, tDCS has been shown efficacious in addressing a variety 
of clinical issues in patient populations: depression, pain, post-stroke cognitive or 
motor deficits, etc. When the case of tDCS as a neuroenhancer is discussed, it is 
more often the situation that this refers to the use of tDCS by otherwise healthy 
adults or young adults in an attempt to enhance their abilities beyond their normal 
aptitude. In contrast, others are currently using the technique to address cognitive 
decline associated with the normal aging process. Thus, otherwise healthy older 
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adults that experience a natural decline in cognitive abilities are treated with tDCS, 
typically in conjunction with another therapy, such as cognitive training, to help 
alleviate symptoms of cognitive aging. While this case falls under the category of 
neuroenhancement, in many ways it also fits with examples of tDCS use that treat 
symptoms associated with a given disorder. To researchers who are investigating the 
process of aging, it is a disorder that affects all systems in the body and its preclu-
sion may prevent the development of debilitating diseases, like Alzheimer’s.

Where is the fine line between neuroenhancement and treatment? This most 
likely exists in the overall “intent” of the tDCS application by the user. From a 
simple perspective, an application to recover function (e.g., aging, stroke) is a treat-
ment approach, whereas, an attempt to enhance function beyond baseline levels fits 
within the category of neuroenhancement. Does this distinction between treatment 
and neuroenhancement matter? In and of itself, perhaps not. However, there are 
caveats based on our current knowledge in the field that must be considered. From 
one perspective, adults attend higher education to enhance their fluid abilities 
beyond their current stage. This is not unethical. We take caffeine to enhance our 
current state of arousal to optimize performance. Thus, the simple act of neuroen-
hancement itself is not unethical, as it represents a fundamental component of 
human life and development. However, the current lack of understanding of long 
term consequences of tDCS and poor understanding of its effect on developing 
brain tissue suggests that application of this technique as a neuroenhancer may or 
may not have the intended consequences. Thus, while neuroenhancement in and of 
itself is likely not unethical by definition, its application at the current state of our 
understanding of tDCS deserves extreme caution. Thus, application as a neuroen-
hancer prior to necessary understanding of the technologies long-term consequences 
could be viewed as ethically questionable outside of research applications exploring 
impact. As the longitudinal consequences of this technology become more clearly 
defined, both treatment and neuroenhancement approaches will become viable ave-
nues of use.

 Ethical Aspects of Using Neuromodulation Devices  
Outside of Therapeutic Use

Should the ability to facilitate brain function be reserved for clinical treatment and 
research applications or should it be available to the community at large? There are 
different perspectives that are important to consider.

 1. Should we self-stimulate because we can stimulate? There is a long human his-
tory of performing techniques or consuming substances to enhance function/
performance. The use of caffeine serves as an example of self-stimulating behav-
ior common across the world. Indeed, many people take supplements to poten-
tially enhance health. Furthermore, nonsteroidal anti-inflammatory drugs 
(NSAIDs) are commonly taken without a prescription for treatment of pain. 
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Thus, if tDCS can provide some form of health benefit, alleviate pain, or enhance 
cognition, one perspective would argue that it should be available to all persons 
that might benefit. However, while tDCS can affect the domains from these 
examples, the long-term consequences remain relatively unknown. Further still, 
optimal dosing parameters require further study to evaluate what long-term 
effects tDCS might have on the brain. In fact, few studies have stimulated partici-
pants outside of a 2-week window of stimulation for 10 out of 14 days (Loo et al. 
2012). E.g. Loo et al. in one study investigated 3 weeks of treatment (15 days 
over 3 weeks). This means that there is little to no evidence of stimulation con-
sequences for extended long-term use. Until these data become available, a level 
of regulation is necessary. Thus, the absence of knowledge for long-term conse-
quences suggests that tDCS as a self-administered neuroenhancer or treatment 
requires regulation for the time being.

 2. Is it safe for everyone to stimulate? The safety profile for “enhancers” like caf-
feine, NSAIDs, or other supplements are quite different from tDCS. When tDCS 
is performed incorrectly, e.g. if the scalp is broken in any way, skin lesions and 
deep burns can occur. The full safety profile and contraindications for tDCS are 
not well explored. Any metal in the head could lead to damage to brain tissue or 
death, if for example a metal stent was inside the head of a person. Thus, if read-
ily available over the counter for self-use, there is a significant potential for unin-
tended irreversible damage to person. Counter to this, one could also argue that 
overuse of any of the counter example products could also lead to damage of the 
liver, stomach, etc. However, the quantities required for irreparable damage 
would be high, whereas, a single session of tDCS in a person with a metal stint 
could cause irreparable harm. Further still, there is a possibility for parents of 
children to apply tDCS to enhance classroom performance, to attempt to treat 
some aspect of neurodevelopmental disability or to enhance the normal develop-
mental process. As discussed above, the consequences of tDCS for developing 
brain tissue in children is currently unknown (Kessler et al. 2013; Minhas et al. 
2012; Woods et al. 2016). Thus, ready access for self-dosing of children by par-
ents is ill advised and should be avoided. As the application of tDCS to a human 
can lead to harm in a single session (e.g. using to long stimulation duration or 
higher intensities) and could be misused with potential for harm in those 
untrained or uninformed, over the counter use/off the shelf availability of tDCS 
outside of research or clinical settings is not advised from safety and potential 
for harm perspectives.

 3. Are all tDCS devices the same? Compared to other forms of transcranial neuro-
modulation, tDCS relies on devices that are relatively easy to build and therefore 
cheaper (e.g compared to TMS). Due to this fact, a movement arose starting 
in 2010–2011, in which lay persons started modifying iontophoresis devices or 
building tDCS devices for use on themselves, with the main aims of cognitive 
enhancement or self-treatment. This movement, which is known as do-it- yourself 
(DIY) tDCS, comprises people, who are mainly communicating online, largely 
using the most dedicated forum called Reddit.com. Therefore, it is not surprising 
that in this rapidly expanding DIY culture and based on the perceived simplicity 

14 Transcranial Direct Current Stimulation Ethics and Professional Conduct



424

of the engineering principles behind creating a device capable of delivering cur-
rent through two or more wires to two or more electrodes, the world market is 
quickly becoming flooded with individuals or companies offering tDCS devices 
for home-stimulation or plans for construction of such devices. Furthermore, 
since many direct-to-consumer brain stimulation companies, mainly in the USA 
and Asia do not make medical claims, they are marketing their products for 
enhancement and/or “wellness,” and they can sell them even cheaper. However, 
these devices often meet none of the certified device criteria discussed in Chap. 
7. Thus, these devices often fail to have mechanisms for ramping current, meth-
ods for maintaining a controlled and constant current at a safe level of intensity 
(e.g., preventing surges/spikes in electrical current that could increase chance of 
burns or other harmful effects), or other features that maximize the safety of the 
person receiving tDCS or the DIY user (Woods et al. 2016). Through a simple 
internet search, one can find 9-volt batteries soldered to wires ending in bare 
wires or gator clips, intended to be clamped or inserted into the top of kitchen 
sponges or some other porous material. This should not be considered a tDCS 
device, as it fails to meet even the most basic safety criteria or necessary preci-
sion required for current delivery in tDCS. While such a device has limited risk 
of current spikes, there are in fact numerous aspects of such a device that can 
drastically increase the opportunity for burns by such a device (e.g., metal to 
skin contact, inconsistent electrode material, no ability to deliver a controlled 
and constant current with ramping safety features, etc.). Ethically, these devices 
do little to nothing to minimize the safety risks of the person being stimulated 
and should be avoided. Again, based on the perspective of safety, as well as the 
necessary engineering principles required to maintain safety, there is at least a 
minimum level of regulation necessary for devices made available to the public.

 Conclusions

The aim of this chapter was to provide an overview of the present ethical issues 
associated with the scientific and therapeutic use of tDCS. Overall, the perspectives 
of knowledge and safety suggest that tDCS is ethically ready for supervised research 
and clinical applications but not for mass availability for DIY application/self/home 
administration. From an engineering perspective, once the devices are available, 
there is a minimum level of features and criteria necessary for device safety, mean-
ing that at least a minimum level of regulation is suggested. The former argument is 
likely a matter of scientific and clinical research over time, while the latter is already 
well explored. Once the science of tDCS and our understanding of dosing and long- 
term consequences equal our understanding of the engineering principles behind 
tDCS, this is a technology that may well be suited to ready availability across the 
world market. Nevertheless, until this point several critical ethical issues should also 
be clarified, including e.g. the possible interaction with behavior by tDCS, such as 
impulsivity, risk taking behaviour (Cheng and Lee 2016; Fecteau et al. 2013). 
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Indeed, many commonly used psychiatric drugs could theoretically be understood 
as “personality” modifiers, nevertheless, the regulation of medical treatments using 
drugs have a long history and generally, the intake of these medications is relatively 
good regulated. Other important point is whether tDCS- induced enhancement can 
or should be accepted for educational purposes or not. At present, we have not 
reached this stage, and it is ethically questionable to make such technologies avail-
able to the public before the risks associated with their long-term use or application 
in vulnerable populations is understood.
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Chapter 15
Transcranial Direct Current Stimulation 
in Psychiatry: Mood Disorders, Schizophrenia 
and Other Psychiatric Diseases

Andre Russowsky Brunoni and Ulrich Palm

 Introduction

Mental and substance abuse disorders are an important cause of morbidity and mor-
tality worldwide. According to data from the Global Burden of Disease (GBD), 
Injuries and Risk factors study, in 2010 these disorders accounted for up to 184 mil-
lion disability-adjusted life years (DALYs) in the world, which is 7.4% of all DALYs, 
also considering non-psychiatric diseases. This study also revealed that mental and 
substance abuse disorders are the leading cause of years lived with disability (YLD) 
worldwide. Of them, affective disorders (depressive disorder and bipolar disorder) 
account for almost 50% of the YLD, followed by substance abuse (almost 20%), 
anxiety disorders (14.6%) and schizophrenia (7.4%). This burden increased by 
37.6% between 1990 and 2010, mainly due to population growth and ageing 
(Whiteford et al. 2013). As these factors are still present and important, it is expected 
that the burden of mental disorders continues to increase in the upcoming years.

The treatment of mental disorders is challenging because these conditions are 
usually chronic, prevalent and present a multifactorial etiology. The therapeutic suc-
cess of pharmacological therapies usually ranges between 40–70%, which  translates 
into 30–60% of patients with mental conditions being treatment-resistant to phar-
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macotherapy. Although different forms of psychotherapy are useful in the treatment 
of some mental disorders, they are not always accessible and their success depends 
on patient’s adherence and commitment. Thus, there is an urgent need for the devel-
opment of novel strategies for treating these disorders.

In fact, the past decade has seen a rapid increase in the application of neuro-
modulatory non-pharmacological techniques for the treatment of mental disorders. 
Non-invasive brain stimulation (NIBS) encompasses several techniques (such as 
repetitive transcranial magnetic stimulation, rTMS; electroconvulsive therapy, ECT 
and transcranial direct current stimulation, tDCS) that use electric and/or magnetic 
fields to induce changes in cortical excitability and/or activity. The most effective 
technique is ECT, an already established therapy for treatment of acute cases of 
affective disorders and schizophrenia, which is nonetheless continuously studied for 
parameter optimization and improvement of tolerability and adverse effects profile 
(Allan and Ebmeier 2011). RTMS is a relatively novel technique that is effective in 
the treatment of major depression and possibly effective for other conditions such as 
negative and positive symptoms of schizophrenia, post-traumatic stress disorder 
and nicotine dependence (Lefaucheur et al. 2014).

In this context, tDCS is a more recent technique; although, in fact, there are 
reports of its clinical use since the 1960s and 1970s on mood and alertness in healthy 
volunteers and psychiatric samples, such as depression and psychoses. During this 
period, in most of the reports this method was termed “brain polarization”. At least 
two randomized clinical trials and four open-label trials were performed during this 
time period for the treatment of depression, achieving initially positive but overall 
mixed results (for a review, see Nitsche et al. 2009a). Due to these mixed results, the 
development of psychopharmacotherapy and the stigma of ECT as prototype of 
electrical brain stimulation, among other factors, tDCS was largely forgotten 
between 1970 and 2000 (Nitsche et al. 2009a). The reappraisal of brain polarization 
only took place after the seminal studies of Priori et  al. (1998) and Nitsche and 
Paulus (2000), discussed elsewhere in this book. A few years later, different research 
groups started to evaluate the efficacy of tDCS in psychiatric disorders using open-
label designs and randomized clinical trials (RCTs).

Probing tDCS efficacy in psychiatric disorders is under intensive investigation 
because, comparatively to other treatment modalities, tDCS might present some 
relevant advantages. For instance, tDCS is cheaper and easier to use than rTMS 
(Priori et al. 2009). Also, rTMS is a non-portable device that can be handled only by 
trained staff, whereas tDCS is a handheld device – in fact, patients can be trained to 
use tDCS at home (Charvet et al. 2015). As compared to pharmacotherapy, taking a 
pill is indeed easier than using tDCS, even considering handheld devices. However, 
tDCS could be still a useful alternative to drug treatment in selected groups, such as 
pregnancy, depression associated with clinical comorbidities (where pharmacologi-
cal interactions with antidepressants are an issue) and patients intolerant to drug 
adverse effects. TDCS is a more targeted intervention (i.e., more localized) com-
pared to antidepressant drugs. Also, tDCS can be  combined with antidepressant 
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drugs, as the combination might induce increased and faster effects than each treat-
ment alone (Brunoni et al. 2013a, d).

Another important advantage of tDCS is its acceptability, i.e., dropout rate 
(unpublished data). In a recent systematic review and meta-analysis of 64 clinical 
tDCS trials (n = 2262 subjects) enrolling psychiatric and neurologic disorders in 
adults, it was found that the dropout rate in the active group was 6%, similar to the 
dropout rate in the sham group (7.2%) (Fig.  15.1). In a sub-analysis of studies 
describing the dropout reasons, only 4.1% and 3.7% of patients in the active and 
sham groups, respectively, abandoned the trial due to adverse events (other reasons 
were protocol violation, inefficacy of treatment or not reported). Taken together, 
this findings suggest that even though adverse events such as tingling, itching and 
discomfort are commonly reported in tDCS trials, they are not important order to 
lead to treatment discontinuation, given that dropout rates between active and sham 
groups were similar.

In this present chapter we discuss the results of recent studies that evaluated 
tDCS efficacy in several psychiatric disorders, including mood disorders, schizo-
phrenia, obsessive-compulsive disorder (OCD), addiction and others.

 Major Depressive Disorder

Major Depressive Disorder is an incapacitating condition associated with signifi-
cant personal, social and economic impairment. Its main symptoms include persis-
tent low mood, anhedonia, anxiety, negative thoughts, impairment in sleep, 
psychomotor retardation and weight changes. Moreover, depression is a chronic, 
recurrent disorder, as nearly 80% of patients relapse after the treatment of an epi-
sode (Anderson et al. 2008); moreover, about one third of patients have treatment- 
resistant depression (TRD)  – i.e., the failure to achieve adequate response of 
symptoms after adequate antidepressant treatment trials (Berlim and Turecki 2007; 
Nemeroff 2007). Due to its chronicity, modest rates of treatment and high preva-
lence (8–12% lifetime prevalence), major depressive disorder is projected to be the 
second most disabling condition by 2020 (Murray and Lopez 1997), reinforcing the 
need for the development of novel treatment modalities.

 Current Treatments for Major Depressive Disorder

Antidepressant drug treatment for depression includes first-generation antidepres-
sants (tricyclic antidepressants and monoamine oxidase inhibitors), SSRIs (sero-
tonin selective reuptake inhibitors, such as sertraline and fluoxetine), SNRIs (such 
as venlafaxine and duloxetine) and others (e.g., bupropion and mirtazapine). It was 
suggested that escitalopram and sertraline are the antidepressants that best combine 
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Fig. 15.1 Meta-analysis of tDCS dropout rate (a proxy for acceptability) of 64 clinical trials. The 
odds ratio was 0.82 (0.59–1.14) showing no significant differences in acceptability between active 
and sham groups in all neurologic and psychiatric tDCS trials published to date. (Unpublished 
data)
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effectiveness with tolerability and therefore should be the choice for treatment 
(Cipriani et al. 2010). The STAR*-D (Sequenced Treatment Alternatives to Relieve 
Depression), a NIMH-sponsored trial, enrolled almost 3000 patients to evaluate the 
efficacy of several antidepressant treatments (Rush et  al. 2006). Its main results 
were that, indeed, 30% of patients do not remit after 4 consecutive treatment trials 
and that there is no substantial difference, in terms of efficacy, among the different 
antidepressants tested.

Regarding non-pharmacological therapies, ECT is a very effective treatment for 
major depressive disorder (Group, 2003). Compared to sham ECT, active ECT is 
significantly more effective. A pooled analysis of ECT comparisons against amitrip-
tyline, imipramine, phenelzine, or other pharmacotherapies also favored 
ECT. However, ECT is also associated with important cognitive deficits, especially 
in subgroups of patients and in specific protocols (Nobler and Sackeim 2008).

Finally, at the present time, rTMS for the treatment of major depressive disorder 
is an approved therapy worldwide. A recent review of the efficacy of rTMS in neu-
rology and psychiatry disorders classified rTMS for major depressive disorder treat-
ment as a level “A” of evidence (Lefaucheur et al. 2014). RTMS is well tolerated, it 
is associated only with few adverse effects and a low risk of treatment-emergent 
mania (Xia et al. 2008). Its efficacy rates seem to be similar compared to pharmaco-
therapy (Brunelin et al. 2012, 2014, 2015).

 Mechanisms of Action

Although its antidepressant mechanisms of action are still elusive, it is supposed that 
tDCS acts by inhibiting or enhancing activity of pathways involved in the patho-
physiology of major depressive disorder. The dorsolateral prefrontal cortex (DLPFC) 
is an important site of dysfunction in depression mainly due to left hypo-function and 
right hyper-function (Mayberg et al. 2000). Neuroimaging studies also show struc-
tural alterations in fronto-cingulo-striatal (FCS) circuits (Bora et  al. 2012). The 
imbalance between cortical and subcortical brain activities might also be involved in 
major depressive disorder pathophysiology. Response to fluoxetine was associated 
with a marked reduction in local cerebral blood flow as well as changes in down-
stream limbic and cortical sites as measured with positron emission tomography 
(Mayberg et al. 2000). Other brain areas, such as the amygdala and the hippocampus, 
have a lower volume in depressed patients when compared to controls (Campbell and 
Macqueen 2004; Hamilton et al. 2008b). In addition, functional studies suggest a 
high level of activity in the ventro-medial prefrontal cortex (vmPFC) and a low level 
of activity in the DLPFC. In addition, patients with major depression display lower 
excitability in the left motor cortex (Maeda et al. 2000), in the left hemisphere (Bajwa 
et al. 2008) and a higher brain activity in the right cortex (Janocha et al. 2009).

Putatively, tDCS acts by increasing cortical excitability and neuroplasticity of 
the DLPFC, thus restoring this brain area to normal activity. For example, tDCS has 
been shown to improve affective and cognitive processing in depressed patients 
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(Moreno et al. 2015; Wolkenstein and Plewnia 2013; Zanao et al. 2014) – since the 
DLPFC is involved in such processing in depression, these findings suggest that 
tDCS modulates DLPFC activity.

The neurotrophin hypothesis of depression states that the depressive state is 
associated with decreased expression of several neurotrophins associated with neu-
roplasticity, such as the blood-derived neurotrophic factor (BDNF) (Brunoni et al. 
2008). BDNF is a neurotrophin related to neuronal survival, synaptic signaling and 
synaptic consolidation (Allen and Dawbarn 2006); it is also associated with late 
phase of Long Term Potentiation (LTP), the property of neurons to persistently 
increase synaptic strength (Gartner and Staiger 2002). It was shown, for instance, 
that the amygdala of patients with major depressive disorder present volume loss 
that increases after antidepressant treatment (Hamilton et  al. 2008a). Hence, the 
neurotrophin hypothesis of depression also states that the amelioration of depres-
sive symptoms is accompanied by an increase in neuroplasticity. For instance, 
peripheral levels of BDNF increase after successful treatment (Brunoni et al.). Thus, 
another mechanism of action of tDCS in depression might be enhancing LTP-like 
plasticity. For example, Fritsch et al. (2010) showed that direct current stimulation 
promoted BDNF-dependent synaptic plasticity in mice and Antal et  al. (2010) 
showed that BDNF gene polymorphisms influence tDCS-induced plasticity. 
However, the findings in depressed patients were mixed. Although one study found 
that depressed patients presented increased motor cortex neuroplasticity after 
receiving tDCS (Player et al. 2014), two studies showed that blood levels of BDNF 
in depressed patients did not increase after tDCS treatment (Brunoni et al. 2014c; 
Palm et al. 2012, 2013, 2016).

The 5-HT system might also be involved in tDCS antidepressant effects. One 
study found that the serotonin transporter genetic polymorphism (SLC6A4), which 
codifies the pre-synaptic serotonin reuptake transporter (SERT), predicts antide-
pressant tDCS efficacy. This polymorphism is characterized by a functional 44-bp 
insertion/deletion polymorphism (5HTTLPR) in its promoter region (Collier et al. 
1996). The short allele (s) is related to a lower disposal and function in SERT in 
comparison to its long (l) form. Subjects with allele s display a worse clinical 
response to serotonergic antidepressants, since they act on the SERT, and thus will 
be less efficient in case of a hypo-functional transporter (Serretti et al. 2007). In our 
study, using the depression sample of SELECT-TDCS, we found that long/long 
homozygotes displayed a larger improvement comparing active vs. sham tDCS, but 
not short-allele carriers (i.e., the same patter of response usually identified in sero-
tonergic antidepressants) (Brunoni et al. 2013c). In fact, antidepressant effects of 
tDCS seem to involve the serotonergic system, as shown in pharmacological studies 
of Nitsche et al. (2009a, b, c), and Kuo et al. (2015), which found that the excitabil-
ity-enhancing effects of anodal tDCS were boosted with citalopram whereas the 
excitability-decreasing cathodal effects were reversed – leading to, in fact, excitabil-
ity-enhancing effects. A proof of concept was subsequently demonstrated in the 
SELECT clinical trial, which showed the antidepressant effects of tDCS were 
enhanced by sertraline (Brunoni et al. 2011b, 2013d).
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Dopamine might also be relevant for the antidepressant mechanisms of tDCS, 
considering that the use of dopamine agonists and antagonists modify tDCS-induced 
cortical excitability (Monte-Silva et al. 2009; Nitsche et al. 2009b). Moreover, it 
was shown that genetic polymorphisms of the catechol-o- methyltransferase (COMT, 
an enzyme that degrade catecholamines such as dopamine) influence tDCS effects 
on executive functions and response inhibition in healthy volunteers (Nieratschker 
et al. 2015; Plewnia et al. 2013). However, COMT polymorphisms have not been 
evaluated in depressed patients receiving tDCS.

Conversely, there is no evidence to date that tDCS induces any specific changes in 
peripheral biomarkers that have been associated to major depressive disorder patho-
physiology. For instance, decreased heart rate variability (HRV) is observed in depres-
sion, which reflects autonomic dysfunction (decreased vagal tone) (Kemp et al. 2010), 
although HRV levels do not change after tDCS treatment (Brunoni et  al. 2013b). 
Moreover, decreased brain-derived neurotrophic factor (BDNF) levels have been 
found in depression, suggesting that depression is associated with decreased neuro-
plasticity (the “neurotrophin hypothesis of depression”), and BDNF levels increase 
after treatment with pharmacotherapy (Brunoni et al.), but not after tDCS – this was 
also observed for non-BDNF neurotrophins (Brunoni et al. 2014b, c). One possibility 
for these negative findings is that the effects of tDCS are restricted to the brain, exert-
ing no or minimal influence on peripheral activity. Nonetheless, to date no peripheral 
biomarker associated with tDCS efficacy in major depressive disorder is available.

 Clinical Evidence

To date, at least 8 open-label trials and 11 RCTs using tDCS for major depressive dis-
order have been published. Treatment protocols vary between studies: the current dose 
applied ranged from 1 to 2 mA; the number of sessions from 5 to 15; the interval 
between sessions from every other day to twice a day; the cathode positioning between 
the right DLPFC, supra-orbital area, and extracephalic positions. Nonetheless, left 
DLPFC was the site of anode positioning in virtually all studies, reflecting the rationale 
of applying an excitability-enhancing electrode (the anode) over a hypoactive area.

Some open-label studies provided important findings that were further explored 
in RCTs, including the finding that tDCS and SSRI could have the same efficacy 
(Rigonatti et al. 2008), and that tDCS effects might be enhanced with antidepressant 
drugs and decreased with benzodiazepines (Brunoni et al.2011a, 2013a).

Fregni et al. (2006a), in the first modern, sham- controlled, randomized clinical 
trial, found a significant decrease in depression scales after 5 days of active stimula-
tion, with a mean reduction in depression scores of 60–70% for the active tDCS 
group relative to baseline. In contrast, improvement in the placebo group was only 
10–30%. Similar results were demonstrated in a further study in antidepressant-free 
patients with recurrent major depressive episodes after 5  days of active tDCS 
(Fregni et al. 2006b) with 18 patients. Boggio et al. (2008) recruited 40 patients with 
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moderate to severe depression, evaluating depression improvement immediately 
after 10 consecutive weekdays of stimulation and 30 days later. Only prefrontal, but 
not occipital or sham tDCS reduced depressive symptoms significantly, with effects 
sustained at 30-day follow up.

After these initial positive results, other studies reported negative findings. Loo 
et al. (2010, 2012) recruited 40 patients to receive active vs. sham tDCS and did not 
find significant differences between these groups. Palm et al. (2012, 2013, 2016) 
recruited 22 patients with depression and randomized them to receive 1 mA stimu-
lation, 2 mA stimulation or sham tDCS in a cross-over design. Active and placebo 
tDCS was applied for 2 weeks, but no differences in depression improvement were 
found. Finally, Blumberger et al. (2012) did not find significant differences between 
active vs. sham tDCS in a sample of 24 highly refractory patients.

After that, larger trials found that tDCS was an effective treatment for depres-
sion. Loo et  al. (2010, 2012) randomized 64 patients to receive active or sham 
tDCS (2 mA, 15 sessions over 3 weeks), followed by a 3-week open-label active 
treatment phase. Mood and neuropsychological effects were assessed. There was a 
significantly greater improvement in mood after active than sham treatment. This 
study also showed that attention and working memory improved after a single ses-
sion of active but not sham tDCS. There was no decline in neuropsychological 
functioning after 3–6 weeks of active stimulation. Brunoni et al. (2011b, 2013d)  
enrolled 120 antidepressant-free patients with moderate and severe depression 
who were randomized in four arms (2 × 2 design): sham tDCS and placebo pill, 
sham tDCS and sertraline, active tDCS and placebo pill and active tDCS and ser-
traline (the study name was Sertraline vs. Electric Current Therapy to Treat 
Depression Clinical Trial – SELECT-TDCS; its design is described in (Valiengo 
et al. 2013)). The tDCS parameters were 2 mA per 30 min/day, for 2 weeks and 2 
extra tDCS sessions every other week until week 6 (study endpoint); the dose of 
sertraline was fixed (50 mg/day). The main findings, shown in Fig. 15.2, were that: 
(1) combined tDCS / sertraline was significantly more effective than the other 
treatment groups in reducing depressive symptoms; (2) tDCS and sertraline effi-
cacy did not differ; (3) active tDCS as a monotherapy was also more effective than 
the placebo group.

In 2014, two randomized, sham-controlled trials evaluated the efficacy of tDCS 
combined with cognitive control therapy (CCT), an intervention that aims to 
increase prefrontal cortical activity through working memory tasks (in both cases, 
an adapted version of the Paced Serial Addition Task, PASAT). Segrave et al. (2013) 
enrolled 27 patients to receive tDCS and CCT, sham tDCS and CCT, and sham CCT 
and tDCS (2 mA, 5 sessions). All treatments led to a reduction in depression sever-
ity after 5 tDCS sessions, but only the combined tDCS / CCT treatment resulted in 
sustained antidepressant response at week 4. In contrast, Brunoni et al. (2014a) ran-
domized 37 participants to receive sham tDCS and CCT or active tDCS and CCT 
(2 mA, 10 sessions) and found similar antidepressant improvement in both groups. 
However, further analysis showed that in older patients, those with greater improve-
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ment in CCT task performance also had greater antidepressant improvement with 
active tDCS.

The last RCT published hitherto was a phase-II trial in which 24 escitalopram- 
resistant depressed patients were randomized to receive two daily sessions, with 
a time interval between sessions of 2 h, of tDCS for 5 days (2 mA, 10 sessions 
over 1 week). In this study, tDCS did not induce clinically relevant antidepres-
sant effects in active and sham stimulation groups at endpoint (Bennabi et  al. 
2015).

A recent meta-analysis (Meron et al. 2015) enrolling 393 patients and 10 studies 
observed that tDCS was more effective than sham stimulation when considering 
continuous outcomes but not categorical ones (i.e., response and remission), sug-
gesting that larger studies are still needed to evaluate tDCS efficacy. Also, an indi-
vidual patient data meta-analysis (Brunoni et al.) was recently performed in order to 
further assess efficacy and to identify predictors of response, pooling data from six 
randomized sham-controlled trials, enrolling 289 patients. Active tDCS was signifi-
cantly superior to sham in all outcomes. Treatment-resistant depression (Fig. 15.3a) 
and higher tDCS “doses” (Fig. 15.3b) were respectively negatively and positively 
associated with tDCS efficacy.
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Fig. 15.2 Results from SELECT-TDCS trial. The figure shows the main results of SELECT- 
TDCS trial Brunoni et al. 2011b, 2013d). Combined treatment (tDCS and sertraline) presented a 
larger, faster response. At endpoint, tDCS and sertraline efficacy were similar, although tDCS, but 
not sertraline, was superior to placebo
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 Adverse Effects

The rate and intensity of adverse effects observed in the abovementioned studies 
were similar to those reported when using tDCS in other contexts; however, the 
issue of treatment-emergent hypomania/mania (TEM) should be discussed. 
There are four stand-alone case reports in literature (Arul-Anandam et al. 2010; 
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Baccaro et al. 2010; Brunoni et al. 2011b, 2013d; Galvez et al. 2011) and some 
reports of TEM in RCTs. Most of these episodes resolved spontaneously, with 
tDCS withheld for a few days, or with small dose adjustments / introduction of 
a new pharmacotherapy, although one of them was a full-blown episode of mania 
with psychotic features (Brunoni et al. 2011b, 2013d). It is difficult to estimate 
the precise frequency of this adverse effect or, even, if it is directly caused by 
tDCS or if the case reports represent a casual event that occurred coincidently 
with the repeated tDCS sessions. Therefore, the same recommendations of care 
for depressed patients are also valid when using tDCS as an antidepressant treat-
ment  – i.e., careful observation of the patients’ clinical outcomes while on a 
clinical treatment. Further, patients should be carefully assessed for history of 
bipolar disorder and history of switching into mania with past antidepressant 
treatments, as these factors may indicate a higher risk of manic switch with 
tDCS. In these patients, concurrent treatment with mood stabilizer medication 
during tDCS treatment course should be considered. Nonetheless, it should be 
underscored that mood stabilizers that are sodium and/or calcium channel block-
ers (such as some anticonvulsant drugs) might abolish at least some physiologi-
cal tDCS effects, as it was shown that blocking voltage-gated sodium and 
calcium channels decreases the excitability-enhancing effect of anodal tDCS 
(Liebetanz et al. 2002; Nitsche et al.) over the motor cortex. In addition, it was 
found that antipsychotics (also commonly used in the treatment of bipolar disor-
der) of high dopaminergic D2-receptor affinity decreased, compared to antipsy-
chotics of low D2-receptor affinity, the efficacy of tDCS in the treatment of 
schizophrenia symptoms (Agarwal et al. 2016). These data reinforce the need of 
trials investigating the safety and efficacy of tDCS in patients with bipolar 
depression.

 Schizophrenia

About 1–2% of the population is suffering from schizophrenia, a disabling disorder 
with a variety of impairments in cognition, mood, impetus, interaction and social 
functioning. Syndromal diversity of schizophrenia and related disorders includes 

Fig. 15.3 (a) Results from an individual patient data meta-analysis showing the influence of 
treatment- resistant depression on tDCS efficacy. (b) Results from an individual patient data meta- 
analysis showing the influence of treatment-resistant depression on tDCS efficacy. This figure 
shows results from analyses done in the study of Brunoni et al. that pooled individual patient data 
from 289 patients from six randomized, sham-controlled studies. The y-axis represents treatment 
efficacy in terms of Cohen’s d: the higher the number, the larger the efficacy. In (a), the x-axis 
represents number of previous antidepressant failed trials, a measure directly associated with treat-
ment refractoriness. As it can be seen, active tDCS efficacy decreases in more refractory patients. 
In (b), three tDCS “doses” were estimated: “low” (<36 C or < 10285C/m2), “medium” (36C or 
10,286-14500C/m2) and “high” (43.2 C or > 14500C/m2). Therefore, “dose” is a composite mea-
sure of current density, session duration and number of sessions. As it can be seen, higher doses 
were associated to larger active-sham difference
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highly heterogeneous symptoms that have been classified into five dimensions that 
are represented in the most common clinical rating scale, the Positive and Negative 
Symptom Scale (PANSS) (Kay et  al. 1987) and reflecting typical clinical symp-
toms, e.g. delusions and hallucinations (positive symptoms), avolition and emo-
tional withdrawal (negative symptoms), cognitive impairment and disorganization 
(cognition), depressed mood and fear (depression/anxiety), and impairment of 
social interaction (excitement/hostility). Although psychopharmacologic treatment 
of schizophrenia has advanced in recent years, even adequate drug regimen does not 
exert full remission in up to 30% of patients (Murphy et al. 2006; Shergill et al. 
1998). Especially auditory hallucinations and negative symptoms can be refractory 
to treatment (Hasan et al. 2012). Finally treatment-resistant symptoms impair global 
functioning, recovery, occupational rehabilitation, and social integration.

 Current Treatments for Schizophrenia

Standard treatment of schizophrenia includes a combined psychopharmacologic, 
psychoeducational, psychosocial, and rehabilitation treatment.

Current guidelines suggest second-generation antipsychotics to treat psychotic 
episodes; however first generation antipsychotics are still used for otherwise 
treatment- resistant cases (Hasan et al. 2012). Electroconvulsive therapy is a treat-
ment option to improve persistent positive symptoms and catatonia. rTMS has 
shown some efficacy in the treatment of auditory hallucinations and negative symp-
toms, however results are inconsistent regarding negative symptoms (Wobrock et al. 
2015) and cognitive symptoms (Hasan et al. 2012, 2015).

 Mechanisms of Action

The rationale of tDCS application in schizophrenia is based on neuroimaging findings 
and results of clinical rTMS studies. Neuroimaging suggests a dysfunction of cortical 
areas with temporoparietal hyperactivation during auditory hallucinations (Jardri 
et al. 2011), frontal hypoactivation in negative symptoms and cognitive dysfunction 
(Sanfilipo et al. 2000), and a fronto-temporal dysconnectivity (Lawrie et al. 2002; 
Schmitt et al. 2011). Thus, tDCS can be used for neuromodulation of dysfunctional 
areas, i.e. to decrease activity in temporo-parietal regions to reduce auditory halluci-
nations or to increase activity in frontal regions to enhance mood, impetus, and cogni-
tion. For this purpose, a mono-hemisperic electrode montage with the cathode over 
the left temporo-parietal junction and the anode over the left DLPFC has been suc-
cessfully used to treat auditory hallucinations (Brunelin et al. 2012; Mondino et al. 
2015), however a bihemispheric montage with the anode over the left DLPFC and the 
cathode contralaterally has also been applied to improve negative symptoms with a 
focus of current distribution on frontal brain areas (Gomes et al. 2015) (Table 15.1).
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 Clinical Evidence

More than twenty 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 investi-
gated 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 article (Mondino 
et al. 2015) (Table 15.2).

The first randomized placebo-controlled clinical trial which reported an improve-
ment of auditory hallucinations by tDCS was published in 2012 by Brunelin et al. 
(2012). Thirty patients with medication-resistant auditory hallucinations were ran-
domized to either receive twice-daily 20 min of 2 mA tDCS over 5 days with the 
anode over the left DLPFC and the cathode over the left temporo-parietal junction 
or sham tDCS. The active group showed a significant reduction of auditory halluci-
nations by 31% up to 3 months after stimulation. (Fig. 15.4).

In contrast, Fitzgerald et  al. (2014) found no superiority of active tDCS over 
sham in an RCT with monohemisperic (F3-Tp3) and bihemisperic electrode mon-
tage (F3-Tp3, F4-Tp4, 2 tDCS devices) in 24 patients with treatment-resistant audi-
tory hallucinations, although this study used an adequate total dosage (2  mA, 
20 min, 15 sessions). Furthermore there was no difference between monohemis-
peric and bihemispheric active stimulation.

Mondino et al. (2015) used a partially overlapping sample and the same proce-
dure as Brunelin et al. (2012) and found a significant reduction of 28% in auditory 
hallucinations after active tDCS compared to 10% after sham tDCS. Analysis of 
resting state functional magnetic resonance imaging (rsfMRI) revealed a reduction 
of connectivity between temporo-parietal regions and the left inferior frontal cortex 
after active tDCS, whereas connectivity between temporo-parietal regions and the 
left DLPFC increased. A second study in 2015 by Mondino et al. (2015) also used 
a partially overlapping sample to Brunelin et  al. (2012) and found a decrease in 
source-monitoring confusions between covert and overt speech after active com-
pared to sham tDCS and a reduction of auditory hallucinations by 46% in the active 
group compared to an increase by 7.5% in the sham group.

Fröhlich et  al. (2016) included 26 patients with auditory hallucinations 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 
found a significant decrease of auditory verbal hallucinations in both active and 
sham groups with a pronounced reduction of hallucinations by 34% in the sham 
group. Furthermore symptom changes measured by PANSS did not differ between 
groups.

Overall, tDCS has shown some efficacy in the treatment of auditory hallucina-
tions; however there are two studies reporting no benefit. Studies with positive 
results usually performed two stimulations per day whereas studies with negative 
results applied one stimulation per day. It may be hypothesized that two  stimulations 
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per day induce prolonged neuroplasticity after-effects and that a higher cumulative 
tDCS dosage leads to sustained treatment efficacy. Furthermore, negative studies 
included patients with higher treatment resistance and symptom heterogeneity. 
Future tDCS have to take into account syndromal diversity and duration of illness to 
control for potentially symptom specific effects of tDCS.

Gomes et  al. (2015) investigated the effects of bifrontal tDCS (anode: left 
DLPFC, cathode: right DLPFC) in 15 patients with negative symptoms and reported 
a significant reduction of negative and general subscales after active tDCS, however 
depression ratings (Calgary Depression Scale in Schizophrenia, CDSS) did not 
change after active tDCS compared to sham tDCS.

Kurimori et al. (2015) conducted an open label study with 9 patients with nega-
tive symptoms and found a significant reduction of the negative subscale of the 
PANSS but not in the other subscales after 5× anodal tDCS over the left DLPFC 
with the cathode over the right deltoid muscle. A RCT by Palm et al. with 20 patients 

Table 15.1 Summary of controlled tDCS trials in major depression

Author
Sample 
(n) Anode Cathode

Current 
(mA)/
electrode 
size (cm2)

Intensity 
(A/m2)

Number 
of 
sessions Results

Fregni et al. (2006a) 10 F3 R SO 1 / 35 0.28 5 (every 
other 
day)

Positive

Fregni et al. (2006b) 18 F3 R SO 1 /35 0.28 5 (every 
other 
day)

Positive

Boggio et al. (2008) 40 F3 F4 1 / 35 0.28 10 (1×/
day)

Positive

Loo et al. (2010) 40 F3 R SO 1 /35 0.28 5 (every 
other 
day)

Negative

Palm et al. (2012) 22 F3 R SO 1 or 2 / 35 0.28/0.57 10 (1×/
day)

Negative

Blumberger et al. 
(2012)

24 F3 F4 2 /35 0.57 15 (1×/
day)

Negative

Loo et al. (2012) 64 F3 R SO 2 /35 0.57 15 (1×/
day)

Positive

Brunoni et al. 
(2013d) 

120 F3 F4 2/ 25 0.8 10 (1×/
day)

Positive

Segrave et al. (2014) 27 F3 RSO 2/35 0.57 5 (1×/
day)

Mixed

Brunoni et al. 
(2014a) 

37 F3 F4 2/25 0.8 10 (1×/
day)

Mixed

Bennabi et al. (2015) 23 F3 R SO 2/35 0.57 10 (2×/
day)

Negative

R SO right supraorbital area, F4 right dorsolateral prefrontal cortex
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receiving either active or sham tDCS over the left DLPFC reported a significant 
reduction of negative symptoms in the Scale for the Assessment of Negative 
Symptoms (SANS) and PANSS after 10 sessions of active tDCS compared to sham 
stimulation. To date, two RCT and one open label study suggest an efficacy of left 
prefrontal tDCS on the improvement of negative symptoms (Fig. 15.5); however 
sample sizes are small and larger studies are needed to corroborate these prelimi-
nary findings.

There are several studies without clinical improvement as primary outcome crite-
rion 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. 
(2016). The authors found a significant 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. (2011) 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 probabilistic 
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 

Table 15.2 Summary of controlled tDCS trials in schizophrenia

Author
Sample 
(n) Anode Cathode

Current (mA)/
electrode size (cm2)

Number 
of 
sessions Results

Brunelin et al. (2012) 30 F3 Tp3 2/35 10 Positive
Fitzgerald et al. (2014) 24 F3 

(F4)
Tp3 
(Tp4)

2/35 15 Negative

Mondino et al. (2015) 23a F3 Tp3 2/35 10 Positive
Gomes et al. (2015) 15 F3 F4 2/25 10 Positive
Mondino et al. (2015) 28a F3 Tp3 2/35 10 Positive
Frohlich et al. (2016) 26 F3 Tp3 2/35 5 Negative
Nienow et al. (2016) 10 F3 R SO 1/35 28 Positive
Reinhart et al. (2015) 19 FCz R cheek 1.5/19.25 and 52 1 Positive
Vercammen et al. 
(2011)

20 F3 Fp2 2/35 1 Mixed

Hoy et al. (2014) 18 F3 Fp2 1 and 2/35 1 Positive
Göder et al. (2013) 14 F3 F4 0–0.03 at 

0.75 Hz/4 × 0.05
5 Positive

Smith et al. (2015) 37 F3 Fp2 2/5.08 5 Mixed
Rassovsky et al. (2015) 36 F1/F2 R UA 2 × 1/35 1 Negative
Palm et al. (2016) 20 F3 Fp2 2/35 10 Positive

R SO right supraorbital, FCz medial-frontal cortex, R cheek right cheek between cheilion and con-
dylion, Fp2 right fronto-polar, R UA right upper arm
a15 patients of this sample are overlapping with the study of Brunelin et  al. (2012), temporo- 
parietal junction (midway between T3 and P3)
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improvement of performance in the following tests. Hoy et al. (2014) 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 after 2 mA active tDCS compared to sham and 1 mA tDCS. Ribolsi et al. 
(2013) investigated the effect of left and right hemisphere tDCS on spatial pseudone-
glect in a sample of 15 schizophrenia patients and found that anodal stimulation of the 
right parietal cortex (P4) normalized pseudoneglect bias in the line bisection task. 
Göder et al. (2013) applied slow-oscillating tDCS (so-tDCS, 0.75 Hz, anodes F3/F4, 
cathodes mastoids) during sleep stage 2 in 14 schizophrenia patients and found a sig-
nificant improvement of the Rey Auditory–Verbal Learning Test after active stimulation 
compared to sham. Rassowsky et al. (2015) 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 intra- group 
effect in facial recognition in the active tDCS group. Bose et al. (2015) 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. (2015) with an investigation into the impact of 
tDCS on EEG-related error-related mismatch negativity (ERN) over frontal brain 
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Fig. 15.4 Results from Brunelin et al. study. The figure shows superiority of active tDCS over 
sham tDCS in decreasing symptoms in the Auditory Hallucination Rating Scale (AHRS) after 
5 days of stimulation twice a day. These effects persisted for up to 3 months after stimulation. Bars 
represent standard error (SE). (Adapted from Brunelin et al. 2012)
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regions in a visual learning task as a predictor of error signaling in the brain of 19 
schizophrenia patients and 18 healthy controls. They found a reduced ERN in 
patients compared to healthy controls indicating impaired prediction error calcula-
tion in patients and slower response and less accuracy in patients compared to 
healthy controls. Anodal tDCS over the medio-frontal cortex (FCz) boosted ERN 
amplitude in both, schizophrenia 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. (2015) 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 antisac-
cade error percentage (eye-tracking antisaccade task) and severity of auditory ver-
bal hallucinations.

Cigarette craving, cognition and clinical symptoms were assessed in a random-
ized placebo controlled trial by Smith et al. (2015) with 37 schizophrenia patients. 
They investigated the effects of prefrontal tDCS on psychiatric symptoms (PANSS), 
hallucinations (PSYRATS), cigarette 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 and cigarette craving 
did not change in the active group compared 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. (2016) in an open label study in 
36 patients individually treated with various antipsychotics. After 10 sessions of 
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Fig. 15.5 Changes in mean PANSS negative dimension score (y-axis) in 3 studies addressing 
schizophrenia with predominant negative symptoms
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2  mA tDCS, they found less improvement of auditory hallucinations in female 
patients treated with high D2-receptor affinity antipsychotics compared to low D2 
receptor-affinity antipsychotics.

The impact of tobacco smoking on tDCS effects on auditory hallucinations was 
investigated by Brunelin et al. (2015) in an open label study. They found a lower 
effect of tDCS on the improvement of auditory hallucinations in smokers than in 
non-smokers.

 Adverse Events

No specific treatment-emergent adverse effects of tDCS in schizophrenia trials have 
been reported so far.

 Obsessive-Compulsive Disorder

Obsessive-compulsive disorder (OCD) is disabling neuropsychiatric disorder with 
an estimated lifetime prevalence of 2% (Ruscio et al. 2010). OCD is characterized 
by the presence of obsessive, recurrent, intrusive thoughts and/or compulsions, 
which are usually rituals performed by the patient in an attempt to control the obses-
sive thinking. Patients with OCD also usually present excessive worry, rumination, 
and an increased perception of threat. Common obsessive thoughts are dedicated to 
contamination, losing control, harm, perfectionism, unwanted sexual thoughts, 
scrupulosity, whereas common compulsions are washing/cleaning, checking, 
repeating, and mental compulsions. Other conditions of the OCD spectrum include 
body dysmorphic disorders, hypochondriasis, tic disorders and trichotillomania.

 Current Treatments for OCD

Conventional interventions for OCD patients involve medication, usually SSRIs 
and/or cognitive behavior therapy (Foa et al. 2005). Although the majority of people 
with OCD benefit from these therapies, some patients (about one third) are resistant 
to conventional treatments. Among non-pharmacological therapies, rTMS has been 
intensively investigated. It has been hypothesized that the inhibitory effects of low-
frequency rTMS may be useful in treating some OCD symptoms. Nevertheless, the 
results regarding rTMS efficacy in OCD are mixed (Berlim et al. 2013). Deep brain 
stimulation (DBS) might be an interesting alternative for OCD-resistant patients 
(Alonso et al. 2015); however, the invasive nature of this treatment makes it a last 
resource option only for refractory cases.
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 Mechanisms of Action

Neuroimaging studies suggest that alterations at the cortico-striato-thalamo-cortical 
(CSTC) loop are implicated in the pathophysiology of OCD (Maia et  al. 2008). 
Particularly, OCD involves failures in two main inhibitory loops, frontostriatal and 
the orbitofrontal loops responsible for behavioral and cognitive inhibition, respec-
tively (Goncalves et al. 2011). This model inspired the neurosurgical approaches to 
OCD, which turned out to be effective treatments, as evidenced by the FDA human-
itarian use approval for high frequency deep brain stimulation (DBS) in treatment-
resistant cases (Shah et  al. 2008). DLPFC is a crucial area for cognitive and 
emotional control as well as the most frequently targeted region in psychiatric appli-
cations of non-invasive brain stimulation (NIBS) techniques. In addition, based 
upon the neuroimaging evidence of hyperactivity in the orbito-frontal cortex (OFC) 
of OCD patients, other studies targeted this region using low-frequency rTMS 
(Berlim et al. 2013).

Another suitable area of tDCS application in OCD is the pre-SMA, which has been 
found to be hyperactive in OCD patients during performance of cognitive tasks related 
to attentional aspects of action control (de Wit et al. 2012; Yucel et al. 2007). In fact, 
evidence derived from the clinical efficacy of inhibitory rTMS on this area (Mantovani, 
et al. 2010) and from neurophysiological measures of altered motor cortex excitability 
in OCD (Greenberg et al. 2000), that normalized after 1-Hz rTMS to the pre-SMA 
(Mantovani et al. 2010, 2013), suggests that the pre-motor/motor system is abnormally 
hyperactive in OCD, and that there is a pathophysiological link between such 
hyperexcitability and OCD symptoms.

 Clinical Evidence

4 original case-reports investigated the clinical effect of tDCS in patients with 
OCD. In one case study, 10 daily sessions of tDCS with the cathode placed over the 
left DLPFC and the anode over the neck (2 mA for 20 min) improved both depres-
sion and anxiety scores, but had no effects on OC symptoms in an adult with OCD 
(Volpato et al. 2013). Another study showed that 20 sessions of tDCS with the anode 
placed over the left pre-SMA and the cathode to the right supraorbital area (2 mA 
for 20 min) in an adult with OCD lead to significant reduction of OC symptoms 
(Narayanaswamy et al. 2015). Another case report found a significant reduction on 
OC symptoms after 10 sessions (2 sessions per day during 5 days) of tDCS with the 
anode placed over the right cerebello-occipital region and the cathode over the left 
OFC (2 mA for 20 min) (Mondino et al. 2015). Finally, D’Urso et al. (2016) describe 
a patient with treatment-resistant OCD who received 20 daily consecutive 
2 mA/20 min tDCS sessions with the active electrode placed on the pre-SMA. The 
first 10 sessions were anodal, while the last 10 were cathodal. In the end of anodal 
stimulation, OCD symptoms had worsened. Subsequent cathodal stimulation 
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induced a dramatic clinical improvement, which led to an overall 30% reduction in 
baseline symptoms severity.

At the present time, there is only one open-label, pilot study available using 
tDCS for OCD (Bation et al. 2016). Eight patients with treatment-resistant OCD 
received 10 sessions (twice a day) of 2 mA tDCS applied with the cathode over the 
left OFC and the anode over the right cerebellum. These patients presented a signifi-
cant (26.4%) improvement of symptoms, which lasted during the 3  month 
follow-up.

 Adverse Events

No specific treatment-emergent adverse effects of tDCS in OCD studies have been 
reported so far.

 Addiction

Addiction disorders are among the most frequent psychiatric disorders and present 
an important socioeconomic burden. Word Health Organization data suggest that 
alcohol abuse causes 3.3 million deaths per year and 15.3 million persons have a 
drug use disorder (WHO 2016). Especially the beginning of drug abuse during ado-
lescence substantially increases the burden of disease and worsens the outcome 
(Degenhardt et al. 2016). For instance, alcohol and illicit substance use are respon-
sible for 14% of the total health burden in young men aged 20–24 years, with pre-
dominant alcohol abuse in Eastern Europe, and illicit drug abuse in the USA, 
Canada, Australia, New Zealand, and Western Europe (Degenhardt et al. 2016).

 Current Treatments for Addiction

The treatment outcome of addiction disorders is based on an effective reduction of 
craving and maintenance of abstinence. Abstinence is influenced by lifestyle and 
psychosocial factors and can be enhanced by psychotherapeutic interventions, usu-
ally cognitive behavioral therapy (Dutra et al. 2008; Magill and Ray 2009), however 
the average effect size of cognitive behavioral therapy is only moderate for addic-
tion disorders - although contingency management, a form of behavioral therapy, 
seems to be a promising intervention in addiction disorders (Prendergast et al. 2006; 
Stitzer and Petry 2006). Pharmacological treatments are used to reduce craving or 
to support abstinence, e.g. disulfiram, nalmefene, naltrexone, or acamprosate in 
alcohol dependency. Since several years, varenicline and bupropion are used to 
reduce craving in tobacco dependency.
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 Mechanisms of Action

Although drugs modulate neuronal pathways in different ways, e.g. by increasing 
dopaminergic (cocaine), serotonergic or noradrenergic (amphetamines) transmis-
sion or by GABAergic disinhibition (opiates, alcohol), they mostly have a common 
final pathway with impact on the reward circuitry in the ventral striatum-ventral 
tegmental area (VTA) pathway (Nestler 2005) and a concomitant hypofunction of 
the dorsal anterior cingulate cortex (dACC) and insula (Dunlop et al. 2016). The 
association between restoration of dACC activation and improvement in abstinence 
control point to a causal role of the dACC in addiction disorders (Moeller et  al. 
2012). Furthermore, activity in the ventral striatum, ventromedial prefrontal cortex 
and orbitofrontal cortex seems to be associated with cue reactivity and craving (Kilts 
et al. 2004; Li et al. 2012; Risinger et al. 2005). Non- invasive brain stimulation tech-
niques, including tDCS, are able to modulate activity in superficial and more remote 
brain areas by modulation of networks that can be measured by functional connec-
tivity magnet resonance imaging (fcMRI) (Dunlop et al. 2016; Keeser et al. 2011).

 Clinical Evidence

The first study using tDCS in tobacco dependency was published in 2008 (Fregni 
et al. 2008). In this randomized placebo-controlled clinical trial, 24 smokers received 
anodal or sham stimulation over the left respectively right DLPFC (electrode size 
35 cm2) with the reference electrode (100 cm2) placed contralateral. Craving with 
and without cue exposition was significantly reduced in the active compared to the 
sham group. A replication study by Boggio et al. (2009) with 27 smokers showed 
reduced craving for cigarettes after anodal stimulation of the left DLPFC with the 
reference electrode over the right DLPFC compared to no changes in craving after 
sham stimulation. The number of smoked cigarettes was slightly reduced in the 
active group. Another study by Fecteau et al. (2014) showed a significant reduction 
of cigarette consumption after anodal tDCS of the right DLPFC with the cathode 
over the left DLPFC (bilateral stimulation) compared to sham stimulation. 
Additionally, participants of the active group showed more frequent refusal of ciga-
rettes, but not money, in the Ultimatum Game.

Xu et al. (2013) conducted a cross-over study in 24 smokers staying abstinent 
overnight and showed that the negative affect in the Profile of Mood States (POMS) 
was improved by anodal tDCS of the left DLPFC with the cathode contralateral 
(bilateral stimulation); however craving did not differ after anodal and sham 
tDCS. An alternative electrode placement was investigated by Meng et al. (2014) in 
a sham-controlled cross-over study to test whether right hemispheric cathodal stim-
ulation and left hemispheric anodal stimulation alone was responsible for reducing 
nicotine consumption or if a bihemispheric cathodal stimulation with the reference 
electrodes over both occipital regions is superior. Therefore, in the single cathodal 
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stimulation, they placed the cathode over the right fronto-parieto-temporal area and 
the anode over the respective area on the left side, and for the double cathodal stimu-
lation, they placed two cathodal electrodes over both right and left fronto-parieto-
temporal areas and two anodes over the both occipital lobes. Active bihemispheric 
cathodal stimulation turned out to be superior to the other conditions in terms of 
reduction of cigarette consumption.

Pripfl et al. (2013) conducted a randomized placebo controlled study in 17 par-
ticipants with tobacco dependence in a cross over design with anodal left, cathodal 
right, and sham stimulation. Three small cup electrodes were positioned over F1, 
F3, and AF1 respectively over F2, F4, and AF2 to increase focality of anodal stimu-
lation. The standard size reference electrode (35 cm2) was placed contralateral and 
was assumed to be ineffective. Anodal tDCS over the right DLPFC was able to 
reduce negative affect, however did not modulate craving. Anodal left stimulation 
did not induce any effects.

Finally, Smith et al. (2015) reported on a first RCT investigating the effects of 
tDCS in schizophrenia patients with comorbid tobacco dependency. Thirty-three 
schizophrenia patients underwent five sessions of 2 mA tDCS with the anode over 
the left DLPFC and the cathode over the contralateral orbit. There was a significant 
improvement of cognitive functions in the active group; however cigarette con-
sumption and craving were unchanged after active tDCS compared to sham.

Treatment of alcohol dependency with tDCS was first investigated in 2008 by 
Boggio et  al. (2008b) in a double-blind randomized controlled trial with anodal 
versus cathodal versus sham stimulation of the left DLPFC with the reference elec-
trode contralateral (bilateral stimulation). There was a significant superiority of both 
active conditions compared to sham stimulation in craving with and without cue 
exposition. Nakamura-Palacios et al. (2012) conducted a RCT in 49 alcohol depen-
dent patients and found an improvement in the Frontal Assessment Battery (FAB) 
and reduced auditory event-related potentials (alcohol-related words) after anodal 
stimulation of the left DLPFC with 1 mA tDCS (extracephalic reference electrode) 
over 10 min compared to sham. Another randomized placebo controlled clinical 
trial in 13 patients with alcohol dependency (da Silva et al. 2013), anodal tDCS of 
the left DLPFC with 2 mA tDCS (extracephalic reference electrode) led to mood 
improvement and reduced craving as well as reduced event-related potentials after 
specific cue exposition in the active group compared to the sham tDCS group. 
Klauss et al. (2014) conducted a randomized placebo controlled trial with bilateral 
left cathodal/right anodal stimulation in 35 patients and found a significant lower 
relapse rate in the active group after 6 months. This study applied a different stimu-
lation protocol in terms of electrode placement with a strengthening of the inhibi-
tory cortical modulation by cathodal tDCS over the left DLPFC,  possibly leading to 
block of the brain reward circuitry and therefore reducing relapse in alcohol con-
sumption, which is an important predictor for treatment efficacy. However craving 
was not different between active and sham groups in this study. The effect of tDCS 
on craving was furthermore assessed in a randomized placebo controlled clinical 
trial by den Uyl et al. (2015) with anodal stimulation of the left DLPFC, right infe-
rior frontal gyrus, and sham stimulation with the reference electrode over the right 
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orbit in 41 patients. Anodal tDCS of the left DLPFC significantly reduced craving 
for alcohol compared to the other conditions.

The effect of tDCS on craving and decision making in patients with consumption 
of illicit psychotropic drugs was investigated in four studies so far. A randomized 
placebo controlled trial by Boggio et al. (2010) investigated the effects of tDCS on 
risk taking behavior and craving in marihuana users. 25 participants were random-
ized to either left anodal/right cathodal, left cathodal/right anodal, and sham tDCS 
(bilateral stimulation). Risk taking behavior was increased in bot active groups 
compared to the sham group, whereas craving was reduced after active stimulation 
compared to sham stimulation. The modulation of risk taking behavior was also 
assessed in another trial by Gorini et al. with the Balloon Analog Risk Task (BART) 
and a dice gaming task in 18 cocaine users compared to healthy controls (Gorini 
et al. 2014). Participants were randomized to receive either left anodal/right cath-
odal, left cathodal/right anodal, and sham stimulation (bilateral stimulation). Risk 
taking behavior in the BART was reduced after bot active stimulation conditions in 
cocaine users and healthy controls. Cocaine users showed a decrease in the risk tak-
ing in the dice gaming task after right anodal stimulation and an increase after left 
anodal stimulation. Contrarily, healthy controls showed decreased risk taking 
behavior after left anodal stimulation, pointing to an impairment of interhemispheric 
balance in cocaine users. A study by Conti et al. investigated the effects of tDCS on 
event-related potentials in crack cocaine users (2014). Participants were random-
ized to receive either left cathodal/right anodal and sham tDCS (bilateral stimula-
tion). Active tDCS revealed a decrease of the P3 amplitude after presentation of a 
cocaine-specific cue and an increase of the amplitude after presentation of neutral 
cues. The sham group showed the contrary effects, pointing to changes in the pro-
cessing of unspecific and specific stimuli by tDCS. Conti and Nakamura-Palacios 
(2014) conducted a second study in crack cocaine users with the same bilateral 
stimulation and could show that cathodal stimulation of the left DLPFC leads to a 
reduced cue-dependent activation in the anterior cingulate, whereas sham tDCS led 
to an increase of cue-dependent activation in this brain area. A randomized placebo- 
controlled study by Batista et al. in 36 crack cocaine dependent persons revealed a 
significant decrease in craving after 5 sessions of 2 mA anodal tDCS to the right 
DLPFC and cathodal tDCS to the left DLPFC (bilateral stimulation) compared to 
sham stimulation (Batista et al. 2015). Shahbabaie et al. (2014) investigated tDCS 
effects on craving in 30 users of methamphetamine after computer-based stimulus 
presentation in a randomized cross- over design. Anodal tDCS of the right DLPFC 
with the reference electrode over the left orbit significantly reduced craving after 
presentation of a specific cue compared to sham tDCS.

De Almeida Ramos et al. (2016) performed an open label trial with 11 users of 
crack cocaine (18–59 years) who were treated with bilateral 2 mA tDCS (anode: left 
DLPFC, cathode: right DLPFC, 10 sessions, 20 min each). They found a significant 
reduction of craving in the Cocaine Craving Questionnaire Brief (CCQB).

Over all there is some evidence that anodal stimulation of the right DLPFC and 
cathodal stimulation of the left DLPFC can prolong duration of abstinence and 
might reduce craving, however also studies with anodal tDCS over the left DLPFC 
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have shown a reduction in craving (Table 15.3); however results are divergent and 
the specific role of tDCS on right and left DLPFC action for the modulation of crav-
ing and behavioral control is still unclear.

 Adverse Events

No specific treatment-emergent adverse effects of tDCS in substance use studies 
have been reported so far.

 Other Conditions

 Anxiety Disorders

Negative perception bias plays a core role in depressive and anxiety disorders and 
impairs perception and memory that can be restored by anxiolytic and antidepres-
sant drugs in healthy volunteers (Harmer et al. 2003) and depressed patients (Tranter 
et al. 2009). Furthermore attentional control is modulated by trait anxiety (Bishop 
et al. 2004). Trait anxiety negatively influences DLPFC activity in neuroimaging 
studies investigating attentional control over emotional (Bishop et  al. 2007) and 
non- emotional (Bishop 2009) stimuli. Thus, DLPFC activity potentially modifies 
attentional control and influences trait anxiety.

A randomized cross-over trial in 60 healthy volunteers with anodal and sham 
stimulation of both DLPFC showed that attentional bias modification training to 
reduce attention to the threatening stimuli is improved by combination with left 
anodal tDCS (1  mA, 17  min) (Clarke et  al. 2014). Another randomized parallel 
group study in 24 depressed patients showed a reduction of negative attentional bias 
after anodal tDCS of the left DLPFC compared to sham in the Emotional Stroop 
Task (Brunoni et al. 2013). Kelley, Hortensius, and Harmon-Jones (2013) found an 
increase in rumination after anodal stimulation of the right DLPFC compared to 
anodal stimulation of the left DLPFC and sham stimulation in a three-group parallel 
design with 115 healthy volunteers and suggest that enhanced right frontal activity 
increases inhibition rather anger expression and therefore results in increased rumi-
nation. These three studies indicate the modulating role of the left DLPFC in the 
attentional control over anxiety.

The treatment of generalized anxiety disorder with tDCS is described in a single case 
report of a 58 year-old woman. The cathode was placed over the right DLPFC, the anode 
over the left shoulder. 15 treatments with 2 mA tDCS over 30 min led to decrease in 
anxiety rating scales. The anxiolytic efficacy after inhibition of the right DLPFC is prob-
ably modulated by a change of activity in cortical and subcortical network structures, 
e.g. the medial prefrontal cortex, the amygdala, and the insula (Shiozawa et al. 2014).
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Table 15.3 Summary of controlled tDCS trials in addiction disorders

Author
Sample 
(n) Anode Cathode

Current 
(mA)/
electrode 
size (cm2)

Number of 
sessions Results

Tobacco
Fregni et al. (2008) 
(Fregni et al.)

24 F3 (F4) F4 (F3) 2/35 and 
100

3 (cross- 
over, 3 
conditions)

Positive

Boggio et al. 
(2009)(Boggio 
et al.)

27 F3 F4 2/35 and 
100

5 (1×/day) Positive

Fecteau et al. 
(2014)(Fecteau 
et al.)

12 F4 F3 2/35 5 (1×/day) Positive

Xu et al. (2013) 
(Xu et al.)

24 F3 R SO 2/35 2 (cross- 
over, 2 
conditions)

Mixed

Meng et al. (2014) 
(Meng et al.)

30 O1/O2/ L 
FPT

R FPT/L FPT 1/33 1 Positive

Pripfl et al. (2015) 
(Pripfl & Lamm)

17 F1-F3-Af1 
(F4)

F4 
(F2-F4-Af2)

0.45/5.3 and 
35

3 (cross- 
over, 3 
conditions)

Positive

Smith et al. (2015) 
(Smith et al.)

33 F3 R SO 2/5.1 5 (1×/day) Negative

Alcohol
Boggio et al. 
Boggio, Sultani, 
et al. (2008) 
(Boggio, Sultani, 
et al.)

13 F3 (F4) F4 (F3) 2/35 3 (cross- 
over, 3 
conditions)

Positive

Nakamura-Palacios 
et al. (2012) 
(Nakamura- 
Palacios et al.)

49 F3 R deltoid 1/35 1 Positive

da Silva et al. 
(2013) (da Silva 
et al.)

13 F3 R deltoid 2/35 5 Positive

Klauss et al. (2014) 
(Klauss et al.)

33 F4 F3 2/35 5 (1×/day) Positive

den Uyl et al. 
(2015) (den Uyl 
et al.)

48 F3/IFG R SO 1/35 1 Positive

Other substances
Boggio et al. 
(2010) (Boggio 
et al.)

25 F3 (F4) F4 (F3) 2/35 1 Positive

Gorini et al. (2014) 
(Gorini et al.)

36 F3 (F4) F4 (F3) 1.5/32 3 (cross- 
over, 3 
conditions)

Mixed

(continued)
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 Posttraumatic Stress Disorder

Posttraumatic stress disorder (PTSD) includes various symptoms, including contin-
uous expression of emotional symptoms to conditioned cues occurring after severe 
traumatic experiences. Several treatments, such as behavioral therapies and pharma-
cologic interventions, have been investigated. D-Cycloserine, a partial agonist of the 
N-methyl-D-aspartate (NMDA) receptor, facilitated fear extinction in clinical stud-
ies (Ressler et al. 2004) and the application of β-blockers leads to memory reconsoli-
dation blockade; however there is still no pharmacologic standard intervention for 
oblivion. Rodent models suggest that the dorsal anterior cingulate cortex (dACC) is 
more involved in fear learning whereas the medial prefrontal cortex (mPFC) is more 
involved in fear extinction (Marin et al. 2014) Therefore superficial brain areas such 
as mPFC could serve as a target for non-invasive brain stimulation.

In addition to anxiety symptoms, working memory impairment occurs when 
these patients are exposed to stress (Honzel et  al. 2014). tDCS of the prefrontal 
brain areas is known to improve working memory (Kuo & Nitsche, 2012), therefore 
it may also be used for reduction of stress-related cognitive impairment. Stress-
related working memory deficits were reduced after anodal tDCS of the right 
DLPFC in 120 healthy adults, compared to cathodal or sham stimulation (Bogdanov 
& Schwabe, 2016). This points to the key role of the prefrontal cortex in anxiety 
control which could be used in disorders with stress-induced cognitive impairment. 
Saunders et al. (2015) investigated the effects of 5× 1 mA tDCS (20 min per ses-
sions, anode over F3, cathode over Fp2) in four war veterans with PTSD (55–65 y). 
They found an increase of working memory performance in a standardized assess-

Table 15.3 (continued)

Author
Sample 
(n) Anode Cathode

Current 
(mA)/
electrode 
size (cm2)

Number of 
sessions Results

Conti et al. (2014) 
(Conti et al.)

13 F4 F3 1/35 1 Positive

Conti et al. (2014) 
(Conti & 
Nakamura- 
Palacios)

13 F4 F3 1/35 5 (every 
other day)

Positive

Shahbabaie et al. 
(2014) (Shahbabaie 
et al.)

30 F4 L SO 2/35 1 Mixed

Batista et al. 
(2015) (Batista 
et al.)

36 F4 F3 2/35 5 (every 
other day)

Positive

R SO, L SO right and left supraorbital area, F4 right dorsolateral prefrontal cortex, FPT frontal- 
parietal- temporal between F3, F7, C3, T3 (left) respectively F4, F8, C4, T4 (right), IFG inferior 
frontal gyrus, crossing between F7 and Cz and Fz and T3, O1, O2 occipital, Af1 Af2 anterior fron-
tal, R deltoid right deltoid muscle
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ment battery and, to some extent, an improvement in emotional processing. EEG 
analyses revealed an increase of alpha peak frequency in both amplitude and fre-
quency after stimulation.

 Child and Adolescent Psychiatry

The investigation of tDCS in child and adolescent psychiatry is following the 
encouraging results in adults. tDCS or ‘brain polarization’ has a longer tradition for 
the treatment of neuropsychiatric and developmental disorders, especially in Russia 
(Pinchuk, Pinchuk, Sirbiladze, & Shugar, 2013). There is some evidence that tDCS 
improves motor deficits in cerebral palsy in combination with physiotherapeutic 
training. Also in childhood epilepsy, preliminary data suggest an efficacy of tDCS 
in suppressing epileptiform discharges (Auvichayapat et  al. 2013). Furthermore, 
improvement of various symptoms of autism spectrum disorder (speech develop-
ment, behavior, prefrontal EEG alpha activity) after anodal tDCS of the left DLPFC 
was suggested (Amatachaya et al. 2014, 2015; Schneider & Hopp, 2011). Application 
of tDCS in Attention Deficit/Hyperactivity Disorder (ADHD) was explored in sev-
eral trials, and reported to improve accuracy in a go-no-go task (Soltaninejad, 
Nejati, & Ekhtiari, 2015), selective attention and to decrease error rate in an inhibi-
tory control task (Bandeira et al. 2016), and to improve reaction time and memory 
performance via slow-oscillating tDCS during REM sleep stage 2 (Munz et  al. 
2015; Prehn-Kristensen et al. 2014); however the two latter studies should be inter-
preted with caution due to methodological and procedural shortcomings, e.g. lack 
of a control group.

Interestingly, frequent psychiatric disorders in adults are not yet investigated in 
children and adolescents, e.g. affective disorders, schizophrenia, and addiction dis-
orders. Several studies addressed the feasibility and safety of tDCS in pediatric and 
adolescent patients, including a safety study in 12 patients with childhood onset 
schizophrenia (Mattai et  al. 2011). Several studies investigated the peak current 
fields in children/adolescent head models and found increased peak electric fields 
when using the same parameters that are usually applied in adults (e.g. 2  mA, 
20–30 min duration) (Kessler et al. 2013; Minhas et al. 2012; Parazzini et al. 2014). 
Therefore most authors conclude to halve the current strength. However several 
studies used standard parameters for application in adults without reporting adverse 
effects in children (Amatachaya et  al. 2015; Mattai et  al. 2011). Physiological 
effects of tDCS in children and adolescents seem to partially differ from those in 
adults, as shown in a study by Moliadze et al. 2015. These authors demonstrated 
age-specific influences of transcranial direct current stimulation on cortical excit-
ability. 1 mA tDCS resulted in an excitability enhancement after both, cathodal and 
anodal stimulation. Reduction of cathodal tDCS intensity to 0.5  mA however 
resulted in an excitability reduction (Moliadze et al. 2015). The results of this study 
show non- linear intensity-dependent effects of cathodal tDCS also known from 
studies in adults (Batsikadze et al. J Physiol 2013).
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 Bipolar Disorder

The use of tDCS in bipolar depression has not been as yet sufficiently investigated, 
with only one open-label study comparing the efficacy of tDCS in unipolar vs. bipo-
lar depressed patients and showing efficacy in both conditions (Brunoni et al. 2013; 
Brunoni et al. 2011). Another open study evaluated a sample of unipolar and bipolar 
patients for 3 months, but did not report results separately for the unipolar and bipo-
lar groups (Dell'osso et  al. 2012). Finally, Pereira-Junior et  al. 2015 report pilot 
results from a double-blinded study in progress, in which 5 patients with bipolar 
depression received active tDCS. Response and remission rates were respectively 
40% and 20% (Pereira Junior Bde et al. 2015). Regarding efficacy in mania, the 
evidence is limited to one single case report showing improvement of manic symp-
toms after 5 sessions of tDCS that was applied with the anode over the right and the 
cathode over the left DLPFC (Schestatsky et al. 2013).

 Other Psychiatric Disorders

Restoring prefrontal control by anodal stimulation of the left DLPFC has been 
postulated in a variety of disorders that include impairment of insight, attention 
and stimulus control, e.g. eating disorders and attention deficit/hyperactivity 
disorder.

The treatment of anorexia nervosa was investigated by Khedr, Elfetoh, Ali, and 
Noamany (2014) in 25 patients receiving 10 stimulations (2 mA, anode over left 
DLPFC) in an open label design. It was postulated that anodal tDCS of left prefron-
tal areas restores cognitive control over eating behavior. Khedr et al. found mixed 
results concerning mood improvement and insight facilitation into eating behavior.

Attention Deficit/Hyperactivity Disorder (ADHD) in adults was assessed in two 
studies so far. Cosmo, Baptista et al. (2015) conducted a randomized placebo con-
trolled trial in 30 ADHD patients undergoing a single session of 1 mA tDCS (anode 
F3; cathode F4) for 20 min. They found no difference between active and sham 
stimulation in the go-no-go task (behavioral performance). In another randomized 
placebo controlled trial, Cosmo, Ferreira et al. (2015) investigated the effect of a 
single active or sham tDCS application (1 mA, 20 min, anode F3, cathode F4) on 
EEG functional cortical networks in 60 ADHD patients. The weighted node degree, 
a measure for connectivity of the brain area under an electrode to another during a 
given time period, showed a significant increase for active stimulation compared to 
sham for the left frontal area.
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 Adverse Events

No specific treatment-emergent adverse effects of tDCS for other psychiatric condi-
tions have been reported so far.

 Concluding Remarks

This chapter provided an overview of the clinical evidence of tDCS efficacy in psy-
chiatric disorders. In many cases, tDCS is investigated either due to its relative 
safety and tolerability (particularly when compared to pharmacotherapy) or as an 
augmentative option to standard treatments in order to boost their response. Other 
reasons presented to use tDCS in psychiatry include the possibility of home-use, its 
affordable price, and its ease of use.

TDCS clinical trials generally presented good methodology, in terms of random-
ization, blinding, sham control and definition of primary outcomes. However, except 
for a few studies in depression, virtually all clinical trials had very small sample 
sizes. Therefore, many non-significant findings might have occurred due to a type II 
error, i.e., a false negative finding, due to an underpowered trial.

The design of a large tDCS trial is challenging due to various aspects, such as 
logistic reasons (the need for the patient to return daily to a clinical center as well as 
the necessity of having a clinical center that can receive patients daily), funding 
issues, due to the lack of private funding (i.e., virtually no sponsorship of tDCS tri-
als by industry), and sample selection, as the sample profile where tDCS would be 
used as an augmentative therapy (i.e., treatment-resistant sample) is different from 
a sample where tDCS would be used as a substitutive therapy. Moreover, it is still 
unknown which tDCS parameters (e.g., dose, session duration, number of sessions) 
are associated to optimal efficacy.

Nonetheless, there are several clinical trials ongoing, including large trials investi-
gating tDCS efficacy in depression, as it can be seen in the online database clinicaltri-
als.gov. More recent trials are also aiming to investigate the therapeutic mechanisms of 
action of tDCS according to the treated disorder; which is important to design further 
trials.

To conclude, in the past years the amount of clinical trials investigating tDCS 
efficacy in psychiatry has grown exponentially. Results have been particularly 
promising in depression and schizophrenia. Nevertheless, major issues in the cur-
rent scenario are the lack of large, sufficiently powered trials and the relative uncer-
tainty regarding its therapeutic mechanisms at the neurobiological level.
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Chapter 16
The Use and Efficacy of Transcranial  
Direct Current Stimulation in Individuals 
with Neurodegenerative Dementias

Annalise Rahman-Filipiak, Jaclyn M. Reckow, Adam J. Woods, 
Michael A. Nitsche, and Benjamin M. Hampstead

 Introduction

Dementia, defined as subjective and objective cognitive and behavioral deficits that 
disrupt functioning (e.g., social, occupational) and represents a significant decline 
from previous level of functioning, constitutes a significant healthcare burden in 
middle and older aged adults. In a recent population-based sample of 856 American 
older adults drawn from the Health and Retirement Study, 13.9% of individuals over 
the age of 70 met criteria for dementia (Plassman et al. 2007). Global estimates of 
dementia range from 5% to 7% in most regions, with a significantly higher preva-
lence of 8.5% in Latin America and lower prevalence of 2–4% in sub-Saharan 
Africa (Prince et al. 2013). Rates of dementia diagnosis are also growing exponen-
tially, with an estimated 115.4 million individuals worldwide expected to meet cri-
teria by the year 2050 (Prince et  al. 2013). The costs of dementia are notable; 
compared to individuals with heart disease, cancer, or other medical causes, 
individuals with dementia spend significantly more towards healthcare in their final 
5  years of life, averaging $287,038 (Kelley et  al. 2015). Among the 

A. Rahman-Filipiak · J. M. Reckow · B. M. Hampstead (*) 
Department of Mental Health Services, Veterans Affairs Ann Arbor Healthcare Systems,  
Ann Arbor, MI, USA 

Department of Psychiatry, University of Michigan, Ann Arbor, MI, USA
e-mail: bhampste@med.umich.edu 

A. J. Woods 
Center for Cognitive Aging and Memory (CAM), McKnight Brain Institute,  
Department of Clinical and Health Psychology, College of Public Health  
and Health Professions, University of Florida, Gainesville, FL, USA 

M. A. Nitsche 
Department of Psychology and Neurosciences, Leibniz Research Centre for Working 
Environment and Human Factors, Dortmund, Germany

University Medical Hospital Bergmannsheil, Bochum, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95948-1_16&domain=pdf
https://doi.org/10.1007/978-3-319-95948-1_16
mailto:bhampste@med.umich.edu


474

neurodegenerative diseases, Alzheimer’s disease, Parkinson’s disease dementia, 
Lewy Body dementia, and frontotemporal dementia, make up the vast majority. 
Although grouped together under the general concept of dementia, there are impor-
tant differences in the underlying etiologies that result in unique patterns of neuro-
psychological, behavioral/emotional, and functional disturbance. This chapter aims 
to provide a brief summary of each of the neurodegenerative dementias, accompa-
nied by a review of the existing literature on the use of transcranial direct current 
stimulation (tDCS) as an intervention for the associated behavioral and cognitive 
sequelae.

 Alzheimer’s Disease

 Clinical Criteria

Among neurodegenerative dementias, dementia  – Alzheimer’s type (DAT) or 
Alzheimer’s disease (AD) is the most common, occurring in 5.4 million Americans 
and one-in-nine U.S. adults aged 65 years or older (Alzheimer’s Association 2016). 
Alzheimer’s disease is characterized by a prominent memory impairment for recent 
information and events, most often experienced as forgetfulness in everyday life 
(Welsh-Bohmer and Warren 2006). Although histological confirmation is the gold 
standard for validating dementia subtype diagnosis, increased knowledge of 
AD-specific biomarkers (McKhann et al. 2011) and more robust measurement of cog-
nitive impairment (Edmonds et al. 2015) have resulted in improved clinical criteria 
for diagnosing and staging AD (McKhann et al. 2011). A diagnosis of probable DAT 
requires evidence of an insidious onset, subjective decline, and a pattern of cognitive 
deficits not better accounted for by another dementia. While the “amnestic” (involv-
ing memory) subtype is most common, DAT can also manifest as primary dysfunc-
tion in the language, visuospatial, or executive domain (McKhann et al. 2011).

 Neuropathology

The cardinal neuropathological characteristics of DAT include neurofibrillary tan-
gles and senile beta-amyloid plaques that are ultimately accompanied by marked 
synaptic damage and neuronal loss. Neurofibrillary tangles (NFTs) are abnormal 
fibrous inclusions consisting primarily of hyper-phosphorylated tau protein, found 
within the perikaryal cytoplasm of pyramidal cells (Perl 2010; Serrano-Pozo et al. 
2011). Although NFTs are present in other neuropathological processes (e.g., post-
encephalitic parkinsonism, cognitive impairment after brain injury, amyotrophic 
lateral sclerosis), DAT is marked by a characteristic distribution of NFTs that begins 
in the transentorhinal (perirhinal, entorhinal) cortex of the medial temporal lobes. 
NFT distribution generally then progresses into the CA1 and subicular subregions 
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of the hippocampus, followed by the deep layers of the neocortex, and finally affect 
the primary motor and somatosensory cortices during the final disease stages (Perl 
2010; Serrano-Pozo et al. 2011). The other characteristic pathology is dense-core 
beta amyloid plaques, which consist of extracellular deposits with a core of amyloid 
beta (Aβ) surrounded by dystrophic neuritis (Serrano-Pozo et al. 2011). In contrast 
to NFTs, Aβ plaques are initially distributed in the basal portions of the frontal, 
temporal, and parietal/occipital lobes (Stage A), then in all isocortical association 
areas with minimal deposition in the hippocampi and primary sensory, motor, and 
visual cortex (Stage B), and finally in all areas of the isocortex, as well as some 
subcortical regions (Stage C; Braak and Braak 1991). Amyloid angiopathy in the 
leptomeningeal arteries and small arteries and vessels of the posterior cortex is also 
evident in approximately 80% of adults with DAT. As may be expected by the dis-
tribution of the above pathologies, DAT is marked by synaptic loss in the limbic 
system, neocortex, and basal forebrain (Serrano-Pozo et  al. 2011) through early 
damage to synapses and retrograde degeneration of the axons and dendritic trees.

 Neuropsychological Profile

The precise pattern of neuropsychological deficit often depends on the time at which 
patients present for evaluation, with more advanced patients demonstrating greater 
and more pervasive cognitive deficits (see Welsh-Bohmer and Warren 2006). The 
general consensus is that decline in the ability to learn and remember new informa-
tion (i.e. declarative or episodic memory) is an early characteristic feature of 
DAT. Deficient learning is often detectable via a relatively flat learning curve across 
multiple presentation trials. Recall of recently learned information (i.e., memory) is 
poor and generally unaided via enhanced structure or cueing on recognition mea-
sures. Semantic memory tends to be preserved in early stages of the disease, with 
gradual decline corresponding to disease progression. Although simple attention is 
preserved, working memory (i.e., the ability to mentally hold and manipulate infor-
mation) is variably deficient. Patients with DAT also demonstrate deficits in execu-
tive functioning, specifically in problem solving, abstract reasoning, inhibition, and 
mental flexibility. Language deficits are also common; in particular, word-finding 
and confrontation naming difficulties, reduced fluency and difficulty comprehending 
complex information are experienced. With the exception of posterior onset variants 
of DAT, visuospatial abilities are preserved early in the disease course but gradually 
decline.

 tDCS in DAT

Given the pattern of deficits, a wide range of neocortical and cognitive targets could 
be considered when developing tDCS research. To date, we are not aware of any 
studies that have explicitly examined disease severity; rather, existing research has 
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examined effects at the group level. A summary of published studies assessing 
effectiveness of tDCS for the treatment of cognitive impairments in DAT is pro-
vided in Table 16.1. As described below, tDCS has shown neuro-enhancing effects 
on multiple cognitive abilities on both short- and long-term bases, which are orga-
nized based on the targeted cognitive domain.

 General Cognitive Functioning

In one of the largest completed clinical trials of tDCS efficacy in DAT, Khedr and 
colleagues (2014) demonstrated the impact of tDCS on general cognitive and intel-
lectual functioning in a sample of 34 patients. The study utilized 10 consecutive 
daily sessions of 25 min of 2 mA active (anode vs. cathode placed over target) or 
sham stimulation over the left dorsolateral prefrontal cortex (DLPFC; 6 cm anterior 
to M1) plus 2 months of maintenance on memantine. Outcomes on a range of cogni-
tive tasks (MMSE and subtests of the Wechsler Adult Intelligence Scale – Third 
Edition (WAIS-III) as well as neurophysiological changes in EEG were evaluated 
directly after the last session and at one- and two-month follow-up. Results indi-
cated that, relative to sham, active stimulation resulted in a gain of approximately 
two points immediately and an additional one point after one- and two-months on 
the MMSE. In contrast, only cathodal stimulation over this area augmented perfor-
mance IQ scores on the WAIS-III (Khedr et al. 2014). The reasons for these changes 
are unclear, especially given the potential hyperpolarizing effect of stimulation 
under the cathode electrode on neural soma, but the authors posited that active stim-
ulation of either polarity engaged remaining “cognitive reserve.” Prior findings of 
“excitatory” effects under the cathode at 2 mA have been reported in the motor 
cortex (Batsikadze et al. 2013; Wiethoff et al. 2014) and may support the authors’ 
posited explanation for their findings.

Other studies assessing global cognitive change have been less positive and 
reported no effect of tDCS over the left DLPFC (Suemoto et al. 2014) or left tem-
poral lobe (Boggio et al. 2012). Suemoto and colleagues (2014) found no differ-
ences on the MMSE and the Alzheimer’s Disease Assessment Scale – Cognitive 
subscale (ADAS-Cog) in 40  AD patients who received six 20-min sessions of 
2 mA sham or active (anode) tDCS over the left DLPFC. Boggio and colleagues 
(2012) utilized a double-blind crossover design in which 15 DAT patients received 
either repeated sham or active tDCS at 2 mA for 30 min per day, for five consecu-
tive days. All participants completed both active and sham conditions, with sev-
eral weeks in between each set of sessions. Dual anode electrodes were placed 
over the bilateral temporal lobes (T3 and T4) with the cathode placed noncephali-
cally on the  participants’ right arm. Participants demonstrated no change in global 
cognition, as measured by the MMSE and ADAS-Cog, after either set of 
sessions.

Overall then, there is little evidence that tDCS enhances global cognitive func-
tioning, though several potential explanations exist for this finding. Critically, the 
stimulation montage should target the functional neuroanatomy of the targeted 
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 cognitive abilities. In this sense, global screening measures like the MMSE and 
ADAS- Cog may be too gross of tools to evaluate change in more selected brain 
regions/networks. As suggested below, there is some evidence that tDCS can 
enhance specific cognitive abilities as measured by more sensitive tasks. Additionally, 
the stimulation dose may have been insufficient to induce change at this global 
level. In this sense, the results of Khedr and colleagues (2014) are intriguing as they 
raise the possibility that tDCS may augment pharmacologic effects.

 Memory

Several studies have demonstrated the beneficial effects of tDCS on memory using 
montages that targeted the frontal, parietal, and/or temporal lobes. Boggio and col-
leagues (2009) examined the memory performance of 10 DAT patients after a single 
30-min session in which the anode was placed over either the left DLPFC (F3) or left 
temporal lobe (T3). Both locations resulted in improved visual recognition memory 
for animals, people, and objects when evaluated during stimulation (i.e., online task 
performance). Conversely, there was no effect on working memory (Digit Span sub-
test from the WAIS) or selective attention/inhibition (Stroop Color Word Test). The 
same group later reported enhanced visual recognition memory, which persisted at a 
1 month follow-up after five consecutive daily 30-min sessions of 2 mA stimulation 
when the anode was placed over the bilateral temporal lobes (T3 & T4; cathode on 
right shoulder), relative to sham stimulation (Boggio et al. 2012).

Similar positive effects have been reported with verbal memory. In a double- 
blind randomized crossover design, Ferrucci et al. (2008) compared the effects of 
single 15-min sessions of anodal current, cathodal current, and sham stimulation on 
word recognition and visual attention in 10 DAT patients. This study used a bitem-
poral target location (P3-T5 and P6-T4) with non-cephalic placement of the other 
electrodes on the right shoulder, which was accomplished using dual tDCS units to 
each administer 1.5 mA. Placing the anodes over the target location significantly 
increased word recognition memory, whereas performance declined when cathodes 
were placed over the target location and remained stable following sham. These 
general results were recently replicated by Marceglia and colleagues (2016), who 
utilized the same study design and montage. In addition to demonstrating the 
enhancing effects of placing the anode, but not the cathode, over the targeted region 
on word recognition, the authors evaluated the neurophysiological effects of stimu-
lation by electroencephalography (EEG). Patients with DAT generally demonstrate 
higher low-frequency theta oscillations in the temporoparietal cortex, a finding 
associated with poorer encoding in the hippocampal-cortical loops. Furthermore, 
DAT is associated with lower high-frequency alpha and beta oscillations in the fron-
tal and temporoparietal cortex that underlies poorer search and retrieval of informa-
tion. Marceglia and colleagues (2016) demonstrated that anodal tDCS specifically 
increased high-frequency alpha and beta oscillations in the temporoparietal area on 
EEG completed 30-min post-stimulation and posited that this effect drove the previ-
ously noted word recognition improvement (Marceglia et al. 2016).
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tDCS may also have positive effects on verbal memory in early onset Alzheimer’s 
disease, a diagnosis given when the patient meets criteria for DAT before age 65, 
likely due to a genetic mutation. In a case study of early onset DAT, Bystad et al. 
(2016) administered 2.0 mA stimulation with the anode over the left temporal lobe 
(T3) for 12 (2 per day over 6 days), 30-min sessions. Primary outcomes included 
neuropsychological testing and EEG monitoring with data acquired at baseline, 
2 days after the last stimulation session, and again at a two-month follow-up. The 
participant exhibited a statistically significant improvement in delayed verbal recall 
at both post-stimulation time points. EEG was re- evaluated only at 2 months but 
there were no significant changes relative to baseline. These findings highlight a 
potentially interesting dichotomy between the behaviors/cognitive functions of 
interest and the underlying neurophysiology but also suggest that such measures 
need to be consistently paired across evaluation time points.

Thus, placing the anode over the temporal lobe(s) appears to consistently enhance 
memory performance in patients with DAT with the effects of multiple daily ses-
sions persist for a month or more. These findings highlight the importance of align-
ing the disease process (e.g., temporal lobes in DAT), cognitive abilities (e.g., 
memory), and stimulation montage (e.g., targeting the temporal cortex). However, 
considerably more work is needed to clarify dose-response relationships and the 
neurophysiological changes mediating the behavioral effects.

 Attention

The previously described study by Ferrucci and colleagues (2008) also evaluated 
visual attention, given the vital contribution of the parietal lobes in this process. 
However, there were no effects of either tDCS polarity relative to sham. Ferrucci 
and colleagues attributed this lack of effect to two hypotheses: (a) that the visual 
attention system required for task performance is too complex to be affected by a 
single session of stimulation, and (b) that the particular montage utilized in the 
study failed to sufficiently stimulate posterior parietal regions implicated in visual 
attention. It is also reasonable to consider a lack of task sensitivity and inappropriate 
target location to these potential explanations. Thus, the attentional system is clearly 
an understudied target for tDCS in those with dementia.

 Neuropsychiatric Symptoms

The cognitive sequelae of DAT are often accompanied by a constellation of neu-
ropsychiatric symptoms that include mood disorders, apathy, social isolation, and 
“personality” changes associated with impulsivity or reduced inhibitory control. 
Currently, only one study has assessed the impact of tDCS on such symptoms. 
Suemoto and colleagues (2014) evaluated the effect of six sessions of sham or 
1.5 mA stimulation where the anode was over the left DLPFC (10/20 location not 
listed) on apathy, depression, caregiver burden, and other neuropsychiatric 
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symptoms in a sample of 40 moderate DAT patients. There was some general 
improvement in mood over the two-week period that was comparable in those 
receiving active and sham tDCS. Therefore, while tDCS has shown promise in 
treating symptoms of mood and anxiety disorders (Tortella et  al. 2015), addi-
tional work is clearly needed to evaluate whether this promise extends to those 
with DAT (or other forms of dementia). As with all studies, the inclusion criteria 
for both patients and caregivers should be carefully evaluated to ensure sufficient 
symptoms.

Overall, tDCS shows promise for the treatment of the primary cognitive deficit 
in DAT patients: memory. In contrast, the few existing studies of tDCS targeting 
attention, working memory, and neuropsychiatric symptoms have found no signifi-
cant effect. These conclusions should be viewed as preliminary given the relatively 
small number of studies in DAT in general. Additional targets, montages, and doses 
should be investigated in the future. Pharmacologic trials have recently begun inves-
tigating efficacy in earlier disease stages given the limited effects in more advanced 
DAT stages. Thus, it is also possible that tDCS would have optimal effects if imple-
mented earlier in the disease course, such as during the clinical precursor stage of 
mild cognitive impairment (MCI).

 Mild Cognitive Impairment

 Clinical Criteria

The transitional phase of MCI offers an ideal point in which treatments that enhance or 
prolong cognitive functioning can be administered, though we have previously dis-
cussed several methodological challenges in this regard (Hampstead et al. 2014). For 
the purpose of this chapter, the term MCI will be used in reference to the clinical precur-
sor phase of DAT. In 2011, a workgroup commissioned by the National Institute on 
Aging and Alzheimer’s Association published updated criteria defining MCI due to 
DAT (Albert et al. 2011) in order to facilitate the early identification of the conversion 
from cognitively asymptomatic to symptomatic. These revised criteria include (a) sub-
jective report of cognitive decline via the patient, an informant, or skilled clinician, (b) 
objective evidence of impairment beyond expectations for the patient’s age and educa-
tional attainment in at least one cognitive domain and, (c) preserved functional indepen-
dence (Albert et al. 2011). Recognizing that multiple medical conditions could result in 
the above cognitive phenotype, the criteria also specify that a diagnosis of MCI is inap-
propriate if symptoms arise from a different underlying pathophysiologic process (e.g., 
traumatic brain injury) or a different neurodegenerative dementia.

 Neuropathology

The above noted clinical criteria were accompanied by a list of potential biomarkers 
that may inform etiology and prognosis of MCI due to DAT (Albert et al. 2011). 
These biomarkers closely mirror the known neuropathology in AD, including 
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amyloid beta (Aβ) levels in the cerebrospinal fluid, positron emission tomography 
(PET) scanning with ligands to detect fibrillar Aβ, hippocampal volume loss, or 
glucose hypometabolism and hypoperfusion in the posterior temporal and parietal 
cortex via PET and single positron emission computerized tomography (SPECT) 
imaging. The presumed temporal order of DAT biomarker progression (i.e., Stage 1: 
cerebral amyloid accumulation; Stage 2: neurodegeneration; Stage 3 subtle cogni-
tive decline Sperling et  al. 2011) has recently been challenged (Edmonds et  al. 
2015) but may be a critical factor to consider as it relates to tDCS efficacy.

 Neuropsychological Performance

As with DAT, the severity and extent of cognitive impairment varies as a function of 
when individuals present clinically. Impairments generally parallel those seen in 
DAT. Patients with MCI due to DAT most often demonstrate impairments in mem-
ory (i.e., amnestic MCI) but may also have difficulty with aspects of language or 
executive functioning. Patients may also demonstrate impairments across multiple 
domains, particularly as they are advancing towards a DAT diagnosis.

 tDCS in MCI

To date, only one randomized controlled trial has been published using tDCS in 
patients with MCI due to DAT. Meinzer et al. (2015) utilized a randomized double- 
blind crossover design to evaluate the effects of a single 20-min session of 1 mA stimu-
lation where the anode was placed over the left lateral PFC.  During each session, 
participants performed a semantic word retrieval task during stimulation (or sham) 
while undergoing fMRI (note that resting state fMRI was also acquired; Meinzer et al. 
2013). Active, but not sham, stimulation enhanced patient performance to levels com-
parable to those of healthy older adults who took part in an earlier study (Meinzer et al. 
2013). These behavioral findings were reflected by the fMRI data where bilateral PFC 
hyperactivation during sham tDCS was significantly reduced after active tDCS to lev-
els comparable to those of healthy older adults. These changes were not only evident 
in the PFC, but also the left basal ganglia and thalamus and right middle temporal 
gyrus. The authors interpreted these findings as evidence of increased neural efficiency 
and top-down control of task performance (Meinzer et al. 2015); a pattern that fits with 
a “restorative” model of tDCS effects.

Additional studies of the impact of tDCS on behavior and functional activity in 
MCI are ongoing. Cheng and colleagues (2015) have published the protocol for a 
randomized double-blind study that compares three intervention conditions: sham 
tDCS plus adaptive N-back cognitive training, active tDCS plus adaptive N-back 
training, and active tDCS plus general cognitive training. The proposed montage 
utilizes 35cm2 pad anode electrodes placed over the temporal lobes (T3 & T4), with 
a 35cm2 pad cathode placed on the right deltoid muscle. Each group will undergo 
4 weeks of three training sessions per week, with primary outcome measures of 
working memory (Adaptive N-back task performance) and general cognitive func-
tioning (Alzheimer’s Disease Assessment Scale – Cognitive subscale; ADAS-Cog) 
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assessed at baseline and at 5 min post-stimulation during the fourth, eighth, and 
twelfth week sessions. Additional measures of language, memory, and neuropsychi-
atric symptoms will be assessed at baseline and after stimulation at week four, eight, 
and 12 to determine if tDCS and/or either cognitive training modality demonstrate 
far transfer effects.

We are currently performing a 2 (active vs. sham HD-tDCS) × 2 (mnemonic 
strategy training vs. autobiographical memory recall) double blind RCT in patients 
with MCI (NCT02155946). This trial builds on our earlier work that found mne-
monic strategies not only enhanced long-term retention of learned information but 
were also accompanied by increased activation in the lateral PFC and other mem-
ory network regions in those with MCI (e.g., Hampstead et al. 2008, 2011, 2012a, 
b). However, two problems emerged in our earlier studies: (1) not all patients ben-
efitted from mnemonic strategy training and (2) patients had difficulty transferring 
the skills to novel types of information. Thus, our ongoing study targets the lateral 
PFC using HD-tDCS (center anode at F5) in order to enhance the neuroplasticity 
of the network of interest and then capitalize on this process by pairing stimulation 
with mnemonic strategy training. Participants are randomized to active or sham 
HD-tDCS and to either mnemonic strategy training or the active control condition 
of autobiographical recall (analogous to reminiscence therapy). The four resulting 
groups are run in parallel. Participants complete baseline cognitive testing and 
fMRI during both task- and resting-state, followed by five consecutive daily train-
ing in which HD-tDCS (2 mA for 30 min) is performed concurrent with training. 
Cognitive and fMRI outcome measures are performed 3–4 days after the final stim-
ulation session and again at 3-months. The primary outcome measures are ecologi-
cally relevant memory tasks (face-name and object-location associations) while 
secondary outcome measures include self-report of memory change (via the 
Multifactorial Memory Questionnaire) and objective evidence of near- and far-
transfer (route memory and medical instructions from the Ecological Memory 
Simulations).

 Parkinson’s Disease Dementia

 Clinical Characteristics

Parkinson’s disease (PD) is the second most common neurodegenerative disease 
after DAT (de Lau and Breteler 2006). While diagnostic confirmation is performed 
post-mortem, probable PD requires the presence of two of the following symptoms: 
resting tremor, bradykinesia, rigidity or postural imbalance (Litvan et  al. 2003). 
Symptoms typically have an asymmetric onset and are responsive to medications 
such as levodopa (Litvan et al. 2003). For cases in which cognitive impairments 
significantly interfere with instrumental activities of daily living (beyond the distur-
bance caused by motor symptoms), Parkinson’s disease dementia (PDD) is 
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diagnosed. The prevalence of PDD varies; however, it is estimated that between 
26% and 28% of newly diagnosed PD patients develop PDD in the three-to-five 
years after initial diagnosis (Reid et al. 1996).

 Neuropathology

PD is characterized by degeneration of dopaminergic neurons in the substantia nigra 
(Lehéricy et  al. 2012). PDD and dementia with Lewy Bodies (DLB) share the 
underlying neuropathology of accumulation of alpha-synuclein embedded in Lewy 
bodies (Yousuf and Daniyal 2012), but differ in the clinical presentation (i.e., DLB 
has onset of cognitive impairments before motor symptoms). There is associated 
atrophy of the cerebral grey matter in bilateral frontal and temporal lobes in patients 
with PDD but the medial temporal lobes are generally intact relative to DAT (Burton 
et al. 2004).

 Neuropsychological Profile

Early cognitive changes in PD are associated with dysfunction in frontostriatal and 
dopaminergic systems (Kehagia et al. 2010) with cognitive impairment developing 
in 20% to 57% of patients in three-to-five years after diagnosis (Kehagia et  al. 
2010). The neuropsychological profile in PD includes executive dysfunction, as evi-
denced by impairments in executive abilities like working memory, cognitive flexi-
bility, response inhibition and attention (Kehagia et al. 2010). These abilities are 
generally believed mediated by the dorsolateral prefrontal cortex (DLPFC) and 
associated subcortical circuits. As the disease progresses to non- dopaminergic neu-
ronal systems, cognitive dysfunction may develop in visuospatial abilities, memory, 
and verbal fluency (Kehagia et al. 2010).

Medication management, such as dopaminergic agonists or levodopa, is the first 
line of treatment for PD symptoms given its ability to enhance dopamine availabil-
ity. Such dopaminergic enhancement can improve executive functioning and is 
accompanied by increased bloodflow to the DLPFC (Cools et al. 2002). However, 
levodopa has a range of side effects (see Boravac 2016) and generally becomes less 
effective with disease progression (Advokat et  al. 2014). Deep brain stimulation 
(DBS) has promising effects for treating PD motor symptoms as it provides direct 
electrical stimulation to the ventral intermediate nucleus, subthalamic nucleus, or 
the internal segment of the globus pallidus (Perlmutter and Mink 2006). Thus, there 
is precedent for the success of electrical stimulation in PD using invasive methods; 
a critical question is whether the weak electric currents associated with non-invasive 
in tDCS are sufficient to mitigate motor or cognitive impairment.
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 tDCS in Parkinson’s Disease

Improvements in motor symptoms have been found when the anode is placed over 
motor cortical regions (Benninger et al. 2015; Kaski et al. 2014) or the cerebellum 
(Ferrucci et al. 2015). However, this chapter focuses on cognitive changes associ-
ated with tDCS, a summary of which can be found in Table 16.2. Eleven studies 
have examined tDCS in PD, and only one study of other related Parkinsonism 
dementias (i.e., corticobasal syndrome). Of the 11 studies in PD, six have targeted 
cognition and five of these applied tDCS to the DLPFC as a method of enhancing 
executive functioning. These studies implemented slight variations in anode place-
ment; three studies used F3 or F4, one study placed it halfway between F3/F4 and 
F7/F8, and one study did not specify the location. Regarding dose, current intensity 
at 1–2 mA, session duration was in the typical 20–25 min range for between one and 
16 sessions. As with DAT, there is insufficient data to guide dose-response relation-
ships. Only one of the studies measures outcomes online (Boggio et al. 2006) while 
the remainder tested participants offline and immediately following stimulation and 
up to a 16-week follow-up (Biundo et al. 2015). We discuss the efficacy of these 
studies below based on cognitive domain.

 Executive Functioning

In one of the first tDCS studies in PD, Boggio and colleagues (2006) compared the 
effect of 1 mA, 2 mA, and sham stimulation with anode placement over the left 
DLPFC (F3) on n-back working memory task performance. Whereas no changes in 
3-back performance were observed after sham or 1 mA of stimulation, 2 mA stimu-
lation significantly increased accuracy. Critically, performance was unchanged 
when the anode was placed over M1. Together, these results highlight the impor-
tance of both stimulation location and electrical current intensity for tDCS efficacy 
in PD.

Pereira and colleagues (2013) used a randomized cross-over design with 2.0 mA 
stimulation where the anode was over the left DLPFC (F3) or left temporo-parietal 
cortex (P3-T5). Participants completed semantic and phonemic fluency tasks during 
fMRI immediately after stimulation. All participants completed both stimulation 
locations, which were counterbalanced and separated by a 2 h break. The results 
revealed significant improvements in phonemic fluency compared to baseline in 
both conditions. Functional neuroimaging during the tasks demonstrated increased 
connectivity in the frontal, parietal, and fusiform areas, which are associated with 
verbal fluency tasks in the DLPFC condition, but not the left temporo-parietal con-
dition. The study completed both stimulations on the same day (2 h apart), which 
may have confounded the active tDCS results; however, the researchers questioned 
whether a single session of stimulation would have realistically have persisting 
effects over this time period.

Doruk and colleagues (2014) used a double-blind randomized procedure in 
which 18 PD patients received stimulation with either the anode over the left DLPFC 
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(F3), the right DLPFC (F4), or sham. Each group completed ten 20-min sessions 
over two consecutive weeks (5 sessions per week). The participants completed a 
variety of executive functioning neuropsychological tasks before stimulation, post- 
stimulation, and at 1-month follow-up, including the Trail-Making Tests A & B 
(TMT), Wisconsin Card Sorting Task (WCST), Probabilistic Classification Learning 
(PCL), Working Memory (WM) Test, and the Stroop Color-Word Test. All groups 
demonstrated significant improvement on TMT-B immediately after the 10 ses-
sions, which suggests general practice effects. However, these gains persisted at 
1 month only in participants who received active stimulation over the DLPFC – 
regardless of hemisphere. There were no significant changes in any other cognitive 
measure. While these findings suggest some delayed benefits on select cognitive 
abilities, they may represent a spurious finding related to multiple comparisons and 
limited statistical power; therefore, replication is critical for validating these effects.

Manenti and colleagues (2016) examined the synergistic effects of physical ther-
apy and tDCS in 20 patients with cognitive impairment associated with PD, examin-
ing both motor and cognitive outcomes. Since there is generally an asymmetric 
symptom presentation in PD, patients were randomized into active or sham groups 
using a covariate adaptive method based on age and side of motor symptoms. 
Specifically, the anode was placed over the DLPFC (8 cm frontally and 6 cm later-
ally from the scalp vertex) contralateral to the individual’s most affected limb. Each 
group completed ten 25-min sessions over 2 weeks (five consecutive days per week) 
while completing physical therapy exercises. Relative to sham, active stimulation 
resulted in significant post-treatment improvement on the Parkinson’s Disease 
Cognitive Rating Scale (PD-CRS), semantic fluency, and TMT-B tasks. Impressively, 
PD-CRS and semantic fluency gains persisted at a three-month follow-up.

 Learning and Memory

A single study has evaluated the effects of tDCS on learning and memory in PD 
patients. Biundo and colleagues (2015) compared 4 weeks (16 total sessions) of 
concurrent computer-based cognitive training and active or sham tDCS with anode 
placement over the left DLPFC (F3) in 24 PD patients with memory deficits. 
Neuropsychological tests (e.g., Montreal Cognitive Assessment; Repeatable 
Battery for the Assessment of Neuropsychological Status [RBANS]) were admin-
istered at baseline, following the 4-week treatment, and at a 16-week follow-up. 
The active tDCS group showed significantly worse performance on a measure of 
psychomotor processing speed immediately post-training relative to sham but per-
formances were comparable at 16 weeks. There were no statistically significant 
beneficial effects of active tDCS. However, there were encouraging trends at the 
follow-up wherein medium to large effect sizes suggested beneficial effects of 
active tDCS on the Story Learning subtest (p  =  0.077; Cohen’s d  =  0.9) and 
Immediate Memory Index (p = 0.075; Cohen’s d = 0.7) of the RBANS. Thus, addi-
tional work is clearly needed to determine whether these promising effect sizes 
represent actual improvement.
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 Corticobasal Syndrome

Corticobasal syndrome (CBS) is a neurodegenerative process characterized by 
insidious onset of stiffness, dystonia, and clumsiness resistant to levodopa treat-
ment (Armstrong et al. 2013). Characteristic clinical presentation includes asym-
metric onset of motor symptoms, “alien limb” syndrome, and apraxia (Boeve 
2011). CBS is a collection of symptoms that are generally associated with corti-
cobasal degeneration (CBD), a Parkinson’s plus syndrome; however, neuro-
pathological studies have revealed that CBS is non-specific to CBD, but can be 
found in Alzheimer’s disease, progressive supranuclear palsy, and frontotempo-
ral lobar degeneration (Lee et al. 2011). As levodopa is not efficacious in treating 
CBS, and genetic or neuropathological substrates for treatment have not been 
defined, tDCS may present an option for managing the symptoms of CBS.

 tDCS in CBS

To date, only one study has examined tDCS as an intervention in CBS. Bianchi and 
colleagues (2015) used a double-blind randomized, sham-controlled crossover 
design with 14 individuals with bilateral or asymmetric limb apraxia and possible 
CBS. Seven min of 2.0 mA stimulation was administered with the anode over the 
right (about halfway between P4 and P8) or left parietal cortex (about halfway 
between P3 and P7) and the cathode on the contralateral deltoid muscle. Each par-
ticipant completed the three conditions over 2 days (i.e., sham, then active condition 
on 1  day; active condition on another day). The results revealed a significant 
improvement in ideomotor praxis following stimulation over the left parietal cortex. 
No significant changes in praxis were found following sham stimulation or stimula-
tion over the right parietal cortex. The findings provide interesting preliminary evi-
dence that builds on decades of functional neuroanatomic work linking the left 
parietal cortex and ideomotor apraxia; however, larger and more homogenous sam-
ples are required to verify these findings and the clinical application of tDCS in this 
population.

 Frontotemporal Dementia

 Clinical Characteristics

Frontotemporal dementia (FTD) is a heterogeneous group of disorders character-
ized by progressive neurodegeneration of the frontal and temporal lobes (Bott et al. 
2014). Age of onset is typically younger than other dementias with the average most 
commonly between 50 and 60 years old (Saykin and Rabin 2014). Approximately 
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half of all FTD cases are behavioral variant (bvFTD), which is characterized by 
early changes in personality and impaired social functioning (Bott et al. 2014). In 
bvFTD there is focal atrophy bilaterally in the frontal lobes (Bott et al. 2014). The 
remaining half of FTD cases are classified as subtypes of primary progressive apha-
sia (PPA) and are characterized by focal language deficits (Bott et al. 2014). The 
semantic variant (svPPA) presents with loss of semantic knowledge and associated 
atrophy in the anterior temporal lobes bilaterally (Bott et al. 2014). The nonfluent 
variant/agrammatic (nfvPPA or avPPA) presents with motor-speech difficulties and 
agrammatism with associated atrophy in the left inferior frontal and insular regions 
(Bott et al. 2014). Logopenic variant (lvPPA) is characterized by slowed speech and 
frequent word-finding pauses and has cortical atrophy in the left temporoparietal 
junction area (Gorno-Tempini et al. 2011) (Table 16.3).

 tDCS in FTD

Nine studies have examined tDCS effects in FTD, three of which have been 
case studies. Since there is great heterogeneity in clinical presentations of FTD 
and associated differential cortical atrophy, the majority of studies have focused 
on a specific FTD subtypes (i.e., one case study with behavioral variant, four 
studies with nonfluent PPA, and study study with semantic variant PPA). Three 
studies combined FTD subtypes; one combined behavioral variant (n = 9) and 
language variant (n = 1; Huey et al. 2007) and the others combined participants 
with nonfluent variant and logopenic variant PPA (Gervits et al. 2016; Tsapkini 
et al. 2014). Given this heterogeneity, tDCS studies have varied greatly in the 
montages focusing on the left DLPFC (Cotelli et  al. 2014, 2016), language 
cortical areas (crosspoint between T3/P3 and C3/T5 or crosspoint between T3/
Fz and F7/Cz; Wang et  al. 2013), F7 and F3 (Huey et  al. 2007), and on the 
temporal pole using MRI guidance. The stimulation intensities varied from 
1 mA to 2 mA and sessions lasted for 20–25 min. The studies greatly varied in 
the duration of treatment ranging from single-session to 20 sessions over 
4 weeks. With the exception of one study, all outcomes were measured offline 
and time points ranged from immediately following tDCS to 48  weeks after 
stimulation.

 tDCS in Advanced FTD

Huey and colleagues (2007) used a double-blind sham-controlled design to examine 
the effects of anodal tDCS in advanced FTD. Ten participants that met criteria for 
FTD (nine with primarily behavioral symptoms and one with language symptoms) 
completed one 40-min session with 2 mA stimulation with the anode at F3. No 
significant differences were found between the active and sham conditions. The 
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authors hypothesized that this lack of effect resulted from the current being impacted 
by increased CSF secondary to brain atrophy of the targeted region. While reason-
able, the authors assumed atrophy to be present and did not confirm its presence 
using neuroimaging. Equally plausible explanations are the heterogeneity of the 
group, small sample size, and use of a single session design.

 tDCS in bvFTD

A single case study has been performed with tDCS in bvFTD (Agarwal et al. 2016). 
A female 45-year-old patient diagnosed with probable bvFTD 4 months prior com-
pleted a total of ten, 20-min sessions that were administered twice per day (sepa-
rated by 3 h) over five consecutive days. Stimulation was performed at 2 mA with 
the anode placed between F3 and FP1 and the cathode placed over the right supra-
orbital region. The patient demonstrated significant improvements in the FTD 
Rating Scale and in subjectively observed functional activities (i.e., speech output, 
cooking, washing clothes). Improvements persisted in follow-up appointments 
throughout the following 7 months (Agarwal et al. 2016).

 tDCS in PPA

Gervits and colleagues (2016) studied the effects of tDCS with the anode placed 
over the left frontotemporal region (F7) in a case series of six un-blinded partici-
pants with PPA (two with nfvPPA, four with lvPPA). Participants received ten, 
20-min stimulation sessions at 1.5 mA and were asked to narrate wordless picture 
books during stimulation. The participants completed a one-to-two hour linguistic 
assessment that measured a wide range of linguistic abilities that yielded four com-
posite measures (Speech Production, Grammatical Comprehension, Repetition, and 
Semantic Processing) and one global composite score. Improvements were found in 
speech production and grammatical comprehension composite scores, and the 
effects persisted at 3 months; however, without sham control or comparison group, 
the role of expectation or placebo cannot be quantified.

Tsapkini and colleagues (2014) used a sham-controlled cross-over design with 
six patients with PPA (two nfvPPA; four lvPPA) to compare the effects of stimula-
tion concurrent with spelling training. Here, the anode was placed over F7 since this 
area overlies the left inferior frontal gyrus, which is implicated in phoneme-to- 
grapheme translations. The participants completed 15 sessions (3–5 sessions per 
week) with a two-month washout period between conditions. The results revealed 
significant improvements in spelling ability for trained items in both sham and active 
tDCS; however, untrained item spelling improved only in the active tDCS condition 
and persisted at two-week and two-month follow-ups (Tsapkini et al. 2014).
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A single case study has examined nfvPPA and demonstrated long-lasting lan-
guage improvements. In a case study using a cross-over sham-controlled design, a 
67-year-old nfvPPA patient completed two 20-min sessions of 1.2 mA stimulation 
where the anode was placed over “Wernicke’s area” (crosspoint between T3-P3 and 
C3-T5) in the morning, and over “Broca’s area” (cross point between T3-Fz and 
F7-Cz) in the afternoon (Wang et al. 2013). The conditions were completed in the 
following order: Sham1, Active1, Sham2, Active2. The individual demonstrated 
improvements on the Psycholinguistic Assessment in Chinese Aphasia (PACA), 
with particular improvement in naming (2/30 items correct at baseline, 11/30 items 
correct post-stimulation) after the first active stimulation session only. No further 
gains were demonstrated after the second active condition.

Cotelli and colleagues (2014) used a randomized sham-controlled design to eval-
uate the effect of tDCS on naming in 16 patients with nfvPPA. Participants com-
pleted 10 (five session per week for 2 weeks) 25-min sessions of stimulation with 
the anode over the left DLPFC (8 cm frontally and 6 cm laterally from vertex) and 
cathode on the right shoulder. Stimulation was applied during anomia training. No 
control group was used; instead, pre-post analyses were completed, with naming 
performance measured at baseline, after the last stimulation session, and at three- 
month follow-up. Significant naming improvement was found post-intervention and 
persisted at the three-month follow-up. The authors also examined the impact of 
structural compromise on naming improvement and found that change in 
 performance on trained object naming was positively correlated with baseline grey 
matter volume in the left fusiform, left middle temporal, and right inferior temporal 
gyri. Cotelli and colleagues (2016) later replicated the persistent effect of tDCS in 
18 patients with nfvPPA who underwent the same montage, session schedule, and 
anomia training program. There were significant improvements in naming for both 
trained and untrained items that persisted at the three-month follow-up. Together, 
these results suggest that earlier intervention may promote greater benefit from 
tDCS and that tDCS may pair well with other behavioral interventions for the treat-
ment of nfvPPA.  Future studies must include control groups to determine (a) 
whether improvements can be can attributed to the intervention, as opposed to prac-
tice effects, and (b) whether tDCS specifically enhances the positive effects of 
behavioral interventions, such as anomia training.

Only one study has examined tDCS in svPPA. Teichmann and colleagues (2016) 
used a double-blind sham-controlled cross-over design to evaluate the effect of 
stimulation on semantic matching in 12 patients and 15 healthy controls. Participants 
completed one 20-min stimulation session for each of three montages (2 active; 1 
sham). Electrode location was guided by baseline MRI scans that identified: 1) the 
left temporal pole, over which the anode was placed and stimulation applied in 
Condition 1, and 2) the right temporal pole, over which the cathode was placed and 
stimulation applied in Condition 2. Both stimulation conditions improved semantic 
matching relative to sham but only condition 2 (cathode over the right temporal 
pole) improved processing speed. While MRI guided electrode placement is atypi-
cal in tDCS, these findings provide interesting preliminary evidence that such meth-
ods also hold promise in this area of neuromodulation.
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 Conclusions and Future Directions

In summary, early trials of tDCS (both controlled and uncontrolled) as an interven-
tion for neurodegenerative dementias demonstrate mixed but promising findings 
without the deleterious side effects of some pharmacological interventions. The 
efficacy of tDCS varies greatly across dementia subtype and cognitive domain, at 
least in part due to heterogeneity in study design. To date, no study has systemati-
cally varied important study design elements like comparison method (e.g. cross-
over vs. parallel groups), montage details (e.g., electrode size, placement), electrical 
current intensity, session schedule (e.g., number, duration, and spacing of sessions), 
or outcome measurement timing (e.g., online vs. offline measurement). Furthermore, 
outcome measures varied widely across studies and may not have always been opti-
mally matched to montage or cognitive construct. The gross majority of studies also 
utilize traditional pad-based approaches to tDCS, with our ongoing RCT being the 
only study to our knowledge to use the more focal HD-tDCS approach. Such dose- 
response information is essential for better understanding tDCS effects.

A second potential explanation for the mixed findings relates to the inter- 
individual variability seen both within and across dementia subtypes. As noted 
above, neurodegeneration characterizes these conditions and may dramatically 
affect electrical current flow given evidence that inter-individual variability in skull 
and brain morphology impacts current density, flow, and localization in even healthy 
adults (Bikson et al. 2012; Datta et al. 2012). Thus, the traditional use of the 10/20 
system may be insufficient even for tDCS targeting. Computational modeling and, 
possibly, MRI guided electrode placement may allow for more individualized mon-
tages that optimize results.

Finally, most published studies and clinical trials using tDCS for dementia have 
small and often heterogeneous samples comprised of patients with varying neuro-
pathological burden and neuropsychological deficits. Larger trials are needed to 
elucidate whether a ‘critical period’ of maximal benefit from tDCS exists for healthy 
adults and those with cognitive impairment. Despite these limitations, tDCS offers 
a cost-effective, safe, and well-tolerated option that warrants further study.
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Chapter 17
Transcranial Direct Current Stimulation 
in Stroke Rehabilitation: Present and Future

Oluwole O. Awosika and Leonardo G. Cohen

 Introduction

Stroke is a leading cause of serious longtime disability around the world (Bernhardt 
et al. 2016; Dobkin 2005; Dobkin and Dorsch 2013; Langhorne et al. 2011; Mead 
et al. 2012). New training-based neurorehabilitative techniques have been applied in 
the subacute and chronic stage after stroke [constraint-induced movement therapy, 
robot-assisted devices, functional electrical stimulation, body weight supported 
treadmill, over ground walking, and neuropharmaceuticals (i.e. selective serotonin 
reuptake inhibitors, amphetamines, dopamine and neurostimulants)] (Dimyan and 
Cohen 2010, 2011; Winstein et  al. 2016). Despite these advances, most patients 
remain disabled, and unlikely to achieve premorbid function and independence 
(Dimyan and Cohen 2011; Mozaffarian et al. 2015). Preliminary information seems 
consistent with the view that more therapy than currently given or allowed is needed 
to further ameliorate the impairment burden cause by stroke (Lohse et al. 2014).

With steadily increasing life expectancy and rising costs of healthcare, it is 
important to develop interventions to facilitate the rate and trajectory of recovery 
and enhance long-term functional outcome. Work over the past several decades 
has investigated the use of transcranial direct current stimulation (tDCS) as an 
adjuvant neuromodulatory strategy to enhance the beneficial effects of the gold-
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standard in neurorehabilitation, physical therapy. Due to its relatively favorable 
safety profile (Woods et al. 2016), low cost and ability to blind (Gandiga et al. 
2006), tDCS has been proposed as a useful investigational tool and a potential 
therapeutic adjunct to stroke rehabilitation (Dayan et al. 2013).

 Mechanisms Underlying Motor Disability after Stroke

The mechanisms underlying motor disability after stroke are incompletely understood 
(Auriat et al. 2015a; Cassidy and Cramer 2016; Duque et al. 2005; Murase et al. 2004). 
Previous work demonstrated that the premovement level of inhibition from the primary 
motor cortex in the contralesional primary motor cortex (M1contralesional) directed at the 
ipsilesional motor cortex (M1ipsilesional) relates to the Medical Research Council (MRC) 
Scale scores and to performance on a finger-tapping task in chronic stroke patients 
with substantial motor recovery (Duque et al. 2005a; Murase et al. 2004). In this situ-
ation, the M1ipsilesional may experience an overactive inhibitory drive from the contrale-
sional M1 resulting in an imbalance in interhemispheric inhibitory interactions 
(Butefisch et al. 2008; Gerloff et al. 2006; Hummel et al. 2005, 2006; Hummel and 
Cohen 2005a, b, 2006; Ward and Cohen 2004), Fig. 17.1.

This phenomenon, described in patients with relatively good motor recovery is 
referred to as the “interhemispheric inhibition model” (Butefisch et al.  2007, 2008; 
Cicinelli et al. 2003; Di Pino et al. 2014; Dimyan et al. 2014; Duque et al. 2005a,  
b; Harris-Love et al. 2015, 2016; Kinsbourne 1977, 1980; Kirton et al. 2010; 
Mansur et al. 2005; Mello et al. 2015; Nair et al. 2006, 2007; Perez and Cohen 
2008, 2009; Vines et al. 2006). Neuroimaging investigations demonstrated consis-
tent interhemispheric differences after stroke (Auriat et al. 2015; Baron et al. 2004; 
Cramer and Riley 2008; Cramer et al. 2011; Grefkes et al. 2008, 2010; Hodics et 
al. 2006; Nowak et al. 2009). Most of the available work on tDCS and stroke has 
focused on upregulating and downregulating activity in the ipsilesional and con-
tralesional M1 with anodal or cathodal tDCS, respectively (Feng and Belagaje 
2014; Feng et al. 2013; Kang et al. 2016; Schlaug and Cohen 2010; Schlaug and 
Renga 2008). Overall, effects sizes reported in these studies either have not been 
reported or have been modest (Tables 17.1a and 17.1b), but see also (Khedr et al. 
2013; Kim et  al. 2010), thus leading to continuing the search for mechanistic 
understanding of motor disability (Cramer et al. 2011; Fritsch et al. 2010) and opti-
mization of interventions (Bernhardt et al. 2016; Di Pino et al. 2014; Otal et al. 
2016). Recent work in combination with previous reports suggest that neurobio-
logical mechanisms associated with movements of a paretic hand in patients may 
differ depending on the degree of impairment, with an adaptive role of the contral-
esional hemisphere (Buch et al. 2012; Harris-Love et al. 2015, 2016; Johansen-
Berg et al. 2002; Lotze et al. 2006) in patients with more severe impairment and a 
contributory role of the ipsilesional motor structures in patients with lesser impair-
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ment (Fridman et al. 2004; Group et al. 2008; Johansen-Berg et al. 2002; Nudo et 
al. 1996). Di Pino et al. suggested a bimodal recovery model that links interhemi-
spheric balancing (Murase et al. 2004) and the structural reserve spared by the 
lesion (Byblow and Stinear 2015; Feng et al. 2015; Schambra et al. 2015; Stinear 
et al. 2012, 2014), Fig. 17.2. This approach links with a developing understanding 
of the need to improve biomarkers of functional recovery (Bernhardt et al. 2016) 
and develop more individualized strategies for neurorehabilitation (Di Pino et al. 
2014; Otal et al. 2016). One goal of these models is to enable NIBS to be tailored 
to the needs of individual patients, if proven efficacious. More work is required to 
merge these different models with others recently proposed (Stinear et al. 2014).

Affected

Affected Affected

Abnormal interhemispheric inhibition

Non-invasive cortical stimulation

Increase activity in the affected hemisphere Decrease activity in the intact hemisphere

Fig. 17.1 Hypothesis for interventional strategies based on the finding that movements of the 
paretic hand are associated with unbalanced interhemispheric inhibition in patients with subcorti-
cal stroke. Two interventional approaches have been proposed and tested to improve motor func-
tion: upregulation of activity in the ipsilesional motor cortex and downregulation of activity of the 
contralesional motor cortex. (Reproduced with permission from Hummel and Cohen (2006))
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 tDCS Applied to the Motor Cortex

tDCS can modulate cortical excitability (Chhatbar et al. 2016; Feng and Belagaje 
2014; Lang et al. 2004; Nitsche et al. 2002) but see also (Horvath et al. 2016) and 
has been reported to improve motor learning in young (Ciechanski and Kirton 2016; 
Kincses et al. 2004; Reis et al. 2008, 2009; Schambra et al. 2011; Stagg et al. 2011; 
Tanaka et al. 2011) and older adults (Heise et al. 2014; Meinzer et al. 2013, 2014; 
Perceval et al. 2016; Zimerman et al. 2013).

Max

Min

Min

R
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y

Max

Max
Structural reserve

Interhemispheric balancing

High
probability

Low
probability2

3

1

Fig. 17.2 The bimodal balance–recovery model. Structural reserve is the quantity of strategic 
neural pathways and relays that are spared by the lesion and can reallocate previous or outsource 
new functions. Patients with high structural reserve often achieve better functional recovery. In 
such cases, the balance of activity between the two hemispheres tends toward the previous equilib-
rium (1), whereas persistence of interhemispheric imbalance is a predictor of worse outcome (2). 
When structural reserve is low—such as in a subclass of patients with more-severe impairment—
and the sensorimotor network is far from reaching a physiological restitution “ad integrum”, per-
sistence of interhemispheric imbalance promotes vicarious activity of the unaffected hemisphere 
(3), allowing compensatory plasticity. Colour code indicates frequency distribution of an event in 
a population of stroke patients, which is equivalent to the probability that a given individual is 
represented by that point of the surface. ‘Hot’ colours indicate higher probability than ‘cold’ 
colours. The probability distribution presented here follows a bimodal statistical distribution, 
which arises from the superimposed distributions of two populations: patients with high reserve 
and high balancing versus patients with low reserve and low balancing. (Reproduced with permis-
sion (Di Pino et al. 2014))
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 Upper Extremity Motor Function

We reviewed 34 studies on effects of tDCS on upper limb motor function (Tables 
17.1a and 17.1b).

Anodal tDCS over ipsilesional M1 Initial reports on the effects of tDCS on upper 
limb motor performance date back to 2005 (Hummel et al. 2005, 2006; Hummel 
and Cohen 2005a, b). Other studies found beneficial effects of both anodal and 
cathodal tDCS (Boggio et al. 2007; Fregni et al. 2005). Overall, 26 studies reported 
positive effects on different endpoint measures like the Jebsen Taylor test (JTT) 
(Boggio et al. 2007; Fregni et al. 2005), simple reaction time, SRT (Hummel et al. 
2005, 2006; Stagg et al. 2012), Box and Block Test (BBT) (Kim et al. 2009) and 
Fugl-Meyer Assessment (FMA) (Kim et al. 2009) and pinch strength (Stagg et al. 
2012). Multiple applications of anodal tDCS were reported to have longer lasting 
effects compared to single application (Allman et al. 2016; Hesse et al. 2007), con-
sistent with results in healthy volunteers (Hashemirad et al. 2016). For example, 
Allman and colleagues tested the effects of anodal tDCS paired with daily motor 
training over 9  days, and found improvements in the Action Research Arm Test 
(ARAT) and Wolf Motor Function Test (WMFT), up to 3  months post training. 
However, it is worth noting that this lasting effect was not seen for the upper extrem-
ity FMA. One meta-analysis study on the effects of anodal tDCS on motor function 
found that this polarity may benefit motor function of the paretic upper limb in 
patients suffering from chronic stroke (Butler et al. 2013).

Cathodal tDCS over the contralesional M1 15 studies have reported the effects of 
cathodal tDCS on upper extremity motor function (Tables 17.1a and 17.1b). Initial 
studies date back to 2005 (Fregni et al. 2005). The investigators suggested that a 
single application of c- tDCS was slightly more advantageous than a-tDCS, although 
both were superior to sham. Additionally, multiple applications of c-tDCS with 
simultaneous occupational therapy (OT) over 5 consecutive daily sessions resulted 
in significant improvement in range of motion in multiple joints of the paretic upper 
extremity and in the Upper-Extremity FMA scores relative to sham tDCS+OT, and 
the effects lasted at least 1 week post-stimulation (Nair et al. 2011). It has been 
proposed that cathodal tDCS applied to the ipsilesional sensorimotor cortex may 
result in functional gains in both spasticity and impairment scores (Qu et al. 2009; 
Wu et al. 2013). Bihemispheric stimulation: We reviewed 8 studies which reported 
effects of Bi-hemispheric tDCS on different endpoint measures including the FMA, 
WMFT, JTT and MAL (Tables 17.1a and 17.1b). Lindenberg and colleagues (2010) 
applied bihemispheric tDCS stimulation  positioning the anode over ipsilesional M1 
and the cathode over contralesional M1  in combination with occupational(OT)/
physical therapy(PT) in chronic stroke patients for five daily sessions and reported 
greater improvement of motor function (20.7% in FM and 19.1% in WMFT scores) 
in the active stimulation group, compared to sham (3.2% in FM and 6.0% in 
WMFT). They indicated that these effects outlasted the stimulation period for at 
least 1 week. Following this study, the same group of patients underwent another 
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5 days of bihemispheric stimulation + OT/PT, and were found to have benefited 
from the second series of stimulation (2012).

In sum, of the 34 studies to date on upper extremity motor recovery after stroke 
(see Kang et al. 2016), 8 have found very little to null effects (see also Ward 2016). 
As an example of a study with a null result, a multicenter randomized clinical trial 
of 96 patients, paring tDCS (anodal, cathodal, sham) with robot assisted arm train-
ing, found improvement across groups; however, there were no between group dif-
ferences, (Hesse et al. 2011) (see also Rocha et al. 2016). It is likely that the number 
of reports with null findings is underestimated given the publication bias (Hummel 
et al. 2008; Mancuso et al. 2016; Shiozawa et al. 2014; Vannorsdall et al. 2016).

 Lower Extremity Motor Function

Lower limb function, crucial for posture, stance and locomotion, experiences com-
monly better recovery than upper limb function (Lee et al. 2015; Paci et al. 2016). 
Lower limb motor deficits after stroke, when present, relate closely to morbidity and 
mortality due to the risk of falls, fractures, and venous thromboembolism related to 
immobility. We reviewed 9 studies to date which have reported the effects of tDCS 
on lower limb function. Outcome measures in lower limb trials included lower 
extremity strength (Sohn et al. 2013; Tanaka et  al. 2011), motor control, posture 
(Madhavan et al. 2010), balance and gait (Geroin et  al. 2011; Saeys et  al. 2015; 
Tahtis et al. 2014).

Anodal tDCS over ipsilesional M1 One report using anodal tDCS demonstrated 
that a single 15 min session of anodal tDCS at a low intensity of 0.5 mA improved 
performance on a tracking task involving reciprocal dorsiflexion and plantar flexion 
(Madhavan et  al. 2010), and improved knee extensor force production (2  mA, 
10 min) in another (Tanaka et al. 2011). Multiple sessions of anodal tDCS over the 
midline, resulted in improvements in postural stability and balance relative to sham 
after subacute stroke (Sohn et  al. 2013). Similarly, anodal tDCS+physiotherapy 
resulted in between-group improvements in lower-limb function, following 10 days 
relative to sham after chronic stroke (Chang et al. 2015). We found no reports of 
cathodal tDCS on leg motor function after stroke.

Bihemispheric stimulation 3 studies reported effects of bihemispheric tDCS on 
lower extremity function. Tahtis and colleagues report improvements in the Timed 
Up and Go task (a measure of gait performance), compared to the sham group 
(Tahtis et  al. 2014). Similarly, one study found that bihemispheric stimulation 
resulted in significantly greater improvement in total Tinetti score (assessment of 
functional balance and gait), compared to sham up to 4  weeks post stimulation 
(Saeys et al. 2015).
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As is the case with tDCS in upper extremity motor function, results for anodal 
tDCS and lower extremity function have not been consistently positive. For exam-
ple, a randomized parallel design controlled pilot study (Geroin et al. 2011) com-
bined anodal tDCS with robot-assisted gait training (RAGT) in patients with chronic 
stroke (n = 10/group). Subjects received 10–50 min sessions of RAGT with concur-
rent stimulation (anodal or sham) or over ground walking exercises. Although both 
anodal and sham groups improved, no between group differences was seen. Overall, 
the feasibility of positioning electrodes over the lower extremity region of M1 with 
tDCS is still in question given its relative depth (van Asseldonk and Boonstra 2016). 
Additionally, the relative role of the motor cortex vs subcortical structures in auto-
matic locomotion is not fully understood (Jeffery et al. 2007; Madhavan and Shah 
2012; Madhavan and Stinear 2010).

 Meta-Analysis of TDCS and Motor Function

Although the majority of small, single-center studies have reported positive results, 
some larger multicenter studies have failed to show significant differences between 
active tDCS and sham stimulation, such as the study by Hesse and colleagues 
(2011). A critical look at the most recent reviews and meta-analysis suggest that 
tDCS has a modest effect on improving motor outcome after stroke (Butler et al. 
2013; Chhatbar et al. 2016; Elsner et al. 2016; Kang et al. 2016). A Cochrane review 
of randomized controlled trials and cross-over trials (N = 32, 748 participants) that 
compared tDCS versus control after stroke found evidence of “very low” to “low 
quality” evidence supporting tDCS effectiveness in improving performance on 
activities of daily living (Elsner et  al. 2016). On the other hand, Kang and col-
leagues (2016) published a comprehensive review and meta-analysis investigating 
the effects of tDCS coupled with standard or task-specific motor training on long 
term motor learning. Importantly, this report included a wide range of studies 
(N = 21, positive and null). The authors found an overall tDCS effect size of 0.59 
(moderately positive) in favor of improving long term motor learning after stroke 
(size effect for efficacy of antidepressants is approximately 0.3 as per (Spielmans 
and Kirsch 2014; Turner et al. 2008; Turner and Rosenthal 2008). Kang et al.’s find-
ing is also consistent with results from other recent meta-analysis (Chhatbar et al. 
2016; Butler et al. 2013). No significant differences were found documenting supe-
riority of anodal vs sham vs bihemispheric stimulation, application in the subacute 
vs chronic stage, application before or during training, or application during specific 
types of training).

Another meta-analysis by Chhatbar et  al. (2016) evaluated dosing (intensity, 
duration electrode size, current density, and charge density), stroke stage, and tDCS 
protocol (ipsileasional anodal, contralesional sham, bihemisperic), on motor recov-
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ery, Fig. 17.3. Importantly, the authors found a positive dose response relationship 
for current and charge density but not for stimulation intensity. Results suggest that 
smaller electrodes result in stronger tDCS effects. In contrast to Kang et al. (2016), 
bihemispheric stimulation was found in this study to have a more robust effect 
(Hedge’s g = 1.30) compared to anodal or cathodal tdCS, and patients with chronic 
stroke responded better than those with acute and subacute strokes (Hedge’s 
g = 1.23).
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Fig. 17.3 Dose–response relationship. Plots showing that the improvement in FM-UE scores after 
tDCS relative to the sham group (Hedge’s g) exhibited a positive correlation with current and 
charge density, and a negative one with electrode size. Inverse-variance-weighted linear meta- 
regression of Hedge’s g against dose-related parameters revealed statistical significance for pad 
size (a), charge density (b) and current density (c) as shown by solid regression line with coeffi-
cient of determination (R2), significance value (p) and equation shown next to the line (a–c). No 
statistical significance was found for any other derived (d–f) or primary (g–i) dose-related param-
eters, as shown by dashed regression line. (Reproduced with permission (Chhatbar et al. 2016))
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 Hemineglect

Hemineglect is the failure to respond or orient to meaningful or novel stimuli on the 
contralesional side of space (Vallar 1998). Hemineglect is seen in approximately 
two thirds of right hemispheric strokes, and is usually related to lesions of the right 
parietal lobe. It has a negative influence on rehabilitation, limited mobility, longer 
hospitalizations, increased functional disability and family burden (Marshall 2009; 
Müri et al. 2013; Pedersen et al. 1997). Similar to post stroke motor deficit or apha-
sia, tDCS has been investigated as a therapy for neglect, either solely or in addition 
to conventional therapy (Adeyemo et al. 2012; Fasotti and van Kessel 2013; Mylius 
et al. 2012). tDCS has been applied to either facilitate the affected hemisphere or 
suppress the unaffected posterior parietal cortex (Ko et al. 2008; Làdavas et  al. 
2015; Sparing et al. 2009; Sunwoo et al. 2013).

Ko and colleagues investigated the effect of 1 session of anodal tDCS applied 
over the right posterior parietal cortex (PPC) (intensity of 2.0 mA for 20 min) on 
visuospatial scanning in subacute stroke patients with spatial neglect. Patients 
underwent two neglect tests (figure cancellation and line bisection) before and 
immediately after anodal tDCS or sham in a double-blind protocol. The study found 
that anodal but not sham tDCS, led to a significant improvement in neglecting the 
figure cancellation and failing line bisection tests (Ko et al. 2008). Similarly, Sparing 
and collaborators, found that a single session of either anodal tDCS over the lesioned 
PCC or contralesional cathodal tDCS (intensity of 1.0 mA for 10 min) resulted in 
significant improvements, compared to sham tDCS (Sparing et al. 2009).

Most recently, Ladavas and colleagues evaluated the effects of multiple sessions 
of anodal or cathodal tDCS on the beneficial effects of prism adaptation (PA) treat-
ment in neglect patients. 30 neglect patients were recruited and underwent 10 daily 
sessions of PA treatment with concurrent stimulation lasting 20  min. This study 
found that anodal tDCS+PA induced stronger improvement on the Behavioral 
Inattention Test (measure of neglect). However, little improvement was reported in 
the cathodal tDCS+PA and sham+PA group (Làdavas et al. 2015).

Bihemispheric stimulation The effects of bihemispheric tDCS over the parietal 
cortices was investigated in a double-blind random-order cross-over investigation 
by Sunwoo and colleagues. 10 chronic right hemispheric stroke patients underwent 
three randomly ordered tDCS (1 mA, 20 min) sessions: bihemispheric (anode and 
cathode over right and left PPC respectively), cathodal tDCS over L PPC, and sham 
tDCS. Outcome measures were pre and post-performance on the line bisection and 
star cancelation tests. The study found that both active stimulation groups improved 
in the line bisection test. Further analysis also suggested that bihemispheric tDCS 
was superior to cathodal stimulation alone (Sunwoo et al. 2013).

Overall, the studies on tDCS and neglect appear promising. However, given the 
relatively small number of published reports, caution should be taken in interpreting 
these findings.
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 Aphasia

Aphasia is an acquired deficit of language, typically resulting from damage to the 
left hemisphere of the brain, and is a common cause of morbidity, affecting approxi-
mately 20% of stroke patients (Saur and Hartwigsen 2012). The syndrome typically 
involves the left perisylvian circuit, where anterior frontal lesions typically result in 
nonfluent (Broca’s) aphasia, whereas more posterior and temporal lesions results in 
fluent (Wernicke’s) fluent aphasia. Approximately 12% of post stroke survivors are 
left with some degree of communication deficits (Brady et al. 2012; Lazar et al. 
2010; Otal et al. 2016; Wade et al. 1986). Current speech and language therapy has 
limited effectiveness in aphasia treatment. Studies to date in healthy individuals 
suggest that tDCS over language –related brain regions can modulate linguistic 
abilities (Cohen-Maximov et al. 2015; Hussey et al. 2015; Rosso et al. 2014; Wirth 
et  al. 2011). Based on this information, tDCS has been tested in patients with 
aphasia.

 Non-fluent (Broca’s) Aphasia

Monti et al. (2008) evaluated the effect of tDCS (anodal, cathodal, or sham) over the 
left frontotemporal areas in 8 chronic non-fluent post-stroke aphasic patients. The 
study consisted of the assessment of picture naming (accuracy and response time) 
before and immediately after ipsilesional anodal or contralesional cathodal tDCS 
(2 mA, 10 min) and sham stimulation. They found that cathodal tDCS significantly 
improved the accuracy of picture naming by 33.6% (SEM 13.8%) in the absence of 
differences between anodal tDCS and sham (Monti et al. 2008). The authors postu-
lated as a mechanism cathodal tDCS-mediated downregulation of cortical inhibi-
tory interneurons (disinhibition) in the lesioned regions (Monti et al. 2008). In a 
small cohort of 6 subjects with chronic Broca’s aphasia Vines and colleagues, inves-
tigated the effects of tDCS (over the right inferior frontal gyrus) paired with melodic 
intonation therapies (MIT), on speech recovery in a randomized crossover design 
fashion. All patients, who had moderate to severe non-fluent aphasia, underwent 
three consecutive days of anodal-tDCS + MIT, and an equivalent series of sham- 
tDCS + MIT allowing for a 1 week washout period between sessions. The authors 
found that anodal-tDCS + MIT led to significant improvements in fluency of speech, 
relative to sham (Vines et al. 2011).

Kang and colleagues evaluated the hypothesis that cathodal tDCS applied over 
the right Broca’s homologue area during concurrent word-retrieval training could 
improve picture naming in patients with post-stroke aphasia. 10 right-handed 
patients with post-stroke aphasia were randomized to cathodal tDCS (2  mA for 
20 min) and sham tDCS daily for 5 consecutive days, in a crossover design. Picture 
naming at 1  h following the last training session improved only in the cathodal 
tDCS group (Kang et al. 2011). Likewise, Fiori et al. (2011) investigated the effects 
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of anodal tDCS over the left posterior perisylvian area over 5 sessions (1 mA, 20 
mins) in 3 chronic non-fluent aphasics. Anodal tDCS improved speed and accuracy 
on the picture-naming task immediately after application and 1 and 3 weeks post 
intervention (2 of 3 subjects) relative to sham (Fiori et al. 2011).

Bihemispheric stimulation Marangolo and colleagues reported the first published 
study of bihemispheric tDCS in aphasia (Marangolo et al. 2013), where 8 aphasic 
patients with apraxia of speech underwent intensive language therapy in two differ-
ent conditions (crossover design): bihemispheric (anodal and cathodal electrodes 
over the ipsilesional Broca’s area and contralesional homologue, respectively) and 
sham tDCS, with concurrent language therapy over 10  days. Performance was 
superior in the bihemispheric than sham tDCS sessions and the effects persisted for 
at least 1 week after stimulation (Marangolo et al. 2013). In a follow up investiga-
tion the authors reported that bihemispheric stimulation for 15 days elicited stron-
ger functional connectivity in the left hemisphere compared to sham (Marangolo 
et al. 2016).

 Fluent (Wernike’s) Aphasia

One study evaluated the effects of tDCS on comprehension in stroke in 21 aphasic 
patients with subacute stroke (You et al. 2011). Participants were divided into 3 
groups (2 mA, 30 min): anodal tDCS over the left superior temporal gyrus+ speech 
therapy (SLP), cathodal tDCS over the right superior temporal gyrus +SLP, or sham 
tDCS+SLP, for 10 daily sessions. The study found significant improvement in audi-
tory verbal comprehension with cathodal tDCS compared to both anodal tDCS and 
sham. In contrast, Floel and colleagues applied 3 different stimulus conditions 
(anodal, cathodal, or sham tDCS) over the right superior temporal gyrus (homo-
logue to Wernike’s area) and found that anodal tDCS improved performance rela-
tive to both cathodal and sham stimulation, and this effect persisted 2 week after 
treatment (Flöel et al. 2011).

Interestingly, a previously referenced study (Hesse et al. 2007) designed to test 
the effects of ipsilesional anodal tDCS on the M1 on upper limb motor impairment, 
incidentally found improvement in speech in 5 of 7 study participants with large 
cortical strokes. This finding raises the question of topographic specificity of tDCS 
effects, in lieu of the close anatomical relationship between the hand motor area and 
language areas (Harnish et al. 2014; Meinzer et al. 2014; Primaßin et al. 2015). With 
this said, the broad spatial resolution may be more beneficial than a more focused 
stimulation, particularly given that aphasia recovery has been demonstrated to 
involve a complex network, involving multiple regions, during language activation 
(Turkeltaub et al. 2011); hence, more of these regions could be targeted.

A recent Cochrane review and meta-analysis involving 12 randomized control 
trials on aphasia (N = 136 participants) reported minimal effect size of the interven-
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tion (0.37), due to heterogeneity among study protocols and insufficient power for 
most studies (Elsner et al. 2015).

 Dysphagia

Dysphagia is defined as difficulty or discomfort swallowing. Dysphagia affects 
approximately 50% of stroke patients and influence morbidity and mortality through 
increased risk for aspiration (Hamdy 2010). Only 3 studies on effects of tDCS on 
dysphagia have been reported (Kumar et  al. 2011; Shigematsu et al. 2013; Yang 
et al. 2012).

Kumar and colleagues investigated the effects of contralesional anodal tDCS 
applied over putative pharyngeal motor representations (2 mA, 30 min × 5 consecu-
tive days) simultaneously with swallowing (SLP). Dysphagia Outcome and Severity 
scale (DOSS) scores improved more in the anodal tDCS group that in the sham 
group (Kumar et al. 2011). Using a different stimulation montage, Yang and col-
leagues evaluated the effects of ipsilesional anodal tDCS on swallowing. In their 
protocol, subjects received anodal or sham tDCS (1 mA, 20 min, × 10 daily ses-
sions) placed over the affected pharyngeal motor cortex with concurrent SLP. At 
3 month follow-up, the anodal tDCS group performed better than the sham group, 
in spite of a transient worsening immediately post stimulation (Yang et al. 2012). 
Shigematsu and colleagues also found that anodal tDCS resulted in significantly 
greater improvement in DOSS scores up to 1 month post intervention (Shigematsu 
et al. 2013).

A recent meta-analysis evaluated the effects of noninvasive brain stimulation 
(NIBS), including rTMS) on post-stroke dysphagia, and found a significant moder-
ate pooled effect size (0.55). Subgroup analysis demonstrated that studies stimulat-
ing the ipsilesional hemisphere had a slightly smaller effect size (0.46), compared 
to protocols stimulating the contralesional hemisphere (0.65). Of note, pooled anal-
ysis for tDCS also was not performed because of the limited number of studies 
available in literature (Pisegna et al. 2016).

 Critical Considerations

Of the over 872 stroke patients that underwent tDCS in the framework of reported 
clinical trials to date, none has reported seizures. Of the 43 clinical trials to date on 
tDCS effects on motor impairment in stroke, relatively few reported null results 
(Tables 17.1a and 17.1b). Ways to strengthen research in this area include: use of 
double-blind designs, positive controls (stimulation of cortical regions not hypoth-
esized to have an effect), a clear statement on whether a study is exploratory (not 
requiring preregistration) or hypothesis-driven (ideally preregistered) (Finkel et al. 
2015). The field should collectively work to reduce the problem of p-hacking 
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particularly in studies geared to power subsequent larger clinical trials. Preregistration 
in these cases is particularly useful (see for example: https://blogs.royalsociety.org/
publishing/registered-reports/). Consideration should be given, when appropriate, 
to prepublish and share materials (Lauer et al. 2015; Morey et al. 2016) as well as 
implement postpublication data sharing (Campbell et al. 2002; Nosek et al. 2015). 
Implementation of within trial replications would go a long way towards improving 
the rate of false positives and negatives in this area of research (Anderson et  al. 
2016; Cohen et al. 1997; Gilbert et al. 2016; Open Science, 2015). Across the board, 
detailed description of methodologies is important to allow replication. It should be 
kept in mind that so far publication bias may have led to under-reporting of negative 
or null results in this field as in others (Mancuso et al. 2016; Shiozawa et al. 2014; 
Vannorsdall et al. 2016).

Of note, most of these issues are relevant to all clinical and basic science research 
and not solely to tDCS, see for review (Kaplan and Irvin 2015; Nosek et al. 2015). 
A challenge ahead of us in improving tDCS interventions after stroke is to identify 
the best way to address these points in trials of tDCS for stroke recovery. Another 
important area of work in the future is the optimization of techniques. In the 
reviewed reports, we encountered a substantial heterogenity of stimulus intensity, 
placement of reference electrode, sham setting, electrode size, stimulation duration, 
and application of double blinding procedures and frequency of stimulation, 
Fig. 17.4. Finally, inter-individual variability (age, genetics, comorbidities, stroke 
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Fig. 17.4 A flow diagram displaying the different tDCS parameters of select studies in literature. 
(Reproduced with permission (Triccas et al. 2016))
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etiology, size, location, and level of disability), also vary study outcomes. More 
work is needed to understand how to individualize interventions to optimize 
response and fundamentally understand the mechanisms by which tDCS influence 
functional recovery after stroke.

In summary, the encouraging yet conflicting results on effects of tDCS on 
motor recovery to date highlight the need for a better understanding of the mecha-
nisms underlying tDCS effects, of optimal stimulation parameters, of interindi-
vidual variability in response and overall better interventional designs. Additionally, 
as general requirements for basic and clinical science, there is a need for more 
transparency, better powered designs, preregistered trials, and longer-term 
follow-ups.
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Chapter 18
Transcranial Direct Current Stimulation 
Potential for Pain Management

Helena Knotkova, Jeffrey J. Borckardt, Alexa Riggs, 
and Alexandre F. DaSilva

 Introduction

The anatomical and functional components of pain processing network represent 
viable targets for neuromodulation. Building on early findings from invasive neuro-
stimulation, such as deep brain stimulation or motor cortex stimulation, analgesic 
effects of tDCS have been explored in both acute and chronic pain conditions in 
research settings as well as in clinic. Neurophysiological and neuroimaging studies 
in the past decades have shown that the pain processing network in the brain is more 
complex than traditionally thought (Hemington et al. 2016).

Determining the areas of the brain that might serve as the best clinical targets is 
somewhat challenging to date. Pain is a complex experience that has sensory- 
discriminatory, motivational-affective and cognitive-evaluative dimensions (Gatchel 
et al. 2007). Experimental and clinical fMRI findings suggest that parietal areas, 
including the primary somatosensory cortex (SI), are mainly involved in the sen-
sory-discriminative dimension of pain experience and frontolimbic networks are 
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involved in the affective dimension (Greer and Hoyt 1990; Treede et  al. 1999). 
Activation of SI tends to be limited to activation contralateral to the side of stimula-
tion, whereas the SII tends to demonstrate bilateral activation (Crue et  al. 1976; 
Dyck et  al. 1976). There is evidence supporting the involvement of the anterior 
cingulate cortex (ACC) in the affective dimension of pain experience (Burns et al. 
2003; Greer and Hoyt 1990; Staud et al. 2003; Treede et al. 1999). Other brain struc-
tures that appear to be involved in the affective component of pain experience 
include the lateral and medial thalamus, insular cortex, and the prefrontal cortex 
(Atkinson et al. 1999; Brooks et al. 2002; Davis 2003; Giardino et al. 2003). The 
role of the left prefrontal cortex in pain control is unclear. However, there is evi-
dence to support the concept that left prefrontal activation is negatively correlated 
with pain unpleasantness (Lorenz et al. 2003) suggesting a possible governing role 
of the left prefrontal cortex on the affective dimension of pain experience 
(Seminowicz and Davis 2006). There is evidence that activation of the left prefron-
tal cortex is associated with analgesic effects, presumably by modulating limbic 
response to pain. There is also evidence that deactivation of the right prefrontal 
cortex is associated with improvement in clinical pain (Sampson et al. 2006) sug-
gesting a distinct laterality with respect to the role(s) of the prefrontal cortex in pain 
modulation. However, imaging studies and numerous cortical stimulation studies in 
humans suggest that motor cortex stimulation can significantly reduce pain as well 
by modulating activity in networks of brain areas involved in pain processing, such 
as the thalamus and by facilitating descending pain inhibitory mechanisms (Garcia-
Larrea et al. 1997, 1999; Peyron et al. 2007).

When managing pain with tDCS, the goal is to modulate activity in the areas of 
the brain that are involved in pain processing. tDCS with anode placed over a corti-
cal target results in a raised level of excitability under the electrode, whereas cath-
odal stimulation appears to decrease local cortical excitability (Nitsche et al. 2008). 
While most tDCS-pain studies to date have focused on anodal stimulation of the 
motor cortex, there is accumulating evidence to suggest that the prefrontal cortex 
and the somatosensory cortex may be reasonable tDCS cortical targets for pain 
management as well (Antal et al. 2008, and others).

 TDCS for Acute Post-operative Pain

The proper control of acute pain is one of the most important areas in health care. 
Despite the profound advances in neuroscience over the past 20 years, medicine still 
largely resorts to opiate narcotics, however this strategy is not without considerable 
risk, and is only marginally effective in many cases. Non-invasive brain stimulation 
techniques like tDCS may have a role in both acute and chronic pain management 
by modulating circuits involved with pain perception and pain inhibition in the 
brain. However, little is known about optimal stimulation strategies (e.g., cortical 
targets, stimulation parameters, duration of treatment) that can produce robust anal-
gesic effects. One unique, yet largely under-studied potential application of tDCS, 
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is in the perioperative arena. While pain is often a complaint that precedes certain 
surgical procedures such as lumbar surgery and knee replacement surgery, the pro-
cedures themselves are associated with considerable post-operative pain lasting 
days to weeks, and adequate postoperative pain control is an important factor in 
determining recovery time and hospital length of stay (Capdevila et al. 1999; Chelly 
et al. 2001; Wang et al. 2002).

Primary methods used to manage post-operative pain in general involve systemic 
opioid or other analgesic drug delivery, and regional blocks. Despite these pain- 
management strategies, patients still report considerable post-operative pain, and 
often struggle to complete post-operative physical therapy regimens (when indi-
cated). Systemic opioid analgesic use has associated side-effects that can lead to 
post-operative complications including but not limited to mental-clouding, confu-
sion, respiratory depression, interactions with other medications, addiction in some 
cases, fatigue, and gastric motility problems. Further, surgical procedures along 
with the associated intraoperative anesthesia protocols have been associated with 
increased risk for post-operative cognitive problems (Deo et  al. 2011) especially 
among the elderly (Talmo et al. 2010). For obese patients, apnea is a real concern 
that post-operative systemic opioid use can complicate (Samson et al. 2010; Talmo 
et al. 2010).

As more and more novel brain stimulation technologies including transcranial 
magnetic stimulation (TMS) and tDCS are beginning to demonstrate promise as 
treatments for a variety of pain conditions (Barker et al. 1985, 1989; Fregni et al. 
2007; George et al. 2003; Rosen et al. 2009; Williams et al. 2009), the notion of 
neurostimulation for post-operative pain is becoming viable and promising for 
exploration. Electricity has no metabolite or other residue, and can be delivered 
with minimal discomfort and without problems associated with drug-drug interac-
tions. These advantages help support the idea that non-invasive brain stimulation 
techniques may play a role in a multi-modal post-operative pain management 
regimen.

The development of tDCS protocols for management of acute postoperative pain 
builds on evidence and experience from applications of other non-invasive brain 
stimulation methods that were introduced to medicine earlier, such as Transcranial 
Magnetic Stimulation. An example including findings that facilitated use of tDCS to 
manage post-procedural pain is discussed below.

 Post-operative Pain Following Gastric Bypass Surgery

The first study of neurostimulation to manage post-operative pain was conducted 
using transcranial magnetic stimulation in gastric bypass patients. In 2002, there 
were 63,000 bariatric surgeries in the US.  The number of bariatric surgeries 
increased to 196,000 in 2015 according to the American Society for Metabolic 
and Bariatric Surgery (asmbs.org). Opioid medications are the most commonly 
used drugs for pain relief in the perioperative setting, however there are, of 
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course, risks and problems associated with opioid use (Morgan et al. 2006). Many 
of the side-effects of opioid medications are particularly problematic in gastric- 
bypass surgery patients who tend to have respiratory problems (like obstructive 
sleep apnea), right ventricular dysfunction, pulmonary hypertension, and for 
whom post-operative vomiting could result in serious complications.

In the first studies of TMS for post-operative pain (Borckardt et al. 2008), sub-
jects were randomly assigned to receive real TMS or sham TMS over the left dorso-
lateral prefrontal cortex. Subjects received 20 min of 10 Hz rTMS at 100% of resting 
motor threshold (10-s stimulation trains with 20-s inter-stimulus intervals) for a 
total of 4000 pulses. Subjects that received real TMS used an average of 39.59 mg 
(SD = 19.33) of morphine and subjects receiving sham TMS used 62.27 (SD = 40.44). 
Real TMS was associated with a 36% decrease in total morphine usage at the time 
of discharge (Cohen’s d = 0.70) in 40 participants (see Fig. 18.1). There was a sig-
nificant effect for TMS condition (sham versus real; F(6,31)  =  3.06, p  <  .05). 
Subjects that received real TMS reported lower ratings of “pain on average”, “pain 
at its worst” and reported better “mood at its worst” than did subjects receiving 
sham TMS (see Fig. 18.2). Interestingly, these subjective reports of less pain and 
better mood occurred in the treatment group despite them using significantly less 
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PCA morphine. While these findings were promising, from a practical standpoint, 
TMS has limitations compared to tDCS as the dosing procedures are complicated, 
the machine is cumbersome, the procedure is uncomfortable for some, the stimula-
tion is loud, there is a documented risk of seizure, and patients cannot move their 
heads during treatment. tDCS is simple, portable, silent, painless and is much better 
suited to managing pain in post-anesthesia care units.

 tDCS for Post-procedural Pain Following Endoscopic 
Retrograde Cholangiopancreatography (ERCP)

Abdominal pain and irritable bowel syndrome (IBS) are a growing indication for 
endoscopy. An international study showed 18% of IBS patients are now treated with 
narcotics (Drossman et al. 2007). When patients with this profile undergo endos-
copy, they frequently have post-endoscopy pain, partially due to the stretch of bowel 
by the endoscope and because of air added during the procedure. The pain is gener-
ally transient, but can be confused with an early complication, and can prompt an 
admission for observation or a return to the emergency dept. Pain can be severe 
during and after ERCP in these patients, mimicking early pancreatitis, or even per-
foration, in the recovery bay. There is growing evidence supporting the role of cen-
tral mechanisms in gut-related pain. Hyperexcitability of the pain neuromatrix in 
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the brain and failure of pain inhibitory cortical circuits may contribute to the gut- 
pain experience and exacerbation. Direct targeting of these cortical circuits might 
make it possible for transient pain to be reduced to something tolerable with oral 
pain medication.

In the first-ever pilot study on the effects of tDCS on post-ERCP pain (Borckardt 
et al. 2011), 19 Caucasian females underwent post-ERCP tDCS. After ERCP was 
completed, participants were randomly assigned to receive 20-min of 2 mA tDCS 
with anode over the left-prefrontal cortex and cathode over the gut representation of 
the sensory cortex (electrode size 4 cm × 4 cm). There were no serious adverse 
events associated with tDCS, and the side-effects of tDCS were limited to tingling 
(42%), itching (47%) and mild stinging (11%) under the electrodes. Patients that 
received real tDCS used 22% less total hydromorphone than those that received 
sham at the end of the 24-h inpatient post-procedural period (Cohen’s d = .38). The 
slope of the cumulative PCA usage curve was significantly steeper in the sham 
tDCS group compared to real (t(355) = 10.80, p <  .0001). VAS pain scores sug-
gested an arithmetic advantage for real tDCS compared to sham. Results from this 
pilot feasibility study suggest that tDCS is safe, well-tolerated, and may be able to 
reduce post-ERCP opioid requirements without increasing subjective pain ratings. 
Since this pilot only tested a low dose of tDCS (a single 20-min session), and given 
that the observed analgesic/opioid-sparing effect was mild, it may be that more 
tDCS sessions could produce more robust post-operative analgesic effects.

 tDCS in the Management of Knee Arthroplasty  
Post-procedural Pain

Total knee arthroplasty (TKA) is one of the most common orthopedic procedures, 
and according to the Agency for Healthcare Research and Quality (AHRQ), more 
than 600,000 knee replacements are performed each year in the United States. 
Because the prevalence of arthritis is expected to grow substantially as the popula-
tion ages (Acheson and Collart 1975; Peyron 1986), TKA procedures are likely to 
become even more common. The rate of revision total knee arthroplasties is increas-
ing by approximately 6 procedures per 100,000 persons per decade. TKA has been 
shown to improve functional status, and relieve pain, and the number and the rate of 
total knee arthroplasties is increasing steadily. Between 1990 and 2002, the rate of 
primary total knee arthroplasties per 100,000 persons almost tripled. While knee 
pain is often a complaint that precedes TKA, the procedure itself is associated with 
considerable post-operative pain lasting days to weeks post-operatively.

As with many surgical procedures, adequate postoperative pain control in TKA is 
an important factor in determining recovery time and hospital length of stay 
(Capdevila et  al. 1999; Chelly et  al. 2001; Wang et  al. 2002). Many of the side- 
effects of opioid medications for post-operative pain control are problematic in TKA 
patients who tend to be overweight and/or elderly (Deo et al. 2011; Samson et al. 
2010; Talmo et al. 2010). While the risk of opioid patient-controlled analgesia (PCA) 
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pump usage leading to future opioid abuse appears to be relatively small (1%) (Greer 
et al. 2001), opioid abuse is on the rise in the United States (Compton and Volkow 
2006). In many cases, both patients and physicians worry about the potential for 
dependence and abuse of opioid medications, and this sometimes results in under-
treatment of acute and chronic pain (Greer et al. 2001). Despite the use of regional 
blocks and patient administered opioid medication, patients still report considerable 
post-operative pain, exhibit decreased functioning, and often struggle to complete 
post-operative physical therapy regimens.

In a preliminary pilot study (Borckardt et al. 2013), we randomly assigned 40 
patients undergoing unilateral TKA to receive a total of 80 min of real (n = 20) or 
sham tDCS (n = 20) with the anode over the knee representation of the motor strip 
and cathode over the right dorsolateral prefrontal cortex. Twenty-minute tDCS 
treatments were delivered: (1) in the PACU, (2) 4-h later, (3) the morning of post- 
operative day-1, and (4) the afternoon of post-operative day-1. VAS pain and mood 
ratings were collected every 4  h following surgery provided that patients were 
awake. The slopes of the cumulative PCA usage curves were significantly different 
between groups, and those TKA in the real tDCS group used 44% less PCA dilaudid 
at 48-h post-op (p = .007; Cohen’s d = 1.0). Despite significantly lower PCA dilau-
did levels, VAS ratings of pain-on-average were also significantly lower in the real 
tDCS group (t(37) = 2.28, p = .029). No adverse events or serious adverse events 
were encountered. There were no cases in which tDCS needed to be discontinued 
due to patient discomfort or tDCS-related complications (Fig. 18.3).
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In a follow-up, randomized, sham-controlled trial (Borckardt, under editorial 
consideration), we enrolled 61 TKA patients and randomly assigned them to receive 
4 post-operative sessions of tDCS with electrode placements of: (1) anode-motor 
cortex, cathode-right prefrontal cortex; (2) anode-left prefrontal cortex, cathode 
sensory cortex; (3) anode-left temporal-occipital junction, cathode-medial anterior 
pre-motor area (active-sham condition); and a zero-current sham condition. There 
were no differences in PCA opioid usage between the active-sham and the zero- 
current- sham groups. Prefrontal placement was associated with a 26% decrease in 
PCA opioid usage compared to sham, however, motor stimulation was associated 
with a 24% increase compared to sham. The slopes of the PCA usage curves in both 
the prefrontal (t(2979) = −6.5, p < .0001) and motor cortex (t(2979) = 9.9, p < .0001) 
stimulation groups were significantly different from sham.

 tDCS for Post-operative Pain Following Lumbar Surgery

In a recent randomized, double-blind, sham-controlled pilot clinical trial (Glaser 
et al. 2016), 4 sessions of tDCS were delivered for pain and patient controlled anal-
gesia (PCA) opioid usage control among patients receiving spine surgery. Twenty- 
seven patients undergoing lumbar spine procedures that required at least one-night 
hospitalization for parenteral pain medication were enrolled in the present study.

Immediately after surgery, participants were randomly assigned to undergo 
20-min-long sessions of real or sham tDCS (2 mA, anode placed over the superior 
motor cortex (corresponding to the low-back/trunk area) and cathode over the right 
dorsolateral prefrontal cortex. Electrode placement was determined using the EEG 
10–20 system (positions Cz and F4). At total of four sessions of tDCS (all real or all 
sham) were administered (Session 1  – approximately 30  min following surgery, 
Session 2–4 h later, Session 3 – on the morning of post-operative day-1 and Session 
4–4-h later). In order to monitor for adverse events directly associated with tDCS, 
participants were asked to report any sensations they experienced during each of the 
4 tDCS stimulation sessions at 1-, 10- and 20-min into the sessions.

The mean numerical rating scale (NRS) average-pain rating of the sample was 
6.6 (SD = 1.5) out of 10 at the time of admission. Fourteen (14) participants were 
randomized to receive real tDCS and 13 received sham. There were no differences 
between the real and sham tDCS groups at baseline with respect to age, chronic 
opioid therapy status, pain at its worst, pain at its least, pain on average, weight, or 
sex. No adverse events were observed with the tDCS.

The effect of tDCS (real versus sham) on the slope of the cumulative PCA hydro-
morphone curve was significant (F(238,2879) = 5.06, p < .001). At the time of dis-
charge, participants who received real tDCS used an average of 12.6 mg (SD = 9.9) 
of hydromorphone and subjects receiving sham tDCS used an average of 16.5 mg 
(SD = 12.7) suggesting that tDCS was associated with a 23% reduction in PCA 
usage (effect-size Cohen’s d  =  0.3). Participants were unable to correctly guess 
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whether they received real or sham tDCS at a rate better than chance (52% correct 
guess rate; p = .84, ns). Independent t-test analysis of NRS scores from the BPI at 
admission and discharge indicated no significant differences between tDCS groups 
at admission for pain on average, pain at its least or pain at its worst (p = .24, p = .22, 
p = .27, respectively) nor at discharge (p = .58, p = .47, p = .72). In the real tDCS 
group a significant 31% reduction was observed in pain-at-its-least ratings from 
admission (mean = 4.5 SD = 2.5) to discharge (mean = 3.2 SD = 2.2; t(12) = 2.52, 
p = .027), but no other changes in pain ratings were significant in either group.

In another study examining the effects of tDCS on post-lumbar surgery pain and 
opioid use, the prefrontal cortex was targeted (Dubois et  al. 2013); participants 
received either anodal, cathodal or sham stimulation over the left DLPFC.  This 
study found no difference between groups on any of the outcomes of interest.

 tDCS for Management of Chronic Pain

tDCS applications in chronic pain syndromes build on findings that indicate that the 
development and maintenance of chronic pain is associated with multitude of per-
sisting dynamic changes in the pain-processing neural network as well as altered 
functional connectivity with other cerebral networks (Apkarian et  al. 2013; 
Hemington et  al. 2016; Liu et  al. 2012; Moseley and Flor 2012; Saab 2012). In 
chronic pain patients, altered cortical functioning within the default mode network 
and salience network has been observed (Hemington et al. 2016), and functional 
connectivity between the networks was affected as well. As compared to healthy 
subjects, patients with chronic pain present with a decrease in the functional con-
nectivity between the default mode network and salience network, and the degree of 
this abnormality parallels pain reports and disease-related symptoms (Hemington 
et al. 2016). Overall, research evidence suggests that in chronic pain, maladaptive 
neuroplasticity plays a role in functional and/or structural changes in the brain that 
may be associated with persistence of pain beyond healing and the development and 
maintenance of chronic pain (DeSouza et al. 2016; Flor 2003; Frost et al. 2003; 
Hemington et al. 2016; Jain et al. 2008; Kelly and Garavan 2005; López-Solà et al. 
2016; and others). Importantly, research conducted over the pasts decades provide 
evidence that reversal of the maladaptive changes in brain function is possible and 
can be associated with an improvement of symptoms, including chronic pain 
(Juottonen et  al. 2002; MacIver et  al. 2008; Maihöfner et  al. 2003, 2004, 2006; 
Napadow et al. 2009, 2012; Pleger et al. 2005; and others). Up to date, tDCS effects 
on chronic pain have been explored in numerous controlled clinical trials supported 
by pilot studies and clinical reports in a variety of pain conditions, including diffi-
cult-to-treat pain syndromes such as multiple sclerosis-related pain, fibromyalgia, 
complex regional pain syndrome, central pain due to spinal cord injury, phantom-
limb pain, painful peripheral diabetic neuropathy and others (Knotkova et al. 2013, 
2015). Illustratory examples are discussed below.
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 Fibromyalgia

Fibromyalgia (FM) is a chronic pain syndrome characterized by bilateral pain 
above and below waist, axial skeletal pain and at least 11 of 18 tender points 
(Arnold et al. 2008). Other symptoms of FM include fatigue, difficulty sleeping, 
headaches, and mood disorders (McCarthy 2016). FM affects about 2% of the 
population, and women are diagnosed at a ratio of 9:1 compared to men (Bartels 
et al. 2009; Lawrence et al. 2008). FM is thought to have several causal compo-
nents including a genetic component, as well as a predisposition to central pain 
processing abnormalities leading to central sensitization (Ablin and Buskila 
2015; Chinn et  al. 2016; Rossi et  al. 2015). Treatment strategies consists of a 
multifaceted array of techniques including medications, exercise, or life-style 
adjustments (Goldenberg et al. 2016; Kibar et al. 2015; McCarthy 2016; Rossi 
et al. 2015).

Effects of tDCS on pain and related symptoms in FM have been examined in 
multiple studies (Castillo-Saavedra et al. 2016; Fagerlund et al. 2015; Fregni et al. 
2006a, b; Mendonca et al. 2016; Riberto et al. 2011; Roizenblatt et al. 2007; Valle 
et al. 2009; Villamar et al. 2013). The studies evaluated tDCS applications involving 
M1 as well as DLPFC montages, and stimulations on 5 or more days (Fregni et al. 
2006a, b; Roizenblatt et al. 2007; Valle et al. 2009), as well as a combination of 
tDCS with other supportive treatment strategies, such as rehabilitation or exercise 
(Mendonca et al. 2016; Riberto et al. 2011).

In a randomized sham controlled trial by Fregni and colleagues 2006a, b, 32 
FM patients received either sham, or real tDCS with anode over the M1 or over the 
left DLPFC at 2 mA on 5 consecutive days. M1 tDCS yielded significantly greater 
pain relief than DLPFC tDCS or sham (p < 0.0001), and the analgesic effect was 
still significant after 3 weeks of follow up (p = 0.004). In addition, the M1 stimula-
tion resulted in a small improvement of quality of life. Similar results of M1 tDCS 
on 5 consecutive days were observed by Fagerlund et al. (2015) in a randomized 
sham controlled trial involving 48 patients. In a longer stimulation protocol (10 
consecutive sessions of M1 or DLPFC tDCS at 2 mA, or sham; n = 41) by Valle 
et al. (2009), both M1 and DLPFC stimulation led to improvements of pain and 
quality of life by the end of the 10-day treatment, but only M1 tDCS yielded long-
lasting benefits that persisted through the follow-up at 30 and 60 days after the 
treatment.

Further, a combination of M1 tDCS with weekly sessions of multidisciplinary 
rehabilitation program (Riberto et al. 2011, n = 23) resulted in significantly better 
pain relief (p = 0.006) as compared to rehabilitation paired with sham, and also 
showed trending (p = 0.056) toward better improvement of FM burden. Similarly, a 
combination of the anodal M1 tDCS with aerobic exercise (Mendonca et al. 2016; 
n = 45) resulted is significantly greater FM pain relief than each individual interven-
tion (p = 0.0056 and p = .007 respectively), and the combined intervention had sig-
nificantly greater benefiting effects on mood and anxiety.
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Other studies in fibromyalgia examined outcomes from high-definition tDCS 
(HD-tDCS) stimulation, in a single (Villamar et  al. 2013) or multiple sessions 
(Castillo-Saavedra et  al. 2016) aiming for tDCS dose optimization in order to 
achieve FM-related pain relief at clinically meaningful degree. In a double-blind 
sham controlled RCT by Villamar et al. (2013) 18 patients were randomized to 
undergo single 20-min sessions of sham, anodal and cathodal HD-tDCS at 2.0 mA 
in a cross-over counterbalanced manner, using the 4 × 1-ring configuration, with 
the center electrode positioned over the left primary motor cortex. The results 
have shown that both active stimulation conditions led to significant reduction in 
overall perceived pain as compared to sham, and the effects were present at 30 min 
after the stimulation. In addition, active anodal stimulation induced a significant 
bilateral increase in mechanical detection thresholds. A follow-up open-label 
study from the same group aimed to establish the number of HD-tDCS sessions 
required to achieve a 50% reduction of FM pain (Castillo-Saavedra et al. 2016). 
The pre-defined 50% pain reduction was achieved in 7 of 14 patients, with both 
responders and non- responders benefiting from a cumulative effect of treatment, 
reflected in significant pain reduction (p = .035) as well as improved quality of life 
(p = .001) over time. The authors also reported an aggregate 6-week response rate 
of 50% of patients, and median number of 15 HD-tDCS sessions to reach clini-
cally meaningful outcomes. This study provided evidence supporting an optimi-
zation of stimulation protocol toward individualized patient-tailored tDCS 
treatment of FM pain.

 Central Pain Due to Multiple Sclerosis

Multiple sclerosis (MS) is a demyelinating disease in which the insulating covers of 
nerve cells in the brain and spinal cord are damaged (Berer and Krishnamoorthy 
2014). MS has a relatively low age of onset, on average 25.3 years of age (Berer and 
Krishnamoorthy 2014). Women are diagnosed more than men at a ratio of about 2:1 
(Marrie et al. 2016). A variety of neurological and physical symptoms include motor 
weakness, sensory problems, fatigue, visual disturbances, balance problems and 
pain. The prevalence of pain in MS patients is estimated to range from 29% to 86% 
(Clifford and Trotter 1984; Foley et  al. 2013; Solaro et  al. 2013; Stenager et  al. 
1995) and the pain is more likely for those that are older, and have been diagnosed 
for longer (Foley et al. 2013; Solaro et al. 2013). MS pain may include continuous 
central pain, intermittent central pain, musculoskeltal pain, or mixed neuropathic 
and non-neuropathic pain. The central MS pain is thought to be the most prevalent 
type of pain reported by MS patients (Solaro et al. 2013). Pain management in MS 
includes pharmacological treatment with tricyclic antidepressants, antiepileptic 
drugs, opioids, or cannabinoids, but results remain unsatisfactory for many patients 
(Solaro et  al. 2013). Therefore, explorations of adjunctive non-pharmacological 
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approaches in MS are of high clinical importance, and there is a limited but encour-
aging evidence on MS pain relief by tDCS.

In a randomized controlled study by Mori et al. (2010), patients received 5 days 
of sham tDCS or real anodal tDCS over the motor cortex at 2 mA, with electrodes 
5 × 7 cm. Following anodal tDCS over the motor cortex but not sham, there was a 
significant (p < 0.05) pain improvement as assessed by VAS for pain and McGill 
questionnaire, and an improvement of overall quality of life. The magnitude of pain 
improvement on last day of a 3-week follow-up relative to the baseline was 63.17% 
on VAS for pain scores, indicating clinically relevant pain relief.

 Phantom Limb Pain

It is estimated that phantom limb pain (PLP) may occur after limb amputation at a 
prevalence as high as 61% (Bekrater-Bodmann et al. 2015; Hsu and Cohen 2013). 
PLP is distinct from other phenomena that may occur after amputation, such as 
telescoping. PLP is multifaceted and includes peripheral, spinal and supraspinal 
mechanisms (Flor et al. 2013; and others).

Medical treatment for PLP include NSAIDs, anti-depressants, tricyclic antide-
pressants, anticonvulsants including gabapentin and pregabalin, NMDA receptor 
antagonists, or opioids (Knotkova et  al. 2012). Supportive treatment strategies 
include occupational therapy, visualization techniques or non- invasive neurostimu-
lation using a mirror-box technique (Foell et al. 2014).

Bolognini and colleagues (2013) examined analgesic effects of a single tDCS 
session on PLP, stump pain, non-painful phantom limb sensations and telescoping 
in 8 patients with unilateral lower or upper limb amputation (Bolognini et al. 2013). 
Sham, or tDCS at 2 mA for 15 min with anode or cathode over the primary motor 
cortex (M1) and over the posterior parietal cortex (PPC) were applied in 2 double-
blind cross-over experiments. Anodal tDCS of M1 resulted in a selective short-
lasting decrease of PLP; other montage configurations had no effect on PLP.

A follow-up study by the same group (Bolognini et  al. 2015) examined the 
effects of 5-day tDCS treatment. Sham or anodal tDCS over M1 for 15  min at 
1.5 mA on 5 consecutive days was delivered in cross-over manner in 8 subjects with 
unilateral lower or upper limb amputation and chronic PLP. Immediately after com-
pletion of the 5-day real tDCS treatment, the patients reported a significant (p = 0.04) 
decrease of overall PLP as compared to sham and an improvement in the phantom 
limb movement (p = 0.05). Further, the real tDCS as compared to sham resulted in 
a sustained decrease of background PLP (p = 0.04) and a decrease of the frequency 
of PLP paroxysms (p = 0.04). The improvements were present at a follow-up 1 week 
after the end of treatment. The average degree of PLP relief after the active tDCS 
was 41%, with 4 patients among 8 reporting a reduction greater than 30%. The 
 frequency of PLP paroxysms decreased at an average of 33%, with a reduction 
greater than 30% in 4 of 8 patients.
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 Central Post-stroke Pain

Stoke, either hemorrhagic or ischemic, is one of the leading causes of death in the 
United States (American Heart Association, 2015). About 19–74% of stroke survi-
vors report pain (Kim 2014). Post stroke pain may include musculoskeletal or cen-
tral component. Central post stroke pain (CPSP) generally develops days to months 
after stroke (Flaster et al. 2013) and is described as stabbing, burning pain, often 
with hyperpathia and allodynia; and mostly in arms, legs, trunk and face (Flaster 
et al. 2013; Hansen et al. 2012; Kumar et al. 2009). Medical treatments for post 
stroke central pain include anticonvulsants, tricyclic antidepressants, opioid antago-
nists, and NMDA blockers (Kim 2014; Mulla et al. 2015), but despite the medica-
tions, the CPSP is difficult to manage.

Non-invasive neuromodulation, including tDCS, in stroke survivors has been 
explored mostly for the purpose of neurorehabilitation to restore mobility and other 
functions, such as speech. An initial evidence on tDCS for the CPSP (Bae et al. 
2014) arises from a RCT involving 14 CPSP patients. Sham or real anodal tDCS at 
2 mA over the primary motor cortex were delivered for 20 min 3 days per week, for 
a period of 3 weeks. Subjective pain was measured using the visual analogue scale 
(VAS), and in addition pain elicited by cold and heat stimuli were quantified to 
examine analgesic effects. The sham-tDCS group showed no statistically significant 
differences over time, while tDCS group showed decreased VAS scores and skin 
temperature (p < 0.05). The threshold temperatures for the sense of cold and pain 
from cold increased (p < 0.05), and those for the sense of warmth and pain from heat 
decreased (p < 0.05).

 Diabetic Polyneuropathy

Diabetes is one of the most common chronic illnesses, it is estimated that 592 mil-
lion people will have diabetes by 2035 (Guariguata et al. 2014). A complication 
from diabetes is peripheral diabetic neuropathy also known as distal symmetrical 
polyneuropathy, which is extremely prevalent in the diabetic population over the 
age of 65, and 61.5% of patients report pain (Jones et al. 2016). As people living 
with diabetes age and as the duration of illness persists, the likelihood of peripheral 
diabetic neuropathy increases (Fischer and Waxman 2010; Jones et al. 2016).

The pathology of the pain is not fully understood, yet it’s theorized that high 
blood sugar over time contributes to nerve injuries and that poor insulin regulation 
contributes to abnormalities in the dorsal root ganglion. Treatment for peripheral 
diabetic neuropathy include pancreas transplant, diet and exercise, physical  therapy, 
and pharmaceuticals. Medications to treat peripheral neuropathy include tricyclic 
antidepressants, SNRIs, anticonvulsants, opioids, intravenous alpha-lipoic acid, 
capsaicin and lidocaine.
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In a RCT of patients with painful diabetic polyneuropathy (Kim et  al. 2013; 
n = 60), 20-min tDCS stimulation on five consecutive days resulted in significant 
decrease of pain intensity (p < 0.001) as compared to sham and the analgesic effects 
were present and significant at 4-week follow-up (p = 0.007).

 Migraine

Among various types of primary headaches distinguished by the International 
Classification of Headache Disorders (2013), tDCS has been applied to manage 
symptoms in migraine. Migraine is a disorder that impairs the life of nearly 1 in 4 
American households, with annual direct economic burden with Healthcare and lost 
productivity estimated to be as high as $36 billion annually in the U.S according to 
the Migraine Research Foundation (Edmeads and Mackell 2002). Moreover, some 
migraine sufferers can develop a progressive state of this disease with more than 15 
attacks per month. This state is referred to as chronic migraine (CM), a disorder 
whose patients experience significantly greater headache impact on daily life and 
have a large potential for substance abuse, especially opiates (Adams et al. 2014; 
Bigal et al. 2009; Buse et al. 2012). This is arguably one of the neuromechanisms 
most centrally involved in pain regulation, affecting multiple elements of the pain 
experience (Zubieta et  al. 2002). Moreover, MRI-based reports have found that 
those findings co-localize with neuroplastic changes in migraine patients (DaSilva 
et al. 2007a, b).

Conventional therapies are unable to selectively target those dysfunctional brain 
regions, and there is a paucity of data on how to reverse embedded neuroplastic 
molecular mechanisms when available medications and surgical therapies fail. 
Interestingly, several studies with motor cortex stimulation (MCS) have shown that 
epidural electrodes in the primary motor cortex (M1) are effective in providing anal-
gesia in patients with refractory central pain (Lima and Fregni 2008). The rationale 
for MCS stimulation is based in part on the thalamic dysfunction noticed in chronic 
pain and migraine (Lenz et al. 2004), and also on studies demonstrating that MCS 
significantly changes thalamic activity (Garcia- Larrea et al. 1999). Obviously, the 
surgical nature of such a procedure limits its indication to more severe chronic pain 
disorders. tDCS, can now non-invasively modulate and activate the μOR system 
(DosSantos et al. 2012, 2014), providing relatively lasting pain relief in chronic pain 
patients and migraine (DaSilva et al. 2011a, b). Hitherto, the molecular information 
on the dysfunctional μ-opioid system in episodic and chronic patients and how it 
responds to neuromodulation is scarce. The continuous modulation of this neu-
rotransmitter system, intimately involved in the pain experience could be related to 
migraine and chronic pain symptomatology, and to brain molecular neuroplasticity 
in humans. While understanding central mechanisms of pain using molecular neu-
roimaging is important, equally important is developing novel concepts for future 
clinical application to provide much needed relief for those patients. tDCS may be 
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one feasible therapeutic options to modulate our endogenous analgesic resources. In 
this section we will discuss the rationale and endogenous mechanisms associated 
with tDCS use in migraine.

 Dysfunction μ-Opioid Activity in Migraine Patients

There is now direct evidence of endogenous μ-opioid activation during spontaneous 
migraine and allodynia by measuring μOR non-displaceable binding potential (BPND) 
in vivo with [11C]carfentanil (DaSilva et al. 2014). The authors noticed a reduction in 
μOR BPND, calculated as an increase in endogenous μ-opioid receptor-mediated neu-
rotransmission (RM), during a spontaneous migraine attack compared to baseline in 
pain-modulatory regions of the opioid system, including the thalamus and PAG 
(Fig. 18.4). The authors evaluated in vivo the μ-opioid system during spontaneous 
episodic migraine headaches. Seven patients were scanned at interictal and ictal 
phases using the selective μ-opioid receptor (μOR) radiotracer [11C]carfentanil. In the 
ictal phase there was dysfunctional μOR activation in the medial prefrontal cortex 
(mPFC), an area highly related to clinical pain processing. Furthermore, μ-opioid 
binding changes in mPFC showed moderate negative correlation with the combined 
extension and severity of the attacks. These results indicated for the first time that 
there is higher endogenous μ-opioid neurotransmission interacting with μOR in 
migraineurs (DaSilva et al. 2014).

When challenged for sustained thermal stimulus on the trigeminal ophthalmic 
region (STPTS) during the ictal and interictal phases, six of those migraineurs 
showed ictal allodynia that was concurrent and positively correlated with μOR acti-
vation in the midbrain, extending from red nucleus to vlPAG. These findings dem-
onstrate in vivo the high μOR activation in the migraineurs’ brains in response to 
their allodynic experience (Nascimento et al. 2014).

 Management of Migraine Symptoms with tDCS

Recently, one study with tDCS was shown to induce a significant decrease in pain 
in CM patients following 10 non-invasive sessions of anodal M1 and cathodal 
supraorbital cortex (SO) (DaSilva et  al. 2011a), here described as M1-tDCS 
(Fig. 18.5). Notwithstanding the several studies exploring and challenging the clini-
cal outcomes produced by tDCS (O’Connell et al. 2010, 2014), its beneficial effect 
in migraine has consistently been reproduced since that study (Antal et al. 2011; 
Auvichayapat et  al. 2012; Cosentino et  al. 2014; Vigano et  al. 2013; Wickmann 
et al. 2015). Based on a concept of cortical hyperexcitability in migraine, the pri-
mary visual cortex (V1) has also been used as a target for tDCS in prophylactic 
treatment of migraine. Repetitive application of cathodal stimulation of V1 
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significantly decreased the pain intensity of the migraine attacks (Antal et al. 2011). 
Auvichayapat and coworkers also showed that V1-tDCS significant reduced the 
attack frequency, pain intensity, and abortive medications (Auvichayapat et  al. 
2012).

 Putative Neural Mechanisms of tDCS Analgesic Effects

Growing evidence suggests that several distinct neural mechanisms may contribute 
to tDCS analgesic effects. M1 tDCS is thought to modulate sensory-discriminative 
processing of pain by suppressing lateral thalamic activity, and possibly also by inhi-
bition of the somatosensory cortex through direct cortico-cortical M1-S1 pathways 
(DosSantos et al. 2016). Further, direct inhibition of the somatosensory cortex via 
cathodal tDCS may contribute to the modulation of the somatosensory component of 
pain as well (Antal et al. 2008). The emotional/affective component of pain is thought 
to modulated mainly by tDCS targeting the dopaminergic and serotoninergic circuits 
of the frontal and prefrontal cortex and related subcortical areas that mediate 
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Fig. 18.4 PET during ictal and interictal phases of migraine. Images show decrease in μOR BPND 
during the ictal migraine phase in the Thal, PAG, ACC, NAc, and Ins. This result possibly repre-
sents an increase in endogenous μ-opioid release during the migraine attack due to the ongoing 
pain {DaSilva, 2014 #1205}. (Adapted from DaSilva et al. (2014); with permission)
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emotional processing. In addition, results from epidural motor cortex stimulation 
(Garcia-Larrea et al. 1999; Peyron et al. 1995) suggest that M1 stimulation may also 
contribute to modulation of the emotional/affective component of pain. Indeed, acti-
vation of the brain structures associated with emotional appraisal of pain by epidural 
M1 stimulation correlated with subjectively reported pain relief (Garcia-Larrea et al. 
1999; Peyron et al. 1995).

Another substantial mechanism contributing to modulation of both the somato-
sensory and emotional/affective component of pain includes the endogenous opioid 
system.

Interestingly, a recent work by DosSantos et al. (2012) has shown that a single 
session of anodal M1 tDCS results in reduction of mu opioid receptor binding of an 
exoge- nous receptor ligand in the pain processing network, suggesting that the 
analgesic effect of M1 tDCS may possibly be due to a direct increase of endogenous 
opioid release (DosSantos et al. 2012). The investigation with the μ-opioid specific 
radiotracer, [11C]carfentanil, showed that the immediate effect of M1 tDCS applica-
tion induced great μ-opioid system activation in the descending inhibitory system, 
including the PAG (DosSantos et al. 2014) (Fig. 18.6). The authors examined with 
PET nine healthy volunteers with no history of chronic pain or systemic disorders. 
The protocol consisted of two PET scans, using [11C]carfentanil, a selective μOR 
radiotracer. The first PET provided a baseline evaluation of regional μOR BPND. 
During the second PET, placebo and active (2  mA) M1-tDCS sessions were 
delivered sequentially for 20 min each using the M1 tDCS montage. When analyzed 
separately, placebo and active tDCS were both associated with an acute reduction in 
μOR BPND, indicating activation of this neurotransmitter system in the PAG. In addi-
tion, the initial sham tDCS phase induced immediate activation of μORs in the left 
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Fig. 18.5 Positive response of chronic migraine to M1-tDCS. Mean pain levels (as assessed by 
VAS) at baseline, T15 days, T30, F60, and F120 in the 2 groups of stimulation (active & sham 
tDCS). Error bars indicate standard error of the mean. (DaSilva et al. 2012; with permission)
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thalamus (Thal) and post-cingulate cortex (PCC), and subsequently during the 
active tDCS phase in the left pre-frontal cortex (PreF) and precuneus (PreC). 
However, only after active tDCS was there significant improvement of pain thresh-
olds measured by quantitative sensory testing, which were correlated with μOR 
system activation (DosSantos et al. 2014).

Moreover, there is now sufficient evidence that tDCS modulates not only the 
endogenous opioid system, but also other biochemical mechanisms related to pain 
modulation. In a study by Foerster and colleagues (2014), 12 patients with fibromy-
algia who underwent 5 daily M1 tDCS had a clinical pain assessment and 1H-MRS 
testing at baseline, the week of the post-sham tDCS trial, and the week of the post- 
active M1-tDCS trial. Although this was a cross-over trial, baseline anterior cingu-
late Glx levels correlated significantly with changes in pain score, both for the time 
period from baseline to sham tDCS and for the time period from baseline to active 
tDCS (Fig.  18.7). There was a decrease in pain between baseline-active tDCS  
time- points. In addition, Glx (glutamate and glutamine) decreased in the ACC and 
there was a trend towards decreased Glx in the thalamus for the sham-active tDCS 
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comparison. There was also a trend towards increased GABA in the anterior insula 
for the baseline-active tDCS comparison and significant linear regression coeffi-
cients between the ACC Glx levels and the clinical pain scale changes between the 
baseline- sham and the baseline-active tDCS.

 Practical Considerations for tDCS in Pain Populations

Many practical issues that pertain to tDCS use in pain populations are guided by 
general principles of best practices in tDCS use that are addressed in various chap-
ters of this book. However, a specific consideration should be given to montages 
that have been probed in pain populations. The most frequently used montage in 
tDCS pain studies is the excitability-enhancing (“anodal”) tDCS over the primary 
motor cortex contralateral to the location of pain. In case of bilateral pain with 
uneven intensity, the anode can be placed contralaterally to the area with higher 
pain intensity. However, in cases with bilateral/spread pain of even intensity it is at 
the discretion of the investigator as there are no specific guidelines in place. Other 
montages probed in pain populations include the excitability-diminishing (“cath-
odal”) tDCS over the somatosensory cortex (Antal et  al. 2008; Knotkova et  al. 
2009) or the stimulation over the dorsolateral prefrontal cortex (DLPFC, anode 
left, cathode right or over the supraorbital region) (e.g. Riberto et al. 2011; Valle 
et al. 2009).

Further, as it has been discussed in preceding chapters, tDCS effects can be 
altered by various pharmacological agents. It may be ethically problematic to aim 
for a complete pain medication wash-out prior tDCS application, especially in stud-
ies involving patients with moderate/severe pain. However, the issue can be mini-
mized for example by a partial wash-out or by switching patients to pre-selected 
classes of medication within the analgesic armamentarium.
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 Conclusions

The emerging application of tDCS for pain appears promising, however, it is still 
not clear how best to use tDCS in order to get the most robust analgesic results.

In the field of post-surgical acute pain, the evidence shows that targeting the 
motor cortex representation of the surgical/pain area with anodal tDCS might be a 
good strategy, but concomitant placement of the cathode over the right prefrontal 
cortex may also play some part in the observed analgesic effects. Stimulation with 
anode placed over the left prefrontal cortex may also be a promising approach, 
especially when there is no specific motor target associated with the surgical area 
(e.g., abdominal surgery). However, findings of prefrontal tDCS analgesic effects in 
the post-operative arena appear to be mixed.

Overall, it has been shown that stimulating areas of the human cortex involved in 
pain processing has the potential to significantly reduce post-operative opioid 
requirements without negatively impacting subjective pain ratings, and in some 
cases, it can significantly decrease pain ratings even though patients use less opi-
oids. Conducting brain stimulation in the post-operative settings appears feasible 
and the risks appear minimal. At the very least, several promising, preliminary 
 findings of novel brain stimulation technologies in the post-operative setting sug-
gest that future studies are warranted.

In chronic pain, tDCS has been explored (with mixed success) in a variety of 
difficult-to-treat syndromes, using a large array of tDCS stimulation protocols and 
parameters. As a result, comparison of the findings is difficult and no uniform “opti-
mal” stimulation protocol has been identified.

In summary, the field of non-invasive brain stimulation for pain is expanding 
rapidly. tDCS appears to have the potential to serve as an adjunct to pain manage-
ment strategies, but better insight into neural mechanisms mediating the tDCS anal-
gesic effects is needed to navigate the development of future larger-scale, 
well-controlled clinical trials. Further, more high-quality data is needed to evaluate 
the specificity of tDCS cortical targeting strategies to determine whether there is an 
optimal electrode placement array for the management of pain.
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Chapter 19
Transcranial Direct Current Stimulation 
in Aging Research

Adam J. Woods, Daria Antonenko, Agnes Flöel, Benjamin M. Hampstead, 
David Clark, and Helena Knotkova

 Introduction

The world population is aging. For example, the United States population of older 
adults is expected to double by the year 2050 (Bureau 2009; Brault 2012). With 
advanced age comes decline in both physical and cognitive function, as well as 
higher prevalence of chronic pain, co-morbid conditions, and depression (Anton 
et  al. 2015; Woods et  al. 2011, 2013). There is a significant need for new and 
improved intervention approaches for addressing the effects of aging on the body 
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and the brain. Transcranial direct current stimulation (tDCS) has shown promise for 
treating symptoms associated with many of these age-related issues through non-
invasive direct intervention on brain function (Ahn et al. 2017; Jones et al. 2015; 
Kuo and Nitsche 2012; Woods et al. 2016). This chapter will summarize the current 
state of tDCS in aging research and explore its potential application in aging popu-
lations. In addition, this chapter will discuss several special considerations for tDCS 
study design in aging populations.

The chapter will start by reviewing effects of tDCS on motor excitability in 
older adults. Mechanistically, much of what is known about the effects of tDCS is 
based on prior research in motor neurophysiology. This section will serve to review 
the basis for our knowledge of tDCS effects. We will then describe the use of tDCS 
in the context of EEG and fMRI in older adults, highlighting technical consider-
ations for study design. The aforementioned section will provide the reader with 
knowledge of age-related effects of tDCS and practical considerations important 
for integration of tDCS with state-of-the-art neural measures. The chapter will 
then consider the effects of tDCS on functional outcomes in older adults and 
describe special considerations regarding population heterogeneity and individual 
differences. This material is intended to arm the reader with knowledge important 
for considering functional outcome measure selection in studies of older adults. 
The chapter will then describe the current state of research on the impact of tDCS 
on cognitive function, before discussing effects on motor and sensory function. 
These sections will serve to provide insight into potential areas of influence of 
tDCS that deserve future study as interventions targeting conditions common in 
older adults. Finally, the chapter will discuss practical considerations for tDCS 
research in older adults, including the consent process, polypharmacy and com-
mon medications in older adults that impact tDCS effects, and how age-related 
brain changes may impact current flow. Collectively, this chapter will provide 
critical information for the understanding the potential impact of tDCS in aging 
populations, carefully design investigations in this domain, and critically assess 
tDCS research in aging.

 Motor Cortical Excitability in Aging

The use of tDCS in older adults requires special consideration of age-related 
changes in the brain that may affect optimal stimulation parameters and treatment 
outcomes. Aging often results in substantial alterations to cerebral structure and 
function, including smaller brain volume (Resnick et  al. 2000), reduced cortical 
thickness (Salat et al. 2004), altered cortical excitability (McGinley et al. 2010), and 
functional lateralization of cortical activity (Coppi et al. 2014). Structural changes 
in the aging brain (i.e., reduced brain volume and cortical thickness) increase the 
distance between the cortex and the scalp, and also influences the volume and dis-
tribution of cerebrospinal fluid in the meninges of the skull. These factors can have 
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a profound influence on the conduction of electrical current, which in turn may alter 
the relative impact of tDCS on the underlying neuronal tissue (Bikson et al. 2012). 
As with other populations, the effects of tDCS in older adults depend on the extent 
to which cortical excitability is modifiable. Evidence suggests that the motor cortex 
of older adults is inhibited relative to that of younger adults, possibly due to 
GABAergic inhibition (Heise et  al. 2014; McGinley et  al. 2010). As a possible 
result of this inhibited state, there is evidence that elderly adults require longer 
stimulation times to exhibit similar levels of motor cortical excitation as younger 
adults (Fujiyama et al. 2014). Nevertheless, a number of studies have found that 
tDCS increases cortical excitability in older adults, as indicated by larger motor 
evoked potentials with transcranial magnetic stimulation (Goodwill et  al. 2013, 
2015). The baseline state of cortical excitation prior to conducting tDCS experi-
ments can also influence tDCS outcomes. Fujiyama and colleagues demonstrated 
this using an inhibitory pre-conditioning protocol in which stimulation with a cath-
ode placed over the primary motor cortex was delivered for a short period of time to 
elicit a baseline state of inhibition. Elderly participants who received this pre-con-
ditioning prior to a force training protocol with anodal tDCS showed greater 
improvements in skilled movement accuracy (Fujiyama et al. 2017). Differences in 
functional performance levels might also alter the responsiveness to tDCS. Learmonth 
and colleagues compared the effect of tDCS on elderly adults who performed better 
or worse on a baseline visuomotor task. Only the group who performed worse at 
baseline exhibited further detriments in performance when tDCS was delivered to 
the posterior parietal cortex (Learmonth et al. 2015). Even within samples of older 
adults with relatively homogeneous motor function, there is likely to be consider-
able inter-individual variability of brain structural and functional characteristics. 
Furthermore, genetic factors may be of importance, as some research suggests a 
beneficial influence of the BDNF Vall66Met polymorphism on corticospinal excit-
ability, though this finding is not universal (Fujiyama et al. 2014; Puri et al. 2015; 
Puri and Hinder 2016; Shpektor 2015). Cumulatively, the evidence suggests that a 
‘one size fits all’ approach for defining optimal tDCS parameters may not be pru-
dent in older adults. Future research in this population will require careful attention 
to changes in the aging brain that may affect optimal parameters of tDCS dosage 
(Summers et al. 2015).

 tDCS, Brain Waves and Functional Connectivity  
(EEG, FMRI) in Aging

Neuroscience research has shown that brain activity and connectivity patterns 
change with advancing age (Antonenko and Flöel 2013; Grady 2012; Sala-Llonch 
et al. 2015). Those changes are most often interpreted as  disrupted neuronal effi-
ciency and/or emergence of compensatory mechanisms (Goh 2011; Sala-Llonch 
et al. 2015). Particular because of their dynamic structure even on short time scales, 
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those activity and connectivity measures have become a target of tDCS protocols in 
order to unveil the underlying neuronal mechanisms and define appropriate targets 
for intervention. The information about activity and connectivity alterations can 
then be useful for determining targets in training and pharmacological interven-
tions. Few recent studies have investigated the effect of tDCS on task- related activ-
ity and task-independent functional connectivity patterns in healthy aged adults 
using electroencephalography (EEG) and functional magnetic resonance imaging 
(fMRI).

 EEG Studies with tDCS in Aging

Only one study included EEG assessments in a group of older adults to study the 
effects of anodal tDCS over the motor cortex on upper limb function (Marquez et al. 
2015). The authors found improved functional performance irrespective of stimula-
tion site, but no tDCS effects on event-related components as assessed by EEG after 
stimulation. In particular, the analysis of the contingent negative variation compo-
nent, indicating the level of readiness to respond to a predicted target, did not show 
differences between anodal and sham tDCS conditions. Here, the authors noted that 
timing of the EEG measurements may have been an issue as it was assessed 40 min 
after stimulation offset. In order to provide methodological considerations, more 
research is needed combining EEG and tDCS in aging.

 fMRI Studies with tDCS in Aging

Few recent studies included fMRI assessments in older adults to study the effects of 
tDCS on task-related activity (Holland et al. 2011; Lindenberg et al. 2013; Martin 
et al. 2017; Meinzer et al. 2013, 2014) and resting state connectivity during stimula-
tion (Antonenko et  al. 2017; Lindenberg et  al. 2013; Meinzer et  al. 2013). Left 
prefrontal anodal tDCS led to faster picture naming performance and significantly 
reduced task-related blood oxygenation level-dependent (BOLD) signal compared 
to the sham tDCS condition (Holland et al. 2011). BOLD signal was significantly 
associated with reaction times in the task. This observed correlation of behavioral 
and neuronal effects further supported the efficiency-enhancing effect of 
tDCS. Similarly, Meinzer et al. (2013) compared the effects of anodal tDCS over 
the left prefrontal cortex during semantic word generation with performance of 
young controls, showing enhanced (compensatory) bilateral prefrontal activity in 
older adults that was associated with reduced performance under sham tDCS 
(Meinzer et al. 2013). Anodal tDCS improved performance up to a level of young 
controls and also led to reduced task-related activity in bilateral prefrontal areas, the 
anterior cingulate gyrus, and the precuneus in older adults. In addition, resting-state 
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fMRI revealed widespread connectivity changes in older adults, characterized by 
increased frontotemporal and decreased posterior connectivity, using a hypothesis- 
free graph-based analysis approach (Lohmann et al. 2010). Anodal tDCS produced 
both increases and decreases of connectivity during stimulation, changing the over-
all pattern toward that of young controls (Meinzer et al. 2013). Lindenberg et al. 
supported this tDCS-induced reorganization of brain networks in older adults, 
observing a modulation of inter-hemispheric interactions. The authors observed 
several decreases in connectivity contralateral to the anode, such as of right hippo-
campus and motor cortex, and increases in connectivity ipsilateral to the anode, 
such as of prefrontal areas and motor cortex. Both anodal and dual tDCS counter-
acted age-related connectivity changes in this study, more precisely, they yielded 
connectivity decreases in right motor cortices compared to sham, indicating a func-
tional decoupling of those areas (Lindenberg et al. 2013).

The pattern that emerges from the studies so far suggests that anodal tDCS in 
older adults may reduce task-related brain activity (in most cases, “hyperactivity” 
as compared to young adults), and alter resting-state connectivity towards patterns 
found in younger subjects; both processes paralleled by an increase in perfor-
mance (Meinzer et al. 2013). Certainly, more research is needed to elucidate the 
neuronal mechanisms underlying tDCS in older adults, particularly because 
effects may be different to those in young adults (Martin et al. 2017; Prehn and 
Flöel 2015).

In sum, studies combining behavioral outcomes with investigations of brain neu-
rophysiology and metabolism can unveil the neuronal mechanisms underlying 
tDCS effects in aging. The few studies to date suggest that tDCS-induced modula-
tions in the aged brain are complex with both increases and decreases in regional 
BOLD signal and its inter-regional correlations, pointing towards a complex effect 
on brain networks. So despite the general assumption that tDCS-induced behavioral 
effects are reflective of the targets’ function, evidence suggests that tDCS produces 
widespread alterations on a network level (Antonenko et al. 2017; Summers et al. 
2015; Zheng et al. 2011).

 Technical Considerations

From what we know so far, when studying brain activity and connectivity changes 
related to tDCS in older adults, it may be favorable to:

• Compare brain activity and connectivity patterns to those of young controls, in 
order to obtain “normal” levels and interpret the direction (i.e., increase versus 
decrease) of the tDCS effects;

• Assess changes in multiple brain regions or at the level of neuronal networks 
(Luft et al. 2014; Summers et al. 2015): As aging is accompanied by a range of 
activity and connectivity alterations in both directions (i.e., increases and 
decreases compared to young) (Grady 2012; Gutchess 2014), effects of tDCS 
may emerge in brain areas known to be recruited due to compensatory processes 
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or age-related disinhibition, for instance (Lindenberg et al. 2013), and in brain 
areas not directly targeted by stimulation (Meinzer et al. 2014).

 Effects of TDCS on Functional Outcomes in Healthy Aging

A considerable amount of studies has shown that tDCS has the ability to counter-
act age-associated decline in various functional domains (Hsu et al. 2015; Perceval 
et al. 2016; Prehn and Flöel 2015; Summers et al. 2015).

 Differential Effects of tDCS in Age Groups

Stimulation with tDCS of particular target regions may have distinct effects in 
young versus older adults due to alterations in neuronal mechanisms that mediate 
cognitive function in the course of aging (Gutchess 2014). It is possible that tDCS 
over identical regions leads to different functional effects and also that tDCS over 
different regions leads to identical effects, for instance, when applied in a group of 
young compared to one of older adults (Perceval et al. 2016).

First evidence for such differential effects in young and older adults have been 
demonstrated in the language (Fertonani et al. 2014; Ross et al. 2011) as well as 
in the memory domain (Manenti et al. 2013). Ross et al. observed that during a 
face naming task anodal tDCS over the dominant (right) hemisphere improved 
proper name recall in young, tDCS over the left hemisphere produced more pro-
nounced performance-ameliorating effects in older adults (Ross et al. 2011). In 
this study, tDCS over both left and right anterior temporal lobes led to improve-
ments of proper name recall in both age groups, but with different extents depend-
ing on the stimulated hemisphere. In addition, right tDCS improved place name 
recall only in older adults, which suggests that effects of anodal tDCS on func-
tional outcomes may be broader in the healthy aged group. A study by Fertonani 
et  al. revealed that while both online and offline tDCS effects were present in 
young adults, older adults benefitted only from (online) tDCS during naming per-
formance (Fertonani et al. 2014). Manenti et al. argued that tDCS over stimulation 
targets effective in young adults were not present in an older sample. Here, tDCS 
effects on retrieval performance were observed irrespective of site (prefrontal ver-
sus parietal) or hemisphere in young, but only during left hemisphere tDCS in the 
healthy aged group (Manenti et al. 2013). These studies have directly compared 
functional outcomes between age groups, suggesting the presence of an interac-
tion between age group and stimulation site. Thus, the extent of tDCS-induced 
performance-ameliorating effects may be dependent on the interplay on various 
factors such as age, stimulation site, but also functional domain under study as 
well as inter-individual factors. All these variables may contribute to and deter-
mine the effectiveness of tDCS.
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 Inter-individual Differences in Responsiveness to tDCS

Some recent studies have focused on the investigation of inter-individual differ-
ences in the responsiveness to tDCS that may account for differential effects on 
functional outcomes (Krause and Cohen Kadosh 2014). For instance, a recent study 
showed that tDCS in older adults produced electrical fields that were about 30% 
weaker compared to young adults (Laakso et al. 2015), emphasizing that age may 
also interfere with technical parameters. Furthermore, recent research has demon-
strated altered levels of neuronal excitability, changes in balance between neu-
rotransmitters as well as in baseline neuronal activations in aging (Bishop et  al. 
2010; Grady 2012). These alterations lead to inter-individually different degrees of 
age-associated neuronal network reorganization which may mediate the response to 
tDCS protocols (Krause and Cohen Kadosh 2014; Summers et  al. 2015). 
Consequently, qualitatively different functional outcomes are expected when tDCS 
is applied to “intact” young versus “deviant” (as compared to the pattern of the 
young) neuronal networks (Hsu et al. 2015).

Learmonth et  al. did not find tDCS effects of parietal stimulation on spatial 
attention performance in either young or older adults. However, when the authors 
considered baseline task performance in their analysis, they found that while tDCS 
had no effect in good performance, it had even a negative effect when performance 
was already poor (Learmonth et al. 2015). This study suggests the possibility of 
state- dependent effects of tDCS and underlines the importance to more precisely 
look into initial performance levels. Similarly, Berryhill and Jones did not observe 
any tDCS effect of frontal stimulation on neither visual nor verbal working mem-
ory (Berryhill and Jones 2012). However, when the authors considered education 
levels, they found tDCS-induced improvements in higher educated subjects. In 
lower educated subjects no beneficial or even detrimental effects emerged in the 
tDCS condition.

The inter-individual variability in the responsiveness to tDCS dependent on 
baseline performance that is seen across all age ranges may be particularly relevant 
in the course of aging because behavioral tasks may be more challenging here in 
general (Berryhill and Jones 2012; Summers et al. 2015). Lower task performance 
levels in older compared to young adults may imply larger gains by stimulation, so 
tDCS may be even more effective in older populations (cf. Hsu et  al. 2015). 
Speculatively, differences to tDCS responsiveness may result from inter-individual 
variability, such as in baseline performance levels, instead of from age per se. If 
this is the case, high performing older and low performing young adults should 
respond similarly to tDCS interventions – an issue that has to be scrutinized in 
future studies.

In sum, distinct tDCS effects may not only emerge due to age, but also due to 
individual performance levels or baseline activation states. Noteworthy, all studies 
to date that investigated tDCS in aging included groups of older adults (most often 
above 65 years), with some but not all comparing tDCS-induced effects to a group 
of young adults. What effects emerge between these extremes of the age spectrum 
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is not known yet. However, in order to infer whether or not tDCS exerts more or less 
beneficial effects in aging on functional outcomes, and unveil the factors underlying 
these possible differences, an integrative approach is needed that includes high- as 
well as lower-performing adults of various ages across the lifespan.

 Technical Considerations

From what we know so far, when it comes to functional outcome selection for tDCS 
interventional studies with older adults, it may be favorable to:

• Carefully consider how demanding the task of interest is for the age group under 
study (Summers et al. 2015);

• Elaborate whether age-associated task performance decrease is expected and 
consider the underlying mechanisms (slowing of processing speed versus cogni-
tive decline; compensatory versus detrimental recruitment of additional brain 
areas etc.).

• Consider baseline performance levels as additional covariate or grouping vari-
able (Learmonth et al. 2015).

 Cognitive Functions

Methodology is critical to consider when reviewing tDCS literature since factors 
such as electrode size, montage, intensity, and stimulation duration could affect the 
outcome. Likewise, cognition is a heterogeneous construct that must be dissected 
when considering the efficacy of tDCS. Therefore, the following sections are orga-
nized by cognitive domain and tables summarizing key methodological variables 
are provided at the start of each section.

 Attention and Working Memory

Nilsson et al. (2015) performed a single-blind, crossover, sham controlled experi-
ment in which they evaluated the effect of tDCS on spatial working memory (Nilsson 
et al. 2015) (Table 19.1). Participants each completed three sessions, two active (one 
at 1 mA, the other at 2 mA) and one sham, the order of which was randomized and 
counterbalanced. The anode was placed over the left dorsolateral prefrontal cortex 
during each session. Despite this electrode montage, the authors used a 3-back task 
with visuospatial stimuli that would be theoretically dependent on the right cerebral 
hemisphere (assuming typical language lateralization in the left hemisphere). Task 
duration was 5 min and performance was evaluated before tDCS, during tDCS (at 
0–5, 10–15, 20–25 min), and after tDCS (at 5–10 and 30–35 min). There were no 
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significant effects of stimulation at any time point. However, the interpretation of 
these results is difficult given the mismatch between the montage, which targeted the 
left prefrontal cortex, and the cognitive task, which was potentially more reliant on 
the right prefrontal cortex.

A study by Learmonth et  al. (2015) used a lateralized visual detection task, 
which is a measure of visual attention, to evaluate the effects of tDCS over the pos-
terior parietal cortex (PPC) (Learmonth et al. 2015). The team found small effects 
such that those with “good” baseline performances showed relative improvement 
with right anodal tDCS while those with “poor” baseline performances showed 
decline following left anodal tDCS. These subtle effects were evident regardless of 
age and suggest that the inter-individual variability following a single tDCS session 
response arises from the innate integrity of the targeted brain region(s).

Another cross-over study evaluated the effects of anodal stimulation over the left 
and right prefrontal cortex, relative to sham, as participants performed verbal and 
visuospatial n-back tasks (Berryhill and Jones 2012) (Table 19.2). Participants prac-
ticed the task during stimulation but outcome was evaluated after the electrodes had 
been removed. There was no overall effect of stimulation. However, significant differ-
ences emerged when the group was split based on median education (16.9 vs. 
13.5 years) where the high education group responded to tDCS but the low education 
group did not. This beneficial effect was evident regardless of montage or task. In con-
trast, the low education group showed reduced visuospatial working memory perfor-
mance when the anode was over the right prefrontal cortex; a finding that is rather 
counterintuitive. Like the Learmonth et al. (2015) study, these findings raise the possi-
bility that cognitive and neural reserve may affect stimulation results;  however, replica-
tion is clearly warranted given the post-hoc nature of the education analyses (Learmonth 
et al. 2015).

Using a parallel groups design, anodal tDCS over the left prefrontal cortex 
enhanced accuracy on a verbal working memory task relative to sham tDCS in older 
adults (Jeon and Han 2012). Importantly, there were no differences between the 

Table 19.1 Attention and working memory: online effects

Age n
Anode 
location (size)

Cathode location 
(size) Intensity

Duration 
(min)

Nilsson et al. 
(2015)

69 30 F3 (35 cm2) Contralateral 
supraorbit (100 cm2)

1 mA, 2 mA, 
sham

25

Learmonth 
et al. (2015)

66.6 20 P3 or P4 
(35 cm2)

Contralateral 
supraorbit (35 cm2)

1 mA 15

Table 19.2 Attention and working memory: offline effects

Age n
Anode location 
(size)

Cathode location 
(size) Intensity

Duration 
(min)

Berryhill and 
Jones (2012)

63.7 25 F3 or F4 
(35 cm2)

Contralateral cheek 
(35 cm2)

1.5 mA 10

Seo et al. (2011) 70.0 24 F3 (25 cm2) Left arm (25 cm2) 2.0 mA 30
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groups on a visuospatial working memory task that would be theoretically depen-
dent on the right prefrontal cortex. Thus, the findings highlight the potential weak-
ness of Nilsson and colleagues’ design and reinforce the need to select tasks that are 
mediated by the targeted brain region(s) (Nilsson et al. 2015).

 Dual Task Motor Control

Falls are a common problem in older age and may be associated with reduced cog-
nitive control (Table 19.3). Thus, stimulation could enhance cognitive and motor 
control thereby mitigating fall risk. Two studies have evaluated the effects of tDCS 
on dual task performance. Manor and colleagues (2016) used a cross-over design to 
evaluate active versus sham tDCS over the left prefrontal cortex on single and dual 
task performance (Manor et  al. 2016). In the single task condition, participants 
walked, stood, or verbally performed serial subtractions (while seated). The dual 
task condition required them to perform serial subtractions while either walking or 
standing. There were no effects of stimulation on single task performance, conso-
nant with the easy nature of the tasks. However, active tDCS reduced dual task costs 
relative to sham. Likewise, Zhou et al. (2015) reported that active tDCS enhanced 
the capacity of the postural control system to adapt to stressors and reduced the cost 
of dual-task performance (Zhou et al. 2015). The effects of stimulation appear to be 
greatest in those with the poorest baseline postural control.

Cognitive training is a general class of interventions that are designed to enhance 
targeted cognitive abilities via rehearsal based exercises (Table  19.4). Working 
memory is a relatively fundamental cognitive ability on which other cognitive 
domains rely, yet it is known to decline during “normal” aging (Nissim et al. 2017). 
Thus, a growing body of research has investigated the ability of cognitive training 
to mitigate age-related decline. Park et al. (2014) extended this  question by evalu-
ating the synergistic effects of concurrent tDCS and cognitive training (Nilsson 

Table 19.3 Dual task motor control: offline effects

Age n
Anode location 
(size)

Cathode location 
(size) Intensity

Duration 
(min)

Manor et al. 
(2016)

61 37 F3 (35 cm2) Right supraorbit 
(35 cm2)

2.0 mA 20

Zhou et al. 
(2015)

63 20 F3 (35 cm2) Fp2 (35 cm2) Average of 
1.4 mA

20

Table 19.4 Cognitive training: online effects

Age (SD) n Anode location (size)
Cathode location 
(size) Intensity

Duration 
(min)

Park et al. 
(2014)

69.7 40 F3 and F4 
(concurrently) (25 cm2)

“Non-dominant” 
arm (25 cm2)

2 mA 30

A. J. Woods et al.
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et al. 2017; Park et al. 2014). A total of 40 healthy older adults were randomized to 
active or sham tDCS over the PFC  bilaterally (note that two tDCS units were used 
to accomplish the bilateral stimulation). All participants completed 10 cognitive 
training sessions (5 days per week for 2 weeks). Neuropsychological evaluations 
were performed at baseline and repeated on day 10 as well as 7 and 28 days after 
the final session. Active stimulation resulted in persistent improvements at all time 
points on a 2 back verbal working memory paradigm. Some evidence of near trans-
fer was evident as this group also showed transient improvement on the digits 
forward task, though there was no evidence of far-transfer on the other 9 outcome 
measures. Thus, stimulation appeared to enhance performance on the trained task 
as there were no significant changes in the sham group.

Jones et al. (2015) also examined the combination of cognitive training and tDCS 
but focused these effects on visuospatial working memory (Jones et  al. 2015) 
(Table 19.5). Participants were randomized to receive active tDCS over the right 
prefrontal, posterior parietal, or both locations (site alternated daily) or to a sham 
condition. All participants completed 10  days of training (5  days per week for 
2 weeks). During each session, participants practiced each of 4 visuospatial para-
digms while receiving stimulation (or sham) and then completed the tasks during 
the aftereffect period. Composite indices were calculated for the trained tasks as 
well as theoretically related transfer tasks, all of which were evaluated at baseline, 
on day 10, and at a 1-month follow-up. There were no effects of stimulation on day 
10; however, significant effects were evident for both trained and transfer-indices at 
the 1-month time point regardless of stimulation site. Thus, active tDCS appeared to 
facilitate long-term gains that are interesting to consider in light of the effects on 
memory that are described below. A Phase III clinical trial of tDCS combined with 
cognitive training is currently underway (Woods et al. 2018).

 Language

Ross et al. (2011) administered anodal tDCS over either lateral temporal lobe of 
healthy older adults during 2 separate sessions (Ross et  al. 2011) (Table  19.6). 
Participants were asked to name famous faces and landmarks starting 2 min after 
stimulation started. There was no effect of stimulation when all trials were included. 
However, there was a significant effect of stimulation on trials that the authors ret-
rospectively labeled as “difficult” (i.e., reaction time of >5 s). Specifically, there was 
a double dissociation where left stimulation enhanced face but not landmark recall 
whereas right stimulation enhanced landmark but not face recall. The findings rein-
force the need for task-specific targeting and raises the intriguing question of 

Table 19.5 Combined online and offline effects

Age (SD) n
Anode location 
(size)

Cathode location 
(size) Intensity

Duration 
(min)

Jones et al. 
(2015)

64.4 72 F4, P4, or both 
(35 cm2)

Contralateral cheek 
(35 cm2)

1.5 mA 10
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whether task difficulty is a critical mediating factor. Fertonani et al. (2014) reported 
that tDCS enhanced naming ability in young participants regardless of whether per-
formance was measured online and offline. In contrast, this effect was only evident 
during online stimulation in older adults (Fertonani et al. 2014). Thus, the montage 
and timing of stimulation appear critical to consider in older adults.

 Learning and Memory

Memory is widely known to decline with “normal” aging, at least partially due to 
decline in key medial temporal lobe regions (Small et al. 2011). However, such dif-
ficulty can arise with failure during any (or all) of the involved phases including 
encoding, consolidation, and retrieval. The neocortex plays an important role in the 
initial processing and subsequent reprocessing (or re- experiencing) of sensory 
information related to memories. Moreover, the lateral frontoparietal cognitive con-
trol network appears especially important in intentional memory formation 
(Hampstead et al. 2016; Spaniol et al. 2009). Thus, there may be important differ-
ences in the effects of tDCS based on memory phase as well as the targeted brain 
region. Therefore, we have separated the existing research in this area based on 
when tDCS was performed and have included the targeted regions in the tables 
contained within each section.

Remembering the location of objects is critical in everyday life and becomes 
more difficult with age. Flöel and colleagues (2012) used an object-location 
paradigm in which older participants were instructed to remember the location of 
buildings on a street-map (Flöel et al. 2012) (Table 19.7). Each participant com-
pleted 2 sessions that were separated by 1  week, using alternate test versions. 
Stimulation order was randomized so that half the participants received active tDCS 
and then sham tDCS, with the other half receiving the opposite order. Participants 
received 5 learning blocks of the object-location stimuli, which took approximately 
45 min. Stimulation was delivered concurrently during the first 20 min of the task. 
Participants then completed a memory task immediately after the learning trial 
ended (roughly 25 min post-stimulation), at which point there were no significant 
differences between the groups. However, memory was reassessed 1  week after 

Table 19.6 Language: online effects during confrontation naming

Age (SD) n Anode location (size)
Cathode location 
(size) Intensity

Duration  
(min)

Ross et al. 
(2011)

65 14 T3 or T4 (35 cm2) Contralateral 
cheek (35 cm2)

1.5 mA 15

Fertonani 
et al. (2014)

66.5 20 Left prefrontal: 8 cm 
frontally and 6 cm 
laterally to CZ 
(35 cm2)

Right shoulder 
(35 cm2)

2 mA 6–10 
(depending 
on condition)

A. J. Woods et al.
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each session and stimuli learned during active stimulation were remembered signifi-
cantly better than those learned during sham.

Sandrini et al. (2016) reported similar effects on long-term performance. This 
group performed a randomized, double blind, placebo controlled experiment using 
a word list task (Sandrini et al. 2016). On day 1, a 20 word list was repeated until 
participants either achieved 85% or better performance or until they received a max-
imum of 5 trials. Participants received active or sham tDCS concurrent with these 
learning trials. Memory was evaluated after 48 h and again 1 month later. Active 
tDCS significantly enhanced performance at 48 h and showed a trend (p = 0.09) at 
1 month relative to sham. Together, these studies suggest that tDCS applied during 
encoding enhances the consolidation of new information and makes memories more 
resilient to time-related decay.

In an earlier study, Sandrini et al. (2014) evaluated the effects of tDCS when 
applied during the consolidation phase (i.e., after encoding but before the memory 
test/retrieval) (Sandrini et al. 2014) (Table 19.8). Here, older adults were random-
ized to one of three groups: anodal tDCS plus a perceptual cue, anodal tDCS with-
out a perceptual cue, and sham tDCS with a perceptual cue. The study was conducted 
across 4 sessions, the first 3 were performed on consecutive days and the final was 
a 1-month follow-up. On day 1, participants performed a word list learning task 
(using the same 85% correct or 5 trial maximum as in the previously described 
study). During this session, written words were pulled from a white bag, recited by 
participant, and placed in a blue bag – this served as the perceptual cue. Stimulation 
was performed on day 2, when those in the perceptual cue groups were shown the 
blue bag but prevented from reciting the words. The no cue group had a new exam-
iner in a different environment and had tDCS applied without presenting the bags. 
Importantly, there were no between group differences in the reported side effects 
and the groups could not distinguish whether they received active or sham 
tDCS. Participants completed a memory test on day 3 and again at the 1-month 
follow-up. The active stimulation groups performed significantly better (i.e., 

Table 19.7 Learning and memory: online effects during encoding

Mean 
Age n

Anode location 
(size) Cathode location (size) Intensity

Duration 
(min)

Floel et al. 
(2012)

62.1 20 ~T6 (35 cm2) Contralateral supraorbit 
(100 cm2)

1 mA 20

Sandrini et al. 
(2016)

68.9 28 F3 (35 cm2) FP2 (35 cm2) 1.5 mA 15

Table 19.8 Learning and memory: offline effects during consolidation

Age (SD) n
Anode location 
(size)

Cathode location 
(size) Intensity

Duration 
(min)

Sandrini et al. 
(2014)

67.17 36 F3 (35 cm2) FP2 (35 cm2) 1.5 mA 15
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enhanced consolidation) than the sham group on both Day 3 and at 1-month, though 
there was no effect of perceptual cue.

Thus, there is evidence that applying tDCS during either encoding or consolida-
tion enhances long-term retention of the information. The final question is whether 
such beneficial effects are evident if stimulation is applied during the retrieval 
phase.

Manenti et al. (2013) compared the effects of tDCS over the parietal or prefrontal 
cortex in healthy young and older adults during memory retrieval (Manenti et al. 
2013) (Table 19.9). Participants were randomized to either targeted brain region 
(i.e., prefrontal or parietal) and underwent two sessions in which the anode was 
placed over the left or right hemisphere. Half of the participants in each group 
received sham stimulation over one hemisphere or the other. Participants completed 
a word list task in which they encoded 48 abstract and 48 concrete words. The 
memory test used a recognition format in which participants were required to iden-
tify the target stimuli from an equal number of distractors. There was a 5 min delay 
between the encoding and “retrieval” phases (Note: although the authors claim the 
task to evaluate retrieval, its design is a standard recognition format that could have 
been solved using either familiarity or recollection). Stimulation began 2 min before 
the start of the memory test and lasted its entire duration; thereby bridging the con-
solidation and “retrieval” phases. Young adults were faster during active than sham 
stimulation regardless of stimulated hemisphere. In contrast, active tDCS over the 
left hemisphere enhanced performance, as measured by reaction time, in older 
adults relative to sham or stimulation over the right hemisphere. These effects were 
evident regardless of the prefrontal or parietal location. A subsequent re-analysis of 
these data suggested that older adults with “low” memory abilities drove these 
effects whereas those with “high” memory abilities showed the same bilateral facili-
tation as did the younger adults (Brambilla et al. 2015).

Overall then, the evidence suggests that active tDCS can enhance performance 
across all three phases of memory: encoding, consolidation, and retrieval. However, 
the strongest evidence appears to be for the consolidation phase given the long-term 
(hours to days) benefit on memory test performance. Methodological differences 
between studies (montage, intensity, duration) make it difficult to determine the 
optimal parameters.

Table 19.9 Learning and memory: online effects during retrieval

Age 
(SD) n Anode location (size)

Cathode location 
(size) Intensity

Duration 
(min)

Manenti 
et al. 
(2013)

67.9 64 total
(32 
healthy 
young)

Parietal: 5 cm lateral 
and 8 cm posterior to 
vertex
Prefrontal: 8 cm 
frontally and 6 cm 
lateral to vertex 
(35 cm2)

Contralateral 
supraorbit 
(35 cm2)

1.5 mA 15

A. J. Woods et al.
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 Executive Functioning

Across a series of studies in older adults Harty et al. (2014) systematically examined 
the role of the right dorsolateral prefrontal cortex (DLPFC) on error monitoring 
(Harty et al. 2014) (Table 19.10). Participants in each of four studies completed one 
active and one sham session in which tDCS was performed concurrent with a go/
no-go task that required participants to respond to repeated stimuli as well as when 
there was discordance between the meaning of a word and the color ink (i.e., a clas-
sic Stroop task). Participants were also instructed to indicate when they made an 
error in either of the conditions. Overall, only anodal stimulation over the right 
DLPFC enhanced error detection during repeated trials. Critically, these findings 
were replicated (experiments 1 and 4) and were not evident with stimulation of the 
left DLPFC (experiment 2) or when the cathode was placed over the right DLPFC 
(experiment 3). This series of studies adds to our overall understanding about the 
functions mediated by the right DLPFC and revealed polarity and site dependent 
effects of tDCS.

Boggio et al. (2010) evaluated the effects of tDCS on decision making in older 
adults (Table 19.11). In this double-blind study, participants were randomized to 
one of three groups: anodal left-cathodal right, cathodal left-anodal right, or sham 
(Boggio et  al. 2010). Participants performed a gambling task that began 5 min 
after stimulation began and ran concurrent with task duration. The left anodal 
stimulation group demonstrated a significant increase in high-risk decisions rela-
tive to the other groups. There was a small increase in risky decisions in the right 
anodal group relative to sham and, interestingly, this group had the worst overall 
performance on the task. These findings contradicted the group’s earlier findings 
in healthy young participants and raise the possibility that tDCS effects change as 
a function of age.

Table 19.10 Executive functioning: online effects on error monitoring

Age 
(SD) n

Anode location 
(size)

Cathode location 
(size) Intensity Duration

Harty et al. 
(2014)

(all 35 cm2) (all 35 cm2) All 
1 mA

Not 
provided

Experiment 1 72.1 24 F4 Cz
Experiment 2 69.4 24 F3 Cz
Experiment 3 69.7 24 Cz F4
Experiment 4 72.1 24 F4 Cz

Table 19.11 Executive functioning: online effects on decision making

Age n
Anode location 
(size)

Cathode 
location (size) Intensity

Duration 
(min)

Boggio et al. 
(2010)

50–85 (group 
means 67–69)

28 F3 or F4 
(35 cm2)

F3 or F4 
(35 cm2)

2 mA 15
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 Motor and Sensory Functions

tDCS has the potential to enhance activity in cortical sensorimotor networks and 
induce neuroplastic recovery of physical function in impaired populations. Presently, 
most studies conducted in older adults have used cross sectional study designs in 
which upper extremity motor performance is measured before and after (or during) 
a single session of tDCS delivered with the anode over the primary motor cortex. 
We first summarize the findings from those studies. Hummel et al. (2010) showed 
that 20 min of active tDCS is superior to sham tDCS for improving skilled hand 
functions as measured by the Jebsen-Taylor Hand function Test (Hummel et  al. 
2010). Goodwill and colleagues compared unilateral, bilateral and sham tDCS com-
bined with visuomotor tracking, and assessed motor performance of the non- 
dominant upper limb, immediately post and 30  min following stimulation. Both 
unilateral and bilateral tDCS decreased tracking error at both time points to a greater 
degree than sham stimulation (Goodwill et  al. 2013). A later study by the same 
group also demonstrated that tDCS contributes to cross-transfer of unilateral train-
ing effects to the contralateral arm (Goodwill et al. 2015). Similarly, Hoff and col-
leagues found that a visuomotor training task plus tDCS with the anode over the 
right primary motor cortex increased manual dexterity in the contralateral hand 
(Hoff et al. 2015). Improvement was less with sham stimulation and absent when 
active stimulation was delivered without visuomotor training, which indicates the 
potential importance of pairing stimulation with task practice for optimal benefit 
(Hoff et al. 2015). Parikh and Cole assessed whether tDCS improved performance 
in older adults on functional tests of grasp and upper extremity manipulation 
(Grooved Pegboard Test and the Key-slot task) (Parikh and Cole 2014). Compared 
to sham, the active tDCS led to retention of practice-induced gains in performance 
when tested again 35 min later. Grip force variability on an isometric precision grip 
task performed with visual feedback also increased with active tDCS but not sham 
tDCS. A related study by the same researchers tested performance on a test of man-
ual dexterity when participants were instructed to grip and lift an object whose 
contact surfaces were unexpectedly made more or less slippery across trials (Parikh 
and Cole 2015). The results showed that tDCS yielded a reduction in grip force. 
These findings might indicate improved processing of object-specific sensory infor-
mation and its integration with the motor commands for production of manipulative 
forces (Parikh and Cole 2015). Zimerman et al. (2013) tested whether performance 
on a complex finger-tapping task can be enhanced in old subjects with tDCS of the 
primary motor cortex (Zimerman et al. 2013). The study results showed that elderly 
participants experienced substantial improvements when training was applied con-
current with tDCS, with effects lasting for at least 24 h.

The potential benefit of tDCS on motor learning has been studied by placing the 
anode over the cerebellum. Hardwick and colleagues tested whether excitatory 
stimulation could enhance adaptation of motor performance during a “center-out” 
reaching task with a sudden change in visual feedback of the movement trajectory 
(Hardwick and Celnik 2014). Older participants receiving sham tDCS were slower 
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to adapt than younger participants, but older participants who received anodal tDCS 
adapted at a similar rate to younger adults (Hardwick and Celnik 2014). In contrast, 
a study by Panouillères et al. (2015) in young and older adults found no benefit to 
cerebellar tDCS for a motor adaptation task involving joystick control of rapid tar-
geted movements of a cursor on a computer screen (Panouillères et  al. 2015). 
However, they did find that tDCS over primary motor cortex improved initial adap-
tation in both age groups compared to sham, and this improvement lasted up to 
40 min after the end of the stimulation (Panouillères et al. 2015). Craig and col-
leagues delivered anodal tDCS to primary motor cortex and cerebellum (in separate 
sessions), but found only small and mixed results for both young and elderly groups. 
In older adults, an increase in sway amplitude was observed during sham stimula-
tion, but this increase was delayed during stimulation at the primary motor cortex or 
cerebellum (Craig and Doumas 2017). The relatively modest effects of tDCS in this 
study might be explained in part by a lack of increase in cortical excitation follow-
ing tDCS, as measured by motor evoked potentials with transcranial magnetic stim-
ulation (Craig and Doumas 2017).

A small number of studies have examined tDCS of the prefrontal cortex and the 
influence on motor outcomes. Zhou et al. (2015) compared center of pressure (COP) 
fluctuations during single-task (quiet standing) and dual-task (standing while per-
forming serial subtractions) conditions, before and after real or sham tDCS (Zhou 
et al. 2015). Neither real nor sham conditions altered complexity of COP fluctuations 
in the single-task condition. However, active tDCS increased the complexity of COP 
fluctuations for the dual-task condition as well as induced a trend toward improved 
serial subtraction performance. Increased complexity of COP is considered to be an 
indicator of a more flexible and robust postural control system (Zhou et al. 2015). A 
similar study by Manor and colleagues evaluated dual-tasking before and after 20 min 
of real or sham tDCS targeting the left prefrontal cortex in elderly adults (Manor et al. 
2016). Trials of standing, walking, and verbalized serial subtractions were completed, 
along with dual-task trials of standing or walking while performing serial subtrac-
tions. Dual-task costs were reduced after real tDCS versus sham tDCS, as well as 
compared with either pre-tDCS condition (Manor et al. 2016).

 Practicalities of tDCS Research Involving Chronically Ill 
Aging Subjects

Age is a risk factor for chronic illness (Makris et al. 2014; Reid et al. 2015). The 
prevalence of chronic illness in older persons worldwide is very high, and multi-
morbidity and polypharmacy are common (Borsheski and Johnson 2014; Centers 
for Medicare and Medicaid Services 2012; Hasselman 2012; Ortman et al. 2014; 
Sawyer et al. 2006). In the U.S., more than 80% of Medicare beneficiaries have ≥1 
chronic medical disorder, more than 80% take >1 prescription drug, and 29% take 
≥5 prescribed medications, often including opioids.
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Thus, tDCS research involving aging populations may involve individuals with 
multiple chronic conditions and very complex treatment regimens. This can sub-
stantially impact the person’s functional status and may require specific arrange-
ments for a successful inclusion in tDCS research. Key considerations are discussed 
below.

 Co-participation of Informal Caregivers in Research

Chronically ill elderly often rely on assistance from family caregivers in tasks of 
daily living. Thus, it also can be advantageous or even necessary to include informal 
caregivers as assisting co-participants in research, so that they can help the elderly 
to keep track of study visits, to accompany the elderly to the research facility, to 
facilitate data collection and outcome assessment, or to provide co-lateral informa-
tion relevant to outcome assessment and adverse events monitoring. Based on the 
type and purpose of tDCS study, the inclusion of informal caregivers can be manda-
tory or optional. In either arrangement, the study Inclusion/Exclusion criteria for the 
caregiver (such as age ≥ 18 years, ability to follow instruction of study personnel; 
and other basic requirements) have to be defined in the protocol and an informed 
consent must be obtained separately for the elderly and the caregiver.

 Obtaining an Informed Consent for Research Participation

tDCS research that involves chronically ill elderly can be challenging also due to 
consenting procedure. Overall, elderly are considered a potentially vulnerable popu-
lation and at least regulatory authorities in the U.S., such as IRB, may require a clear 
description of actions in the pre-consent period that would mitigate a potential coer-
cion. This can be addressed by allowing longer time for a review of study informa-
tion, delivering the information step-by-step, in a very simple, easy-to-understand, lay 
language, or providing additional flyers summarizing key information about the study.

Another challenge of the consenting process in elderly is that many aging indi-
viduals present with substantial sensory deficits, such as impaired hearing or vision, 
or with cognitive deficits. In the U.S., the IRB provides guidance on case-by-case 
basis, and additional witnesses of the consenting process may be required.

 Adverse-Event Assessment and Reporting

It is well known that reliability of recall and self-report in ailing elderly fluctuates 
(Abernethy and Currow 2011). This may be a problem not only for outcome data 
collection, but also for the purpose of adverse event detection and assessment. Thus, 
it is advantageous if the adverse event monitoring relies on as many sources of 
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information as possible; it may combine the patient’s self report with study person-
nel observations, collateral reports from informal caregiver or notifications by clini-
cians providing regular medical care (Brunoni et al. 2011; Sundaram et al. 2009). 
However, it is important that information from the multiple sources is merged and 
noted in the participant’s files, so that it can be evaluated by the study physician or 
other designated study personnel authorized for adverse event assessment and 
processing.

Another issue related to adverse event assessment in ailing elderly subjects per-
tains to responsible determination of the relation of the adverse event to the tDCS 
study procedure. The difficulty specifically in ill elderly arises from the fact that 
multiple illness or co-morbidities are frequent and it could be difficult to distinguish 
between unfavorable changes due to fluctuation of the clinical course of the illness 
and adverse events due to the study procedure. At least a partial remedy for this 
problem can be an extended baseline that may provide an insight into fluctuations 
of the participant’s status and into the nature and frequency of self-reported health 
problems before the study procedure is implemented. The extended baseline can 
also reveal regularly experienced side effects related to medication regimen. To 
illustrate, it is advantageous to be able to document baseline reports of dizziness, 
shortness of breath or nausea associated for example with opioid medication intake, 
or to be able to compare frequency of headaches or frequency of emergency room 
visits in the baseline period with one in the interventional period. This type of infor-
mation from the extended baseline is extremely valuable and can be also used in 
reports to regulatory authorities if needed.

 Polypharmacy

It has been shown by clinical practice that aging chronically ill individuals are often 
on multiple-medication regimen for the purpose of the illness modifying therapy 
and/or for symptom management. A recent survey indicates that more than 80% of 
Medicare beneficiaries take >1 prescription drug, and 29% take ≥5 prescribed med-
ications (Centers for Medicare and Medicaid Services, 2012). Managing chronic 
illness in elderly is challenging and thus it may be difficult or impossible to insist on 
medication wash-out prior to study participation. This may be a problem in tDCS 
studies, because centrally acting medication may alter tDCS outcomes, and specifi-
cally some classes of medication, such as NMDA-blockers, may modify or prevent 
tDCS after-effects (Nitsche et al. 2004a, b, c, 2006, 2009, 2012). Thus, this issue 
requires a careful evaluation in the planning stage of a study. A viable option is to 
identify medications/classes of medications that are known to substantially alter 
tDCS effects and prepare – with clinician’s guidance – a plan for substitution of the 
selected medications. As some medications have to be titrated up step-by-step, the 
substitution plan would also define the necessary time on the new medication to 
reach a stable-dose regimen.
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 Other Issues

In addition to practical considerations discussed above, it is important to keep in 
mind that the ability of ailing older persons to cope with excessive additional burden 
of study procedures or study visits is limited. Living with chronic illness is stressful 
for the patient and the family (Andrews 2001; Costa-Requena et al. 2015). Thus, the 
study procedures should be kept at the necessary minimum, and outcome data col-
lection has to be carefully planned. A possible solution how to minimize burden 
related to repeated visits to research facility for tDCS application is to select a 
home-based approach (Charvet et al. 2015), which is discussed in detail in Chap. 
13.

 Other Special Considerations for tDCS Studies  
In Aging Populations

 Atrophy-Related Differences in Current Flow

Atrophy of white and gray matter is a common consequence of aging (Fischl et al. 
2002; Ge et al. 2002; Grady 2012; Gunning-Dixon et al. 2009; Nissim et al. 2017; 
Salat et al. 1999). Age-related changes in brain tissue has a strong potential for 
altering the pattern of current flow in older adults, as compared to younger adults. 
Recent computational modeling research suggests that while increased atrophy 
with age tends to lead to less current entering the brain in a relatively linear fash-
ion, greater atrophy in those over 70 years of age can lead to non-linear changes in 
current flow due to widening ventricles (Thomas et al. 2017). This work suggests 
that predicted current flow based on exemplar models of younger adults may not 
provide clear insight into the pattern of current flow in older adults. Thus, indi-
vidual modeling or models based on exemplars within a given decade of life may 
be more appropriate for understanding where in the brain current flows and at what 
intensity in older adult participants.

 Structural Connectivity Changes Impact on Current Flow

White matter connectivity changes with age (Damoiseaux and Greicius 2009; 
Gunning-Dixon et al. 2009). As mentioned above, age-related changes in functional 
connectivity may significantly alter what regions of the brain are affected by 
tDCS. This, in part, may be the result of underlying changes in structural white 
matter connectivity. As current flow from tDCS and resulting behavioral effects not 
only relate to direct stimulation of tissue, but also remote effects from tissue 
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connectivity, understanding the impact of age-related changes in structural 
connectivity on current flow will be important for better understanding mechanisms 
of effect from tDCS in older adults on age-related conditions.

 Impact of Common Medications in Older  
Adults on tDCS Effects

A robust literature has emerged on the impact of certain medications on the neu-
rophysiological response produced by tDCS (McLaren et al. 2018). For example, 
sodium channel blockers have previously been shown to block the production of 
excitatory effects under the anode electrode, while calcium channel blockers atten-
uated excitatory effects (Nitsche et al. 2003). Certain sodium channel blockers are 
common for treatment of arrhythmia and other heart conditions, while certain cal-
cium channel blockers are commonly used to treat chest pain and hypertension. In 
addition, glutamatergic and gaba-ergic medications have also been shown to alter 
how brain tissue responds to tDCS (Nitsche et al. 2003, 2004c). While these drugs 
are perhaps less commonly prescribed in healthy older adults, gaba-ergic drugs can 
be used for anxiety and other conditions present in older adults. Further still, a vari-
ety of drugs significantly modulate the neurophysiological response of brain tissue 
to tDCS, such as drugs acting on serotonin (e.g., SSRIs), acetylcholine, dopamine, 
and noradrenaline (Nitsche et al. 2004a, 2006, 2009). For example, prior research 
suggests that SSRIs given in concert with 1 mA tDCS may result in effects of stim-
ulation under the cathode being excitatory, rather than inhibitory (Nitsche et al. 
2009). Thus, net excitation appears to be achieved under both electrodes. SSRIs 
are commonly prescribed in older adults, especially in the presence of late-life 
depression. Thus, careful attention should be given to medications present in older 
adult participants, as these may interact with tDCS to alter the overall neurophysi-
ological response of brain tissue to stimulation and significantly impact outcomes.

 Conclusions

Aging and age-related conditions are a growing area of study in the field of 
tDCS.  Recent research demonstrating promising effects of tDCS on cognition, 
physical function, chronic pain and other age-related conditions suggest that 
research in this domain may hold significant promise in the treatment of age-related 
conditions. Research integrating modern methods for assessing brain function and 
tDCS effects will be particularly important for understanding and optimizing the 
impact of tDCS on age-related conditions. Current efforts are underway to assess in 
Phase III clinical trials the efficacy of tDCS in facilitating cognitive training 
outcomes in older adults and slow the onset of dementia (The ACT study, 
ClinicalTrials.gov NCT02851511). Collectively, this work holds great promise for 
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evaluating and implementing tDCS-based interventions in older adults. Future trials 
will also be important for assessing the efficacy of tDCS in other domains of aging 
research. Regardless, preliminary findings described in this chapter serve to 
highlight the promise of tDCS across a variety of age-related domains. In concert 
with careful design planning and consideration, there is much to be excited about in 
the field of tDCS and aging.
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Chapter 20
Transcranial Direct Current Stimulation 
in Cognitive Neuroscience

Priyanka P. Shah-Basak, Roy H. Hamilton, Michael A. Nitsche, 
and Adam J. Woods

 Introduction

Non-invasive brain stimulation (NIBS) techniques are being applied increasingly in 
cognitive neuroscience as tools to understand and modulate cognitive functions. 
One of the principle assumptions that motivates the use of NIBS tools in this field is 
that specific brain states and processes underlie specific mental operations and 
behaviors. Based on this fundamental notion, brain stimulation studies in cognitive 
neuroscience seek to alter or mimick brain activity as a means of disrupting or 
enhancing thoughts or actions, so as to better understand brain-behavior relation-
ships. Several modalities of NIBS exist, including those that can transiently alter 
brain activity via administration of suprathresholded stimulation, such as transcra-
nial magnetic stimulation (TMS). Some approaches are understood to induce 
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plasticity, such as repetitive TMS (rTMS), paired associative stimulation (PAS), and 
transcranial direct current stimulation (tDCS), all of which share features with long 
term potentiation and depression (LTP and LTD), the processes that form the physi-
ological foundation of learning and memory formation. Other modalities, such as 
transcranial alternating current stimulation (tACS), entrain oscillatory brain activ-
ity. These techniques can induce not only regional but also cerebral network-level 
alterations of physiological processes.

Broadly speaking, applications of NIBS technologies in cognitive neuroscience 
have fallen into three categories: (A) Characterization of cognitively-relevant physi-
ological processes, which can be induced in a controlled fashion by NIBS, allowing 
detailed, systematic exploration of mechanisms at the cellular level, (B) pairing 
NIBS with functional imaging to explore the causal contribution of stimulated 
areas, networks, and physiological processes to cognition, and (C) applying NIBS 
with the aim of enhancing task performance. These approaches are not mutually 
exclusive, and require specific experimental designs and intervention tools.

As an example of how NIBS can be used to elucidate cellular mechanisms 
(Application A), pairing NIBS with pharmacological interventions can provide 
valuable information about how specific neurotransmitters affect cognition. The 
impact of nicotine and nicotine deprivation on tDCS- and PAS-induced plasticity 
and memory performance in smokers (Grundey et al. 2012; Roth et al. 1992) illus-
trates the utility of this approach. It has been shown that nicotine withdrawal in 
smokers reduces facilitative neuroplastic effects of tDCS and PAS on corticospi-
nal excitability and negatively affects performance on a working memory task, 
both of which can be restored or improved by reintroduction of nicotine. By con-
trast, inhibitory plastic changes were not affected by nicotine withdrawal. 
Combining application of functional imaging techniques and NIBS (Application 
B) is a powerful approach for modulating cognition-relevant physiological pro-
cesses, and also for unraveling causal relationships between brain structures tar-
geted by NIBS and their functional roles, so called structure-function relationships. 
This multimodal approach takes advantage of both the correlational output of 
functional imaging and the causal nature of the effects induced by NIBS. While 
imaging techniques help to identify task-related patterns of brain activation or 
synchronization at both the regional and network level, used in isolation they are 
unable to delineate the contributions of specific areas or networks to cognition or 
behavior. The causal relevance of a region or network can be verified using NIBS, 
since these techniques alter brain physiology which can be directly linked to alter-
ations in cognitive performance. Lastly, the use of NIBS to enhance normal cogni-
tion (Application C) differs from applications A and B in that the primary aim is 
to maximize the effects of NIBS in directed, persistent, and performance- enhancing 
ways.

A variety of NIBS techniques are specifically germane to the field of cognitive 
neuroscience and contribute to a better understanding of physiologic, cellular, and 
network-level mechanisms of cognition and behavior. Of these techniques, tDCS 
has garnered considerable attention in recent years (Fig.  20.1). TDCS-induced 
alterations in brain physiology have been shown to impact a variety of cognitive 
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processes, ranging from elementary functions such as sensory perception to highly 
complex aspects of cognition such as problem solving (Shin et  al. 2015). An 
important feature that sets tDCS apart from other NIBS techniques, particularly 
from TMS and repetitive TMS (rTMS), is its intrinsic neuromodulatory mode of 
action. The weak current delivered during tDCS alters neuronal transmembrane 
potentials, changing the likelihood of neurons triggering action potentials over 
time. TDCS therefore modulates cortical excitability, plasticity, and functional 
connectivity by interacting with ongoing brain activity, rather than disrupting it 
(Bindman et al. 1964; Nitsche et al. 2008). This interaction allows for concurrent 
application of tDCS with cognitive tasks to either facilitate or attentuate task-
related patterns of endogenous brain activity (Fig. 20.2), which in some instances 
allows for clearer inferences to be made about the relationship between brain 
physiology and cognition compared to disruptive NIBS approaches like 
TMS. However, this also means that the aftereffects of tDCS are heavily depen-
dent on the current state of activation in the brain regions being targeted. In com-
parison to the neurostimulatory or disruptive effects of TMS, tDCS modifies 
(diminishes or enhances) physiological excitability and, in turn, ongoing brain 
activity, but it does not induce task-irrelevant activity. This difference in mecha-
nism may account for some of the inter-individual variability observed in the 
physiological and cognitive aftereffects of tDCS, and underscores the need to fine-
tune tDCS parameters accordingly.

Fig. 20.1 An overview of the cognitive neuroscience themes explored using a multimodal 
approach; *cognitive processes covered in this chapter. Abbreviations: tDCS, Transcranial direct 
current stimulation; MRS, Magnetic Resonance Spectroscopy; TMS, Transcranial Magnetic 
Stimulation; EEG, Electroencephalography; GABA, γ-Aminobutyruc acid; SICI, Short-latency 
intracortical inhibition; ICF, Intracortical facilitation; fMRI, Functional magnetic resonance 
imaging; PET, Positron emission tomography; MEP, Motor-evoked potential; MEG, 
Magnetoencephalography; EP, Evoked potentials; ERP, Event-related potentials
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In this chapter, we will review studies that demonstrate the potential impact of 
tDCS on a range of cognitive processes, and also discuss how neuroimaging and 
electrophysiological tools can be used to better understand the effects of tDCS on 
those processes (Fig.  20.1). The focus of this review will be on the conceptual 
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Fig. 20.2 (a) The sequence of the 3-back letter working memory paradigm; participants were 
instructed to respond (key press) to the letter if it was the same as the letter presented three stim-
uli previously. (b) The experimental protocol design. Each subject was tested during sham and 
active stimulation. The two test runs were randomized within subject and the order (active versus 
sham stimulation) was counterbalanced across subjects. (c) Number of correct responses dur-
ing  each stimulation condition (active and sham). Dark bar indicates mean number of correct 
responses during sham stimulation. White bar represents mean number of correct responses during 
active stimulation. There was a significant difference in the mean number of correct responses 
between sham and active stimulation. Error bars indicate ±SEM (standard error of the mean). 
(Fregni et al. (2005), with permission)
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 features of these approaches, and therefore will not provide an exhaustive overview 
of studies available in this field, which can be found elsewhere (Kuo and Nitsche 
2012; Nitsche et al. 2003a, 2008; Nitsche and Paulus 2011; Shin et al. 2015). We will 
also discuss the use of tDCS for neuroenhancement, an intriguing emerging field 
that raises both scientific and ethical questions. We will conclude by reflecting on 
the methodological strength and weaknesses of tDCS as an investigational tool, and 
speculate about future directions for tDCS as a research tool in the field of cognitive 
neuroscience.

 Tools to Explore the Impact of tDCS on Structure–Function 
Relationships in the Brain

 Neuroimaging

Neuroimaging techniques, in particular positron emission tomography (PET) and 
functional MRI (fMRI) have been used in the past decade to: (1) better understand 
the mechanisms of tDCS-mediated neuromodulation (Antal et al. 2011; Lang et al. 
2005), (2) determine the neural bases of tDCS-induced enhancement in clinical and 
healthy populations (Clemens et al. 2013; Lefebvre et al. 2015), and more recently to 
(3) examine the effects of tDCS on large-scale brain networks (Chib et al. 2013; 
Weber et al. 2014).

One of the first PET studies to explore the effects tDCS on regional cerebral 
blood flow (rCBF) reported widespread increases in rCBF after 10 min of anodal 
and cathodal tDCS over the left primary motor cortex (M1) and right frontopolar 
cortex (Lang et al. 2005). The authors reported increased rCBF under the electrodes, 
which lasted up to 50 min regardless of tDCS polarity, and which was similar in 
magnitude to CBF changes induced by finger movements. These findings are con-
sistent with rTMS-PET findings, wherein both 1 Hz and 5 Hz stimulation resulted 
in increased rCBF despite evidence that the two TMS frequencies have opposite 
effects on cortical excitability (Lee et al. 2003; Rounis et al. 2005). Combined evi-
dence therefore suggests that changes in rCBF are linked to net increases in regional 
synaptic activity and that polarity-specific cortical excitability may emerge from 
changes in subpopulations of neurons (Lang et al. 2005). Interestingly, this study 
also found polarity-specific changes in rCBF in areas distal to the sites of stimula-
tion; while anodal tDCS increased rCBF in dorsal parts of the hemisphere, cathodal 
tDCS decreased rCBF in ventral regions.

Imaging using other modalities supports the notion of polarity-specific changes 
in brain activity at primary targets of tDCS stimulation. For example, using arterial 
spin labeling (ASL) MRI, Zheng et al. (2011) found polarity dependent effects of 
tDCS on rCBF near the site of stimulation (Zheng et al. 2011). Anodal tDCS over 
the right motor region increased resting-state rCBF during stimulation and for a 
period of time after stimulation, while rCBF decreased immediately after cathodal 
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stimulation and continued to decrease in the post-stimulation period. At the level of 
neurotransmitters, Stagg et al. (2009, 2011) used magnetic resonance spectroscopy 
(MRS) to quantify changes in GABA concentrations following stimulation (Stagg 
et al. 2009, 2011). In 2009, the investigators demonstrated that anodal tDCS led to 
decreases in GABA concentration in M1, while cathodal tDCS led to decrease in 
glutamate and GABA. However, in this study the effects of changes in GABA con-
centration on motor learning were not investigated (Stagg et al. 2009). In a subse-
quent 2011 study, the authors replicated the anodal tDCS-induced decreases in 
GABA in M1, and showed this change to be associated with enhanced motor learn-
ing. Specifically, greater decrease in M1 GABA after tDCS correlated with faster 
motor learning in an explicit sequence learning task (Stagg et al. 2011), suggesting 
that tDCS-induced LTP-like plasticity was dependent, at least in part, on the modu-
lation of GABA.

Combining anodal and cathodal tDCS with blood-oxygenation-level-dependent 
(BOLD) fMRI has provided invaluable insights into activation changes not only 
under the electrodes but also in functionally related but distal areas in a network. In 
one of the earliest studies combining fMRI and tDCS, the expected polarity-specific 
effects of tDCS on BOLD signal were not observed. In this study, cathodal tDCS 
targeting M1 did not result in measurable changes in BOLD response during finger 
tapping or at rest, while anodal tDCS resulted in decreased BOLD signal in supple-
mentary motor area during finger tapping but not at rest (Antal et al. 2011). Like 
Lang et al. (2005), the authors speculated that the physiological mechanisms probed 
by the two measurements of tDCS-induced changes used in the study— changes in 
the amplitude of motor-evoked potentials (MEPs; refer to section “Evoked 
Potentials” for more details), and changes in BOLD signal—may be different, 
which may explain the absence of polarity-specific BOLD responses. However, a 
few other subsequent fMRI studies have reported changes in BOLD signal that var-
ied as a function of tDCS polarity. For instance, Clemens et al. (2013) employed 
fMRI before and after anodal tDCS over the right angular gyrus as participants 
performed a multiplication task (Clemens et al. 2013). Although task performance 
was not improved, increased activation in the bilateral angular gyri was observed 
after anodal tDCS compared to sham or no tDCS trials, providing at least some 
evidence of polarity-specific neuromodulation in areas involved in arithmetic pro-
cessing. The polarity-specific tDCS effects on BOLD signals may be task- and 
region-specific, given the highly state-dependent nature of tDCS.  This question, 
however, remains to be explored fully.

The study recently conducted by Weber et  al. (2014) provided evidence of 
changes in task-related local activations as well as connectivity with remote areas 
as a consequence of tDCS (Weber et  al. 2014). In this study, the aftereffects of 
prefrontal tDCS (anode on right and cathode on left) at rest and during perfor-
mance of a risk-taking task called Balloon Analog Risk Task (BART) were investi-
gated using fMRI. The results indicated that tDCS increased activations in the right 
dlPFC and anterior cingulate cortex selectively in response to losses but not wins. 
In a whole- brain connectivity analysis, the investigators showed that after tDCS 
decreased connectivity between the right anterior cingulate cortex and other areas 
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in the brain was observed, suggesting remote effects of stimulation. In a different 
study by Chib et al. (2013), tDCS of the prefrontal cortices induced remote activa-
tion of ventral midbrain areas, which the investigators argued directly affected 
behavior via a highly interconnected network among these areas (Chib et al. 2013). 
In this study, tDCS was provided before and after participants underwent an attrac-
tiveness rating task for a series of faces during fMRI scanning. Anodal tDCS of 
ventromedial prefrontal cortex and cathodal tDCS of dorsolateral prefrontal cortex 
(dlPFC) enhanced functional activation changes in remote midbrain activity com-
pared to the sham condition, which were related to increases in attractiveness rat-
ings. In addition, more enhanced connectivity in this network was linked to greater 
effects of stimulation, which manifested as an increase in facial attractiveness 
ratings.

 Evoked Potentials

While functional imaging approaches are capable of mapping out brain activations 
with high spatial resolution—not only regionally but also at a network level—neu-
rophysiological measures such as evoked potentials (EP) allow for direct monitor-
ing of stimulation- and task-related excitability with high temporal resolution. EP 
measures can index the effects of tDCS as a function of a clearly defined sensory 
input or a pharmacological trigger. In this way, EPs are directly linked to temporally- 
specific states of the brain in response to stimuli, whereas conventional functional 
imaging measures are fairly limited in this respect. With respect to tDCS, EPs can 
help to explore the physiological underpinnings of neuromodulation and their 
impact on task performance. This knowledge can, in turn, be applied to enhance 
task performance by optimizing tDCS protocols in clinical as well as healthy popu-
lations. This section focuses on four types of evoked potentials studies: (1) TMS- 
evoked motor evoked potentials, (2) TMS-EEG potentials, (3) sensory evoked 
potentials, and (4) event related potentials.

TMS-evoked motor evoked potentials (MEP) have long been employed as physi-
ologic measures to probe the physiological basis of tDCS effects in the motor sys-
tem and motor cognition (Pascual-Leone et  al. 1994b). In addition to measuring 
corticospinal excitability, MEPs have been used to measure the activity of pharma-
cologically-triggered neurotransmitters and ion channel as well as receptor systems, 
which are of potential relevance to cognitive processes (Paulus et al. 2008).

In principle, MEP changes that are induced by tDCS can be used to predict cog-
nitive task performance. This is because the physiological effects induced by tDCS 
may be similar to the changes in neural activity and function invoked during cogni-
tive tasks. For example, long term potentiation-like plasticity is induced by anodal 
tDCS and is also thought to be associated with memory formation and learning 
(Nitsche et al. 2008; Rioult-Pedotti et al. 2000). This is supported by the finding that 
anodal tDCS enhances motor learning (Nitsche et  al. 2003b; Reis et  al. 2009). 
Moreover, evidence from studies  conducted in smokers suggests that the physiolog-
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ical effects of tDCS can predict motor learning performance. Reduced MEP altera-
tions induced by anodal tDCS in smokers under nicotine withdrawal (Grundey et al. 
2012) were accompanied with impaired motor learning, which improved after con-
trolled nicotine intake (Grundey et al. 2018). Although it has been hypothesized that 
individual physiological responses to tDCS, as quantified by MEP amplitudes, may 
be related to task performance, such a connection has not yet been found in a rela-
tively small number of motor learning studies conducted using single-pulse MEP 
amplitudes (Lopez-Alonso et al. 2015). It is possible that the limited specificity 
of  single pulse TMS with regard to neurotransmitter activity compromises the 
ability to identify tDCS-induced changes in physiology at the individual level, 
and  therefore TMS protocols which permit more specific measures might be 
advantageous.

Nonetheless, a relatively small body of literature demonstrates that MEPs can 
be a useful tool for exploring physiological changes that mediate tDCS effects on 
task performance. Because tDCS, motor learning, and memory formation are asso-
ciated with specific alterations of cortical excitability, in theory MEPs should be 
able to quantify this relationship (Pascual-Leone et al. 1994a). For example, in one 
recent study the impact of tDCS and task performance on GABA-controlled short-
latency intracortical inhibition was explored. Anodal tDCS delivered before 
sequence learning resulted in reduced performance and enhanced intracortical 
inhibition, in accordance with homeostatic GABA-driven effects of tDCS that is 
applied prior to the task (Amadi et al. 2015). While not all studies have confirmed 
a link between tDCS effects on MEPs and task performance (Ambrus et al. 2016), 
evidence suggests that judicious selection of TMS-induced physiologic measures 
can elucidate mechanisms of tDCS that are linked to the changes in behavioral 
measures.

EEG can also be used in conjunction with TMS to further characterize the impact 
of tDCS on cortical physiology and task performance. TMS induces cortico-cortical 
potentials, which, at different latencies, depend on GABAergic and glutamatergic 
mechanisms (Premoli et al. 2014; Rogasch et al. 2013). Evidence indicates that spe-
cific TMS-EEG potential alterations are associated with changes in cognitive per-
formance (Rogasch et al. 2015), and that the effects of tDCS in turn can be measured 
by demonstrating its influence over TMS-EEG potentials (Romero Lauro et  al. 
2014). While TMS-evoked MEPs or sensory stimulus-dependent EPs are restricted 
to specific areas where cortical activity has been elicited, the TMS-EEG approach 
allows monitoring of tDCS effects across a network of cortical areas. However, 
while this use of tDCS, TMS, and EEG seems highly promising as a way to eluci-
date the effects of tDCS on cognition, studies that employ this specific approach in 
humans have not yet been reported.

Evoked potentials induced by sensory stimuli (e.g. visual or somatosensory stim-
uli) have been used to elucidate the physiological effects of tDCS over respective 
sensory areas. Studies combining tDCS with visual evoked potentials (VEPs) indi-
cate that tDCS alters excitability when applied over the primary visual cortex in a 
manner similar to its effects on the motor cortex. However tDCS-induced  alterations 
in VEPs were somewhat shorter-lasting and more difficult to induce than MEPs, 
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using stimulation parameters that are typically used in tDCS studies of the motor 
cortex (Antal et al. 2004; Bocci et al. 2014; Strigaro et al. 2015), and they critically 
depended on the position of the return electrode (Accornero et  al. 2007). While 
similar physiological effects have also been obtained for somatosensory evoked 
potentials (SEP), the effects appear to be specific to subcomponents of the SEP 
(Dieckhofer et al. 2006; Matsunaga et al. 2004). Lastly, a small number of studies 
to date have measured the effects of tDCS on auditory evoked potentials (AEPs) 
(Heimrath et al. 2016).

Given the relative elementary characteristics of sensory evoked potentials, they 
can be powerful tools to explore the physiological foundation of psychophysical 
and near perception effects of tDCS, particularly in the case of VEPs. For example, 
a recent study by Ding et  al. (2016) demonstrated that anodal tDCS enhances, 
while cathodal tDCS diminishes contrast sensitivity and VEP amplitudes in ambly-
opic subjects, suggesting a relevant association between perceptual and physiolog-
ical effects, although these were not significantly correlated (Ding et  al. 2016). 
This study illustrates that physiological and cognitive parameters can be combined 
to learn about the relevance of respective parameters and their effects in appropri-
ately designed studies. The absence of a correlation between parameters in spite of 
similarly directed effects may at least partially relate to the fact that perceptual 
measures and VEPs were not obtained simultaneously during the course of the 
experiments. In a study combining physiological and perceptual effects of tDCS in 
the auditory domain, cathodal tDCS over the auditory cortex improved perfor-
mance on a task involving phonetic categorization of syllables applied during stim-
ulation, while anodal tDCS increased the AEP P50 amplitude after the end of 
stimulation (Heimrath et al. 2016). These seemingly counterintuitive results might 
again be explained by the different time points at which the measures were col-
lected. In both studies, the results indicate that specific details of the experimental 
design, such as timing of cognitive and behavioural measures, are potentially cru-
cial for the interpretability of results. To date, a limited number of studies suggest-
ing tDCS-induced alterations of somatosensory perception are available 
(Grundmann et al. 2011; Ragert et al. 2008; Rogalewski et al. 2004), and studies 
directly correlating physiological with perceptual effects have not yet been 
reported.

Event-related potentials (ERP) allow for examination of physiological markers 
of more complex aspects of cognition compared to the EPs, and also allow for 
investigation of brain areas beyond sensory and motor cortices. Similar to EPs, 
however, the number of available studies involving tDCS and ERPs remains limited. 
Mismatch negativity (MMN) is a standard measure that relates to the detection of 
differences between elementary sensory stimuli. It was shown recently that anodal 
tDCS increases, while cathodal tDCS decreases auditory MMN in healthy volun-
teers, when stimulation was administered before the task (Impey et al. 2016). In a 
related study, excitability-enhancing anodal tDCS combined with inhibitory cere-
bellar tDCS increased the amplitude of novelty-related ERPs (Bersani et al. 2015). 
Furthermore, in a study investigating drug dependency, tDCS induced complex 
effects on drug-related and unrelated visual stimuli (Conti et al. 2014). Thus, the 

20 Transcranial Direct Current Stimulation in Cognitive Neuroscience



606

physiological effects of tDCS on ERPs can be obtained reliably, are stimulation 
polarity-dependent, and can be stimulus feature-specific. Whether these physiologi-
cal alterations are associated with cognitive effects has not been explored in many 
studies yet. However, in a paradigmatic study performed in schizophrenia patients, 
Reinhart et al. (2015) explored the impact of anodal tDCS over the medial-prefron-
tal cortex on prediction error signalling and learning (Reinhart et al. 2015). Before 
intervention the error-related negativity was diminished and learning was compro-
mised in the patient group as compared to a healthy control group. Both physiogic 
and behavioral parameters were normalized by real, but not sham stimulation in the 
patient group, demonstrating a critical relationship between the error-related nega-
tivity parameter and learning.

Taken together, a broad arsenal of EP tools are available to explore the impact 
of tDCS on neural and cognitive functions. Depending on the specific techniques 
and experimental designs employed, these methods allow investigators to further 
elucidate specific relationships between brain physiology and cognitive events. 
These physiological tools complement imaging methods in many respects 
because they have relatively high temporal resolution, but generally weaker spa-
tial resolution than current imaging techniques. Moreover, they allow for identi-
fication of neurotransmitter- specific effects of stimulation on cognitive processes. 
However, despite the strengths of these approaches, the number of tDCS studies 
that use EP methods to explore physiological and cognitive processes remains 
limited. This is a knowledge gap that, if addressed, will not only improve mecha-
nistic understanding of tDCS effects but may also help to optimize intervention 
approaches.

 Influence of tDCS on Cognitive Processes

TDCS has been applied increasingly in the last decade to explore the physiological 
basis of cognitive processes. A PubMed search conducted in June 2016 with the key 
terms “tDCS” and “cognition” identified more than 300 published studies on this 
topic. One practical reason for the increasing popularity of tDCS in studies of cog-
nition is that it is relatively easy to implement in the context of a behavioral study. 
In addition, alterations in neural excitability induced by tDCS seem to correspond 
well with changes in cerebral activity as measured by functional imaging, EEG, and 
other tools that assess brain activity; these changes have, in turn, been associated 
with alteration of a variety of behaviors. Moreover, in contrast to the performance- 
disrupting effects of TMS, tDCS can probe the specific contribution of an area to a 
given cognitive function through more subtle modulation of neural functioning. For 
example, it is difficult to link the involvement of the primary motor cortex in learn-
ing using disruptive brain stimulation techniques because they will disrupt learning 
as well as the effector functions of the motor cortex; however, improvement after 
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tDCS of the learned material hints to a unique role of this area in motor memory 
formation.

Our goal in this section is to provide an overview of the application of tDCS in 
the field of cognitive neuroscience with relevant discussions about the main results, 
and emphasis on methodological approaches (Kuo and Nitsche 2012; Nitsche et al. 
2003a; Nitsche and Paulus 2011; Shin et al. 2015). Specifically, we will describe 
examples of how tDCS can help explain the physiological foundation of different 
cognitive processes.

 Perception

The impact of tDCS on perception has been explored in the visual, somatosensory, 
and auditory domains, as well as in multimodal processing.

In one of the earliest studies, the effect of stimulation on the primary visual cor-
tex and contrast perception was explored (Antal et al. 2001). This cortical area is 
relevant for perception of elementary visual stimuli. In this study, relatively short-
lasting (7 min) cathodal tDCS reduced contrast perception, while anodal stimula-
tion had no effects. In a follow-up study with longer stimulation duration, it was 
demonstrated that anodal tDCS over the same area could improve contrast percep-
tion (Kraft et al. 2010). These results are in accordance with the electrophysiologi-
cal effects of tDCS that revealed the impact of cathodal but not anodal tDCS on VEP 
with stimulation durations under 15  min. Therefore, appropriate delineation of 
stimulation parameters is critical to obtain intended effects with tDCS, and titration 
of these parameters can be useful.

In a set of motion perception studies using a moving dot paradigm, it was shown 
that the response to tDCS was critically dependent on stimulus characteristics. 
Anodal tDCS over area V5, an area critical for movement perception, reduced per-
ception thresholds for coherently moving dots and thus improved performance, 
whereas cathodal tDCS improved performance in a “noisy” perception condition, in 
which the coherently moving dots were intermingled with dots moving in random 
directions (Antal et al. 2004). These findings were confirmed in another study, in 
which cathodal, but not anodal or sham stimulation improved perception in a com-
plex, noisy movement perception task (Zito et al. 2015). In the coherent dot task, 
excitability enhancement via anodal tDCS may have facilitated the movement- 
related representations of the coherent dots, and thus improved performance. In the 
noisy task condition, the representations of noise would also be enhanced, and thus 
anodal stimulation was not associated with performance improvement. Instead, 
excitability-reducing cathodal tDCS may have decreased noisy activity, and thus 
improved performance. TDCS therefore can produce differential effects depending 
on the stimulus and task characteristics. A combination of electrophysiological and 
psychophysical tools can further help determine the precise neural pathways and 
cell groups in the visual cortex on which tDCS exerts its effects (Costa et al. 2015). 
In addition to the above-mentioned relatively elementary perceptions, evidence sug-
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gests that tDCS can also modify perception of complex visual objects (Barbieri 
et  al. 2016; Varga et  al. 2007), and functions controlled by higher visual areas 
(Filmer et al. 2015; Wright and Krekelberg 2014).

A handful of studies have been conducted to explore the impact of tDCS on dif-
ferent somatosensory qualities for an overview, (see Vaseghi et  al. 2014). These 
studies theorize that enhancement of somatosensory cortical activity is the physio-
logical correlate of increased somatosensory perception, and that activity enhance-
ment of the primary motor cortex reduces somatosensory perceptions via 
cortico-thalamico-cortical loops (Knotkova et al. 2013). Correspondingly, cathodal 
tDCS over the somatosensory cortex and anodal tDCS over the primary motor cor-
tex both have been linked to reduced pain perception (Antal et al. 2008; Grundmann 
et al. 2011; Ihle et al. 2014; Zandieh et al. 2013). Cathodal tDCS over the somato-
sensory cortex has also been shown to reduce the thresholds for vibration discrimi-
nation and therefore improve performance (Rogalewski et al. 2004), whereas anodal 
tDCS over the same area improved spatial acuity (Ragert et al. 2008). However the 
specific mechanisms of action of tDCS in this domain remain to be explored.

Only a small number of studies have investigated the impact of tDCS on audi-
tory perception (Heimrath et  al. 2016). Some of these studies have focused on 
changes in auditory evoked potentials elicited by stimulation. Anodal tDCS applied 
over the auditory cortex (temporal regions) increased the amplitude of the P50 
component. In addition, while anodal tDCS of the temporo-parietal junction has 
been observed to decrease N1 latency, cathodal tDCS of the temporo-parietal junc-
tion increases N1 amplitude (Zaehle et al. 2011). The auditory mismatch sensitiv-
ity ERP—an electrophysiological signature of auditory discrimination ability—has 
been shown to be enhanced by anodal tDCS over the auditory cortex (Impey and 
Knott 2015). In addition to changes in auditory neurophysiology, there are a few 
studies in which tDCS over the auditory cortex has been shown to influence audi-
tory perception. For instance, cathodal tDCS over the auditory cortex reduced pitch 
discrimination (Mathys et al. 2010). In a different study, the investigators found 
that auditory temporal information processing was improved by anodal tDCS but 
diminished by cathodal stimulation (Ladeira et al. 2011). Another intriguing study 
investigated the causal relationship between activity in a network that includes 
superior temporal and inferior frontal cortices and pitch performance (Loui et al. 
2010). Cathodal tDCS over both superior temporal and inferior frontal areas 
reduced performance on this task, supporting the view that both areas are integral 
components in the pitch perception network. Overall, the results from cognitive 
studies corroborate the electrophysiological findings described above. But the dif-
ferences in stimulation protocols, including electrode placements, target areas, and 
specific task characteristics may explain some of the discrepancies observed across 
studies.

Beyond unimodal effects of tDCS, a few studies have examined its effects on 
multisensory integration. The majority of these studies have targeted the parietal 
cortex, because it is considered to be an important hub in multisensory integration. 
Anodal tDCS was shown to disrupt multisensory integration in one study, in which 
the right posterior parietal cortex was stimulated (Zmigrod 2014), however increased 
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integration of audio-visual stimuli was found in another study (Bolognini et  al. 
2010). Parietal cathodal tDCS had antagonistic effects (Marques et  al. 2014). In 
another study, tDCS over unimodal cortices such as the temporal and parietal corti-
ces, involved in encoding/decoding of stimuli and multisensory integration, 
enhanced excitability in remote lower-level visual areas, suggesting modulation 
across a wide functional network (Convento et al. 2013). This is an emerging field 
of inquiry, which in the coming years will provide interesting evidence regarding 
the polarity-specific and temporally-distinct effects of tDCS in different areas 
within widespread multisensory networks.

 Attention and Working Memory

Numerous studies have explored the impact of tDCS on attention. Many of these 
studies have been geared toward both to finding causal evidence for the contribution 
of specific brain areas to this mental ability and also to enhancing it (Coffman et al. 
2014). Since dorsolateral prefrontal and parietal areas are understood to be centrally 
involved in attentional processing, the majority of tDCS studies on this topic have, 
to date, focused on stimulating these brain regions.

Tanoue and colleagues investigated the contribution of the dlPFC and parietal 
cortex to attentional processes specifically related to working memory—the ability 
to temporarily maintain and manipulate information. Cathodal tDCS over both 
areas reduced performance in two working memory tasks, albeit the effect was larg-
est for prefrontal stimulation (Tanoue et al. 2013). Conversely, anodal tDCS over 
the right frontal cortex has been shown to selectively improve the alerting compo-
nent of attention (Coffman et al. 2012), while anodal tDCS over the dlPFC enhanced 
attentional bias acquisition with regard to attending or ignoring threatening versus 
neutral stimuli (Clarke et al. 2014). The results of these studies support the notion 
of the dlPFC being a brain area that is integral to attentional top-down processing. 
Exploring the involvement of the posterior parietal cortex (PPC) in visuo- spatial 
attention, anodal tDCS was shown to bias attention towards contralateral hemispace, 
and cathodal tDCS was found to have opposite behavioural effects (Sparing et al. 
2009). Relatedly, anodal tDCS over the left PPC was shown to reduce visual atten-
tional bias to the left in a greyscale task, whereas cathodal and sham stimulation had 
no consistent effect (Loftus and Nicholls 2012). Taken together these studies indi-
cate that tDCS over the PPC can influence visual attention. Moreover, while few in 
number, studies that have combined functional imaging with stimulation and behav-
ioural performance measures have been crucial for elucidating underlying neural 
mechanisms of attention. The interaction between frontal and parietal areas in a 
visual search task was explored using cathodal vs sham tDCS of the right parietal 
cortex. Not only did cathodal tDCS reduce performance, it also diminished prefron-
tal activity, which suggested that stimulation decreased performance by reduction of 
inter-areal cross-talk (Ellison et al. 2014). In another study, anodal tDCS over the 
dlPFC increased sustained attention and also prefrontal fMRI BOLD activity. These 
correlations help to provide a mechanistic understanding of the neurophysiologic 
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and cognitive impact of tDCS on this task (Nelson et al. 2014). In a follow-up study 
by the same group, the beneficial effects of tDCS on attention during extended 
wakefulness were stronger than those of caffeine (McIntire et al. 2014), a finding 
that may contribute to the application of tDCS for neuroenhancement in this par-
ticular field.

 Learning and Memory

A large body of evidence indicates that learning and memory can be manipulated 
using tDCS (Coffman et al. 2014). For example, a number of studies suggest that 
tDCS over the primary motor cortex (M1) can enhance the acquisition and reten-
tion of skilled motor tasks (Boggio et al. 2006; Galea and Celnik 2009; Nitsche 
et al. 2003b; Reis et al. 2009). Nitsche and colleagues (2003) were the first group 
to show that anodal tDCS over M1 improves motor learning during a serial reac-
tion time task (SRTT). By contrast, tDCS over surrounding areas such as the pre-
motor or prefrontal cortices did not result in improved performance (Nitsche et al. 
2003b). In a different study by Nitsche et  al. (2010), the investigators demon-
strated the role of premotor cortex in motor memory consolidation. In this study, 
anodal tDCS over premotor cortex, performed during rapid eye movement sleep, 
resulted in increased recall of previously learned movement sequences on an 
SRTT task compared to a series of control experiments. This study therefore sug-
gested a unique involvement of premotor areas in motor consolidation (Nitsche 
et  al. 2010). In a more recent study, Saucedo-Marquez and colleagues (2013) 
observed task-dependent effects of anodal tDCS during different phases of motor 
learning and retention (Saucedo Marquez et al. 2013). They showed that anodal 
tDCS improved performance during the learning phase of a sequential finger-tap-
ping task, while tDCS improved performance during the retention phase when 
performing a visual isometric pinch force task. The finding that anodal tDCS over 
the same motor area, M1, led to task- and phase- dependent effects suggested that 
underlying processes during a finger-tapping versus a force task are differentially 
modulated by anodal tDCS.  Overall, evidence from these studies suggests that 
excitability-enhancing tDCS in motor and surrounding areas can be used to probe 
discrete stages of motor learning and memory. This knowledge has clear implica-
tions for the application of tDCS in clinical populations with specific motor func-
tion deficits.

Moreover, the neurophysiological changes induced by tDCS applied to motor 
areas and the impact of this stimulation on motor learning and memory have been 
widely studied. Current evidence suggests that tDCS-induced modulation of corti-
cal excitability in M1 can influence levels of both the inhibitory neurotransmitter 
GABA and the excitatory neurotransmitter glutamate, which in turn could signifi-
cantly influence underlying neural processes that support motor learning and 
 memory (Kim et al. 2014; Stagg 2014; Stagg et al. 2009, 2011). In a recent study 
that employed a robotic force perturbation task, a decrease in GABA concentration 
was observed after anodal tDCS over the hand area in left M1; no change in GABA 
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was observed after cathodal or sham stimulation (Kim et  al. 2014). Importantly, 
tDCS-induced changes in the GABA levels significantly predicted motor learning 
and motor memory, while baseline GABA levels did not. A larger decrease in tDCS-
induced GABA was associated with both better motor learning, as indexed by a 
reduced number of errors during adaptation, and better retention or memory, as 
indicated by a persistent increase in reaching errors during de-adaptation. While 
clear changes were observed with respect to anodal tDCS, previously reported 
decreases in Glutamate and GABA after cathodal tDCS (Stagg et al. 2009) were not 
observed in Kim et al. (2014), presumably owing to differences between studies in 
stimulation duration and intensity (Kim et al. 2014). Nonetheless, together the evi-
dence from these studies suggests tDCS- induced changes in both excitatory and 
inhibitory neurotransmitter concentrations, which directly influence motor learning 
and memory performance.

In comparison to the large body of tDCS literature on motor learning and mem-
ory, there are relatively few studies currently that show benefits of tDCS in other 
memory domains such as language/verbal and non-motor procedural/implicit 
learning and memory. One of the first studies exploring the effects of tDCS on 
verbal memory was by Marshall et al. (2004), who showed that bilateral frontal 
anodal tDCS during slow-wave sleep improved retention of word pairs while 
stimulation during the wakeful state did not impact performance (Marshall et al. 
2004). In a study by Floel et al. (2008), anodal tDCS applied over the left superior 
temporal cortex significantly improved the acquisition of novel vocabulary in a 
pseudoword-object associative learning task, compared to sham and cathodal 
stimulation (Floel et al. 2008). Javadi and Walsh (2012) reported improved verbal 
memory performance during recognition after anodal tDCS over the left dlPFC 
during the encoding phase, while cathodal tDCS impaired performance when 
applied during both phases (Javadi and Walsh 2012).The authors argued that bet-
ter encoding or retention could have resulted in improved memory performance. 
This finding combined with authors’ findings from a follow-up study (Javadi and 
Cheng 2013) suggested that anodal tDCS over the left dlPFC applied during dif-
ferent phases of memory formation i.e., encoding, reconsolidation and recogni-
tion, can potentially enhance long-term declarative memory. Specifically, in the 
2013 study, the authors showed that anodal stimulation in conjunction with reac-
tivating memories during one recognition phase (3  h after encoding words) 
resulted in more words being recognized in a subsequent recognition phase (5 h 
after the first recognition task), compared with sham and cathodal stimulation. 
Interestingly, they showed that reactivation of memories during anodal stimula-
tion at that first recognition phase was required for improved performance during 
subsequent recognition.

In addition to language/verbal learning and memory, there are a small number of 
studies on the effects of tDCS on non-motor, implicit learning processes. For exam-
ple, Kincses et al. (2004) demonstrated that anodal tDCS over the left PFC improved 
performance on probabilistic classification learning, a task involving the formation 
of implicit associations between a set of arbitrary geometric shapes and weather 
outcomes, while cathodal tDCS impaired performance (Kincses et al. 2004). These 
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findings suggest a potential use of tDCS in facilitating implicit non-motor learning 
and memory functions in healthy individuals.

Grabner et  al. (2015) applied tDCS over the left posterior parietal cortex and 
showed that arithmetic knowledge acquisition and learning can also be significantly 
modulated by tDCS (Grabner et al. 2015). Anodal, cathodal and sham tDCS were 
delivered during training with complex multiplication and subtraction problems. 
Cathodal tDCS decreased learning rates during training and resulted in poorer  
performance 24 h after stimulation, while anodal tDCS resulted in improved opera-
tion-specific performance on subtraction problems. The findings in this study and 
other similar studies (Rutsche et al. 2015) suggest that tDCS over left parietal areas 
can enhance arithmetic learning.

Overall this section highlights the complexities involved in using tDCS to probe 
specific processes of learning and memory. It is paramount that the interpretations 
of aftereffects are guided not only by comparisons of active with sham or control 
stimulation but also task-relevant phases in question, for example polarity-specific 
effects of tDCS may vary based on its application during different phases of mem-
ory formation.

 Problem Solving and Decision Making

Compared to other domains of cognition presented in earlier sections in this chapter, 
evidence regarding the impact of tDCS on higher-level functions such as decision- 
making and problem solving is still in its infancy. Because of the evidence that 
tDCS can be used to manipulate attention, learning and memory (Coffman et al. 
2014), some investigators have reasoned that it can mediate far reaching effects on 
more complex aspects of cognition. A major challenge, however, is that the specific 
neural networks and physiological mechanisms contributing to complex decision 
making, and the effects of tDCS on those complex networks remain incompletely 
understood.

The most common target site in tDCS studies for inducing changes in executive 
and other higher-level abilities is the dlPFC. The laterality and polarity of stimula-
tion employed in these studies are not consistent, and are often motivated by prior 
findings from neuropsychological, functional neuroimaging, and neurophysiolog-
ical studies. For instance, anodal tDCS over the left but not the right dlPFC 
improved performance on a complex verbal task that required not only verbal 
processing but also other executive function abilities; this finding suggests a spe-
cific role of left dlPFC in difficult verbal problem-solving (Cerruti and Schlaug 
2009). In a different study (Metuki et al. 2012), anodal tDCS over the left dlPFC 
enhanced the ability to solve difficult verbal insight problems, but no effects were 
found for easy problems. While verbal problem-solving was modulated by stimu-
lation of the left dlPFC, anodal tDCS over the right dlPFC modulated the impact 
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of past  investments on current decision-making, known as the sunk-cost effect. 
Cathodal and sham tDCS had no impact on such decisions. In addition, anodal 
tDCS did not impact decision-making when past investments were not made, 
highlighting the specificity of the effect (Bogdanov et al. 2015). A variety of stim-
ulation approaches—bilateral, right anodal and left cathodal tDCS—over the 
dlPFC have been shown to reduce food cravings, an effect which is believed to be 
mediated by modulation of neural circuits involved in decision-making and reward 
(Fregni et al. 2008).

A relatively large body of evidence from brain stimulation studies support a 
causal role of dlPFC in decision-making processes. The observation that bilateral 
stimulation can potentially induce increased risk-aversive behavior (Fecteau 
et al. 2007) has important implications for the use of tDCS as a potential treat-
ment for addiction. Motivated by noninvasive brain stimulation findings, a neu-
rocognitive model proposed by Fecteau et  al. (2010) provides a conceptual 
framework for dlPFC’s involvement in a wide range of decision-making pro-
cesses including reward- seeking and self-interested impulsive behaviors. Given 
the highly interconnected nature of the dlPFC, the effects of stimulating this area 
are likely to have both local effects and secondary effects on remote areas con-
nected to the dlPFC via a bi- hemispheric cortico-subcortical network (Fecteau 
et al. 2010).

There are other studies on tDCS and its role in solving extremely difficult prob-
lems that are not computationally difficult but require creativity. For example, the 
so-called nine-dot problem is one in which subjects are required to connect nine 
dots with a limited number of lines. The task requires subjects to reason outside of 
rule conventional boundaries in order to arrive at a novel solution. Chi and Snyder 
(2012) found that no participant was able to solve this task before stimulation, but 
that after only 10 min of bilateral tDCS—cathode over the left anterior temporal 
lobe (ATL) and anode on the right ATL—40% of the participants were able to 
solve it (Chi and Snyder 2012). By inhibiting left ATL, an area involved in con-
verging salient information into meaningful patterns (Baron and Osherson, 2011), 
the authors speculated that the participants were literally able to think outside the 
box. Another study by the same group and using the same electrode montage and 
polarity showed improved performance on an insight problem-solving task (Chi 
and Snyder 2011). Stimulation employing the opposite electrode polarity – anode 
over the right and cathode over the left ATL – did not improve performance. This 
finding led the authors to conclude that inhibiting the areas more heavily influ-
enced by the mental set effects—the tendency to become fixed in one’s thoughts or 
behavior, such that one finds it too difficult to engage new strategies to solve prob-
lems that have been previously resolved—while facilitating activation in an area 
associated with insight selectively resulted in improved performance (Chi and 
Snyder 2011).
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 tDCS and Neuroenhancement

While the effects from a single session of tDCS are considered transient, repeated 
or daily use of tDCS over the course of weeks can result in longer-lasting effects 
that may last weeks or months, and possibly longer. After over a decade of 
research in which tDCS has been employed as an investigative tool in cognitive 
neuroscience some researchers are beginning to focus on whether and to what 
extent this technology can be used to augment performance in otherwise healthy 
individuals. So far, tDCS has been used to enhance attention or vigilance, learn-
ing and memory, and other aspects of cognition with at least some evidence of 
success (Clark and Parasuraman 2014; Parasuraman and Galster 2013). The 
notion of neuroenhancement with tDCS has captured the public imagination and 
has led to both the development of direct-to-consumer tDCS devices as well as 
the emergence of a thriving do-it-yourself tDCS (DIY-tDCS) community, both of 
which raise a variety of ethical questions (Hamilton et al. 2011) as well as safety 
concerns (Wurzman et al. 2016). Some of the mixed evidence for the efficacy of 
tDCS in neuroenhancement is briefly summarized in this section.

After 5 days of language training with anodal tDCS of left posterior temporo- 
parietal junction, Meinzer et  al. (2014) reported a steeper learning curve and 
improvement in overall task performance in subjects receiving real stimulation 
compared with sham stimulation, which was maintained for at least a week after the 
training ended (Meinzer et al. 2014). Similarly, numerical learning was improved 
after 6 days of bilateral tDCS over the parietal cortex, with effects that lasted for at 
least 6 months post-stimulation (Cohen Kadosh et al. 2010). Anodal tDCS over M1 
paired with a challenging motor task over 5 consecutive days enhanced motor skill 
acquisition and retention, which persisted for at least 3 months (Reis et al. 2009). 
Daily bilateral prefrontal tDCS over a period of 3–5 days improved self-reported 
mood in non-depressed individuals, which the authors suggest could transfer to 
memory and problem-solving abilities in healthy individuals (Austin et al. 2016). A 
few studies have reported enhanced memory retrieval (Manenti et  al. 2013) and 
retention (Floel et al. 2012), and reduced forgetting (Sandrini et al. 2014) of epi-
sodic memories in healthy older individuals. These findings have potentially major 
implications for the future use of tDCS in reducing age-related cognitive decline. 
However, not all results have been equally promising. For example, at least one 
study by Martin et al. (2013) failed to find benefits associated with 10 sessions of 
anodal tDCS over the left dlPFC paired with cognitive training on an adaptive dual 
n-back task (Martin et al. 2013). While performance improved during active stimu-
lation sessions, the benefits were not evident either 10 days or 4 weeks following the 
end of stimulation.

One potentially striking future application of DIY-tDCS is its use to enhance 
attention and lessen fatigue; two effects that are likely to be sought after in an increas-
ingly competitive modern society. The positive results of a recent study  (discussed in 
Sect. Attention and Working Memory) that compared the effects of a single 30-min 
session of tDCS with 200 mg of caffeine (equivalent to 1–2 cups of brewed coffee) 
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on attention (McIntire et al. 2014) has clear implications for its use in neuroenhance-
ment. The authors note that, while caffeine is widely consumed to combat fatigue, its 
benefits decline over time. The benefits of prolonged use of tDCS over time remain 
to be explored, but it is plausible that the perceived benefits after extended use of 
tDCS may also decline over time, or could even be detrimental to cognitive domains 
other than attention.

The safety and tolerability of tDCS have been widely studied and are well- 
documented in the field of cognitive neuroscience. A number of studies have indi-
cated that tDCS is both safe and well-tolerated in healthy and clinical populations. 
The typical symptoms experienced during stimulation and for a short period of 
time following tDCS are considered mild and resolve within hours after stimu-
lation ends. These symptoms include burning and tingling sensations, and skin  
redness under the electrodes (Durand et al. 2002; Kessler et al. 2012; Nitsche et al. 
2003a; Poreisz et al. 2007). Since most of this safety information is derived from 
single or transient use of tDCS, there was an outstanding concern regarding its 
repeated use, particularly in the applications of neuroenhancement. The findings 
of a recently published report mitigate this concern (Bikson et al. 2016); no seri-
ous adverse effects or injuries were found in this investigation of human trials, 
which included over 30,000 tDCS sessions and 1000 subjects. It is important how-
ever to recognize that while these safety data are reassuring and support continued 
exploration of tDCS, they are based on controlled laboratory experiments using 
tDCS protocols that must conform to well-established safety limits. DIY-tDCS 
and direct-to-consumer tDCS applications have not been subjected to the same 
level of rigorous assessments and could potentially be dangerous to a naive user. 
In addition to the possibility of brain tissue damage due to overuse and/or overdose 
and equipment failure, a number of other problems may emerge that are not yet 
known and could possibly be detrimental to one’s cognitive well-being (Wurzman 
et al. 2016).

 Challenges and Opportunities

Despite its many practical advantages and the ever-increasing number of published 
experiments that employ tDCS, there remain a number of methodological and con-
ceptual challenges to the further expansion of tDCS as a research tool in cognitive 
neuroscience. In this section we will provide an overview of some of the known 
limitations of tDCS and we will also discuss currently poorly understood aspects of 
tDCS that limit its application to cognitive neuroscience research.

One major methodological limitation of conventional tDCS is that it has low 
spatial resolution. This is in part because the electrodes and pads that are commonly 
used to deliver tDCS are relatively large (e.g. 5 × 5 cm2 or 5 × 7 cm2), but also 
because current flows between electrodes in a relatively diffuse manner (Datta et al. 
2009). The low spatial resolution of the tDCS is potentially problematic for any 
cognitive neuroscience investigation that proposes to characterize differences 
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between brain regions that are either adjacent or close to one another. This problem 
is mitigated, but not completely solved, by employing smaller active electrodes or 
larger reference electrodes than those that are currently commonly employed 
(Nitsche et al. 2007), and by using so-called ‘high definition’ tDCS systems that 
employ smaller electrodes and are arranged in such a way as to minimize the spread 
of current through the brain (Datta et al. 2009). In addition to its limited spatial 
resolution, tDCS also has low temporal resolution. In contrast with TMS pulses, 
which can be delivered at a specific time in relationship to the performance of a 
cognitive or behavioral task, tDCS must be administered over minutes and gener-
ally cannot be delivered in individual trials of a behavioral experiment or at a spe-
cific instant within a trial. These drawbacks can to some extent be circumvented by 
concurrently applying tDCS with a behavioral task. This approach may leverage the 
neuromodulatory properties of tDCS on ongoing task-related activity without 
inducing task-irrelevant activity, which in turn would increase the specificity of its 
aftereffects.

Another major limitation facing tDCS investigations is that the relationship 
between many stimulation parameters and their influence on cognition remains 
poorly understood. For instance, it is clear from numerous studies that the conceptu-
alization of anodal and cathodal stimulation as having equal and opposite excitatory 
and inhibitory effects on behavior is oversimplified and often incorrect. Relatedly, a 
meta-analysis by Jacobson et  al. (2012) demonstrated that the effects of cathodal 
stimulation are more inconsistent than those of anodal stimulation particularly in the 
context of its effects on cognition (Jacobson et al. 2012). In addition, the association 
between the intensity and duration of stimulation and neural excitability remains to 
be fully characterized. In an often-cited study, Batsikadze and colleagues (2013), 
demonstrated that administration of cathodal stimulation at 1 mA reduced subse-
quent TMS-induced MEP amplitudes, suggesting diminished cortical excitability. 
However, in the same experiment, cathodal stimulation at 2 mA for 20 min enhanced 
the amplitude of MEPs, suggesting a facilitative effect on cortical excitability 
(Batsikadze et al. 2013). The full impact of varying these and many other stimulation 
parameters on behavior  – and the neural mechanisms that underlie these differ-
ences – have yet to be fully explored.

Finally, a formidable challenge in the use of tDCS in cognitive neuroscience is 
that the effects observed in cognitive studies are often small and can be highly vari-
able. This may be especially true of studies that employ single sessions of stimula-
tion to transiently alter cognition, and there has been considerable controversy 
recently regarding the reliability of these investigations, as evidenced from a num-
ber of recent metaanalyses (Horvath et al. 2015; Mancuso et al. 2016; Price et al. 
2015). Relatedly, recent evidence has suggested that the sample sizes of many tDCS 
studies may be underpowered to produce reliable effects (Minarik et  al. 2016). 
Moving forward, investigators will need to explore the factors that lead to heteroge-
neity in tDCS results, possibly by critical metaanalyses (Nitsche et al. 2015), and 
determine which findings are most valid, robust, and reproducible.
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 Future Directions

Despite a variety of limitations and challenges, the future of cognitive neurosci-
ence research involving tDCS remains promising. In the years to come, studies 
will continue to explore the neural mechanisms by which tDCS alters brain activ-
ity, and to characterize the relationship between these induced changes in brain 
function and changes in cognitive performance. In light of some of the method-
ological challenges noted above, future studies of tDCS will need to more fully 
characterize the changes in performance that arise from differences in stimulation 
parameters such as electrode polarity, stimulation intensity, and duration. Moreover, 
future studies will also need to characterize the influence of a number of subject- 
and state-related factors, including but not limited to baseline ability (Sarkar et al. 
2014; Turkeltaub et al. 2012) and domain-specific cognitive load during stimula-
tion (Gill et al. 2015).

In addition to exploring a variety of properties related to stimulation itself, one 
of the most promising emerging developments for tDCS is the increasing ability to 
combine stimulation with complementary investigative tools, such as functional 
neuroimaging, electroencephalography, magnetoencephalography, near infrared 
spectroscopy, and other technologies. TDCS can also be paired with TMS and other 
noninvasive brain stimulation approaches to address questions regarding the rela-
tionship between tDCS-induced changes in behavior and changes in cortical neuro-
physiologic responses. Extending the use of these various converging approaches 
will allow for clearer insights into the neural mechanisms that underlie a variety of 
cognitive abilities, as well as the changes in neural function associated with tDCS- 
induced alterations in performance.

 Conclusions

This is an exciting time for the field of cognitive neuroscience. In recent years, tech-
niques for exploring structure-function and network-function relationships in the 
brain related to cognition have developed tremendous sophistication. In line with 
this, noninvasive neuromodulation techniques like tDCS have, over time, become 
invaluable investigative tools in the armamentarium of cognitive neuroscience, 
because they allow for direct inferences to be made regarding causal relationships 
between neural functions and mental operations. As we have shown, tDCS has 
already been used effectively to explore the neural basis of a wide range of cognitive 
domains and mental abilities. In the future, the technique will continue to be refined, 
allowing ever more important questions in cognitive neuroscience to be addressed 
in more elegant and rigorous ways.
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Chapter 21
Challenges, Open Questions and Future 
Direction in Transcranial Direct Current 
Stimulation Research and Applications

Michael A. Nitsche, Helena Knotkova, Adam J. Woods,  
and Marom Bikson

 Introduction

Techniques for non-invasive modulation of brain function and plasticity have 
emerged as an important research and promising clinical tool during the last two 
decades. It allows directed, controlled and localized modulation of brain physiol-
ogy, and thus is a powerful tool to expand our understanding of brain functions, 
including implications for psychological and behavioral processes in health and 
disease, and has as well therapeutic implications.

tDCS is one of these techniques which (re-)gained increasing popularity during 
the last years. In the 50s and 60s of the last century, tDCS studies in humans and 
animal models showed that tonic application of weak direct currents to the brain 
could alter cortical activity and plasticity, modulate cognitive functions, and might 
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be able to improve clinical symptoms in psychiatric diseases (for an overview see 
Esmaeilpour et al. 2017; Nitsche et al. 2003). tDCS, in its modern form, was re- 
discovered circa 2000. A rapid expansion of interest in the technique was fueled by 
increased knowledge about the relevance of specific cortical activity states and neu-
roplasticity for a multitude of psychological and behavioral processes, including 
pathological alterations in neurological and psychiatric diseases. tDCS – similarly 
to repetitive transcranial magnetic stimulation – is able to interfere with these pro-
cesses, and thus enhance our basic understanding of human brain physiology, 
including pathological alterations, and on this foundation might lead to innovative 
therapeutic approaches. Special advantages of tDCS as compared to other non- 
invasive brain stimulation tools are that it is a technically relatively uncomplicated 
tool, and that the weak subthreshold stimulus can be applied during task perfor-
mance without necessarily disrupting spontaneous activity of cortical networks 
(Woods et al. 2016). Indeed, a central feature of tDCS is modulation of spontaneous 
activity of the brain (Bindman et al. 1964; Reato et al. 2010).

The number of studies published since 2000 involving tDCS has increased expo-
nentially (Bikson et al. 2016; Woods et al. 2016), reflecting its promising profile as 
a research and clinical tool (Knotkova et al. 2014, 2015). tDCS is a clearly useful 
and successful interventional tool in the field of human and animal model brain 
research. Ongoing research and development has resulted in increasingly advanced 
technology with regard to tDCS hardware and software, and increasingly precise 
understanding of physiological, psychological and behavioral effects of tDCS in 
health and disease. In part due to the neuromodulatory state-dependent impact of 
the stimulation, compounded by the large potential stimulation parameter space, 
knowledge about tDCS effects remains incomplete – although equal or even more 
advanced as compared to related techniques. Nonetheless, continuing to enhance 
our understanding about tDCS effects is crucial to improve its application in basic 
and clinical studies.

 Open Questions and Challenges

Below we discuss open questions and challenges which are important for the 
future development of tDCS, but also for the field of non-invasive brain stimulation 
in general.

 Deeper Understanding of Neurophysiological Mechanisms, 
Co-variates and Confounding Factors

Few fields in neuromodulation, and indeed interventional neuropsychiatry, have 
comparable breadth and depth of neurophysiology studies as tDCS. The physiologi-
cal foundations of neuromodulation with DCS span at least decades where polarity 
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specific changes in excitability and plasticity were established (Bindman et al. 1964). 
Dozens of modern animal experiments have characterized the cellular effects of DCS 
on acute brain function and plasticity (Macedo et al. 2016; Pikhovych et al. 2016; 
Rahman et al. 2015). The modern foundations of tDCS are notable based on human 
neuro-physiological recordings (Nitsche and Paulus 2000)  – not, as the case for 
many other interventions, on serendipitous clinical findings. The core human neuro-
physiological findings with tDCS have been replicated, even as a more subtle dose 
response emerges. Ironically, those unfamiliar with the literature have attributed the 
richness in dose-response emerging from ongoing human and animal studies as sug-
gesting a challenge to the foundations of the field (For example, they conflate studies 
showing that tDCS applied to subjects specifically a rest vs subject specifically 
engaged in a task produces different outcomes, to claim tDCS therefore has no “net” 
effect). This is the opposite of the case; rather this richness in dose-response and 
mechanism is expected given the complexity of brain function (and disease). That 
DCS can change brain function is unequivocal- the question is rather where are the 
more promising indications and how should interventions be optimized.

Indeed, tDCS arguably has a more specific and detailed neurophysiologic foun-
dation than any other brain stimulation-derived neuromodulation intervention 
applied in humans, including those with relatively more progressive clinical deploy-
ment such as DBS and rTMS. For example, there is a rich literature on how co- 
variants (Fresnoza et al. 2014; Furuya et al. 2014; Labruna et al. 2016), such as 
brain system states influence tDCS outcomes – much of this work has been at the 
animal or human neurophysiological level, with extension to clinical intentions is 
ongoing (Strube et al. 2016). The challenge now is to integrate the rich data around 
tDCS mechanisms to develop hypotheses for the next generation of trials. Animal 
studies should focus not only on further elucidating mechanisms but on developing 
biophysically based hypotheses that can be used to formulate and test new tDCS 
interventions – for example “functional targeting” at the cellular level leading to 
task-specific tDCS effects (Bikson et al. 2013a, b; Kronberg et al. 2017). Efforts in 
human and pre-clinical studies must include further characterizing co-variants that 
lead to diversity in individual outcomes.

 Evidence Supported by Advanced Neurophysiological 
and Neuroimaging Methods

Although basic mechanisms of tDCS have been explored in detail in animal and 
human studies, knowledge is still incomplete with regards to specific mechanisms 
and dynamics, which might however be relevant not only for our basic understand-
ing of tDCS effects and neuroplasticity of the human brain, but also for the develop-
ment of tailored stimulation protocols. Clinical neurophysiology and imaging have 
yielded multiple lines of evidence indicating the after-effects of stimulation depend 
on glutamatergic mechanisms, that alteration of GABA is involved, and that tDCS- 
induced plasticity is calcium-dependent (Nitsche et al. 2003; Stagg et al. 2009). At 
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the same time, these studies have indicated that interactions among subject state, 
stimulation (intensity), and other factors (pharmacology) can engage distinct pro-
cesses leading to qualitatively different outcomes of tDCS (Batsikadze et al. 2013; 
Nitsche et  al. 2012). Here direct recordings from animal models, including slice 
preparations and single cell preparations, where background state can be directly 
titrated, and leveraging techniques like calcium imaging, voltage sensitive dye 
imaging, and optogenetics, are key to elucidate mechanisms. Animal studies will 
also allow isolation of the cellular targets of tDCS which could span different neu-
ronal compartments (soma, dendrite, axon; Bikson et al. 2004; Kabakov et al. 2012; 
Kronberg et al. 2017; Lafon et al. 2017; Márquez-Ruiz et al. 2012; Rahman et al. 
2013) as well as non-neuronal cell types (Gellner et al. 2016; Jackson et al. 2016; 
Rahman et al. 2013). For ongoing human research, specific MRI techniques, such as 
magnetic resonance spectroscopy, and positron emission tomography will help to 
clarify mechanisms further.

Beyond the regional cellular effects, network effects, i.e. presumably indirect 
effects of stimulation on remote, but functionally connected networks, have 
recently been identified (Polanía et al. 2011a, b, 2012), and might be of utmost 
relevance for the net functional effects of tDCS. Such multi-region effects reflect a 
combination of current spread to other brain regions (Dasilva et al. 2012; Kim et al. 
2014; Seibt et al. 2015) and connectivity between regions determining outcomes 
(Rahman et al. 2017). Here respective mechanisms regarding the transmission of 
activity alterations, and the effect on distant hubs of respective networks are under-
explored at present, but presumably relevant for development of targeted stimula-
tion protocols. Animal models will allow direct recordings and modulations of 
respective remote effects, current flow models can address direct multi-region 
stimulation, and advanced functional imaging approaches in humans are also suited 
to clarify these application-relevant effects of stimulation.

 Relevance of Modeling in Interaction with Physiological 
and Cognitive Mechanisms

Just as our understanding of tDCS has benefited from applying the most advanced 
and extensive neurophysiological and imaging characterization, computational 
models of tDCS have been among the most advanced in any neuromodulation field. 
For example models of tDCS were the first to include gyri-level precision (Datta 
et al. 2009), have been continuously enhanced over a decade (Datta et al. 2012; Lee 
et al. 2017; Opitz et al. 2015; Saturnino et al. 2015), and have been subject to exten-
sive direct validation (Datta et al. 2012, 2013; Huang et al. 2017; Opitz et al. 2016). 
While state-of-the-art modeling work does not imply major questions on dosimetry 
do not remain, these modeling tools continue to inform rigorous hypothesis driven 
tDCS trials. While current flow patterns through the brain are well understood and 
validated, one major challenge is linking details of regional current flow with 
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biophysical models that relate this current flow, through a particular brain region in 
a particular state, with resulting changes in function, and ultimately behavior. Most 
prior and ongoing modeling work has relied on the quasi-uniform assumption 
(Bikson et al. 2012) which is ambivalent to brain region or brain state. Work along 
these lines is ongoing (Reato et al. 2013), and is broadly referred to computational 
neurostimulation (Bestmann 2015), but remains a challenging frontier for tDCS as 
is requires a comprehensive understanding of both neuromodulation mechanisms 
and the underlying brain function (cognition or disease state) that is the functional 
target of stimulation.

 Insight into Relations between tDCS Neurophysiological Effects 
and Changes in Functional Outcomes

Importantly, neurophysiological effects of tDCS build the foundation for generating 
hypotheses about functional outcomes, e.g. long term potentiation-like effects of 
facilitatory tDCS protocols are the rationale for presuming that these improve learn-
ing and memory formation, while facilitatory tDCS is applied in depression and 
other diseases to enhance activity of pathologically hypo-active areas. Increasingly 
sophisticated physiological insight may thus improve efficacy of tDCS interven-
tions. For example, it was shown that combination of tDCS with serotonin reuptake 
inhibitors enhances LTP-like effects (Nitsche et al. 2009), and in accordance with 
these physiological results, combination of both techniques improved therapeutic 
efficacy in major depression, where compromised LTP is discussed to play a critical 
role (Brunoni et al. 2013).

While relying on general associations between physiology and functional out-
comes to formulate mechanism hypotheses for tDCS interventions, it is important 
to not draw an oversimplified picture. Many neurophysiological parameters which 
are applicable for use in human experiments for exploring the effects of tDCS or the 
physiological derivates of cognitive processes have a resolution which is not suffi-
cient to depict cognition-relevant physiology specifically. Motor evoked potentials, 
but also EEG and other functional imaging measures do not only monitor neurons 
or neuronal connections relevant for a specific process, but larger domains. 
Functional connectivity measures might be more specific, but systematic evalua-
tions which physiological parameters are most closely related to psychological and 
behavioral functions are largely missing. It is thus not surprising that the association 
between physiological effects of brain stimulation tools and performance alterations 
is weak in some cases (López-Alonso et  al. 2015). Identification of parameters 
showing potential to connect physiology and functions more closely is however of 
major relevance to tailor stimulation approaches best suited to improve functions, 
and to monitor interventions based on a rationale foundation. This will also pave the 
ground for fine- tuned individualized and also closed-loop stimulation approaches, 
which are potentially relevant future strategies to optimize stimulation effects.
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 Factors Playing a Role in Responsiveness/Non-responsiveness 
to tDCS

Even when at the group level replicable neurophysiological and cognitive changes 
are observed, neuromodulatory plasticity-inducing protocols, such as tDCS, but 
also rTMS, and PAS, show inter- and intraindividual variability, due to various 
sources (Ridding and Ziemann 2010). This variability is an intrinsic feature of neu-
romodulatory interventions, which have trait- and state-dependent effects. For basic 
studies, this variability is not only a source of noise, but can be exploited to learn 
more about determinants of human brain physiology. For applied studies, however, 
especially with regard to neuroenhancement and clinical treatment of patients, a 
reduction of variability – including enhancement of the proportion of responders – 
is relevant for intervention effectiveness. Numerous factors which affect the impact 
of tDCS on brain physiology, psychological factors, and behavior, have already 
been proposed and demonstrated, such as pharmacology, genetic polymorphisms, 
sex, age, handedness, head size, sensitivity to TMS, and strategic aspects of task 
performance. Other factors might emerge with ongoing research. Furthermore, task 
and performance characteristics, as well as technical aspects of stimulation and 
monitoring effects can affect tDCS outcomes (Woods et al. 2016). Identification of 
relevant factors will be likely relevant to pre-determine if e.g. a therapeutic interven-
tion is promising or not in a specific patient/volunteer, but will also help to install an 
environment optimally suited for successful intervention. One problematic aspect 
might be however the multitude of factors able to influence stimulation-based neu-
romodulation, and that these factors are likely interacting. Therefore, one future 
challenge will be to identify relatively simple and feasible biomarkers, which are 
allowing to foresee efficacy, and adapt stimulation protocols individually.

 Patient-Tailored Protocols and Established Optimized  
“General Protocols” for Specific Populations

In part because tDCS experiments aim to achieve functional outcomes based on 
prior physiological evidence, most cognitive and behavioral interventions adapt a 
stimulation montage and use a single current/duration from prior work. Systematic 
tritration of protocols to identify optimal protocols to change performance or 
symptom- alleviation has been performed in a limited number of studies. This incre-
mental and conservative approach to dose exploration is the general rule for all 
non-invasive brain stimulation protocols. For physiological effects of motor cortex 
stimulation - and other rather basic effects – several studies show how stimulation 
intensity, duration, and electrode position can alter  – in a sometimes non-linear 
fashion – tDCS effects. These non-linearities of effects, which are an essential attri-
bute of neuromodulation, are an important justification for additional indication- 
specific systematic titration studies. Importantly, since target areas differ with regard 
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to many factors responsible for variability of effects, it will not be sufficient to 
perform these titration experiments for a single model area. Whereas for basic stud-
ies it might not be relevant in each case to receive optimally strong effects – think 
e.g. about the question of identification of the contribution of a target area to a spe-
cific cognitive process, where the presence or absence of tDCS impact on a func-
tion, and not its size, is the relevant information – this is crucial for patient studies. 
Here, similarly to pharmacological studies, systematic titration of dosage is required 
to identify the “optimal” protocols. In further accordance to pharmacological stud-
ies, this optimization can be performed at the group and the individual level. 
Definition at group level by systematic titration of protocol parameters is relatively 
easily done, but has not been performed in many studies so far. It is however crucial 
to be able to decide if tDCS (or any other brain stimulation technique) is able to 
successfully and relevantly treat specific symptoms. The second step will then be to 
develop patient-tailored protocols. This endeavor is more demanding, because indi-
vidual titration would ideally require some biomarkers to foresee response, and 
inform the individualized protocol design, which are not yet available (see also 
above), and might include state and/or enduring parameters. Nevertheless, at least 
for therapeutic application, these optimizing approaches are of critical importance 
to evaluate the potential of this tool.

 Stimulation Parameters and Safety

There are many challenges pertaining to tDCS parameters and safety. Examples 
include exploration of parameters out of the well-established range; support from 
modeling and neuroimaging, or building a pool of long-term safety data.

To date, tDCS human trials have been largely restricted to intensities between 1 
and 2 mA for ~20 min, with one session daily for up to a few weeks. While this is 
an advantage as far as developing a rigorous record on tolerability and substrate for 
mechanisms (Woods et al. 2016), this represents a narrow range of potential dose. 
For example, what are the consequences of stimulation for several hours (as was 
done in early tDCS literature; Esmaeilpour et al. 2017)? So, while the reinforcement 
of testing of specific doses (even across diverse indications and populations) builds 
credibility and basis for ongoing work (Woods et al. 2016), at the same time we can 
expect that the optimal dose for any given indication has yet to be identified. As 
such, we expect that ongoing results from clinical trials, while often encouraging, to 
not reflect the maximal efficacy possible with tDCS (Brunoni et al. 2012). With any 
new dose, there is a need for vigilance in regards to safety, but we note that there 
have been no serious adverse effects thus far with controlled tDCS studies despite a 
wide range of subjects tested (e.g. including children, individuals with epilepsy) and 
that animal studies suggest a wide margin before theoretical risk of injury (Bikson 
et al. 2016). One perceived limit in regards to dose was skin tolerability but in the 
decade since 2 mA was first tested, new electrode technologies have been made 
available (Minhas et al. 2010) and early testing with higher current using modern 
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techniques has proven to be well tolerated. Certainly compared to other neuromodu-
lation techniques, such as rTMS, there has been little exploration of new dose space.

 Challenges Related to Electrodes and Stimulator Technology

This area includes development toward user-friendly, easy-use solutions, as well as 
solutions suitable for adoption in clinical/hospital practices and solutions suitable 
for at-home use.

To date, a majority of tDCS trials continue to use electrode technology that is 
largely based on a design as tested circa 2000 (DaSilva et  al. 2011; Nitsche and 
Paulus 2000). However, there is now increased emphasis on rigor and reproducibility 
in protocols even using these classic electrode approaches (Woods et al. 2016). New 
electrode technologies are being developed, often associated with new headgears or 
caps, which might have advantages with regard to easy and correct application of the 
intervention, including home use of patient populations (Kasschau et al. 2015; Woods 
et al. 2015). While in principle tDCS involves a basic control of current, approaches 
to further increase reliability and tolerability through adaptive stimulation have been 
proposed (Hahn et  al. 2013), and then applied in susceptible populations (Gillick 
et al. 2015a, b) or for extended multi-session tDCS (Paneri et al. 2016).

Recently, the tDCS procedure and technical equipment have been adapted for a 
use by lay persons (patients and their family caregivers) at home. Fulfilling ethical 
and regulatory imperatives for human subject protection, the guidelines and recom-
mendations for the at-home approach (Charvet et al. 2015) promote provisions for 
enhanced compliance & safety monitoring, as well as technical solutions for low- 
burden and easy-to-use tDCS application. This facilitates an access to tDCS trials and 
practice for patients with specific physical and/or cognitive constrains and enables 
valuable data-collection from specifically challenged patient populations. Following 
general tends in communication technologies, future developments in the at-home 
tDCS may include deeper integration of tDCS with telemedicine technologies.

 Regulatory Issues

The regulatory status of tDCS continues to evolve. The official regulatory pos-
ture governing the use of tDCS evidently depends on jurisdiction. Current regu-
lation in the EU supports the use of tDCS in the treatment of depression and pain. 
In most cases, the use of tDCS remains investigational or off-label therapy. In the 
United States, the prescribed use(s) of investigational devices remain highly 
regulated in compliance with FDA Quality Systems and/or IEC certification 
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standards. When medical devices are used with the intent to treat (outside of the 
context of a clinical trial), FDA approval is not necessarily required. However, 
this does not, nor should it suggest cavalier use of tDCS in clinical contexts. 
Physicians remain obligated to obtain and employ the most current knowledge 
about the product (including if it is manufactured to medical device standards), 
and subject-specific dose and treatment profiles. Such knowledge should be 
based upon both scientific rationale and sound medical evidence (e.g.- clinical 
trials, reports of investigator-initiated research, empirical laboratory studies rel-
evant to the focus and scope of intended use-in- practice, and evidence-based 
reviews). Patients should be fully informed of known effects, effectiveness, and 
limitations.

 Education and Professional Competence

Skill development leading to tDCS competency that allows for consistent and safe 
application of tDCS requires comprehensive education and training. The 
competency- building process starts with a sufficient knowledge base covering all 
basic aspects of tDCS use and a core insight into current understanding of neural 
mechanisms underlying tDCS effects. This is followed by step-by-step training. As 
tES has not yet been integrated into medical practice, it is not included in formal 
medical graduate and postgraduate education. Availability of tES courses/work-
shops is growing, but they cannot substitute for comprehensive training. With the 
tDCS field quickly expanding, an implementation of medical-board accredited 
curricula into regular undergraduate and postgraduate education system is war-
ranted. Well-trained tES personnel should be proficient in the following aspects of 
tES application (1) the theoretical background of tES, (2) principles and rationale 
of tES use in specific populations, (3) dose, target, and stimulation protocol deter-
mination, (4) selection of subjects, (5) safety evidence and safety precautions per-
taining to tES delivery, (6) preparation and positioning of the electrodes, preparation 
and operating the tES unit, (7) outcome monitoring and recording, including 
recording and reporting adverse events (Knotkova et al. 2015; Woods et al. 2016).

 Access to tDCS

In numerous controlled clinical trials, tDCS has been shown to be effective in reduc-
ing clinical symptoms that are refractory to other treatments (e.g. pharmacological 
agents, physical and/or cognitive therapy, etc.). However, because clinical trials are 
inherently restricted in scope, time, and geography, patient access to therapy in trials 
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is often impractical or difficult. As well, for patients that have completed clinical 
trials, options for continuity of clinical care are at best limited (if not wholly unavail-
able), even if patients have proven to be highly responsive. In light of this, patients 
who may gain clinical benefit from tDCS treatment often are unable to access clini-
cal venues for its safe and apt provision, increasing the burden of disease. If denied 
access to provision to tDCS under medical care, some patients will then seek alterna-
tive resources. Thus the current access of tDCS to patients is an important challenge 
for the field to address and it may not be ethical to ban access to therapy under any 
conditions until a definitive consensus on efficacy is reached by some organization.

 Conclusions

Overall, tDCS holds great potential for research and clinical applications. However, 
hand in hand with the potential go multiple challenges, gaps in current knowledge, 
and unmet needs that together represent hurdles on the path toward further develop-
ment of this promising technology. In specifics, the imminent needs include: further 
research supported by advanced neurophysiological and neuroimaging methods in 
order to bridge gaps in understanding the neurophysiological mechanisms of tDCS 
and relations to specific functional outcomes; optimization and standardization of 
stimulation protocols; building a pool of long-term safety data and an environment 
for data sharing; development toward user-friendly solutions; progress toward 
implementation of tDCS to clinical practice; initiatives supporting education and 
professional competence in tDCS use in research and clinical settings. Nonetheless, 
it is rewarding to see that the complex challenges in fact facilitate the development 
of the field, promote resource sharing and collaboration, and stimulate professional 
exchange in the broad tDCS community.
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