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The eBook entitled “Brain Stimulation and Behavioral Change” is a collection of 
articles about the use of transcranial electric stimulation (tES) to change behaviors 
and face pathological conditions, to enhance cognition and to explore cerebral 
functions using safe and non-invasive brain modulation techniques. The tESs 
include transcranial direct current stimulation (tDCS), transcranial alternate current 
stimulation (tACS), and, due to the way it induces changes in the brain, Transcranial 
Magnetic Stimulation (TMS). The use of tES has recently exploded. Certainly, one 
reason for this explosion of research is that it is a cheap way to change behavior. 
However, on the other hand, we still know very little about the neural mechanisms 
that underlie tES. The present eBook includes both original studies and reviews. It 
covers a wide scope of arguments, including studies aimed at testing the potential 
ability of tES in mitigating physical and psychiatric symptoms, and to support 
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neurological rehabilitation, enhancing reading abilities, motor abilities, and creativity. 
Furthermore, some contributions about the role of tES in discovering and mapping the  
neuro-functional correlates of higher cognitive functions are also included. The 
common background of the contributions included in the eBook lies in the idea that 
we need sound scientific evidence about how to move these techniques from labs to 
real-life contexts. Addressing these issues and understanding the real potentialities 
of tES in clinical and non-clinical applications require a significant cross-fertilization 
between disciplines. We hope this eBook will be able to boost the discussion on 
this vital topic.
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Editorial on the Research Topic

Brain Stimulation and Behavioral Change

The use of brain stimulation techniques has recently exploded. Certainly, one reason for this
explosion of research is that it is a cheap way to change behavior. However, on the other
hand we still know very little about the underlying neural mechanisms. In the research topic
“Brain stimulation and behavioral change” we highlight both empirical research and theoretical
reviews demonstrating the ability of non-invasive brain stimulation techniques to affect behavior
change in a variety of domains including: psychiatric symptoms (e.g., anorexia, psychosis),
neurological rehabilitation, motor control, visual perception, self-regulation, and social cognition.
This research topic highlights the unique opportunity brain stimulation provides for understanding
neuro-functional brain networks, testing theoretical constructs, assessing the presence of cognitive
deficits or potentials, mitigating symptoms of disease, and promoting health.

Along this path, heterogeneous by its nature but also rich in suggestions and unexpected
connections, Ferrucci et al. described a transcranial direct current stimulation (tDCS) study
on patients with fronto-temporal dementia. The authors, by using a stimulation protocol of 5
consecutive days, found an improvement in the visuo-attentive abilities of the patients following
an anodal stimulation applied over the fronto-temporal cortex after 1 month from the end of the
treatment, as well as a short-term improvement of some neuropsychiatric symptoms. Although
the study needs further developments on larger samples, it is worth noting the correlation found
between the decrease of the frontal slow waves and the cognitive improvement of the patients.
This finding confirms that transcranial stimulation can target not only a specific symptom but
also neuro-functional correlations, thus allowing a highly focused evidence-based treatment with a
limited impact on the patient’s quality of life.

Similarly, the study performed by Bocci et al. in patients with amblyopia (strabismus) shows
how the cathodal application of tDCS on the primary visual cortex contralateral to the defective
eye reduces transcallosal inhibition as measured through visual evoked potentials (VEPs) and
compared to that of healthy subjects, thus allowing an increase in visual acuity. In this case,
the study not only allows us to hypothesize future treatments targeted at adult patients, but
it also permits to support the hypothesis of the role of the interhemispheric balance in the
physiopathology of amblyopia.

In the same direction goes the review proposed by Gupta et al. which is aimed at summarizing
the literature about the potential of transcranial stimulation to improve the symptoms and quality
of life of psychotic patients. Neuropsychiatric contexts are increasingly benefiting from transcranial
stimulation applications in support to the limited effects of pharmacotherapy and its side effects.
The review shows how tDCS can be used safely and profitably both to mitigate positive psychiatric
symptoms (hallucinations and delusions) and to enhance cognitive functioning.
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The experiment conducted by the group of Costanzo et al.
also shows how tDCS can be a useful ally of the psychiatrist. In
particular, the study shows the positive effect of a tDCS protocol
in patients with anorexia nervosa (AN). The protocol, in fact, has
proven to be superior to standard treatments in promoting food
intake and stabilizing the weight of adolescents with AN. This
finding is probably associated with the ability of tDCS to directly
stimulate some nervous networks involved in the regulation of
feeding and in reward and gratification which are usually difficult
targets to reach with a standard intervention.

Still considering psychiatric applications, Dittert et al. showed
how it is possible to apply tDCS to the ventromedial prefrontal
cortex (vmPFC) to accelerate the extinction of conditioned
learning. In this way, the authors investigated the use of a
tDCS protocol with a large sample of healthy subjects in a
controlled laboratory setting. However, the study also presents
some critical aspects, since it was expected to increase the
response to the stimulus but also to increase the reaction to
the unconditioned one. This implies the necessity to better
understand the mechanisms underlying vmPFC stimulation in
conditioned learning before it can be applied in clinical settings.

The study by Behler et al. also shows critical aspects of
tDCS application. In fact, the authors present a series of clinical
cases with little significant effects in improving the symptoms
associated with Tourette’s syndrome.

In contrast, the protocol presented by Liu et al. based on
transcranial magnetic stimulation (rTMS) of the cerebellum
and the primary motor cortex (M1) proved to improve the
motor symptoms of patients with Multiple System Atrophy.
In particular, the improvement seems to be related to a
normalization of the resting-state dynamics in the motor circuit
(cerebellum-M1) targeted by rTMS, as demonstrated by fMRI. In
this case, therefore, the intervention protocol has a very precise
neuro-functional target that allows establishing a priori some
experimentally verifiable hypotheses, both at a behavioral and
neurophysiological level.

At this regard, it is particularly interesting the study proposed
by Berger et al. that investigated the role of transcranial
alternating current stimulation (tACS) on the oscillatory
activity of subjects engaged in a bimanual coordination task
by combining EEG and fNIRS. In this case, the authors
demonstrated a specific neurophysiological effect (detectable
by both EEG and fNIRS) of the tACS applied over the
motor circuits involved in the chosen task within the parietal
areas. Moreover, the choice of the experimental task proves
to be increasingly relevant in evaluating the effect of specific
transcranial stimulation protocols both in experimental and in
applicative settings.

The review by Pixa and Pollok goes precisely in this direction.
In fact, it describes the role of tDCS in enhancing motor
learning, with reference to bimanual coordination tasks. The
authors, in fact, report a generally positive impact of tDCS in
promoting bimanual skills both in healthy subjects and patients
with neurological disorders, showing the importance of using
tDCS protocols where the stimulation is consistent with the
motor tasks required.

However, transcranial stimulation, and particularly tDCS, can
also be used at home to mitigate symptoms and improve the

quality of life of patients with various diseases. In this way, remote
treatment protocols can be hypothesized through the integration
of stimulation procedures and e-health protocols, thus increasing
patient compliance and reducing the costs of health institutions.
In this sense, the study reported by Riggs et al. demonstrates the
feasibility of remote-controlled tDCS protocols, as well as good
patient compliance. This kind of applications will probably find
wide diffusion in the near future.

Remaining in the field of non-traditional clinical applications
of transcranial stimulation, Cancer and Antonietti showed how
it is possible to design and implement tDCS protocols to
improve some typical defects of learning disorders, such as
reading speed. Stimulating the circuits involved in this process
(left temporo-parietal cortex, right cerebellum, and left frontal
cortices) improves the reading process (even if in a diversified
way) both in adults and adolescents with dyslexia, but not in
typical readers.

The study by Brunnauer et al. also aims to evaluate tDCS
effects in non-traditional settings, such as the improvement of
cognitive skills underlying driving skills. However, the study
shows a poor impact of the left dorsolateral prefrontal cortex
(DLPFC) stimulation on these skills.

The study by Wang et al. is similar to the previous one in
terms of setting, but it is aimed at studying the neurophysiological
mechanisms underlying gratitude. The authors used a tDCS
protocol stimulating the mPFC during an economic game set in
a working context. In the beginning, subjects were tested for their
socio-cognitive skills. Then, they were required to pretend to
be employees facing different choices. The cathodal stimulation
over the mPFC proved to be capable of decreasing the effort
of showing gratitude in employees with poor skills, while the
anodal stimulation of the same area increased the effort in
high-functioning employees. A further demonstration of how
transcranial stimulation has differential effects according to the
experimental setting but also according to the individual features.

Moreover, three reviews showed that transcranial stimulation
can be used to study psychological constructs such as agency,
goal-oriented behavior, and creativity. Specifically, Crivelli and
Balconi have collected and discussed the literature related to the
agent brain studied through transcranial stimulation, showing
how this technique can be particularly useful in supporting
neuroimaging data, as well as providing new lines of research.
Also, the review by Kelley et al. discussed the findings obtained
by stimulating the prefrontal cortices that may promote positive
self-regulation. The principle is to alter the balance in the
activity between the prefrontal cortex and the subcortical regions
involved in emotion and reward processing.

Finally, the review by Lucchiari et al. summarized the existing
literature on the promotion of creativity through tDCS. The
critical discussion led to an explanatory model that correlates
the stimulation of certain brain areas, such as the left lower
frontal gyrus, and the balancing between the frontal cognitive
control system and the default mode network. This balance can
be considered the basis of the relationship between divergent and
convergent thinking which transcranial stimulation can modify
directly, thus promoting evident short-term effects.

In summary, the papers within this Research Topic suggest
that the brain stimulation techniques play an important role in
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neuroscience, both as tools to improve our knowledge about the
human mind, and to develop protocols to change dysfunctional
behaviors, mitigate symptoms and improve cognitive and
behavioral perfomance. However, results from original studies
as well as from review articles highlight the importance of
using specific and testable theoretical models about the neural
circuits to be stimulated in order to improve the probability
of success and prevent potential side effects before considering
real-world applications.
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Transcranial direct current stimulation (tDCS) delivered in multiple sessions can reduce
symptom burden, but access of chronically ill patients to tDCS studies is constrained by
the burden of office-based tDCS administration. Expanded access to this therapy can
be accomplished through the development of interventions that allow at-home tDCS
applications.

Objective: We describe the development and initial feasibility assessment of a novel
intervention for the chronically ill that combines at-home tDCS with telehealth support.

Methods: In the developmental phase, the tDCS procedure was adjusted for easy
application by patients or their informal caregivers at home, and a tDCS protocol with
specific elements for enhanced safety and remote adherence monitoring was created.
Lay language instructional materials were written and revised based on expert feedback.
The materials were loaded onto a tablet allowing for secure video-conferencing. The
telehealth tablet was paired with an at-home tDCS device that allowed for remote dose
control via electronic codes dispensed to patients prior to each session. tDCS was
delivered in two phases: once daily on 10 consecutive days, followed by an as needed
regimen for 20 days. Initial feasibility of this tDCS-telehealth system was evaluated in
four patients with advanced chronic illness and multiple symptoms. Change in symptom
burden and patient satisfaction were assessed with the Condensed Memorial Symptom
Assessment Scale (CMSAS) and a tDCS user survey.

Results: The telehealth-tDCS protocol includes one home visit and has seven patient-
tailored elements and six elements enhancing safety monitoring. Replicable electrode
placement at home without 10–20 EEG measurement is achieved via a headband that
holds electrodes in a pre-determined position. There were no difficulties with patients’
training, protocol adherence, or tolerability. A total of 60 tDCS sessions were applied. No
session required discontinuation, and there were no adverse events. Data collection was
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feasible and there were no missing data. Satisfaction with the tDCS-telehealth
procedure was high and the patients were comfortable using the system.
Conclusion: At-home tDCS with telehealth support appears to be a feasible approach
for the management of symptom burden in patients with chronic illness. Further studies
to evaluate and optimize the protocol effectiveness for symptom-control outcomes are
warranted.

Keywords: non-invasive brain stimulation, transcranial direct current stimulation, patient-tailored protocol,
chronic illness, symptom management, home settings, at-home tDCS

INTRODUCTION

In the United States, at least 175 million people are chronically ill
(Centers for Medicare and Medicaid Services, 2012; Ortman et al.,
2014). Most are elderly and receive care in the ambulatory setting
or at home (Hasselman and Center for Health Care Strategies,
2013). Effective symptom management is essential but is often
challenged by the occurrence of multiple symptoms and the need
for polypharmacy, which may produce adverse effects in the
medically fragile. For many patients, the need for frequent visits
to a physician’s office presents additional challenges. Innovative
strategies for symptom management that could be provided at
home and reduce the reliance on drug therapy would represent
a significant advance in addressing the burden of illness among
seriously ill patients.

Transcranial direct current stimulation (tDCS) is a non-
invasive and non-pharmacological intervention that may address
multiple symptoms of chronic illness (Nitsche and Paulus, 2000;
Fregni et al., 2006a,b; Rigonatti et al., 2008; Valle et al., 2009; Loo
et al., 2012; Knotkova et al., 2014a,b). tDCS is delivered via a
battery-powered device with two or more electrodes that transfer
electrical current of low intensity (usually 1–2 mA) to the surface
of the head. The primary mechanism of tDCS is a subthreshold
modulation of neuronal resting membrane potential (Nitsche and
Paulus, 2000). If delivered for several minutes, tDCS can induce
neuroplasticity of glutamatergic synapses, resulting in enduring
alterations of neural excitability (Nitsche et al., 2003; Antal et al.,
2010; Monte-Silva et al., 2013). Recent evidence suggests that
tDCS interacts with various neurotransmitters in the brain, such
as dopamine, acetylcholine, serotonin and gamma-aminobutyric
acid (GABA; Nitsche et al., 2004a,b,c, 2006, 2009; Polania et al.,
2011; Stefani et al., 2012; Stagg et al., 2013). The neurophysiologic
effects of tDCS can be detected in cortical and subcortical
areas distant from the site of stimulation, and recent findings
suggest that tDCS can upregulate and downregulate functional
connectivity within complex brain networks, such as those that
are important for cognitive, motor, and pain processing or
mood modulation (Stagg et al., 2013). The scientific rationale
for tDCS studies in symptom management builds on findings
from neurophysiological and neuroimaging studies indicating
that the development and maintenance of symptoms frequently
occurring in various chronic illnesses are associated with changes
in cerebral networks and altered functional connectivity (e.g.,
Apkarian et al., 2013; Hemington et al., 2016). Earlier studies
suggest that reversal of these potentially maladaptive changes
in brain function is possible and can be associated with

an improvement of symptoms (Maihöfner et al., 2003, 2004;
Napadow et al., 2012; and others). Neuromodulation techniques,
such as tDCS, can induce enduring alterations of neural activity
and connectivity, and can be used to attempt reversal the
maladaptive neuroplastic changes occurring in chronic illness
(Lefaucheur, 2016; Stock et al., 2016; Woods et al., 2016).

Numerous randomized controlled trials suggest that tDCS
can relieve symptoms common in chronic illness, such as pain,
fatigue, sleep difficulties, or mood disturbance (Fregni et al.,
2006a,b; Roizenblatt et al., 2007; Boggio et al., 2008; Valle et al.,
2009; Loo et al., 2012; Brunoni et al., 2014; Ferrucci et al., 2014;
Saiote et al., 2014; Fagerlund et al., 2015; and others). Although
the extant evidence would support a trial of tDCS in chronically
ill patients with multiple poorly controlled symptoms, the access
to tDCS for those patients has been constrained. There are many
potential reasons for this observation, among which may be
the burden associated with the conventional tDCS approach,
which requires consecutive daily visits to an office for 1 or more
weeks. The development of a home-based tDCS intervention
suitable for the chronically ill with complex symptoms would
have the potential to expand access to this promising non-
pharmacological method.

We have developed a novel intervention that combines at-
home tDCS and telehealth support; we have adapted the tDCS
procedure and technology for easy home use by the chronically
ill, and developed instructional materials, a comprehensive
training plan, and a patient-tailored tDCS application protocol
that allows for dose-control, and enhanced adherence and safety
monitoring in remote. Here we describe the development of this
intervention and feasibility testing in four patients with advanced
chronic illness and multiple unrelieved symptoms.

MATERIALS AND METHODS

Development
The guiding principles for the development of the intervention
were low burden for the patient, strict dose control, and enhanced
monitoring for adherence and safety. To identify and adjust
potentially difficult steps in the tDCS application for patients
and their informal caregivers, analysis of the tDCS procedure
was performed. Possible solutions were presented to a group
of hospice and palliative care professionals in expert-feedback
sessions that included in total six experts (1M, 5F) whose
experience in hospice and palliative care averaged 24 years and
whose current positions were either managerial or clinical. After

Frontiers in Behavioral Neuroscience | www.frontiersin.org May 2018 | Volume 12 | Article 9310

https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00093 May 17, 2018 Time: 16:38 # 3

Riggs et al. At-Home tDCS With Telehealth for Symptom Control

each expert provided consent, he or she was interviewed and
asked to provide specific feedback on suitability of the adjusted
tDCS procedure for patients and their informal caregivers and
on versions of lay-language training materials – an instructional
video and a step-by-step brochure.

The device for home-based tDCS was the “1X1 tDCS mini-
CT” device, model 1601 (Soterix Medical Inc., NY, United States),
with two 5 cm × 5 cm saline-soaked sponge electrodes. The
device included a safeguard for dose control, consisting of
electronic unlocking codes, that were provided to the patient or
caregiver prior to each tDCS treatment. The device also generated
an electronic post-treatment record that informed the tDCS
technician about completion, interruption, or restart of the tDCS
session.

The telehealth device paired with the tDCS unit was a
Samsung Galaxy touchscreen tablet 6.93′′ × 9.57′′. The tablet
contained educational and instructional materials for the patient
and informal caregiver and allowed secure videoconferencing
with the patient for remote assistance and adherence monitoring
by the tDCS technician.

Pilot to Assess Feasibility
To perform an initial evaluation of the feasibility of the at-home
tDCS-telehealth intervention, four patients were recruited
following referrals from MJHS Hospice and Palliative Care
personnel. Patients were required to be at least 18 years of age,
English-speaking, able to provide informed consent, have at least
one chronic illness, and to report moderate to severe distress from
one or more of the following symptoms: pain, fatigue, difficulties
concentrating, worrying, feeling sad, or feeling nervous, as self-
rated by the patient on the Condensed Memorial Symptom
Assessment Scale (CMSAS; below).

Patients were excluded if they had metal implants in the
head or in the neck; cancer affecting the head; history of
seizures or seizure disorder; unstable acute medical condition;
compromised integrity or sensitivity of the skin at or near
locations where electrodes would be placed; or if they used
another neurostimulation device.

Patients had an option to include their informal caregiver to
assist with the tDCS procedures. To co-participate, the caregivers
were required to be at least 18 years of age, able to follow
instructions in English, and to provide informed consent.

The at-home tDCS was applied in accordance with a
patient-tailored protocol (described in detail in section Results)
in two phases: 10 daily tDCS sessions on 10 consecutive days
were followed by as needed applications over 20 days, using
either the “DLPFC” montage or “M1-SO” electrode montage.
The montage selection was congruently informed by findings
from previous studies and patient’s report of most distressing
symptom(s) at screening. Patients were considered for the study
participation if they reported moderate to severe distress from
one or more of the following symptoms: worrying, feeling sad,
feeling nervous, difficulties concentrating, fatigue, or pain. Based
on findings from previous studies, each of these symptoms can
be addressed using the “DLPFC” montage with the anode on the
left hemisphere over the area corresponding with the F3 point
of the international 10–20 EEG system and the cathode over F4

(Valle et al., 2009; Brunoni et al., 2013; Saiote et al., 2014; Sandrini
et al., 2014; Glaser et al., 2016; Manenti et al., 2017; and others).
However, specifically for pain, the more common tDCS montage
is the “M1-SO” montage, with the anode over the area of the
motor cortex (C3 or C4 of the 10–20 EEG system) contralateral
to pain-affected side of the body in unilateral pain, or over C3
in bilateral pain, with the cathode over the supraorbital region
on the hemisphere contralateral to the anode placement (Fregni
et al., 2006a,b; Valle et al., 2009; Mori et al., 2010; Kim et al., 2013;
and others). In our study, the “M1-SO” montage was used if pain
was reported as dominating most distressing symptom.

Data Collection
Patients’ sociodemographic characteristics – age, race, marital
status, living status (lives alone, does not live alone), education
(high school ∼12 years of education; some college ∼13–15
years; undergraduate ∼16 years; graduate school ∼18+ years of
education), were recorded. Performance status was assessed with
the Karnofsky Performance Status scale (KPS) between 0 and
100, with anchor points 0 (death) and 100 (no complaints/no
evidence of disease) (Schag et al., 1984). Symptom distress was
assessed with the CMSAS, a validated 14-item questionnaire used
to evaluate the prevalence and distress associated with 11 physical
and 3 psychological symptoms (Chang et al., 2004). Prevalence
was indicated on a single item, which was checked if the symptom
was experienced during the indicated timeframe. Distress due
to each of the physical symptoms was measured on a Likert-
type scale, which asked “How much did the symptom bother or
distress you in the past 7 days?” and was graded using a 5-point
scale: 0 (no distress at all), 1 (a little bit), 2 (somewhat), 3 (quite a
bit), and 4 (very much). Distress due to each of the psychological
symptoms was measured on a 4-point scale that asked “How
frequently did the following symptom occur?” and was graded
1 (rarely), 2 (occasionally), 3 (frequently), 4 (almost constantly).
The scores for the Global Distress and its two subscales Physical
Symptom Distress and Psychological Symptom Distress were
calculated as the sum of the scores reported on corresponding
groups of physical and psychological symptoms. The assessment
was carried out at the baseline, at the end of the first ten
sessions, and again at the end of the twenty-day optional phase
involving up to ten additional applications. Patient satisfaction
with the tDCS system was determined from an 8-item user survey
administered after the last tDCS application.

The study was carried out in accordance with the
recommendations of the Handbook for Good Clinical Research
Practice, WHO, 2002. The procedures were approved by the
New England Independent Review Board (NEIRB), and all
participants provided written informed consent in accordance
with the Declaration of Helsinki.

RESULTS

Development of the Intervention
Adjustment of the tDCS Application Process
A step-by-step analysis of tDCS application process informed
by expert feedback identified major challenges associated with
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TABLE 1 | Analysis of the tDCS application process, with focus on potentially difficult steps in tDCS application for seriously ill patients and their informal caregivers; and
possible solutions.

Step Challenge Solution

Having all elements of the tDCS kit
ready

Misplacing supplies Supplies for one stimulation session enclosed in an individual
pouch; sufficient number of pouches included in the tDCS-kit
briefcase dispensed to patient at the initial visit; the tDCS-kit
briefcase labeled, with a note for proper storage.

Preparing electrodes Proper assembly of the electrode Cable insertion clearly depicted in the patient’s instructional
materials

Replicable saturation 5 ml syringes pre-filled with saline included in the tDCS kit

Electrode montage Determining the electrode position without the 10–20 EEG
measurements

Size-fitted headband allowing for accurate and replicable
electrode placement (Figure 1)

Securing the electrode on the head Size-fitted headband

Connecting electrode cables with
the device

No challenge (cables and inserts are color-coded) –

Preparing the device Identification of the keypad buttons Depicting the keypad and snapshot of the screen in the
patient’s instructional materials

Checking connection Understanding connection-quality grades Using lay-language words; avoiding alarming words, such as
“critical”

Performing corrective action if connection quality is
unacceptable

Training the patient in possible corrective actions

Starting the stimulation Using the start code obtained from tDCS technician Describing the procedure in lay language in the patient’s
instructional materials and depicting the snapshot of the screen
and the prompt for the start code

Ending the stimulation Obtaining/recording the end code generated by the device Describing the procedure in lay language in the patient’s
instructional materials and depicting an example of the
generated end-code

Clean up No challenge –

Batteries Changing/charging batteries as needed Depicting the process step-by-step in the patient’s instructional
materials

preparation of the electrodes and with the electrode montage
(Table 1).

To assure replicable saturation of the electrode sponges, saline
was pre-filed into 5 ml syringes that were included in the tDCS
kit dispensed to the patients. To achieve electrode montage
without the 10–20 EEG measurements, electrodes were placed in
a headband that held the electrodes in the desired position for the
stimulation over the area of the primary motor cortex (“M1-SO”
montage, Figure 1; Knotkova et al., 2017), or over the dorsolateral
prefrontal cortex (“DLPFC”; Seibt et al., 2015), based on reported
symptoms. The headband had a navigational mark that served as
reference point for proper positioning and was size-fitted to the
patient at the time of equipment dispense.

Patient-Tailored Protocol
The protocol included one home visit for consenting, eligibility
screening, initial tDCS tolerability test, and in-person initiation
of tDCS training. The training process (Figure 2) continued
using instructional materials preloaded on the telehealth tablet
(Figure 3) with remote assistance via videoconference as needed.
The training was concluded with the tDCS Competency test.
tDCS was applied in two phases; first, patients are encouraged
to apply 10 sessions, one 20-minute stimulation per day on 10
consecutive days. This build-up phase was followed by a fully
optional 20-day period, during which the patient could apply
tDCS as needed for up to ten additional sessions delivered once
or twice per day. The number of applications in the “as-needed”

regimen was guided by the patient judgment and the frequency
was determined by the patient without input from the study
personnel.

The protocol had seven specific elements that allowed for
tailoring (T) to the needs and preferences of the patient (Figure 4,
T1–T7), and six elements that supported monitoring for safety
and compliance with the protocol (C; Figure 4, C1–C6).

The elements for tailoring treatment included: (1) optional
inclusion of assisting informal caregiver; (2) broad inclusion
criteria that allow targeting of one or more of multiple symptoms;
(3) tailored stimulation intensity (default of 1.5 mA, but able
to be decreased to 1 mA for patients who perceive 1.5 mA
as unpleasant); (4) tailored tDCS training involving either the
patient or a co-participating informal caregiver, or both, and
mediated through instructional video, videoconference with
tDCS technician and/or a step-by-step brochure; (5) versatility
of remote assistance via a videoconference or by phone, with
frequency and mode of assistance determined by the patient’s
needs; (6) a recommended regimen during the first block of
stimulation (tDCS applications on consecutive days strongly
encouraged but not mandated); and (7) optional applications in
the second phase, potentially allowing twice daily stimulation.

The elements that supported safety and monitoring for the
adherence with the protocol (Figure 4, C1–C6) included the
following: (1) exclusion criteria that precluded tDCS initiation
in patients with metal implants in the head/face, history of
seizures or brain tumor, compromised skin integrity at the
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FIGURE 1 | tDCS headgear for the electrode M1-SO montage with the anode
over the area of the motor cortex and the cathode over the contralateral
supraorbital region. The headgear (A,B) does not require neuronavigational
measurements. The center point (blue arrow) supports accurate
self-placement by user. The headgear accommodates either conventional
saline-soaked electrodes (C) or snap-on pre-moisturized ones (D). Panel AB
is courtesy of HK. The person shown has given permission to publish this
picture.

electrode-placement area, or an inability to provide consent
or follow instructions; (2) initial tDCS tolerability test, which
excluded participants who could not tolerate 1 mA of stimulation;
(3) use of a competency test at the conclusion of training to
assure preparedness of the tDCS operator (patient or assisting
informal caregiver), and exclusion of patient if competency in
the application process could not be demonstrated within 1
week after initiation of training; (4) monitoring for compliance
with good practices in tDCS (including remote quality checks
to evaluate if procedures for the electrode preparation and
tDCS delivery were done properly and in accordance with
training materials); (5) comprehensive safety monitoring that
ensured that safety checks prior to and during stimulation were
completed (e.g., intact skin in the electrode area and absence
of adverse effects), and that stimulation be stopped if perceived
as painful; and (6) electronic dose control: the device was
electronically unlocked for each session at a pre-set dose and
provided an end-of-session code indicating whether stimulation
was completed, delivered without or with interruptions, or was
aborted.

Pilot to Assess Feasibility
Four patients were recruited for the initial feasibility assessment.
The patients’ characteristics are summarized in Table 2.

Patient 1 was a 52-year-old Hispanic male, single, but not
living alone, and not employed. He had advanced congenital
myasthenia gravis associated with quadriplegia and chronic
ventilator support. The patient experienced severe distress
from chronic pain of the neck, lower back, and right lower
limb for longer than 1 year. Other reported symptoms

Initial familiarization with the device

In-person training by tDCS technician 
at patient’s home

Quality checks

In-remote training with tDCS technician via 
videoconference

1. The stimulation pads are properly 
moisturized and clipped to the headband 

2. The headband is correctly positioned on the 
patient’s head

3. The device is prepared and turned ON 

4. Quality of contact is checked and adjusted 
if needed

5. Device is set, ready to be  activated with 
the code for the stimulation

Competency test

Practicing/Skill-building using instructional 
materials – brochure and video

FIGURE 2 | A step-by-step training plan to build patients’ and caregivers’
competency for tDCS applications.

included fatigue, insomnia, difficulty concentrating, nervousness,
worrying, feeling sad, lack of appetite, dry mouth, weight loss,
and constipation. Symptoms were poorly controlled despite
treatment with fentanyl and gabapentin. The patient was severely
disabled, with the KPS score of 30.

Patient 2 was a 44-year-old Hispanic female, single, but
not living alone, and not employed. She had a longstanding
indolent spinal tumor associated with back pain and depressed
mood (worrying, feeling sad), and reported severe distress
from each of these symptoms for longer than one year. Other
reported symptoms included lack of energy, lack of appetite, dry
mouth, feeling drowsy, constipation, nausea, difficulties sleeping,
and difficulties concentrating. Symptom-directed medications
included baclofen, hydromorphone, oxycodone-acetaminophen,
escitalopram, docusate, diphenhydramine, and pantoprazole
sodium. The patient had the KPS score of 80, able to carry on
normal activity with effort.

Patient 3 was a 58-year-old white female, married, and not
employed. She had post-traumatic plexopathy and chronic pain
in the left lower limb that caused moderate symptom distress
for more than 1 year. Other reported symptoms were difficulty
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FIGURE 3 | A snapshot of the tDCS instructional brochure for patients.

concentrating and feeling nervous. Pain was poorly controlled
despite hydromorphone. Her KPS was 90, able to carry on normal
activity.

Patient 4 was a 63-year-old Hispanic male, married, and not
employed. The patient had a history of stroke and associated left
leg and arm paralysis and chronic pain. The pain was adequately
controlled with gabapentin, but the patient experienced burden
due to psychological symptoms – worrying, feeling sad, and
feeling nervous for longer than three months. His KPS was 70,
able to care for himself, but not able to carry on normal activity
or do active work.

Patients #1 and #4 opted for an inclusion of informal caregiver
to assist with tDCS administration.

At the initial visit at the patient’s home, patients and co-
participating informal caregivers provided informed consent and
were screened. Initial familiarization with the device proceeded
without difficulties and patients received size-fitted headbands
for electrode placement for the following montages: the “M1-
SO” with anode on the left (Patient #1) or right (Patient #3);
and the “DLPFC” montage (Patients #2 and 4). All patients
underwent the initial acceptability test and found the intensity
of stimulation at 1.5 mA acceptable. Training proceeded without
difficulty and all designated tDCS operators (Patients #2 and 3
themselves and assisting caregivers for Patients #1 and #4), passed
the competency test and were allowed to proceed with tDCS
applications.

FIGURE 4 | Protocol for tDCS application by chronically ill patients at home.
The protocol includes 1 at-home visit and has specific elements that allow for
tailoring to the needs and preferences of the patient (T1–T7), as well as
elements that support safety and adherence monitoring (C1–C6).

TABLE 2 | Patients’ profiling characteristics.

Profiling
characteristics

Patients

1 2 3 4

Age 52 44 58 63

Race/ethnicity Hispanic Hispanic White Hispanic

Sex Male Female Female Male

Marital status Single Single Married Married

Living status Doesn’t live
alone

Doesn’t live
alone

Doesn’t live
alone

Doesn’t live
alone

Employment status Not
employed

Not
employed

Not
employed

Not
employed

Education in years 13–15 13–15 18+ 12

Karnofsky
performance status

30 80 90 70

In the first tDCS phase, all patients received 10 applications
on 10 consecutive days. In the second “as needed” phase, Patients
#1 and 3 did not opt for additional applications during the
subsequent period and Patients #2 and 4 received another 10
sessions, no more than one session per day. No adverse events
were reported.

Outcome data collection using the CMSAS was carried out
without problems. There were no missing data and the results
illustrate feasibility of tracking symptom scores. At the baseline,
Patients #1 and 2 had high Global Distress Score of 32.4
and 39.2, respectively; the score substantially declined to 9.6 and
14.0, respectively after 10 consecutive tDCS applications, and
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FIGURE 5 | Results of the tDCS satisfaction survey by the four patients and
two co-participating caregivers.

remained low, 4.0 and 11.0, respectively, at the end of the as
needed phase in which Patient #1 did not opt for any tDCS session
and Patient #2 received 10 additional applications. Patients #3
and 4 had the baseline Global Distress Score low, 8.6 and 8.0,
respectively, and no substantial change was noted in the course
of tDCS treatment; the score was 7.6 and 8.6, respectively, after
10 tDCS applications, and 11.6 and 10.0, respectively, after the
optional phase in which Patient #3 has not received any tDCS
application and Patient #4 opted for 10 sessions. These results do
not reflect efficacy given the small sample, lack of a comparator,
and varied number of tDCS applications; they do, however,
demonstrate the ability of symptom measurement to capture
different response profiles during home-based tDCS trials.

On the satisfaction survey (Figure 5), all four patients and
the two co-participating caregivers indicated “agreed/strongly
agreed” in response to statements “I find the use of tDCS
device easy,” “I was comfortable using the tDCS device,” and
“I was satisfied with the education and information I received
before using the device.” Five users agreed/strongly agreed with
statements “If I were offered this device and equipment in
the future I would use it again,” and “I was satisfied with the
overall experience of using the tDCS device,” four users would
recommend the device to others, and three users agreed/strongly
agreed with statement “With the help of the tDCS device I am
more confident managing the symptoms at home.”

DISCUSSION

We have developed a novel at-home tDCS intervention with
telehealth support and have demonstrated initial feasibility in
four patients with complex symptom control problems associated
with chronic illness. There were no difficulties with the initial
study visit at the patient’s home, training or patients’ acceptance
of the procedure. The adherence to the protocol was excellent; no
session required discontinuation, all patients received 10 tDCS
sessions as recommended in the initial phase and proceeded
to the as-needed phase. Data collection was without problems
and there were no missing data. Although a decrease of post-
tDCS CMSAS scores was noted in two patients, no conclusions
should be drawn from these findings as there was no control

comparison, the number of subjects was low, and the study was
not designed to evaluate efficacy of the procedure. Regardless,
the patients’ and caregivers’ satisfaction with the procedure was
high; they were satisfied with the training and were comfortable
using the device, indicating very good acceptability of the
intervention. Overall, our findings suggest that with proper
training and enhanced remote monitoring, tDCS application
in home-bound patients with multiple chronic symptoms is
possible.

The approach allows for tailoring the procedures to the
needs and preferences of the patient, as well as includes
elements for enhanced safety and adherence monitoring, low
burden, and ease of use. The instructional materials, training
procedures, and quality check enable patients and their informal
caregivers to develop skills necessary for tDCS application in
accordance with good practices. The frequent contact with a
tDCS technician via video-conference and telephone enables
remote assistance as needed and enhances safety and adherence
monitoring. Safety and adherence with the protocol are further
supported by technical features of the equipment, which includes
remote dose control, and simple easy-to-use headgear allows for
reliable electrode montage without performing the 10–20 EEG
measurements.

Importantly, this novel intervention comports with guidelines
for tDCS use in clinical patient-populations in home settings
(Charvet et al., 2015). The recommendations include: (1) training
of staff in tDCS treatment and supervision; (2) assessment of
the user’s capability to participate in tDCS remotely; (3) training
procedures and materials including assessments of the user
and/or caregiver; (4) simple and fail-safe electrode preparation
techniques and tDCS headgear; (5) strict dose control for each
session; (6) ongoing monitoring of compliance/adherence to the
protocol; (7) monitoring for treatment-emergent adverse effects;
and (8) guidelines for discontinuation of a session and/or study
participation (Charvet et al., 2015).

This novel non-pharmacological adjuvant tDCS-telehealth
intervention is well positioned to address the needs of seriously ill
patients in home settings and promote the national goal of more
effective community-based care. It can also support the efforts
to reduce the need for drug therapy, particularly in chronically
ill older patients. Recent surveys indicate that almost one-third
of Medicare beneficiaries take ≥5 prescribed medications, and
the polypharmacy is associated with higher risks for the patients
when possible adverse effects of drug therapy may compound the
risks associated with disease-related organ dysfunction (Centers
for Medicare and Medicaid Services, 2012; Hasselman and
Center for Health Care Strategies, 2013; Ortman et al., 2014).
Although existing evidence pertaining to the tDCS potential to
reduce medication intake stems from studies in postoperative
settings (Borckardt et al., 2011, 2013; Glaser et al., 2016), this
tDCS-telehealth intervention can facilitate future explorations of
this potential for the chronically ill in home settings.

Each component of this novel intervention, tDCS and
the telehealth support, has potential to substantially facilitate
symptom control. Randomized controlled studies (Boggio
et al., 2008; Hagenacker et al., 2014; Fagerlund et al., 2015;
Lefaucheur, 2016; and others) have shown that tDCS delivered in
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several sessions can reduce symptoms common in chronic illness,
such as pain, fatigue, sleeping difficulties, cognitive difficulties,
worrying, or depression, and can result in decreased demand
for symptom-directed medications (Borckardt et al., 2011, 2013;
Glaser et al., 2016), while telehealth support may help the
chronically ill get engaged in symptom monitoring, facilitate
access to information about symptom management, or facilitate
contact with the support team (Kearney et al., 2009; Kroenke
et al., 2010; Head et al., 2011; Johnston et al., 2012; Ruland et al.,
2013; and others). In the past decade, various telephone-based or
computer-based systems have been tested to enhance reporting
and monitoring symptoms in patients with serious illnesses,
such as cancer, in both urban and rural areas, and preliminary
results suggest high acceptance of this approach by patients
and families (Davis et al., 2007; Weaver et al., 2007; Grubaugh
et al., 2008; Kroenke et al., 2010; Head et al., 2011). Although
it is impossible to circumvent the physical and psychological
impact of chronic illness on patients and their families, telehealth
technology provides innovative remote ways toward improving
patient education, symptom assessment, communication and
outreach by the support team.

Further, the protocol for application of this at-home
tDCS-telehealth intervention can serve as a template or a generic
protocol for future tDCS studies or tDCS clinical applications in
the chronically ill. Various sets of outcome assessment tools can
be easily incorporated in the protocol and the number of tDCS
sessions in the two phases of tDCS applications can be adjusted as
well. The tDCS-telehealth intervention offers many opportunities
for further modification of the technology and the protocol to the
needs of various patient populations.

Overall, we aimed for the development and initial
feasibility testing of the novel tDCS-telehealth intervention for

home-bound chronically ill patients with multiple unrelieved
symptoms. The pilot study was not intended to investigate the
clinical efficacy of the intervention and no conclusions about the
efficacy should be drawn from the reported results. Further, due
to a low sample size, the findings on feasibility of the procedure
in the home-bound chronically ill are preliminary, and larger
studies are needed to further evaluate the intervention and to
determine/optimize the protocol efficacy and effectiveness for
symptom control outcomes.
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Fronto-temporal dementia (FTD) is the clinical-diagnostic term that is now preferred

to describe patients with a range of progressive dementia syndromes associated with

focal atrophy of the frontal and anterior temporal cerebral regions. Currently available

FTD medications have been used to control behavioral symptoms, even though they

are ineffective in some patients, expensive and may induce adverse effects. Alternative

therapeutic approaches are worth pursuing, such as non-invasive brain stimulation with

transcranial direct current (tDCS). tDCS has been demonstrated to influence neuronal

excitability and reported to enhance cognitive performance in dementia. The aim of this

study was to investigate whether applying Anodal tDCS (2mA intensity, 20min) over

the fronto-temporal cortex bilaterally in five consecutive daily sessions would improve

cognitive performance and behavior symptoms in FTD patients, also considering the

neuromodulatory effect of stimulation on cortical electrical activity measured through

EEG. We recruited 13 patients with FTD and we tested the effect of Anodal and Sham

(i.e., placebo) tDCS in two separate experimental sessions. In each session, at baseline

(T0), after 5 consecutive days (T1), after 1 week (T2), and after 4 weeks (T3) from the end

of the treatment, cognitive and behavioral functions were tested. EEG (21 electrodes,

10–20 international system) was recorded for 5min with eyes closed at the same time

points in nine patients. The present findings showed that Anodal tDCS applied bilaterally

over the fronto-temporal cortex significantly improves (1) neuropsychiatric symptoms

(as measured by the neuropsychiatric inventory, NPI) in FTD patients immediately after

tDCS treatment, and (2) simple visual reaction times (sVRTs) up to 1 month after tDCS

treatment. These cognitive improvements significantly correlate with the time course of

19

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://doi.org/10.3389/fnbeh.2018.00235
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2018.00235&domain=pdf&date_stamp=2018-10-29
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:smarceglia@units.it
https://doi.org/10.3389/fnbeh.2018.00235
https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00235/full
http://loop.frontiersin.org/people/36973/overview
http://loop.frontiersin.org/people/285141/overview
http://loop.frontiersin.org/people/500022/overview
http://loop.frontiersin.org/people/495011/overview
http://loop.frontiersin.org/people/594107/overview
http://loop.frontiersin.org/people/26695/overview
http://loop.frontiersin.org/people/469137/overview


Ferrucci et al. tDCS in Fronto-Temporal Dementia

the slow EEG oscillations (delta and theta bands) measured at the same time points.

Even though further studies on larger samples are needed, these findings support the

effectiveness of Anodal tDCS over the fronto-temporal regions in FTD on attentional

processes that might be correlated to a normalized EEG low-frequency pattern.

Keywords: transcranial direct current stimulation (tDCS), neuromodulation, fronto-temporal dementia, EEG,

reaction time, neuropsychiatric inventory

INTRODUCTION

Fronto-temporal dementia (FTD) is the clinical diagnostic term
that is now preferred to describe patients with a range of
progressive dementia syndromes associated with focal atrophy
of the frontal and anterior temporal cerebral region (Piguet
and Hodges, 2013). Epidemiological studies suggest that FTD is
the second most common cause of young-onset dementia after
Alzheimer’s disease (AD) and accounts for 5–15% of all types of
dementia (Seltman and Matthews, 2012).

Currently, available FTD medications have been used to
control behavioral symptoms, even though they are ineffective
in some patients, expensive and may induce adverse effects
(Allain et al., 2003). Given this paucity of pharmacological
interventions, strategies for non-pharmacological enhancement
are receiving increasing attention, including the use of non-
invasive stimulation, such as transcranial Direct Current
Stimulation (tDCS), a neuromodulatory technique that delivers
low-intensity direct current to cortical areas that facilitates or
inhibits cortical spontaneous neuronal activity (Woods et al.,
2016). Interesting findings have emerged in healthy volunteers
and in clinical populations (Floel, 2014; Summers et al., 2016).
Collectively, these studies have shown that tDCS is a safe tool
able to enhance memory, language, attention, and learning
processes (Shin et al., 2015). In clinical studies, previous
findings in AD patients demonstrated that Anodal tDCS, both
after a single session and after five consecutive daily sessions
of tDCS over the temporal and parietal cortices, produces
significant improvements in verbal and visual recognition
memory (Ferrucci et al., 2008; Boggio et al., 2009, 2012)
Notably, the tDCS effect persisted for at least 4 weeks after
intervention.

Only few studies have tested the effects of tDCS treatment
in FTD and the results are controversial. tDCS, usually applied
bilaterally over the left inferior parieto-temporal region, provided
encouraging results in treating anomia and other cognitive
disabilities in demented individuals (Roncero et al., 2017) and in
improving behavioral disturbances predominantly characterized
by apathy (Agarwal et al., 2016), but failed to produce any
improvement in behavioral and language function immediately
after a single session of stimulation (Huey et al., 2007).
Only one case-study reported the successful application of
tDCS over 5 consecutive days that substantially improved
behavioral disturbances and socio-occupational functioning in
a woman with FTD (Agarwal et al., 2016). These results
suggest that repeated tDCS sessions may be useful to enhance
long-lasting tDCS effects, but need to be tested in larger
samples.

As well as in other applications of non-invasive
neuromodulation, the heterogeneity of stimulation protocols and
the type of outcomes measured are among the major challenges
to obtain consistent and comparable results (Elder and Taylor,
2014; Lefaucheur et al., 2017).

Recently, the use of quantitative electroencephalography
(qEEG) to study the neurophysiological effects of tDCS showed
that tDCS-induced modulations of EEG rhythms and coherences
are consistent with the tDCS-induced effects on memory in
patients with Alzheimer’s Disease (Marceglia et al., 2016). The
patients analyzed in Marceglia et al. (2016) were those described
in a previous paper, in which the clinical effects of Anodal
and cathodal tDCS applied bilaterally over temporo-parietal
areas (P3-T5 and P4-T6 according to the international 10–20
EEG standard), with reference on the right shoulder, were
studied (Ferrucci et al., 2008). Studying qEEG modifications
in parallel with clinical and neuropsychological variables could
hence strengthen the findings on the overall effects of tDCS.
tDCS, in fact, could “normalize” the EEG pattern typical of the
pathology under study (Koberda et al., 2013; Marceglia et al.,
2016), thus providing both the neurophysiological basis of its
positive effects on patients and a quantitative and repeatable
outcome representative of the patient’s state. Patients with
cognitive decline are characterized by an increased power in
the theta band (4–7Hz) in fronto-temporal regions, and an
overall decrease of beta power (13–35Hz) with a focus in
temporo-parietal areas (Koberda et al., 2013). In Alzheimer’s
disease, the abnormal beta pattern was reverted by Anodal tDCS,
and tDCS-induced changes correlated well with the positive
effects of the stimulation on working memory (Marceglia et al.,
2016).

The purposes of this study were to investigate (1) whether
applying Anodal tDCS over the frontal cortex in five consecutive
daily sessions would improve cognitive performance and
behavioral symptoms in FTD patients, and (2) whether these
effects correlate with the neurophysiological pattern measured
by EEG.

MATERIALS AND METHODS

Participants
We enrolled 13 patients diagnosed with FTD according
to published criteria (Brun et al., 1994). Eight had the
predominantly behavioral variant (3 female; mean age± SD: 76.6
± 0.57 years; 5 male; 69.4 ± 4.1 years) and five had the language
variant (2 female; mean age ± SD: 73 ± 1.4 years; 3 male; 66.0 ±
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TABLE 1 | Demographic and clinical features of the enrolled patients.

Education

(Y)

MMSE FTD

variant

TAU

protein pg/ml

Phosphorylates

TAU protein pg/ml

Medication

1 13 24 BV 138 38 Anti-hypertensive; Antidepressive

2 13 25 PPA 205 70 Anti-hypertensive; Antipsicotic;

Cholinesterase Inhibitor; Insuline;

Antiplatelet; Statins

3 13 21 BV 1,119 89 Anti-hypertensive

4 5 28 BV 32 17 Antipsicotic;

Anti-hypertensive; Anxiolitic

5 13 23 BV 586 71 Antipsicotic

Antidiabetic

6 18 22 PPA 1,005 95 Anti-depressive

7 18 27 PPA 580 61 Anti-hypertensive;

Antiplatelet

8 13 30 BV 363 84 Anti-hypertensive; Anti-depressive

Statins

9 8 20 BV 371 164 Statins

Antidiabetic

Antiplatelet

10 13 25 BV 313 35 Anti-hypertensive; Anti-depressive

11 8 28 PPA 211 81 Antiplatelet; Antipsicotic

12 5 30 BV 237 128 Anti-hypertensive; Anti-depressive;

Statins

13 13 21 PPA 864 86 Antipsicotic

MMSE, mini mental state examination; FTD, fronto-temporal dementia; BV, behavioral variant of FTD; PPA, primary progressive aphasia; SD, standard deviation; anti-hypertensive:

nifedipine, candesartancilexetil, amlodipine, indapamide hemihydrates, hydrochlorothiazide/irbesartan, nebivolol; anti-depressive: citalopram; antipsicotic: quetiapine, promazine,

haloperidol; cholinesterase inhibitor: rivastigmine; antiplatelet: cardioaspirine; statins: atorvastatin, antidiabetic: metformin; anxiolytic: hydroxyzine hydrochloride.

3.6 years). Of these, one was excluded because did not complete
the full study protocol. We therefore analyzed 12 subjects.

All patients were screened and recruited in the Center
for Neurodegenerative Diseases at the Fondazione IRCCS
Ca’ Granda Ospedale Maggiore Policlinico, Milan, and at
the Dementia Unit, Azienda Ospedaliero-Universitaria of
Parma, Italy, by a team of experienced neurologists and
neuropsychologists through appropriate diagnostic tests.

Participants were included in the study if their Mini Mental
State Examination (MMSE) score was above 20 (mean ± SD:
24.4 ± 3.3) and if they had no other neuropsychiatric diseases.
The demographic characteristics of the groups are summarized
in Table 1. The patients were taking CNS-active medications
and they maintained their medication regimen unchanged
throughout the study (Table 1). Tau-protein measurements were
collected (Table 1) and were in line with the available data
for dementia patients (van Harten et al., 2011). CSF samples
were obtained using a standardized protocol; lumbar punctures
were performed in the mornings at L3/L4 or L4/L5 interspaced.
About 1ml of CSF was immediately frozen and stored at −80◦C
until biochemical assays for Tau-protein levels were performed.
CSF levels of Tau-protein phosphorylated at threonine-181
were measured by ELISA, using a commercially available kit
(Innotest PHOSPHO-TAUAntigen, Innogenetics, Belgium). The
monoclonal antibodies which are coated on the ELISA plate
recognize both the entire moiety and its fragments (Vanmechelen
et al., 2000). Tau-protein values are expressed as pg/mL.

The study was performed according to the Declaration of
Helsinki and approved by the local institutional review board.
Patients and their caregivers provided their informed and written
consent before participation.

Experimental Protocol
We tested the effect of Anodal and Sham (i.e., placebo) tDCS
applied daily to fronto-temporal lobes for 5 consecutive days in
two separate experimental sessions. All subjects received both
types of stimulation in a randomized and counterbalanced order
(1:1 ratio). To avoid carry-over effects, an average of 60 ± 5 days
elapsed between sessions. The patients and the examiner who
performed the neuropsychological assessment were blind to the
type of tDCS delivered in each session.

Cognitive functions and behavior were tested four times: at
baseline (T0), after 5 consecutive days (T1), at 1 week (T2), and
at 4 weeks (T3) after the end of the treatment. In addition, in 9
out of 13 patients, EEG was recorded four times, at the same time
points (T0, T1, T2, T3).

tDCS Protocol
According to the available literature, tDCS was delivered
bilaterally through a battery-driven constant current stimulator
(HDCStim, Newronika srl, Milan, Italy) using three surface
saline-soaked sponge electrodes, two placed on the scalp and
one placed over the right deltoid muscle (each scalp electrode
measured 35 cm2; the deltoid electrode measured 64 cm2).
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The rationale of bilateral stimulation is based on the fact that
no asymmetry is expected in the areas that are treated, and,
therefore, a unilateral stimulation would introduce an unwanted
asymmetry, whereas bilateral stimulation would provide a
balanced effect on both sides. The same stimulation protocol was
proposed by Ferrucci et al. (2008) to treat Alzheimer’s patients,
but with a different electrode location.

Anodal stimulation consisted of 20min of 2mA direct current
per session (with 10 s for ramping up and down) with the
anode placed over the fronto-temporal lobes bilaterally (F7 and
F8, according to the 10–20 EEG International System) and the
reference electrode above the right deltoid muscle. The same
procedure was used for Sham stimulation, but current was
applied only for the first 10 s (Figure 1). To verify whether the
patients could distinguish between active and Sham stimulation,
we asked them to refer any sensation felt during tDCS sessions.
They confirmed that in both cases they felt only the initial
itching sensation disappearing after 10–20 s, without differences
perceived between active and Sham stimulations.

Cognitive and Behavioral Assessment
Cognitive functions were evaluated through five different tasks:
the Phonemic Verbal Fluency Task (PFT) (Novelli et al., 1986),
the Visual Recognition Task (VRT) (Boggio et al., 2012), the
Picture Naming Task (PNT) (Viggiano et al., 2004), the Go no-Go

Task (GGT) (Barbarotto et al., 1998) and, to investigate whether
the effects of tDCS of cognitive performance can reflect changes
in arousal, the Simple Visual Reaction Times Task (sVRT)
(Barbarotto et al., 1998). Behavioral changes were evaluated with
the Neuropsychiatric Inventory (NPI) (Cummings et al., 1994)
and the Frontal Behavioral Inventory (FBI) (Kertesz et al., 1997).
Furthermore, to evaluate the caregiver’s burden, the Zarit Burden
Inventory (ZBI) (Zarit and Zarit, 1990) was administered.

All the tests including possible biases due to learning were
developed using variants, in order to avoid habituation and
improvements due to the test replication, as described below.

PFT: this task was performed to measure the number of words
beginning with a target letter that could be generated in 60 s,
excluding proper nouns, numbers, and different forms of the
same word. One letter for each condition was used, for a total
of four letters (P, S, L, F) counterbalanced across stimulation
conditions and order of presentation. The fluency score was
the total number of words for each condition. Increased values
indicate improvement.

VRT: in this task we specifically evaluated visual memory
using a computer-controlled procedure.

The task comprised both encoding and recognition phases. It
started with the encoding phase (two items), in which drawings
of animals, persons, and objects were displayed on a computer
screen for 10 s, followed 1 s later by the recognition phase, when

FIGURE 1 | Transcranial Direct Current Stimulation (tDCS) experimental protocol. tDCS was applied bilaterally over the scalp on the Fronto-Temporal lobes for 5

consecutive days. Patients were assessed at baseline (T0), after 5 consecutive days of treatment (T1), after 1 week (T2), and after 4 weeks (T3) from the end of tDCS

treatment.
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patients were shown a single picture (test trial) and asked to
say whether the picture had been presented before. Patients
underwent this procedure eight times during the test. These eight
encoding/recognition sequences included two study trials of two,
four, six, and eight stimuli. Patients therefore studied a total 40
drawings during the test. Each study trial included test trials
(recognition phase). Three test trials were presented after each
two-item study trial; six test trials after each four-item study
trial; eight test trials after each six-item study trial; and 10 test
trials after each eight-item study trial. To avoid learning, we used
alternative versions of this task and randomized them between
assessment sessions. The memory score was the total number
of items recognized for each condition (Boggio et al., 2012).
Increased scores indicate improvement.

PNT: Subjects were asked to name pictures presented on a
personal computer screen from one out of four lists (A–D).
The lists were homogeneous for difficulties and were controlled
for frequency of use, familiarity, visual complexity, grammatical
class (nouns), and length in syllables; each list contained two
items from a variety of semantic categories (living and non-
living). Italian standardized norms for the name agreement and
synonyms of the target word were accepted. The accuracy was the
number of pictures correctly named in a 20-item list; we scored
“1” for correct responses and “0” for errors. Increased values
indicate improvement.

GGT: we administered this task to investigate response
inhibition using a computer-controlled procedure (E-Prime-
Psychology Software Tools, Inc.). Participants were required to
look at a series of geometric figures, which could be either
“square” or “circle,” randomly displayed on the screen and
respond to a 35 target figure by pressing a button. The dependent
variables measured to investigate response inhibition were RTs
and accuracy (number of correct responses; Barbarotto et al.,
1998). Decreased RTs and increased accuracy values indicate
improvement.

sVRT: Thirty-five fully white squares appear one at a time
on a PC screen at randomized intervals. The subject is asked
to push down the space bar as quickly as possible after the
stimulus appears. The median value of all the recorded time
values is considered. The number of omissions is also registered
(Barbarotto et al., 1998). Decreased values indicate improvement.

NPI: The NPI is a caregiver-based structured interview
designed to briefly assess problematic behaviors and
psychopathology in dementia. It evaluates 12 neuropsychiatric
disturbances common in dementia: delusions, hallucinations,
agitation, dysphoria, anxiety, apathy, irritability, euphoria,
disinhibition, aberrant motor behavior, night-time behavior
disturbances, and appetite and eating abnormalities. The severity
and frequency of each neuropsychiatric symptom are rated
on the basis of written questions administered to the patient’s
caregiver (Cummings et al., 1994). Decreased values indicate
improvement.

ZBI: The caregiver’s burden was evaluated using the 22-item
ZBI (Zarit and Zarit, 1990). It consists of a semistructured
questionnaire administered during the assessment interview and
can be used to simultaneously evaluate both the material and
emotional burden experienced by the caregiver. The scale is made

up of 22 items evaluating disease impact on a caregiver’s quality
of life, psychological suffering, financial difficulties, Shame, guilt,
and difficulties in social and family relationships. Scores range
from 0 to 88. Decreased values indicate improvement.

FBI: The Frontal Behavioral Inventory (FBI) (Kertesz et al.,
1997) is a 24-item caregiver questionnaire specifically developed
to assess the behavioral disturbances of FTD. It has been shown
to discriminate between different FTD phenotypes and between
FTD and other forms of dementia. Decreased values indicate
improvement.

EEG Recordings and Analysis
EEG was recorded in a quiet room, with the subject awake, seated
on a comfortable high-backed chair, under healthcare personnel
continuous control, immediately after the administration of
cognitive and behavioral tests. 21 electrodes (Ag/AgCl) were
positioned according to the 10–20 International System using
the EBNeuro Mizar-Light system (EBNeuro, Florence, IT).
The average reference was used. The sampling frequency was
1,024Hz with a bandpass of 0.5–500Hz and a sensibility of
7 uV/mm. Signals were stored for further analysis. EEG was
recorded for 5min with eyes closed at the same time points
used for neuropsychological and behavioral assessments: at
baseline (T0), after 5 days of tDCS treatment (T1), after 1
week (T2), and after 4 weeks (T3) from the end of tDCS
treatment.

The software toolbox EEGLAB, running under the cross-
platform MATLAB environment (The Math-Works 7.0,
Inc) was used for data processing. Preprocessing procedures
included artifact rejection and filtering. EEG was analyzed in
the frequency domain through parametric power spectrum
estimation (Delorme and Makeig, 2004). Spectral power in the
classical bands of EEG oscillatory activity, namely delta (1–3Hz),
θ (4–7Hz), α (8–12Hz), and β (13–35Hz), was calculated for
each subject below each electrode at each time point (T0, T1, T2,
and T3).

We followed the same analysis methodology previously
described in Marceglia et al. (2016) to assess EEG oscillatory
activity in Alzheimer’s disease. More specifically, as noted by
Klimesch (1999), the exact definition of EEG frequency band can
vary between subjects, and hence band powers should not be
considered as fully independent variables. We therefore applied
the same methodology as in Marceglia et al. (2016), and summed
the contributions of delta and theta bands to cover the whole
2–7Hz “low-frequency” range (i.e., the power for delta and theta
was calculated separately and then summed), and summed the
contributions of the alpha and beta bands to cover the whole
8–25Hz “high-frequency” band, and focused our analysis on
these two broad bands.

In addition, we divided the scalp into four regions of interest,
namely frontal area (Fp1, Fp2, F3, F4, F7, F8), temporo-parietal
area (T3, T4, T5, T6, P3, P4), central area (C3, C4), and occipital
area (O1, O2). To obtain the low- and high- frequency power in
each region of interest, we averaged EEG oscillations measured
below each electrode belonging to the region. The right and the
left areas were averaged, according to the assumption that no
asymmetry is expected.
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Statistical Analysis
To assess the neuropsychological and behavioral effects induced
by tDCS, each test for cognitive functions (PFT, VRT, PNT,
GGT), arousal (sVRT), behavioral changes (NPI and FBI)
and caregiver’s burden (ZBI) was analyzed independently. In
addition, considering their non-continuous nature, we applied
non-parametric statistics for clinical scales whereas parametric
statistic was applied to continuous variables (such as reaction
times). To account for the low number of subjects available, we
ran two separate non-parametric one-way Friedman’s ANOVAs
with factor “time” (4 levels, T0-T3), one for the Anodal and
one for the Sham tDCS session, and we corrected the overall
result for these two comparisons (Bonferroni correction, p <

0.025). Then, to verify the effect at the single time points
(whether existing) we applied post-hoc Wilcoxon signed ranked
test with Bonferroni correction to take into account the effect
of multiple comparisons (p < 0.01). We adopted the same
analysis approach for continuous variables, but we used standard
Bonferroni corrected one-way ANOVAs (p < 0.025) and Tukey’s
honest post-hoc test (p < 0.05) that already takes into account the
effects of multiple comparisons (Cramer et al., 2016).

Finally, to have a direct comparison of the Anodal tDCS and
Sham tDCS effects, we applied a two-way ANOVA with factors
stimulation (2 levels, Anodal and Sham) and time (3 levels, T1-
T3) on the changes from baseline of the clinical scales at T1, T2,
and T3. For this analysis, to obtain the changes from baseline of
clinical scales, we normalized the scale scores for the total of the
scale as it follows:

DTx−T0 = (STx − ST0)/STot

Where DTx−T0 is the change of the scale at the time point Tx with
respect to T0, STx is the score at Tx, ST0 is the score at T0, and
STot is the total value of the scale. Conversely, for continuous
variables, such as reaction times, we calculated the percentage
change from baseline as it follows:

DpercTx = (RTTx − RTT0)/RT
∗

T0100

Where RTpercTx is the percentage change from baseline of the
continuous variable at the selected time point Tx, RTTx is value
at Tx, and RTT0 is the value at T0.

Since we only wanted to verify whether there was any
difference between the effects of Anodal and Sham tDCS on the
clinical scales, regardless of the time, we considered this ANOVA
as a planned comparison and only the factor stimulation was
taken into account, thus allowing us not to correct the p-value
(Cramer et al., 2016).

The analysis of EEG, considering that nine patients is a
small sample size to obtain statistically relevant conclusions,
is considered as an exploratory study and, therefore, only
descriptive statistics are reported. We however wanted to verify
whether there was a relationship between clinical outcomes
significantly modulated by tDCS application and qEEG features.
We considered as multiple predictors the values of the clinical
scales that resulted significantly modulated by tDCS, and the
qEEG power in each region of interest and in each band of
interest as dependent variables.

We therefore applied separate multiple linear regression
analyses between the power of each EEG band in each region
of interest and the clinical scores at all time points (T0-T3),
including only those scales identified as significant by the
previous statistical analysis.

RESULTS

Neuropsychological and Behavioral Effects

of tDCS
To evaluate the effects of Anodal and Sham tDCS on
neuropsychological and behavioral variables, we first assessed
whether their time course showed significant changes in the
two sessions. We found that, whereas Anodal tDCS significantly
improved NPI scores and sVRTs, Sham tDCS failed to induce
changes in the outcomes of these tests after its application.

More specifically, the non-parametric Friedman’s ANOVA
showed significant differences across time in NPI scores
(Figure 2A) after Anodal tDCS (p = 0.006) but not after Sham
tDCS (p = 0.11). Post-hoc analysis highlighted a significant
decrease of NPI scores at T1 as compared to T0 after Anodal
tDCS (T0 vs. T1: 16.09 ± 2.76 vs. 9.27 ± 2.50, p = 0.0077), and
a tendency to decrease at T2 and T3 as compared to T0 (vs.
T2: 10.55 ± 3.48, p = 0.047; vs. T3 10.91 ± 2.84, p = 0.075).
This differential effect of tDCS was confirmed by the comparative
analysis between changes from baseline after Anodal and Sham
tDCS, that showed a significant effect of the “stimulation type”
(p = 0.034). Because, as shown in Figure 2A, the NPI score at
T0 in the Sham condition is less, on average, than in the Anodal
condition, we ran a Wilcoxon signed rank test between baseline
(T0) values in the two tDCS conditions, and found that there is
no statistical difference (T0 Sham vs. T0 Anodal: 8.83 ± 9.15 vs.
16.05± 9.59, p= 0.075).

Also sVRTs (Figure 2B) were improved by Anodal tDCS
(ANOVA p= 0.025) but not by Sham tDCS (ANOVA p= 0.15).
Post-hoc analysis showed a significant decrease of sVRTs at T1,
T2, and T3 as compared to T0 after Anodal tDCS (T0 vs. T1
671.59± 132.1 vs. 488.46± 65.32, p= 0.002; T2: 501.62± 57.22,
p = 0.003; T3: 465.63 ± 49.34, p = 0.005). The comparative
analysis of percentage changes after Anodal and Sham tDCS
confirmed this observation (ANOVA factor “stimulation type,”
p= 0.046).

No significant changes were observed in the other
neuropsychological measures for both stimulation types.
Figure 2C reports the behavior of FBI-A scores in the two
stimulation conditions, that showed a tendency toward
improvement after Anodal tDCS (non-parametric ANOVA
p= 0.057).

Finally, we found a relationship between TAUprotein (pg/mL)
and MMSE score (Spearman’s correlation coefficient R2 = 0.32,
p= 0.05, Figure 2D).

Correlation Between Clinical and qEEG

Effects
Table 2 reports the detailed descriptive statistics of LF and HF
band power in all the different regions of interest during the
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FIGURE 2 | Findings on clinical variables (A). Effect of Anodal (black squares) and Sham (white squares) tDCS on the Neuropsychiatric Inventory (NPI). Squares

represent the average NPI score on the 12 subjects analyzed, at T0, T1, T2, and T3. Error bars are standard deviations. ***p < 0.01 at the post-hoc Wilcoxon signed

ranked test with Bonferroni correction (significant); (B). Effect of Anodal (black squares) and Sham (white squares) tDCS on the simple Visual Reaction Time (sVRT)

test. Squares represent the average sVRT score on the 12 subjects analyzed, at T0, T1, T2, and T3. Error bars are standard deviations. **p < 0.01 at the post-hoc

Wilcoxon signed ranked test with Bonferroni correction (significant) (C). Effect of Anodal (black squares) and Sham (white squares) tDCS on the Frontal Behavioral

Inventory (FBI-A). Squares represent the average FBI-A score on the 12 subjects analyzed, at T0, T1, T2, and T3. Error bars are standard deviations (D). Scatter plot

of the correlation between TAU protein (pg/mL) and MMSE score. The line represents the estimated linear regression. *p < 0.05.

Anodal and Sham tDCS sessions. LF power shows a decreasing
behavior more marked after Anodal than after Sham tDCS in
the Frontal and Temporo-Parietal areas, thus supporting the
hypothesis that Anodal tDCS improves the bioelectrical pattern
of FTD patients. Conversely, it seems that the effect on HF band
power is similar between Anodal and Sham tDCS, with a general
decreasing behavior over time.

As shown in Figure 3, LF power in the Frontal area is
significantly correlated to both NPI (b = 0.779, p = 0.009) and
sVRTs (b = 0.43, p = 0.001), and LF power in the Temporo-
Parietal area is correlated to sVRTs (b = 0.36, p = 0.003) thus
suggesting that the tendential improvement in the EEG pattern
is consistent with the observed clinical improvement in these
patients. Conversely, LF power in the Central and Occipital
areas, as well as HF power in all the regions of interest did not
significantly correlate with clinical outcomes.

DISCUSSION

Our findings showed that Anodal tDCS over the fronto-
temporal cortex improves both processing speed, as measured
by simple reaction times, and the neuropsychiatric symptoms of
dementia, as measured by the NPI scores, in FTD patients. The
improvements observed were registered immediately after the

end of the treatment and tended to be maintained after 1 week
and 1 month. Also, the time course of the clinical measurements
correlated with the time course of the neurophysiological qEEG
pattern, showing a tendency toward normalization of LF activity
which is known to be abnormally increased in dementia patients
(Koberda et al., 2013).

The sVRT paradigm has been extensively used to measure
processing speed and to evaluate attentional functions, and
it is considered to be a suitable measure of dementia risk
(Kochan et al., 2016). Indeed, people with AD present a slower
reaction time, as well as prodromal individuals with Mild
Cognitive Impairment (MCI) (Gorus et al., 2008). FTD patients
tend to be slower than healthy controls in the RT paradigm,
showing abnormal attentive processes related to frontal lesions.
Manenti et al. (2015) found a reduction of vocal RTs during
action naming after Anodal tDCS over the parietal cortex
in a sample of patients with corticobasal syndrome, which
is a neurodegenerative disorder that overlaps both clinically
and neuropathologically with FTD (Manenti et al., 2015).
Whereas, the choice of the tDCS target by Manenti et al.
(2015) was based on the results on AD patients, which are
usually stimulated over parietal or temporo-parietal areas, our
tDCS target choice was based on the known characteristics of
brain areas impairments in FTD patients. In fact, our sample
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FIGURE 3 | Correlations between qEEG and clinical variables (A). Scatter plot of the correlation between the low-frequency (LB) band power calculated in the frontal

area and the NPI scores. Black circles represent the values during the Anodal tDCS session, while the white circles represent the values during the Sham tDCS

session. The scatter plot represents all the values at all time points (T0, T1, T2, and T3) (B). Scatter plot of the correlation between the low-frequency (LB) band power

calculated in the frontal area and the sVRT scores. Black circles represent the values during the Anodal tDCS session, while the white circles represent the values

during the Sham tDCS session. The scatter plot represents all the values at all time points (T0, T1, T2, and T3) (C). Scatter plot of the correlation between the

low-frequency (LB) band power calculated in the temporo-parietal area and the sVRT scores. Black circles represent the values during the Anodal tDCS session, while

the white circles represent the values during the Sham tDCS session. The scatter plot represents all the values at all time points (T0, T1, T2, and T3).

encompasses a heterogeneous group of FTD conditions and
can be broadly divided into behavioral variant fronto-temporal
dementia (bv-FTD) and primary progressive aphasia (PPA). Bv-
FTD is associated with predominant atrophy in the frontal
and paralimbic areas, while PPA is commonly associated with
temporal atrophy. We therefore chose to stimulate the fronto-
temporal areas bilaterally. Furthermore, we used the Simple RTs
task to measure general alertness and motor speed while Manenti
et al. used a vocal reaction times tomeasure naming performance,
and, despite different protocols, we obtained similar results. A
reduction of RTs (perceptuo-motor vs. the verbal task) provide
further evidence of the relationship between action and language.
This fits in well with the perception-for-action-control theory
(PACT) (Schwartz et al., 2002), stating that the perceptuo-
motor links contribute to co-structuring of perceptual and motor
representations and to perceptual organization of speech (Basirat
et al., 2012).

Reaction Time is an important factor in relation to the
integrity and efficiency of brain functions, such as those involved
in attention, cognition, and perception. It has been defined as
a behavioral “marker” of neurophysiological integrity (Haworth
et al., 2016) and it might provide a “real-life” indicator of
changes to everyday functions. RTs studies allowmeasuring other
parameters, such as fatigue, stimuli and threshold responses,
processing load, resource availability and utilization, patterns of
functional decline and integrity, and response to interventions.

The loss of white matter integrity is associated with a
disproportionate slowing of RTs (Kerchner et al., 2012). In
particular, cognitive processing speed is related to the integrity
of the frontal lobe (Kochunov et al., 2010).

The reduction of RTs in FTD patients observed in this
study after Anodal tDCS might represent a cognitive marker of
increased functional integrity (i.e., normal functioning) (Phillips
et al., 2013) in these patients. In fact, because excitability
alterations have been shown to have a specific effect on RT
task performance (Nitsche et al., 2003; Antal et al., 2004;
Wade and Hammond, 2015), our findings suggest that the
cortical excitability changes induced by tDCS can improve
cerebral integrity. The improvement of this cognitive index was
accompanied by a reduction of the neuropsychiatric symptoms

of dementia (NPI scores). In contrast with our results, Huey
et al. (2007), studying 10 FTD patients receiving single sessions
of unilateral Anodal and Sham tDCS in the frontal areas (above
F3 electrode in the international 10–20 system), found no effects
of Anodal tDCS on NPI scores. The differences could depend
on methodological issues, including the duration, type and site
of stimulation. In fact, we applied tDCS bilaterally over the
fronto-temporal areas for 5 consecutive days, thus suggesting
that a longer exposure to tDCS might be more effective than the
application of a single session (Lefaucheur et al., 2017)

The FTD patients involved in the present study displayed
prominent apathy that is the most common neuropsychiatric
symptom associated with FTD. The behavioral and biological
mechanisms of apathy, however, are not well-understood.
Massimo et al. (2015) hypothesized that goal-directed behavior is
supported by a network of multiple frontal brain regions. Overall,
data from studies on psychiatric disorders suggest that tDCS over
the dorsolateral prefrontal cortex (DLPFC) (Brunoni et al., 2010,
2011; Kuo et al., 2014; D’Urso et al., 2017, 2018) has the potential
to induce clinically relevant behavioral changes in difficult-to-
treat patient populations and could thus represent a valuable tool
for intervention in a range of mental and neurological disorders.

Conversely, our findings of no tDCS-induced effects on
language and verbal fluency confirms that of Huey et al. (2007).
In fact, they did not find any effect of tDCS in improving verbal
fluency. The authors proposed that this negative result may have
been due to the fact that the stimulation session was not coupled
with language therapy (Huey et al., 2007). Other studies that did
not couple tDCS with language therapy have repeatedly yielded
no improvement in both healthy and patient populations (Antal
et al., 2007; Segrave et al., 2014). In contrast, Cotelli et al. (2014)
found a beneficial effect of language training in combination
with brain stimulation in PPA patients (Cotelli et al., 2014).
Furthermore, the lack of language improvement could depend on
sample characteristics (ceiling effect in linguistic tasks), given that
most patients had predominantly behavioral symptoms.

Finally, the improvement in RT performance and NPI scores
correlated with the qEEG pattern in the LF band that showed a
tendency to decrease after Anodal tDCS. The abnormal increase
of LF activity is suggested to be associated to Alzheimer’s Disease
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(Duffy et al., 1984; Chiaramonti et al., 1997; Jelic et al., 2000;
Kramer et al., 2007; Koberda et al., 2013; Fonseca et al., 2015),
and, more specifically, to the slower information encording
processes in these patients (Klimesch, 1999).

Despite exploratory, these results on the correlation between
clinical and neurophysioogical variables suggests that studying
qEEG features could help complementing clinical findings,
especially in small groups of patients, by showing a tendency
to improvements in the general brain state of the patients
undergoing tDCS treatment.

This study was limited by the low sample size, which did
not allow to run a full statistical comparison, especially for
evaluating the effects of Active vs. Sham tDCS in time, and for
comparing tDCS effects over the different variances of FTD.
Further studies on a larger sample of FTD patients considering
the different variants may be useful in understanding the
maintenance effect of cognitive and behavioral improvement
associated with fronto-temporal Anodal tDCS.

Altogether, these findings support the effectiveness of Anodal
tDCS over the fronto-temporal regions in FTD on attentional
processes, and suggest that tDCS-related improvements are

related to a normalization of low frequency oscillations at the
frontal and temporo-parietal levels.

AUTHOR CONTRIBUTIONS

RF, SM-S, ES, AP, and SM: design/conception; RF, SM-S, SG,
FB, MV, FM, AA, MS, FB, GM, AP, LG, GF, GD, PC, ES, AMP,
and SM: literature and database search; SM, SM-S, and RF: data
analysis; RF, SM-S, SG, FB, MV, FM, AA, MS, FB, GM, AP, LG,
GF, GD, PC, ES, AMP, and SM: writing the initial draft of the
manuscript; All authors critically revised and approved the final
manuscript.

ACKNOWLEDGMENTS

The study was partly supported by POR-FESR 2014-2010 (ID-
247367), by donation in memory of Aldo Ravelli, by the Italian
Ministry of Health grant (RC-2017 and GR-2011- 02352807) and
Roche Research grant 2017. GF was supported by Associazione
Italiana Ricerca Alzheimer ONLUS (AIRAlzh Onlus)-COOP
Italia.

REFERENCES

Agarwal, S. M., Rajur, S., Bose, A., Shenoy, S., Miriyala, S., Shivakumar, V., et al.

(2016). Use of transcranial direct current stimulation (tDCS) in a woman with

behavioral variant fronto-temporal dementia. Asian J. Psychiatr. 21, 31–32.

doi: 10.1016/j.ajp.2016.02.007

Allain, H., Bentue-Ferrer, D., Tribut, O., Merienne, M., and Belliard, S. (2003).

Drug therapy of frontotemporal dementia. Hum. Psychopharmacol. 18,

221–225. doi: 10.1002/hup.472

Antal, A., Nitsche, M. A., Kincses, T. Z., Kruse, W., Hoffmann, K. P., and Paulus,

W. (2004). Facilitation of visuo-motor learning by transcranial direct current

stimulation of the motor and extrastriate visual areas in humans. Eur. J.

Neurosci. 19, 2888–2892. doi: 10.1111/j.1460-9568.2004.03367.x

Antal, A., Terney, D., Poreisz, C., and Paulus, W. (2007). Towards unravelling

task-related modulations of neuroplastic changes induced in the human

motor cortex. Eur. J. Neurosci. 26, 2687–2691. doi: 10.1111/j.1460-9568.2007.

05896.x

Barbarotto, R., Laiacona, M., Frosio, R., Vecchio, M., Farinato, A., and Capitani, E.

(1998). A normative study on visual reaction times and two Stroop colour-word

tests. Ital. J. Neurol. Sci. 19, 161–170.

Basirat, A., Schwartz, J. L., and Sato, M. (2012). Perceptuo-motor interactions

in the perceptual organization of speech: evidence from the verbal

transformation effect. Philos. Trans. R. Soc. Lond. B Biol. Sci. 367, 965–976.

doi: 10.1098/rstb.2011.0374

Boggio, P. S., Ferrucci, R., Mameli, F., Martins, D., Martins, O., Vergari, M., et al.

(2012). Prolonged visual memory enhancement after direct current stimulation

in Alzheimer’s disease. Brain Stimul. 5, 223–230. doi: 10.1016/j.brs.2011.06.006

Boggio, P. S., Fregni, F., Valasek, C., Ellwood, S., Chi, R., Gallate, J.,

et al. (2009). Temporal lobe cortical electrical stimulation during the

encoding and retrieval phase reduces false memories. PLoS ONE 4:e4959.

doi: 10.1371/journal.pone.0004959

Brun, A., Englund, B., Gustafson, L., Passant, U., Mann, D. M. A., Neary, D., et al.

(1994). Clinical and neuropathological criteria for frontotemporal dementia.

J. Neurol. Neurosurg. Psychiatry 57, 416–418.

Brunoni, A. R., Nitsche, M. A., Bolognini, N., Bikson, M., Wagner, T.,

Merabet, L., et al. (2011). Clinical research with transcranial direct current

stimulation (tDCS): challenges and future directions. Brain Stimul. 5, 175–195.

doi: 10.1016/j.brs.2011.03.002

Brunoni, A. R., Teng, C. T., Correa, C., Imamura, M., Brasil-Neto, J. P., Boechat,

R., et al. (2010). Neuromodulation approaches for the treatment of major

depression: challenges and recommendations from a working group meeting.

Arq. Neuropsiquiatr. 68, 433–451. doi: 10.1590/1414-431X20133115

Chiaramonti, R., Muscas, G. C., Paganini, M., Müller, T. J., Fallgatter, A. J., Versari,

A., et al. (1997). Correlations of topographical EEG features with clinical

severity in mild and moderate dementia of Alzheimer type.Neuropsychobiology

36, 153–158.

Cotelli, M., Manenti, R., Petesi, M., Brambilla, M., Cosseddu, M., Zanetti, O.,

et al. (2014). Treatment of primary progressive aphasias by transcranial direct

current stimulation combined with language training. J. Alzheimers Dis. 39,

799–808. doi: 10.3233/JAD-131427

Cramer, A. O. J., van Ravenzwaaij, D., Matzke, D., Steingroever, H., Wetzels,

R., Grasman, R. P. P. P., et al. (2016). Hidden multiplicity in exploratory

multiway ANOVA: Prevalence and remedies. Psychon. Bull. Rev. 23:640.

doi: 10.3758/s13423-015-0913-5

Cummings, J. L., Mega, M., Gray, K., Rosenberg-Thompson, S., Carusi, D. A.,

and Gornbein, J. (1994). The Neuropsychiatric Inventory: comprehensive

assessment of psychopathology in dementia. Neurology 44, 2308–2314.

doi: 10.1016/j.acn.2005.04.011

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis

of single-trial EEG dynamics including independent component analysis.

J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

Duffy, F. H., Albert, M. S., and McAnulty, G. (1984). Brain electrical activity in

patients with presenile and senile dementia of the Alzheimer type. Ann. Neurol.

16, 439–448. doi: 10.1002/ana.410160404

D’Urso, G., Dell’Osso, B., Rossi, R., Brunoni, A. R., Bortolomasi, M., Ferrucci,

R., et al. (2017). Clinical predictors of acute response to transcranial direct

current stimulation (tDCS) in major depression. J. Affect. Disord. 219, 25–30.

doi: 10.1016/j.jad.2017.05.019

D’Urso, G., Mantovani, A., Patti, S., Toscano, E., and de Bartolomeis, A. (2018).

Transcranial direct current stimulation in obsessive-compulsive disorder,

posttraumatic stress disorder, and anxiety disorders. J. ECT 34, 172–181.

doi: 10.1097/YCT.0000000000000538

Elder, G. J., and Taylor, J. P. (2014).Transcranial magnetic stimulation

and transcranial direct current stimulation: treatments for cognitive and

neuropsychiatric symptoms in the neurodegenerative dementias? Alzheimers.

Res. Ther. 6:74. doi: 10.1186/s13195-014-0074-1

Ferrucci, R., Mameli, F., Guidi, I., Mrakic-Sposta, S., Vergari, M., Marceglia,

S., et al. (2008). Transcranial direct current stimulation improves

recognition memory in Alzheimer disease. Neurology 71, 493–498.

doi: 10.1212/01.wnl.0000317060.43722.a3

Floel, A. (2014). tDCS-enhanced motor and cognitive function in neurological

diseases.Neuroimage 85(Pt 3), 934–947. doi: 10.1016/j.neuroimage.2013.05.098

Fonseca, L. C., Tedrus, G. M. A. S., Rezende, A. L. R. A., and Giordano, H.

F. (2015). Coherence of brain electrical activity: a quality of life indicator

Frontiers in Behavioral Neuroscience | www.frontiersin.org October 2018 | Volume 12 | Article 23528

https://doi.org/10.1016/j.ajp.2016.02.007
https://doi.org/10.1002/hup.472
https://doi.org/10.1111/j.1460-9568.2004.03367.x
https://doi.org/10.1111/j.1460-9568.2007.05896.x
https://doi.org/10.1098/rstb.2011.0374
https://doi.org/10.1016/j.brs.2011.06.006
https://doi.org/10.1371/journal.pone.0004959
https://doi.org/10.1016/j.brs.2011.03.002
https://doi.org/10.1590/1414-431X20133115
https://doi.org/10.3233/JAD-131427
https://doi.org/10.3758/s13423-015-0913-5
https://doi.org/10.1016/j.acn.2005.04.011
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1002/ana.410160404
https://doi.org/10.1016/j.jad.2017.05.019
https://doi.org/10.1097/YCT.0000000000000538
https://doi.org/10.1186/s13195-014-0074-1
https://doi.org/10.1212/01.wnl.0000317060.43722.a3
https://doi.org/10.1016/j.neuroimage.2013.05.098
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Ferrucci et al. tDCS in Fronto-Temporal Dementia

in Alzheimer’s disease? Coerência da atividade elétrica cerebral: indicador da

qualidade de vida na doença de Alzheimer? Arq. Neuropsiquiatr. 73, 396–401.

doi: 10.1590/0004-282X20150035

Gorus, E., De Raedt, R., Lambert, M., Lemper, J. C., and Mets, T. (2008).

Reaction times and performance variability in normal aging, mild cognitive

impairment, and Alzheimer’s disease. J. Geriatr. Psychiatry Neurol. 21, 204–218.

doi: 10.1177/0891988708320973

Haworth, J., Phillips, M., Newson, M., Rogers, P. J., Torrens-Burton, A., and

Tales, A. (2016). Measuring information processing speed in mild cognitive

impairment: clinical versus research dichotomy. J. Alzheimers. Dis. 51, 263–275.

doi: 10.3233/JAD-150791

Huey, E. D., Probasco, J. C., Moll, J., Stocking, J., Ko, M. H., Grafman, J.,

et al. (2007). No effect of DC brain polarization on verbal fluency in patients

with advanced frontotemporal dementia. Clin. Neurophysiol. 118, 1417–1418.

doi: 10.1016/j.clinph.2007.02.026

Jelic, V., Johansson, S.-E., Almkvist, O., Shigeta, M., Julin, P., Nordberg, A., et al.

(2000). Quantitative electroencephalography in mild cognitive impairment:

longitudinal changes and possible prediction of Alzheimer’s disease. Neurobiol.

Aging 21, 533–540. doi: 10.1016/S0197-4580(00)00153-6

Kerchner, G. A., Racine, C. A., Hale, S., Wilheim, R., Laluz, V., Miller, B.

L., et al. (2012). Cognitive processing speed in older adults: relationship

with white matter integrity. PLoS ONE 7:e50425. doi: 10.1371/journal.pone.

0050425

Kertesz, A., Davidson, W., and Fox, H. (1997). Frontal behavioral inventory:

diagnostic criteria for frontal lobe dementia. Can. J. Neurol. Sci. 24, 29–36.

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and

memory performance: a review and analysis. Brain Res. Brain Res. Rev. 29,

169–195.

Koberda, J. L., Moses, A., Koberda, P., and Koberda, L. (2013). Clinical advantages

of quantitative electroencephalogram (QEEG)-electrical neuroimaging

application in general neurology practice. Clin. EEG Neurosci. 44, 273–285.

doi: 10.1177/1550059412475291

Kochan, N. A., Bunce, D., Pont, S., Crawford, J. D., Brodaty, H., and Sachdev, P. S.

(2016). Reaction timemeasures predict incident dementia in community-living

older adults: the sydneymemory and ageing study.Am. J. Geriatr. Psychiatry 24,

221–231. doi: 10.1016/j.jagp.2015.12.005

Kochunov, P., Coyle, T., Lancaster, J., Robin, D. A., Hardies, J., Kochunov, V.,

et al. (2010). Processing speed is correlated with cerebral health markers in

the frontal lobes as quantified by neuroimaging. Neuroimage 49, 1190–1199.

doi: 10.1016/j.neuroimage.2009.09.052

Kramer, M. A., Chang, F.-L., Cohen, M. E., Hudson, D., and Szeri, A. J.

(2007). Synchronization measures of the scalp electroencephalogram can

discriminate healthy from Alzheimer’s subjects. Int. J. Neural Syst. 17, 61–69.

doi: 10.1142/S0129065707000932

Kuo, M. F., Paulus, W., and Nitsche, M. A. (2014). Therapeutic effects

of non-invasive brain stimulation with direct currents (tDCS)

in neuropsychiatric diseases. Neuroimage 85 (Pt 3), 948–960.

doi: 10.1016/j.neuroimage.2013.05.117

Lefaucheur, J. P., Antal, A., Ayache, S. S., Benninger, D. H., Brunelin, J.,

Cogiamanian, F., et al. (2017). Evidence-based guidelines on the therapeutic

use of transcranial direct current stimulation (tDCS). Clin. Neurophysiol. 128,

56–92. doi: 10.1016/j.clinph.2016.10.087

Manenti, R., Bianchi, M., Cosseddu, M., Brambilla, M., Rizzetti, C., Padovani, A.,

et al. (2015). Anodal transcranial direct current stimulation of parietal cortex

enhances action naming in Corticobasal Syndrome. Front. Aging Neurosci. 7:49.

doi: 10.3389/fnagi.2015.00049

Marceglia, S., Mrakic-Sposta, S., Rosa, M., Ferrucci, R., Mameli, F., Vergari,

M., et al. (2016). Transcranial direct current stimulation modulates

cortical neuronal activity in Alzheimer’s disease. Front. Neurosci. 10:134.

doi: 10.3389/fnins.2016.00134

Massimo, L., Powers, J. P., Evans, L. K., McMillan, C. T., Rascovsky, K., Eslinger,

P., et al. (2015). Apathy in frontotemporal degeneration: neuroanatomical

evidence of impaired goal-directed behavior. Front. Hum. Neurosci. 9:611.

doi: 10.3389/fnhum.2015.00611

Nitsche, M. A., Schauenburg, A., Lang, N., Liebetanz, D., Exner, C., Paulus, W.,

et al. (2003). Facilitation of implicit motor learning by weak transcranial direct

current stimulation of the primary motor cortex in the human. Cogn. Neurosci.

15, 619–626. doi: 10.1162/089892903321662994

Novelli, G., Papagno, C., Capitani, E., Laiacona, M., Cappa, S. F., Vallar, G. (1986).

Tre test clinici di ricerca e produzione lessicale. Taratura su soggetti normali.

Arch. Psicol. Neurol. Psichiatr. 47, 477–506.

Phillips, M., Rogers, P., Haworth, J., Bayer, A., and Tales, A. (2013). Intra-

individual reaction time variability in mild cognitive impairment and

Alzheimer’s disease: gender, processing load and speed factors. PLoS ONE

8:e65712. doi: 10.1371/journal.pone.0065712

Piguet, O., and Hodges, J. R. (2013). Behavioural-variant frontotemporal

dementia: an update. Dement. Neuropsychol. 7, 10–18.

doi: 10.1590/S1980-57642013DN70100003

Roncero, C., Kniefel, H., Service, E., Thiel, A., Probst, S., and Chertkow, H. (2017).

Inferior parietal transcranial direct current stimulation with training improves

cognition in anomic Alzheimer’s disease and frontotemporal dementia.

Alzheimers Dement (N Y). 3, 247–253. doi: 10.1016/j.trci.2017.03.003

Schwartz, J.-L., Abry, C., Boë L.-J., and Cathiard, M. (2002). “Phonology in a theory

of perception-for-action-control,” in Phonetics, Phonology and Cognition, eds J.

Durand, and B. Laks (New York, NY: Oxford University Press), 244–280.

Segrave, R. A., Arnold, S., Hoy, K., and Fitzgerald, P. B. (2014). Concurrent

cognitive control training augments the antidepressant efficacy of tDCS: a pilot

study. Brain Stimul. 7, 325–331. doi: 10.1016/j.brs.2013.12.008

Seltman, R. E., and Matthews, B. R. (2012). Frontotemporal lobar degeneration:

epidemiology, pathology, diagnosis and management. CNS Drugs 26, 841–870.

doi: 10.2165/11640070-000000000-00000

Shin, Y. I., Foerster, A., and Nitsche, M. A. (2015). Transcranial direct current

stimulation (tDCS)–application in neuropsychology. Neuropsychologia 69,

154–175. doi: 10.1016/j.neuropsychologia.2015.02.002

Summers, J. J., Kang,. N., and Cauraugh, J. H. (2016). Does transcranial direct

current stimulation enhance cognitive and motor functions in the ageing

brain? A systematic review and meta-analysis. Ageing Res. Rev. 25, 42–54.

doi: 10.1016/j.arr.2015.11.004

van Harten, A. C., Kester, M. I., Visser, P. J., Blankenstein, M. A., Pijnenburg,

Y. A., van der Flier, W. M., et al. (2011). Tau and p-tau as CSF

biomarkers in dementia: a meta-analysis. Clin. Chem. Lab. Med. 49, 353–366.

doi: 10.1515/CCLM.2011.086

Vanmechelen, E., Vanderstichele, H., Davidsson, P., Van Kerschaver, E., Van Der

Perre, B., Sjögren, M., et al. (2000). Quantification of tau phosphorylated at

threonine 181 in human cerebrospinal fluid: a sandwich ELISA with a

synthetic phosphopeptide for standardization. Neurosci. Lett. 285, 49–52.

doi: 10.1016/S0304-3940(00)01036-3

Viggiano, M. P., Vannucci, M., and Righi, S. (2004). A new standardized set

of ecological pictures for experimental and clinical research on visual object

processing. Cortex 40, 491–509. doi: 10.1016/S0010-9452(08)70142-4

Wade, S., andHammond, G. (2015). Anodal transcranial direct current stimulation

over premotor cortex facilitates observational learning of a motor sequence.

Eur. J. Neurosci. 41, 1597–1602. doi: 10.1111/ejn.12916. Epub 2015

Woods, A. J., Antal, A., Bikson, M., Boggio, P. S., Brunoni, A. R., Celnik, P., et al.

(2016). A technical guide to tDCS, and related non-invasive brain stimulation

tools. Clin. Neurophysiol. 127, 1031–1048. doi: 10.1016/j.clinph.2015.11.012

Zarit, S. H., and Zarit, J. M. (1990). The Memory and Behavior Problems Checklist

and the Burden Interview. University Park, PA: Pennsylvania State University,

Gerontology Center.

Conflict of Interest Statement: RF, SM-S, MV, FM, AP, and SM are stakeholders

in Newronika s.r.l., a spin-off company formed by the Fondazione IRCCS Ca’

Granda Ospedale Maggiore Policlinico and Università degli Studi di Milano, Italy.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2018 Ferrucci, Mrakic-Sposta, Gardini, Ruggiero, Vergari, Mameli,

Arighi, Spallazzi, Barocco, Michelini, Pietroboni, Ghezzi, Fumagalli, D’Urso,

Caffarra, Scarpini, Priori and Marceglia. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org October 2018 | Volume 12 | Article 23529

https://doi.org/10.1590/0004-282X20150035
https://doi.org/10.1177/0891988708320973
https://doi.org/10.3233/JAD-150791
https://doi.org/10.1016/j.clinph.2007.02.026
https://doi.org/10.1016/S0197-4580(00)00153-6
https://doi.org/10.1371/journal.pone.0050425
https://doi.org/10.1177/1550059412475291
https://doi.org/10.1016/j.jagp.2015.12.005
https://doi.org/10.1016/j.neuroimage.2009.09.052
https://doi.org/10.1142/S0129065707000932
https://doi.org/10.1016/j.neuroimage.2013.05.117
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.3389/fnagi.2015.00049
https://doi.org/10.3389/fnins.2016.00134
https://doi.org/10.3389/fnhum.2015.00611
https://doi.org/10.1162/089892903321662994
https://doi.org/10.1371/journal.pone.0065712
https://doi.org/10.1590/S1980-57642013DN70100003
https://doi.org/10.1016/j.trci.2017.03.003
https://doi.org/10.1016/j.brs.2013.12.008
https://doi.org/10.2165/11640070-000000000-00000
https://doi.org/10.1016/j.neuropsychologia.2015.02.002
https://doi.org/10.1016/j.arr.2015.11.004
https://doi.org/10.1515/CCLM.2011.086
https://doi.org/10.1016/S0304-3940(00)01036-3
https://doi.org/10.1016/S0010-9452(08)70142-4
https://doi.org/10.1111/ejn.12916.
https://doi.org/10.1016/j.clinph.2015.11.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


ORIGINAL RESEARCH
published: 29 May 2018

doi: 10.3389/fnbeh.2018.00109

Unilateral Application of Cathodal
tDCS Reduces Transcallosal
Inhibition and Improves Visual Acuity
in Amblyopic Patients
Tommaso Bocci 1,2, Francesco Nasini 3, Matteo Caleo 4, Laura Restani 4, Davide Barloscio 1,
Gianluca Ardolino 2, Alberto Priori 2,5, Lamberto Maffei 4, Marco Nardi 3

and Ferdinando Sartucci 1,4*

1Section of Neurophysiopathology, Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy,
2Clinical Center for Neurotechnologies, Neuromodulation, and Movement Disorders, Fondazione IRCCS Ca’Granda
Ospedale Maggiore Policlinico, Milan, Italy, 3Department of Surgical, Medical, and Molecular Pathology and Critical Care,
University of Pisa, Pisa, Italy, 4CNR Institute of Neuroscience, University of Pisa, Pisa, Italy, 5Department of Health Sciences,
University of Milan and Ospedale San Paolo, Milan, Italy

Edited by:
Nicholas J. Kelley,

Northwestern University,
United States

Reviewed by:
Adriana Salatino,

Università degli Studi di Torino, Italy
Winston D. Byblow,

University of Auckland, New Zealand

*Correspondence:
Ferdinando Sartucci

ferdinando.sartucci@med.unipi.it

Received: 28 February 2018
Accepted: 09 May 2018
Published: 29 May 2018

Citation:
Bocci T, Nasini F, Caleo M, Restani L,

Barloscio D, Ardolino G, Priori A,
Maffei L, Nardi M and Sartucci F

(2018) Unilateral Application of
Cathodal tDCS Reduces

Transcallosal Inhibition and Improves
Visual Acuity in Amblyopic Patients.

Front. Behav. Neurosci. 12:109.
doi: 10.3389/fnbeh.2018.00109

Objective: Amblyopia is a neurodevelopmental disorder characterized by visual acuity
and contrast sensitivity loss, refractory to pharmacological and optical treatments in
adulthood. In animals, the corpus callosum (CC) contributes to suppression of visual
responses of the amblyopic eye. To investigate the role of interhemispheric pathways in
amblyopic patients, we studied the response of the visual cortex to transcranial Direct
Current Stimulation (tDCS) applied over the primary visual area (V1) contralateral to the
“lazy eye.”

Methods: Visual acuity (logMAR) was assessed before (T0), immediately after (T1) and
60’ following the application of cathodal tDCS (2.0 mA, 20’) in 12 amblyopic patients. At
each time point, Visual Evoked Potentials (VEPs) triggered by grating stimuli of different
contrasts (K90%, K20%) were recorded in both hemispheres and compared to those
obtained in healthy volunteers.

Results: Cathodal tDCS improved visual acuity respect to baseline (p < 0.0001),
whereas sham polarization had no significant effect. At T1, tDCS induced an inhibitory
effect on VEPs amplitudes at all contrasts in the targeted side and a facilitation of
responses in the hemisphere ipsilateral to the amblyopic eye; compared with controls,
the facilitation persisted at T2 for high contrasts (K90%; Holm–Sidak post hoc method,
p < 0.001), while the stimulated hemisphere recovered more quickly from inhibition
(Holm–Sidak post hoc method, p < 0.001).

Conclusions: tDCS is a promising treatment for amblyopia in adults. The rapid recovery
of excitability and the concurrent transcallosal disinhibition following perturbation
of cortical activity may support a critical role of interhemispheric balance in the
pathophysiology of amblyopia.

Keywords: amblyopia, tDCS, amblyopia treatment in adults, corpus callosum, ocular dominance, visual system
plasticity
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INTRODUCTION

Amblyopia is a neurodevelopmental disorder clinically
characterized by visual acuity and contrast sensitivity loss,
refractory to pharmacological and mechanical treatments in
adulthood (Holmes and Clarke, 2006): given the lack of any
organic cause, it has been also defined as a disorder ‘‘in which
the patient sees nothing and the doctor sees nothing’’ (Holmes
and Clarke, 2006). Amblyopia results in an abnormal binocular
experience due to a mismatch between the images perceived with
each eye. Although the retina is generally spared, microscopic
anatomical and structural abnormalities in lateral geniculate
bodies and visual cortex can occur (von Noorden and Crawford,
1992; Davis et al., 2003); fMRI studies are consistent with the
hypothesis of a selective involvement of the parvocellular stream
at a precortical or early cortical site, thus leading to detection
and processing deficit for high-contrast stimuli (Li et al., 2007;
Hess et al., 2010).

Permanent monocular visual impairment is a risk for
blindness, if the dominant eye is injured or becomes affected later
in life (Williams et al., 2003). For this reason, the early treatment
is critical. Eye-patching has been used for centuries, whereas the
use of atropine has only recently emerged (Repka et al., 2005).

In the past few years, new approaches are being developed,
such as dichoptic visual training aimed at stimulating the
amblyopic eye, reducing the interocular suppression by
balancing stimulus contrast between visual hemifields (Stewart
et al., 2007; Vedamurthy et al., 2015b; Žiak et al., 2017).
Nonetheless, all these treatments appear to be effective for
up to 7 years of age (Holmes et al., 2011), showing transient
and inconclusive results in older patients (Gao et al., 2018).
Moreover, current treatments are often associated with residual
monocular and binocular deficits (Pediatric Eye Disease
Investigator Group et al., 2008), with a high rate of recurrence
(Bhola et al., 2006).

In animal models, the corpus callosum (CC) plays a
critical role in the suppression of deprived eye responses
after a period of monocular occlusion (Restani et al., 2009;
Cerri et al., 2010); in humans, callosal connections appear
to inhibit the responsiveness of the neurons located in
the opposite hemisphere (Bocci et al., 2014). Moreover,
reduced visual cortex excitability has been observed in
patients with amblyopia, possibly reflecting abnormally high
levels of cortico-cortical inhibition (Thompson et al., 2008;
Hess and Thompson, 2015). Thus, the reduced responses
of the amblyopic eye may be due to active inhibition
(suppression) within the primary visual cortex. Here we
tested the contribution of interhemispheric pathways to such
inhibition.

It has been recently proved that inter-hemispheric
connections regulate cortical gain by dampening neural
responses to high-contrast stimuli in the target hemisphere
(Bocci et al., 2011). Concurrently, we have suggested
that the rapid recovery of excitability and the persistent
transcallosal disinhibition following perturbation of cortical
activity may exert a key role in the pathophysiology of
photosensitive epilepsy (Bocci et al., 2016). Altogether, we

reasoned that changes in transcallosal inhibition may explain
the unbalanced mechanisms of contrast gain control and
ocular dominance in amblyopia. To this aim, we enrolled
12 patients and compared changes in visual acuity and
Visual Evoked Potential (VEP) amplitudes induced by
inhibitory cathodal transcranial Direct Current Stimulation
(tDCS) applied to the occipital lobe contralateral to the
amblyopic eye.

MATERIALS AND METHODS

Participants and Experimental Protocol
Twelve adult patients with unilateral amblyopia (Table 1) and
12 sex and age-matched healthy volunteers were enrolled in
the study (mean age 26.1 ± 6.0 years; range 24–44, five
females). Patients had an intraocular acuity difference of at least
0.2 LogMAR and were classified as strabismic, anisometropic
or mixed amblyopia (both strabismus and anisometropia; see
Table 1). Anisometropia was defined as a spherical equivalent
difference of 1 dioptre or more between the eyes. Best refractive
correction was worn during testing. Healthy volunteers did
not have history of neurological or psychiatric disorders and
they were all drug-free. Controls with normal vision had
0.1 LogMAR acuity or better in each eye and no history of visual
disorders.

In patients, visual acuity was assessed at baseline (T0),
immediately after (T1) and 60’ following the completion of tDCS
applied over the primary visual area (V1) contralateral to the
amblyopic eye.

At same time points, VEPs were recorded both in amblyopic
patients and controls, at two different luminance contrasts
(K90% and K20%).

Patients were enrolled by a clinician (FN), whereas
electrophysiological recordings were performed by a different
neurologist (DB), both blinded to the tDCS condition.

Written informed consent was signed by all subjects prior
to participation in the study, approved by the local ethical
Committee in accordance with the tenets of Helsinki. The
study was approved by the local ethical committee (registration
number 3135), at the University of Pisa (formally named
‘‘Comitato Etico di Area Vasta Nord Ovest della Toscana’’).

Transcranial Direct Current Stimulation
(tDCS)
We applied tDCS over the V1, using a battery-driven
constant current stimulator (HDCStim, Newronika, Italy)
and a pair of electrodes in two saline-soaked synthetic
sponges with a surface area of 25 cm2 (5 × 5 cm).
Amblyopic patients underwent both cathodal (real) and
sham stimulation, while in healthy controls only the cathodal
polarization was applied. For cathodal stimulation, the
cathode was centered either on O1 or O2 (according to the
10–20 international EEG system) and the anode on the right
shoulder.

Anatomical correspondence between the target region
and V1 was confirmed by a navigated stimulation system

Frontiers in Behavioral Neuroscience | www.frontiersin.org May 2018 | Volume 12 | Article 10931

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Bocci et al. Cathodal tDCS in the Treatment of Amblyopia

TABLE 1 | Demographic and clinical assessment.

Patient’s number Previous treatment Type of Amblyopia Visual acuity (logMAR) Timeline of intervention

1 None LE 0.0 cathodal/sham
RE Aniso 0.55 (0.55)

2 None LE 0.0 cathodal/sham
RE Aniso 1.03 (1.00)

3 None RE 0.0 sham/cathodal
LE Aniso 0.40 (0.38)

4 None RE 0.0 cathodal/sham
LE Strab 1.03 (0.94)

5 None RE 0.0 sham/cathodal
LE Aniso 0.22 (0.22)

6 None LE 0.0 cathodal/sham
RE Strab 0.55 (0.58)

7 Patching LE 0.0 sham/cathodal
RE Aniso 0.38 (0.42)

8 None RE 0.0 sham/cathodal
LE Strab 0.40 (0.40)

9 None LE 0.0 sham/cathodal
RE Aniso 1.00 (1.05)

10 None LE 0.0 cathodal/sham
RE Mixed 0.83 (0.75)

11 None LE 0.0 cathodal/sham
RE Aniso 0.92 (0.84)

12 Patching RE 0.0 sham/cathodal
LE Strab 0.26 (0.26)

Each patient underwent both cathodal and sham tDCS, elapsed by at least 1 week. Visual acuity, expressed as LogMAR, refers to the first clinical evaluation, immediately
after the enrollment, but it was checked again before the second treatment (either sham or cathodal; in this case, checked values of the “lazy eye” are expressed within
brackets). LE, left eye; RE, right eye; Aniso, anisomoetropic amblyopia; Strab, strabismic amblyopia. LogMAR was calculated according to the formula: LogMAR = −log
(decimal acuity).

(SofTaxic optically-tracked by EMS, Italy). Tridimensional
space positions of the head and electrode were reproduced
on the computer screen in relation to an average brain
anatomy based on a 3D realistic MR-constructed brain
model: in accordance with previous articles, the lower
horizontal border of the electrode was marked by a
scalp point superficial to the tentorium cerebelli, while
the medial vertical one corresponded to a scalp point
superficial to the brain location 1 cm lateral to the
interhemispheric falx cerebri (Olma et al., 2013; Behrens
et al., 2017).

Direct currents were applied for 20 min with an intensity
of 1.5 mA (current density 0.06 mA/cm2). The intensity and
duration of stimulation were comparable to those used in
previous studies (Antal et al., 2004, 2006; Lang et al., 2007),
below the threshold for tissue damage (Nitsche et al., 2003).
tDCS strength remained below the sensory threshold throughout
the experimental session. At the offset of tDCS, the current was
decreased in a ramp-like manner, a method shown to achieve a
good level of blinding among sessions (Gandiga et al., 2006; Galea
et al., 2009). In the sham condition, the current was turned on for
5 s and then turned off in a ramp-shaped fashion.

Visual Acuity Assessment
Each patient underwent a complete ophthalmologic examination
to exclude other causes of poor vision, thus confirming that the
patient’s refractive correction (where applicable) was accurate in
order to perform the The Best-Corrected Visual Acuity (BCVA)
testing.

The BCVA was tested for both eyes by means of standard
‘‘Early Treatment Diabetic Retinopathy Study (ETDRS) Revised’’
translucent visual acuity charts (with the following features: same
number of letters per line, equal spacing between lines on a
log scale, equal spacing of letters on a log scale and balanced
letter difficulty in the individual lines). Retro-illuminated ETDRS
viewing cabinet was used.

Both eyes were separately tested at a distance of 4 m (about
13 feet). Chart 1 was used for visual acuity testing of the right
eye and chart 2 for testing the left eye. The patient was asked to
read slowly, beginning from the top line of the chart, from left to
right. The patient was told that one chance is given to read each
letter. If the patient changed a response (e.g., ‘that was a ‘‘C’’ not
an ‘‘O’’’) before he/she has read the next letter, then the change
was accepted.

• If a patient was able to read at least 20 letters on the chart,
the visual acuity score of the tested eye was recorded as the
number of letters read correctly at 4 m (sum = A) plus 30
(credit of 30 score points = B).
• If a patient could not read at least 20 letters on the chart at

4 m, the test was repeated at a distance of 1 m. In this case,
the visual acuity score for the tested eye was recorded as the
number of letters read correctly at 1 m (sum = C) plus the
number of letters read correctly at 4 m (sum = A).

For each eye, the visual acuity score was the sum of A, B and
C. If no letters were read correctly at either 4 m or 1 m, the visual
acuity score was recorded as ‘‘0’’. All procedures were done by an
expert and certified ophthalmologist (FN).
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Visual Evoked Potentials (VEPs)
A detailed description of the protocol has been reported
elsewhere (Bocci et al., 2011, 2016). VEPs were recorded in
response to abrupt reversal (3 Hz) of a horizontal square wave
grating (spatial frequency 2 c/deg), generated by computer on a
display (Sony; refresh rate 60 Hz; subtending 20 × 15◦ of visual
angle) by a VSG card (Cambridge Research Systems). The display
was centered on the vertical meridian. VEPs were recorded
simultaneously in both hemispheres, with Ag/AgCl electrodes
positioned 2 cm above the inion (active) and at the right mastoid
(reference).

VEP amplitudes were defined as the difference between
the N1 negative peak and the P1 positive peak amplitudes in
microvolts (Ding et al., 2016). The N1 was defined as a negative
peak 60–110 ms after the pattern reversal and the peak of the first
positive wave after N1 was named as P1.

VEPs were recorded before (T0), at the end (T1) and 45’
(T2) after tDCS. Grating stimuli were centered on the fixation
point and tDCS was applied to V1. We analyzed 18 blocks of
100 averaged VEP responses (6 blocks at T0, 6 at T1 and 6 at
T2), in terms of both mean amplitude (expressed as µV) and
latency (ms) for two contrast levels (K90% and 20%). Visual
stimuli at different contrasts were presented randomly and the
obtained electrophysiological responses for each contrast were
then averaged.

Statistical Analysis
Parametric analyses were used, as all data sets successfully passed
the Shapiro-Wilk test for normality (p > 0.05). A one-way
analyses of variance (ANOVA) was used to compare baseline
values for each subject between sham and cathodal condition.
As VEP amplitudes are higher in healthy subjects and in the
fellow eyes compared with the amblyopic ones, all values were
normalized at baseline (T0, i.e., before tDCS: (T1/T0)× 100%).

Visual Acuity
In each patient, changes in visual acuity (logMAR) were assessed
by using a two-way repeated-measures (RM) ANOVA, with
‘‘stimulation’’ (two levels: cathodal and sham) and ‘‘time’’ (three
levels: T0, T1 and T2) as experimental factors, followed by

Holm-Sidak post hoc method. The Pearson’s correlation was used
to compare the average changes in visual acuity respect to the
baseline values.

Electrophysiological Measures (VEPs)
A three-way repeated measures ANOVA assessed the effects of
‘‘time’’ × ‘‘stimulation’’ × ‘‘contrast’’ interaction in amblyopic
patients. At each time interval, a two-way RM ANOVA
compared peak-to-peak amplitudes between cathodal and sham
polarization at different contrasts; significant effects were
checked by post hoc Holm-Sidak test.

Comparison Between Amblyopic Patients and
Controls
A three-way RM ANOVA analyzed the effects of
‘‘group’’× ‘‘time’’× ‘‘contrast’’ interaction between patients and
healthy controls. At each time interval, a two-way ANOVA on
ranks compared peak-to-peak amplitudes between amblyopic
participants and healthy controls; significant effects were
followed by post hoc Holm-Sidak test to compare VEP changes
over time.

Statistical significance was set at p < 0.05. Data were analyzed
using SPSS v. 21.0 for Windows (SPSS Inc., Chicago, IL, USA) or
SigmaPlot v. 12.0.

RESULTS

Clinical Assessment: Visual Acuity
Baseline (T0) logMAR values did not change between real and
sham sessions (p = 0.83).

A remarkable improvement occurred at T1 when cathodal
polarization was delivered within the hemisphere contralateral
to the amblyopic eye, with changes lasting up to 1 h after
tDCS completion (F(2,22) = 8.14, p = 0.0023, two-way ANOVA,
with ‘‘time’’ and ‘‘treatment’’ as factors). This reduction ranged
from 0.11 to 0.88 logMAR, with a mean of about 0.27 logMAR
(see Table 2 and Figure 1), and it was significant both at
T1 (p = 0.0029, Holm-Sidak post hoc comparison) and T2
(p = 0.0019) when compared to the sham group.

TABLE 2 | Visual acuity following transcranial direct current stimulation (tDCS).

Cathodal tDCS Sham tDCS

Patient’s number T1 T2 T1 T2

1 −0.11 −0.33 −0.05 −0.11
2 −0.33 −0.47 0.03 −0.09
3 −0.14 −0.12 −0.02 −0.10
4 −0.61 −0.27 −0.19 −0.10
5 −0.07 −0.07 0.05 0.08
6 −0.22 −0.27 0.17 0.08
7 −0.22 −0.16 0.04 0.14
8 −0.25 −0.20 0.02 0.00
9 −0.35 −0.37 0.05 −0.06
10 −0.41 −0.08 −0.05 −0.07
11 −0.10 −0.88 0.07 0.08
12 −0.02 −0.08 0.02 −0.04

Changes in logMAR score compared to baseline values are shown for the amblyopic eyes; notably, cathodal tDCS improved visual function both at T1 and T2.
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FIGURE 1 | Changes in visual acuity (LogMAR). Amblyopic patients showed a
significant improvement of visual acuity following cathodal transcranial direct
current stimulation (tDCS) compared to sham polarization, with effects lasting
for up to 1 h. Data are given as mean values ± standard error (SE);
∗∗p < 0.001.

Changes in logMAR score linearly correlated with baseline
values. Indeed, patients with greater impaired at baseline showed
a more robust improvement in visual acuity (p = 0.0004,
Pearson’s correlation; Figure 2).

Visual Evoked Potentials (VEPs):
Amblyopic Patients
At baseline, in agreement with previous data reported elsewhere
(Ding et al., 2016), mean VEP amplitudes for amblyopic eyes
were significantly lower than those recorded by stimulating the
fellow eyes (6.54 ± 0.91 vs. 9.67 ± 1.99 µV at K90%: t = 4.61,
p < 0.0001, unpaired t-test).

Representative VEPs from one patient are shown in
Figure 3A.

A three-way repeated measures ANOVA revealed significant
effects of stimulation (F(1,132) = 24.2, p < 0.0001), contrast
(F(1,132) = 96.8, p < 0.0001), stimulation × contrast
(F(1,132) = 23.3, p < 0.0001), time × stimulation (F(2,132) = 8.7,
p = 0.0003) and time × contrast interaction (F(2,132) = 5.7,
p = 0.0041). In particular, at high-contrast, VEP amplitudes
recorded ipsilaterally to amblyopic eyes dramatically improved

FIGURE 2 | Correlation with baseline values. Changes in logMAR score
linearly correlated with baseline values: patients with greater impairment at
baseline showed a more robust enhancement of the visual acuity (p = 0.0004,
Pearson’s correlation).

compared to low-contrast (F(2,66) = 14.9, p < 0.0001, two-way
ANOVA on ranks) and sham stimulation (F(2,66) = 35.9,
p < 0.0001, two-way RM ANOVA), remaining persistently
elevated at T2 (p < 0.0001, Holm-Sidak test).

A significant correlation between the enhancement of visual
acuity and the relative increase of VEP amplitudes in the
amblyopic side was found (Pearson’s correlation: p = 0.002).

On the opposite side, as expected due to the inhibitory
effect of cathodal polarization, we observed a reduction of VEP
amplitudes at T1, both at high and low contrasts. At T2 all values
returned to baseline, both for high (Holm-Sidak test, T1 vs. T2:
p < 0.0001) and low contrasts (p = 0.001).

Visual Evoked Potentials (VEPs):
Comparison Between Patients and
Controls
When VEPs recorded from the side contralateral to tDCS were
analyzed, a three-way ANOVA showed significant effects of time
(F(2,132) = 20.4, p < 0.0001), contrast (F(1,132) = 64.9, p < 0.0001),
time × contrast (F(2,132) = 30.7, p < 0.0001), group × contrast
(F(1,132) = 11.4, p = 0.001) and contrast × group × time
interaction (F(2,132) = 8.0, p = 0.0005). When analyzed separately,
at high contrasts (K90%), we found a persistent enhancement
of VEP amplitude in amblyopic subjects but not controls at T2
(Holm-Sidak test, p < 0.0001): thus, transcallosal disinhibition
persisted in amblyopic patients, while it vanished in controls
(compare Figures 3, 4, contralateral side).

On the hemisphere in which inhibitory cathodal polarization
was applied, patients and controls showed a similar reduction
in VEP amplitudes at T1; a three-way ANOVA showed
significant effects of time (F(2,132) = 104.3, p < 0.0001), contrast
(F(2,132) = 3.9, p = 0.049) and group × time interaction
(F(2,132) = 49.8, p < 0.0001). At high contrasts, values returned
to baseline in patients (Holm-Sidak test, T1 vs. T2 in patients,
p < 0.0001), remaining significantly reduced in controls (Holm-
Sidak test, T1 vs. T2 in controls, p = 0.42; compare Figures 3, 4).

DISCUSSION

Our results suggest that cathodal tDCS applied over the
V1 contralateral to the ‘‘lazy eye’’ improves visual acuity,
supporting the use of non-invasive brain stimulation techniques
(NIBS) for the treatment of adult patients with amblyopia.
Inhibitory cathodal tDCS dampened VEP amplitudes in both
healthy and amblyopic subjects; concurrently, facilitation of
visual responses in the contralateral side occurred, possibly due
to the removal of interhemispheric inhibitory influences (Restani
et al., 2009; Bocci et al., 2011). Significant differences were
found at T2, with a faster normalization of VEP amplitudes
in the stimulated side and a persistent disinhibition in the
opposite hemisphere in amblyopic patients. This disinhibition
may be at the basis of the behavioral improvement of visual
acuity, which was detected at T1 and persisted at T2 (Figure 1).
This interpretation is supported by the significant correlation
between VEP changes and the enhancement of clinical outcome
(i.e., reduction of logMAR).
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FIGURE 3 | Changes in Visual Evoked Potential (VEP) amplitudes in amblyopic subjects. (A) Representative VEP responses to central stimulation (contrast, 90%) of
the amblyopic eye, in the hemisphere contralateral (top traces) and ipsilateral (bottom traces) to tDCS intervention, respectively. (B) VEP amplitudes significantly
increased ipsilaterally to the amblyopic eye, at high contrasts (K90%), and remained persistently elevated at T2 (p < 0.0001, Holm-Sidak post hoc test). On the
opposite side, we observed a reduction of VEP amplitudes at T1, but at T2 all values returned to baseline, both for high (Holm-Sidak test, T1 vs. T2: p < 0.0001) and
low contrasts (p = 0.001). ∗∗∗p < 0.001.

A growing bulk of literature suggests that the adult visual
system retains a high degree of plasticity (Lunghi et al.,
2010, 2011; Lo Verde et al., 2017), indicating that the
excitatory/inhibitory balance that modulates gain control
mechanisms could be particularly susceptible to NIBS
interventions, even at short timescales (Reinhart et al., 2016).
In humans, previous articles have reported a significant effect
of tDCS for the recovery of contrast sensitivity and stereopsis
in amblyopia, providing a novel and safe approach to improve
outcome in adults (Spiegel et al., 2013a; Ding et al., 2016).

Authors demonstrated an enhancement of both monocular
(visual acuity) and binocular (stereopsis) measures of visual
function, especially when the polarization of the visual cortex
was associated with dichoptic videogame-based treatment
(Spiegel et al., 2013b). Nonetheless, these studies have used
excitatory, anodal tDCS bilaterally applied over the V1.
Here, we reasoned to dampen the excitability of the visual
area contralateral to the ‘‘lazy eye’’, with the aim to restore
the balance of transcallosal inhibitory influences between
hemispheres.

FIGURE 4 | VEP amplitudes in subjects with normal visual acuity. VEP amplitudes increased on the side contralateral to the application of cathodal tDCS, while they
were dampened ipsilaterally. Nonetheless, different from amblyopic participants, at T2 there was a loss of the contralateral facilitation, paralleled by a persistent
inhibition of the responses recorded from the polarized hemisphere. Data are given as mean values ± standard error (SE); ∗∗∗p < 0.0001.
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Our hypothesis is consistent with data in animals, showing
that transcallosal connections are primarily involved in the
weakening of deprived eye responses during monocular
deprivation (Restani et al., 2009; Pietrasanta et al., 2014). Since
transcallosal neurons are excitatory, interhemispheric inhibition
depends upon the activation of GABAergic neurons in the target
side, which contact local cortical pyramids via GABA-B receptors
(Irlbacher et al., 2007; Palmer et al., 2012). Along this line,
in primate models of amblyopia, the magnitude of side-to-side
suppression seems to be closely related to the behavioral loss of
contrast sensitivity in the amblyopic eye (Bi et al., 2011; Li et al.,
2011, 2013; Tao et al., 2014).

Further support for a key role of interhemispheric pathways in
amblyopia comes from recent data showing a higher vulnerability
of the parvocellular pathway to the effects of visual deprivation,
thus affecting the chromatic vision in humans (Hess et al.,
2010; Lunghi et al., 2013). Notably, the callosum preferentially
processes high-contrast stimuli and robustly transfers chromatic
information related to the activation of the parvocellular stream
(Berardi and Fiorentini, 1987; Berardi et al., 1987; Corballis,
1996; Roser and Corballis, 2003). Also in our sample, the
persistent facilitation of visual responses has been observed for
high contrasts only (see Figure 3).

Limitations and Alternative Explanations
The main limitation of our study is the small number of patients,
due to the difficulty in recruiting a homogeneous group of
subjects. High-powered studies, with largest samples, are needed
in the future to confirm our data and assess the efficacy of
unilateral cathodal tDCS as a valuable option for the long-term
treatment of amblyopia. Despite the low number of cases,
cathodal tDCS displayed a consistent effect on visual acuity (see
Figure 2).

Although our results appear to fit an explanation based
on imbalance of V1 cortical excitability between hemispheres,
additional possibilities need to be considered. First, the rapid
changes triggered by tDCS (in terms of both visual acuity
and VEP amplitudes) strongly support alterations in the
excitatory/inhibitory balance within the visual system rather than
structural rearrangements of inputs from the lazy eye. In this
context, there is evidence that responses of the weak eye are
actively suppressed by GABAergic inhibition (Duffy et al., 1976),
and tDCS may alter GABA concentrations in the cerebral cortex
(Stagg et al., 2009).

Second, the reduction of cortical excitability mediated
by cathodal tDCS in the stimulated hemisphere could
potentiate weak responses from the lazy eye via homeostatic
mechanisms (Turrigiano, 2012). For example, it has been
previously shown that brief period of monocular deprivation
in adult subjects strongly alters ocular balance, producing a

perceptual boost of the deprived eye (Lunghi et al., 2011).
Along this line, the binocular imbalance that characterizes
amblyopia can be reduced by occluding the amblyopic
eye with a translucent patch for a few hours (Zhou et al.,
2013).

Another possibility is that tDCS affects brainstem nuclei
or thalamic structures, such as the lateral geniculate nucleus.
In this case, the effects of the manipulation on acuity
and VEP responses could be at least partly due to an
action at subcortical level. Although this hypothesis cannot
be definitely ruled out, VEP changes following hemifield
visual stimulation seem to be consistent with a selective
modulation of the interhemispheric route, as described in
more detail elsewhere (Bocci et al., 2011, 2016). Moreover,
direct geniculocortical connections are mildly affected by
monocular deprivation in animals, with effects requiring
at least 20 days of ocular deprivation (Antonini et al.,
1999).

CONCLUSION

Overall, our data support the use of unilateral cathodal tDCS
for the treatment of amblyopia in adults, when pharmacological
and mechanical therapies are completely ineffective; in order to
improve and prolong the clinical outcome, both in adults and
children, tDCS may be also combined with novel behavioral
methods, comprising dichoptic training, perceptual learning and
video gaming (Tsirlin et al., 2015; Vedamurthy et al., 2015a,b).
Although promising, these therapies are currently influenced by
visual attention, possibly narrowing their application in clinical
practice.
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Žiak, P., Holm, A., Halicka, J., Mojzis, P., and Piñero, D. P. (2017). Amblyopia
treatment of adults with dichoptic training using the virtual reality oculus
rift head mounted display: preliminary results. BMC Ophthalmol. 17:105.
doi: 10.1186/s12886-017-0501-8

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Bocci, Nasini, Caleo, Restani, Barloscio, Ardolino, Priori, Maffei,
Nardi and Sartucci. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org May 2018 | Volume 12 | Article 10938

https://doi.org/10.1007/s13311-013-0200-y
https://doi.org/10.1007/s13311-013-0200-y
https://doi.org/10.1523/JNEUROSCI.4432-08.2009
https://doi.org/10.1523/JNEUROSCI.4432-08.2009
https://doi.org/10.1167/iovs.05-1243
https://doi.org/10.1523/JNEUROSCI.1992-14.2014
https://doi.org/10.1016/j.cub.2008.06.052
https://doi.org/10.1167/iovs.15-16583
https://doi.org/10.1167/iovs.15-16583
https://doi.org/10.1101/cshperspect.a005736
https://doi.org/10.1038/srep08482
https://doi.org/10.1016/j.visres.2015.04.008
https://doi.org/10.1136/bjo.87.8.988
https://doi.org/10.1038/srep02638
https://doi.org/10.1186/s12886-017-0501-8
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00090 May 7, 2018 Time: 23:5 # 1

ORIGINAL RESEARCH
published: 09 May 2018

doi: 10.3389/fnbeh.2018.00090

Edited by:
Claudio Lucchiari,

Università degli Studi di Milano, Italy

Reviewed by:
Nico Sollmann,

Technische Universität München,
Germany

Martin Victor Sale,
The University of Queensland,

Australia
Davide Crivelli,

Università Cattolica del Sacro Cuore,
Italy

*Correspondence:
Junhong Zhou

junhongzhou@hsl.harvard.edu
Tao Feng

happyft@sina.com

†Co-last authors

Received: 01 February 2018
Accepted: 20 April 2018
Published: 09 May 2018

Citation:
Liu Z, Ma H, Poole V, Wang X,

Wang Z, Yang Y, Meng L, Manor B,
Zhou J and Feng T (2018) Effects

of Multi-Session Repetitive
Transcranial Magnetic Stimulation on

Motor Control and Spontaneous
Brain Activity in Multiple System

Atrophy: A Pilot Study.
Front. Behav. Neurosci. 12:90.

doi: 10.3389/fnbeh.2018.00090

Effects of Multi-Session Repetitive
Transcranial Magnetic Stimulation
on Motor Control and Spontaneous
Brain Activity in Multiple System
Atrophy: A Pilot Study
Zhu Liu1, Huizi Ma1, Victoria Poole2, Xuemei Wang1, Zhan Wang1, Yaqin Yang1,
Lanxi Meng1, Brad Manor2, Junhong Zhou1,2*† and Tao Feng1*†

1 Department of Neurodegenerative Disease, Centre of Neurology, Beijing Tiantan Hospital, Capital Medical University,
Beijing, China, 2 Harvard Medical School, Harvard University, Roslindale, MA, United States

Background: Impaired motor control is one of the most common symptoms of
multiple system atrophy (MSA). It arises from dysfunction of the cerebellum and its
connected neural networks, including the primary motor cortex (M1), and is associated
with altered spontaneous (i.e., resting-state) brain network activity. Non-invasive
repetitive transcranial magnetic stimulation (rTMS) selectively facilitates the excitability of
supraspinal networks. Repeated rTMS sessions have been shown to induce long-term
changes to both resting-state brain dynamics and behavior in several neurodegenerative
diseases. Here, we hypothesized that a multi-session rTMS intervention would improve
motor control in patients with MSA, and that such improvements would correlate with
changes in resting-state brain activity.

Methods: Nine participants with MSA received daily sessions of 5 Hz rTMS for 5 days.
rTMS targeted both the cerebellum and the bilateral M1. Before and within 3 days after
the intervention, motor control was assessed by the motor item of the Unified Multiple
System Atrophy Rating Scale (UMSARS). Resting-state brain activity was recorded by
blood-oxygen-level dependency (BOLD) functional magnetic resonance imaging. The
“complexity” of resting-state brain activity fluctuations was quantified within seven well-
known functional cortical networks using multiscale entropy, a technique that estimates
the degree of irregularity of the BOLD time-series across multiple scales of time.

Results: The rTMS intervention was well-attended and was not associated with any
adverse events. Average motor scores were lower (i.e., better performance) following
the rTMS intervention as compared to baseline (t8 = 2.3, p = 0.003). Seven of nine
participants exhibited such pre-to-post intervention improvements. A trend toward an
increase in resting-state complexity was observed within the motor network (t8 = 1.86,
p = 0.07). Participants who exhibited greater increases in motor network resting-state
complexity demonstrated greater improvement in motor control (r2 = 0.72, p = 0.004).
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Conclusion: This pilot study demonstrated that a five-session rTMS intervention
targeting the cerebellum and bilateral M1 is feasible and safe for those with MSA. More
definitive, well-controlled trials are warranted to confirm our preliminary results that rTMS
may alleviate the severity of motor dysfunction and modulate the multiscale dynamics
of motor network brain activity.

Keywords: repetitive transcranial magnetic stimulation, multiple system atrophy, motor control, multiscale
entropy, resting-state fMRI

INTRODUCTION

Multiple system atrophy (MSA) is a fatal neurodegenerative
disorder marked by progressive parkinsonian symptoms and
both cerebellar and autonomic dysfunction. Up to 87% of
patients with MSA exhibit motor disturbances, which in turn
increase morbidity and reduce quality of life (Fanciulli and
Wenning, 2015). Current pharmacological therapies targeting
rigidity and bradykinesia, which most commonly entail anti-
parkinsonism drugs (e.g., Levodopa) (Kollensperger et al., 2010),
are largely ineffective (Krismer and Wenning, 2017). Only
31% of patients with MSA benefit from Levodopa, and such
improvements tend to be short-lasting (Gilman et al., 2008;
Maass et al., 2016; Rohrer et al., 2017). Moreover, these
medications often cause side effects including hypotension,
cognitive impairment, and hypersomnia in this population.
There is thus an urgent need to develop new non-pharmacological
therapeutic strategies to enhance motor function in those
suffering from MSA.

Motor control impairments in MSA are believed to arise
from dysfunction of the cerebellum and its connected neural
networks (Payoux et al., 2010; Lu et al., 2013). MSA leads to
atrophy in cerebellar regions, as well as altered plasticity and
decreased neuronal excitability (e.g., prolonged central motor
conduction time and cortical silent period) within the motor
cortex (M1) (Fanciulli and Wenning, 2015). Burciu et al. (2016)
observed in a longitudinal study of patients with MSA that the
responsiveness [i.e., activation measured by functional magnetic
resonance imaging (fMRI) signal] of the M1 and cerebellum to
a motor task diminished over a 1-year period. This observation
suggests that therapeutic strategies designed to modulate activity
in the cerebellum and M1 may be particularly well-suited to slow
the progression of functional decline, or even enhance it, in this
population.

Non-invasive repetitive transcranial magnetic stimulation
(rTMS) is a safe technique that selectively modulates the
excitability of neuronal populations and their connected neural
networks via current induced by an electro-magnetic field.
Yildiz et al. (2017), for example, observed that rTMS targeting
the cerebellum reduced short-latency afferent inhibition of M1
and enhanced performance of a cognitive reaction time task
in those with MSA-cerebellar subtype (MSA-C). The multi-
session rTMS intervention protocol has shown great promise to
induce longer-term effects on the behavioral performance. Chang
et al. (2010) observed that 10 sessions of daily rTMS induced
improvement in motor function of subacute stroke patients and
such improvement lasted for 3 months. Still, the effects of a

multi-session rTMS intervention on motor control performance
are largely unknown.

The functional regions of the brain are continuously
interacting with each other over multiple temporal scales,
even during “resting-state” (Khambhati et al., 2015). As such,
the fluctuations of spontaneous brain activity, which can be
recorded with blood-oxygen-level dependency (BOLD) fMRI,
are “complex.” Here, complexity refers to the presence of
information-rich fractal-like patterns within the time-series.
The degree of such resting-state complexity within large-
scale functional networks has been associated with functional
performance. For example, Yang et al. (2013) reported that
older adults who exhibited greater MSE-derived resting-state
complexity within default mode network had better cognitive
function.

In this study, we examined the effects of a five-session,
daily rTMS intervention targeting both the bilateral cerebellum
and M1 on motor control and the resting-state complexity of
brain activity in a small sample of patients with MSA. We
hypothesized that as compared to baseline, participants would
demonstrate improved motor control, along with increased
resting-state complexity, following the rTMS intervention. We
further hypothesized that observed improvements in motor
control would correlate with observed increases in resting-state
complexity.

MATERIALS AND METHODS

Participants
Nine participants with de novo MSA [four men; age
(mean ± standard deviation): 58.0 ± 7.0 years, ranging from 50
to 66] were recruited from the Department of Neurodegenerative
Disease, Center of Neurology, Beijing Tiantan Hospital, Capital
Medical University (Beijing, China). The characteristics of each
participant are summarized in Table 1. MSA was diagnosed
according to Gilman et al. (2008) by two experienced clinicians.
Three participants were diagnosed as MSA-parkinsonian
subtype (MSA-P) and the other six presented with MSA-C.
Exclusion criteria included contraindications to rTMS (i.e.,
significant medical or psychiatric illnesses, pregnancy, mental
diseases, brain trauma, personal or family history of seizures or
epilepsy, metallic or electrical bio-implants), contraindications
to magnetic resonance imaging (MRI) (i.e., personal or family
history of seizures or epilepsy, BMI > 40, metallic or electrical
bio-implants, claustrophobia), and cognitive impairment
as defined by a Mini-Mental State Examination (MMSE)
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TABLE 1 | Participant demographics and clinical characteristics.

ID MSA
subtype

Age
(years)

Sex MSA
duration
(years)

IALT Baseline
motor score
of UMSARS

1 P 53 M 4 0 19

2 P 57 F 3 22.58% 22

3 P 66 F 3 19.60% 23

4 C 51 F 2 0 19

5 C 50 F 1.5 0 26

6 C 66 M 2 0 12

7 C 66 M 2 0 18

8 C 62 F 2 0 22

9 C 51 M 2 0 17

P, MSA-P; C, MSA-C; M, male; F, female; IALT, improvement rate of acute stepwise
levodopa challenge test; UMSARS, Unified Multiple System Atrophy Rating Scale.

score ≤ 24. None of these participants had responded well to
previous Levodopa treatment.

Ethics Statement
This study was approved by institutional review board of Beijing
Tiantan Hospital, Capital Medical University and conducted
according to the principles of the Declaration of Helsinki. The
registration number of this study in Beijing Tiantan Hospital was
KYSB2017-169-01. All participants provided written informed
consent prior to screening and study participation.

Study Protocol
All participants completed one daily session of rTMS targeting
both the cerebellum and bilateral M1 over five consecutive days.
Motor control and resting-state brain activity were assessed
at baseline and within 3 days of the last rTMS session.
All participants stayed within the Tiantan Hospital Clinical
Center throughout the entire study. Pre- and post-intervention
assessments were conducted at approximately the same time of
day and a clinician confirmed the absence of any acute medical
condition that may have interfered with functional performance.
Dopaminergic treatments, if used, were withheld throughout the
course of the study.

Repetitive Transcranial Magnetic
Stimulation (rTMS)
Participants received rTMS while seated in a chair with
electromyography electrodes over the abductor pollicis brevis
(APB) muscle to record motor evoked potentials (MEPs).
A MagPro Compact stimulator (Dantec Medical, Copenhagen,
Denmark) was connected to a 50-mm round coil (MCF-B65).
The left and right targeting sites of M1 were determined as the
location on the participant’s scalp where TMS evoked maximal
MEPs in the contralateral APB. The targeting sites of the
cerebellum were 3 cm lateral to the left of the inion and 3 cm
lateral to the right of the inion. The resting motor threshold
(RMT) was measured with the left M1 and then the delivered
intensity was set to at 100% of the RMT. The rTMS course
consisted of daily sessions of 500 pulses for each M1 target and

500 pulses for each cerebellum target (i.e., 2000 pulses and 50
trains at 5 Hz for 5 days). In each session, rTMS was delivered
over the left and right M1 and cerebellum sequentially.

Motor Control Performance
Motor control was assessed using the Motor Examination
Scale within the Unified Multiple System Atrophy Rating Scale
(UMSARS) (Wenning et al., 2004). This scale consists of 14
tests that measure multiple aspects of motor control (e.g.,
finger tapping, facial expression, posture, gait, etc.). Participant
performance in each test was scored by an experienced clinician
on a five-point scale ranging from 0 to 4, where lower scores
reflected better performance. Scores on the 14 tests were summed
and used for analysis.

Magnetic Resonance Imaging
A Siemens Trio 3-Tesla scanner (Siemens, Erlangen, Germany)
was used to acquire all MRI data. High-resolution brain
structural images were acquired using T1-weighted, sagittal
3D magnetization-prepared rapid-gradient echo (MPRAGE)
sequences with the following parameters: repetition time
(TR)/echo time (TE)/inversion time = 2000 ms/2.19 ms/900 ms,
flip angle (FA) = 9◦, field of view (FOV) = 224 mm × 256 mm,
in-plane resolution = 224 × 256, slice thickness = 1 mm, and
176 sagittal slices. Functional images were axially collected
using an echo-planar imaging (EPI) sequence with the
following settings: TR/TE = 2000 ms/40 ms, FA = 90◦,
FOV = 256 mm× 256 mm, resolution = 64× 64, axial slices = 28,
thickness/gap = 4 mm/1 mm, bandwidth = 2230 Hz/pixel.

Data Analysis
Resting-State fMRI
Resting-state functional data were pre-processed using AFNI.
The following steps were performed: volume registration,
alignment to the T1 anatomy, warp into Talairach space, 8-mm
kernel smoothing, and scaling to a percentage of the mean.
A band-pass filter was used to remove fluctuations below 0.01
and above 0.08 Hz. Filtered data were enter into a general linear
model to remove the effects of 6 degrees of motion, nuisance CSF,
white matter, and global signal. The residual time series in each
voxel from this deconvolve was then used to calculate multiscale
entropy.

Multiscale Entropy (MSE)
Multiscale entropy (MSE) (Costa et al., 2002) was used to quantify
the complexity of the spontaneous BOLD time series in each
brain voxel (Figure 1A). MSE is a widely-used technique for
quantifying the degree of re-occurrence of repetitive behavior
(or patterns) across multiple time scales in a bio-physiological
time-series, such that series with less pattern re-occurrence are
more complex. Here, complexity was quantified using time scales
one through five, as follows. The BOLD time series of each
voxel was “coarse-grained” on these five scales by averaging point
values using non-overlapping windows of length equaling to the
scale factor τ (i.e., τ = 1 to 5). For example, the time series used for
scale one was the original (filtered) time-series. The time-series at
scale three was constructed by averaging every three points in the
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original time-series. The sample entropy of each coarse-grained
time series was then calculated. Sample entropy is defined by
the negative natural logarithm of the conditional probability that
a time-series, having repeated itself within a tolerance r for m
points (defined pattern length), will also repeat itself for m + 1
points without self-matches. Here, we chose m = 1 and r = 0.35,
based upon previous studies that used MSE to analyze BOLD
time-series (Yang et al., 2013, 2014, 2015).

The length of each coarse-grained time series was equal
to the length of the raw time series divided by the scale
factor. The number of data points in the coarse-grained
time series at the maximum scale thus equaled to 23 (i.e.,
117 divided by 5), greater than the 10m to 20m points (i.e., 10
to 20 as m = 1) required for reliable estimation of sample
entropy (Costa et al., 2002, 2005). The complexity index of
each individual voxel BOLD time-series was then computed by
averaging sample entropy across the five time scales (Yang et al.,
2014) (see Figure 1B). Network-level resting-state complexity
was calculated by parceling the brain into seven large functional
networks (i.e., visual, motor, dorsal attention, ventral attention,
limbic, executive, and default mode networks) according to
Yeo et al. (2011). The parcellation was Talairach-normalized,
resampled to 3 × 3 × 3 voxels, and separated into individual
networks. Resting-state complexity of each network was defined
as the average complexity of all voxels within each network. As
such, greater values reflected greater resting-state complexity of a
given network.

Statistical Analysis
Analyses were performed with JMP Pro 12 software (SAS
Institute, Cary, NC, United States). Primary outcomes were the
UMSARS motor score and the resting-state complexity of the
seven functional networks. Variable normality was examined
with the Shapiro–Wilk W-test and homogeneity of variance was

determined with the Levene test. Paired-t tests were used to
analyze the effects of tTMS on each outcome.

Linear regression analyses were used to determine the
relationship between rTMS-induced percent changes in motor
control and the resting-state complexity of each network at
baseline, as well as the percent change in complexity from pre-
to-post intervention. Significance level was set to p < 0.05 for all
analyses.

RESULTS

All participants completed the study and intervention
compliance was 100%. Stimulation was well-tolerated by all
subjects and was not associated with any self-reported adverse
event.

The Effects of rTMS Intervention on
Motor Control
Motor scores at baseline and after intervention was normally
distributed and exhibited homogeneity of variance. After the
rTMS intervention, seven participants exhibited improved motor
control (i.e., lower motor scores) as compared to baseline
(Figure 2). At the group-level, the motor item score decreased
from 19.8 ± 4.1 at baseline to 17.1 ± 4.4 after the intervention
(averaged decrease: 2.7± 1.9) (t8 = 2.3, p = 0.003).

The Effect of rTMS Intervention on
Resting-State Complexity
Resting-state complexity values of the seven brain functional
networks at baseline and after intervention were normally
distributed and exhibited homogeneity of variance. After the
rTMS intervention, six participants demonstrated an increase in
resting-stated complexity within the motor cortex (Figure 3).

FIGURE 1 | An example time-series of resting-state BOLD fluctuations within one brain voxel (A) and its corresponding multiscale entropy (MSE) curve (B). The
complexity of voxel-level BOLD fluctuations was determined by computing sample entropy across multiple time scales and averaging across said scales.
Network-level resting-state complexity was then determined by parceling the brain into seven large-scale networks according to Yeo et al. (2011) and averaging the
complexity values associated with all voxels within each network.
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FIGURE 2 | Participant-level motor control before and after rTMS intervention.
Motor control was assessed by the Motor Examination Scale within the
Unified Multiple System Atrophy Rating Scale (UMSARS), where lower scores
reflect better motor control. After five, once-daily sessions of rTMS targeting
the cerebellum and bilateral M1, seven of nine participants exhibited lower
motor scores (red lines).

FIGURE 3 | Participant-level motor network resting-state complexity before
and after rTMS intervention. After five, once-daily sessions of rTMS targeting
the cerebellum and bilateral M1, six of nine participants exhibited increased
resting-state complexity within the motor network (red lines).

A trend toward increased pre-to-post intervention motor
network resting-state complexity was observed at the group level
(t8 = 1.86, p = 0.07). No changes were observed in the resting-
state complexity of the other six networks (t8 < 1.7, p > 0.13).

Relationship Between Motor Function
and Resting-State Complexity
At baseline, motor scores did not correlate with the resting-state
complexity of brain networks. However, linear regression analysis
revealed that the percent change in motor score from pre-to-post
intervention correlated with the pre-to-post percent change in
motor network resting-state complexity (r2 = 0.72, p = 0.004).
Those who exhibited greater increases in motor control also

FIGURE 4 | Relationship between pre-to-post rTMS intervention changes in
motor control and motor network resting-state complexity. From pre-to-post
intervention, participants who exhibited greater percent decrease in motor
item score (i.e., better performance) demonstrated greater percent increase in
resting-state complexity within the motor network (r2 = 0.72, p = 0.04). No
other relationships between motor control and resting-state complexity
reached significance.

experienced greater increases in resting-state complexity within
the motor network (Figure 4).

DISCUSSION

Dysfunction of motor control is a severe pathological symptom
of MSA and there are currently no effective strategies for
alleviating such burden. This pilot study provided first-of-its-
kind preliminary evidence that a five-session rTMS intervention
targeting both cerebellum and bilateral M1 is feasible and
may improve motor control in patients with MSA. Moreover,
such improvements appear to be linked to an increase in the
physiologic complexity of resting-state brain activity dynamics,
specifically within the motor network. Together, these initial
observations warrant more definitive, well-controlled studies
to establish the effectiveness of rTMS on motor control and
underlying brain function in this vulnerable population.

The cerebellum and its connected neural network, including
the bilateral M1, are closely involved in motor control. In
the cerebellum-M1 circuit, the excitability (i.e., likelihood of
neuronal firing) of M1 is modulated by the dentate nucleus
and Purkinje cells within the cerebellum (Grimaldi et al.,
2014). MSA impairs regulation of both the dentate nucleus
and Purkinje cells, resulting in diminished excitability of M1
and ultimately, motor control dysfunction. High-frequency
rTMS stimulation facilitates neuronal excitability within targeted
regions (Rossi et al., 2009; Lefaucheur et al., 2014) and such
facilitation can induce functional improvements. Recent meta-
analyses and systematic reviews indicate that, for example, high
frequency rTMS targeting M1 induces mild-to-moderate motor
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improvements (Chou et al., 2015; Wagle Shukla et al., 2016)
in Parkinson disease (PD). Similarly, high frequency rTMS
targeting the cerebellum may reduce cerebellar inhibition by
modifying the activity of the dentate nucleus and Purkinje cells
in the cerebellum (Cury et al., 2015), of which the underlying
mechanism is worthwhile to be explored in future studies.

Recent non-invasive brain stimulation studies have
demonstrated that “multi-focal” interventions (i.e., stimulating
multiple regions within one session) may be particularly
beneficial to motor control. Spagnolo et al. (2014) reported
that a 12-session rTMS intervention targeting both the M1 and
prefrontal regions induced significant improvement of motor
function in those with Parkinson’s disease, as evidenced by an 11
point average reduction in UPDRS scores. In the current study,
rTMS targeted both the cerebellum and bilateral M1. This novel
protocol may thus both directly increase the excitability of the M1
and reduce cerebellar inhibition of the M1. As the two regions
are structurally and functionally connected, studies are needed
to determine if targeting both regions have greater effects as
compared to targeting either region separately.

Numerous studies have demonstrated that for a given
physiological system, fluctuations within its spontaneous
behavior are not random, but instead contain “meaningful”
patterns over multiple scales of time (Lipsitz and Goldberger,
1992; Pikkujämsä et al., 1999; Manor and Lipsitz, 2013).
The degree of complexity associated with these fluctuations
reflects their “richness,” or information content, and has been
linked to system functionality (Manor et al., 2010; Zhou
et al., 2017). Within the current small cohort, the rTMS
intervention was associated with a trend toward increased
resting-state complexity, specifically within the motor network.
Moreover, those who exhibited greater increases in complexity
also tended to make larger improvements in motor control.
While appropriately-powered sham-controlled studies are
needed to confirm these preliminary results, these observations
suggest that observed motor control improvements were
likely due to specific changes in brain function, rather than

by a placebo effect or a general effect of rTMS on brain
excitability.

In this small pilot study, rTMS targets were determined
by anatomical landmarks. The use of neuro-navigated rTMS
based upon structural brain images may improve the effects
of intervention (Ruohonen and Karhu, 2010), especially within
this population as brain anatomy varies considerably across
individuals (Ahdab et al., 2016). Future studies should also
consider examining additional clinically-meaningful aspects of
cognitive-motor performance, such as complex reaction time
and/or the kinematics of gait and postural control. Finally,
this study focused only on the immediate effects of rTMS
intervention. As several studies have demonstrated longer-lasting
effects of similar intervention within other populations (Helmich
et al., 2006; Chang et al., 2010), studies with longer follow-ups are
warranted.
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Introduction: Current pathophysiological hypotheses of Gilles de la Tourette Syndrome
(GTS) refer to temporally abnormal neuronal activation in cortico-striato-thalamo-cortical
(CSTC) networks. Modifying cortical activity by non-invasive brain-stimulation appears to
be a new treatment option in GTS.

Background: Previous studies suggested therapeutic effects of cathodal transcranial
direct current stimulation (tDCS) to pre-supplementary motor areas (SMA),
however, treatment modalities concerning electrode placement, current intensity and
stimulation-rate have not been systematically explored. Aim of this study was to assess
efficacy of an alternative stimulation regime on GTS symptoms in a pilot study. To test a
treatment protocol with tDCS twice a day, we administered 10 sessions over 5 days of
bilateral cathodal tDCS (30 min, 2 mA) over the pre-SMA in three patients with severe
GTS. Tic severity as well as obsessive-compulsive (OC) symptoms and affective scales
were rated before and after tDCS treatment.

Discussion: Only one out of three patients showed a 34.5% reduction in tic severity.
The two other patients showed an increase in tic severity. All patients showed a mild
increase in positive affect and a reduction in negative affect, OC symptom changes
were heterogeneous. Our results do not support earlier findings of extensive therapeutic
effects of cathodal tDCS on tics in patients with GTS and show that prediction of
stimulation effects on a targeted brain area remains inaccurate.

Concluding Remarks: Future research will have to focus on the determination of most
effective stimulation modes regarding site, polarity and frequency of tDCS in GTS
patients.

Keywords: tDCS, transcranial direct current stimulation, GTS, tourette syndrome, supplementary motor areas,
OCD, obsessive compulsive disorder
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INTRODUCTION

Gilles de la Tourette syndrome (GTS) is a neuropsychiatric
disorder with chronic motor and vocal tics, manifesting in the
course of childhood and early adolescence. Tics are usually
preceded by premonitory urges and can be suppressed at
will. The disorder is self-limiting in at least 44% of all
cases and symptoms tend to significantly decrease in early
adulthood. Still there are 22% of adult patients retaining clinically
significant symptoms despite adequate medication (Leckman
et al., 1998; Burd et al., 2001; Pappert et al., 2003; Evans
et al., 2016). Approved pharmacological treatment consists of
alpha-2-adreno-receptor-blockers, and distinct antipsychotics.
Both groups of medications are associated with mild to severe
side effects including sedation, cardiovascular dysregulation,
extrapyramidal motor symptoms (EPMS), sexual dysfunction,
weight gain or cardiac risks that are scarcely tolerated by patients.
Moreover, depression and anxiety are common co-morbid
disorders in adult GTS patients (Evans et al., 2016), and there
is an additional need for specific treatment in these domains.
Psychotherapeutic treatment such as habit reversal training or
exposure with response prevention require sufficient adherence
while also yielding only incomplete remission rates (Capriotti
et al., 2014). Tic manifestation in GTS is usually referred
to an organic etiology. Functional neuroimaging has revealed
that tic symptoms originate from a dysregulation of cortico-
striato-thalamo-cortical (CSTC) networks. Results show a down
regulation of movement inhibition in caudate and anterior
cingulate cortex and an hyperactivation of motor pathways in
putamen, pallidum and substania nigra, as well as in cortical
regions of the sensorimotor cortex with cortical hyperactivation
in pre-motor regions preceding basal ganglia activation (Wang
et al., 2011). Therefore, modulation of basal ganglia function
by deep brain stimulation (DBS) might offer a third track of
treatment besides psychopharmacology and psychotherapy. DBS
has shown promising results in GTS while resulting in high
operative risk and diverse side effects, restricting treatment to
a severely affected group of adult patients (Visser-Vandewalle
et al., 2014; Schrock et al., 2015). In summary, treatment
alternatives are sparse and results are dissatisfying due to lack
in treatment response or extensive side effects. In view of the
success in DBS and the implication of cortical dysregulation,
non-invasive brain stimulation (NIBS) appears a viable choice
without the risk of invasive treatments. Repetitive transcranial
magnetic stimulation (rTMS), inducing an electric current in
cortical regions via a pulsed magnetic field, has been shown
to be efficient in tic reduction when applied at 1 Hz over the
supplementary motor area (SMA; Mantovani et al., 2006). In
children, positive results lasted at least 6 months (Le et al., 2013).
However these studies were open label without sham control.
Landeros-Weisenberger et al. (2015) presented the first sham
controlled double-blind rTMS study in patients with severe GTS
and could not show a significant difference in tic improvement
after active rTMS compared to sham rTMS. Thus, results of
rTMS in the treatment of GTS are controversial so far (Kious
et al., 2016; Pedroarena-Leal and Ruge, 2017). Another emerging
NIBS technique, transcranial direct current stimulation (tDCS)

has been shown to modulate motor cortex excitability (Nitsche
and Paulus, 2001) and frontal network activity (Keeser et al.,
2011a). The modulation of large scale brain networks close
to the stimulation site and in remote areas could serve as a
surrogate for a hypothesized influence of tDCS on activation
in basal ganglia. Altering activity in whole-brain networks by
stimulation of specific nodes has been proposed as a mode of
treatment in GTS, while the appropriate dosage and targets
remain to be established (Pedroarena-Leal and Ruge, 2017). tDCS
is considered safe, with very limited side effects, such as itching
of the skin, light headaches or dizziness (Nitsche et al., 2003;
Bikson et al., 2016). Commonly, daily treatment is performed
in acute phases of disease and intermittent and even home
treatment are being explored in chronic therapeutic settings
(Charvet et al., 2015; Palm et al., 2018) and in phases of remission,
treatment-free periods can be elongated according to individual
patient needs. These options appear especially appealing in a
usually young and mentally unimpaired patient group such as
GTS patients.

In tDCS, polarity of stimulation over the affected cortical
region is a determinant of treatment effects. Cathodal stimulation
is thought to have inhibiting effects, while anodal stimulation
inversely has increasing effects on cortical excitability (Nitsche
and Paulus, 2001). As functional magnetic resonance imaging
(fMRI) revealed increased activity preceding tic manifestation
in cortical pre-motor and motor regions (Wang et al., 2011),
cathodal tDCS over these areas may reduce excitability in these
regions. Previous findings in single GTS patients suggested
therapeutic effects of cathodal tDCS of pre-SMA both via
monolateral treatment of the most affected side or bilateral
treatment, with extracephalic anodal reference electrodes,
respectively (Mrakic-Sposta et al., 2008; Carvalho et al., 2015).
Though randomized controlled clinical trials (RCT) investigating
tDCS in GTS are lacking, further data together with an RCT
protocol have been published recently (Eapen et al., 2017).
There, patients will be treated with 18 sessions of 1.4 mA
tDCS with the cathode positioned over SMA area and the
reference electrode over the right deltoid muscle. At least one
of the two pilot patients showed relevant improvement of tic
severity during treatment period. As optimal tDCS parameters
have not been identified to date, we investigated twice-daily
sessions of bilateral cathodal tDCS over the pre-SMA for
5 days in three patients with GTS. This approach aims to
assess a different stimulation regime from previous studies to
further knowledge on stimulation effects in patients with this
condition.

MATERIALS AND METHODS

Three GTS patients from the Department of Psychiatry,
University of Munich, underwent twice-daily tDCS treatment
for 5 days. All patients gave their written informed consent
for an individual treatment attempt by use of tDCS as an
experimental compassionate use and agreed on their data being
anonymously published after completion of the treatment.
Pre-existing pharmacological treatment was not altered before or
during tDCS treatment and, if receiving psychopharmacologic
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drugs, patients had a stable dosage for at least 3 weeks without
change of motor symptoms.

Transcranial Direct Current Stimulation
Two milliampere tDCS was applied twice a day for 30 min
(in total 10 stimulations in 5 days) following previous findings
on safety of repeated twice-daily tDCS in depressive disorders
(Palm et al., 2015). Both tDCS sessions were performed in
the morning to avoid further circadian influences and were
separated by an interval of approximately 3 h (e.g., 8:00, 11:00).
Two independent stimulators were used parallel to stimulate
both hemispheres. Cathodal stimulation was performed using
rectangular 7 × 5 cm = 35 cm2 saline soaked sponge electrodes,
placed bilaterally and longitudinally over motor areas of the
cortex (C3, C4, according to 10-20 EEG system) with 1 cm space
between them (Figure 1). With this montage, SMA and pre-SMA
areas were also covered. Anodal electrodes were each fixed with
adhesive tape ipsilateral over the sternocleidomastoid muscle
(extracephalic electrodes). Direct current was applied with an
eldithr DC-stimulator (neuroConn, Ilmenau, Germany). For
better tolerance, stimulation was ramped up and ramped down
over 15 s.

Measurements
Before and after tDCS series, the following questionnaires
were administered: Yale Global Tic Severity Scale (YGTSS;

Leckman et al., 1989; Storch et al., 2005) to quantify tic severity,
Yale-Brown Obsessive Compulsive Scale (Y-BOCS; Goodman
et al., 1989) to assess obsessive and compulsive behavior and the
Positive and Negative Affect Schedule (PANAS; Krohne et al.,
1996) to evaluate affective symptoms. Tic frequency was assessed
by counting tics during a 3 min interval while sitting at rest in a
quiet room. To evaluate the effect of tDCS, percentage changes of
data obtained at day five as compared to results at baseline were
calculated.

PATIENT CHARACTERISTICS AND
CLINICAL HISTORY

The first patient (P1), a 55 year old male, presented with
simple motor and simple vocal tics (age at onset: 9/10 years)
as well as obsessive compulsive disorder (OCD). Motor tics
included grimacing, grinding of teeth, tensing of shoulder
and nuchal muscles, increasing during times of rest and
stressful situations. Vocal tics included loud exclamations,
sniffing, harrumphing or grunting. Tic frequency was
low. OCD symptoms included compulsive checking and
writing. Current medication was limited to antihypertensive
medication (candesartan 8 mg/day), previous treatment with
aripiprazole showed slight reduction in tic frequency with
unacceptable side effects of extensive weight gain and was
discontinued 4 years ago. Psychotherapeutic treatment was

FIGURE 1 | Dorsal lateral view (A) and lateral view (B; Soterix Medical HD-ExploreTM). Cathodal electrodes (7 × 5 cm = 35 cm2) were placed bilaterally over
(pre-)motor cortical areas (C3, C4) with 1 cm space in between. Anodal electrodes were placed ipsilateral over the sternocleidomastoid muscle. Current strength of
2 mA was applied for 30 min.
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limited to treatment for OCD symptoms several months before
undergoing tDCS.

The second patient (P2), a 20 year old male, presented
with simple motor and simple vocal tics (age at onset:
16 years). P2 did not show any OCD symptoms. Motor tics
included striking out of both arms (with ensuing self-harming
effects), jerking of the head and facial muscles. Vocal
tics included barking and uttering of syllables. Current
treatment consisted of atypical antipsychotics (tiapride
600 mg/day, olanzapine 15 mg/day). Previous treatment
also comprised atypical antipsychotics (risperidone, amisulpride,
aripiprazole, olanzapine and quetiapine). The patient
showed a history of substance-induced psychotic symptoms
(tetrahydrocannabinol and ‘‘spice’’) without current use of
illegal substances and was abstinent since 3 years. He also
exhibited dissociative seizures during youth that have been
treated successfully by an alternative practitioner by eye
movement desensitization and reprocessing (EMDR) and
hypnosis.

The third patient (P3), an 18 year old female, presented with
frequent simple and complex motor as well as vocal tics (age at
onset: 14 years). She was also suffering from OCD symptoms.
Motor tics included hitting own thorax and pelvis with her
fists, flipping, grimacing, jerking of the head, shoulders and
hands, gesturing (Russian roulette), saluting and locking her
feet while walking. Vocal tics included harrumphing, whistling,
caterwauling, uttering syllables, words, limited sentences and
echolalia. Tic-free sequences were short (max. 1 min), urges
to perform tics were rated very high by the patient. OCD
symptoms included compulsive counting, repeating, checking
and arranging/collocating. Current treatment consisted of
risperidone 6 mg/day and biperiden 4 mg/day in a stable
dose for 3 weeks. Previous treatment included antidepressants
and atypical antipsychotics (fluoxetine 30 mg/day, aripiprazole
10 mg/day, tiapride 600 mg/day, and quetiapine in unknown
dosage) and was discontinued more than 1 year before due to
symptom-alleviation (fluoxetine) or lack in positive therapeutic
outcome or inacceptable side effects (aripiprazole, tiapride,
quetiapine).

RESULTS

All patients completed twice daily sessions of tDCS for 5 days
and stimulations were generally well tolerated. Side effects were
mild skin irritation in P1 due to adhesive tape over the electrode,
mild headache and metallic taste during stimulation in P2,
none in P3.

FIGURE 2 | Yale Global Tic Severity Scale (YGTSS) scores of patients 1–3.
x-axis shows measuring time points, y-axis shows YGTSS score.

Prior to stimulation, global tic severity scores (YGTSS), not
including general impairment scores, were rated at 29, 38 and
36 points for patients 1, 2 and 3, respectively. After tDCS
for 5 days, tic-severity decreased in patient 1 by 10 points to
finally 19 points. Both patients 2 and 3 showed an increase in
tic-severity by 5 points to 43 points (P2) and 2 points to 38 points
(P3, Figure 2). General impairment scores as measured by the
YGTSS did not differ in comparison between pre and post tDCS
measurements. P1 showed impairment of 10 points, P2 30 points
and P3 50 points.

OCD symptoms were present only in patients 1 and 3,
rated at 18 and 10 points, respectively. Patient 1 reported a
reduction of 83.3% in OCD symptoms following stimulation.
Patient 3 showed an increase of 20% in OCD symptoms.

Affective symptoms were self-rated and categorized into
PANAS negative and positive subscores. All three patients
expressed a decrease in negative and an increase in positive mood
following stimulation. Most notable changes occurred in patient
2 with an increase of positive affect of 30.8% and a decrease of
negative affect of 20%.

The 3 min tic-count showed high inter-individual variability,
patients 1 and 2 experienced 11 and 19 tics in 3 min, whereas
patient 3 experienced 218 tics in 3 min. Surprisingly, contrary
to the reduction in tic severity observed in patient 1, tic-counts
showed an increase in all three subjects, following stimulation
(increases by 18.2% in patient 1, by 200% in patient 2 and by
70.2% in patient 3). Clinical data is reported in Table 1.

TABLE 1 | Clinical rating before (pre) and after (post) transcranial direct current stimulation (tDCS) treatment for 5 days.

Tests Patient 1 Patient 2 Patient 3

pre post ∆ [%] pre post ∆ [%] pre post ∆ [%]

YGTSS 29 19 −34.5 38 43 13.2 36 38 5.6
YBOCS 18 3 −83.3 0 0 0.0 10 12 20.0
PANAS neg. 17 16 −5.9 15 12 −20.0 23 19 −17.4
PANAS pos. 34 35 2.9 26 34 30.8 26 27 3.8
tic count (3 min) 11 13 18.2 19 57 200.0 218 371 70.2
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DISCUSSION

Here, we report three cases of GTS patients undergoing bilateral
cathodal tDCS of SMA and pre-SMA areas. This intervention
did not decrease tic severity in two out of three patients. Only
one patient reported a reduction of tic severity, but even more
marked of OCD symptoms. In contrast, an increase in tic severity
was observed in the other two subjects. All subjects showed an
increase in 3 min tic count and a decrease in negative emotions
following stimulation as well as a slight increase in positive affect.
Thus, the current tDCS protocol over SMA and pre-SMA areas
was not successful in treating GTS core symptoms in contrast to
previous studies (Mrakic-Sposta et al., 2008; Carvalho et al., 2015;
Eapen et al., 2017).

There are clear limitations of our approach: first, the problem
of natural waxing and waning of tics in GTS which is adding
to the issue of the very small sample size of our observation.
Second, the heterogeneous clinical characteristics of our patients
and the variance of co-medication (Brunoni et al., 2012; Nitsche
et al., 2012) may impact on stimulation efficacy, but also reflect a
disorder with frequent and typical side diagnoses and insufficient
efficacy of singular pharmacotherapy. Of note, regarding GTS
epidemiology, P2 and P3 showed an untypically late onset of
tics at the age of 16 and 14 years respectively and did not
show any therapeutic efficacy, whereas P1 had a more typical
tic onset at 9 years of age and showed a decrease in tic severity
following tDCS. This difference in age at onset might constitute
an indicator for efficacy of tDCS in GTS, eventually referring to
differences in pathology and etiology. A major limitation is the
lack of a sham tDCS condition, however, the application of tDCS
was for compassionate use and not part of a study protocol. Thus,
all effects observed may be due to placebo or nocebo effects of
stimulation.

Concerning stimulation parameters, i.e., current strength,
duration and number of sessions per day, we deviated from
previously reported cases in GTS and this also might have
contributed to our negative result. In this respect our case series
was rather designed to empirically explore a new stimulation
regime than to reproduce and validate earlier findings, since
to this end, larger controlled trials would be needed rather
than small case series. In comparison, Carvalho et al. (2015)
applied a more focal stimulation, using smaller surface electrodes
that presumably resulted in a more specific stimulation of the
pre-SMA. Similarly, Mrakic-Sposta et al. (2008) used smaller
electrodes but applied current more generally over the motor
cortex, and Eapen et al. (2017) applied electrodes with a size
of 25 cm2 over the anterior portion of the SMA. Although
supported by evidence of the proposed parameters in the
treatment of major depression (Palm et al., 2016) and taking
into account a lack in large controlled studies on effective
stimulation parameters in GTS, our less focal approach may
not have been an optimal mode of stimulation. However
positioning of reference electrodes is the same across cases
with extracephalic placement over right deltoid muscle (Mrakic-
Sposta et al., 2008; Carvalho et al., 2015; Eapen et al., 2017)
whereas we used an ipsilateral montage on sternocleidomastoid
muscles.

A further difference was the use of 2 mA intensity here
and in Mrakic-Sposta et al.’s (2008) study instead of 1.4 mA
(Carvalho et al., 2015; Eapen et al., 2017). This intensity has
been selected based on our experimental studies of prefrontal
tDCS in humans (Keeser et al., 2011a,b) and treatment parameter
for major depression (Brunoni et al., 2013). These empirically
established parameters were adopted from recent findings in
the treatment of major depression where a tDCS relationship
between total dosage and efficacy of stimulation was found
(Brunoni et al., 2016), but these results are restricted to
anodal prefrontal stimulation. Therefore, our cathodal tDCS
protocol was rather comparable to the protocol applied in a
randomized controlled trial in OCD by D’Urso et al. (2016).
Interestingly, the largest and clinically meaningful effect was
not found on GTS, but on OCD symptoms, i.e., a reduction in
YBOCS score in P1. However, nonlinear dose dependency has
been proposed as a principle of action in tDCS. Research on
motor cortex stimulation has shown that previously postulated
inhibiting effects of cathodal stimulation as well as exciting
effects of anodal stimulation might be inversed depending
on ground activity of stimulated tissue, current intensity and
frequentness of stimulation (Brunoni et al., 2012; Batsikadze
et al., 2013). It is likely that the impact of the stimulation
parameters, i.e., current strength, polarity, duration and interval
between stimulations, strictly depends on the stimulated area
and might have led to counter regulatory or homeostatic
plasticity effects in motor cortical areas as previously shown
in neurophysiology studies (Nitsche and Paulus, 2001; Monte-
Silva et al., 2010). Therefore, the mere transmission of those
anodal stimulation parameters used to enhance dorsolateral
prefrontal function in depressed patients to a hypothesized
decrease of hyperactivity by cathodal motor cortex stimulation
in GTS patients might induce unwanted non-linear, even
inverse effects. Here, guidance on stimulation intensity, duration,
and frequentness is still lacking and therapeutic options are
restricted to empirical considerations. The issue of a critical
dosage has been very recently emphasized in a rat model of
GTS where different polarities and current intensities were
applied (Edemann-Callesen et al., 2018). There, tDCS showed
a polarity-specific (anodal) and non-linear intensity dependent
(i.e., 200 µA as the only effective tDCS intensity) reduction
of repetitive behavior in DAT-tg rats with hyperresponsive
dopaminergic system in comparison to wildtype rats. The
authors hypothesize that tDCS restores previously imbalanced
sensorimotor striatal-thalamo-cortical networks in DAT-tg
rats.

Finally, GTS is a complex disorder with highly variable
phenotypic manifestations and high frequency of comorbidities
(Qi et al., 2017). It is possible that the effects of tDCS
treatment depend on a variety of genomic variants and
chromosomal aberrations making a linear tDCS effect in the
whole patient sample unlikely and showing the need for a further
characterization of genetic subtypes and their impact on tDCS
efficacy.

Thus, development of tDCS under use of translational
research options rather than single-case guided research
may represent an alternative and promising strategy towards
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development of tDCS as potential treatment for GTS. Finally,
there may be a need to define tDCS intensities based on electrical
field modeling than applying fixed tDCS intensities (Lisanby,
2017).

CONCLUSION

Our case series shows that modulating cortical excitability in GTS
has not yet been developed to a clinically applicable treatment.
A proof-of-concept study in humans is still lacking. Due to the
variety and complexity of cortical regions involved in GTS, there
is a multitude of possible tDCS approaches but also interferences
that inhibit prognoses of, or change expected results. Our results
hint that future research will have to focus on the determination
of most effective stimulation modes regarding site, polarity and

frequentness in a first step before exploring tDCS in a larger
clinical setting.
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Schizophrenia is a chronic, debilitating condition that affects approximately 1% of
the population. Individuals diagnosed with schizophrenia typically exhibit positive (e.g.,
hallucinations) and negative symptoms (e.g., anhedonia) and impairments in cognitive
function. Given the limitations of antipsychotic medication and psychotherapy in
fully treating psychosis symptomatology, there has been increasing interest in other
interventions such as transcranial direct current stimulation (tDCS). tDCS is a non-
invasive neuromodulation technique, that is safe, cost-effective, and widely accessible.
Here, we discuss treatment studies that seek to improve symptoms and cognitive
performance in schizophrenia using tDCS. Currently within the literature, there is support
for reductions in positive symptoms such as hallucinations after receiving tDCS. Further,
studies indicate that tDCS can improve cognitive functioning, which is an area of
investigation that is sorely needed, as it is unclear which types of interventions may be
useful in ameliorating cognitive deficits among this group. Taken together, the evidence
suggests that tDCS holds promise in improving symptoms and cognition. To that end,
tDCS has critical clinical implications for this population.

Keywords: transcranial direct current stimulation, tDCS, cognition, neurocognition, symptoms, schizophrenia

INTRODUCTION

Schizophrenia is a heterogeneous, chronic condition that affects approximately 1% of the
population (Saha et al., 2005). The disorder typically emerges in early adulthood and can have
tremendous impacts on an individual’s overall quality of life (Hutchinson et al., 1999; Mueser et al.,
2001; Marwaha and Johnson, 2004). Schizophrenia is characterized by positive (e.g., hallucinations
and delusions) and negative symptoms (e.g., anhedonia and avolition). In addition, there tends to
impairments in cognitive function, particularly in working memory and attention (Schaefer et al.,
2013; Fatouros-Bergman et al., 2014; Green and Harvey, 2014).
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Efforts to ameliorate symptomatology and cognitive
impairments are ongoing, with antipsychotics representing
the most commonly used treatment (Tandon et al., 2010).
Although antipsychotic medications are effective in reducing
symptomatology, they are expensive (Geddes et al., 2000), and
can have side effects such as weight gain and fatigue (Young
et al., 2015). As such, adherence is often an ongoing challenge
and treatment with these medications is generally not considered
effective for cognitive function (Young et al., 1986; Fenton et al.,
1997; Lacro et al., 2002; Green and Harvey, 2014). Thus, there
is a critical need for efficacious treatments that have favorable
side-effect profiles, are cost-effective, and address additional
impacted domains. Within the last decade, there has been
interest in using transcranial direct current stimulation (tDCS),
a neuromodulatory technique that releases a weak electrical
current through the skull to reduce clinical symptoms and
cognitive deficits (Bose et al., 2014; Hoy et al., 2014; Mondino
et al., 2015, 2016; Rassovsky et al., 2015; Hasan et al., 2016; Palm
et al., 2016). Overall, tDCS is promising, but results remain
mixed and future work is needed to understand the efficacy of
this technique.

To date, there are informative reviews investigating the
impacts of tDCS on schizophrenia populations (e.g., Brunoni
et al., 2014; Fregni et al., 2015; Fröhlich et al., 2015; Kadosh,
2015; Mondino et al., 2015) and more recent reviews discussing
tDCS and symptoms (Osoegawa et al., 2018; Pontillo et al., 2018).
However, there have been several new tDCS studies conducted
which are summarized in the current review. The current review
discusses (1) recent findings exploring the impacts of tDCS
on symptoms and cognition among schizophrenia populations
(Fröhlich et al., 2016; Palm et al., 2016), (2) tDCS and other
neuromodulatory techniques (Hasan et al., 2016; Hopfinger
et al., 2017; Mellin et al., 2018), (3) tDCS and neuroimaging
(Mondino et al., 2016; Palm et al., 2016), (4) tDCS in conjunction
with cognitive remediation (Orlov et al., 2017), and (5) tDCS
and the impacts on antipsychotic medication use (Agarwal
et al., 2016). Furthermore, other populations are also discussed
including relevant studies in healthy individuals (Khalighinejad
and Haggard, 2015; Khalighinejad et al., 2016; Mai et al., 2016;
Schülke and Straube, 2017; Straube et al., 2017), childhood onset
schizophrenia (Mattai et al., 2011), and non-clinical psychosis
(Gupta et al., 2017). The following qualitative review summarizes
the current literature and offers future directions, taking recent
findings into account, for tDCS research in schizophrenia
populations.

TRANSCRANIAL DIRECT CURRENT
STIMULATION

Transcranial direct current stimulation is a non-invasive brain
stimulation technique which modulates cortical excitability by
means of a weak electrical current [typically less than 2 milliamps
(mA)] traveling between two electrodes. The positively charged
anode increases cortical excitability whereas the negatively
charged change decreases cortical excitability. Researchers
interested in increasing cortical excitability in a target brain

region place the anode over that region with the cathode placed
over another region irrelevant to the target behavior. This is
known as a bilateral montage. In other cases, researchers may
place the cathode on an extracephalic region (e.g., shoulder)
and this is known as a unipolar montage. Likewise, a bilateral
montage aimed at decreasing cortical excitability in a target brain
region would place the cathode over the target region with the
anode now placed over another region irrelevant to the target
behavior. Finally, the positioning of a unipolar montage aimed
at decreasing cortical excitability would be the same except for
the positioning of the anode and cathode reversed. In addition to
active tDCS conditions aimed at increasing or decreasing cortical
excitability, most tDCS studies also include a sham condition.
The sham condition is a placebo condition where participants
receive brief stimulation (approximately 30 s) while all other
parameters are held constant. This is a reliable placebo control
that does not result in any aftereffects (Gandiga et al., 2006).
Sham conditions are increasingly used in study designs (Mattai
et al., 2011; Brunelin et al., 2012; Gomes et al., 2015; Smith et al.,
2015; Mondino et al., 2016; Palm et al., 2016), and one potential
benefit of this condition is the ability to conduct double-blind
studies. The ability to conduct sham-controlled double-blind
studies is one key strength of tDCS over other brain stimulation
techniques.

To date, the precise mechanism of action underlying tDCS
remains uncertain. As noted earlier, tDCS involves the use of a
weak electrical current (0.5–2 mA) traveling between the anode
and cathode (Nitsche et al., 2008; Brunoni et al., 2012). This
weak current does not directly cause action potentials as is the
case with transcranial magnetic stimulation (TMS). Instead, the
current seems to modulate the probability of cell firing without
directly triggering an action potential with anodal stimulation
increasing and cathodal stimulation decreasing that probability
(Nitsche et al., 2008; Agarwal et al., 2013; Mondino et al.,
2015). Several animal studies indicate that anodal tDCS causes
depolarization by increasing resting membrane potentials, thus
leading to spontaneous cell firing (Nitsche and Paulus, 2000;
Kekic et al., 2016). In contrast, cathodal tDCS may be decreasing
the resting membrane potential leading to a hyperpolarization of
neurons.

It is unclear how long the effects resulting from tDCS
remain present. Studies indicate that more than 10 min of
tDCS can lead to effects lasting over an hour, while shorter
durations of tDCS may not have longer after-effects; however,
it can vary depending on the region of interest (Nitsche and
Paulus, 2000). Furthermore, some studies implement a single
session of tDCS, while others utilize multiple sessions (Agarwal
et al., 2013; Kekic et al., 2016). Although both approaches are
informative, the lasting effects, optimal number of length per
session, and duration remain an empirical question (Agarwal
et al., 2013; Kekic et al., 2016). While there are aspects of tDCS
that have yet to be determined, it is evident that the affordable
and portable nature of this neuromodulation technique can
have the potential to reach individuals that are more difficult
to access (e.g., individuals in more rural locations). Perhaps
because of the affordability and portability of tDCS there
has been sustained interest in implementing tDCS protocols
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in clinical populations (e.g., depression, see Brunoni et al.,
2016).

STUDIES EVALUATING THE EFFICACY
OF tDCS ON INFLUENCING CLINICAL
SYMPTOMS IN PSYCHOSIS

Hallmark symptoms of schizophrenia include positive symptoms
such as hallucinations (e.g., false perceptions such as auditory
hallucinations like hearing voices or visual hallucinations such as
seeing something that is not there) and delusions (e.g., irrational
beliefs such as believing in conspiracy theories or someone
is watching, without any reason to believe this). While the
development of auditory hallucinations remains unclear, there
is evidence indicating abnormal connectivity between the dorsal
lateral prefrontal cortex (DLPFC) and temporal parietal junction
(TPJ) are linked with auditory hallucinations (Jardri et al., 2011;
Mondino et al., 2016). There is also some work indicating that
patients diagnosed with schizophrenia exhibit over-activation in
brain regions such as left-temporo-parietal areas and left inferior
frontal areas (Jardri et al., 2011).

tDCS and Auditory Hallucinations
The most common montage used when applying tDCS in order
to reduce treatment-resistant auditory hallucinations entails
placing electrodes over the fronto-temporal network (Mondino
et al., 2015). Brunelin et al. (2012) implemented the first study
design that was double-blind, randomized, and also included
a sham condition in a sample of 30 patients diagnosed with
schizophrenia experiencing auditory verbal hallucinations. In
this study, 15 patients were randomized to receive active tDCS
and 15 patients were assigned to the sham condition. The cathode
in this design was placed over the TPJ and the anode was
placed over the left DLPFC in order to test whether tDCS could
reduce auditory hallucinations. Specifically, active 2 mA tDCS
or sham was administered for 20 min, twice daily, for 5 days.
Data from the Auditory Hallucination Rating Scale (AHRS;
Hoffman et al., 2003) was gathered immediately following the
5 days of receiving tDCS, 1 month, and 3 months later. Findings
from the study indicate that auditory verbal hallucinations were
robustly reduced by tDCS in the active tDCS condition compared
to the sham and importantly, effects lasted up to 3 months.
These data are informative because they shed light on the
interplay between the DLPFC, TPJ, and auditory hallucinations
and provide evidence for the clinical utility of tDCS in both the
short and long term and have important lasting effects.

Contrary to the work from Brunelin et al. (2012), null findings
have also been reported. For example, in another study using
a sample of 24 patients diagnosed with schizophrenia and
schizoaffective disorder, the anode was applied over the DLPFC,
and the cathode over the temporal parietal area in comparison
with a sham condition (Fitzgerald et al., 2014). Active tDCS
was applied for 15 daily sessions over three consecutive weeks
and outcome measures consisted of the Positive and Negative
Syndrome Scale (PANSS) to assess for auditory hallucinations.
In contrast to Brunelin et al. (2012), this study did not exhibit

changes in reports of auditory hallucinations after receiving
tDCS. Differences in findings in the study conducted by Brunelin
et al. (2012) and Fitzgerald et al. (2014) could be better explained
by the amount of stimulation (twice daily for 5 days vs. once
daily for 3 weeks). However, the study did indicate that tDCS was
safely implemented and reported minimal side effects and adverse
effects providing further evidence for the tolerability of tDCS with
patients.

Given the contradictory findings, other groups have attempted
to replicate results indicating that tDCS may reduce auditory
hallucinations (Bose et al., 2014; Fröhlich et al., 2016). For
example, in a study with 21 patients with schizophrenia
experiencing persistent auditory hallucinations (even on
antipsychotic medications), the anode was applied over the left
DLPFC and the cathode over the left TPJ. This study found that
tDCS contributed to decreased auditory hallucinations (Bose
et al., 2014). Similarly, an exploratory study was conducted
using daily tDCS to treat auditory hallucinations in a sample
of 26 patients diagnosed with schizophrenia and schizoaffective
disorder (Fröhlich et al., 2016). Following similar methods
from Brunelin et al. (2012), the group used a randomized,
double-blind, sham-controlled study design and applied active
tDCS over the left frontal and temporal-parietal areas for 5 days,
once a day (in contrast to Brunelin et al., 2012 in which tDCS was
applied twice daily) due to difficulties with patient compliance.
Results suggest a significant reduction in auditory hallucinations
measured by the AHRS in the sham condition. These findings
provide information regarding the importance of the design of
the study (continuing to work on determining what is considered
gold-standard regarding dose) and working toward teasing
apart the mechanisms underlying the sham condition given the
placebo response that was observed.

tDCS and Negative Symptoms
There is also research exploring the impacts of tDCS on
negative symptoms (Osoegawa et al., 2018; Pontillo et al., 2018).
Previous work has examined negative symptoms in conjunction
with positive symptoms such as auditory hallucinations, also
targeting the DLPFC (Brunelin et al., 2012; Fröhlich et al., 2016).
Negative symptoms are a collection of experiences that have
been described as a loss of regular functions such as having
a lack of motivation to persist in goal-directed activities or
emotional blunting (Fusar-Poli et al., 2015). While antipsychotic
medications have been impactful in the reduction of positive
symptoms, negative symptoms have been suggested to persist
(Fusar-Poli et al., 2013). In a recent review, the authors concluded
that there is evidence supporting the use of tDCS particularly
over prefrontal areas to decrease negative symptoms (Aleman
et al., 2018). Brunelin et al. (2012) (described above) also reported
decreases in negative symptom scores based off of the PANSS.
Similarly, Gomes et al. (2015) conducted a randomized, double-
blind study and applied the anode over the left DLPFC and
placed the cathode over the right DLPFC. A total of 15 patients
with schizophrenia were randomized to either active condition
or the sham condition and received 20 min of tDCS once a
day for 10 days and found reductions in negative symptom
scores (also assessed by the PANSS). Together, there is evidence
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indicating that tDCS may improve negative symptoms. Future
work will benefit from investigating other relevant brain regions
and outcome measures in addition to determining the effects of
tDCS on specific types of negative symptoms (e.g., anhedonia,
avolition).

Other Neuromodulation Techniques and
Clinical Symptoms
More recently, studies have expanded on the current work
exploring the nature of tDCS and symptoms but now have
integrated other stimulation techniques such as transcranial
alternating current stimulation (tACS) (Paulus, 2011). This
technique releases a weak electric current similar to tDCS,
however, the current targets brain oscillations specific to
frequency that is indicated to enhance naturally occurring
brain oscillations. Repeated TMS (rTMS) is another stimulation
method that has been used within the field, causing the release of
new action potentials via activating axons (Aleman et al., 2007).
Together, there is evidence for symptom reduction using these
approaches within schizophrenia populations (Aleman et al.,
2007; Paulus, 2011; Hasan et al., 2016; Hopfinger et al., 2017;
Alexander et al., 2018; Mellin et al., 2018).

According to a meta-analysis conducted by Kennedy et al.
(2018) (in which seven tDCS RCTs and 30 rTMS RCTs were
identified), compared to sham, tDCS improved symptoms with
effect sizes around 0.10–0.63. Most notably, higher cumulative
stimulation was related to a reduction in auditory hallucinations,
while rTMS was not related to cumulative dose, but rTMS was
also found to be effective in the treatment of hallucinations. In
another study, tDCS and tACS were compared (Mellin et al.,
2018). In the first tACS clinical trial for the treatment of
symptoms in a psychiatric population, a total of 22 participants
with schizophrenia were randomized to receive (twice daily for
20 min for 5 days) sham, 2 mA peak-to-peak tACS or 2 mA
tDCS. tACS had the largest reduction in auditory hallucinations
scores (measured by the AHRS) compared to sham and tDCS.
While the sample size was small in this study, this work provided
important initial evidence for the utility of another stimulation
approach (tACS). Future work is needed in order to understand
similarities and differences of tACS and tDCS as it is unclear what
the overlapping mechanisms are of these approaches, which may
contribute to the differing effects and findings.

tDCS and Neuroimaging
There is a particular interest in integrating functional magnetic
resonance imaging (fMRI) methodologies in order to understand
the mechanism underlying multiple tDCS sessions, and the
relationship with symptomatology (Mondino et al., 2016; Palm
et al., 2016). For example, Palm et al. (2016) applied tDCS over
the prefrontal cortex, where the anode was placed over the left
DLPFC and the cathode was placed over the right supraorbital;
a sham condition was also included. A total of 20 patients
diagnosed with schizophrenia (endorsing predominately negative
symptoms) were randomized to 10 sessions of either active or
sham. In addition to applying tDCS, participants received fMRI
scans pre-and-post the first tDCS session and pre-and-post the

tenth tDCS session. Results indicate decreases in the Scale for
Assessment of Negative Symptoms (SANS) and PANSS after
active tDCS compared to sham. Furthermore, results indicate
changes in subgenual cortex and DLPFC connectivity within
frontal-thalamic-temporo-parietal networks – areas that have
been identified to be related to negative symptoms.

Similarly, in a study conducted by Mondino et al. (2016),
23 patients with schizophrenia who also endorsed treatment
resistant auditory hallucinations were randomly assigned to
receive 10 sessions of active (2 mA, 20 min) or sham tDCS
(two sessions a day for 5 days). Additionally, resting-state
functional connectivity of the left TPJ was also examined. Active
tDCS reduced auditory hallucinations and this was related to
reductions in resting state connectivity between the left TPJ and
the left anterior insula.

Summary
Overall, tDCS has shown some efficacy for symptoms, specifically
refractory auditory hallucinations and negative symptoms.
A major strength within the existing work is an effort to
replicate previous tDCS findings, which is critical in order to
truly comprehend the nature of tDCS. There is also promise in
utilizing sham conditions in order to compare effects after being
in the active condition. Although outcomes remain ambiguous
and the impact of multiple versus single sessions is unclear,
tDCS is a promising area of research. There is also promise
in exploring the use of other neuromodulatory techniques.
The fact that symptoms have been unsuccessfully treated in
schizophrenia, and tDCS has shown some potential in targeting
these domains, provides support for future work that is needed.
In particular, further research is needed to target the potential for
impact on other symptomatology (e.g., other aspects positive and
negative symptoms). See Table 1 for a summary of noted studies
that include information regarding the population, sample size,
design of the study, montages/sites, mA, duration/frequency,
variables of interest, and key findings.

STUDIES EVALUATING THE EFFICACY
OF tDCS ON INFLUENCING COGNITION
IN PSYCHOSIS

Cognitive deficits contribute vastly to an individual’s every day
functioning and can interfere with social and occupational
aspects of daily living (Marwaha and Johnson, 2004; Insel,
2010). As noted, traditional approaches such as antipsychotic
medication have been ineffective in improving these functions
(Marwaha and Johnson, 2004; Green and Harvey, 2014). Some
examples of neurocognitive deficits observed in schizophrenia
include working memory, attention, inhibition, and executive
function (Green et al., 2012; Barch and Sheffield, 2014; Green and
Harvey, 2014).

According to Barch and Sheffield (2014), it has been argued
that cognitive impairments may be a result of difficulties
in representing goal information in working memory that is
important for directing behavior; it is suggested that this deficit
may be related to processes within the DLPFC. Overall, it may
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TABLE 1 | Summary of tDCS and clinical symptoms studies discussed.

Author Population N Design Montage/sites mA Duration/
frequency

Variables of
interest

Key findings

Brunelin et al., 2012 Schizophrenia 30 Double-blind,
randomized,
sham-
controlled

Anode over the left
DLPFC; cathode over
the left TPJ

2 2× a day,
20 min, 5 days

AHRS, PANSS Reductions in AH
scores lasting for
3 months.
Decreases in
positive and
negative symptoms

Bose et al., 2014 Schizophrenia 21 Open-label Anode over the left
DLPFC; cathode over
the left TPJ

2 2× a day,
20 min, 5 days

PSYRATS, SAI Reduction in AHs
and insight scores

Fitzgerald et al., 2014 Schizophrenia,
Schizoaffective

24 Double-blind,
randomized
controlled trial

Anode over the DLPFC
and cathode over the
temporoparietal area

2 1× per day,
20 min,
15 days

PANSS, SANS No reductions in
AHs or other
symptoms

Gomes et al., 2015 Schizophrenia 15 Double-blind,
randomized,
sham-
controlled

Anode over the left
DLPFC and cathode
over the right DLPFC

2 1× per
weekday,
20 min,
10 days

PANSS Improvement in
negative but not
positive symptoms

Fröhlich et al., 2016 Schizophrenia,
Schizoaffective

26 Double-blind,
randomized,
sham-
controlled

An ode over the left
DLPFC and cathode
over the left TPJ

2 1× per day,
20 min, 5 days

AHRS, PANSS Reduction in AHs
not specific to
treatment group.
No changes in
positive and
negative symptom
scores

Palm et al., 2016 Schizophrenia 20 Double-blind,
randomized,
sham-
controlled

Anode over the left
DLPFC and cathode
over the right
supraorbital

2 1× per day,
20 min,
10 days

SANS, PANSS Decreases in SANS
and PANSS

mA, milliamps; DLPFC, Dorsal Lateral Prefrontal Cortex; TPJ, Temporoparietal Junction; AHRS, Auditory Hallucination Rating Scale; PANSS, Positive and Negative
Syndrome Scale; SANS, Scale for Assessment of Negative Symptoms; PSYRATS, Auditory Hallucination Subscale of PSYRATS; AHs, Auditory Hallucinations.

be that there are impairments in context-processing, that is,
the way individuals are able to take in prior information from
working memory and engage in current processes (Barch and
Sheffield, 2014). Within this context, there have been several
recent studies using tDCS to target neurocognitive functioning
in this population, particularly applying tDCS over the DLPFC
(Vercammen et al., 2011; Hoy et al., 2014; Rassovsky et al., 2015;
Smith et al., 2015).

tDCS and Neurocognition
Hoy et al. (2014), in a sample of 18 patients with schizophrenia,
applied 20 min of active (1 and 2 mA) tDCS and sham over the
left DLPFC to improve working memory performance (measured
by the N-back task requiring participants to continuously
maintain, update, and recall number sequences). Working
memory performance was evaluated immediately following the
active or sham treatment, 20 min after, and 40 min after tDCS.
Results suggest that there were no improvements in working
memory performance after sham or after receiving 1 mA of active
tDCS over time. However, there was a significant improvement
over time when receiving 2 mA of tDCS, but not immediately
after receiving tDCS in contrast with previous work (Nitsche
et al., 2008). These data bring to light the importance of
considering the dose of stimulation in tDCS designs and the
potential for 2 mA of tDCS to be impactful for working memory
improvements.

In another study, a randomized double-blind, sham-
controlled design was used in order to test the effects of multiple
sessions of tDCS (five sessions on consecutive days) in improving
neurocognition in a sample of 37 individuals (19 randomized
to active tDCS and 18 randomized to sham tDCS) with
schizophrenia and schizoaffective disorder (Smith et al., 2015).
The anode was placed over the DLPFC and the cathode was
placed over the contralateral supraorbital ridge. Neurocognition
was assessed using the MATRICS Consensus Cognitive Battery
(MCCB; Nuechterlein et al., 2008), a commonly used battery
of tasks used for schizophrenia populations. Findings indicate
that after being in the active condition, improvements in the
MCCB composite score were observed after the fifth tDCS
session in addition to working memory and attention scores.
These data provide further evidence for the efficacy of tDCS on
cognitive performance and particularly show benefits of multiple,
consecutive sessions of tDCS.

tDCS and Social Cognition
Social cognition is a particularly relevant domain of interest given
connections with functioning and overall quality of life (Green
et al., 2015). Much of what is known about the effects of tDCS
on social cognition stems from studies of healthy individuals
(Santiesteban et al., 2012; Khalighinejad and Haggard, 2015;
Khalighinejad et al., 2016; Mai et al., 2016; Schülke and Straube,
2017; Straube et al., 2017). Social cognition, distinctly different
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from neurocognitive processes, has been described as the ability
to develop mental representations about oneself, others, and
interactions between the two (Adolphs, 2001; Fett et al., 2011).
Research in this area using tDCS have found that the left angular
gyrus plays a fundamental role in the perceptual experience
of agency (being in control of an individual’s own actions
and the results of these actions) (Khalighinejad and Haggard,
2015). Furthermore, the DLPFC (which was indicated to have
implications for individuals diagnosed with depression) has been
found to be relevant (Khalighinejad et al., 2016). Studies among
healthy groups have also focused efforts on the TPJ (which
was discussed above in the context of auditory hallucinations),
relevant for social cognition (Santiesteban et al., 2012; Mai et al.,
2016). For example, Mai et al. (2016) found, in a sample of
68 healthy adults who received both anodal and cathodal tDCS
over the right TPJ, decreases in theory of mind and cognitive
empathy after cathodal stimulation. Similarly, in another study,
social cognition was improved after receiving anodal stimulation
in imitation and perspective-taking tasks (Santiesteban et al.,
2012).

Studies from healthy populations, particularly relating to
social cognition, can inform research in tDCS and clinical
populations through methodology. This is particularly relevant
as studies within schizophrenia populations have shown mixed
findings for tDCS effficacy. For example, social cognition was
assessed in a sample of 36 individuals with schizophrenia
(Rassovsky et al., 2015). Specifically, anode (N = 12), cathodal
(N = 12), or sham (N = 12) tDCS (for 20 min with tDCS
electrodes placed bilaterally over the DLPFC), was administered
and then social cognition performance was re-evaluated. Active
tDCS improved performance on an emotion identification task;
however, changes were not observed in the other three tasks
related to managing emotions, social perception, and theory of
mind. Furthermore, tolerability of tDCS was assessed and tDCS

seemed to be well-tolerated, with only minimal side effects (e.g.,
itchiness) reported.

tDCS and Cognitive Remediation
Research has examined the efficacy of tDCS for targeting
cognitive deficits in conjunction with other interventions, such
as cognitive remediation. For example, in a study conducted
by Orlov et al. (2017), a total of 49 participants were asked
to complete a baseline assessment of working memory and
implicit learning tasks and following, four cognitive remediation
training days (days 1, 2, 14, and 56). In day 1 and day
14, participants also received either active (N = 24) or sham
(N = 25) tDCS for 30 min with the anode over the left
DLPFC and the cathode over the right supraorbital area. In the
active condition, participants showed improvements in working
memory performance compared to individuals in the sham
condition on day 2 and during follow up on day 56. This study
showed the long-term impact of tDCS on working memory
improvements.

Summary
Together, the literature examining tDCS and cognition is
quickly growing. Given that cognition can impact functional
outcome, it is an important area to target for intervention.
The strengths of tDCS and cognition may lie in the design of
the studies (e.g., double-blind, randomized, sham-controlled).
Work understanding tDCS and social cognition is still mixed
but tDCS has shown some efficacy. tDCS has shown promise in
conjunction with other treatment approaches such as cognitive
remediation, and further evaluation of tDCS as an adjunctive
intervention may prove informative. Limitations include the
small number of investigations, and to some extent, the exclusive
focus on the DLPFC. While studies applying tDCS over the

TABLE 2 | Summary of tDCS and cognition studies discussed.

Author Population N Design Montage/sites mA Duration/
frequency

Variables
of interest

Key findings

Hoy et al., 2014 Schizophrenia 18 Double-blind,
randomized,
sham-controlled

Anode over the left
DLPFC; cathode over
the right supraorbital
region

1
2

1× a day
20 min

N-back task Improvements in
working memory
40 min later

Rassovsky
et al., 2015

Schizophrenia 36 Randomized,
sham-controlled

Anode and cathode
bilaterally over the
DLPFC

2 1× a day
20 min

MSCEIT
FEIT
PONS
TASIT
MCCB

Improvements in
emotion
identification

Smith et al.,
2015

Schizophrenia
Schizoaffective

37 Double-blind,
randomized,
sham-controlled

Anode over the left
DLPFC and cathode
over the contralateral
supraorbital ridge

2 1× a day
20 min
5 days

MCBB Improvements in
MCCB composite
score, working
memory, and
attention

Orlov et al.,
2017

Schizophrenia
Schizoaffective

49 Double-blind,
randomized,
sham-controlled

Anode over the left
DLPFC and cathode
over the right
supraorbital area

2 1x on
day 1 and day
14 of cognitive
training

N-back task;
implicit learning
task

Improvements in
working memory,
but not implicit
learning

mA, milliamps; DLPFC, Dorsal Lateral Prefrontal Cortex; TPJ, Temporoparietal Junction; MSCEIT, The Mayer-Salovey-Caruso Emotional Intelligence Test; FEIT, Facial
Emotion Identification Test; PONS, Profile of Nonverbal Sensitivity; TASIT, The Awareness of Social Inference Test; MCCB, MATRICS Consensus Cognitive Battery.
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DLPFC are useful, there are other regions of interest that may
be relevant to the etiology of psychosis, which may expand
our knowledge of tDCS, schizophrenia, and cognition. See
Table 2 for a summary of noted studies that include information
regarding the population, sample size, design of the study,
montages/sites, mA, duration/frequency, variables of interest,
and key findings.

FUTURE DIRECTIONS

To date, studies have shown the potential for tDCS in
reducing clinical symptoms and improving cognition, despite
null findings that have also been reported. Overall, more
work is needed to understand many aspects of tDCS.
Presently in the literature, the sample sizes are small, and
conducting studies with a larger number of participants is
critical. Further, tDCS has been tested in other psychiatric
populations such as childhood onset schizophrenia (Mattai
et al., 2011), and research in this area could benefit from
continuing to extend this work so we can fully understand
the strengths and limitations of this neuromodulatory
technique.

Research could benefit from additional probing around what
the optimal number of sessions of tDCS are and period of
time (e.g., days, weeks, months). More answers are needed to
tease apart appropriate electrode montages and targets that are
influenced such as symptoms and cognition. Further, although
work indicates that the effects of tDCS may last up to 1 h
after (Reis et al., 2009), more research could contribute to our
current implementation. Questions still remain regarding the
mechanisms of change which one way to determine this is
using sham-controlled designs. Understanding the similarities
and differences between tDCS and TMS and other techniques
may offer perspective regarding strengths and limitations of this
approach.

Other than enhancing study design and improving our
understanding regarding the mechanism(s) underlying tDCS,
future work could also benefit from examining relationships
with medication and direct links with psychosis pathophysiology.
There has also been some interesting work conducted to
determine the influence of antipsychotic drug use on the impact
of tDCS among schizophrenia groups (Agarwal et al., 2016)
and determining the pathophysiology of psychosis through tDCS
(Hasan et al., 2011) of which more work could continue to
expand.

A direction in which tDCS may be advantageous is
implementing this technique in at-risk populations such as
individuals described as representing non-clinical psychosis
(NCP). Psychosis, described as the loss of reality, falls
on a continuum with some individuals endorsing psychotic
disorders such as schizophrenia and individuals on the
other endorse infrequent symptoms such as fleeting auditory
hallucinations (e.g., hearing their name being called 1–2
times a year or seeing a shadow 1–2 times a year) (van
Os, 2002). The distinguishing factors of this group with
other psychosis populations are (1) symptoms are infrequent,

(2) symptoms are often accompanied by lower distress and
impairment and, (3) functioning is more intact (Kelleher and
Cannon, 2011). Although there are pronounced differences,
NCP individuals tend to share similar vulnerability deficits
observed in psychosis populations (e.g., schizophrenia) and
clinical high-risk (CHR; individuals considered at imminent
risk for developing psychosis) samples such as emotion
recognition deficits (Pelletier et al., 2013), and procedural
learning impairments (van Os, 2002; Kelleher and Cannon, 2011;
Mittal et al., 2012). Our group investigated whether tDCS could
improve procedural learning deficits given studies indicating
impairments in these processes among NCP (Mittal et al.,
2012; Lunsford-Avery et al., 2017) and CHR samples (Dean
et al., 2014). Specifically, using a double-blind, randomized,
sham-controlled design, we investigated, in a sample of 18
controls and 24 NCP individuals, whether cerebellar tDCS
could improve procedural learning (using a pursuit rotor
task) in the NCP group and normalize performance to
the level of controls (Gupta et al., 2017). Participants were
randomized to receive 25 min of active cerebellar tDCS or
sham on separate laboratory visits, 1 week apart. After being
in the sham condition, NCP individuals had significantly lower
procedural learning performance compared to the control group.
However, after being in the active condition, the NCP group
normalized procedural learning performance to the level of
controls. These data highlight the possibility of using NCP
as an analog sample within this work. Furthermore, these
findings continue to disentangle the complexities regarding the
pathogenesis of psychosis in efforts to develop targeted treatment
interventions such as tDCS in order to prevent further symptom
decline.

Additional research applying tDCS among individuals at
CHR for developing psychotic disorders such as schizophrenia
would be also beneficial. It is suggested that about 10–35%
of individuals within this group may go on to develop the
disorder (Fusar-Poli et al., 2012) and tDCS may be a way
to intervene. Studies within this group can contribute to our
knowledge regarding psychosis more broadly and also inform
the development of targeted treatment interventions as such.
Utilizing risk samples may be a first step in extending the present
work among schizophrenia populations in order to determine
if this technique can provide clinical utility as an intervention
approach.
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Poor treatment outcomes are available for anorexia nervosa (AN) and treatment

innovations are urgently needed. Recently, non-invasive neuromodulation tools have

suggested to have potential for reducing an symptomatology targeting brain alterations.

The objective of the study was to verify whether left anodal/right cathodal prefrontal

cortex transcranial direct current stimulation (tDCS), may aid in altering/resetting

inter-hemispheric balance in patients with AN, re-establishing control over eating

behaviors. Twenty-three adolescents with an underwent a treatment as usual (AU),

including nutritional, pharmacological, and psychoeducational treatment, plus 18

sessions of tDCS (TDCS+AU = n11; mean age = 13.9, SD = 1.8 years) or a family

based therapy (FBT+AU= n12, mean age= 15.1, SD= 1.5 years). Psychopathological

scales and the body mass index (BMI) were assessed before and after treatment.

After 6 weeks of treatment, the BMI values increased only in the tDCS group, even at

1-month follow-up. Independently of the treatment, all participants improved in several

psychopathological measures, included AN psychopathology and mood and anxiety

symptoms. Our results demonstrated for the first time a specific effect of the left

anodal/right cathodal tDCS treatment protocol on stable weight gain and a superiority

compared to an active control treatment for adolescents with AN. Results were

interpreted as a possible direct/indirect effect of tDCS in into some pathophysiological

mechanisms of AN, involving the mesocortical dopaminergic pathways and the

promotion of food intake. This pilot study opens new perspectives in the treatment of an in

adolescence, supporting the targeted and beneficial effects of a brain-based treatment.

Keywords: tDCS, anorexia, prefrontal cortex, adolescents, BMI

INTRODUCTION

Eating disorders (ED) are highly distinctive disorders characterized by pathological eating
behaviors and body image disturbance. according to the diagnostic and statistical manual of
mental disorders, fifth edition (Dsm-5), ED shall be considered as a spectrum of over-eating and
under-eating, associated with altered weight and with altered food reward that results in significant
biologic, psychological, and social complications. Anorexia nervosa (AN) is a severe ED associated
whit other important physical and psychological comorbidities. It is defined by an extremely low
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Body Mass Index (BMI < 18.5 kg/m2) and concomitant anxiety
and preoccupations related to weight and body image, and
exerts a significant individual and societal impact. Levels of
mortality and disability and lifetime prevalence in AN are high
(Arcelus et al., 2011; Smink et al., 2012; Walsh, 2013). Onset is
increasing in the early adolescence, mainly in the females, with a
symptomatology most common in teen-ager and adults.

To data, available treatments for AN are only moderately
effective. Pharmacological treatment plays a limited role (Aigner
et al., 2011; Gustavsson et al., 2011; Dold et al., 2015; Garner
et al., 2016). Selective serotonin reuptake inhibitors (SSRIs) and
neuroleptics constitute the mainstay treatments, but the efficacy
of these medications is fairly poor and up to 30% of patients with
AN prove to be medically intractable (Steinhausen, 2002; Kontis
and Theochari, 2012). In turn, no Food and Drug Administration
indication for any pharmacological treatment for AN is given.

Psychological therapies, such as Cognitive Behavioral Therapy
and Family Psychotherapy, are widely considered the treatment
of choice. However, no single psychological intervention has
shown clear superiority in treating adults with AN, while
in adolescents with AN, the evidence base is strongest for
the use of Family Psychotherapy over alternative individual
psychotherapies (Lock et al., 2010; Herpertz-Dahlmann and
de Zwaan, 2011; Le Grange et al., 2012; Agras et al., 2014;
Rienecke, 2017). Recently, it was shown the efficacy of integrated
treatment as opposed to single therapies, as suggested by the
current guidelines for the treatment of ED in children and
adolescents (National Institute for Clinical Excellence, 2004;
American Psychiatric Association, 2006). In particular, the
application of a Multifocal Integrated Treatment, based on
both family and individualized psychotherapy, nutritional and
pharmacological interventions, showed improvement in the
eating psychopathology in adolescents with AN (Laghi et al.,
2017). However, there is a need for continued efforts to develop
novel interventions (Bodell and Keel, 2010), since evidence-base
treatment for AN is still lacking.

Novel approaches to treatment of ED in general and
specifically for AN have been called for by august bodies such as
the National Institute for Health and Care Excellence (NICE) in
the UK and the National Institutes of Health (NIH) in the USA.
Recently, neuromodulation procedures, which are emerging
techniques that can be used to stimulate or inhibit neural activity,
has been postulated as a potential treatment for ED (for recent
review see McClelland et al., 2013; Lee et al., 2018).

Marked increase in neuromodulation approaches for
treatment of ED grounds on recent year’s extensive neuroscience
data related to ED and to the emergence of testable
neurobiological models. Altered activity in the insula (Kaye
et al., 2010; Mohr et al., 2010; Bär et al., 2013; Oberndorfer
et al., 2013; Strigo et al., 2013), abnormalities in the processing
of rewards (Bohon and Stice, 2011; Avena and Bocarsly, 2012;
Ritschel et al., 2017) and alterations in frontal regions have been
reported (Brooks et al., 2011; Celone et al., 2011; Strigo et al.,
2013; Kullmann et al., 2014). Subsequently, neural models of ED
have been developed (Steinglass and Walsh, 2006; Brooks et al.,
2011; Friederich and Herzog, 2011; Riva, 2016; Steinglass et al.,
2017).

In AN, some studies considered abnormalities in dorsolateral
prefrontal cortex (DLPFC) (Kaye et al., 2009; Van Kuyck et al.,
2009; Brooks et al., 2011; Ehrlich et al., 2015; Hestad et al., 2016).
Furthermore, fMRI studies, EEG measurements and PET scan in
individuals with AN showed a hyperactivity of right hemisphere
(Grunwald et al., 2004; Brooks et al., 2011; Bär et al., 2013;
Phillipou et al., 2015) and clusters’ increase of serotonergic and
dopaminergic bindings (e.g., Kontis and Theochari, 2012; Kaye
et al., 2013; Riva, 2016), particularly in right frontal-temporal
regions (Bailer et al., 2007; Galusca et al., 2008).

Despite the marked increase in neurobiological data related
to AN, there is still a lack of targeted brain-directed treatment
interventions. Most convincing evidence comes from studies
applying deep brain stimulation across a variety of brain targets
involved in the hypothalamic–mesocorticolimbic pathways.
Potential anatomical targets were those involved with reward,
cognitive control, motivation, and the learning/memory circuits,
such as the ventral tegmental area, the nucleus accumbens
and caudate, the subgenual cingulate cortex, the amigdala, the
hypppocampus, the insula, and the ventral striatum (for review
see McClelland et al., 2013; Lee et al., 2018).

Conversely, the exiting studies that have investigated the
efficacy of transcranial non-invasive brain stimulation for
reducing AN symptomatology and related behaviors (e.g.,
Kamolz et al., 2008; McClelland et al., 2013, 2016a,b; Van
den Eynde et al., 2013; Khedr et al., 2014), have typically
targeted the pre-frontal cortex (PFC), mainly the DLPFC.
The DLPFC has a key node of the brain’s frontostriatal
cognitive circuits, important for inhibitory cognitive control
(Miller and Cohen, 2001; Hare et al., 2009), self-control
in a dietary context (Wagner et al., 2010; Lowe et al.,
2014) and for higher-order reward processing, as part of its
involvement in the mesocortical dopaminergic pathway (Diana,
2011), linked to regulation of food intake (Doherty et al.,
2016).

Two forms of non-invasive neuromodulatory techniques used
in the treatment of AN were transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS). Both
TMS and tDCS have been proven to reduce AN-related behaviors
and thoughts (McClelland et al., 2013; Lee et al., 2018). The
TMS studies have mostly involved high-frequency (excitatory)
TMS to the left PFC. For example, a reduction in levels of
feeling full, feeling fat and anxiety has been reported when a
single TMS session was applied to the left DLPFC in cases with
AN (Van den Eynde et al., 2013; McClelland et al., 2016a,b).
Moreover, significant improvement in depressive symptomology
and BMI (Kamolz et al., 2008) was described in a case report of 41
sessions of left DLPFC excitatory rTMS, as well as improvement
in AN symptomatology and affective symptoms has reported in
three of five patients, after 20 sessions of excitatory left DLPFC
rTMS. However, such improvement was not always translated
into weight gain (McClelland et al., 2016a,b).

Despite recent findings, showing symptoms reduction
following TMS excitation of the left DLPFC, one study directly
investigated the effects of tDCS on the AN symptomatology
(Khedr et al., 2014). Specifically, in this study, it was documented
an improvement in AN and in associated depression following 10

Frontiers in Behavioral Neuroscience | www.frontiersin.org July 2018 | Volume 12 | Article 13364

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Costanzo et al. Brain Stimulaiton in Adolescents With Anorexia

daily anodal tDCS (2mA) sessions of 25min over the left DLPFC
(cathode in extracephalic montage) in five of seven patients
immediately post-treatment and in three of seven patients at 1
month follow up.

Conversely, tDCS research has mostly focused on food
cravings (Fregni et al., 2008; Goldman et al., 2011; Montenegro
et al., 2012; Boggiano et al., 2017) and evidences have been
provided that food cravings is reduced when excitatory (anodal)
tDCS is applied over the right DLPFC (as opposite to reports on
AN where excitatory stimulation is applied over the left DLPFC).
For example, Fregni et al. (2008) compared both tDCS protocols,
anode right/cathode left and anode left/cathode right, to sham
stimulation, and found that food cravings reduced, remained
stable or increased in these conditions, respectively. Moreover,
both Goldman et al. (2011) and Montenegro et al. (2012)
found reduced food cravings and desire to eat in overweight
individuals following single session of right anodal/left cathodal
tDCS compared to sham. Similarly, Ljubisavljevic et al. (2016)
demonstrated that repeated sessions of right anodal/left cathodal
tDCS increase the single sessions effect, byreducing the intensity
of food craving and the habitual experiences of food craving in
individuals with frequent food craving. These studies ground on
the evidence that hyperphagia, and more in general craving and
substance abuse, is associated with right frontal hypoactivation
(Isern, 1987; Fisher et al., 1994; Miller and Cohen, 2001), an
opposite pattern of inter-hemispheric imbalance found in AN—
i.e., right frontal hyperactivation and dominance (Grunwald
et al., 2004; Brooks et al., 2011; Bär et al., 2013; Phillipou et al.,
2015).

Bilateral prefrontal cortex tDCS, aimed at rebalancing such
inter-hemispheric imbalance by increasing excitability of right
hemisphere and decreasing excitability of left hemisphere (the
opposite of what is proposed for AN), showed positive findings in
different disorders of craving and substance abuse. In particular,
left cathodal/right anodal tDCS increased the abstinent rate
(Klauss et al., 2014) and reduced the craving in alcoholic patients,
with more negative processing of alcohol-related cues after
treatment (Wietschorke et al., 2016).

However, in healthy individuals, Vierheilig et al. (2016) aimed
at investigating the effects of bilateral tDCS with different
electrode montages, on the interaction of attention and emotion
processes, found that only left cathodal/right anodal tDCS
leads to increase visual attention but neither left cathodal/right
anodal or left anodal/right cathodal did influence emotional
processing.

Increased knowledge on the role of hemispheric lateralization
in ED, together with improvements in the design of
neuromodulation protocols, is likely to emerge from studies
involving tDCS. tDCS applied on DLPFC should act on the right
hyperactivity reported in AN to balancing the activity in both
hemispheres.

Considering the paucity of effective treatments for AN,
and the increasing incidence rate of AN among children and
adolescents, with common long-term physical and psychosocial
disability outcomes as well as life risk (Arcelus et al., 2011; Smink
et al., 2012; Walsh, 2013), the study was aiming at proving
the effectiveness of a non-invasive neuromodulation treatment

by tDCS in improving the outcome of traditional treatment in
developmental populations with AN.

The safety and tolerability of tDCS in children and adolescents
has been proven (Antal et al., 2017) so, in a single-blind-
controlled study, we hypothesized that excitatory tDCS over
the left DLPFC and inhibitory tDCS over the right DLPFC
(anode left/cathode right) may aid in altering/resetting inter-
hemispheric balance in adolescents with AN, re-establish their
control over eating behaviors. This montage was based on
the dominance hypothesis in AN and in accordance with
previous studies, where opposite stimulation montage showed an
improvement in “over-eating” for ED symptoms (Fregni et al.,
2008; Goldman et al., 2011; Montenegro et al., 2012; Boggiano
et al., 2017).

MATERIALS AND METHODS

Participants
Twenty-three adolescents with diagnosis of AN participated in
the study. Eleven participants (10 females; 1 males; mean
age = 13.9, SD = 1.8 years, range 10.3–15.6; mean IQ = 102.2,
SD = 4.9, range 95–108; mean BMI = 14.7, SD = 2.2,
range 11.8–17.5) received an experimental treatment with tDCS
additionally to the classical treatment called “as usual” (AU).
Twelve participants (12 females; mean age= 15.1, SD= 1.5 years,
range 13.1–17.8; mean IQ= 100.5, SD= 4.6, range 92–106; mean
BMI = 15.5, SD = 1.6, range 12–17.9) received a Family Based
Therapy (FBT) additionally to the AU. All participants received
a diagnosis of AN based on the DSM-5 criteria (APA American
Psychiatric Association, 2013). The principal eligibility criterions
required were an age between 10 and 17 years, a BMI between
12 and 18 kg/m2 and IQ ≥ 85. None had a personal history of
neurological disease or a family history of epilepsy and none had
comorbidity with other clinically relevant disorders. Both groups
did not differ for chronological age [t(21) = −1.71, p = 0.10], IQ
(Raven, 1994) [t(21) = 0.85, p = 0.41] and BMI [t(21) = −1.01,
p= 0.32].

All participants received Atypical antipsychotics (AA) as
pharmacological treatment, in particular Aripiprazole. Some of
them also received SSRIs (5 in the tDCS group and 9 in the FBT
group) or Benzodiazepines (Benz: 2 in the tDCS group and 1 in
the FBT group). The two groups did not differ in the frequency
of each pharmacological treatment [χ2

(2)
= 2.10, p= 0.35].

Written informed consent was obtained from all participants
and their parents after the procedures had been fully explained.

Materials
Outcome Measures
All participants were evaluated through clinical tests assessing
psychopathological conditions. The AN symptomatology
assessment included: Eating Disorder Inventory (Giannini et al.,
2008; EDI-3, Garner, 2004), Eating Attitudes Test (EAT-26,
Garner et al., 1982), and Body Uneasiness Test (BUT, Cuzzolaro
et al., 2006). The EDI-3 is a self-report questionnaire, including
91 items divided into 12 subscales rated on a 0–4 point scoring
system. It gives a measure of the basic characteristics of the
eating disorder. The EAT-26 is a forced choice, self-report
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questionnaire, including 40 items, measuring anorexia nervosa
symptoms. The BUT is a 71-item self-report questionnaire which
measures body image concerns.

Moreover, anxiety and depressive symptoms were evaluated
through the Multidimensional Anxiety Scale for Children
(MASC, March et al., 1997) and the Children’s Depression
Inventory (CDI, Kovacs, 1982, 1992). TheMASC is a quantitative
self-report scale on anxiety symptoms, age range: 8–19. The CDI
is a self-report questionnaire with 27 items, which evaluates the
mood symptoms in the last 2 weeks, age range: 8–17. All clinical
questionnaires were completed by the participants themselves. In
addition, anthropometric measures, as BMI, were measured.

Safety and Tolerability
Side-effects of tDCS were assessed by a standard questionnaire
(Brunoni et al., 2011) which was completed by participants after
each stimulation session. The questionnaire lists adverse effects,
such as headache, neck pain, scalp pain, tingling, itching, burning
sensation, skin redness, sleepiness, trouble concentrating, and
acute mood change. Participants quantify the intensity of the
symptoms or side-effects related to tDCS (1, absent; 2, mild; 3,
moderate; 4, severe).

Procedures
All participants underwent the treatment AU, including
nutritional, pharmacological, and psychoeducational treatment.
The experimental group received an add-on treatment with 18
sessions of tDCS (TDCS+AU) for 6 weeks, while the control
group received the FBT (FBT+AU).

All participants have not received the AU, the FBT, or the tDCS
treatment previously. Outcome measures were assessed before
(T0) and immediately after the end of treatments (T1), i.e., 6
weeks later. Nine of the eleven participants of the tDCS+AU
group were followed-up 1 month after the end of treatment (T2).

Treatments

tDCS

In the tDCS condition all the participants received 1mA
tDCS. Direct current was applied for 20min, 3 times a week
for 6 weeks (18 sessions). Anodal electrode was positioned
over the left DLPFC and cathodal electrode over the right
DLPFC according to the 10–20 EEG system and the sites
corresponding respectively at F3 and F4 area. The selected
montage (anodal/left—cathodal/right) was applied to re-balance
the right frontal hyperactivity reported in literature in individuals
with AN (Grunwald et al., 2004; Brooks et al., 2011; Bär et al.,
2013; Phillipou et al., 2015). Direct current was generated
by a BrainStim stimulator by E.M.S. s.r.l. (Bologna, Italy). It
was delivered on the scalp via a pair of identical, rectangular,
electrodes (5 × 5 cm) covered with conductive rubber and
saline soaked synthetic sponges. During the tDCS sessions, all
participant have been sat in a comfortable chair.

AU

Each participant undergone the treatment AU treatment during
the study. In this study, after a first assessment whit a
psychiatric interview, an interview for family diagnosis and
nutritional monitoring, participants and parents received a

psychological support. Furthermore, meetings for the nutritional
and psychiatric monitoring for patients were given (once every
2 weeks). Psychological support for patients were given by
individual sessions (once every 2 weeks, 60min duration) and
group sessions (once every week, 60min duration). Their parents
received the psychoeducation in group sessions (once every 2
weeks, 60min duration).

FBT

In this group, participants and parents received family
psychotherapy provided by professionals (psychotherapists
and psychiatrists), additionally to the AU treatment. Weekly
sessions of participants’ group therapy and parents’ group
therapy were delivered while, family meetings occurred every 15
days.

Data Analysis
To evaluate the effect of treatment, repeated measures ANOVAs
were performed on each psychopathological measure (EDI-3;
EAT-26; BUT; CDI; MASC) and on BMI values, with Group
(tDCS+AU vs. FBT+AU) as between subjects factor and Time
(T0, T1) as within subjects factor.

The demographic variables and the baseline measures were
compared through the Student’s t-Test for independent samples.
Chi-squared test was used to value the non-parametric variables.
Post hoc analyses were performed by the Tukey’s test. In the
tDCS group the follow-up data were analyzed through the
Wilcoxon signed-rank test. Partial eta squares (ηp

2) have been
reported as effect size measures. A p-value less to 0.05 was
considered as statistically significant. Sphericity was verified by
Mauchly’s sphericity test. The Pearson correlation was used to
test the association between the outcome of improvement [(T1-
T0/T0)∗100] on BMI and the other psychopathological measures.

Ethic Approval
This study was performed in accordance with the World Medical
Association’s Declaration of Helsinki and The Research Ethical
Committee of the Bambino Gesù Children’s Hospital approved
this study under process number 763-OPBG-2014.

RESULTS

Baselines Measures
tDCS+AU and FBT+AU groups did not differ for BMI as well as
for baseline psychopathological measures: EDI-3 [t(21) = −1.14,
p= 0.27], EAT-26 [t(21) =−0.70, p= 0.49], BUT [t(21) = −1.33,
p = 0.20], MASC [t(21) = 1.11, p = 0.28], CDI [t(21) = 0.46, p =
0.65]. Baseline psychopathological measures did not significantly
differ between groups even on subscales of EDI-3 and MASC.
As concerns EDI-3 subscales: Drive for Thinness [t(21) = −1.23,
p= 0.23], Bulimia [t(21) =−0.66, p= 0.52], Body Dissatisfaction
[t(21) = −0.76, p = 0.46], Eating Disorder Risk [t(21) = −1.0,
p = 0.33], Low Self-Esteem [t(21) = −0.61, p = 0.55], Personal
Alienation [t(21) = −0.51, p = 0.62], Interpersonal Insecurity
[t(21) =−0.70, p= 0.50], Interpersonal Alienation [t(21) =−1.11,
p =0.28], Interoceptive Deficits, [t(21) = −0.98, p = 0.34],
Emotional Dysregulation [t(21) =−0.77, p= 0.45], Perfectionism
[t(21) = −1.94, p = 0.07], Asceticism [t(21) = −0.17, p =
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0.86], Maturity Fears [t(21) = −0.44, p = 0.67], Ineffectiveness
[t(21) =−0.73, p= 0.47], Interpersonal Problems [t(21) =−1.05,
p = 0.31], Affective Problems [t(21) = −1.24, p = 0.23],
Overcontrol [t(21) = −1.08, p = 0.29], Global Psychological
Maladjustment [t(21) = −1.55, p = 0.14]. As concerns MASC
subscales: Physical Symptoms [t(21) = 0.67, p = 0.51], Harm
Avoidance [t(21) = 0.74, p =0.47], Social Anxiety [t(21) = 0.58,
p = 0.57], Separation/Panic [t(21) = 0.03, p = 0.97], Adi
[t(21) = 0.80, p= 0.43].

Means and Standard Deviations per each measure are shown
on Table 1.

Post-treatment Measures
BMI
Results showed a significant interaction betweenGroup and Time
[F(1, 21) = 9.75; p< 0.01, ηp

2
= 0.32]. BMI improved significantly

in the tDCS+AU (p< 0.001), while in the FBT+AUno difference
emerged in BMI after treatment compared to baseline (p =

0.2). Figure 1A, shows the mean BMI values in both groups: at
baseline (pre-treatment) and after 18th session (post-treatment).
The mean percentage of BMI improvement [(T1-T0/T0)∗100]
in the tDCS+AU group amounted to 13.3% (±9.4) while in the
FBT+AU group it amounted to 4.2% (±5.7). See Figure 1B.

In the tDCS group the BMI improvement persisted also 1
month later (T0 vs. T2: Z = 2.66, p < 0.01). See also Figure 2A.

A general Group effect did not emerged [F(1, 21) = 0.05;
p = 0.83, ηp

2
= 0.01] while emerged a main effect of Time

[F(1, 21) = 35.78; p < 0.001, ηp
2
= 0.42]. See Table 1.

Psychopathological Assessment
In the psychopathological scales there were no significant
interaction between Group and Time (all comparisons p > 0.1).
No main Group effect emerged in each measure (all comparisons
p > 0.1). A Time effect was significant independently of the
group, in most of the comparison: both groups improved
in the clinical scales EDI-3, MASC, and CDI with the
exception of BUT. Moreover, both groups improved in most
subscales of EDI-3 and MASC. In particular, as concerns EDI-
3 subscales, independently of the group, a mean score reduction
was observed after treatment on Drive for Thinness, Body
Dissatisfaction, Eating Disorder Risk, Low Self-Esteem, Personal
Alienation, Interpersonal Insecurity, Interpersonal Alienation,
Asceticism, Ineffectiveness, Interpersonal Problems and Global
Psychological Maladjustment (all p < 0.05). However no
improvement emerged on the subscales Bulimia, Interoceptive
Deficits, Emotional Dysregulation, Perfectionism, Maturity
Fears, Affective Problems, and Overcontrol (all p > 0.10).
As concerns MASC subscales, independently of the group, a
mean score reduction was observed after treatment on Physical
Symptoms and Adi (all p< 0.05) while no improvement emerged
on Harm Avoidance, Social Anxiety, and Separation/Panic (all
p > 0.10).

Table 1 shows the total score on these scales and their
subscales in both groups at baseline (pre-treatment) and after
18 session (post-treatment), as well as the statistics for the main
effect of Time and for the interaction effect of Time per Group.

In the tDCS+AU group, which was followed-up for 1 month,
the effect on most of the psychological measures persisted 1
month after the end of treatment (EAT-26, T0 vs. T2: Z = 2.37,
p = 0.02; MASC, T0 vs. T2: Z = 1.96, p = 0.05; CDI, T0 vs. T2:
Z = 2.19, p = 0.04), but not on EDI-3 (T0 vs. T2: Z = 1.33,
p = 0.18). Again no improvement was observed on BUT even
after 1 month (T0 vs. T2: Z = 0.56, p= 0.57). See Figures 2B,C.

Correlation Between Outcomes
In the tDCS+AU group we found a medium negative correlation
between the improvement on BMI and the score changes
on EDI-3 (r = −0.65, p = 0.04), i.e., the higher the BMI
increased (amelioration), the lower the EDI-3 was after treatment
(amelioration). However, we failed to found such correlation in
the FBT+AU group (p= 0.29).

By considering the EDI-3 subscales, in the tDCS+AU
group we found a medium negative correlation between
the improvement on BMI and the score changes on
Bulimia (r = −0.68, p = 0.03) and on Global Psychological
Maladjustment (r = −0.67, p = 0.03). Moreover we found a
strong negative correlation between the improvement on BMI
and the score changes on Interpersonal Problems (r = −0.71,
p = 0.02). However, we did not found any correlation between
the BMI improvement and other EDI-3 subscales score changes
(all p > 0.1). Conversely, by considering the EDI-3 subscales,
in the FBT+AU group we found a medium positive correlation
between the improvement on BMI and the score changes on
Low Self-Esteem (r = 0.60, p = 0.04), i.e., the higher the BMI
increased (amelioration), the higher the Low Self-Esteem score
was after treatment (worsening).

Finally, we did not found any correlation between the
improvement on BMI and the other psychopathologiocal scales
or subscales, neither in the tDCS+AU group nor in the FBT+AU
group (all p > 0.1).

Safety and Tolerability
Concerning safety and tolerability, no participant asked to stop
the study or reported significant discomfort at the electrode
sites. Participant tolerated tDCS well. The most frequent adverse
effects were itching sensation, burning sensation (reported by
9 participant), especially in the first seconds of stimulation,
which diminished rapidly with water’s addition under the sponge
and local redness (report by 8 participant). Others effects were
headache (reported by 5 participants), tingling (reported by 5
participants) and, mostly in the mild intensity (see Table 2).

Neck pain, sleepiness, and trouble concentrating were not
reported. No psychological symptoms, such as acute mood
changes and irritability, nor other discomforts or adverse effects
were reported.

DISCUSSION

The present study evaluated the efficacy of a tDCS treatment in a
young population with AN.

Two groups were compared: a group received tDCS treatment
in addition to “as usual” treatment; another group received an
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FIGURE 1 | (A) Shows BMI values expressed in mean at baseline (T0) and after the end of treatment (T1). In the tDCS+AU group BMI values increased significantly

more than in the FBT+AU group. (B) Shows the percentage of increase [(T1-T0/T0)*100]: in the tDCS+AU group it amounted to 13.3% (±9.4) while in the FBT+AU

group it amounted to 4.2% ( ±5.7). *p < 0.05.

active control treatment, i.e., a family based psychotherapy, in
addition to “as usual” treatment.

In the experimental group, tDCS was applied to the DLPFC
and, more specifically, anodal electrode was positioned over the
left and cathodal electrode over the right area. According to
literature, this montage, with concurrent left excitatory and right
inhibitory stimulation, was applied to re-balance the right frontal
hyperactivity reported in AN (Grunwald et al., 2004; Brooks et al.,
2011; Bär et al., 2013; Phillipou et al., 2015). Furthermore, all
participants received a nutritional and psychiatric monitoring as
well as psychological support.

The main finding was that after 6 weeks of treatment,
the tDCS+AU group, but not the control group, showed
significant increase of BMI values. Indeed, the mean percentage
of BMI increment in the group receiving tDCS amounted to
13.3% compared to 4.2% in the FBT+AU group. Moreover,
independently of the treatment, all participants improved
in several psychopathological measures, included AN
psychopathology and mood and anxiety symptoms, with
the exception of the measure assessing body uneasiness (BUT).
The psychopathological improvement profile seems to overlap
in the two groups, indeed there are no differences in any
subscales of each psychopathological measure. In the tDCS+AU

group, the BMI increment as well as the improvement in
some psychopathological measures persisted even at 1-month
follow-up.

Our results confirmed previous findings on AN reporting
positive effects in mood and AN symptoms after non-invasive
brain stimulation, as described on case reports with tDCS (Khedr
et al., 2014), and on group studies with TMS (Kamolz et al., 2008;
McClelland et al., 2013, 2016a,b; Van den Eynde et al., 2013).
However, present study firstly demonstrated a specific effect of a
tDCS treatment on stable weight gain and a superiority compared
to an active control treatment for adolescents with AN.

It is important to note that the two groups received similar
nutritional, psychoeducational and pharmacological concurrent
treatment (the AU treatment), which might have a main role
in eating behavior and weight gain, while they differed for the
specific add-on treatment (i.e., the experimental tDCS or the
treatment of choice FBT). This means that the results obtained
can be explained by the add-on treatment or by the interaction
between each add-on treatment and the AU treatment.

Literature on clinical trials for AN, strengthens the
importance of obtaining BMI improvement, together with
the psychopathological improvement, as the optimal outcome
for AN remediation (Halmi, 1982; Guarda, 2008). Although
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FIGURE 2 | The chart shows follow-up evalution of outcome measures in the tDCS+AU group (only 9 participants). (A) Shows BMI values expressed in mean at

baseline (T0), at the end of treatment (T1) and at 1 month follow-up (T2). BMI values increased even at 1-month follow-up. (B) Shows mean scaled score of EDI-III,

EAT-26, MASC, and CDI at baseline (T0), at the end of treatment (T1) and at 1 month follow-up (T2). Improvement was stable until 1-month follow-up in the EAT-26,

MASC, and CDI scales, but not on EDI-III. (C) Shows mean score of BUT at baseline (T0), at the end of treatment (T1) and at 1 month follow-up (T2). No improvement

was shown at any evaluation time.

TABLE 2 | Percentage of adverse effects reported by participants.

Adverse effect Mild (%) Moderate (%) Severe (%)

Headache 18.1 27.2 0.0

Neck pain 0.0 0.0 0.0

Scalp pain 0.0 0.0 0.0

Tingling 45.4 0.0 0.0

Itching 54.5 27.2 0.0

Burning sensation 27.7 27.7 9.0

Local redness 36.3 45.4 0.0

Sleepiness 0.0 0.0 0.0

Trouble concentrating 0.0 0.0 0.0

Acute mood changes 0.0 0.0 0.0

Irritability 0.0 0.0 0.0

weight gain has been consistently found using invasive
neuromodulation approaches to AN, such as DBS, evidence
from non-invasive brain stimulation indicated an impact on
self-reported symptoms but not always translated to weight
gain (Lee et al., 2018). Our tDCS study, instead, gives first
evidence of the positive effect of a 6 weeks tDCS treatment in
improving both the psychopathological symptoms and the MBI
in adolescents with AN, compared to a control active treatment,
widely considered treatment of choice.

Moreover, our study shows a beneficial association
between the improvement in BMI and the amelioration of
psychopathological symptomats with the tDCS treatment but
not with the control treatment. Specifically, it has been found

that, within the experimental group, the increase in BMI was
associated to a reduction of EDI-3 total scores (risk of eating
disorder) and of Bulimia, Interpersonal Problems and Global
Psychological Maladjustment subscales. On the other hand, in
the control group, a relation was found between the increase in
BMI and the worsening to the Low Self-Esteem subscale.

These results suggests that tDCS may have an action in the
improvement of cognitive symptoms linked to incorrect food
behavior, as already highlighted by other researchers (McClelland
et al., 2013; Lee et al., 2018). In particular, the reduction of the
Bulimia subscale score, with the increase of BMI, is particularly
relevant because it indicates an improvement in cognitive
control, i.e., the reduction of compensatory behaviors in order
to prevent weight gain, which is often observed in the weight
recovery phases in patients with AN (Bulik et al., 1997; Fairburn
and Harrison, 2003). Moreover, the positive effect of tDCS
on BMI seems to be accompanied by a more general positive
effect on other behaviors, such as interpersonal relationships and
psychological adaptation, resulting in an improvement of the risk
of eating disorder (reduction of EDI-3 total score).

On the other hand, it is often reported in people with AN that
an improvement on weight, but not at the same time on cognitive
and behaviors symptoms, is negatively experienced and affects
their self-esteem, characteristic trait of the AN disease (Striegel-
Moore et al., 2004). This seems the case of the control group, who
showed a worsening of self-esteem score with BMI improvement.

All together these results seem to suggest a superior
combination of psychological changes associated with weight
gain in the experimental group, than in the control group. The
combination of weight gain and psychological change is of crucial
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importance for eating disorders recovery (Bardone-Cone et al.,
2010).

The reason why in our study there was a positive and
specific effect on BMI, unlike what has been reported so far
by non-invasive brain stimulation studies, may depend on
the type of stimulation performed. Most of the non-invasive
brain stimulation studies used TMS to facilitate left PFC. In
comparison with TMS, the mechanism by which tDCS works
enables multiple stimulation designs. Switching the position of
the electrodes enables swapping of excitation/inhibition between
the right and left hemispheres. This may act to balancing the
activity in both hemispheres, thus being likely more efficient in
resetting the inter-hemispheric balance alterated in AN.

The lone tDCS study (Khedr et al., 2014) was an open label,
single-arm study, showing improvement in psychopathology
scales, with important variation between seven patients, after
10 sessions of left Anodal tDCS on DLPFC. In particular, five
patients improved in all scales, but just three maintained this
scores 1 month later. This work included the total scores of
the EAT, EDI, and the Beck Depression Inventory. However,
the study did not report BMI measures, showing only positive
correlations in the percent of improvement between eating
disorder scales and depression scale.

Compared to our study, difference in some elements might
be relevant. In the Khedr et al.’s study, tDCS was applied for
25min (2mA) with an extracephalic cathodal electrode, in a
monopolar montage to activate the left DLPC. The study ground
on previous TMS literature, using a facilitatory stimulation to
the left DLPC to improve AN. Conversely, we used a bilateral
montage of electrodes on DLPFC, anodal/left and cathodal/right,
with the aim to induce a simultaneously increasing in the left
DLPFC activation and reducing in the right DLPFC activation
(Nasseri et al., 2015).

We hypothesize that, the relevant BMI increase in the tDCS
group may be due to the concurrent delivering of the cathodal
stimulation to the right DLPFC, rather than just to the anodal
stimulation to the left PFC, for a possible direct/indirect action
into some pathophysiological mechanisms of AN, involving the
mesocortical dopaminergic pathways and the promotion of food
intake.

Cortical tDCS stimulation has been shown to modulate
dopamine (DA) release in striatum (Tanaka et al., 2013). In
particular, following the application of cathodal, but not anodal
tDCS for 10min, extracellular DA levels, measured with in vivo
microdialysis, increased for more than 400min in the in rat
striatum. This result suggested that tDCS has a direct and/or
indirect effect on the dopaminergic system in the subcortical
area. However, there is concern if a low intensity current can
go that deep in human brain. Very recently, the first evidence in
humans has been published (Fonteneau et al., 2018) that bifrontal
tDCS induces neurotransmitter release in subcortical areas.
Specifically, left anodal/right cathodal tDCS (our study montage)
induced a significant increase in extracellular dopamine in a part
of the striatum involved in the reward–motivation network.

Mesolimbic dopaminergic projections into striatum are
hypothesized to play a key role in governing eating behavior, by
modulating appetitive motivational processes. A perturbations

in the dopaminergic reward pathways has been hypothesized to
play a role in the AN pathogenesis (Casper, 2006; Alcaro et al.,
2007). Those alteration included reduced Cerebro Spinal Fluid
levels of DAmetabolites (Kontis and Theochari, 2012), functional
DA D2 receptor gene polymorphisms (Bergen et al., 2005), and
increased D2/D3 receptor binding in the striatum (Kaye et al.,
2013; Riva, 2016), indicating an increased D2/D3 densities and a
decreased extracellular DA in this region. Moreover, the evidence
of a DA imbalance in the ventral striatum in patients with AN,
is considered to contribute to anhedonia of feeding behavior,
ascetic and anhedonic temperament (Frank et al., 2017), as well
as dysphoric mood and anxiety (Kaye et al., 2009). Although
these findings on the role of DA in AN is still a matter of debate
(Gillman and Lichtigfeld, 1986; Kontis and Theochari, 2012).

A possible interpretation of such contrasting results is in
the dissociation in the pattern of tonic and phasic firing of
dopaminergic signaling (Kontis and Theochari, 2012). Preclinical
data show that average extracellular DA in the nucleus
accumbens is low in AN and largely arises from phasic DA
transients (Owesson-White et al., 2012). Response to behaviorally
relevant stimuli triggers the phasic component of DA release onto
postsynaptic targets, while the tonic DA levels are proposed to
regulate the amplitude of the phasic DA response.

It is believed that glutamate mainly from prefrontal
projections (which is usually increased by tDCS) promotes tonic
release of DA in the dorsal striatum and in the nucleus accumbens
(Grace, 1991; Södersten et al., 2016). Grace (1991) proposed a
model for which a pathological alteration in the PFC may cause
a reduction in the tonic levels of DA, resulting in excess response
of the phasic dopaminergic system and to an increase in the
responsiveness of the dopaminergic system.

An increase in the responsiveness of the dopaminergic system
has been indeed reported in AN (for a review see Södersten
et al., 2016). One might argue that if the dopaminergic system
is hypersensitive in AN, it should promote food seeking instead
of avoidance. Research that investigated those phenomena has
suggested that dopaminregic hypersensitivity in AN is not
meant to imply that the so called “reward stimuli” (such
as sugar solution) are necessarily a reward in the sense of
positive reinforcer or pleasant experience for individuals with
anorexia nervosa (Frank et al., 2017). Rather brain dopaminergic
circuits in AN could be hypersensitive to salient stimuli in
general, including both rewarding or punishing stimuli (Frank
et al., 2017). Such failure to appropriately bind, modulate or
discriminate responses to stimuli has been taken into account
to explain the role of starvation as a reward stimulus and the
negative emotional activity in front of food stimuli (Berridge and
Robinson, 1998; Frank et al., 2017).

It is therefore possible to hypothesize, albeit only speculatively,
that our left anodal/right cathodal tDCS treatment, aimed at
rebalancing the hyperactivity of right DLPC, may have aid
in restoring the cortical glutamatergic system regulating DA
tonic relies in striatum, thus in turn acting in rebalancing the
dopaminergic alterations seen in the reward brain network in
AN, crucial for regulate the food intake behavior.

A possible confound in our study is the interaction of tDCS
with the concurrent pharmacological treatment (Nitsche and
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Paulus, 2000; Nitsche et al., 2003, 2006, 2012; Monte-Silva et al.,
2009; Ridding and Ziemann, 2010; Fresnoza et al., 2014). In
particular, there is evidence that SSRIs may themselves increase
the response to tDCS (Normann et al., 2007).

Conversely, medications that interfere with dopaminergic
signaling, such as antipsychotics, are likely to have a negative
impact on tDCS plasticity (Monte-Silva et al., 2009). However,
such impact is related to the pharmacological profile of the
antipsychotic medication. In particular, the availability of D2
receptors is vital for potentially adaptive neuroplastic effects of
tDCS (Nitsche et al., 2009). Aripiprazole, the medication received
by all participants, differently from other antipsychotic agents,
it is not a pure antagonist at the D2 receptor but a partial
agonist (Ziadi Trives et al., 2013). Hence, the drug molecule
allows the physiological activity of these receptors, which in
turn allows for the beneficial neuromodulatory effects of tDCS.
Indeed, tDCS in conjunction with Aripiprazole (but not with
other antipsychotics) have proven to improve schizophrenic
symptoms (Agarwal et al., 2015).

These considerations lead us to suppose that, the interaction
of tDCS with the concurrent pharmacological treatment may
have increased, rather than reduced, the plasticity induced effect
of our stimulation protocol. Moreover, Aripiprazole may have
specifically improved and amplifying the hypothesized tDCS
action in regulating the DA tonic component in striatum, given
that the drug acts suppressing the phasic component, while
relatively preserving the release of the tonic component of DA
(Hamamura and Harada, 2007). A positive effect of Aripiprazole
on the dopaminergic reward circuit alterations has been recently
reported in patients with AN, resulting in an increasing in BMI
values (Frank et al., 2017).

So that, it is plausible that the positive effects found on
both BMI and psychopathological symptoms, may arise by a
synergistic action between a cortical stimulation and a medical
stimulation in regulating the imbalance between the tonic and
phasic component of DA in AN.

In summary, it is possible to speculate that tDCS treatment
may have a direct/indirect action to one of the etiopathogenetic
mechanism of AN andmay represent a more targeted perspective
treatment for AN, especially in adolescence age. Indeed, tDCS
has the potential to timely target brain abnormalities through
brain plasticity mechanisms, essential in development. Actually,

although “malleable” during the early stages, once established,
AN are remarkably persistent (Walsh, 2013), therefore it is
essential to timely treat the disorder.

Our results are promising, since participants in the tDCS
group have increased by almost tri-times their BMI values
compared to the participants receiving the AU treatment (both
pharmacological, nutritional and psychoeducational) and the
psychological treatment of choice. Moreover, our participants
did not experience any notable symptoms or side effects (for
Brunoni’s standard questionnaire, Brunoni et al., 2011) after
any stimulation session, thus confirming a high tolerability and
feasibility of a tDCS treatment in children and adolescents with
AN.

However, an important limitation to these data is that this
study was an open label study with an active control group

but not a sham control group, therefore any effect cannot be
distinguished from a possible tDCS placebo effect. However,
given the difficult in enrolling adolescents with AN, which are
usually reluctant to receive any kind of treatment, this study serve
as a pilot, with preliminary results, to lay the groundwork for a
clinical trial.

Undoubtedly, new studies are required with double blind
randomized clinical trials, larger sample, and longer follow-ups to
confirm our results. Nevertheless, our promising results deserve
to be followed by future studies with more advanced analysis,
with insight from functional neuroimaging and animal studies,
to deeper understand the role of left anodal/right cathodal tDCS
to the DLPFC in potentially contrasting some etiopathogenetic
mechanisms of AN. If the tDCS treatment will be confirmed to be
effective, it may lead to important changes in the treatment of AN
which could be translated into novel and effective rehabilitation
strategies, especially in developmental age.
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Although posttraumatic stress disorder (PTSD; DSM-V 309.82) and anxiety disorders

(DSM-V 300.xx) are widely spread mental disorders, the effectiveness of their therapy

is still unsatisfying. Non-invasive brain-stimulation techniques like transcranial direct

current stimulation (tDCS) might be an option to improve extinction learning, which is

a main functional factor of exposure-based therapy for anxiety disorders. To examine

this hypothesis, we used a fear conditioning paradigm with female faces as conditioned

stimuli (CS) and a 95-dB female scream as unconditioned stimulus (UCS). We aimed to

perform a tDCS of the ventromedial prefrontal cortex (vmPFC), which is mainly involved

in the control of extinction-processes. Therefore, we applied two 4 × 4 cm electrodes

approximately at the EEG-positions F7 and F8 and used a direct current of 1.5mA. The

20-min stimulation was started during a 10-min break between acquisition and extinction

and went on overall extinction-trials. The healthy participants were randomly assigned

in two double-blinded process into two sham stimulation and two verum stimulation

groups with opposite current flow directions. To measure the fear reactions, we used

skin conductance responses (SCR) and subjective ratings. We performed a generalized

estimating equations model for the SCR to assess the impact of tDCS and current flow

direction on extinction processes for all subjects that showed a successful conditioning

(N = 84). The results indicate that tDCS accelerates early extinction processes with a

significantly faster loss of CS+/CS– discrimination. The discrimination loss was driven

by a significant decrease in reaction toward the CS+ as well as an increase in reaction

toward the CS– in the tDCS verum groups, whereas the sham groups showed no

significant reaction changes during this period. Therefore, we assume that tDCS of the

vmPFC can be used to enhance early extinction processes successfully. But before it

should be tested in a clinical context further investigation is needed to assess the reason

for the reaction increase on CS–. If this negative side effect can be avoided, tDCS may

be a tool to improve exposure-based anxiety therapies.

Keywords: fear conditioning, brain stimulation, tDCS, skin conduction response, ventromedial prefrontal cortex
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INTRODUCTION

Posttraumatic stress disorder (PTSD; DSM-V 309.81) and
anxiety disorders (DSM-V 300.xx) have a high 12-month-
prevalence of 16% (PTSD 2%, anxiety disorder 14%) in
Europe and belong thereby to the most common psychiatric
diseases (Wittchen et al., 2011). Cognitive behavioral therapy
with exposure elements is, amongst others, the recommended
treatment form for PTSD and many entities of anxiety
disorders, namely specific phobia (DSM-V 300.29), social anxiety
disorder (DSM-V 300.23), generalized anxiety disorder (DSM-
V 300.xx), panic disorder (DSM-V 300.01), and agoraphobia
(DSM-V 300.22; Rauch et al., 2012; Bandelow et al., 2014).
The development of this therapy is based on an explanatory
cognitive and learning model of anxiety. Such models assume
that processes of classical conditioning result in the development
of anxiety. Classical fear conditioning is an associative learning
process, which links harmless stimuli with fearful experiences.
Anxiety toward these former harmless stimuli is then preserved
by processes of operant conditioning, which lead to avoidance
behavior. This avoidance behavior prevents the ability for other
associations to be made, leaving the fear intact (Mowrer, 1956).
Therefore, new neutral experiences with the former harmless
stimuli lead to a reduction of the fearful association (Myers and
Davis, 2002). According to classical conditioning, this process
is called extinction learning. As extinction learning can lower
anxiety through the diminishing of fearful associations it was
used as a basis for the development of exposure therapies for
anxiety disorders (McNally, 2007). Hence, finding a method
that improves extinction processes is a good starting point
to discover a targeted modulation procedure for enhancing
exposure therapies. One option could be the use of non-invasive
brain-stimulation techniques (Bajbouj and Padberg, 2014; Marin
et al., 2014).

Non-invasive brain-stimulation works through changing the
activity of several brain areas by application of magnetic fields
or currents with devices that are placed on the exterior of
the head. Thereby non-invasive brain-stimulation can support
the effect of psychotherapy (Bajbouj and Padberg, 2014) as
psychotherapy also changes several neuronal structures and
their activity like Beauregard (2014) has proven for anxiety
disorders. One non-invasive stimulation technique, that is
already recommended for the treatment of unipolar depression
in Germany, is repetitive transcranial magnetic stimulation
(rTMS; DGPPN, November 2015)1. Besides depression, recent
studies showed that rTMS could successfully improve extinction
processes and lower anxiety as well. Guhn et al. (2014)
stimulated the ventromedial prefrontal cortex (vmPFC) with
rTMS prior to extinction learning and could achieve a successful
improvement of early extinction learning and extinction
recall. Further investigation revealed the effects of Guhn’s
stimulation protocol for the improvement of exposure therapy

1DGPPN, B., KBV, AWMF, AkdÄ, BPtK, BApK, DAGSHG, DEGAM, DGPM,

DGPs, DGRW (Hrsg.) für die Leitliniengruppe Unipolare Depression (November

2015). “S3-Leitlinie/Nationale VersorgungsLeitlinie Unipolare Depression -

Langfassung, 2. Auflage, Version 1.”).

of acrophobic patients (Herrmann et al., 2017). Raij et al.
(2017) tried a temporally specific rTMS of the prefrontal
cortex according to a prior study, which showed, that
stimulation of the infralimbic cortex of rats—the equivalent
to the human vmPFC—only improves extinction when it is
applied 100ms after the stimulus onset (Milad et al., 2004).
Raij et al. (2017) used an incomplete extinction paradigm
with just four trials and could achieve an improvement of
extinction recall on the next day. They made no measurements
during extinction learning, thus, rTMS could have affected
extinction recall or the four trials of early extinction learning
equally.

Transcranial direct current stimulation (tDCS), which we
used in this study, is another important non-invasive brain
stimulation technique that receives increasing attention in
psychiatric research. In comparison to rTMS, tDCS is more
pleasant, has less aversive side effects and its application is
easier and cheaper (Poreisz et al., 2007). tDCS is applied using
two electrodes placed around the stimulation area on the scalp.
The current flows from anode to cathode and passes through
all brain areas that are located between the electrodes, thus,
the focal specification is not very high. Overall, a subthreshold
activation of brain areas near the anode and a deactivation
near the cathode is generated (Nitsche and Paulus, 2000). To
be more precise the orientation of the cell axes in relation to
the current flow is important for the outcoming activation. Cell
parts nearer the anode become hyperpolarized, those nearer
the cathode depolarized (Bikson et al., 2004). A successful
increase in brain activation can usually be obtained with a
somatic depolarization and a terminal hyperpolarization. So,
pyramidal cells in cortical regions that lie parallel to the scalp
near the anode get thereby activated by these so-called radial
current proportions (Rahman et al., 2013). On the contrary,
tangential current proportions, that flow parallel and not vertical
to the cortical surface, do not activate entire cortical areas,
but rather several corticocortical afferent nerve pathways or
single axon terminals (Rahman et al., 2013). Especially the
effect of tangential current flow proportions cannot be predicted
precisely. The angle in which the current meets the cortex and
individual anatomical factors such as cortical folding must be
considered as well (Bikson et al., 2013). Additionally, there are
activity- and input-selective mechanisms (Bikson et al., 2013).
So, the task, which is done during stimulation, influences the
brain activity, too (Reato et al., 2010). Further, tDCS improves
the processing of some contents but this goes usually at the
expense of other contents, whose reception decreases parallelly
(Bikson et al., 2004). In addition to the direct activation of
several brain areas, tDCS seems to modulate the dopamine
secretion (Tanaka et al., 2013; Broeder et al., 2015; Agarwal et al.,
2016).

Even though the focal specification of tDCS is rather low,
a specific electrode placement can get several brain areas into
the focus of stimulation. So, the underlying neuronal processes
that are associated with a specific psychiatric disease determine
a therapeutic reasonable stimulation aim in the brain and lead
thereby the decision for the electrode positions. Hence, for the
alleviation of anxiety disorders, adequate stimulation aims can be
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derived from the underlying neuronal mechanism of exposure
therapies, which is extinction learning. One important brain
area for extinction processes is the vmPFC. Results of functional
resonance imaging (fMRI) proved a heightened activation of
the vmPFC during extinction learning (Gottfried and Dolan,
2004) and a decrease in vmPFC depression during progressive
extinction learning as well as a correlation of vmPFC activation
and extinction retention (Phelps et al., 2004). Consistent
with these findings the vmPFC activity increased during
late extinction learning in near-infrared spectroscopy (NIRS;
Guhn et al., 2012). Furthermore, lesions or pharmacological
deactivation of this brain area led to an impairment of
extinction consolidation and recall in rats (Quirk et al., 2000;
Morgan et al., 2003; Sierra-Mercado et al., 2006). Apart from
the vmPFC, the amygdala plays a vital role according to
extinction processes (Knight et al., 2004; Sotres-Bayon et al.,
2007; Herry et al., 2008). Herry et al. (2008) found special
extinction neurons in the amygdala that were activated during
extinction learning. To close the circle, these neurons showed
also strong bidirectional connections with the vmPFC. Based
on these data we aimed—like many other researchers, who
tried to modulate extinction processes via brain stimulation—
to activate the vmPFC (Guhn et al., 2014; Abend et al.,
2016; Van’t Wout et al., 2016, 2017; Raij et al., 2017). On
the neurobiological level, especially the neurotransmission of
dopamine seems to be a crucial factor for functioning extinction
(Hikind and Maroun, 2008; Raczka et al., 2011; Abraham et al.,
2016).

About the effects of tDCS on extinction mainly two
researchers, R. Abend and M. van’t Wout, have published so
far, though none of their studies could substantially improve
extinction processes. Abend et al. (2016), who placed the anode
on the forehead and the cathode on the back of the head
and stimulated parallel to extinction learning, did a 3-day fear
conditioning paradigm with extinction learning and recall on
different days. They found no improvement of extinction but
anxiety generalization effects with increased reactions on CS–
in their tDCS condition and a fear potentiation toward the
CS+ in their alternating current condition. As probable causes
for these effects the authors considered on the one hand the
unintentional stimulation of dorsomedial brain areas and on
the other hand that the stimulation was not temporally specific,
which seemed to be important inMilad et al. (2004) as mentioned
above. Van’t Wout published twice exploring a cross-over-design
with the anode on the left forehead on EEG-Position AF3 and
the cathode on the contralateral mastoid. She used a 2-day
paradigm with conditioning and extinction learning on the first
and extinction recall on the second day. In 2016 she found a slight
improvement of late extinction learning in healthy participants
when the stimulation took place during early extinction learning,
but this effect could not be distinguished from anxiolytic tDCS-
aftereffects with certainty (Van’t Wout et al., 2016). In 2017 she
stimulated PTSD patients during or after extinction learning and
found only a trend-significant improvement of extinction recall
in the after extinction learning condition (Van’t Wout et al.,
2017). Both authors aimed to stimulate the vmPFC but used
different electrode positions to do so. As mentioned above the

angle in which the current meets the cortical surface affects the
stimulation effects, too. On the one hand this could be a reason
for their distinct results, but on the other hand, it leaves hope that
the investigation of further electrode positions could finally lead
to a successful improvement of extinction processes. Therefore,
we want to go on finding a tDCS-protocol that can substantially
improve extinction processes by increasing the activation of the
vmPFC.

Furthermore, we wanted to assess the effect of the current
flow direction. Opposite current flow directions in a bitemporal
electrode placement do not determinedly lead to opposite tDCS
effects. The outcome can rather be distinct because of the
complex tDCS mechanisms, which include e.g., parameters of
cortical folding and changes in the dopamine secretion as already
said. Additionally, lateral cortical areas get affected by right or
left anodal tDCS in diverse ways, whereas our actual stimulation
aim, the vmPFC, was equidistantly located between anode and
cathode. Thus, we expected that both current flow directions
would lead to similar activation patterns in the vmPFC region
but have different effects on other prefrontal cortical areas, which
may affect our outcome measures. According to the functional
diversity of the two hemispheres, both current flow direction can
have advantages and disadvantages. The right lateral prefrontal
cortex seems to be important for emotional regulation processes
(Klumpers et al., 2010; Herrmann et al., 2016a). Therefore, right
anodal stimulation, which rather activates the right hemisphere,
could lead to stronger extinction learning. But on the other hand,
patients with anxiety disorders show a decreased left cortical
activation (Thibodeau et al., 2006), thus, it is conceivable that the
increase of left cortical activity by left anodal tDCS might reduce
anxiety and improve extinction learning as well. Investigating
the effects of the current flow direction in this context seemed
to be very interesting but difficult to predict at the same time.
Therefore, we could not make any certain predictions about its
effect in advance, but we expected that right and left anodal
stimulation would not result in similar effects.

As the main effect of our tDCS-protocol we expected—
according to the successful improvement of early extinction
learning by rTMS by Guhn et al. (2014)—an improvement in
extinction learning most notably in early extinction processes. To
avoid anxiety generalization effects, as in Abend et al. (2016), we
chose a bitemporal electrode positioning which ensured a recess
of fear-generating dorsomedial brain areas.

MATERIALS AND METHODS

Participants
One hundred and thirty one healthy participants were recruited
through online displays and randomly and double-blinded
assigned into four groups: two real-stimulation groups with right
vs. left anodal stimulation and two sham-stimulation groups.
Blinding worked through a random assignment of codes to
each participant via code lists, which were separated by sex and
current flow direction. The investigator keyed in these codes into
the stimulation device, which then decided if the participants
received sham- or real-stimulation. Therefore, it was necessary to
collect data from two separate sham groups (right or left anodal)
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to uphold the blinding of the investigator until the end of data
collection.

All subjects gave self-disclosure about the main inclusion
criteria, which were no psychiatric or neurological diseases
(especially no epilepsy or elevated brain pressure) now or earlier,
no current heart disease or hearing loss, age between 18 and
35 years, right-handedness, no metal or cochlear head-implants
and no recent consumption of psychotropic drugs. To control
hormonal levels, an additional inclusion criterion for women was
being in the intake-phase of hormonal contraceptives (cf. Guhn
et al., 2012), whereas pregnancy or current breastfeeding were
exclusion criteria. In total 47 participants were excluded, most
of them (36) because of insufficient fear conditioning. Sufficient
fear conditioning was defined by a higher skin conductance
response (SCR) toward the conditioned stimulus (CS+) that
was paired with the unconditioned stimulus (UCS), compared
to the unpaired conditioned stimulus (CS–) during the last
two acquisition trials. Other reasons for exclusion were high
depression scores (Allgemeine Depressionsskala in Kurzform;
ADS-K; Hautzinger and Bailer, 1993 ADS-K > 16; N = 8),
technical problems (N = 1), early termination at own request
(N = 1), and undetectable SCR response after a deep breath at
the beginning of measurements (N = 1). Finally, 84 participants
remained for the analysis. For these remaining subjects, no
significant group differences for age, gender, body size (weight,
height, and head size), drug use (caffeine, nicotine, cannabis),
trait-anxiety (state and trait anxiety inventory, formX2; STAI-X2;
Laux et al., 1981), anxiety sensitivity (anxiety sensitivity index 3;
ASI-3; Taylor et al., 2007), depression (ADS-K), and negative and
positive affect (positive and negative affect scale; PANAS;Watson
et al., 1988) could be found in statistical group comparisons with
generalized estimating equation models (GEEs) (see Table 1).
After participants were given a complete description of the study
and its procedures, written informed consent was obtained in
accordance with the Declaration of Helsinki in its latest version.
All procedures were approved by the ethics committee of the
medical faculty of the University of Würzburg. All subjects
participated voluntary and received an expense allowance of 15
euros.

Stimulation
tDCS was applied by a battery powered stimulator (Eldith
DC-Stimulator, NeuroConn, Ilmenau, Germany) using two
approximately 4 × 4 cm rubber electrodes coated with electrode
gel (TEN20 conductive neurodiagnostic electrode paste). The
stimulation started during a 10-min break between acquisition
and extinction and went on until the end of extinction. The
real-stimulation protocol had a duration of 1,200 s on a constant
level of 1.5mA and a fade-in and fade-out phase of 10 s each
during which the current was slowly turned on in the beginning
and off in the end. The sham-stimulation protocol had the same
fade-in and fade-out phases, but the constant current phase
was shortened to 40 s. The electrode positions were selected by
the support of the computer program HD explore by Soterix
Medical 3.2 (Kempe et al., 2014), which simulates the brain
activation of different stimulation protocols. Our aim was to
achieve an intense stimulation of the vmPFC, whereas fear

generating dorsomedial brain areas like the dorsal anterior
cingulate cortex should be spared out. We chose the positions
M20, M21, I20, I21, J13, and J14 for the left and M9, M10, I9,
I10, J6, and J7 for the right electrode pad in the 332+4 electrodes
model of the HD explore software (see Figure 1). To simplify
the electrode application, we calculated the distance of these
electrode positions from easily measurable points of the EEG-
10-20-system for each participant’s head circumference. The final
positions were slightly below the EEG-10-20 positions F7 and F8.

The two experimental groups were treated with the same
electrode positions but opposite current flow directions. Figure 1
shows the HD explore modeling only for the left anodal
stimulation because the activity in the vmPFC, our main
stimulation aim, looked similar in modeling for right or left
anodal current flow. As mentioned in the introduction, the
background of the current flow direction effects is complex and
escapes thereby activity modeling.

Fear Conditioning
Stimuli
According to Lau et al. (2008), two neutral looking female phases
of the NimStim Face Stimulus Set (03F_NE_C and 10F_NE_C;
Tottenham et al., 2009) were used as CS. One of these faces
was randomly selected as a CS+ and followed by the UCS in
the acquisition phase, the other one functioned as a CS– and
was never paired with the UCS. As UCS a 95-dB loud female
scream simultaneously presented with a fearful expression of
the CS+ face was used (sound: FemScream2, no. 276 of the
International Affective Digitized Sounds; Bradley and Lang, 1999;
pictures: 03F_FE_O or 10_FE_O of the NimStim Face Stimulus
Set; Tottenham et al., 2009). The sound was applied via in-
ear-headphones (3M E-A-RTONETM GOLD 3A Insert Earphone
with natus R© neurology attachment; Natus Europe GmbH).

Task
The experiment was designed with Presentation R© software
(version 16.5, Neurobehavioral Systems, Inc., Berkeley, CA, www.
neurobs.com) and consisted of a habituation phase, two blocks
of acquisition and two blocks of extinction, that all took place
on the same day (see Figure 2). We separated the extinction
phase into two blocks to differentiate between early and late
extinction learning and to perform a subjective rating about
arousal and valence of both CSs after early extinction learning.
The acquisition was split into similar blocks to ensure a regular
experimental schedule for the subjects. Both CSs were presented
for 6 s in a pseudo-randomized order ensuring a maximum of
2 consecutive presentations of the same stimulus. The intertrial
interval had a randomized duration of 9 to 12 s. Whereas, the
habituation phase consisted of four presentations of each CS,
in every block of the acquisition and extinction phase each CS
was shown six times. During the acquisition phase the CS+ was
followed by the UCS in five of the six trials per block, so the
reinforcement rate was about 80% similar to Abend et al. (2016).
We chose a partial reinforcement as it prolongs the process of
extinction learning compared to a continuous CS-UCS-pairing
(Hilton, 1969; Schurr and Runquist, 1973). Thus, hoping to have
more time to detect effects during extinction learning.
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TABLE 1 | Sample description.

Sham Real

Right anodal (N = 17, 10 ♀) Left anodal (N = 17, 9 ♀) Right anodal (N = 26, 14 ♀) Left anodal (N = 24, 13 ♀)

M SD M SD M SD M SD

Age (years) 24.0 3.9 25.3 4.1 24.4 4.4 23.3 3.6

Height (cm) 171.7 10.2 174.5 9.0 175.7 7.7 171.7 8.8

Weight (kg) 66.2 13.7 67.6 11.2 67.5 10.5 67.3 10.6

BMI (kg/cm2) 22.2 2.9 22.1 2.2 21.8 2.2 22.8 3.0

Head size (cm) 55.8 2.0 55.9 2.0 56.0 1.7 55.9 1.7

EIH 0.8 0.2 0.8 0.2 0.9 0.1 0.8 0.2

ASI-3 18.1 8.8 14.2 11.9 15.6 8.7 18.0 6.7

ADS-K 7.8 4.1 5.2 4.1 6.6 3.5 6.7 4.2

STAI

Trait 33.9 6.3 32.3 6.9 31.7 6.4 32.7 6.7

State t1 41.4 8.1 37.7 7.1 38.5 8.2 39.0 9.9

State t2 33.8 4.5 33.7 6.1 35.0 5.5 31.1 5.7

PANAS

PA baseline 35.2 6.0 35.8 5.7 36.8 5.5 37.3 5.7

PA t1 26.9 4.7 28.2 5.8 28.7 7.3 29.6 5.7

PA t2 27.6 6.3 29.3 5.7 27.5 5.5 30.4 6.3

NA baseline 17.9 5.1 16.4 5.0 16.6 4.2 16.0 3.9

NA t1 15.1 4.4 14.0 5.8 14.5 3.9 14.3 4.0

NA t2 11.1 1.5 11.6 3.5 11.8 3.5 10.7 1.0

Displayed are means and standard deviations of sample characteristics and questionnaire scores for sham and real stimulation groups separated for the current flow direction. M, mean;

SD, standard deviation; EIH, Edinburgh Inventory of Handedness; ASI-3, Anxiety Sensitivity Index 3; ADS-K, depression score; STAI, State Trait Anxiety Inventory with trait-scale and

state-scale after acquisition (t1) and after extinction (t2); PANAS, Positive and Negative Affect Schedule with baseline over the last 12 months and actual score after acquisition (t1) and

after extinction (t2); PA, positive affect; NA, negative affect.

FIGURE 1 | Electrode position selection. The current intensity modeling with HD Explore by Soterix Medical led to the selection of electrode positions near

EEG-positions F7 and F8. The figure on the left side shows the modeling for left anodal current flow, the picture on the right shows the actual electrode placement on

a participant for right anodal current flow.
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FIGURE 2 | Fear conditioning paradigm.

Measurements
Questionnaires
To assess the baseline criteria, we measured handedness
(Edinburgh inventory of handedness; EIH; Oldfield, 1971),
depression (ADS-K), trait anxiety, anxiety sensitivity, and
positive and negative affect during the last 12 months and asked
for sociodemographic data before the experiment started (for
a specification of these questionnaires see section Participants).
Additionally, we wanted to assess the change of state anxiety
and affect in the course of extinction and questioned them after
acquisition and extinction using the STAI-X1 (state and trait
anxiety inventory, form X1; Laux et al., 1981) and PANAS forms.

Subjective Ratings
Arousal, valence, and CS-UCS-contingency were repeatedly
rated during the experiment for both CSs. The ratings for
arousal and valence were performed on a 9-step visual
analog Likert-scale (arousal: from very calm to very exciting,
valence: from very pleasant to very unpleasant) after each
experimental block. Because extinction learning should not be
influenced by artificially induced contingency-attention within
extinction processes, the ratings for the CS-UCS-contingency
took place after every block except the first extinction block.
The contingency was rated on an 11-step visual analog
Likert-scale, that ranged from 0 to 100%. Participants were
asked how likely they would expect a sound after the CS-
pictures.

SCR
SCR was recorded with two 5mm Ag/AgCl surface electrodes
placed on thenar and hypothenar of the left hand. The electrodes
were connected to an amplifier and recorded via BrainVision
Recorder (version 1.20.0701, Brain Products GmbH) inDCmode

at a sampling rate of 500Hz, a range of ± 5,000mV, and a high

cutoff filter of 1,000Hz. A gradient of 25 mv/µS was used.

SCR analysis was performed with the program PsPM 3.1.1
(http://pspm.sourceforge.net/) using its general linear model
(GLM) for SCR, which was designed for evoked responses, but
is appropriate for event-related SCR with short inter stimuli
intervals as well (Bach et al., 2009). The GLM has a high
predictive validity for trial-by-trial analysis of SCR data (Bach
et al., 2013) and a higher predictive validity than other SCR-
analysis methods like the continuous decomposition analysis
by Ledalab or conventional peak-scoring (Bach, 2014; Staib
et al., 2015). PsPM uses a linear model based approach like
fMRI models and calculates beta-estimates for the sympathetic
arousal of different experimental conditions, which are defined
as regressors. We used one regressor for all UCSs together
and built single regressors for each following pair of CS+ or
CS– trials, thus, e.g., SCR data for the first and the second
CS+, which were presented during extinction learning, built
together one regressor. The summation of two following trials
to one regressor heightened the predictive validity of our
model, which is claimed to be lower for single trials (Bach
et al., 2013). For the model calculations, we chose PsPM’s skin
conductance response function (“number 1”), which includes
the SCR and its temporal invariants. As PsPM filters data
during its processing, we decided to keep the default filter
settings (downsampling to 10Hz, unidirectional first order
Butterworth high and low pass filter on a cut-off-frequency
of 0.05 and 5Hz). After model calculation, the statistics of all
regressors were exported for statistical analyses. Because SCR
data usually show large individual differences, a standardization
is useful for the performance of interindividual comparisons
(Boucsein et al., 2012). We z-normalized our data as z-
standardization seems to be more advantageous in comparison
to other standardization methods for SCR data (Ben-Shakhar,
1985).
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Procedure
After completion of written informed consent, the participants
filled out questionnaires for baseline measurements and the
electrodes for tDCS and SCR were applied. The experiment took
place in a darkened and soundproof investigation chamber, in
which the subjects were placed alone. As a task description,
participants were told that photographs and sounds would be
presented and that they had to rate valence and arousal of
the presented pictures. After the acquisition, the investigator
entered the chamber to start the tDCS. The extinction phase
began automatically 10min after stimulation onset. In the end,
the participants received their allowance expense and were
discharged.

Statistical Analysis
For statistical analysis of SCR data, GEEs were performed
with SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for
Windows, Version 24.0. Armonk, NY: IBM Corp). GEEs are
particularly recommended for analyses with correlated residuals
and thus appropriate for longitudinal analyses with repeated
measures (Liang and Zeger, 1986). We wanted to compare our
two experimental groups with each other and with our control
subjects in one statistical model, thus, we chose a two-factorial
between-subject design and used two experimental and two sham
groups. Stimulus (CS+ vs. CS–) and time (different factor steps
for each model) were used as repeated within-subject factors
and current flow direction (right vs. left anodal) and stimulation
group (sham- vs. real-stimulation) as between-subject factors. To
assess conditioning, the factor time consisted of two steps, one for
the last two habituation trials and one for the last two acquisition
trials. For analysis of early extinction processes, an initial model
with the above-listed factors was done. The factor time included
the last two acquisition trials as intercept and all regressors of
the first extinction block (trial 1+2, 3+4, 5+6) as comparative
values were created. To examine more precisely when the effect
took place, further GEEs the same factors were built. These
compared the regressor of the last two acquisition trials to every
early extinction regressor in single models. We started with the
first two extinction trials and moved on with the following trial-
pairs in chronological order. After our adoption that tDCS will
influence most notably early extinction learning, we stopped the
model calculation as soon as one of the models did not show
a significant stimulation effect anymore. Our hypotheses were
limited to early extinction learning but because data for late
extinction learning had been collected, we explored these late
extinction trials, too. This explorative analysis was performed
analogically to the analysis of early extinction processes, but with
the last regressor of the first extinction block as intercept and
all regressors from the second extinction block (trial 7+8, 9+10,
11+12) as comparative values.

Subjective ratings, state anxiety and affect were analyzed
using GEEs again with stimulus (CS+ vs. CS–) and time
(different factor steps for each model) as repeated within-
subject factors and current flow direction (right vs. left anodal)
and stimulation group (sham- vs. real-stimulation) as between-
subject factors. To assess conditioning and CS-US-contingency
awareness, the valence-, arousal-, and CS-UCS-contingency

ratings after habituation and after the second acquisition block
were compared. Analysis of early extinction processes was done
by comparing the rating after the second acquisition block
with the rating after the first extinction block. This was only
possible for valence and arousal because CS-UCS-contingency.
State anxiety and affect were only questioned after the acquisition
and the second extinction block, so we could only analyze the
reaction changes over the whole extinction course. Similar to
the SCR analysis, we again did an explorative analysis of late
extinction processes for valence and arousal ratings by comparing
the ratings after the first and second extinction block in further
GEEs as well.

Significant effects were defined with α ≤ 0.05, all tests were
two-sided. The post-hoc analysis of significant GEEs outcomes
was done with t-tests for independent or paired samples.

RESULTS

Conditioning
Successful conditioning was reflected in a significant time x
stimulus interaction for the last habituation regressor (trial 3+4)
and acquisition regressor [trial 11+12; wald-χ²(1, 336) = 43.60,
p< 0.001]. For the between subject factors stimulation group and
current flow direction no significant main effects or interactions
could be found, suggesting that conditioning processes ran
equal in all groups. Post-hoc paired-sample t-tests revealed a
significant increase of reaction on CS+ [difference = 0.64,
t(83) = 5.11, p = < 0.001] while the reaction on CS–
decreased [difference = −0.30, t(83) = −3.27, p = 0.002].
The increase of the CS+/CS– discrimination during acquisition
[difference = 0.94, t(83) = 6.43, p < 0.001] led to significant
reaction differences for CS+ andCS– in the end of the acquisition
phase [difference= 0.91, t(83) = 9.18, p < 0.001].

In subjective ratings all evaluation modalities showed
successful conditioning and awareness of the CS-UCS-
contingency with significant time x stimulus interactions
[valence: wald-χ²(1, 336) = 94.24, p < 0.001; arousal:
wald-χ²(1, 336) = 93.88, p < 0.001, contingency: wald-
χ²(1, 336) = 206.48, p < 0.001]. Post-hoc t-tests revealed a valence
decrease and an arousal increase for the CS+ [valence: difference
= −1.70, t(83) = −8.44, p < 0.001; arousal: difference = 2.24,
t(83) = 8.96, p < 0.001] and opposite rating changes for the
CS– [valence: difference = 1.06, t(83) = 6.15, p < 0.001; arousal:
difference = −0.86 t(83) = −4.09, p < 0.001]. Therefore, for
valence and arousal a crucial increase of discrimination learning
took place during acquisition [valence: difference = 2.76, t(83) =
9.67, p< 0.001; arousal: difference= 3.10, t(83) = 9.61, p< 0.001]
and led to a significantly different rating for CS+ and CS– in
the end of the acquisition phase [valence: difference = 2.63,
t(83) = 9.91, p = 0.002; arousal: difference = 3.05, t(83) = 11.72,
p < 0.001]. Further, participants became aware of the CS–UCS-
contingency during acquisition with an increase of CS+ rating
from 39.05 to 78.69% [t(83) = 12.67, p < 0.001] and a decrease
of CS– rating from 38.21 to 18.21% [t(83) = −6.62, p < 0.001].
There were no group differences for valence and contingency
ratings, only for arousal ratings a significant main factor for
the current flow direction appeared [wald-χ²(1, 336) = 4.37,
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p = 0.037]. The following data inspection revealed that both
right anodal stimulated groups rated CS+ and CS– in average
0.5 points more arousing than the other groups.

Extinction
The GEE for the whole early extinction (see Figure 3) with the
last acquisition regressor and all regressors of the first extinction
block showed a significant time x stimulus x stimulation group
interaction [wald-χ²(3, 672) = 8.12, p= 0.044] while no effects on
the current flow direction could be found. To narrow down the
exact time point of the effect, the last acquisition regressor was
then compared to each early extinction regressor in single GEEs
starting with the regressor for trials 1+2 and moving on with
the other regressors until the effect remained non-significant.
Here, only the model with the first two extinction trials showed a
significant time x stimulus x stimulation group interaction [wald-
χ²(1, 336) = 6.40, p = 0.011] with again no effects for the current
flow direction.

Post-hoc t-tests then revealed a significantly stronger decrease
of CS+/CS– discrimination in both real-stimulation groups
[difference = −0.82, t(82) = −2.39, p = 0.019], but no
significant group differences for reaction changes on CS+ and
CS– separately. For a more precise background assessment of the
discrimination loss, we performed paired-sample t-tests for the
reaction changes on CS+ and CS– in real- and sham-stimulation
groups individually. Here, the real-stimulation groups showed
a significant decrease of CS+ reaction [difference = −0.47,
t(49) = −2.59, p = 0.013], but also an increase of CS– reaction
[difference = 0.73, t(49) = 3.99, p < 0.001]. Because of these
reaction changes, the CS+/CS– discrimination diminished to
a non-significant level after the first two extinction trials. In
comparison there were no significant reaction changes in both
sham-stimulation groups at all, so sham-stimulated participants
still showed a relevant CS+/CS– discrimination after the first two
extinction trials [difference= 0.40, t(33) = 2.12, p= 0.041]. Thus,
the CS+ reaction loss started earlier in both real-stimulation
groups (see Figure 4).

The explorative analysis of the late extinction processes
showed a significant stimulation group x stimulus x time
interaction for the whole second extinction block [wald-
χ²(3, 672) = 8.58, p = 0.035], which could be narrowed down
temporally between the last regressor of the first and the first
regressor of the second extinction block [wald-χ²(1, 336) = 5.03,
p = 0.025]. Post-hoc t-tests resulted in a short initial increase
of CS– in both real-stimulation groups compared to the sham-
stimulation groups [difference = 0.65, t(82) = 2.59, p = 0.011]
(see Figure 5).

Additionally, we had a significant stimulation group x current
flow direction x time interaction between the last regressor of
the first and the first regressor of the second extinction block
[wald-χ²(1, 336) = 4.16, p= 0.041]. This was caused by a stronger
increase of the averaged reaction over CS+ and CS– for the left
anodal real-stimulation group compared to the right anodal real-
stimulation group [difference = 0.50, t(48) = 2.15, p = 0.037]
and left anodal sham-stimulation group [difference = 0.67,
t(39) = 2.72, p= 0.010] (see Figure 6).

For valence and arousal ratings no significant interactions
for the stimulation group or current flow direction could be

found, but both rating modalities showed significant stimulus x
trials interactions [valence: wald-χ²(1, 336) = 32.78, p ≤ 0.001;
arousal: wald-χ²(1, 336) = 10.71, p = 0.001], which revealed
successful extinction processes in all groups alike. Post-hoc t-
tests showed a significant increase in valence and decrease in
arousal for the CS+ [valence: difference = 1.04, t(83) = 6.86, p
≤ 0.001; arousal: difference = −0.89, t(83) = −4.21, p < 0.001]
and no significant rating changes for the CS–. Although the
discrimination loss for both rating modalities was significant
[valence: difference = −1.26, t(83) = −5.91, p < 0.001; arousal:
difference = 0.96, t(83) = 3.44, p < 0.001], there were still
substantial rating differences after the first extinction block
[valence: difference = 1.37, t(83) = 7.65, p ≤ 0.001; arousal:
difference = −2.08, t(83) = −10.07, p < 0.001]. Neither the
explorative analysis of the second extinction block nor the
analysis of the CS-UCS-contingency for the whole extinction
yielded significant effects for the stimulation group or current
flow direction.

The analysis of the questionnaires (see Table 1) revealed no
positive affect changes, but an equal decrease of negative affect in
all groups during extinction [difference=−3.18, t(82) =−7.88, p
< 0.001]. Furthermore, a significant stimulation group x current
flow direction x time interaction for the state anxiety [wald-
χ²(1, 167) = 8.58, p = 0.003] was found. A following breakdown
of this three-way-interaction into a two-way-interaction for
left and right anodal stimulated subjects separately revealed a
significant stimulation group x time interaction for both current
flow directions [right anodal: wald-χ²(1, 86) = 4.41, p = 0.036;
left anodal: wald-χ²(1, 81) = 4.15, p = 0.042]. Post-hoc paired-
sample t-tests showed a significant decrease of state anxiety
in all 4 groups [right anodal real: difference = −3.58, t(25)
= −3.21, p = 0.004; right anodal sham: difference = −7.65,
t(16) = −4.64, p < 0.001; left anodal real: difference = −7.92,
t(23) = −5.18, p < 0.001; left anodal sham: difference =

−4.38, t(15) = −4.26, p = 0.001]. Further independent-sample
t-tests compared the change of state anxiety from the rating
before to the rating after extinction learning between real- and
sham-stimulated subjects again for both current flow directions
separately. These tests showed a significant lower decrease of
state anxiety in real- compared to sham-stimulated subjects in
the right anodal stimulated group [difference = −4.07, t(41) =
−2.12, p = 0.040]. In contrary, in the left anodal stimulated
group real-stimulated subjects had compared to their sham-
stimulated control group a trend-significant higher decrease
of state anxiety during extinction [difference = 3.54, t(38)
= 1.92, p = 0.062; see Figure 7). Thus, right anodal tDCS
attenuated the reduction of state anxiety during extinction
learning. For an overview about the SCR data of all time
points that were used for statistical analysis see Supplementary
Figure 1.

DISCUSSION

The results of this study indicated a successful improvement
of early extinction learning with a faster loss of CS+/CS–
discrimination and an earlier decrease of reaction on CS+ in both
real-stimulation groups. But a crucial limitation to this result is,
that the faster CS+/CS– discrimination loss is not only driven
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FIGURE 3 | SCR during early extinction. Displayed are z-scored SCR values with their standard errors for early extinction learning separated for sham- and

real-stimulated groups and both current flow directions. A11+12 = acquisition trials 11 and 12, E1+2 = extinction trials 1 and 2, E3+4 = extinction trials 3 and 4,

E5+6 = extinction trials 5 and 6.

FIGURE 4 | Improvement of early extinction learning. Displayed are z-scored SCR values with their standard errors for the last two acquisition (A11+12) and first two

extinction trials (E1+2) for sham- and real-stimulated groups. Both real-stimulation groups showed a significant reaction decrease on CS+ and increase on CS– and a

diminishing of CS+/CS– discrimination, whereas no significant reaction changes occurred in the sham-stimulation groups.

by the reaction loss on CS+ but also by an unexpected initial
increase of reaction on CS–. The additional explorative analysis
of late extinction learning revealed a short initial increase of
CS– reaction again at the beginning of the second extinction

block in both stimulation groups. Contrary to our hypotheses,
we found no differences in the current flow direction during
early extinction learning. Only the explorative analysis of late
extinction showed that the averaged reaction over CS+ and
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FIGURE 5 | Initial CS– increase during late extinction in both real-stimulated groups. Displayed are z-scored SCR values with their standard errors for CS+ and CS–

during the last two trials of the first extinction block (E5+6) and the first two trials of the second extinction block (E7+8). The real-stimulated groups showed a

significantly higher increase of CS– reaction.

CS– had a higher increase between the end of the first and
the beginning of the second extinction block in the left anodal
compared to the right anodal real-stimulation group. Thus,
according to this explorative analysis, right anodal current flow
seemed to be the preferred direction at first glance. But on the
contrary, questionnaires revealed a lower loss of state anxiety
during extinction in exactly this right anodal real-stimulation
group compared to its control group.

Surprisingly, extinction learning took place very fast and the
participants needed only 4 extinction trials for a diminishing of
their conditioned reaction. Thus, we had to correct our definition
of “early extinction,” which was meant to take place during the
whole first extinction block. As a temporal narrowing analysis
was performed, we, however, recognized that our effect took place
during the first half of actual extinction learning. Some other
studies, that used similar conditioning paradigms with neutral
looking faces as CSs and a scream as UCS, showed similarly short
extinction learning phases. E. g. in Abend et al. (2016) CS+/CS–
discrimination diminished during the first 4 and in Guhn et al.
(2014) during the first 6 extinction trials (Guhn et al., 2014;
Abend et al., 2016).

Comparison to Prior Studies
The improvement of early extinction learning in this study
resembles the effects that Guhn et al. (2014) could achieve by
rTMS of the prefrontal cortex prior to extinction learning. Guhn’s
work did indeed lead our decision to expect tDCS effects notably
during early learning processes. Another rTMS study by Raij et al.
(2017) showed again a possible improvement of early extinction
learning, but because of methodological manners, they could
not state with certainty if their effect took place during early
extinction learning or extinction recall.

So far, no study, that tried to modulate extinction via tDCS,
had effects during early extinction learning. We cannot compare

FIGURE 6 | CS+/CS– average SCR values. Displayed are the averaged

z-scored SCR-values over CS+ and CS– during the last two trials of the first

extinction block (E5+6) and the first two trials of the second extinction block

(E7+8) for sham- and real-stimulation groups and both current flow directions

separated. The left anodal real-stimulated group showed a significantly higher

CS+/CS– average increase than the right anodal real-stimulated and left

anodal sham-stimulated groups.

our effects to the extinction recall findings of Van’t Wout
et al. (2017) because we performed no extinction recall testing
in our study. Between our effects and van’t Wout’s study in
2016, that indicated an improvement of late extinction learning,
we do not see any parallels. But like Abend et al. (2016) we
had a reaction increase on CS–. Compared to Abend’s work,
which showed a CS– increase during extinction recall, in our
study short CS– increases at the beginning of every extinction
learning block occurred. Because we did no extinction recall
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FIGURE 7 | State anxiety before and after extinction. Displayed are the scores

of the STAI-X1 questionnaires with their standard errors before and after

extinction separated for both current flow directions and sham- and

real-stimulation. The decrease of state anxiety was in right anodal stimulated

participants significantly lower, in left anodal stimulated participants

trend-significantly higher for real- compared to sham-stimulated subjects.

testing, we cannot make any statements about how the reaction
on CS– could have developed during recall. As mentioned in
the introduction, Abend et al. (2016) saw the unintentional
stimulation of dorsomedial brain areas and their not temporally
specific stimulation protocol as probable reasons for their results.
We tried to prevent a CS– reaction increase by avoiding the
stimulation of fear-generating dorsomedial brain areas, therefore,
this does not seem to have caused the CS– increase. A temporally
specific stimulation, in which the stimulation was started 100ms
after CS onset, could successfully improve extinction in rats
(Milad et al., 2004) and in the rTMS approach of Raij et al.
(2017). tDCS needs a fade-in and fade-out phase during which
the current gets slightly ramped up and down, thus, it is not
possible to perform such an exact timed stimulation protocol
with tDCS. Guhn et al. (2014) did not use a temporally specific
stimulation but could, however, improve extinction learning
without a CS– increase. Therefore, other reasons might have
caused this undesired side effect (see section Initial Reaction
Increase on CS–).

With respect to these prior studies, there is some evidence that
the modulation of extinction processes with brain stimulation
may especially effect early extinction learning. Further, an impact
of tDCS on CS– has occurred twice so far, thus, tDCS seems to
enhance fear reactions on safety cues.

Initial Reaction Increase on CS–
Besides the above-discussed causes for the unexpected short
initial increase of reaction on CS–, another possible explanation

is that our stimulation interfered with the safety information
of the CS–, which is usually acquired during fear conditioning
(Pavlov and Anrep, 1927; Rescorla, 1969). There is further
evidence that supports this hypothesis. Firstly, our tDCS may
have reached the amygdala, which is usually deactivated during
safety learning (Schiller et al., 2008; Pollak et al., 2010). Secondly,
tDCS did not affect the dorsolateral prefrontal cortex, which
happens to be an important control area for safety learning
processes (Pollak et al., 2010). Thus, maybe the stimulation led
to a primary processing of extinction learning at the expense of
safety information processing. This is compliant with the above-
described input selective tDCS effect mechanisms. Thirdly, tDCS
might have increased the dopaminergic secretion, which is
beneficial for extinction learning (see Introduction), but affects
safety learning unfavorably, as safety learning was increased
under the use of dopamine D2 receptor antagonists (Pollak et al.,
2008).

Another possible explanation for the CS- increase is fear
generalization. This assumption was supported by a study of
Kaczkurkin et al. (2017) who examined PTSD patients. PTSD
patients usually generalize fear on an elevated level, thus, they
show heightened fear responses to CS+ and to CS- in fear
conditioning paradigms (Jovanovic et al., 2010; Norrholm et al.,
2011). Kaczkurkin et al. (2017) found a flatter brain activity
gradient between CS+ and CS- presentations in these patients
in several brain areas. Some of these brain areas like the insula,
the hippocampus, and the amygdala were located around the
stimulated area in our study and could thereby be affected by
the current flow as well. Our tDCS ran during CS+ and CS–
presentations equally, thereby it could have led to a reduction
of activity gradients between these two stimuli and to anxiety
generalization processes.

A third explanation for this phenomenon is the fact that
tDCS might have elevated the amount of sustained fear. Several
fMRI studies demonstrated that sustained fear is associated with
increased brain activity in the bed nucleus of the stria terminalis
(BNST) and the insula (Munsterkotter et al., 2015; Herrmann
et al., 2016b; Brinkmann et al., 2017). These brain areas were
located around the area of our current flow as well, therefore,
their affection could have elevated the level of sustained fear
and created the reaction increase on CS–. The higher reaction
increase on averaged CS+ and CS– in the left anodal real-
stimulation group at the beginning of the second extinction
block is compliant with this hypothesis, too. It has already been
proven that right anodal tDCS of the lateral inferior frontal gyrus
enhances emotional regulation processes and decreases anxiety
reactions during sustained fear phases (Herrmann et al., 2016a).
So, in our study, the right anodal stimulation could have led to a
better control of sustained fear and thus countered the reaction
increase.

Effects of the Current Flow Direction
Against our expectations, the current flow direction had
no influence on the tDCS effects during early extinction
learning. Only evidence from late extinction and state anxiety
questionnaires revealed current flow direction effects.
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Left anodal stimulated participants showed a higher initial
increase on averaged CS+/CS– reaction in the second extinction
block, so right anodal seemed to be advantageous at first glance. A
possible explanation for this phenomenon could be that one brain
area, which lies definitively nearer the activating effect of the
anode during right anodal stimulation, namely the right lateral
prefrontal cortex, is especially involved in emotional regulation
processes as already said. Klumpers et al. (2010) revealed that
the activity of the right lateral prefrontal cortex was correlated
with downregulation of anxiety in a sustained fear paradigm. The
activation of the right vmPFC, which is involved in the processing
of negative emotions, was decreased simultaneously. Klumpers
et al. (2010) concluded that the right lateral prefrontal cortex
downregulates the right vmPFC and controls anxiety thereby.
Herrmann et al. (2016a) could use the evidence from Klumpers’s
paper by increasing emotional regulation during a sustained
fear phase through tDCS of the right inferior frontal gyrus.
Thus, right anodal stimulation in our study could have increased
emotional regulation, too.

But right anodal stimulation had some disadvantages as well.
State anxiety decreased significantly less in the right anodal real-
stimulated group and trend-significantly more in the left anodal
real-stimulated group compared to their respective control
groups, indicating that left anodal stimulation was the better
choice. As there is some evidence that the right vmPFC is
highly involved in the processing of negative emotions, one could
imagine that a left-sided vmPFC activation could reduce anxiety
better. In rat studies, a high rate of dopamine turnover, as well as a
lesion of the right vmPFC, led to an increase in anxiety and stress.
This indicates that dopamine reduces the activity of the right
vmPFC and that the activity the right vmPFC increases the stress
level (Thiel and Schwarting, 2001; Sullivan and Gratton, 2002).
Consistent with this data from rats, human patients with right-
sided vmPFC lesions showed in contrast to left lesioned patients,
no anticipatory SCR in the Iowa gambling task, had an abnormal
social behavior and problems with emotional processing (Tranel
et al., 2002). Furthermore, a meta-analysis revealed a decreased
left cortical activation in patients with an anxiety disorder
(Thibodeau et al., 2006).

Therefore, the current flow direction can have different
advantages or disadvantages. The decision which direction
to prefer should be made with regard to the desired effects
of the stimulation. Especially the use of right anodal
tDCS should be taken with caution in anxiety patients
in a clinical context as it seems to lower the loss of state
anxiety compared to sham-stimulation during extinction
learning.

The Mechanism for Extinction

Improvement
We cannot say with certainty which of the above-presented
tDCS effect mechanism was the main reason for the
improvement of extinction learning in our study. The
direct activation of the vmPFC, especially its left side,
is a feasible option, but the elevation of the dopamine
secretion, which is an important neurotransmitter for

extinction processes, is a possible explanation, too.
Furthermore, the activation of corticocortical pathways through
tangential currents and thus an altered communication
between several brain areas is worth considering as
well.

In addition to the enhancement of extinction learning, tDCS
could have elicited a more sensitive reaction to prediction errors
and supported extinction learning thereby, too. The principle
behind the concept of prediction errors is that learning arrives
from the violation of expectations. Referring to extinction
learning, this means that extinction is—at least partially—driven
by the violation of the expectation that the UCS will occur
after the CS+, which is a negative aversive prediction error.
Thus, the main learning through prediction errors takes place
at the beginning of the extinction phase, when the expectancy
of the UCS is still strong (Rescorla and Wagner, 1972; Schultz
and Dickinson, 2000; Niv and Schoenbaum, 2008). On the
neuronal level, especially the transmitter dopamine is suspected
to establish the link between extinction learning and prediction
errors (Raczka et al., 2011; Berg et al., 2014).

There is some evidence which makes an involvement of
enhanced prediction error processing in our study considerable.
Firstly, our effect occurred only during very early extinction
learning and thus during the period, in which the greatest
prediction errors take place. Secondly, there was not only a
very fast reaction loss on CS+ but also on CS– (after its
initial increase). Classical extinction is generally understood
as a relearning process of the CS-UCS-association (Bouton,
2002), thereby, it does not respond to reaction changes on
the CS–, which was never paired with the UCS and thus
acquired no association that could be relearned. However,
through several possible mechanisms declared above, the CS–
acquired a negative connotation in our study and—referring
to prediction errors—this expectation of a negative outcome
was then disappointed during the CS– presentations in the
extinction phase. A feasible background mechanism of the
enhanced prediction error processing in our study is that some
brain areas, namely the vmPFC, middle temporal gyri and left
lateral orbital gyrus, whose activity was also associated with
prediction errors during extinction learning in a fMRI study by
Spoormaker et al. (2011), were located around the current flow
area of our tDCS as well. Thus, a tDCS induced activity increase
in these areas could have mediated the effect on prediction error
processing.

Limitations
This study has some important limitations that require further
research to state the effects of tDCS on extinction processes more
clearly.

A first limitation is the sample size. Overall, we had 84
subjects for our analysis, which seems to be adequate at first
glance, but considering the splitting into 4 groups made it rather
modest. Further, about one-quarter of our participants had to
be excluded due to insufficient conditioning. Exclusion rates
in other studies, which used similar exclusion criteria, varied.
E. g. Asthana et al. (2013) had to exclude only 14% of their
subjects because of insufficient conditioning, whereas it was
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nearly 20% in Phelps et al. (2004) and Van’t Wout et al. (2017).
Lonsdorf et al. (2017) stated in her review that performance-
based exclusion can easily lead to exclusion rates of over 50%.
Additionally, despite blinding around 70% of our participants
were able to evaluate their group assignment right. Poreisz
et al. (2007), who investigatedmethodological manners regarding
tDCS, declared a far lower detection rate with less than 20%. Our
electrodes were applied on the face near the eye, where the skin
is rather sensitive. This could be a reason for our high detection
rate.

Secondly, the main stimulation target of this study, the
vmPFC, plays a key role for extinction learning, consolidation,
and recall (see Background), but it also seems to be important for
the suppression of fear reactions. Several studies indicated that
stimulation of the vmPFC led to a suppression of conditioned
fear expression in rats (Milad and Quirk, 2002; Vidal-Gonzalez
et al., 2006). The background mechanism of these reduced fear
reactions can be explained by an improvement of extinction
learning, but another explanation could be the simple reduction
of fear expressions. Equally, we cannot definitively decide
whether the tDCS in our study improved extinction learning or
just suppressed fear expressions.

Another limitation is that tDCS started directly after the
acquisition phase, so, it took place before the consolidation
process of acquisition learning was completed. Some data
suggest that extinction learning which takes place directly after
conditioning has distinct neuronal mechanisms compared to
extinction learning that is started after the completion of the
consolidation of fear acquisition. For immediate extinction
learning deleting processes seem to play a crucial role, whereas
delayed extinction learning is rather a new associative learning
process (Myers et al., 2006). But some of these data could
not be replicated completely, thus, the data situation regarding
this topic is still inconsistent (Herry et al., 2010; Lueken
and Maslowski, 2012). Nevertheless, to prove the validity of
our effects this study’s tDCS protocol has to be replicated
in a paradigm with fear conditioning and extinction learning
on different days like it was e.g., in Abend et al. (2016)
performed.

A further major limitation is that we did not implement an
extinction recall testing. Thus, we cannot state if our effect is
long-lasting, but the improvement of extinction learning can only
have a positive effect on exposure therapies if the effect maintains
between the therapy sessions. To make any clinical implications a
testing of our tDCS protocol on extinction recall, like e.g., Abend
et al. (2016) and Van’t Wout et al. (2016, 2017), did, is necessary
first.

Additionally, the effects of tDCS on extinction in our study
were rather short and involved only the first two trials. But
relatively speaking, the first two extinction trials represented
the first half of the extinction learning process because after
trial 4 the CS+/CS– discrimination vanished in our sham
groups, too. But to ensure that our tDCS effects are strong
and long-lasting enough to improve extinction learning in
anxiety patients, which is typically a more complicated and
protracted procedure than it is in healthy persons (Robinson
et al., 2012), our stimulation protocol should be tested in

these patients, too. Therefore, a direct testing during exposure
settings would be useful because the long-term profit of
this study was to find a tDCS protocol that can boost
exposure therapy effects. Thus, the transfer of our effects
to exposure therapy needs to be explicitly tested to assess
whether a clinically relevant therapy improvement can be
achieved.

But before this study’s stimulation protocol should be tested
in anxiety patients, further research is still needed. Besides
our positive effects, we had a reaction increase on CS–, which
is a crucial limitation for the results of this study. On the
one hand it was jointly responsible for our main effect, the
stronger CS+/CS– discrimination increase and on the other
hand it could cause negative effects like a sustained fear
increase, disruption of safety learning or anxiety generalization
in patients. Therefore, the reason for the reaction increase on
CS– needs to be explored. Additionally, some of our results
indicate that the reduction of state anxiety during extinction
learning is attenuated by right anodal tDCS. Subsequently,
the tDCS protocol should be modified to prevent negative
consequences for anxiety patients and ensure the safety of the
stimulation.

CONCLUSION

The current study has shown that tDCS with a bitemporal
electrode positioning around the EEG positions F7 and F8
aimed to stimulate the vmPFC can improve extinction learning
through a stronger CS+/CS– discrimination loss and a faster
reaction decrease on CS+. But a crucial negative side effect,
which also drove the CS+/CS– discrimination loss jointly, was
an unexpected initial reaction increase on CS–. Such a reaction
increase on CS– did not only occur in our study, it has already
been observed by Abend et al. (2016). Thus, the background of
this aspect should be investigated further. We assume that the
interference with safety learning, fear generalization effects or
the elevation of sustained fear are feasible reasons. Further, we
discovered that the current flow direction had no effect during
early extinction, but distinct advantages and disadvantages for
the whole course of extinction. Left anodal stimulation led to
a greater loss of subjectively rated state anxiety, whereas right
anodal stimulation seemed to enhance emotional regulation.
The intended stimulation effects and the anxiety extent of the
stimulated population should thereby influence the decision
which current flow direction to prefer.

Overall, the results of this study provide an important basis
for the improvement of exposure therapies with tDCS. But for
convincing remarks on the therapy success, the CS– increase
and the transfer of our effects on anxiety patients in exposure
situations must be explored first.
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Motor control is associated with synchronized oscillatory activity at alpha (8–12 Hz)
and beta (12–30 Hz) frequencies in a cerebello-thalamo-cortical network. Previous
studies demonstrated that transcranial alternating current stimulation (tACS) is capable
of entraining ongoing oscillatory activity while also modulating motor control. However,
the modulatory effects of tACS on both motor control and its underlying electro- and
neurophysiological mechanisms remain ambiguous. Thus, the purpose of this study
was to contribute to gathering neurophysiological knowledge regarding tACS effects
by investigating the after-effects of 10 Hz tACS and 20 Hz tACS at parietal brain
areas on bimanual coordination and its concurrent oscillatory and hemodynamic activity.
Twenty-four right-handed healthy volunteers (12 females) aged between 18 and 30
(M = 22.35 ± 3.62) participated in the study and performed a coordination task
requiring bimanual movements. Concurrent to bimanual motor training, participants
received either 10 Hz tACS, 20 Hz tACS or a sham stimulation over the parietal
cortex (at P3/P4 electrode positions) for 20 min via small gel electrodes (3,14 cm2

Ag/AgCl, amperage = 1 mA). Before and three time-points after tACS (immediately,
30 min and 1 day), bimanual coordination performance was assessed. Oscillatory
activities were measured by electroencephalography (EEG) and hemodynamic changes
were examined using functional near-infrared spectroscopy (fNIRS). Improvements
of bimanual coordination performance were not differently between groups, thus,
no tACS-specific effect on bimanual coordination performance emerged. However,
physiological measures during the task revealed significant increases in parietal alpha
activity immediately following 10 Hz tACS and 20 Hz tACS which were accompanied
by significant decreases of Hboxy concentration in the right hemispheric motor cortex
compared to the sham group. Based on the physiological responses, we conclude that
tACS applied at parietal brain areas provoked electrophysiological and hemodynamic
changes at brain regions of the motor network which are relevant for bimanual
motor behavior. The existence of neurophysiological alterations immediately following
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tACS, especially in the absence of behavioral effects, are elementary for a profound
understanding of the mechanisms underlying tACS. The lack of behavioral modifications
strengthens the need for further research on tACS effects on neurophysiology and
behavior using combined electrophysiological and neuroimaging methods.

Keywords: high-definition tACS, after-effects, alpha oscillations, beta oscillations, Hboxy, bimanual movements

INTRODUCTION

Neurons in the human brain are interconnected and form
functionally specialized networks. It is the temporally precise
coordinated communication between and within these networks
that enables the brain’s complex processing capabilities
(Schnitzler and Gross, 2005; Sauseng and Klimesch, 2008; Wach
et al., 2013). It is thought that synchronous oscillatory activity
represents the basic mechanism for functional communication
(Wach et al., 2013; Pollok et al., 2015). The communication
underlying motor control is represented in a dynamically
functional interaction in a cerebello-thalamo-cortical network
with synchronized brain oscillations in the alpha (8–12 Hz) and
beta (13–30 Hz) range (Davis et al., 2012; Wach et al., 2013).
In complex movements such as bimanual coordination, the
oscillatory activity at 20 Hz dominates within and between the
left and right hemispheric motor networks (Serrien et al., 2003;
Rjosk et al., 2016). Swinnen and Wenderoth (2004) revealed
that the respective network formation is dependent on the way
in which the movements are internally generated or externally
(visually) driven. If movements are internally generated, a basal
ganglia-supplementary motor area circuit dominates, and a
parietal-premotor pathway exerts control when movements
are externally driven (Swinnen and Wenderoth, 2004). In
the latter case, the posterior parietal cortex (PPC) integrates
multi-sensory signals and is responsible for the spatial-temporal
coordination of visually controlled movements. The premotor
cortex (PMC) prepares and plans movements, whereas, the
primary motor cortex (M1) controls the execution and is
relevant for motor consolidation. If a given planned movement
differs from the executed movements, the cerebellum and the
PPC generate error signals to regulate movement impulses
(Della-Maggiore et al., 2004). The corpus callosum plays a pivotal
role in interhemispheric interaction in bimanually coordinated
movements. By connecting the left and right hemispheres it
enables the transfer of information and the maintenance of
independent processing of one hemisphere (Takeuchi et al.,
2012). The electro- and neurophysiological mechanisms
underlying bimanual coordination are still controversially
debated and far from being fully understood. Evidence
exists supporting the functional role of interhemispheric
synchronization in the organization of bimanual movements
since bimanual movement disorders are accompanied by
pathological oscillatory activity, reduced functional coupling
of primary sensorimotor regions (Serrien and Brown, 2002)
and altered interregional brain synchronization in patients
suffering from neurological diseases (Stam et al., 2003; Schnitzler
and Gross, 2005; Uhlhaas and Singer, 2006). Nevertheless,
unambiguous evidence is missing, thereby preventing the

suggestion that altered oscillatory activity is associated with
movement disorders. One possibility to investigate the causality
between brain oscillations and behavior is the modulation
of oscillatory activity in a frequency-specific manner with
transcranial alternating current stimulation (tACS) (Zaehle et al.,
2010; Polanía et al., 2012). By applying a weak current in the
form of sinusoidal waves, tACS is a promising tool to investigate
causal relationships between synchronized oscillations, brain
activity and cognitive/motor functions.

Numerous studies investigated the after-effects of tACS on
perception (Strüber et al., 2014), cognitive functions (Vosskuhl
et al., 2015a; Chander et al., 2016; Kasten and Herrmann, 2017),
multitasking (Hsu et al., 2017) or motor control and learning
(Pogosyan et al., 2009; Pollok et al., 2015; Cappon et al., 2016;
Krause et al., 2016; Leunissen et al., 2017). Regarding tACS effects
on motor learning, studies demonstrated heterogeneous results
because of different system parameters, various motor tasks
and high variabilities in tACS responders and non-responders.
Whereas improvements in motor learning were demonstrated at
10 Hz tACS (Antal et al., 2008) and 20 Hz tACS (Krause et al.,
2016), Pogosyan et al. (2009) reported that 20 Hz tACS slows
voluntary movements during a bimanual tracking task (Pogosyan
et al., 2009). Investigating tACS effects on interhemispheric
interaction, Heise et al. (2017) applied a bilateral tACS montage
on the motor cortex concurrently to a bimanual coordination
task. While beta synchronization reduced bimanual coordination
performance, alpha synchronization promotion was associated
with behavioral improvements (Heise et al., 2017).

Concurrent to behavioral studies, additional and important
physiological investigations rely mostly on resting-state
measurements after tACS (Kasten and Herrmann, 2017).
Zaehle et al. (2010) elevated EEG alpha power with tACS at
the individual alpha frequency (IAF) and reported a direct
electrophysiological evidence for the feasibility of tACS to
modulate ongoing oscillatory activity in the human cortex
(Zaehle et al., 2010). Others observed enhanced alpha power
after 20 min of tACS at the IAF which lasted 90 min (Kasten
et al., 2016). The difference between the stimulation group and
the sham group was found to be diminished after 70 min due to
a natural alpha increase of the sham group (Kasten et al., 2016)
indicating that alpha-tACS can enhance the amplitude of the IAF.
However, it remains unclear, which physiological mechanisms
underlying tACS are responsible for the after-effects, how long
potential after-effects may last and whether the effects can be
elicited only during rest or also during complex motor behavior.

One approach explaining the mechanisms of tACS is that
stimulation impacts intrinsic oscillatory brain activity through
entrainment. Entraining a brain oscillation implies that phase
and frequency of brain oscillations are modulated to follow
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the external stimulation (Antal and Paulus, 2013; Herrmann
et al., 2013; Helfrich et al., 2014; Vosskuhl et al., 2015b;
Ruhnau et al., 2016). Whether a neural oscillator follows the
external induced tACS frequency depends on the frequency
range around its intrinsic frequency. The closer the intrinsic
frequency range of the neural oscillator is to the applied tACS
frequency or the higher the intensity of tACS is, then the higher
the probability of entrainment. Additionally, many other ratios
between stimulation frequency and frequency of the neural
oscillator (e.g., 1:2, 1:1, 2:1) are thought to cause an entrainment
(Herrmann and Strüber, 2017). If altered oscillatory brain activity
remains for some time after stimulation, plastic-related changes
evoked through spike-timing dependent plasticity (Feldman,
2012) are believed to be the underlying mechanisms responsible
for the after-effects (Zaehle et al., 2010; Polanía et al., 2012;
Vossen et al., 2015).

However, the exact mechanism of tACS induced after-effects
remains controversial due to varying stimulation parameters
across the studies such as duration, intensity, frequency and
electrode montage and the fragmentary knowledge regarding the
underlying neurophysiological mechanisms of tACS. Therefore,
we argue that combining EEG and fNIRS (Chen et al., 2015) to
examine tACS is essential and fundamental for the understanding
of its effects and clinical implementation as it might allow
a multidimensional perspective on basic neural mechanisms
(Bergmann et al., 2016; Choe et al., 2016).

Several EEG/fMRI studies revealed how the manipulated
oscillatory activity of tACS is represented in the brain’s
metabolism while demonstrating that increased alpha and
beta amplitudes correlate with deactivation in occipital areas
measured by reduced blood oxygenation level dependent (BOLD)
contrasts (Cabral-Calderin et al., 2016; Williams et al., 2017).
Moreover, Vosskuhl et al. (2016) confirmed that entrainment
of EEG alpha oscillations by tACS at the IAF reduces the
BOLD response to visual stimuli (Vosskuhl et al., 2016).
Cabral-Calderin et al. (2016) observed the strongest effects on
BOLD activity following alpha/beta-tACS, but also specified
that tACS affects the BOLD signal in a frequency and task-
dependent manner. Furthermore, they emphasize that the
strongest effects of tACS might exist in regions not necessarily
situated below the stimulation electrodes (Cabral-Calderin et al.,
2016). In two further neuroimaging studies, an application with
fNIRS and transcranial direct stimulation (tDCS) was used
(McKendrick et al., 2015; Muthalib et al., 2017), but to our
knowledge, combined electro-/neurophysiological investigations
of transcranial electrical stimulation (tES) during complex motor
behaviors are rare. Only one approach applied simultaneously
EEG and fNIRS to a complex bimanual motor task after
tDCS (Choe et al., 2016). To investigate the modulatory effects
of tDCS on neural functions and bimanual motor learning,
32 participants received either sham or anodal tDCS to the
dorsolateral prefrontal cortex (DLPFC) or the left motor cortex
(M1) during pilot training in four consecutive daily sessions.
Results from days 1 to 4 demonstrated for M1 stimulated
subjects that increased parietal alpha power correlated strongly
with reduced fNIRS beta-values in M1 channels (Choe et al.,
2016). A simultaneous EEG/fNIRS measure of tACS effects on

complex motor performance was not carried out prior to this
experimentation even though simultaneous recordings of EEG
and neuroimaging that directly reflect the tACS effects are the
keys for a better understanding of how tACS impacts brain
activity (Herrmann and Strüber, 2017).

To summarize, previous studies investigated the effects of
tACS on motor processes and brain oscillations. However,
the functional role of synchronized oscillatory activity in
interhemispheric communication during bimanual coordination,
their modulation by tACS and the underlying neurophysiological
mechanisms remain ambiguous. Therefore, further research
concerning the mechanisms of tACS and its modulatory effect
on complex movements is required giving the fact that such
knowledge is of clinical relevance for the rehabilitation of
bimanual coordination.

Consequently, the central purpose of this study was to
investigate the modulatory effects of parietal 10 Hz tACS
and 20 Hz tACS on brain oscillations, hemodynamic changes
and bimanual coordination using a combined tACS/EEG/fNIRS
approach. Assuming that alpha and beta frequencies represent
different functions and that tACS provides the possibility to
interact with oscillatory activity, we hypothesized that tACS
after-effects vary in a frequency dependent manner. Owing to
previous work, we hypothesized that parietal 10 Hz tACS evoke
synchronized oscillatory activity in the alpha range that lead
to reduced interhemispheric interaction and deterioration in
bimanual coordination performance (Serrien and Brown, 2002)
whereas 20 Hz tACS would promote the natural beta oscillation
of bimanual coordination (Rjosk et al., 2016) that leads to an
enhanced performance.

MATERIALS AND METHODS

The study was performed in accordance with the latest
revision of the Declaration of Helsinki. Experimental procedures
were performed along the recommendations of the Deutsche
Gesellschaft für Psychologie (DGPs) and approved by the local
ethics committee of the Johannes Gutenberg-Universität Mainz.
Participants were informed about all relevant issues of the study
and gave their written informed consent prior to the initiation of
the experiment.

Participants
Twenty-four healthy subjects (12 females) aged between 18 and
30 (M = 22.35; SD = 3.62) were recruited to participate in this
double-blind study. All participants were right-handed according
to the Edinburg handedness-scale (Oldfield, 1971), without any

TABLE 1 | Subject characteristics by group.

Group

Characteristics Sham 10 Hz tACS 20 Hz tACS

Sex (female/male) (5/3) (2/6) (5/3)

Age (M ± SD) 23 ± 3 22 ± 2 22 ± 3
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neurological or psychological disorders and with normal or
corrected-to-normal vision. All participants were requested to
disclose pre-existing neurological and psychological conditions,
medical conditions, drug intake and alcohol or caffeine intake
during the past week. Prior to initiating the study, participants
were randomly assigned to a group receiving either 10 Hz tACS,
20 Hz tACS or sham stimulation (see Table 1).

Bimanual Coordination Task
The so-called 2HAND task is a well-known psychological
diagnostic tool used in the examination of bimanual coordination
and eye-hand coordination (Vienna Test System, Schuhfried,
Austria). As depicted in Figure 1, it consists of a monitor, a
keyboard, and two joysticks with fixed steering plates. This fixed
steering plate restricts the participant’s control of the left and right
joysticks in a horizontal and a vertical direction, respectively. The
participants were instructed to operate the two joysticks in order
to direct a virtual dot as fast and as accurately as possible from
the starting point (1) to the endpoint (�) of a predefined route
which is presented on the screen while trying to avoid making
mistakes. That is, a mistake is defined as the leaving of the shape
(see Figure 1). This task requires the subject to guide the dot as
smoothly as possible along the shape, which necessitates precisely
timed and visually guided coordination between the left and right
joysticks simultaneously.

tACS/EEG/fNIRS Approach
To realize the tACS/EEG/fNIRS approach, two devices were
combined providing transcranial current stimulation (tCS) and
EEG measures in one device (StarStim, Neuroelectrics, Spain)
and a 20-channel fNIRS device (NIRSport, nirx, Germany) (see
Figure 2A). For tACS and EEG, small, round gel electrodes

FIGURE 1 | Experimental setup. (1) The tACS and neuroimaging (EEG/fNIRS)
setup is shown on a virtual subject. (2) The bimanual coordination task. In
each trial, participants were instructed to operate the two joysticks (3) in order
to direct a virtual dot on the screen as fast and as accurate as possible from
the starting point (1) to the endpoint (�) of a predefined route. More details
regarding the coordination task are in the text (paragraph Bimanual
coordination task in section “Materials and Methods”).

(Ag/AgCl, 3.14 cm2) were used (Pi-electrodes, Neuroelectrics)
and realized a so-called high-definition tACS (HD-tACS).
Eight electrodes were positioned in a non-conductive neoprene
cap following the international 10–10 EEG system (Jurcak
et al., 2007). Following the calculation of the electrical field
of HD-tACS, electrode positions were selected based on the
computational model by Ruffini et al. (2014). Based on previous
studies which elicited and demonstrated physiological after-
effects of IAF tACS in alpha oscillations during rest (Zaehle
et al., 2010; Vossen et al., 2015), the stimulation electrodes were
placed at P3 (stimulation electrode) and P4 (return electrode)
to cover the parietal cortices (see Figure 2B). These cortices
play a functional role in visually guided bimanual coordination
(Swinnen and Wenderoth, 2004; Buneo and Andersen, 2006;
Culham et al., 2006).

The alternating current was delivered at an intensity of 1 mA
resulting in a current density of 0.32 mA/cm2 in the skin under
the stimulation electrodes. The stimulation groups received
20 min of tACS either at 10 Hz or 20 Hz with 15 seconds (s)
ramp-up and ramp-down at the beginning and at the end of
stimulation. The control group (sham) received only 60 s of
tACS (including 15 s ramp-up and ramp-down) to induce the
physical sensation associated with tACS (e.g., tingling or itching).
Thereby, the impedance values are limited to 10 k� during
tACS and impedance values were controlled throughout the
duration of the whole experiment. To ensure that participants
and the investigator are blind to the stimulation condition, the
password-protected double-blind mode of the control software
(StarStim, Instrument Controller v 1.4, Neuroelectrics, Spain)
was used. Further five electrodes were positioned at F3, Fz, F4,
Cz, and Pz and resulted in the provision of EEG measurements
also during tACS. Before and after tACS, the actual stimulation
electrodes (P3 and P4) were also used for EEG, resulting in
seven EEG-channels before and after tACS and five EEG-
channels during tACS. Additionally, a vertical electro-oculogram
(EOG) was recorded from an electrode over the right eye.
The common mode sense (CMS) and driven right leg (DRL)
connections were placed on the right mastoid and corresponded
to the electrical reference. Overall, the sampling rate was set at
500 Hz.

For fNIRS measurement, a standard configuration for motor
tasks was used to accommodate the fNIRS sources and detectors
with tACS-EEG-electrodes. 20 channels (source-detector pairs)
were positioned at an interval of 3 cm over the left motor cortex
(10 channels) and the right motor cortex (10 channels) covering
the arm and hand area of both M1 (see Figure 2A). fNIRS data
were recorded at a sampling rate of 7.81 Hz. Near-infrared light
at the wavelengths of 760 and 850 nm which are thought to
be optimal for measuring both chromophores (Hboxy/Hbdeoxy)
were predefined.

Debriefing
After completing the experiment, participants rated their feelings
and their state of arousal. They filled out a translated version
of an adverse effects questionnaire where they had to rate the
type and intensity of adverse effects including factors such as
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tiredness, concentration level, cognitive and motor enhancement,
pains (1 – none, 5 – moderate, 9 – severe) and how much
they were related to the stimulation (1 – none, 5 – uncertain,
9 – definite). In addition, they were requested to guess their
experimental condition to ensure that they were naive toward
real or sham stimulation. Therefore, a questionnaire asked
whether they believe to have received real or sham stimulation or
whether they are not sure. A chi-square test was used to assess
whether subjects were able to correctly identify stimulation or
sham.

Experimental Design and Procedure
A pre-/post-test design with retention-tests was utilized
to investigate tACS effects on online (within day) and
offline motor learning (across days) (Wessel et al., 2015)
as well as its modulatory effects which were measured by
EEG and fNIRS (see Figure 3). At the beginning of the
1st day, participants completed all forms and received
a standardized written instruction along a video-based
demonstration of the required bimanual coordination task.
To familiarize participants with the equipment and the bimanual

coordination task, an acquisition phase with two practice trials
followed.

Before tACS (T0) and at three time-points after tACS
(immediately = T1, 30 min = T2, 1 day = T3), participants
performed trials of the bimanual coordination task and resting
state measurements. The bimanual coordination task contained
two blocks with five trials. Before, between and after these two
bimanual coordination blocks, resting state measurements with
eyes closed and eyes open were performed for 1 min each (see
Figure 3). Following T0, training started with thirty trials of the
bimanual coordination task which lasted 20 min. Concurrent to
this training, participants received either 10 Hz tACS, 20 Hz tACS
or sham stimulation.

Whereas electrophysiological EEG data were collected at
all points of time, fNIRS was only used at T0, training and
T1, thereby, focusing the effects immediately after tACS while
avoiding well-known side-effects of fNIRS (e.g., pressure pain
on the head). Before the experiment started, resting state brain
activity were collected for 30 s and served as baseline for NIRS
analyses. In the following, groups are referred to as (1) 10 Hz
tACS, (2) 20 Hz tACS and (3) sham.

FIGURE 2 | Stimulation and neuroimaging setup. (A) tACS/EEG/fNIRS Montage for Parietal Stimulation. HD-tACS electrodes were positioned at P3 (red
electrode = stimulation) and P4 (blue electrode = return). EEG was measured from five positions (F3, Fz, F4, Cz, and Pz) following the international 10–10 system
(gray electrodes). fNIRS sources (light green) and detectors (dark green) are shown over the left and right motor cortices with channels (Source–Detector) depicted
as purple lines (FC3–FC5, FC3–FC1, FC3–C3, C1–FC1, C1–C3, C1–CP1, C5–C3, C5–FC5, CP3–C3, CP3–CP1, FC4–FC2, FC4–FC6, FC4–C4, C2–FC2, C2–C4,
C2–CP2, C6–FC6, C6–C4, CP4–CP2, und CP4–C4). (B) Simulated Electrical Field. Predicted electrical field intensities with a tACS application on P3/P4 (StartStim,
Neuroelectrics, Spain). Full details regarding stimulation and brain activity measures are in the text (paragraph tACS/EEG/fNIRS approach).

FIGURE 3 | Experimental design. Upper line depicts the timeline of test and training sessions. During the test session, participants performed two blocks of the
bimanual coordination task (five trials each) and three blocks of rest with eyes closed and eyes open before tACS (T0) and three times after tACS (immediately = T1,
30 min = T2, 1 day = T3). During tACS/training (20 min), participants performed three blocks with ten trials of the bimanual coordination task each and resting states
in between. Lower line presents when tACS, EEG and fNIRS were recorded.
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Data Analyses
Statistical analyses were performed using IBM SPSS 23. All
variables were normally distributed as assessed by the Shapiro–
Wilk test (p > 0.05). Examining statistical requirements, Levene’s
test was used to check for homogeneity and Mauchly’s test was
used to check for a violation of sphericity. Several factorial mixed
ANOVAs were calculated to examine learning and tACS related
changes in bimanual coordination performance and in alpha/beta
activity. The exact definition of factors and factor levels of each
ANOVA are specified below. For clarity, the ANOVA factors were
presented once again at the respective positions in the result
section. The overall level of significance was set at p ≤ 0.05. If a
violation of sphericity was detected (p< 0.05) and a Greenhouse–
Geisser epsilon ε > 0.75 existed, Huynh–Feldt corrected p-values
are reported. Otherwise (epsilon ε < 0.75), a Greenhouse–Geisser
correction is applied. Effects sizes (Es) of ANOVAs are given in
partial eta-squared (η2

p), where η2
p = 0.01 indicates a small effect,

η2
p = 0.06 indicates a medium effect and η2

p = 0.14 indicates a
large effect.

Bimanual Coordination Task
Movement time (s) across 10 trials was calculated once before
tACS (baseline = T0), immediately after tACS (=T1), 30 min
after tACS (=T2) and 1 day after tACS (=T3). Next, for
each task completion the differences from the pre-stimulation
baseline were computed for further analysis. A two-way analysis
of variance (ANOVA) with repeated measures (mixed-design)
for TIME (T0, T1, T2, and T3) and GROUP (10 Hz tACS,
20 Hz tACS, Sham) was conducted to evaluate any performance
changes in bimanual coordination over time and between the
groups. Bonferroni-adjusted post hoc analysis was used to identify
significant differences in bimanual coordination performance
between days and groups in case of significant effects.

Electrophysiological Data (EEG)
Electrophysiological data were pre-processed using the Brain
Vision Analyzer 2.0 (Brain Products, Gilching, Germany) by
applying a 0.5 Hz high-pass and a 50 Hz low-pass filter.
Horizontal and vertical eye movements were corrected (Gratton
and Coles) and epochs containing further artifacts were visually
identified and manually rejected. For the evaluation of sustained
changes in alpha activity over time, three different conditions
(1) eyes closed, (2) eyes open, and (3) bimanual coordination
were subdivided into 1 min blocks in the sessions of task
execution before (T0) and after stimulation (T1, T2, and T3).
Each block was segmented in 1 s epochs, wherefore, a fast fourier
transformation (FFT) was subsequently computed. Frequency
spectra of the artifact-free segments were averaged for each
block and the mean activity (µV) in the alpha range (8–12 Hz)
and beta range (18–22 Hz) was calculated and exported. For
statistical comparisons, changes to T0 (µV) in alpha and beta
activity were analyzed for eyes closed, eyes open and task and
were fed separately into different ANOVAs. Firstly, a three-
way repeated measure ANOVA with the within factors TIME
(T0, T1, T2, and T3) and LOCATION (P3, P4, F3, Fz, F4, Cz,
and Pz) and the between factor GROUP (10 Hz tACS, 20 Hz

tACS, Sham) was calculated to check for global after-effects of
tACS. Secondly, a two-way repeated measure ANOVA with the
within factor TIME (T0, T1, T2, and T3) and the between factor
GROUP (10 Hz tACS, 20 Hz tACS, Sham) was calculated for
the stimulation electrodes P3 and P4 to check location-specific
after-effects of tACS in the stimulated area. Changes in alpha and
beta activity over time (pre to post tACS) or differences between
groups were evaluated by using the Bonferroni-corrected t-tests
separately for the resting states and the bimanual coordination
task. Furthermore, in order to visually demonstrate statistical
significant effects, frequency spectra (1–30 Hz) of P3 and P4
and alpha/beta topographies for all conditions and groups
were presented in addition to the activity changes over time.
Electrophysiological data collected during tACS were not further
analyzed due to large tACS induced artifacts.

Brain Oxygenation (fNIRS)
Brain oxygenation raw data were preprocessed and analyzed
within the MATLAB-based nirsLAB analysis package (Nirx
Medical Technologies, Glen Head, NY, United States,
“Biomedical Optics”). Concentration changes of Hboxy,
Hbdeoxy, and Hbtot were (1) corrected for discontinuities, steps
and spikes and (2) band-pass filtered from 0.01 to 0.2 Hz to
remove slow drifts in the signal related to respiratory or cardiac
rhythm. For calculating the hemodynamic response function
based on the modified Beer-Lambert law, the distance between
the source-detector pairs were computed within nirsLAB in
accordance with the montage of the headcap.

Then, 30 s of the resting states (eyes closed/eyes open) and
one min from each bimanual coordination block were used
to specify the segment eyes closed, eyes open and task. The
averaged baseline concentration values were subtracted from
these rest-evoked and task-evoked concentration measurements.
The averaged concentration value of 1Hboxy was computed
separately for each subject, time (T0/T1), channel, resting state
(eyes closed/eyes open) and task. Statistical analyses focused
on the increases in 1Hboxy, because these appear to reflect
task-related cortical activation more directly than decreases in
1Hbdeoxy as evidenced by the stronger correlation between the
former and the BOLD signal measured by fMRI (Strangman et al.,
2002). To compute statistical significances of group-averaged
Hboxy concentration changes (1Hboxy) caused by tACS,
Statistical Parametric Mapping (SPM) was applied. SPM values
were further used to estimate beta-values for the subtraction
of 1Hboxy before tACS from 1Hboxy after tACS (SPM,
nirsLAB, v2016.05). For each participant, a t-statistic-threshold
(p< 0.05) beta-image was computed for baseline-subtracted rest-
or task-evoked 1Hboxy before (T0) and immediately after tACS
(T1). For group analysis, t-statistic maps (t-contrast: difference
between two groups’ hemodynamic responses to T0 and T1)
were generated from the averaged beta-values. If the t-statistic
exceeded the p-value threshold of 0.05 (t-value <−2.4 and >2.4),
the concentration values were determined to be significant and
marked colored in the respective map. Furthermore, time courses
of 1Hboxy concentrations were calculated for all conditions,
groups and channels.
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RESULTS

Resting Alpha Activity (8–12 Hz) With
Eyes Closed
Global Effect of tACS
To analyze the global after-effect of tACS on alpha activity,
the three-way rmANOVA with all EEG positions revealed
a significant main effect for GROUP [F(2,21) = 3.466,
p < 0.05, η2

p = 0.25], a significant main effect for TIME
[F(3,63) = 3.665, p < 0.05, η2

p = 0.15], a significant main effect
for LOCATION [F(4,91) = 4.769, p < 0.01, η2

p = 0.19] and a
significant TIME × LOCATION interaction [F(9,181) = 2.353,
p < 0.05, η2

p = 0.10]. The TIME × LOCATION interaction
demonstrates that there are significant differences between alpha
activity on the eight EEG positions and the four time-points,
independently of the GROUP. Neither TIME × GROUP
interaction [F(6,63) = 1.250, p = 0.29, η2

p = 0.11] nor
LOCATION × GROUP interaction [F(9,90) = 1.120,
p = 0.35, η2

p = 0.11] nor the three-way interaction
TIME × LOCATION × GROUP [F(17,181) = 0.774, p = 0.83,
η2

p = 0.07] revealed significance. The topographies in Figure 6A
show changes in alpha activity over time for the groups Sham,
10 Hz tACS and 20 Hz tACS.

Location-Specific Effect of tACS
Analyzing the location-specific effects of tACS on alpha
oscillatory activity in the stimulated parietal area, an ANOVA
was computed for P3 and P4 separately. The two-way rmANOVA
for P3 demonstrated a significant main effect for TIME
[F(3,63) = 5.470, p < 0.05, η2

p = 0.22] and a significant main
effect for GROUP [F(2,21) = 3.125, p < 0.05, η2

p = 0.23].
The interaction TIME × GROUP did not reach significance
[F(6,63) = 1.358, p = 0.24, η2

p = 0.12] (see Figure 4A). The
two-way rmANOVA for P4 showed a significant main effect for
TIME [F(3,63) = 4.209, p < 0.05, η2

p = 0.17] and a significant
main effect for GROUP [F(2,21) = 3.361, p < 0.05, η2

p = 0.24]
(see Figure 4B). The interaction TIME x GROUP did not reach
significance [F(6,61) = 1.259, p = 0.29, η2

p = 0.11]. Frequency
spectra of P3 and P4 for the groups Sham, 10 Hz tACS and 20 Hz
tACS are presented in Figure 5.

Resting Beta Activity (18–22 Hz) With
Eyes Closed
Statistical analysis of beta-band activity (18–22 Hz) using a
three-way rmANOVA with the factors TIME, LOCATION, and
GROUP revealed neither significant main effects nor significant
interactions. As beta-band was completely unaffected by the
stimulation protocol, those values will not be further visually
or statistically reported. The topographies for beta activity are
presented in Figure 6B, which additionally demonstrate that the
beta-band was completely unaffected by the stimulation protocol.

Resting fNIRS Activity (1Hboxy) With
Eyes Closed
The fNIRS results demonstrated significant decreases in Hboxy
concentration on the left and right hemisphere (p < 0.05)

before and after training/tACS (see Supplementary Tables S1A,B).
According to that, resting state with eyes closed is accompanied
by decreased oxygenated hemoglobin in channels covering areas
relevant for motor behavior. In addition, Hboxy t-values during
EC did not differ significantly from T0 and T1 indicating that
1Hboxy concentrations were not influenced by training or tACS
(see Supplementary Tables S1C, S2, S3).

Resting Alpha Activity (8–12 Hz) With
Eyes Open
Global Effect of tACS
For all electrodes, the three-way rmANOVA revealed a significant
main effect for TIME [F(3,63) = 12,443, p < 0.01, η2

p = 0.37],
a significant main effect for LOCATION [F(3,66) = 6,036,
p < 0.01, η2

p = 0.22] and a significant TIME × LOCATION
interaction [F(11,235) = 2,829, p < 0.05, η2

p = 0.12]. The
TIME × LOCATION interaction indicates that significant
differences of alpha activity on the eight EEG positions to
the four time-points exist, and that these are independent of
the stimulation condition. Bonferroni-corrected post hoc t-tests
revealed a significantly different alpha activity between P4 and F4
immediately after tACS, independent of tACS (p < 0.05). This
indicates a location-specific response of frontal and parietal areas
on the right hemisphere to training. The different alpha activity
evolvement over time is visually reflected in the topographies
for the three groups (see Figure 8A) by demonstrating stronger
alpha activity changes in parietal areas compared to frontal
areas.

Location-Specific Effect of tACS
For the resting condition with eyes open on P3, a two-
way rmANOVA depicted a significant main effect of TIME
[F(3,63) = 13.294, p < 0.01, η2

p = 0.38] indicating that
alpha activity is different over time in the stimulated parietal
area left hemispheric, independent of GROUP. Additionally, a
significant tendency of GROUP [F(2,21) = 3.172, p = 0.06,
η2

p = 0.23] and a GROUP × TIME interaction [F(3,63) = 2.765,
p < 0.05, η2

p = 0.21] emerged, which shows that alpha activity
is different over time in the three groups. Bonferroni post
hoc comparisons clarify a significant increase of alpha activity
following 10 Hz tACS up to 30 min (T2–T0; p < 0.05)
and after 20 Hz tACS up to 1 day after tACS (T3–T0;
p < 0.05). Furthermore, change in alpha activity from T1 to
T0 differs significantly (p < 0.05) between 20 Hz tACS and
sham controls and from T3 to T0 between 20 Hz tACS and
10 Hz tACS (see Figure 4C). For eyes open on P4, a two-
way rmANOVA revealed a significant main effect of TIME
[F(3,63) = 14.135, p < 0.01, η2

p = 0.40] indicating that alpha
activity is different over time in the stimulated parietal area
right hemispheric, independent of GROUP. Additionally, a
significant tendency of GROUP [F(2,21) = 3.159, p = 0.06,
η2

p = 0.23] emerged. The GROUP × TIME interaction did
not reach significance [F(3,63) = 1.550, p < 0.17, η2

p = 0.13]
(see Figure 4D). Frequency spectra of P3 and P4 for the
groups Sham, 10 Hz tACS and 20 Hz tACS are presented in
Figure 7.
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FIGURE 4 | Changes in alpha activity in rest. Changes in alpha activity (µV) in rest from the interval preceding tACS (T0) to T1 (immediately after tACS), T2 (30 min
after tACS) and T3 (1 day after tACS) for Sham (gray), 10 Hz tACS (orange) and 20 Hz tACS (ruby). Depicted are means and standard deviations. Note that
difference scores are depicted and statistical analysis revealed a significant TIME and GROUP∗TIME interaction effect. The main effects as well as the interaction
effects are due to significant changes from T0. All statistical details are depicted in the text [see paragraph Resting alpha activity (8–12 Hz) with eyes closed/open in
section “Results”). Significantly different changes in alpha activity after tACS to T0 between the groups are marked and depicted with asterisks (∗ depicts p < 0.05).
(A) eyes closed P3, (B) eyes closed P4, (C) eyes open P3, (D) eyes open P4.

Resting Beta Activity (18–22 Hz) With
Eyes Open
Statistical analysis of beta-band activity (18–22 Hz) using a three-
way rmANOVA with the factors TIME, EEG POSITION, and
GROUP revealed neither main effects nor interaction effects. As
beta-band was completely unaffected by the stimulation protocol,
those values will not be further visually or statistically reported.
The topographies for beta activity are presented in Figure 8B
and depicted that the beta-band was completely unaffected by the
stimulation protocol.

Resting fNIRS Activity (1Hboxy) With
Eyes Open
Relative changes of Hboxy concentration decreased during rest
with eyes open, but reached no significance before and after
tACS (see Supplementary Tables S4A,B). Additionally, Hboxy
t-values did not differ from T0 to T1 (see Supplementary
Table S4C) indicating that hemodynamic responses during rest
with eyes open are not significantly influenced by training or
tACS.

Bimanual Coordination Performance
During Task Execution
For the mean duration of the bimanual coordination task, the
two-way rmANOVA showed a statistically significant main effect
for TIME [F(3,63) = 35.338, p < 0.001, η2

p = 0.63]. This result
indicates that all participants significantly improved performance
in bimanual coordination due to training, independent of tACS.
Neither a main effect of group nor a significant TIME× GROUP
interaction [F(6,63)= 0.405, p= 0.087, η2

p = 0.04] was found (see
Figure 9).

Alpha Activity (8–12 Hz) During Task
Execution
Global Effect of tACS
Statistical analysis of alpha activity for all EEG electrodes
using a three-way rmANOVA revealed a significant main effect
for TIME [F(3,63) = 10,701, p < 0.01, η2

p = 0.34] and
a significant main effect for LOCATION [F(3,68) = 3,090,
p < 0.05, η2

p = 0.13]. The significant main effect for GROUP
(p < 0.05) was due to a significant difference between the
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FIGURE 5 | Group averaged EEG activity in rest with eyes closed. Frequency
spectrum (amplitude in µV) on P3 (left) and P4 (right) for the interval with
eyes closed preceding tACS (T0 = black), immediately after tACS (T1 = red),
30 min after tACS (T2 = green) and 1 day after tACS (T3 = blue) for Sham (at
the top), 10 Hz tACS (in the middle), 20 Hz tACS (at the bottom).

20 Hz tACS group and the control group. Additionally, both
stimulation groups had a significantly increased alpha activity
during bimanual coordination; the 10 Hz tACS group up to
30 min, the 20 Hz tACS group up to 1 day after tACS compared
to baseline (p < 0.05). A significant interaction of TIME x
GROUP did not emerge (p > 0.05) possibly due to an increasing
alpha in the sham stimulated control group. Concerning the
statistically significant interaction of TIME × LOCATION
[F(10,217) = 1,957, p < 0.05, η2

p = 0.09], Bonferroni-corrected
post hoc tests revealed significant differences in alpha activity
between P4 and F4 immediately after stimulation and between
P4 and Fz 30 min after tACS (p < 0.01). These results
confirm the location-specific differences following training, and
even during motor execution. The different alpha activity
evolvement over time for the three groups is visually reflected
in the topographies (see Figure 12A) by demonstrating stronger
alpha activity changes in parietal areas compared to frontal
areas.

FIGURE 6 | Topographies of group averaged alpha and beta activity changes.
(A) Changes in alpha activity (µV) in rest from the interval with eyes closed
preceding tACS (T0) to T1 (immediately after tACS), T2 (30 min after tACS),
and T3 (1 day after tACS) for Sham (at the top), 10 Hz tACS (in the middle),
20 Hz tACS (at the bottom). (B) Changes in beta activity (µV) in rest from the
interval with eyes closed preceding tACS to T1 (immediately after tACS), T2
(30 min after tACS) and T3 (1 day after tACS) for Sham (at the top), 10 Hz
tACS (in the middle), 20 Hz tACS (at the bottom). Note that these
topographies are based on seven electrode positions only.

Location-Specific Effect of tACS
Analyzing the location-specific effect of tACS on alpha oscillatory
activity above P3 during the bimanual coordination task, the
two-way rmANOVA revealed a significant main effect for TIME
[F(3,63) = 9.208, p < 0.05, η2

p = 0.31]. Neither main effect
GROUP [F(2,21) = 1,567, p = 0.13, η2

p = 0.09] nor interaction
effect of TIME× GROUP [F(2,21) = 1,567, p = 0.19, η2

p = 0.13]
was significant (see Figure 10A). In contrast, the two-way
rmANOVA for P4 yielded a significant main effect for TIME
[F(3,63) = 12.987, p < 0.01, η2

p = 0.38], a significant main
effect for GROUP [F(2,21) = 4.400, p < 0.05, η2

p = 0.29]
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FIGURE 7 | Group averaged EEG activity in rest with eyes open. Frequency
spectrum (amplitude in µV) on P3 (left) and P4 (right) for the 1 min interval
with eyes open preceding (T0 = black), immediately after tACS (T1 = red),
30 min after tACS (T2 = green) and 1 day after tACS (T3 = blue) for Sham (at
the top), 10 Hz tACS (in the middle), 20 Hz tACS (at the bottom).

as well as a TIME × GROUP interaction [F(6,63) = 2.222,
p < 0.05, η2

p = 0.18]. Thus, alpha activity is different over time
in the different groups. Bonferroni post hoc analysis exhibited
significant differences in alpha activity between 20 Hz tACS and
sham controls immediately after tACS compared to T0 (T1–T0)
and between 10 Hz tACS and sham controls 30 min after tACS
compared to T0 (T2–T0) (see Figure 10B). Frequency spectra of
P3 and P4 for the groups Sham, 10 Hz tACS and 20 Hz tACS are
presented in Figure 11.

Beta-Activity (18–22 Hz) During Task
Execution
Statistical analysis of beta-band activity (18–22 Hz) using a three-
way rmANOVA with the factors TIME, EEG POSITION, and
GROUP revealed neither main effects nor interaction effects. As
beta-band was completely unaffected by the stimulation protocol,
those values will not be further visually or statistically reported.
The topographies for beta activity are presented in Figure 12B

FIGURE 8 | Topographies of group averaged alpha and beta activity changes.
(A) Changes in alpha activity (µV) in rest from the interval with eyes open
preceding tACS (T0) to T1 (immediately after tACS), T2 (30 min after tACS),
and T3 (1 day after tACS) for Sham (at the top), 10 Hz tACS (in the middle),
20 Hz tACS (at the bottom). (B) Changes of beta activity (µV) in rest from the
interval with eyes open preceding tACS to T1 (immediately after tACS), T2
(30 min after tACS), and T3 (1 day after tACS) for Sham (at the top), 10 Hz
tACS (in the middle), 20 Hz tACS (at the bottom). Note that these
topographies are based on seven electrode positions only.

and demonstrate that the beta-band was completely unaffected
by the stimulation protocol.

fNIRS Activity (1Hboxy) During Task
Execution
As depicted in Figure 13, t-contrasts of the group averaged
oxygenated hemoglobin using SPM analysis from the sham
control group showed an increase of Hboxy concentration
in 17 of 20 channels from T0 to T1. Analysis of 1Hboxy
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FIGURE 9 | Changes in motor performance. Changes in motor performance
(s) from the bimanual coordination task preceding tACS (T0) to T1
(immediately after tACS), T2 (30 min after tACS), and T3 (1 day after tACS) for
Sham (gray), 10 Hz tACS (orange) and 20 Hz tACS (ruby). Depicted are
means and standard deviations. Note that difference scores are depicted and
statistical analysis revealed a significant TIME effect. The main effect is due to
significant changes from T0. All statistical details are depicted in the text (see
paragraph Bimanual coordination performance during task execution in
section “Results”).

following 10 Hz tACS demonstrated increases in 13 of 20
channels and in 14 of 20 channels following 20 Hz tACS (see
Supplementary Table S5). Whereas no group differences were
observable at T0, significantly different 1Hboxy concentrations
were found between tACS groups and sham controls at T1 (see
Supplementary Table S6). During the bimanual coordination

task, 1Hboxy concentration decreased significantly in three
channels following 10 Hz tACS. These were right hemispheric
(Channel 12, Channel 19, and Channel 20) covering regions
of the premotor area (BA6), the primary motor cortex (BA4)
and the primary somatosensory cortex (BA3/2/1) compared to
Sham (see Figures 2, 13A,B). After 20 Hz tACS, one channel of
the right hemisphere (Channel 16) covering the premotor area
(BA6) revealed a significant decrease in 1Hboxy concentration
compared to the control group (see Figures 2, 13C,D, 14). These
significant decreases of 1Hboxy concentrations following tACS
demonstrate a significant effect of stimulation on the brain’s
hemodynamic processes.

Debriefing
After stimulation, 10 of the 24 participants believed that tACS
had a positive effect on motor performance in general. Two
participants associated their acute motor enhancement in this
study with after-effects of tACS. Beyond that, four of the 24
participants felt certain that they were stimulated by tACS,
five participants indicated that they were not stimulated and
the others had doubts whether they were stimulated or not.
For only five participants, the reported answer is consistent
with the applied stimulation suggesting that participants were
naïve toward their experimental condition. Results showed no
significant relation between suspected and real applied tACS,
χ2(2)= 4.375, p= 0.112, ϕ= 0.12.

DISCUSSION

In this study, we combined a complex motor task with
simultaneous EEG-fNIRS measures to analyze the after-effects
of 10 Hz tACS and 20 Hz tACS on oscillatory activity,
hemodynamic changes and bimanual coordination. As expected,

FIGURE 10 | Changes in alpha activity during motor performance. Changes in alpha activity (µV) during the bimanual coordination task preceding tACS (T0) to T1
(immediately after tACS), T2 (30 min after tACS), and T3 (1 day after tACS) for Sham (gray), 10 Hz tACS (orange) and 20 Hz tACS (ruby). Depicted are means and
standard deviations. Note that difference scores are depicted and statistical analysis revealed a significant TIME and GROUP∗TIME interaction effect. The main
effects as well as the interaction effects are due to significant changes from T0. All statistical details are depicted in the text [see paragraph Alpha activity (8–12 Hz)
during task execution in section “Results”]. Significantly different changes in alpha activity after tACS to T0 between the groups are marked and depicted with
asterisks (∗ depicts p < 0.05). (A) task execution P3, (B) task execution P4.
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FIGURE 11 | Group averaged EEG activity during motor performance.
Frequency spectrum (amplitude in µV) on P3 (left) and P4 (right) during
motor performance in the bimanual coordination task preceding tACS
(T0 = black), immediately after tACS (T1 = red), 30 min after tACS (T2 = green)
and 1 day after tACS (T3 = blue) for Sham (at the top), 10 Hz tACS (in the
middle), 20 Hz tACS (at the bottom).

high alpha activity during rest with eyes closed was accompanied
by decreases in 1Hboxy concentrations, whereby it was not
influenced by 10 Hz tACS. During rest with eyes open, alpha
activity was significantly increased after 10 Hz tACS and
20 Hz tACS as we have gathered based on the literature
(Zaehle et al., 2010) whereas beta band activity stayed
unaffected. Furthermore, we hypothesized that parietal 10 Hz
tACS evoke synchronized oscillatory activity in the alpha
range that lead to reduced interhemispheric interaction and
deterioration in bimanual coordination performance (Serrien
and Brown, 2002) whereas 20 Hz tACS would promote the
natural beta oscillation of bimanual coordination (Rjosk et al.,
2016) that leads to an enhanced performance. Contrary to
our expectations, parietal alpha activity increased significantly
after both stimulation frequencies which was accompanied
by significant decreases in 1Hboxy concentrations right
hemispheric whereas bimanual motor performance and beta
band activity stayed unaffected.

So far, research regarding the effects of tACS focused
mostly on either electrophysiological online effects (Helfrich

FIGURE 12 | Topographies of group averaged alpha and beta activity
changes. (A) Changes in alpha activity (µV) during motor performance in the
bimanual coordination task preceding tACS (T0) to T1 (immediately after
tACS), T2 (30 min after tACS), and T3 (1 day after tACS) for Sham (at the top),
10 Hz tACS (in the middle), 20 Hz tACS (at the bottom). (B) Changes in beta
activity (µV) during motor performance in the bimanual coordination task
preceding tACS to T1 (immediately after tACS), T2 (30 min after tACS), and T3
(1 day after tACS) for Sham (at the top), 10 Hz tACS (in the middle), 20 Hz
tACS (at the bottom). Note that these topographies are based on seven
electrode positions only.

et al., 2014; Neuling et al., 2015; Ruhnau et al., 2016) or
electrophysiological after-effects during rest (Zaehle et al.,
2010; Neuling et al., 2013; Vossen et al., 2015; Kasten et al.,
2016). This is the first study provides insights into tACS
induced oscillatory and hemodynamic modulations during a
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FIGURE 13 | Group averaged t-statistic beta maps. (A) t-contrast of 10 Hz tACS vs. Sham for Hboxy concentrations in all channels during the bimanual
coordination task at T1. (B) Significant channels (t-value < –2.4 and >2.4, p < 0.05) were depicted colored in the brain map: channel 12 (S-D) covering the primary
somatosensory cortex, channel 19 (S-D) covering the primary motor cortex (BA 4) and channel 20 covering the premotor area (BA 6) of the right hemisphere.
(C) t-contrast of 20 Hz tACS vs. sham for Hboxy concentrations in all channels during the bimanual coordination task at T1. (D) Significant channels (t-value < –2.4
and >2.4, p < 0.05) were depicted colored in the brain map: channel 16 (S6-D8) covering the premotor area (BA 6) of the right hemisphere.

complex motor task using combined electrophysiological and
neuroimaging methods.

tACS Effect on Resting State With Eyes
Closed
One of the most interesting findings was that during rest
with eyes closed, alpha mean activity significantly increased
after application of 20 Hz tACS compared to sham stimulation
that persists even until 1 day after stimulation. Whereas
Zaehle et al. (2010) or Kasten et al. (2016) demonstrated
sustained physiological IAF tACS after-effects (Zaehle et al.,
2010) lasting up to 70 min (Kasten et al., 2016), we did not
observe any significant after-effects for the 10 Hz tACS on
alpha activity. This controversial pattern, however, might be
attributed to the performance of the bimanual coordination
task concurrently to tACS whereas in the two studies afore-
mentioned, participants were at rest during tACS (Zaehle
et al., 2010; Kasten et al., 2016). Consequently, brain states

during tACS might be one of the decisive factors for the
cause of modulatory tACS after-effects on oscillatory brain
activity.

Considering the mechanism of entrainment, both 10 Hz tACS
and 20 Hz tACS had ratios with the intrinsic frequency that
should have principally caused entrainment effects (Herrmann
and Strüber, 2017). As a result of frequency-specific after-
effects on rest with eyes closed, it is discussible which role
the entrainment mechanism has for plastic-related changes
evoked through spike-timing dependent plasticity (Feldman,
2012) which are supposed to be the underlying mechanisms for
after-effects (Zaehle et al., 2010; Polanía et al., 2012; Vossen
et al., 2015). Regarding the hemodynamic changes during rest
with eyes closed, 1Hboxy concentrations decreased both before
and after tACS. They did not differ significantly which is in
line with previous work, where down-regulations of the BOLD
signal were observed during rest with eyes closed and which
were not modulated by brain stimulation (Vosskuhl et al.,
2016).
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FIGURE 14 | Time-series of Hboxy concentration changes in Channel 16
(Source 6 – Detector 8). Exemplarily, one channel covering the premotor area
with significantly different Hboxy concentration time-series for Sham (gray),
10 Hz tACS (orange) and 20 Hz tACS (ruby).

tACS Effect on Resting State With Eyes
Open
In rest with eyes open, alpha activity significantly increased
following 10 Hz tACS and 20 Hz tACS up to 30 min after
stimulation compared to Sham. These results confirm previous
work from Neuling et al. (2013) who detected significant effects
of IAF tACS during rest with eyes open. However, this pattern
was not observed in rest with the eyes closed where the natural
high amplitude is already too high to be further elevated. This
indicates that tACS in the alpha range is more effective when
the power of alpha oscillations is lower (Neuling et al., 2013). As
opposed to significant changes recently observed in the BOLD
signal following 10 Hz tACS (Cabral-Calderin et al., 2016), our
fNIRS data do not indicate any significant changes of Hboxy
concentrations before and after tACS.

tACS Effect on Bimanual Coordination
Performance
All participants improved their bimanual coordination
performance significantly following training. However,
immediately after training, the bimanual coordination
performance leveled off at a performance of about 20 s for each
trial without further improvements across the post measures
which indicate a ceiling effect. Moreover, the non-significance
of both tACS stimulation effects on bimanual coordination may
be attributed to the complexity of the bimanual coordination
task. Thus, the frequency-specific effects of 10 Hz tACS and
20 Hz tACS on motor learning (Pogosyan et al., 2009; Pollok
et al., 2015; Krause et al., 2016) could not be confirmed due
to a possible ceiling effect occurring during training. Pogosyan
et al. (2009) demonstrated significant lowered movement times
after one session of a bimanual tracking task while participants
received concurrently 20 Hz tACS (Pogosyan et al., 2009). As
opposed to this, Choe et al. (2016) used both an easy landing task
for 10 min and six blocks of 20 trials from the n-back task each
day on four consecutive daily sessions. The task performances of
both the easy landing task and the n-back task did not change

significantly over time possibly due to a ceiling effect (Choe et al.,
2016).

tACS Effect on Neurophysiological
Activity During Task Execution
Our electro- and neurophysiological data indicated for the
sham group that alpha activity did not increase significantly
after training whereas increased 1Hboxy concentrations were
observed in most fNIRS-channels covering the motor cortex
as it was also reported by Della-Maggiore et al. (2004). This
indicates physiological mechanisms underlying training where
pre-existing coordination patterns must be suppressed to make
space for new patterns (Neva et al., 2012). However, compared
to Sham, significantly enhanced alpha activity was observed
following 10 Hz tACS and 20 Hz tACS which was accompanied
by significant decreases in 1Hboxy concentrations in the right
hemisphere. These findings fit well with our expectations,
that increased alpha activity is accompanied by decreased
hemodynamical activity which is also in line with previous work
from Choe et al. (2016) where increased parietal alpha activity
correlates with reduced fNIRS beta-values (Choe et al., 2016).
Nevertheless, we had hypothesized that 20 Hz tACS does not elicit
oscillatory activity in the alpha range which is associated with
improved bimanual coordination performance, whereas 10 Hz
tACS enhances alpha activity that slows bimanual movements.
Contrary to this, the present experiment suggests that 20 Hz
tACS enhanced alpha mean activity significantly up to 1 day
after stimulation. However, as depicted in Figure 9, performance
improvements in the bimanual coordination task were lower
compared to the improvements of the Sham group, even
though they did not achieve significance. Therefore, the interplay
between oscillatory activity as well as hemodynamic processes
and coordinated bimanual behavior remain an open question
since tACS modulate oscillatory activity and hemodynamic
changes significantly (Zaehle et al., 2010; Polanía et al.,
2012) without significant effects on behavioral outcome. One
explanation, however, might be due to the chosen stimulation
location: We positioned the HD-tACS electrodes bilaterally
on the parietal cortex (P3 and P4) because of its functional
role in integrating multi-sensory signals and spatial-temporal
coordination of visually controlled movements (Swinnen and
Wenderoth, 2004). However, previous studies stimulated the
primary motor cortex (M1) and revealed significant effects of
tACS on motor learning (Krause et al., 2016; Heise et al.,
2017).

Furthermore, based on our data pattern, two difficult and
not yet easily answered questions occurred which should be
mentioned, and which require further research. On the one
hand, we found lateralized effects of tACS. The increased
alpha activity between the 20 Hz tACS group and Sham
at T1 was significant for the parietal area on the right
hemisphere (P4). This was accompanied by significantly
decreased Hboxy concentration changes in motor areas also
in the right hemisphere. Thus, bilateral induced tACS might
evoke changes in oscillatory and hemodynamic activity in
intra-hemispheric motor networks. Considering the neural
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dynamics of hemispheric functions in bimanual coordination,
the question arises of how the hemispheric specializations
and integrations are organized in bimanual movements? The
functional participation of both hemispheres in motor regulation
is dynamical and versatile (Serrien et al., 2006). Evidences from
callosal patients with bimanual coordination deficits indicate
that bimanual patterns rely on interhemispheric couplings
(Kennerley et al., 2002) whereby the dominant hemisphere
(i.e., the left hemisphere in our population) controls the
functional coupling between the motor cortices (Serrien et al.,
2003). Both hemispheric asymmetries and an optimal balance
between the left and right hemisphere are vital (Serrien
et al., 2006). Although the right hemisphere also plays a
crucial role for closed-loop aspects of movements dependent
on sensory feedback (Haaland and Harrington, 1989) which
is indispensable for the realization of goal-directed behavior
(Serrien et al., 2006). Various studies highlight the responsibility
of the dominant hemisphere for bimanual coordination (Serrien
et al., 2003). However, whether this might explain the lateralized
physiological effects of tACS without changes in bimanual
coordination performance is speculative and requires further
research.

On the other hand, we did not find any effects of tACS
on brain oscillations in beta frequency. Both stimulation
frequencies were applied during bimanual coordination training
where entrainment (Antal and Paulus, 2013; Herrmann et al.,
2013) and enhanced beta oscillations particularly following
20 Hz tACS were supposed. Whereas beta activity remained
unaltered, increased alpha activity evoked by 20 Hz tACS
lasted until 1 day after stimulation. One approach might be
the ambiguous mechanisms underlying bimanual coordination.
Rjosk et al. (2016) demonstrated that beta-band activity
plays a crucial role in interhemispheric coordination of
movements (Rjosk et al., 2016). Additionally, Davis et al. (2012)
suppose that motor control is associated with synchronized
oscillatory activity at beta frequency, whereby voluntary
movements are associated with suppressed beta band activity
(desynchronization) (Davis et al., 2012). Thus, alpha oscillations
might have dominated the interhemispheric communication
during training which resulted in enhanced alpha band activity
during bimanual coordination after both 10 Hz tACS and 20 Hz
tACS.

Limitations and Future Work
The present study’s purpose was to extend the multimodal
investigations of tACS effects performed so far by focusing on the
modulatory effects of tACS on bimanual coordination and the
underlying electro- and neurophysiological mechanisms. This
knowledge from a basic research point of view is essential for
possible transfers into interventional studies for rehabilitation of
motor disorders in patients suffering from neurological diseases.
While our results demonstrate a significant modulation of
brain oscillatory and hemodynamic activity by tACS, no group
differences in bimanual motor learning were observed. Because
of the expected learning effect in the bimanual coordination
task and the consecutive sessions, no within-subject design was
chosen. Future studies should either consider within-subject

designs regarding inter-individual variability of tACS effects
or they should ascertain the initial skill levels in advance to
categorize participants in homogenous groups before prior to
alignment. However, the main challenge here and in other
studies is the existence of both tACS responders and non-
responders with the same tACS protocol due to neuroanatomical
and neurophysiological differences on the one side and different
tACS effects within an individual over time due to neural
plastic changes on the other side. One approach to avoid the
“one size fits all” approach could be a closed-loop tACS based
on EEG or neuroimaging techniques (Choe et al., 2016). The
individualized tACS application may allow for a deeper insight
in the mechanisms and effects of tACS which is elementary for
future research and the practical transfer although, it will be a big
challenge to implement individualized or closed-loop approaches
in neurorehabilitation.

Additionally, three other limitations could be mentioned:
firstly, the statistical power is relatively low because of n = 8
subjects per group. Referring to Choe et al. (2016) where tDCS
effects on bimanual motor learning were investigated with EEG
and fNIRS in four different groups with comparable sample
sizes per group (n = 7–10), we focused on the methodological
challenge as well. In further studies, the after-effects of tACS
could be investigated either at consecutive days or with
electrophysiological and neuroimaging methods to consider the
complexity and to increase the sample size for higher statistical
power. Secondly, no further stimulation conditions in terms of an
active control group (e.g., receiving tACS on other brain regions
like frontal areas) were included. Thirdly, only two stimulation
electrodes were used to rely on previous studies demonstrating
tACS effects with larger sponge-electrodes. In future, the eight
HD-tACS electrodes could be used to design a montage covering
left and right hemispherical motor networks for investigating
the causality of altered interregional brain synchronization in
patients with bimanual coordination disorders. Additionally,
the subject’s baseline performances are crucial for motor skill
development and baseline measures of the differing initial skill
levels for homogeneous classification were not considered in this
study. Thus, subject’s diverse experiences may be relevant in the
interpretation of our behavioral findings.

CONCLUSION

Based on previous studies which determined either physiological
or behavioral effects of tACS, we were able to demonstrate a
selective enhancement in (1) brain oscillatory activity in the alpha
range and (2) decreases in 1Hboxy concentrations in regions of
the premotor area (BA6), the primary motor cortex (BA4) and the
primary somatosensory cortex (BA3/2/1) of the right hemisphere
following 10 Hz tACS and 20 Hz tACS compared to sham
stimulation. The present findings of the simultaneous EEG/fNIRS
application represent a valid starting point to close the gap in
the tACS literature concerning stimulation effects on bimanual
coordination and the underlying electro- and neurophysiological
mechanisms. This tACS knowledge is of high importance for
basic research and clinical transfer to improve treatments in
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neurorehabilitation for patients with pathological oscillations
which are accompanied by bimanual coordination disorders.
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Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation
technique that allows the modulation of cortical excitability as well as neuroplastic
reorganization using a weak constant current applied through the skull on the cerebral
cortex. TDCS has been found to improve motor performance in general and motor
learning in particular. However, these effects have been reported almost exclusively for
unimanual motor tasks such as serial reaction time tasks, adaptation tasks, or visuo-
motor tracking. Despite the importance of bimanual actions in most activities of daily
living, only few studies have investigated the effects of tDCS on bimanual motor skills.
The objectives of this review article are: (i) to provide a concise overview of the few
existing studies in this area; and (ii) to discuss the effects of tDCS on bimanual motor
skills in healthy volunteers and patients suffering from neurological diseases. Despite
considerable variations in stimulation protocols, the bimanual tasks employed, and
study designs, the data suggest that tDCS has the potential to enhance bimanual
motor skills. The findings imply that the effects of tDCS vary with task demands, such
as complexity and the level of expertise of the participating volunteers. Nevertheless,
optimized stimulation protocols tailored to bimanual tasks and individual performance
considering the underlying neural substrates of task execution are required in order to
probe the effectiveness of tDCS in greater detail, thus creating an opportunity to support
motor recovery in neuro-rehabilitation.

Keywords: non-invasive brain stimulation, transcranial direct current stimulation, bimanual movements, bimanual
coordination, motor learning and performance

INTRODUCTION

The non-invasive brain stimulation technique of transcranial direct current stimulation (tDCS) is
a suitable method for modulating cortical excitability (Bindman et al., 1964; Nitsche and Paulus,
2001) as well as neuro-plastic reorganization (Fritsch et al., 2010; Hunter et al., 2013; Karabanov
et al., 2015). Previous studies suggest that tDCS can be used to facilitate motor performance such
as motor learning in healthy volunteers (Reis and Fritsch, 2011; Buch et al., 2017) and in patients
suffering from neurological disorders (Bastani and Jaberzadeh, 2012; Flöel, 2014). Notably, the
effects of tDCS on motor performance are almost exclusively evidenced by studies employing
unimanual tasks. However, it is well known that in a large variety of daily activities both hands are
required to accomplish required actions. Impaired bimanual skills due to neurological disease or
age-related decline (for an overview see Maes et al., 2017) present a challenge to independent living.
Despite the abundance of daily activities that require bimanual skills, only few studies have thus
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far investigated the effects of tDCS on bimanual performance.
Considering the increasing number of tDCS studies and the high
relevance of bimanual motor skills the purpose of this review
article is to provide a preliminary systematic characterization of
tDCS effects on bimanual actions.

REVIEW CRITERIA

The present review article focuses on studies addressing
tDCS effects explicitly on bimanual motor performance, thus
investigating bimanualmotor outcomewas the decisive criterion.
To this end, a computer-based search of PubMed and Science
Direct for articles from 2000 to 2017 was carried out in
August 2017 using the following keywords: ‘‘bimanual’’ AND
‘‘transcranial direct current stimulation’’ OR ‘‘tDCS’’ OR
‘‘transcranial electrical stimulation’’ OR ‘‘non-invasive brain
stimulation’’ OR ‘‘transcranial stimulation’’ and ‘‘coordination’’
AND ‘‘transcranial direct current stimulation’’ OR ‘‘tDCS’’ OR
‘‘transcranial electrical stimulation’’ OR ‘‘non-invasive brain
stimulation’’ OR ‘‘transcranial stimulation’’. A total of 18 articles
matched the criteria. Five articles did not directly investigate
bimanual motor skills and were therefore excluded.

TRANSCRANIAL DIRECT CURRENT
STIMULATION

TDCS allows the modulation of neural excitability (Bindman
et al., 1962, 1964; Nitsche and Paulus, 2001). Using intensities
of 0.5–2 milliampere (mA), a constant current is applied to
the cerebral cortex via saline soaked sponges or gel-electrodes
through the skull. Two electrodes with a surface area of
15–35 cm2 are used mostly, resulting in a current density of
0.014–0.133 mA/cm2 (Ho et al., 2016; Woods et al., 2016).
In high-definition tDCS (HD-tDCS), smaller (1–5 cm2) and
often more than two electrodes (e.g., 4 × 1 configuration)
are used to increase the current density and focality of the
stimulated area (Villamar et al., 2013; Alam et al., 2016).
Although its exact physiological mechanisms are still under
debate, evidence exists that anodal tDCS increases the neural
excitability of the stimulated area, while cathodal tDCS decreases
it. Anodal stimulation shifts the resting membrane potential
closer to the critical depolarization threshold, resulting in a
higher excitability and spiking rate, while the opposite effect of
tonic hyperpolarization is associated with cathodal stimulation
(Bindman et al., 1962; Nitsche and Paulus, 2000; Romero Lauro
et al., 2014). These effects have mainly been derived from
the stimulation of the primary motor cortex (M1), although
comparable effects have also been demonstrated in visual
(Antal et al., 2004; Accornero et al., 2007), somatosensory
(Dieckhöfer et al., 2006), and auditory cortices (Zaehle et al.,
2011). Nevertheless, anatomical differences—in particular, the
spatial orientation of neurons—need to be considered in order to
understand the effects of tDCS on other brain areas (Accornero
et al., 2007). Moreover, the effects of tDCS depend on several
factors like current intensity, duration and timing of tDCS
relative to the specific task (prior to vs. during; Stagg et al.,

2011; Batsikadze et al., 2013; Monte-Silva et al., 2013). The shape,
size, number, and positions of the electrodes also determine
the characteristics of tDCS such as distribution of the induced
electrical field (Ho et al., 2016; Naros et al., 2016; Woods
et al., 2016). Individual attributes of the participants (e.g., head
anatomy, age) but also the excitability of the stimulated area
are thought to influence the effects of tDCS yielding intra-
and inter-individual variability on physiological and behavioral
measures (Ridding and Ziemann, 2010; Li et al., 2015; Opitz et al.,
2015). Besides local effects on the stimulated brain area, tDCS
is presumed to affect the excitability of functionally connected
areas as well. Such remote effects can be in the same (Antal et al.,
2011) or opposite (Stagg et al., 2009) direction as the effects in the
stimulated area.

Changes of M1 excitability associated with tDCS have
been found to persist after cessation of stimulation (Nitsche
and Paulus, 2000, 2001). Such after-effects are associated
with alterations in N-methyl-d-aspartate (NMDA) receptors
(Liebetanz et al., 2002)—at least within M1—yielding long-term
potentiation (LTP)-like mechanisms. In motor learning, these
effects seem to be strongest when tDCS is co-applied with motor
training (Reis and Fritsch, 2011; Stagg et al., 2011) and applied
over multiple days (Reis et al., 2009; Alonzo et al., 2012; Saucedo
Marquez et al., 2013).

tDCS AND BIMANUAL MOTOR SKILLS IN
HEALTHY VOLUNTEERS

Bimanual motor skills require a well-coordinated interplay
between the upper limbs. Multiple brain areas are involved in
orchestrating bimanual movements in space and time. Because
the supplementary motor area (SMA) plays a pivotal role in
such tasks (Swinnen, 2002; Debaere et al., 2004; Swinnen and
Wenderoth, 2004; Swinnen and Gooijers, 2015), Carter et al.
(2015) examined the effects of tDCS applied over the SMA on
the stability, consistency, and transition of metronome-paced
bimanual forearmmovements from in- to anti-phasemovements
and vice versa. They reported improved stability and consistency
as well as a delayed spontaneous transition from the anti- to
the more stable in-phase pattern following anodal tDCS, while
cathodal tDCS did not affect task performance (Carter et al.,
2015). In line with this observation, anodal tDCS of the SMA
was found to be associated with faster intentional switches from
anti- to in-phase movements (Carter et al., 2017). These findings
underline a central role of the SMA in the control of bimanual
movements and suggest that tDCS represents a suitable method
for the transient modulation of this process.

Typing a text on a keyboard requires bilateral well-
coordinated, skilled finger movements, and particularly practice
to achieve successful task performance. Gomes-Osman and
Field-Fote (2013) investigated the effects of anodal tDCS over
bilateral M1 on a bimanual typing task. Task performance
was assessed immediately before and after stimulation. After
five consecutive training days, participants showed a larger
improvement in the number of correctly-typed bimanual
sequences following anodal tDCS as compared to sham
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stimulation. However, this effect vanished after a 1-week
retention interval. Ciechanski and Kirton (2017) examined the
effects of tDCS on dexterity using the Purdue Pegboard Test
(PPT; Tiffin and Asher, 1948). The PPT measures uni- and
bimanual hand functions such as placing the maximum number
of pegs in the pegboard within 30 s. While the bimanual
task requires symmetrical movements of both hands, a second
bimanual task (assembly) requires the asymmetrical (alternate)
use of both hands to build a maximum number of small
assemblies consisting of pins, collars and washers within 60 s
(Desrosiers et al., 1995). Ciechanski and Kirton (2017) reported
improved bimanual motor performance in healthy school
children after training of the left hand with concurrent anodal
tDCS applied to the contralateral M1 corresponding to C4.
Interestingly, this effect was also present when cathodal tDCSwas
applied to the ipsilateralM1 (C3), but not after sham tDCS.While
the symmetrical bimanual performance was facilitated, the more
complex (asymmetrical) ‘‘assembly test’’ was not affected by
either stimulation. After a retention interval of 6 weeks, improved
task performance remained stable, suggesting enhanced motor
consolidation associated with tDCS. Pixa et al. (2017b) also
used the PPT to investigate the effect of multichannel HD-tDCS
targeting bilateral M1 (see Table 1 for electrode positions).
After a training period of 3 days with concurrent stimulation,
larger cumulative performance gains in participants receiving
anodal HD-tDCS compared to the sham-stimulated control
group were found. Improved performance was indicated for
the unimanual task of the dominant right hand and the
bimanual PPT. Performance gains remained stable over a
1-week retention interval and further improvement was found
for right-hand performance. As compared to sham tDCS, no
significant differences were found for the unimanual left-hand
task and—again—the more complex bimanual ‘‘assembly’’ task
was not affected by tDCS (Pixa et al., 2017b). The same
stimulation protocol was used to investigate effects of bilateral
anodal HD-tDCS on the performance of a complex sequential
bimanual stacking task (Pixa et al., 2017a). After 3 days of
training in sport stacking (cup stacking) with concurrent anodal
HD-tDCS, faster stacking performance compared to the sham
group was found. This effect occurred for only one of the two
required stacking formations (3-6-3), while only a statistical
trend emerged for the more complex task-version (1-10-1).
Re-testing after 1 week revealed sustained superior performance
in the 3-6-3 stack for the anodal HD-tDCS group.

In two studies, Furuya et al. (2013, 2014a) demonstrated that
the effects of tDCS on bimanual motor performance depend
on the subjects’ level of expertise. While highly-trained expert
pianists did not benefit from bilateral tDCS over M1 (anode
right M1 and cathode left M1 and vice versa) in a bimanual
finger typing task, the analysis revealed that only pianists
who commenced piano training at an advanced age showed
selectively improved performance following tDCS, irrespective
of the stimulation protocol (Furuya et al., 2013). A second
study using the same bimanual task, suggests that musically
untrained volunteers (novices) significantly improved bimanual
performance following tDCS, whereas expert pianists did not.
Rather, the skilled finger movements of the pianists were found

to be slightly deteriorated after verum stimulation compared to
sham stimulation (Furuya et al., 2014a).

It should also be stressed that other studies have failed to
provide evidence of significant stimulation effects on bimanual
task performance. McCambridge et al. (2016) applied bilateral
tDCS with the anode over the right M1 and the cathode over
the left M1 and assessed the effects on left-hand and bimanual
circle tracing performance. The results indicated a marginal
effect on the bimanual task in low performers who received sham
stimulation, while no significant effect was found in participants
who received active tDCS. Vancleef et al. (2016) examined the
effects on task performance of anodal tDCS applied to the left
M1 or the left dorsolateral prefrontal cortex (DLPFC) during
training on a complex bimanual tracking task (BTT). The BTT
requires tracking of a moving dot by rotating two dials with the
left (vertical direction) and right (horizontal direction) hands in
different frequency-ratios. The authors reported improvedmotor
performance for all participants, independent of tDCS.

Despite the heterogeneity in findings, the data begin to
reveal that tDCS may affect relatively easy rather than complex
bimanual tasks in particular and that it appears to be more
effective in novice volunteers rather than in experts.

tDCS AND BIMANUAL MOTOR
PERFORMANCE IN PATIENTS

Impairment of bimanual skills can occur due to a wide variety
of neurological diseases, like stroke or Parkinson’s disease,
and task performance might be influenced by altered cortical
excitability, such as in focal dystonia (FD). In FD, the affected
M1 shows pathologically increased activity that is associated
with involuntary movements (e.g., tremor) and muscle spasms
of the contralateral effector (Cohen and Hallett, 1988; Stinear
and Byblow, 2004). Since tDCS likely modulates motor cortical
excitability, Furuya et al. (2014b) investigated the effects of
five different stimulation configurations (see Table 2 for an
overview of different electrode montages) on bimanual task
performance in pianists suffering from FD of the right hand
and in healthy controls. The study revealed that bilateral
tDCS over M1 (affected left M1; cathode over C3, anode
over C4) led to increased accuracy of the dystonic hand, both
during and after tDCS, while performing metronome-paced
symmetrical bimanual finger movements. This effect was not
found for bilateral tDCS with the anode over C3, unilateral tDCS
(anode over C4), sham stimulation or—noteworthy for bilateral
tDCS—with the cathode over C3 and anode over C4 without
concurrent bimanual training. Interestingly, performance gains
were positively correlated with FD severity.

Traumatic brain injuries (TBI) can also impair bimanual
motor task performance. In a pilot study, Middleton et al.
(2014) combined bihemispheric tDCS with physical therapy of
the upper extremities in patients suffering from stroke and
TBI. Bihemispheric tDCS was applied concurrently with physical
therapy for 15 min, with the anode over the ipsilesional M1.
The intervention was implemented over 24 sessions, with three
sessions per week. The results revealed improved function
of the upper extremities in clinical (Fugl-Meyer Assessment
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UE, Box and Block Test, PPT, Stroke Impact Scale) and
robotic measures (Visually Guided Reaching Task, Object hit
task (OHT)). Focusing on bimanual measures, performance in
the OHT showed improved bimanual coordination, indicating
superior gross motor function. However, bimanual fine motor
control in the PPT did not benefit from stimulation. The
observed gains persisted up to 6 months. In line with Middleton
et al. (2014) the data support the notion that tDCS represents
a feasible approach facilitating the effects of physical therapy
of the upper extremities. Takeuchi et al. (2012) combined
low-frequency, single-pulse, repetitive transcranial magnetic
stimulation (rTMS) over the unaffected hemisphere of stroke
patients with simultaneous application of anodal tDCS over the
affected M1. The combination of rTMS and anodal tDCS was
found to reduce motor impairment in these patients (Takeuchi
et al., 2012).

DISCUSSION

In the light of the abundance of everyday tasks requiring
bimanual actions and their importance in independent living,
the purpose of this review article was to summarize the few
existing studies investigating the effects of tDCS on bimanual
motor skills. The data suggest that—although some studies have
failed to show tDCS-specific effects on bimanual tasks—tDCS has
the potential to enhance bimanual motor performance in healthy
volunteers as well as in patients suffering from neurological
diseases. The overview reveals that—besides the well-known
inter- and intra-individual variability of outcome-measures,
conflicting study results may be attributed to substantial
variations in stimulation protocols, bimanual tasks, and study
designs (see Tables 1, 2). Nevertheless, this review article
provides a starting point for a systematic evaluation of tDCS
effects on bimanual task performance.

Taken together, the data indicate that M1 was the preferred
brain area for tDCS application to modulate bimanual
performance, in line with the majority of tDCS studies
addressing unimanual tasks (for an overview see Buch
et al., 2017). However, it must be stressed that the use of
stimulation protocols commonly applied for unimanual tasks
might represent an oversimplification of the brain processes
subserving bimanual task performance since brain areas
involved and—more importantly—the temporally precise
functional interaction between these areas are assumed to differ
between bi- and unimanual tasks (Debaere et al., 2004; Swinnen
and Wenderoth, 2004; Wenderoth et al., 2005; Pollok et al.,
2007). Several brain regions which are involved in bimanual
motor performance are accessible by means of tDCS. The
parietal cortex (PC) is suggested to play a pivotal role in
bimanual performance through multisensory integration and
guidance of movements (Battaglia-Mayer et al., 2006; Buneo and
Andersen, 2006), and, learning of bimanual skills (Debaere et al.,
2004). Additionally, the right superior temporal gyrus (STG)
is proposed to be causally involved in monitoring bimanual
spatio-temporal goals (Duque et al., 2010). Furthermore, until
now no study had investigated effects of premotor cortex
(PMC) or cerebellar tDCS on bimanual motor skills. Moreover,
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different task demands such as the required type of bimanual
action (e.g., symmetric or asymmetric) to achieve a specific
task-goal, as well as individual expertise (Furuya et al., 2014a),
are likely related to distinct activation patterns within the motor
network of bimanual actions (Puttemans et al., 2005; Jantzen
et al., 2008; Duque et al., 2010; Whitall et al., 2011). Since
complex bimanual tasks are associated with brain activation
extending towards the prefrontal, parietal and temporal areas
(Gross et al., 2002; Debaere et al., 2004; Hardwick et al., 2013;
Swinnen and Gooijers, 2015), the stimulation of a particular
brain area might not be effective in modulating complex
bimanual skills. This hypothesis fits well with the observation
that more complex bimanual tasks remain unaffected by tDCS
(Vancleef et al., 2016; Ciechanski and Kirton, 2017; Pixa et al.,
2017a,b). Since the neural mechanisms of the wide variety of
bimanual actions, as well as the neurophysiological mechanisms
underlying tDCS, are not completely understood, future studies
need to consider neurophysiological measures using, e.g., TMS,
electroencephalography (EEG), magnetoencephalography
(MEG) or functional near-infrared spectroscopy (fNIRS). This
is particularly important since intra- and inter-individual
variability in responses to tDCS is suggested to highly influence
study outcomes (Li et al., 2015).

So far, only three studies were identified that have investigated
the effects of tDCS on bimanual skills in patients. Although
these studies widely differ in terms of the respective stimulation
protocol and—even more important—the underlying disease,
the findings suggest facilitating effects of tDCS on bimanual
task performance. Although sparse, the data imply that tDCS in
combination with motor training represents a suitable method
for neuro-rehabilitation.

Finally, besides tDCS other techniques like transcranial
alternate current stimulation (tACS) or transcranial random
noise stimulation (tRNS) are suitable methods for the
non-invasive modulation of brain processes subserving motor
learning (Prichard et al., 2014; Pollok et al., 2015). However, to
the best of our knowledge, no study that had adopted one of
these methods in bimanual tasks has been published until yet.

CONCLUSION

Up until now, knowledge about the effects of tDCS on bimanual
performance has remained limited due to a relatively small
number of studies with mixed results. However, despite the
heterogeneity in stimulation protocols, study designs, and
paradigms, the data suggest that tDCS has the potential to
enhance bimanual motor performance in healthy volunteers
as well as in patients suffering from a variety of neurological
diseases. Noteworthy, the data do not allow the identification of
specific tDCS parameters as most effective to modulate bimanual
motor skills. Therefore, tailoring tDCS protocols to bimanual
motor tasks will critically challenge future studies.

AUTHOR CONTRIBUTIONS

NHP contributed to the conceptualization of the review,
performed the literature research, interpretation of the data,
wrote the manuscript, approved the final version of the
manuscript and acted as corresponding author. BP substantially
contributed to the data interpretation, wrote parts of the
manuscript and critically revised the manuscript.

REFERENCES

Accornero, N., Li Voti, P., La Riccia, M., and Gregori, B. (2007). Visual evoked
potentials modulation during direct current cortical polarization. Exp. Brain
Res. 178, 261–266. doi: 10.1007/s00221-006-0733-y

Alam, M., Truong, D. Q., Khadka, N., and Bikson, M. (2016). Spatial and
polarity precision of concentric high-definition transcranial direct current
stimulation (HD-tDCS). Phys. Med. Biol. 61, 4506–4521. doi: 10.1088/0031-
9155/61/12/4506

Alonzo, A., Brassil, J., Taylor, J. L., Martin, D., and Loo, C. K. (2012). Daily
transcranial direct current stimulation (tDCS) leads to greater increases in
cortical excitability than second daily transcranial direct current stimulation.
Brain Stimul. 5, 208–213. doi: 10.1016/j.brs.2011.04.006

Antal, A., Kincses, T. Z., Nitsche, M. A., Bartfai, O., and Paulus, W.
(2004). Excitability changes induced in the human primary visual cortex
by transcranial direct current stimulation: direct electrophysiological
evidence. Invest. Ophthalmol. Vis. Sci. 45, 702–707. doi: 10.1167/iovs.
03-0688

Antal, A., Polania, R., Schmidt-Samoa, C., Dechent, P., and Paulus, W.
(2011). Transcranial direct current stimulation over the primary motor
cortex during fMRI. Neuroimage 55, 590–596. doi: 10.1016/j.neuroimage.2010.
11.085

Bastani, A., and Jaberzadeh, S. (2012). Does anodal transcranial direct current
stimulation enhance excitability of the motor cortex and motor function
in healthy individuals and subjects with stroke: a systematic review and
meta-analysis. Clin. Neurophysiol. 123, 644–657. doi: 10.1016/j.clinph.2011.
08.029

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M.-F., and Nitsche, M. A. (2013).
Partially non-linear stimulation intensity-dependent effects of direct current

stimulation on motor cortex excitability in humans. J. Physiol. 591, 1987–2000.
doi: 10.1113/jphysiol.2012.249730

Battaglia-Mayer, A., Archambault, P. S., and Caminiti, R. (2006). The cortical
network for eye-hand coordination and its relevance to understanding motor
disorders of parietal patients. Neuropsychologia 44, 2607–2620. doi: 10.1016/j.
neuropsychologia.2005.11.021

Bindman, L. J., Lippold, O. C. J., and Redfearn, J. W. T. (1962). Long-lasting
changes in the level of the electrical activity of the cerebral cortex produced
by polarizing currents. Nature 196, 584–585. doi: 10.1038/196584a0

Bindman, L. J., Lippold, O. C. J., and Redfearn, J. W. T. (1964). The action of brief
polarizing currents on the cerebral cortex of the rat (1) during current flow
and (2) in the production of long-lasting after-effects. J. Physiol. 172, 369–382.
doi: 10.1113/jphysiol.1964.sp007425

Buch, E. R., Santarnecchi, E., Antal, A., Born, J., Celnik, P. A., lassen, J., et al.
(2017). Effects of tDCS on motor learning and memory formation: a consensus
and critical position paper. Clin. Neurophysiol. 128, 589–603. doi: 10.1016/j.
clinph.2017.01.004

Buneo, C. A., and Andersen, R. A. (2006). The posterior parietal cortex:
sensorimotor interface for the planning and online control of visually guided
movements.Neuropsychologia 44, 2594–2606. doi: 10.1016/j.neuropsychologia.
2005.10.011

Carter, M. J., Maslovat, D., and Carlsen, A. N. (2015). Anodal transcranial
direct current stimulation applied over the supplementary motor area delays
spontaneous antiphase-to-in-phase transitions. J. Neurophysiol. 113, 780–785.
doi: 10.1152/jn.00662.2014

Carter, M. J., Maslovat, D., and Carlsen, A. N. (2017). Intentional switches
between coordination patterns are faster following anodal-tDCS applied over
the supplementary motor area. Brain Stimul. 10, 162–164. doi: 10.1016/j.brs.
2016.11.002

Frontiers in Behavioral Neuroscience | www.frontiersin.org April 2018 | Volume 12 | Article 63115

https://doi.org/10.1007/s00221-006-0733-y
https://doi.org/10.1088/0031-9155/61/12/4506
https://doi.org/10.1088/0031-9155/61/12/4506
https://doi.org/10.1016/j.brs.2011.04.006
https://doi.org/10.1167/iovs.03-0688
https://doi.org/10.1167/iovs.03-0688
https://doi.org/10.1016/j.neuroimage.2010.11.085
https://doi.org/10.1016/j.neuroimage.2010.11.085
https://doi.org/10.1016/j.clinph.2011.08.029
https://doi.org/10.1016/j.clinph.2011.08.029
https://doi.org/10.1113/jphysiol.2012.249730
https://doi.org/10.1016/j.neuropsychologia.2005.11.021
https://doi.org/10.1016/j.neuropsychologia.2005.11.021
https://doi.org/10.1038/196584a0
https://doi.org/10.1113/jphysiol.1964.sp007425
https://doi.org/10.1016/j.clinph.2017.01.004
https://doi.org/10.1016/j.clinph.2017.01.004
https://doi.org/10.1016/j.neuropsychologia.2005.10.011
https://doi.org/10.1016/j.neuropsychologia.2005.10.011
https://doi.org/10.1152/jn.00662.2014
https://doi.org/10.1016/j.brs.2016.11.002
https://doi.org/10.1016/j.brs.2016.11.002
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Pixa and Pollok Bimanual Motor Skills and tDCS

Ciechanski, P., and Kirton, A. (2017). Transcranial direct-current stimulation
can enhance motor learning in children. Cereb. Cortex 27, 2758–2767.
doi: 10.1093/cercor/bhw114

Cohen, L. G., and Hallett, M. (1988). Hand cramps: clinical features and
electromyographic patterns in a focal dystonia. Neurology 38, 1005–1012.
doi: 10.1212/WNL.38.7.1005

Debaere, F., Wenderoth, N., Sunaert, S., van Hecke, P., and Swinnen, S. P.
(2004). Changes in brain activation during the acquisition of a new
bimanual coodination task. Neuropsychologia 42, 855–867. doi: 10.1016/j.
neuropsychologia.2003.12.010

Desrosiers, J., Hébert, R., Bravo, G., and Dutil, E. (1995). The Purdue Pegboard
Test: normative data for people aged 60 and over.Disabil. Rehabil. 17, 217–224.
doi: 10.3109/09638289509166638

Dieckhöfer, A., Waberski, T. D., Nitsche, M., Paulus, W., Buchner, H., and
Gobbelé, R. (2006). Transcranial direct current stimulation applied over the
somatosensory cortex—differential effect on low and high frequency SEPs.
Clin. Neurophysiol. 117, 2221–2227. doi: 10.1016/j.clinph.2006.06.415

Duque, J., Davare, M., Delaunay, L., Jacob, B., Saur, R., Hummel, F., et al.
(2010). Monitoring coordination during bimanual movements: where is the
mastermind? J. Cogn. Neurosci. 22, 526–542. doi: 10.1162/jocn.2009.21213

Flöel, A. (2014). tDCS-enhanced motor and cognitive function in neurological
diseases. Neuroimage 85, 934–947. doi: 10.1016/j.neuroimage.2013.05.098

Fritsch, B., Reis, J., Martinowich, K., Schambra, H. M., Ji, Y., Cohen, L. G.,
et al. (2010). Direct current stimulation promotes BDNF-dependent synaptic
plasticity: potential implications for motor learning. Neuron 66, 198–204.
doi: 10.1016/j.neuron.2010.03.035

Furuya, S., Klaus, M., Nitsche, M. A., Paulus, W., and Altenmuller, E. (2014a).
Ceiling effects prevent further improvement of transcranial stimulation in
skilled musicians. J. Neurosci. 34, 13834–13839. doi: 10.1523/JNEUROSCI.
1170-14.2014

Furuya, S., Nitsche, M. A., Paulus, W., and Altenmüller, E. (2014b). Surmounting
retraining limits in musicians’ dystonia by transcranial stimulation. Ann.
Neurol. 75, 700–707. doi: 10.1002/ana.24151

Furuya, S., Nitsche, M. A., Paulus, W., and Altenmüller, E. (2013). Early
optimization in finger dexterity of skilled pianists: implication of transcranial
stimulation. BMC Neurosci. 14:35. doi: 10.1186/1471-2202-14-35

Gomes-Osman, J., and Field-Fote, E. C. (2013). Bihemispheric anodal
corticomotor stimulation using transcranial direct current stimulation
improves bimanual typing task performance. J. Mot. Behav. 45, 361–367.
doi: 10.1080/00222895.2013.808604

Gross, J., Timmermann, L., Kujala, J., Dirks, M., Schmitz, F., Salmelin, R., et al.
(2002). The neural basis of intermittent motor control in humans. Proc. Natl.
Acad. Sci. U S A 99, 2299–2302. doi: 10.1073/pnas.032682099

Hardwick, R. M., Rottschy, C., Miall, R. C., and Eickhoff, S. B. (2013). A
quantitative meta-analysis and review of motor learning in the human brain.
Neuroimage 67, 283–297. doi: 10.1016/j.neuroimage.2012.11.020

Ho, K.-A., Taylor, J. L., Chew, T., Gálvez, V., Alonzo, A., Bai, S., et al. (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 Stimul. 9, 1–7. doi: 10.1016/j.brs.2015.08.003

Hunter, M. A., Coffman, B. A., Trumbo, M. C., and Clark, V. P. (2013).
Tracking the neuroplastic changes associated with transcranial direct current
stimulation: a push for multimodal imaging. Front. Hum. Neurosci. 7:495.
doi: 10.3389/fnhum.2013.00495

Jantzen, K. J., Oullier, O., and Scott Kelso, J. A. (2008). Neuroimaging coordination
dynamics in the sport sciences. Methods 45, 325–335. doi: 10.1016/j.ymeth.
2008.06.001

Karabanov, A., Ziemann, U., Hamada, M., George, M. S., Quartarone, A.,
Classen, J., et al. (2015). Consensus paper: probing homeostatic plasticity of
human cortex with non-invasive transcranial brain stimulation. Brain Stimul.
8, 442–454. doi: 10.1016/j.brs.2015.01.404

Li, L.M., Uehara, K., andHanakawa, T. (2015). The contribution of interindividual
factors to variability of response in transcranial direct current stimulation
studies. Front. Cell. Neurosci. 9:898. doi: 10.3389/fncel.2015.00181

Liebetanz, D., Nitsche, M. A., Tergau, F., and Paulus, W. (2002). Pharmacological
approach to the mechanisms of transcranial DC-stimulation-induced
after-effects of human motor cortex excitability. Brain 125, 2238–2247.
doi: 10.1093/brain/awf238

Maes, C., Gooijers, J., Orban de Xivry, J.-J., Swinnen, S. P., and Boisgontier, M. P.
(2017). Two hands, one brain, and aging.Neurosci. Biobehav. Rev. 75, 234–256.
doi: 10.1016/j.neubiorev.2017.01.052

McCambridge, A. B., Stinear, J. W., and Byblow,W. D. (2016). Neurophysiological
and behavioural effects of dual-hemisphere transcranial direct current
stimulation on the proximal upper limb. Exp. Brain Res. 234, 1419–1428.
doi: 10.1007/s00221-015-4547-7

Middleton, A., Fritz, S. L., Liuzzo, D. M., Newman-Norlund, R., and Herter, T. M.
(2014). Using clinical and robotic assessment tools to examine the feasibility of
pairing tDCS with upper extremity physical therapy in patients with stroke and
TBI: a consideration-of-concept pilot study. NeuroRehabilitation 35, 741–754.
doi: 10.3233/NRE-141178

Monte-Silva, K., Kuo, M.-F., Hessenthaler, S., Fresnoza, S., Liebetanz, D.,
Paulus, W., et al. (2013). Induction of late LTP-like plasticity in the human
motor cortex by repeated non-invasive brain stimulation. Brain Stimul. 6,
424–432. doi: 10.1016/j.brs.2012.04.011

Naros, G., Geyer, M., Koch, S., Mayr, L., Ellinger, T., Grimm, F., et al.
(2016). Enhanced motor learning with bilateral transcranial direct current
stimulation: impact of polarity or current flow direction? Clin. Neurophysiol.
127, 2119–2126. doi: 10.1016/j.clinph.2015.12.020

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. J. Physiol. 527,
633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

Nitsche, M. A., and Paulus, W. (2001). Sustained excitability elevations induced
by transcranial DC motor cortex stimulation in humans. Neurology 57,
1899–1901. doi: 10.1212/WNL.57.10.1899

Opitz, A., Paulus, W., Will, S., Antunes, A., and Thielscher, A. (2015).
Determinants of the electric field during transcranial direct current stimulation.
Neuroimage 109, 140–150. doi: 10.1016/j.neuroimage.2015.01.033

Pixa, N. H., Steinberg, F., and Doppelmayr, M. (2017a). Effects of high-definition
anodal transcranial direct current stimulation applied simultaneously to both
primary motor cortices on bimanual sensorimotor performance. Front. Behav.
Neurosci. 11:4506. doi: 10.3389/fnbeh.2017.00130

Pixa, N. H., Steinberg, F., and Doppelmayr, M. (2017b). High-definition
transcranial direct current stimulation to both primary motor cortices
improves unimanual and bimanual dexterity. Neurosci. Lett. 643, 84–88.
doi: 10.1016/j.neulet.2017.02.033

Pollok, B., Boysen, A.-C., and Krause, V. (2015). The effect of transcranial
alternating current stimulation (tACS) at α and β frequency on motor learning.
Behav. Brain Res. 293, 234–240. doi: 10.1016/j.bbr.2015.07.049

Pollok, B., Butz, M., Gross, J., and Schnitzler, A. (2007). Intercerebellar
coupling contributes to bimanual coordination. J. Cogn. Neurosci. 19, 704–719.
doi: 10.1162/jocn.2007.19.4.704

Prichard, G., Weiller, C., Fritsch, B., and Reis, J. (2014). Effects of different
electrical brain stimulation protocols on subcomponents of motor skill
learning. Brain Stimul. 7, 532–540. doi: 10.1016/j.brs.2014.04.005

Puttemans, V., Wenderoth, N., and Swinnen, S. P. (2005). Changes in brain
activation during the acquisition of a multifrequency bimanual coordination
task: from the cognitive stage to advanced levels of automaticity. J. Neurosci.
25, 4270–4278. doi: 10.1523/JNEUROSCI.3866-04.2005

Reis, J., and Fritsch, B. (2011). Modulation of motor performance and motor
learning by transcranial direct current stimulation. Curr. Opin. Neurol. 24,
590–596. doi: 10.1097/WCO.0b013e32834c3db0

Reis, J., Schambra, H. M., Cohen, L. G., Buch, E. R., Fritsch, B., Zarahn, E., et al.
(2009). Noninvasive cortical stimulation enhances motor skill acquisition over
multiple days through an effect on consolidation. Proc. Natl. Acad. Sci. U S A
106, 1590–1595. doi: 10.1073/pnas.0805413106

Ridding, M. C., and Ziemann, U. (2010). Determinants of the induction of cortical
plasticity by non-invasive brain stimulation in healthy subjects. J. Physiol. 588,
2291–2304. doi: 10.1113/jphysiol.2010.190314

Romero Lauro, L. J., Rosanova, M., Mattavelli, G., Convento, S., Pisoni, A.,
Opitz, A., et al. (2014). TDCS increases cortical excitability: direct evidence
from TMS-EEG. Cortex 58, 99–111. doi: 10.1016/j.cortex.2014.05.003

SaucedoMarquez, C.M., Zhang, X., Swinnen, S. P.,Meesen, R., andWenderoth, N.
(2013). Task-specific effect of transcranial direct current stimulation on motor
learning. Front. Hum. Neurosci. 7:333. doi: 10.3389/fnhum.2013.00333

Stagg, C. J., Best, J. G., Stephenson,M. C., O’Shea, J.,Wylezinska,M., Kincses, Z. T.,
et al. (2009). Polarity-sensitive modulation of cortical neurotransmitters by

Frontiers in Behavioral Neuroscience | www.frontiersin.org April 2018 | Volume 12 | Article 63116

https://doi.org/10.1093/cercor/bhw114
https://doi.org/10.1212/WNL.38.7.1005
https://doi.org/10.1016/j.neuropsychologia.2003.12.010
https://doi.org/10.1016/j.neuropsychologia.2003.12.010
https://doi.org/10.3109/09638289509166638
https://doi.org/10.1016/j.clinph.2006.06.415
https://doi.org/10.1162/jocn.2009.21213
https://doi.org/10.1016/j.neuroimage.2013.05.098
https://doi.org/10.1016/j.neuron.2010.03.035
https://doi.org/10.1523/JNEUROSCI.1170-14.2014
https://doi.org/10.1523/JNEUROSCI.1170-14.2014
https://doi.org/10.1002/ana.24151
https://doi.org/10.1186/1471-2202-14-35
https://doi.org/10.1080/00222895.2013.808604
https://doi.org/10.1073/pnas.032682099
https://doi.org/10.1016/j.neuroimage.2012.11.020
https://doi.org/10.1016/j.brs.2015.08.003
https://doi.org/10.3389/fnhum.2013.00495
https://doi.org/10.1016/j.ymeth.2008.06.001
https://doi.org/10.1016/j.ymeth.2008.06.001
https://doi.org/10.1016/j.brs.2015.01.404
https://doi.org/10.3389/fncel.2015.00181
https://doi.org/10.1093/brain/awf238
https://doi.org/10.1016/j.neubiorev.2017.01.052
https://doi.org/10.1007/s00221-015-4547-7
https://doi.org/10.3233/NRE-141178
https://doi.org/10.1016/j.brs.2012.04.011
https://doi.org/10.1016/j.clinph.2015.12.020
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1212/WNL.57.10.1899
https://doi.org/10.1016/j.neuroimage.2015.01.033
https://doi.org/10.3389/fnbeh.2017.00130
https://doi.org/10.1016/j.neulet.2017.02.033
https://doi.org/10.1016/j.bbr.2015.07.049
https://doi.org/10.1162/jocn.2007.19.4.704
https://doi.org/10.1016/j.brs.2014.04.005
https://doi.org/10.1523/JNEUROSCI.3866-04.2005
https://doi.org/10.1097/WCO.0b013e32834c3db0
https://doi.org/10.1073/pnas.0805413106
https://doi.org/10.1113/jphysiol.2010.190314
https://doi.org/10.1016/j.cortex.2014.05.003
https://doi.org/10.3389/fnhum.2013.00333
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Pixa and Pollok Bimanual Motor Skills and tDCS

transcranial stimulation. J. Neurosci. 29, 5202–5206. doi: 10.1523/JNEUROSCI.
4432-08.2009

Stagg, C. J., Jayaram, G., Pastor, D., Kincses, Z. T., Matthews, P. M., and Johansen-
Berg, H. (2011). Polarity and timing-dependent effects of transcranial direct
current stimulation in explicit motor learning. Neuropsychologia 49, 800–804.
doi: 10.1016/j.neuropsychologia.2011.02.009

Stinear, C. M., and Byblow, W. D. (2004). Impaired modulation of
intracortical inhibition in focal hand dystonia. Cereb. Cortex 14, 555–561.
doi: 10.1093/cercor/bhh017

Swinnen, S. P. (2002). Intermanual coordination: from behavioural
principles to neural-network interactions. Nat. Rev. Neurosci. 3, 348–359.
doi: 10.1038/nrn807

Swinnen, S. P., and Gooijers, J. (2015). ‘‘Bimanual coordination,’’ in Brain
Mapping: An Encyclopedic Reference, ed. A. W. Toga (Burlington: Elsevier
Science), 475–482.

Swinnen, S. P., and Wenderoth, N. (2004). Two hands, one brain: cognitive
neuroscience of bimanual skill. Trends Cogn. Sci. 8, 18–25. doi: 10.1016/j.tics.
2003.10.017

Takeuchi, N., Tada, T., Matsuo, Y., and Ikoma, K. (2012). Low-frequency
repetitive TMS plus anodal transcranial DCS prevents transient decline in
bimanual movement induced by contralesional inhibitory rTMS after stroke.
Neurorehabil. Neural Repair 26, 988–998. doi: 10.1177/1545968311433295

Tiffin, J., and Asher, E. J. (1948). The Purdue pegboard; norms and studies of
reliability and validity. J. Appl. Psychol. 32, 234–247. doi: 10.1037/h0061266

Vancleef, K., Meesen, R., Swinnen, S. P., and Fujiyama, H. (2016). tDCS over left
M1 or DLPFC does not improve learning of a bimanual coordination task. Sci.
Rep. 6:35739. doi: 10.1038/srep35739

Villamar, M. F., Volz, M. S., Bikson, M., Datta, A., DaSilva, A. F., and Fregni, F.
(2013). Technique and considerations in the use of 4x1 ring high-definition

transcranial direct current stimulation (HD-tDCS). J. Vis. Exp. 77:e50309.
doi: 10.3791/50309

Wenderoth, N., Debaere, F., Sunaert, S., and Swinnen, S. P. (2005). Spatial
interference during bimanual coordination: differential brain networks
associated with control of movement amplitude and direction. Hum. Brain
Mapp. 26, 286–300. doi: 10.1002/hbm.20151

Whitall, J., Waller, S. M., Sorkin, J. D., Forrester, L. W., Macko, R. F.,
Hanley, D. F., et al. (2011). Bilateral and unilateral arm training improve
motor function through differing neuroplastic mechanisms: a single-blinded
randomized controlled trial. Neurorehabil. Neural Repair 25, 118–129.
doi: 10.1177/1545968310380685

Woods, A. J., Antal, A., Bikson, M., Boggio, P. S., Brunoni, A. R., Celnik, P., et al.
(2016). A technical guide to tDCS, and related non-invasive brain stimulation
tools. Clin. Neurophysiol. 127, 1031–1048. doi: 10.1016/j.clinph.2015.11.012

Zaehle, T., Beretta, M., Jäncke, L., Herrmann, C. S., and Sandmann, P. (2011).
Excitability changes induced in the human auditory cortex by transcranial
direct current stimulation: direct electrophysiological evidence. Exp. Brain Res.
215, 135–140. doi: 10.1007/s00221-011-2879-5

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Pixa and Pollok. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org April 2018 | Volume 12 | Article 63117

https://doi.org/10.1523/JNEUROSCI.4432-08.2009
https://doi.org/10.1523/JNEUROSCI.4432-08.2009
https://doi.org/10.1016/j.neuropsychologia.2011.02.009
https://doi.org/10.1093/cercor/bhh017
https://doi.org/10.1038/nrn807
https://doi.org/10.1016/j.tics.2003.10.017
https://doi.org/10.1016/j.tics.2003.10.017
https://doi.org/10.1177/1545968311433295
https://doi.org/10.1037/h0061266
https://doi.org/10.1038/srep35739
https://doi.org/10.3791/50309
https://doi.org/10.1002/hbm.20151
https://doi.org/10.1177/1545968310380685
https://doi.org/10.1016/j.clinph.2015.11.012
https://doi.org/10.1007/s00221-011-2879-5
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00016 January 29, 2018 Time: 17:4 # 1

ORIGINAL RESEARCH
published: 31 January 2018

doi: 10.3389/fnbeh.2018.00016

Edited by:
Roberta Ferrucci,

Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico

(IRCCS), Italy

Reviewed by:
Filippo Brighina,

Università degli Studi di Palermo, Italy
Claudio Lucchiari,

Università degli Studi di Milano, Italy
Adriana Salatino,

Università degli Studi di Torino, Italy

*Correspondence:
Ulrich Palm

ulrich.palm@med.uni-muenchen.de

Received: 14 August 2017
Accepted: 18 January 2018
Published: 31 January 2018

Citation:
Brunnauer A, Segmiller FM,

Löschner S, Grun V, Padberg F and
Palm U (2018) The Effects

of Transcranial Direct Current
Stimulation (tDCS) on Psychomotor

and Visual Perception Functions
Related to Driving Skills.

Front. Behav. Neurosci. 12:16.
doi: 10.3389/fnbeh.2018.00016

The Effects of Transcranial Direct
Current Stimulation (tDCS) on
Psychomotor and Visual Perception
Functions Related to Driving Skills
Alexander Brunnauer1,2, Felix M. Segmiller1, Sabine Löschner1, Valérie Grun1,
Frank Padberg1 and Ulrich Palm1*

1 Department of Psychiatry and Psychotherapy, Klinikum der Universität München, Ludwig-Maximilians-University, Munich,
Germany, 2 Psychiatric Clinic, kbo-Inn-Salzach-Klinikum, Wasserburg am Inn, Germany

Objective: It could be demonstrated that anodal transcranial direct current stimulation
(tDCS) of the left dorsolateral prefrontal cortex (DLPFC) enhances accuracy in working
memory tasks and reaction time in healthy adults and thus may also have an influence
on complex everyday tasks like driving a car. However, no studies have applied tDCS to
psychomotor skills related to a standard driving test so far.

Methods: 10 female and 5 male healthy adults without any medication and history
of psychiatric or neurological illness were randomly assigned to two groups receiving
active and sham stimulation in a double blind, cross-over study design. Standardized
computerized psychomotor tests according to the German guidelines for road and traffic
safety were administered at baseline. Then they performed the same tests during an
anodal or sham tDCS of the left DLPFC in two separated sessions.

Results: No significant improvements in skills related to driving performance like visual
perception, stress tolerance, concentration, and vigilance could be shown after left
anodal prefrontal tDCS. Side effects were low and did not differ between active and
sham stimulation.

Conclusions: The findings of our study indicate that left prefrontal tDCS may not alter
driving skills affording more automated action patterns but as shown in previous studies
may have an influence on driving behavior requiring executive control processes. This
however has to be proved in future studies and within greater samples.

Keywords: tDCS, brain stimulation, dorsolateral prefrontal cortex, DLPFC, driving skills, driving performance

INTRODUCTION

Driving a car is considered an important part of daily life that embodies a complex and goal-
directed task. This engages multiple interacting cognitive processes in different regions of our brain
to maintain attention to traffic environment, focus on emerging information and threats, select and
perform adequate reactions in terms of safety and traffic laws.

Most cognitive processes are modulated by the right and left dorsolateral prefrontal cortex
(DLPFC), e.g., sustained attention (Pardo et al., 1991; Coull et al., 1998), error processing
(Dosenbach et al., 2006), and planning (Unterrainer et al., 2005). However, left and right
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hemispheres seem to be responsible for different cognitive
abilities. Thus, several neuroimaging studies addressed the
specific functions of both hemispheres. The right DLPFC is
involved in spatial tasks such as car-following and distance-
keeping (Uchiyama et al., 2012), while the left DLPFC seems to
be involved in tasks requiring sustained vigilance such as driving
on a curved rural road with the need to pay attention to changing
situations (Just et al., 2008).

In recent years, non-invasive brain stimulation methods
such as transcranial direct current stimulation (tDCS) have
been applied to focally change neuronal activation and its
relevance in cognitive and behavioral performance. tDCS has
been proven to change large-scale neuronal network function
by application of weak direct current to the brain via a large
electrode placed over the targeted brain regions (Keeser et al.,
2011a,b) and has been shown to ameliorate symptoms in
psychiatric disorders depending on its polarity (anodal and
cathodal), e.g., depressive disorders (Palm et al., 2016). In
neuropsychological studies, anodal and cathodal tDCS usually
are applied to prefrontal and frontotemporal brain regions to
assess the effects of inhibitory and excitatory stimulation on
distinct neuropsychological functions and test performance. For
example, in healthy adults it could be shown that anodal tDCS
of the left DLPFC enhances accuracy in working memory tasks
(Fregni et al., 2005; Zaehle et al., 2011), reaction time (Mulquiney
et al., 2011; Teo et al., 2011), and declarative memory (Javadi and
Walsh, 2012).

Only a few studies addressed the impact of tDCS on driving
ability. Beeli et al. (2008) evaluated the impact of anodal and
cathodal stimulation of the prefrontal cortex on risky driving
behavior. They found that anodal stimulation of each right
and left DLPFC but not cathodal stimulation resulted in a less
risky driving style during a driving simulator test. The authors
concluded that excitation of the right and left DLPFC caused
stronger executive control and a more careful driving style.
Sakai et al. (2014) found a better performance in car-following
and lane-keeping after right-anodal/left-cathodal compared to
left-anodal/right-cathodal tDCS. The authors conclude that this
improvement is mediated by the enhancement of the right
DLPFC where those spatial tasks are processed.

According to Michon (1989), driving behavior can be
subdivided in three interacting hierarchical levels. A strategical
level – e.g., choosing a route or consideration of road traffic rules,
a tactical level – e.g., planning actions and maneuvre control,
and an operational level with perceptual processing and action
execution under high time pressure. Above mentioned studies
(Beeli et al., 2008; Sakai et al., 2014) predominately investigated
a more strategical and/or tactical level of driving behavior. The
aim of the present study was to investigate the influence of left
prefrontal tDCS on an operational level of driving behavior – i.e.,
visual perception, stress-tolerance, concentration, and vigilance.
According to regulations of the German guidelines for road and
traffic safety we focused on psychomotor- and visual perception-
functions that are thought to be critical for an assessment of
driving ability. The validity of these tests has been confirmed
in large samples of both healthy controls and clinical samples.
It could be demonstrated that a 83.3% correct classification for

adjusted and unadjusted driving behaviors could be obtained
with these tests (Bukasa et al., 1990; Karner and Biehl, 2001).

MATERIALS AND METHODS

Subjects
This study was conducted at the Department of Psychiatry and
Psychotherapy, Klinikum der Universität München, Germany,
in accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments, and has been
approved by the ethics committee of the Ludwig Maximilian
University of Munich (No. 299-12). Written informed consent
was obtained from all participants before enrolment. 15 healthy
adults (10 female, 5 male) without any medication and any
history of psychiatric and neurological illness were randomized
to two groups receiving active and sham stimulation in a
double blind, cross-over study design. Demographic variables
and driving history were obtained from all subjects (see Table 1).

Study Procedure
After given informed consent, a baseline assessment was carried
out which included demographic variables and driving history.
All subjects were tested in individual sessions at ∼9 am with
standardized computerized psychomotor tests, according to the
German guidelines for road and traffic safety. Complete testing
lasted about 45–60 min depending on pace of work and was
administered in the same sequence (visual perception – ATAVT,
concentration – COG, stress-tolerance – DT, vigilance – VIGIL).
To become familiar with the tests a training procedure (t0) was
first conducted. To disentangle retest effects from stimulation
effects, one group got active tDCS first, followed by sham (early
intervention [EI]), the other in reversed order (late intervention
[LI]). Psychomotor tests were performed parallel to the beginning

TABLE 1 | Demographic variables and driving history, separated for early and late
intervention group.

Early Late Statistical

intervention intervention significance∗

(n = 8) (n = 7)

Age, mean (SD), y 33.1 (6.4) 31.0 (4.5) NS

Gender, n
(male/female)

3/5 2/5 NS

Civil status, n

Unmarried 5 5 NS

Married 3 2

Grammar or middle
school

1 0 NS

High school or
university diploma

7 7

Driving license,
mean (SD), y

14.5 (5.7) 14.9 (4.1) NS

Yearly driven
kilometers, mean
(SD)

4500.0 (6546.5) 4428.6 (4961.7) NS

∗NS = not significant; y = years; SD = standard deviation.
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of the stimulation (t1, t2). The training session and both
interventional sessions were separated by an interval of at least
24 h to avoid carry-over effects (see Figure 1).

Psychomotor and Visual Perception
Tests
Several domains were assessed according to the German
guidelines for road and traffic safety (Gräcmann and
Albrecht, 2016), including visual perception, stress tolerance,
concentration, and vigilance. According to these guidelines, a
test has to be considered as failed if a participant falls short of the
threshold of one standard deviation below the mean of normative
data, derived from a representative sample of car drivers. The
procedure has been described in detail elsewhere (Brunnauer
et al., 2006). Data was collected using the computerized Wiener
Testsystem (Vienna test system, WTS). It has been verified that
more than 80% of subjects can be correctly classified according
to adequate/inadequate driving behavior using results from this
test system (Bukasa et al., 1990, 2003; Karner and Biehl, 2001).

Visual perception was assessed using the Tachistoscope Test
(TAVT-MB; test-version S1). It measures the capability to
perceive visual input quickly. Typical traffic situations are
presented on 20 color slides for 1 s each followed by a multiple-
choice question, containing five possible answers. The variable
analyzed was the number of correct items; dependent on speed
of operation the test lasted 10 min on average. The critical Stress
tolerance was examined with the Wiener Determinationstest
(Vienna determination test, DT; test-version S1). In three
test phases the participant is presented with color, tone and
light stimuli, 180 signals each. The interstimulus intervals
vary within the three test phases. Subjects have to react by
pressing corresponding buttons, bars and pedals using both
their hands and feet; omissions in this test procedure were the
critical variables; test procedure lasted 6 min. Concentration was
measured with the attention and concentration test (COG; test-
version S2). The task requires subjects to match simple figures
with respect to similarity and dissimilarity. The test procedure
lasted 8 min; the percentage of errors was the critical variable
analyzed. The Vigilance Test (VIGIL; test version S1) requires the
participant to remain attentive under monotonous conditions.
A dot of light moving along a circle in fixed steps has to be
observed over a period of 25 min. Irregularities – i.e., the dot skips
over a circle – have to be identified by a keystroke. The variable
analyzed was the number of correct items (i.e., number of stimuli
minus omissions and errors).

Transcranial Direct Current Stimulation
Transcranial direct current stimulation was applied with a CE-
certified Eldith DC-Stimulator PLUS (NeuroConn, Ilmenau,
Germany). This device delivers active or sham tDCS after
entering a number code to achieve blinding of both operator and
participant. The sham function mimics active stimulation by a
short fade-in and fade-out phase (each 15 s) at the beginning
and the end of the stimulation period (Palm et al., 2013).
Current strength was set to 2 mA, duration of stimulation
was 20 min with 15 s fade-in and fade-out. Saline-soaked
sponge electrodes (35 cm2) were placed over the left DLPFC
(anode, F3) and the contralateral supraorbital area (cathode,
Fp2-Af8). Positioning of the electrodes was performed with a
standard EEG cap according to the 10–20 international EEG
system.

Measurement of Side Effects
To control for potential side effects of the stimulation that
could lead to unblinding of the participants, the Comfort Rating
Questionnaire (CRQ) was used (Palm et al., 2014). This self-
rating questionnaire assesses side effects (pain, tingling, burning,
fatigue, nervousness, disturbed concentration, disturbed visual
perception, headache) during and immediately after stimulation
(sum scores) and general discomfort on a 10-point Likert
scale ranging from “not at all” to “extremely.” Furthermore
occurrence of visual flashes (phosphenes) and sleep disturbances
after stimulation are assessed in a dichotomous question. As the
test procedure outlasted the duration of stimulation, participants
were advised to report their sensations in the first minutes and
after the end of the test sequence.

Data Analysis
Statistical analyses were performed using SPSS software
(Statistical package for Social Sciences, Version 22, SPSS,
Inc., Chicago, IL, United States). Demographic and clinical
characteristics were analyzed using parametric and non-
parametric tests (Chi-Square, Mann–Whitney U-test, t-tests).
Due to different distributions and small sample size data from
psychomotor assessments were z-transformed. A repeated
measures analysis of variance was carried out separately for
each functional domain (visual perception, concentration, stress
tolerance, vigilance). Significant simple effects were localized
with univariate F-tests. An alpha level of 0.05 was accepted as
nominal level. To keep the type I error below this level, all post
hoc tests were carried using the Sheffé test.

FIGURE 1 | Study flow.
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RESULTS

Demographic Data
Demographic characteristics and driving history are provided in
Table 1. There were no differences in gender, age, education, years
of driving experience and driven kilometers between the EI and
the LI group.

Psychomotor and Visual Perception
Tests
Multivariate analysis of variance was performed to assess effects
of anodal prefrontal tDCS on functional domains relevant for
driving behavior. With exception of the concentration test
[F(1,13)= 6.4, p < 0.05] in the EI group, no significant alterations
over time could be demonstrated in driving skills, nor in the
EI group neither in the LI group. Post hoc Sheffé tests revealed,
that significant time effects in the EI-group with respect to
the concentration task could be seen in the sham and in the
verum condition (all p < 0.05). Significant time-by-group effects,
indicating specific stimulation effects were not found in both
intervention groups (Table 2).

To sum up, no alterations on psychomotor skills relevant
for driving could be demonstrated via anodal prefrontal tDCS
stimulation in our sample.

CRQ Results
During sham stimulation, mean sum score of side effects was
12.1 ± 3.4, after sham stimulation 9.0 ± 2.2. During active
stimulation, mean sum score of side effects was 15.7 ± 9.5, after
active stimulation 10.7± 3.9. Paired t-tests showed no significant
difference in sum scores during active and sham and after active
and sham stimulation (all p > 0.05).

Side effects were significantly lower after stimulation
compared to during stimulation in the active (p < 0.05) and in
the sham condition (p < 0.01). General discomfort showed no
statistical significant difference between active (mean: 1.9) and
sham (mean: 1.8) stimulation (p = n.s.). Sleep disturbances or
phosphenes were not reported by any participant.

DISCUSSION

The aim of this study was to investigate the influence of left
prefrontal tDCS on driving skills in a standardized driving test
according to the German guidelines for road and traffic safety.
15 healthy adults without any medication and any history of
psychiatric illness were randomized to two groups receiving
active and sham stimulation in a double blind, cross-over study
design.

This is – to our best knowledge – the first study investigating
the influence of prefrontal tDCS on computerized psychomotor
tests according to the German guidelines for traffic medicine
and traffic psychology assessment. The main findings of our
study are that no consistent improvements of driving skills like
visual perception, stress tolerance, concentration, and vigilance
could be found after active tDCS of the left DLPFC. tDCS
was well-tolerated and there were low rates of discomfort after TA
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active and sham stimulation. It is therefore unlikely that side
effects might have influenced the test performance.

According to Michon (1989), driving processes can be
grouped into three interacting hierarchical levels: a strategical
level and tactical level affording more executive control processes
and an operational level with predominately automatic action
patterns like action execution and perceptual processing.
Albeit there is no conclusive model of neural substrates
of driving behavior till now, there is however evidence,
that these driving processes are associated with activations
in specific brain regions (Spiers and Maguire, 2007). In
contrast to other studies focusing on driving performance,
we investigated the influence of left prefrontal tDCS on an
operational level of driving behavior. Beeli et al. (2008) and
Sakai et al. (2014) investigated a more strategic and tactical
level of driving processes like risk behavior or longitudinal
control. The study of Sakai reasoned that an upregulation
of the right DLPFC (F4 anodal, F3 cathodal) improves
vehicle control abilities in car-following and lane-keeping due
to the processing of spatial tasks in the right hemisphere
(Sakai et al., 2014). In a cross-over study with right and
left anodal and cathodal tDCS, Beeli showed that anodal
stimulation of both left and right DLPFC directly influences risky
driving behavior when driving through a virtual environment
in a driving simulator (anode F3 or F4, cathode on the
ipsilateral mastoid) (Beeli et al., 2008). We investigated a
more basic, operational level of driving processes requiring
a high level of arousal to pass the test without failure.
It is likely that because of high time pressure in these
assessments more automatic response patterns are afforded
compared to the studies of Beeli et al. (2008) and Sakai
et al. (2014) where risky driving (speed, speed violation,
distance, revolutions per minute) respectively fundamental
vehicle control (car-following) were assessed, affording more
anticipatory control processes. As Gill et al. (2015) outlined,
the effects of a tDCS program on the DLPFC may be
influenced by the cognitive demands of a task performed during
stimulation.

There are some limitations to be considered in the
interpretation of our study results. First of all, the number of
investigated patients is, despite using cross-over design, rather
small and a larger number could have brought different results.
Second, healthy participants predominately were in an upper
performance level and the speed tests used in our sample
required a high level of arousal which probably could not have
been increased by anodal stimulation because of ceiling effects.
Moreover, prolonged stimulation at high intensity, particularly

in a condition of activated cortex, can induce paradoxical
homeostatic effects (e.g., Batsikadze et al., 2013), however the
chosen parameters are sound to modulate prefrontal function.
Third, the operational level explored includes psychomotor and
cognitive functions, that are not under the strict competence
of the cortical areas stimulated. Besides, electrode placement
could have contributed to the negative results as the cathode
was placed over right anterior-frontal regions and could have
interfered in right DLPFC function. Another limiting factor
could have been the duration of tests outlasting of about
25 min that of stimulation, although other studies reported
positive results with neuropsychological test outlasting the
stimulation for the same amount of time (e.g., Teo et al.,
2011).

CONCLUSION

Up to now, the relevance of different brain regions in driving
performance and behavior remains unclear and the role of
the interplay between both cortical hemispheres is not yet
elucidated. Study designs and aims are heterogeneous and
hamper comparability. Concerning tDCS studies on driving
behavior, anodal tDCS of both hemispheres seems to improve
risky driving whereas anodal tDCS of the right DLPFC seems
to improve spatial functions. In our study we could not show
an improvement in psychomotor and visual perception tests
after anodal tDCS of the left DLPFC in psychomotor and
visual perception functions related to driving skills, although
improvement of cognitive functions by left-anodal tDCS has been
shown in previous studies. Not least, with respect to rehabilitation
efforts, there is a need for further studies on the effects of
unilateral or bilateral tDCS on both hemispheres to elucidate the
interplay of different neural substrates on specific processes of
driving performance in clinical samples.
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The possibility to use non-invasive brain stimulation to modulate reading performance in

individuals with developmental dyslexia (DD) has been recently explored by few empirical

investigations. The present systematic review includes nine studies which have employed

transcranial direct current stimulation (tDCS) aiming at improving reading abilities in both

typical readers and individuals with DD. Anodal tDCS over the left temporo-parietal

cortex—a region which is typically involved in phonological and orthographic processing

during reading tasks and underactive in individuals with DD—was the most frequently

used montage. The majority of studies employing such stimulation protocol showed

significant improvement in differential reading subprocesses. More precisely, word

decoding was improved in adult readers, whereas non-word and low-frequency word

reading in younger individuals. Furthermore, tDCS was found to be specifically effective

in poor readers and individuals with DD rather than typical readers, in spite of the specific

brain region targeted by the stimulation; Left frontal, left temporo-parietal, and right

cerebellar tDCS failed to modulate reading in already proficient readers. Overall, tDCS

appears to be a promising remedial tool for reading difficulties, even when applied to

younger populations with reading problems. Further empirical evidence is needed to

confirm the potential of neuromodulation as a successful intervention method for DD.

Keywords: tDCS, neuromodulation, reading, dyslexia, intervention

INTRODUCTION

Developmental dyslexia (DD) is a neuropsychological disorder affecting the ability of reading.
More precisely, the behavioral manifestations of DD include an inaccurate and/or slow decoding
of written language, resulting in a hesitant and effortful reading. Such difficulties are not the
consequence of intellectual deficit, sensory dysfunction, socioeconomic disadvantage, or lack of
educational opportunities (Snowling and Hulme, 2012; American Psychiatric Association, 2013).

The majority of the intervention methods for DD which have been studied to be effective in
overcoming dyslexia-related difficulties are behavioral and comprise activities aimed at improving
reading by adopting process-based approaches. More precisely, such interventions are inspired
by theoretical frameworks focusing on specific reading-related cognitive mechanisms, such as
phonological processing (e.g., Shaywitz et al., 2004), temporal-auditory perceptual abilities (e.g.,
Gaab et al., 2007; Thomson et al., 2013), visuo-spatial attentional abilities (e.g., Franceschini et al.,
2012), and grapheme-phoneme association (Saine et al., 2011).
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Although the outcome measures employed for assessing the
effectiveness of remedial methods for DD are in most cases
behavioral (e.g., standardized test measuring reading speed and
accuracy, phonological awareness, verbal workingmemory, rapid
automatized naming, school proficiency), few studies measured
the neurobiological changes associated with DD intervention.
Findings from a meta-analysis by Barquero et al. (2014),
which considered studies investigating differences in functional
activation following reading intervention, are convergent with
neurofunctional models of DD (Pugh et al., 2000; Maisog et al.,
2008; Richlan et al., 2011) in identifying a central role of
left-lateralized inferior frontal, temporo-parietal, and occipito-
temporal dysfunctions. In typically-reading adults, the reading
system is dominated by a left-sided network, comprising three
circuits (Shaywitz and Shaywitz, 2008): (a) A posterior ventral
pathway centered in the inferior occipital-temporal area, engaged
in the visual processing and recognition of words (Dehaene
and Cohen, 2011); (b) A dorsal posterior region comprising
the posterior superior temporal, supramarginal, and angular
gyri, which is involved in phonological, orthographic, and
semantic processing, and grapheme-phoneme conversion (Price,
2012); (c) An anterior component, located in the inferior-
frontal gyrus (IFG), involved in phonological processing and
articulatory output (Levy et al., 2008). In DD, an underactivation
of both temporo-parietal and occipito-temporal regions have
been reported (Richlan, 2012).

The correspondence between the improved behavioral
outcomes and the neurofunctional reorganization following
treatment has, quite recently, led to the hypothesis of a
neuromodulatory remedial intervention for DD (Krause and
Cohen Kadosh, 2013; Vicario and Nitsche, 2013). To date, few
experimental studies have explored the possibility to modulate
reading performance using non-invasive brain stimulation
(NIBS) by inducing excitability alterations in the brain regions
shown to be underactivated in poor readers and individuals with
DD.

The present review includes a collection of the studies
which have employed transcranial electrical stimulation (tES)
aiming at improving reading abilities in both typical readers and
individuals with DD. In order to draw preliminary conclusions
on the efficacy of neuromodulation as a potential remedial
tool for reading difficulties, this review focuses on tES, and
specifically transcranial direct current stimulation (tDCS), thus
excluding studies employing transcranial magnetic stimulation
(TMS) (e.g., Costanzo et al., 2012, 2013). In tDCS, weak direct
electrical currents, ranging from 1 to 2mA, are applied for a
short duration (up to 20min) via two or more electrodes placed
on the scalp (Priori et al., 1998; Nitsche and Paulus, 2000). Such
transcranial application of current induces alterations of resting
membrane potential and thus variation in the response threshold
of the stimulated neurons (see Fertonani and Miniussi, 2017).
Unlike TMS, the modifications induced by tES are insufficient
to induce action potentials (Creutzfeldt et al., 1962; Bindman
et al., 1964). However, the alteration in the threshold response
via tES can induce long-lasting cognitive changes (Zaghi et al.,
2010). Moreover, relative to TMS, tDCS is associated with fewer
and minor adverse side effects (i.e., tingling, itching, burning

sensation of the skin under the electrode, and in rare cases
nausea and headaches) (Fertonani et al., 2015). Such features
make tDCS more suitable for a cognitive enhancement program,
which require multiple training sessions in order to be effective.
For all the aforementioned reasons, the present review focuses on
tDCS studies only.

AIMS AND METHODS

The aim of the present review is to explore the effects of different
neuromodulation protocols on reading, specifically considering
the variability in targeted cortical areas (electrode montages),
number of sessions (single-session vs. multiple applications
to the same cortical site with the same stimulation polarity),
simultaneous application of behavioral interventions (tDCS
only vs. tDCS combined with a behavioral intervention), and
population targeted (typical readers vs. individuals with DD;
children vs. adults). To do so, we performed a systematic review
following the PRISMA guidelines (Liberati et al., 2009).

A literature search was conducted on studies published
between 2008 and 2018 on Science Direct database using the
search string “tDCS” OR “trascranial direct current stimulation”
AND “reading” AND/OR “dyslexia.” Furthermore, we searched
for additional references in retrieved articles and reviews and
checked each article according to our inclusion criteria.

Only the articles meeting the following eligibility criteria
have been selected: (a) peer-reviewed publications written in
English; (b) studies including reading outcomes; (c) papers
providing details of the protocol implemented; (e) presence of a
control group or control condition (sham or opposite stimulation
polarity).

RESULTS

One hundred fifty-five records were obtained through database
and retrieval articles and reviews searching. However, 135
references were excluded after duplicate removal and title and
abstract screening, and another 15 references were further
excluded following a full-text assessment (Figure 1). The
remaining 9 articles were included in the review (for an overview,
see Table 1).

Effect of tDCS on Reading in
Typical-Readers
In order to investigate the role of the left posterior temporal
cortex (pTC) in reading ability, Turkeltaub et al. (2012) carried
out an empirical investigation on healthy adults. The authors
designed a tDCS intervention procedure based on functional
neuroimaging evidence suggesting reduced left pTC activity
in individuals with DD (Maisog et al., 2008) and increased
left pTC lateralization in children with DD after successful
remedial training (Simos et al., 2002). They hypothesized that
enhancing left lateralization of pTC would facilitate lexical access
and phonological processing, thus ultimately improving reading
efficiency. In a within-subject design, 25 right-handed typically-
reading adults underwent two tDCS sessions, on different days,
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FIGURE 1 | PRISMA flowchart of database search strategy.

to compare a single-session tDCS intervention with a sham
control condition. Criteria for participant’s selection included: at
least 12 years of education, no history of neurologic, psychiatric
disorder, significant head trauma, hearing loss, or personal or
family history of learning disorder (including DD). In real tDCS,
a constant current of 1.5mA was applied for 20min via a pair
of 25 cm2 electrodes. Such stimulation parameters, resulting in a
current density of 0.06 mA/cm2, were employed in the majority
of the studies included in the present review. As for the electrode
montage, the anodal electrode was positioned over the left pTC
(midway between T7 and TP7) whereas the cathodal electrode
over the contralateral homolog site (midway between T8 and
TP8). During the last 15min of tDCS, participants performed
either a phoneme perception task or a color perception task to
maintain attention and arousal. Word and non-word reading
efficiency was assessed offline, immediately after each session,
using the Test of Word Reading Efficiency - TOWRE (Torgesen
et al., 1999), in which participants are asked to read aloud
lists of words (Sight Word Efficiency subtest) and non-words
(Phonetic Decoding Efficiency subtest) as quickly as possible.
For both subtests (words and non-words reading), standard
score is determined by the number of verbal stimuli read
correctly within 45 s. Authors found a significant effect of real
tDCS on word reading efficiency performance, compared to
the sham condition, and thus confirmed the short-term efficacy

of the enhancement of left pTC lateralization via tDCS after
just one session. The beneficial effect was specifically driven by
a below-average reading subgroup of participants (N = 12),
namely participants who scored below average (i.e., <100) in the
word reading test in the post-sham assessment. Conversely, the
authors did not find a significant effect of real-tDCS in above-
average participants (i.e., TOWRE word reading score > 100),
thereby supporting the possibility to successfully address this
intervention to individuals with reading difficulties.

A later tDCS study by Thomson et al. (2015) failed to replicate
the findings of Turkeltaub and colleagues, despite testing a
similar intervention protocol. The researchers used tDCS to
stimulate an overlapping but slightly superior region, namely
the left temporo-parietal junction (TPJ) (CP5). The aim of the
study was to further investigate whether the effect found by
Turkeltaub and colleagues was the result of the left anodal
stimulation or of the conjunction of left anodal and right cathodal
stimulation. To do so, Thomson and colleagues implemented
a mixed factorial design, which included both a within-
subject comparison of the stimulation polarity (i.e., anodal vs.
cathodal) and a between-subject comparison of the stimulation
hemispheric lateralization (i.e., left CP5 vs. right CP6). No
sham condition was included. Thirty-nine right-handed healthy
adults were assigned to either a left or right stimulation
condition and received, during two separate sessions, anodal
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or cathodal stimulation (2mA for 20min) over TPJ, while the
reference electrode was positioned on the contralateral mastoid.
Participants had no history or presence of reading disability or
any neurological or psychiatric disorder and were not taking any
central nervous system-active drugs or medications. Word and
non-word reading efficiency measures (Sight Word Efficiency
and Phonetic Decoding efficiency subtests of the Test of Word
Reading Efficiency - 2nd edition: Torgesen et al., 2011) were
administered before each tDCS session and after 10min from
the beginning of the stimulation. Differently than expected
by the authors, results showed a mild but significant increase
of word reading efficiency following right hemisphere anodal
stimulation, compared to left hemisphere anodal stimulation.
Moreover, word reading performance decrement was induced by
left anodal stimulation. Thomson and colleagues speculated that,
since participants were typical readers, no further improvement
could yield from the enhancement of the already functioning
left hemispheric phonological system. Conversely, they suggested
that the activation of the normally less involved right temporo-
parietal region could have led to reading improvement, similarly
to what was observed in other processing domains (i.e., motor
functioning: Boggio et al., 2006). Finally, the absence of a cathodal
flow directly at the right temporal parietal junction was proposed
as a further explanation for the inconsistent results compared to
Turkeltaub et al. (2012).

In their experimental investigation, Younger et al. (2016)
targeted a more superior portion of the left temporo-parietal
cortex, namely the inferior parietal lobe (IPL), based on its
role in smaller-grained grapheme-to-phoneme mapping and
its involvement in initial development of the reading network
(Pugh et al., 2000). Word reading efficiency of 32 right-
handed, low-to-average reading skilled adults (baseline: 80–
100 standard score in the Sight Word Efficiency subtest of
the Test of Word Reading Efficiency: Torgesen et al., 1999)
was measured before and immediately after a single-session
tDCS intervention. Inclusion criteria, along with a below-average
word reading performance, included no history of neurological
disorder, psychiatric disorder, significant head trauma, hearing
loss, substance abuse, seizure or migraine, metal implants,
and current pregnancy. Participants have been assigned to
one of three conditions: anodal tDCS over left IPL, right
tDCS over right SPL, or sham. In all conditions the cathode
electrode was positioned over the contralateral supraorbital
frontal region, so to selectively measure the effect of the anodal
stimulation on the target region. The real tDCS parameters
replicated the ones used by Turkeltaub et al. (2012) 1.5mA
for 20min. Results supported the initial hypothesis: Participants
who received the anodal stimulation over left IPL showed
significantly greater improvement in word reading efficiency,
relative to the participants assigned to sham condition and the
right anodal over SPL condition (for the latter, the difference
trended toward significance). The effect of themontage employed
in Younger and colleagues’ study resulted in a greater effect
size compared to Turkeltaub and colleagues’ (Cohen’s d: 1.57 vs.
0.46).

More recently, Westwood et al. (2017) used naming and
reading tasks to assess the effect of tDCS on the semantic
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interference effect in word retrieval (e.g., Belke, 2013), namely,
the slower and less accurate responses in retrieving a target word
when semantically related words are presented. More precisely,
authors contrasted stimulation of frontal and temporal areas
hypothesizing that frontal stimulation would boost selection
mechanisms, thereby reducing the interference effects, whereas
temporal stimulation would increase the activation of competing
items resulting in a stronger interference, as suggested by
Pisoni et al., 2012). Word reading served as a control task,
to verify the specificity of semantic interference effect on
naming. According to the authors, reading should not be affected
by lexical-semantic selection, since orthographic processing is
primarily involved (see Belke, 2013). Sixty-three right-handed
healthy undergraduate students took part in two 25-min sessions
one week apart, during which they completed both reading
and picture naming tasks (the order of task presentation was
counterbalanced). As for the reading task, 165 semantically
related and unrelated words, corresponding to the stimuli of the
picture naming task, were presented on a computer screen. Speed
and accuracy performance were recorded. However, authors did
not analyze error rates for word reading, since they were <5%.
Participants with language impairments, history of migraine,
headaches, skin disorders, any adverse experience to previous
tDCS, any history of epilepsy or stroke, head/metal implants,
any neurological disorders, as well as any volunteers who had
participated in a tDCS or TMS study in the previous 6 months,
were excluded. Authors implemented amixed-factorial design, in
which participants were assigned to either a frontal stimulation
condition (N = 20) or a temporal stimulation condition
(N = 18). In both experimental conditions participants received
real and sham tDCS, each in one of the two sessions. Stimulation
was delivered for 25min at 1.5mA using 25 cm2 electrodes.
Both picture naming and word reading tasks were completed
during the stimulation. In the frontal stimulation condition,
the active electrode was placed over the left inferior frontal
gyrus (IFG) and the reference electrode (35 cm2) was placed
over the contralateral supraorbital area, whereas in the temporal
stimulation condition the active electrode was placed over
the left mid-posterior temporal lobe area (pMTG), and the
reference was placed over the contralateral cheek, so to avoid
current flow through frontal areas. To control for random
variability between sessions, a control group (N = 25) was
tested using the same protocol, however without receiving any
stimulation. No significant effect of tDCS on either reading
or naming was found in any condition, as well as no effect
of stimulation site (frontal vs. temporal). In light of such
findings, authors questioned the reliability of tDCS in inducing
cognitive effects in healthy participants using single-session
stimulation, in accordance with a quantitative review on a
broad spectrum of cognitive outcome measures (including
executive functions, language, and memory) by Horvath et al.,
2015).

In a study aimed at investigating cerebellar contributions
to verbal working memory, Boehringer et al. (2013) tested the
effect of cathodal tDCS over the right cerebellum on forward
and backward digit spans and other control tasks, among which
word reading speed. In such reading task, the time needed to

read aloud 42 color words was measured. Fourty right-handed,
native German speaking, healthy participants were invited to
participate in two tDCS sessions, at least 5 days apart; In each
one, they received either cathodal (2mA for 20min, using 25 cm2

electrodes) or sham tDCS over the right cerebellum (2 cm below
the inion and 1 cm posterior to the right mastoid), with the anode
placed over the right musculus buccinator. Outcome measures
(i.e., forward and backward digit spans, reading of color words,
a visually cued sensory-motor task, and finger tapping) were
collected before and immediately after tDCS. Authors found that
whilst real cathodal tDCS significantly reduced verbal working
memory performance, it did not affect word reading.

Effect of tDCS on Reading in Individuals
With DD
The first tDCS study involving adults with a diagnosis of DD was
carried out by Heth and Lavidor (2015). The authors targeted
the visual extrastriate area V5/MT, whose activity has been
reported to be reduced in individuals with DD (Demb et al.,
1998; Eden and Zeffiro, 1998). To identify such stimulation site,
the authors adopted a visuo-attention approach and specifically
referred to the magnocellular deficit theory of DD (Stein,
2012). According to this theory, DD is associated with an
abnormal visual motion processing, due to a dysfunction of the
magnocellular system, a perceptual pathway projecting from the
lateral geniculate nucleus to primary visual areas, responsible for
detecting contrast, motion, and rapid changes in the visual field.
As the hypothesis of causal role of the magnocellular system in
DD is highly controversial due to insufficient empirical support
and contrasting findings (Amitay et al., 2002; Ramus et al.,
2003), the visual magnocellular dysfunction has been interpreted,
instead, as a consequence of impoverished reading (Olulade et al.,
2013). To examine the magnocellular involvement in the reading
process, Heth and Lavidor designed an intervention comprising
five tDCS sessions over 2 weeks, in which anodal stimulation
was applied over the V5 area (1.5mA for 20min), with the right
orbito-frontal cortex as a reference site. Nineteen right-handed,
native Hebrew speaking adults who had previously received a
diagnosis of DD, without a comorbidity with attention deficit and
hyperactive disorder (ADHD) nor neurological or psychiatric
conditions, were randomly assigned to either the anodal or a
sham condition. Text reading speed and accuracy were assessed
before, immediately after and a week after the end of the 5-session
intervention. Three one-page-long passages at 9th grade level,
which are routinely included in the DD diagnostic procedure
in Israel (Tov-Li, 1999), were used to assess participants’ text
reading speed and accuracy. The anodal tDCS group showed
a significant improvement in text reading speed at follow-up
assessment, compared to the sham group, whereas no difference
between condition occurred immediately after the end of the
intervention. Reading accuracy did not improve at any time
point. These findings were interpreted by the researchers as
indication of the involvement of the V5 area in reading.

Costanzo et al. (2016a), Costanzo et al. (2016b), and Costanzo
et al. (2018) were the first to study the effect of tDCS on young
populations with DD. Several researchers called for caution in

Frontiers in Behavioral Neuroscience | www.frontiersin.org July 2018 | Volume 12 | Article 162130

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Cancer and Antonietti tDCS Modulatory Effect on Reading Processes

the application of NIBS to children, pointing out the unknown
consequences and the possible side effects of stimulating a
developing brain (Kadosh et al., 2012; Krause and Cohen Kadosh,
2013). The major concern regards the potential deterioration of
certain abilities as a consequence of the enhancement of specific
learning skills. To date, empirical evidence from the application
of tDCS to developmental samples is still limited (Mattai et al.,
2011; Schneider and Hopp, 2011; Auvichayapat et al., 2013;
Amatachaya et al., 2015) and no safety guidelines for children
as been yet established. Despite these concerns, Costanzo and
colleagues stressed the importance of the exploration of such
potentially effective intervention for DD in developmental
age, which could be critical to foster school learning and,
consequentially, broaden future occupational opportunities.

In the light of the contrasting findings from the previous
studies (Turkeltaub et al., 2012; Thomson et al., 2015), Costanzo
and colleagues explored the optimal polarity of the stimulation
for children and adolescents with DD in a single-session
intervention study (Costanzo et al., 2016b). A within-subject
design was implemented to compare left and right anodal
stimulation over the temporo-parietal region: Midway between
P7 and TP7 and midway between P8 and TP8, respectively. The
reference electrode was placed on the contralateral homologs
site in both conditions, in order to exclude brain regions
involved in the reading process, such as the prefrontal and the
occipital cortices (Eckert, 2004; Richlan, 2014) and thus focus
on the role of temporo-parietal regions. Slightly lower current
intensity was used (1mA) and the stimulation was delivered for
20min. A sample of 19 right-handed, native Italian speaking
children and adolescents with a diagnosis of DD, aged 10-18
years, participated in three tDCS sessions (i.e., left anodal/right
cathodal, right anodal/left cathodal, and sham) on different days.
Measures of word reading (20 high-frequency words and 20
low-frequency words), non-word reading (20 non-words), and
text reading (a 400-syllable long passage) were collected before
and immediately after each tDCS session. Reading accuracy
was expressed by number of errors (1 point was assigned for
each letter substitution and 0.5 point for every self-correction
or hesitation), whereas reading speed by total reading time (in
seconds). Results showed a significant text reading accuracy
improvement following left anodal/right cathodal tDCS and an
increase in errors after left cathodal/right anodal tDCS, relative
to the other conditions. These findings, which are consistent with
those of Turkeltaub and colleagues, support the efficacy of the
simultaneous action of left anodal and right cathodal tDCS in
inducing reading improvement in children and adolescents with
DD.

In a second study by the same authors (Costanzo et al.,
2016a), the tDCS protocol, which was found to be effective
in the previous exploration (Costanzo et al., 2016b) (i.e., left
anodal/right cathodal over the temporo-parietal regions), was
applied to a group of children and adolescent with DD. To
further improve reading abilities, and induce medium-term
positive effects, a multiple-session intervention protocol was
designed in which tDCS was paired with a remedial cognitive
training, comprising tachistoscopic and phonic (training on
phoneme awareness and grapheme-phoneme conversion)

reading exercises. Eighteen right-handed, native Italian speaking
participants were randomly assigned to either a real tDCS
(1mA for 20min) or sham condition. Participants had no
history of neurological disease, nor a family history of epilepsy,
nor comorbidity with ADHD. Both groups participated in an
18-session intervention including the cognitive training over
6 weeks. The same reading measures as the previous study
(Costanzo et al., 2016b) were collected before, immediately
after, and 1 month after the end of the treatment. Consistently
with the previous study, the active tDCS groups showed
significant improvements in low frequency reading accuracy
and non-word reading speed, compared to the sham group.
Furthermore, the improvements persisted a month after the
end of the intervention. Performance increases were specifically
found in reading tasks involving phonological processing and
letter-sound mapping (i.e., low frequency word and non-word
reading).

In a more recent study, the same authors (Costanzo et al.,
2018) replicated the same protocol on a larger group of
children and adolescents with DD, including a further follow-
up assessment 6 months after the end of the intervention, so to
measure its long-term efficacy. Twenty-six right-handed children
and adolescents with a diagnosis of DD were selected on the
basis of the same inclusion criteria as the previous investigation.
Differently than the previous study, results were reported
considering a reading efficiency index, thus representing speed
and accuracy together, for each task (i.e., high-frequency word,
low-frequency word, non-word, and text reading). Whereas the
participants who received sham tDCS (N = 13) did not show
reading changes at any time point, the experimental group
(N = 13) showed significant improvements in low-frequency
word reading (1- and 6-month after the end of the treatment)
and in non-word reading (immediately after, 1 month after,
and 6 months after the end of the treatment). Costanzo and
colleagues interpreted such findings as an evidence of tDCS
delayed but long-lasting beneficial effect. Consistently with the
previous study, no effects on high-frequency word nor text
emerged.

Finally, the protocol of an ongoing study testing the effect
of a multiple-session tDCS intervention combined with a
cognitive training for DD has been recently reported (Cancer
and Antonietti, 2017). A sample of undergraduate students with a
diagnosis of DD has been involved in an intervention comprising
a novel rhythm-based reading training (Bonacina et al., 2015;
Cancer et al., 2016) paired with tDCS for 10 daily sessions
over 2 weeks. The left temporo-parietal region was stimulated
at a constant current of 1.5mA for 20min, and the electrode
montage replicated the one used by Costanzo et al. (2016a).
Preliminary results from three single cases who took part in the
real tDCS condition provided encouraging evidence about the
efficacy of the combined intervention on undergraduate students
with DD (Cancer and Antonietti, 2017). However, the pattern of
reading sub-components improvement seemed to depend greatly
on individual reading profile at baseline. Since no conclusion
about the role of tDCS on reading can be draw from such
preliminary single-case data, the study was not included in the
overall comparison.
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DISCUSSION

Despite the limited number of studies included in the present
review, and the procedural and methodological dissimilarities
between them, a descriptive and critical analysis of their findings
could provide some insights into tDCS modulation of reading
processes. Characteristics and main results of the nine reviewed
studies have been summarized in Table 1.

Considering the different cortical areas targeted by anodal
stimulation, the majority of the studies focused on the left
temporo-parietal cortex (i.e., pTC, TPJ, pMTG, IPL). Such
regions are typically involved in phonological, orthographic,
and semantic processing during reading tasks (Price, 2012)
and underactive in individuals with DD (see Richlan, 2012).
Significant effects on reading were observed following left anodal
temporo-parietal montages in 5 out of 7 studies (Turkeltaub et al.,
2012; Costanzo et al., 2016a,b, 2018; Younger et al., 2016).

However, the type of population targeted, specifically typical
readers vs. below-average readers and individuals with DD,
appeared to significantly account for the outcomes of temporo-
parietal anodal tDCS interventions. As suggested by Thomson
et al. (2015), whose findings on healthy participants showed an
opposite trend relative to the other interventions, individuals
with poor reading skills are more suitable to benefit from a
neuromodulatory intervention enhancing left temporo-parietal
lateralization, due to anomalies in their cortical activity, whereas
similar beneficial effects cannot be replicated in already proficient
readers. Null effect of a stimulation protocol similar to Thomson
and colleagues’ on healthy adults were also reported by
Westwood et al. (2017). Consistently, the ameliorative effects
of a similar protocol reported by Turkeltaub et al. (2012) were
driven by a below-average reading subgroup of participants,
whilst no significant effect of tDCS was found in above-
average participants. As suggested by Westwood et al. (2017),
tDCS modulatory mechanisms are most likely to induce effect
on cognition in brains with low or dysfunctional neuronal
excitability, rather than already close to an optimal level of
excitability.

The association between the precise electrode placement (i.e.,

anodal tDCS over superior vs. inferior portion of the left TP
cortex; unilateral vs. bilateral montages) and the modulation

of a specific reading sub-processes (i.e., grapheme-to-phoneme

mapping vs. lexical representation access) was not consistent
across studies. Similar left anodal/right cathodal montages

(Turkeltaub et al., 2012; Costanzo et al., 2016a,b, 2018; Younger
et al., 2016) led to improvement in different reading outcomes

(either word efficiency, text accuracy, or low frequency and

non-word reading speed). Costanzo et al. (2016a) suggested
that, in order to enhance word and text reading, the medium
and inferior temporal gyri, which are specifically involved in
whole-word recognition (Dehaene et al., 2005; Vinckier et al.,
2007), should be targeted. Consistently, the left temporo-parietal
dysfunction in adults with DD has been observed during the
performance of phonological tasks, such as non-word reading,
phonological lexical decision, and word rhyme judgment (for a
meta-analysis, see Richlan et al., 2011), whilst underactivation
of the left fusiform gyrus (Brambati et al., 2006) and of

occipito-temporal regions (McCrory et al., 2005) was specifically
associated with word reading. Whereas this suggestion would
explain why Costanzo and colleagues’ left temporo-parietal
anodal stimulation protocols did not induce changes in word
reading, it would not explain why in other studies on below-
average-reading adults word reading was improved using similar
tDCS interventions. Specifically, word reading efficiency was
successfully modulated by anodal stimulation of left temporo-
parietal regions in below-average readers, as seen in Turkeltaub
et al. (2012) and Younger et al. (2016) studies.

We suggest that compensatory rather than “normalizing”
functional changes could have enhanced reading ability in adult
with poor reading skills via the recruitment of alternate circuits
for word reading. According to such hypothesis, below-average
adult readers, after tDCS modulation of the temporo-parietal
areas, would rely on grapheme-to-phoneme mappings for word
reading, instead of increasing the functionality of the circuits
normally activated in adult proficient readers. However, only
older populations with reading difficulties would exhibit such
compensatory changes following intervention, whereas children
with DD would exhibit normalization changes. The hypothesis
is consistent with neuroimaging evidence showing an increased
activation in both left middle temporal and posterior superior
temporal areas after a successful behavioral treatment in children
with DD, which improved both word and non-word reading
(Simos et al., 2002; Barquero et al., 2014). On the other
hand, a study measuring the neurofunctional and behavioral
changes in adults with DD after an intensive phonology-
based intervention program found significant increases in left
hemisphere inferior parietal lobule and intraparietal sulcus
in correspondence of both non-word and text reading, thus
showing that improved phonological processing was transferred
to other aspects of reading ability as well (Eden et al.,
2004).

As for the electrode position differences in studies targeting
difference portions of the temporo-parietal cortex, we argue
that no major outcome variability was accounted for by it.
Due to its limited spatial resolution, tDCS is not suitable for
stimulating focal portions of the cortical tissues and the current
will most likely flow outwards the targeted site, thus affecting the
surrounding areas.

The ameliorative effects of bilateral tDCS montages reported
by Turkeltaub et al. (2012), Costanzo et al. (2016a), Costanzo
et al. (2016b), and Costanzo et al. (2018), in which cathodal
stimulation was applied to right temporo-parietal regions, are
consistent with literature on children with DD showing a
reduction of right temporal activation after a successful reading
intervention (Shaywitz et al., 2004) and a greater activation of
the same area in children with DD who did not show reading
improvements after a behavioral intervention (Odegard et al.,
2008). Conversely, such effects were not replicated in typical
readers, as shown by Thomson et al. (2015), who found a positive
effect of right temporo-parietal anodal stimulation on word
reading.

Only three studies included in the present review measured
the effect of anodal tDCS outside the temporo-parietal cortex.
Among these, null effect of tDCS intervention were found in
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studies on typical readers (Boehringer et al., 2013; Westwood
et al., 2017), in spite of the site of anodal stimulation (i.e.,
cerebellum or inferior frontal gyrus). In contrast, Heth and
Lavidor (2015) found positive effect of anodal stimulation
over an occipital visual area (V5/MT) in adults with DD, as
measured by text reading speed improvement 1 week after
the end of the intervention. Such findings are consistent with
the underactivation of occipital and occipito-temporal regions,
specifically involved in visual processing and recognition of word,
which were found in adults with DD (Richlan, 2012). Therefore,
it will be of interest to further investigate its role on word reading
as well.

Interestingly, the comparison between single- (Turkeltaub
et al., 2012; Thomson et al., 2015; Costanzo et al., 2016b; Younger
et al., 2016) and multiple-session tDCS interventions (Heth and
Lavidor, 2015; Costanzo et al., 2016a, 2018) did not appear to
give reason for major variability in the results. However, the
small number of studies testing repeated tDCS methodologies
for improving reading does not allow to draw any general
conclusion.

Only two studies, by the same authors and with the same
protocol (Costanzo et al., 2016a, 2018), tested the efficacy
of the simultaneous application of behavioral intervention
targeting reading during tDCS. Such approach, associated with
a multiple-session protocol, was the only one to be effective
in inducing significant improvements in reading measures
involving phonological processing and grapheme-to-phoneme
mapping. Furthermore, these studies also provided evidence of
mid-term (up to 1 month) and long-term (up to 6 months)
efficacy of left temporo-parietal tDCS on reading.

Finally, three studies conducted on younger populations with
DD (Costanzo et al., 2016a,b, 2018) confirmed the possibility
of successfully employing tDCS as a remedial intervention for
DD, especially when combined with a cognitive training targeting
reading. These pioneering investigations showed that repeated
tDCS applications can be tolerated by children and adolescents,
without significant discomfort or adverse effects reported up to 3
months after the end of the intervention.

CONCLUSIONS

The collection of studies included in the present descriptive and
critical review supported the hypothesis to use neuromodulation
for improving reading skills in individuals with DD. Positive
effects have been reported in the majority of the tDCS studies
reviewed. Anodal tDCS over left temporo-parietal region was the
most frequently investigated montage, which was shown to be
successful in improving reading, when compared to alternative
tDCS montages. However, the exact nature of the observed
reading improvements was rather controversial. Enhancement of
differential sub-processes of the reading ability (i.e., grapheme-
to-phoneme mapping or lexical access; reading speed vs.
reading efficiency) yielded from similar stimulation procedures.
Furthermore, the outcome of the intervention varied according
to the population targeted: tDCS was found to be specifically

effective in poor readers and individuals with DD rather than
typical readers.

Overall, tDCS appears to be a promising remedial tool for
reading difficulties, even when applied to younger populations.
However, further empirical evidence is needed to confirm its
potential as a successful intervention method for DD.

As a future direction, reading performance gains should
be maximized by combining specific approaches to reading
remediation with cortical neuromodulatory techniques, so to
engage specific reading sub-processes via neuroplasticity increase
(Vicario and Nitsche, 2013). Furthermore, learning paradigms
comprising repeated cortical stimulation applications resulting in
cumulative effects could provide a medium- to long-term efficacy
of the intervention.
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Gratitude is an important aspect of human sociality, which benefits mental health
and interpersonal relationships. Thus, elucidating the neural mechanism of gratitude,
which is only now beginning to be investigated, is important. To this end, this study
specifies the medial prefrontal cortex (mPFC) involved in the gratitude of heterogeneous
individuals using the transcranial direct current stimulation (tDCS) technique. Previous
neural studies have shown the involvement of mPFC in social cognition and value
evaluation, which are closely related to gratitude. However, the causal relationship
between this neural area and gratitude has not been fully examined and the effect
of individual social heterogeneity has been ignored. Meanwhile, behavioral economics
studies have proposed that the abilities of employees in the labor market would affect
their gratitude and emotional response. Thus, we designed an experiment based on
gift exchange game to investigate the relationship between mPFC and gratitude of
heterogeneous employees. Before the experiment, participants were asked to perform
self-cognition of their abilities through an appropriately difficult task. We then used
the effort of participants to imply their gratitude and analyzed the effort levels of
employees with different abilities under anodal, cathodal, and sham stimulations. The
results showed that employees under anodal stimulation were significantly likely to
increase their effort than those under sham stimulation, and employees under cathodal
stimulation ranked at the bottom of the list. Moreover, the effort levels of low-ability
employees were obviously higher than those of high-ability employees. The cathodal
stimulation of mPFC significantly reduced the effort levels of low-ability employees,
whereas its anodal tDCS stimulation increased the effort levels of high-ability employees.
These outcomes verify the relationship between mPFC and gratitude using tDCS and
provided one of the first instances of neural evidence for the incentive mechanism design
in the labor market to a certain extent.
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INTRODUCTION

Gratitude, an important part of societal orientation, is a person’s
positive emotion when another person has intentionally given,
or attempted to give, something of value (Bartlett and DeSteno,
2006). Cicero regarded gratitude as the parent of all other
virtues (Cicero, 1851, p. 139), and Roman stoic Seneca conceived
of gratitude as a fundamental motivational drive critical for
building interpersonal relationships (McCullough et al., 2001;
Fox et al., 2015). In line with such assertions of early writers,
several theorists have believed that gratitude nurtured social
relationships through its encouragement of reciprocal, prosocial
behavior between a benefactor and a recipient (Emmons and
McCullough, 2003).

Reciprocal behavior is one of the research focuses of
experimental and behavioral economics, and behavioral
economists usually use the gift exchange model to analyze this
behavior (Fehr et al., 1993, 1998). Fehr et al. (1993) constructed a
labor market environment in laboratory and found that worker
effort increased with wage. They interpreted this as evidence
of fairness or reciprocity effects, given that workers could
(anonymously and with impunity) have simply selected the
minimum effort level after accepting a wage offer, which was
what conventional economic theory predicted that self-interested
and effort averse workers would do.

From the perspective of gratitude, Baron (2013) investigated
the gratitude-based employment system by drawing upon recent
works on reciprocity and gift exchange. He proposed the notion
of ‘‘empathy wages,’’ in which the effect of the premium paid
depended on the extent to which it elicited gratitude from
recipients. He argued that prospects for eliciting gratitude
were potentially greater in relative terms toward the bottom
of the talent distribution, whereas creating equivalent feelings
at the top was more difficult and costly. A field experiment
among Canadian tree planters provided substantially informative
data (Baron, 2013). Bellemare and Shearer (2009) showed
that employees responded to gifts through discretionary effort,
and this response appeared to have been markedly stronger
among the least productive tree planters relative to other
workers.

Psychological studies on gratitude have provided insights into
its benefits. McCullough et al. (2001) proposed that gratitude was
a moral affect with a moral motive function, which motivates
a grateful person to behave prosocially toward a benefactor.
Wood et al. (2008a) argued that gratitude was significantly
related to the cognitive process of benefit appraisal. Despite
recent findings on the effectiveness of gratitude intervention,
the basic neural mechanisms involved in gratitude are relatively
unknown (Kini et al., 2016). The investigation of the neural
basis of gratitude would extend affective neuroscience beyond the
study of basic emotions into complex social emotions essential
for well-being.

The investigation of the experience and expression of
gratitude is only the beginning at brain level (Fox et al., 2015).
Zahn et al. (2014) determined that individual differences in
gratitude tendencies correlated with gray matter volume in
the right inferior temporal gyrus and posteromedial cortices.

Algoe and Way (2014) found the correlation between the
genotype for oxytocin function and the behavioral expressions
of gratitude. Kini et al. (2016) examined the neural bases of
gratitude expression and how gratitude expression might lead to
long-term effects on brain activity. Their cross-sectional study
indicated that a simple gratitude letter writing intervention
improved lasting neural sensitivity to gratitude. Gratitude
letter writing participants exhibited a high degree of behavioral
gratitude and a significantly high neural modulation of gratitude
in the medial prefrontal cortex (mPFC) 3 months later. Fox
et al. (2015) conducted an experiment and induced gratitude
in participants who underwent functional magnetic resonance
imaging (fMRI). They suggested that gratitude ratings would
correlate with activities in brain regions associated with moral
cognition (mPFC and anterior cingulate cortex), reward
(vmPFC) and theory of mind (dorsal mPFC).

Gratitude is a social emotion that signals our recognition of
the things others have done for us (Emmons and McNamara,
2006). This emotion correlates with brain activity in circuits
associated with social cognitive processes, such as perspective
taking and theory of mind (Fox et al., 2015). Ortony et al.
(1988) suggested that emotion was the product of cognitive
systems. Social neuroscience findings showed that activity in the
mPFC was linked to social cognitive, reward (Amodio and Frith,
2006), decision-making and evaluation processes (Tabibnia and
Lieberman, 2007; Weber and Huettel, 2008), as well as emotion
(Damasio et al., 1996). Thus, we hypothesized that gratitude
would relate to changes in activity in the mPFC.

However, most studies on the neural correlates of gratitude
have typically categorized individuals into homogeneous
categories and have ignored the role of individual social
heterogeneity (such as the ability of employees in the labor
market). Results of behavioral studies, such as that of Baron
(2013), have indicated that relatively disadvantaged and/or
low performing individuals do appear more grateful (or
inclined to reciprocate gifts) than high performers. Wood et al.
(2008b) reported that cognitive and assessment processes were
crucial to enable an individual to experience gratitude, and
an individual with high trait gratitude would feel more state
gratitude. Moreover, Markus et al. (1985) suggested that high
masculinity was associated with bias in information processing
that emphasizes the masculine characteristics of others, even
when their behavior was irrelevant to the issue of masculinity.
Individual social heterogeneity (e.g., status, endowment, ability
and masculinity) and reference point played pivotal roles in
individual value judgments (Kahneman and Tversky, 1979).
Among such individual social heterogeneities, Baron (2013)
showed that employee ability was closely correlated with
gratitude. In the labor market, ability determined the status of
employees in the employment relationship and the reference
point of their expected salaries to some extent. High offers would
more likely exceed the expectations of low-ability individuals
and consequently induce feelings of gratitude, that is, individual
social heterogeneity, particularly employee ability, vitally
influences their experience of gratitude.

In this study, we constructed a labor market context and
used the transcranial direct current stimulation (tDCS) technique
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to elucidate the correlation between mPFC and gratitude
specifically and to explore the effect of the heterogeneous ability
of employees; this ability is proven to be closely related to
the gratitude of employees (Baron, 2013). We hypothesized
that modulating mPFC activity will change the experience and
expression of gratitude and that individual social heterogeneity
(e.g., heterogeneous ability of employees in the labor market) will
affect the feeling of gratitude and the correlation between mPFC
and gratitude.

Most studies on gratitude have used stories or vignette
methods (Fox et al., 2015; Simão and Seibt, 2015), where
participants were asked to place themselves in a specific context
and imagine what they would feel. However, text-based approach
might have a ceiling or floor effect problem while triggering
emotional responses (Tsang, 2007). Thus, the accuracy of this
approach is susceptible to social praise effects (Pedregon et al.,
2012). Other scholars have utilized gratitude letter writing or
keeping a gratitude diary to analyze gratitude (Algoe et al., 2010),
which are difficult to quantify. Moreover, Algoe et al. (2008)
examined the role of gratitude in actual ongoing relationships.
In addition to the previously presented methods, several studies
have induced gratitude toward a stranger through a laboratory
experiment to obtain a high degree of experimental control
(Leung, 2012). Behavioral game experiment places participants
in a specific interactive environment with monetary incentive,
wherein they behave according to their will. We believe that
the gratitude of participants could be well investigated with a
reasonable experimental design.

Thus, we designed a variant of gift exchange game, based on
the studies of Fehr et al. (1993) and Baron (2013), to verify our
hypotheses. Before the experiment, we divided participants into
high- and low-ability groups using a task with certain difficulty.
Participants were asked to join the experiment by playing the
role of employee. Empirical literature on gratitude provided
substantial findings on whether grateful individuals would repay
a benefactor or a fortunate bystander (Bartlett and DeSteno,
2006). The link was relatively strong that repayment behavior
was sometimes considered to imply feelings of gratitude (Algoe
et al., 2008). Therefore, in our study, we used the efforts of
participants to represent their levels of gratitude. Neuroimaging
studies of Fox et al. (2015) and Kini et al. (2016) suggested that
the mPFC is an important brain region for experiencing and
expressing gratitude. Prior to the experiment, we used the tDCS
technique to stimulate the mPFC. Each participant randomly
received one of anodal, cathodal, or sham stimulation. This
approach allows us to measure the different effects of modulating
themPFC on low- and high-ability participants.We obtained two
main results: First, the gratitude levels of low-ability employees
were significantly higher than those of high-ability employees
in the sham stimulation group. Second, compared with the
sham stimulation, the anodal tDCS of the mPFC significantly
increased the gratitude levels of high-ability employees, whereas
the cathodal tDCS of the mPFC decreased the gratitude levels of
low-ability employees. We investigated the relationship between
mPFC and gratitude using the tDCS technique and provided
neural evidence for the incentive mechanism design in the labor
market.

MATERIALS AND METHODS

Participants
A total of 89 healthy young people (mean age of 20.3 years old,
ranging from 17 to 24; 49 females, 40 males) were recruited
from the undergraduate and graduate student population of
Nankai University. Participants were right-handed with normal
or corrected normal vision. They have no previous knowledge
of the tDCS technique or experience in a gift exchange game
experiment. None of the participants reported a history of
neurological or psychiatric problems. The experiment lasted
approximately 60 min. Each participant received a payment of
approximately 65 Chinese Yuan (approximately 10 US dollars).
Participants did not report any adverse side effects, such as scalp
pain or headaches, after the experiment. All of them provided
written informed consent, and the research was approved by
the Ethics Committee of Nankai University. The experiment was
performed in accordance with the Declaration of Helsinki and
was approved by the Ethics Committee of Business School of
Nankai university.

tDCS
In the tDCS technique, a direct current of low-level intensity
(1–2 mA) is applied for a few minutes via electrodes placed
on the subject’s scalp. This current reaches the cortex and
modulates the membrane polarity of neurons within a region
of underlying neural tissue. tDCS-induced changes during
stimulation are caused by changes in the permeability of the
neural membrane, which is depolarized by anodal stimulation
and hyperpolarized by cathodal stimulation (Nitsche and Paulus,
2000; Stagg and Nitsche, 2011). Therefore, tDCS can transiently
influence behavior by altering neuronal activity, which may have
facilitatory or inhibitory behavioral effects.

Transcranial direct current is generated by a battery-
driven constant current stimulator (DC-Stimulator, NeuroConn,
Germany), whereas anodal and cathodal stimulation electrodes
are inserted into a 5 cm2

× 7 cm2 physiological saline-soaked
sponge. In our study, participants were blinded to the stimulation
(single-blinded design) and randomly assigned to one of three
groups, namely, mPFC anodal (n = 29; 16 females), mPFC
cathodal (n = 27; 15 females), and sham (n = 33; 18 females).
None of the participants reported any previous knowledge of the
tDCS technique and any experience in stimulation. Moreover,
none of the participants were aware of the type of stimulation
they received, whereas the experimenter was fully informed.
According to the International 10–20 EEG System, in the anodal
stimulation group, the anode was placed at Fpz (Civai et al.,
2015) and the cathode was placed at Cz (see Figure 1). In the
cathodal stimulation group, the cathode was placed at Fpz and
the anode at Cz. The sham stimulation group was similar to the
anodal stimulation group, except for the stimulation current that
lasted only 30 s. Participants may experience the initial micro
itch, but differentiating sham stimuli from real stimuli is difficult
(Gandiga et al., 2006). According to Civai et al. (2015), the two
stimulus currents were fixed at 2 mA for 20 min with a 15 s rise
and fall time. Previous studies have shown that the intensity of
0.057 mA/cm2 and total charge of approximately 0.0063 C/cm2
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FIGURE 1 | Schematic representation of the experimental design.

were safe and well tolerated (Minhas et al., 2010; Borckardt et al.,
2012). Moreover, specifying that the tDCS was not focal was
important; thus, the simulation effects were more widespread
and unclearly confined to the area identified by an imaging study;
however, the area under the electrode could be assumed to be
most affected by the stimulation (Civai et al., 2015).

Task and Procedure
The experiment is a revised gift exchange game. Classical gift
exchange game has two roles, namely, employer and employee.
One employer and one employee constitute a group and interact
with each other through the entire experiment. First, the
employer has a certain amount of initial endowment g and
decides to give a certain amount of wage w to the employee. The
employee then selects the degree of effort e, which generates a
certain cost c(e) to him/her. The employer obtains an income of
g − 100e from the employee’s effort, whereas the employee earns
w− c(e).

In our experiment, all participants played the role of
employees. Employers acted through computers, which was
unknown to the participants. Baron (2013) suggested that
the following factors would affect the gratitude of employees:
(1) ability level: low-ability employees were tended to be grateful;
(2) comparison between expected and real wage: unexpected
wage could make employees more grateful; and (3) initial
reference point: high wages would induce the gratitude of
employees when their initial wages were low. Therefore, we
classified participants into two types (i.e., low and high ability) by
asking them to finish a task, i.e., answer nine questions (selected
from the civil service exam test question bank, including three
semantic, mathematical, and inference questions each) in 18 min
before the experiment. Each question was worth 10 points.
When the results were obtained, the participants were asked to
answer two other questions, as follows: What do you think about
your performance? How much would you like the employer
to pay you? According to the results, employees whose scores
were between 0 and 30 were classified as low ability, whereas

employees with scores of 40 and 60 were categorized as high
ability. No participants’ scores were more than 70. The expected
wages of the two types of employees were significantly different.

In our experiment, employers (computers) received 100 G$ at
the start of each trial. Employees received no initial endowment.
The test score of the employee was displayed on the screen.
The employer selected wage w (an integer from 0 to 100, an
arithmetic sequence with the interval of 10) after seeing the score
of the employee. When the employee saw the wage given by
the employer, he/she selected the degree of effort e (a decimal
number between 0 and 1), and the effort would generate a
certain cost c(e) to him/her (see Table 1). The employer could
see the effort of the employee and obtain an income of xe, with
x determined by the score of the employee ([0, 30], x = 30; [40,
60], x = 60; [70, 90], x = 90). The final incomes of the employer
and employee were 100 − w + xe and w − c(e), respectively.
The wages given by the employers (computers) were gradually
increased (see Table 2). The pretest showed that this setup could
successfully induce the gratitude of participants and that repeated
wages could verify the stability of the participants’ behavior.

RESULTS

Behavioral Data
Behavioral data were statistically evaluated using the SPSS
software (version 22; SPSS Inc., Chicago, IL, USA). The
significance level was set at 0.05 for all analyses. We
considered the effort levels of employees to represent degrees
of gratitude. We analyzed the mean effort levels of participants
with different abilities between three stimulation groups. A
post hoc one-way analysis of variance (ANOVA) at stimulation
type exhibited significant difference across any stimulation
type (F = 3.45, p = 0.036). In the case of significant

TABLE 1 | Cost of the effort of employees.

E 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
c(e) 0 1 2 4 6 8 11 14 17 20
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TABLE 2 | Wages in 15 periods.

Period 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
W 10 10 20 20 30 30 40 40 50 50 70 60 50 60 50

Note: wages were exogenous and the same for all employees for comparison.

effects, post hoc Student’s paired t tests were conducted to
examine whether an active intensity resulted in a significant
difference relative to the sham stimulation in subsequent
analyses.

General tDCS Effect on the mPFC of
Employees’ Gratitude
According to Baron (2013), employees would feel gratitude when
the wage paid by employers exceeded their expectation. The
current data showed that the mean expected wage of low-ability
participants was 38.83 (SD = 16.73, max = 70, min = 10),
whereas that of high-ability participants was 53.89 (SD = 15.10,
max = 80, min = 30). Thus, we only analyzed scores greater
than 30 (i.e., from periods 7–15) in the subsequent part. The
mean effort levels of the anodal, sham, and cathodal stimulation
groups were 0.581 (SD = 0.25, max = 1, min = 0.2), 0.537
(SD = 0.24, max = 1, min = 0.1) and 0.478 (SD = 0.27, max = 1,
min = 0.1), respectively. The mean effort level of the anodal
stimulation group was significantly higher than that of the sham
(t = 4.28, p = 0.0013, paired t test) and cathodal stimulation
groups (t = 8.2466, p = 0.0000, paired t test). The mean effort
level of the cathodal stimulation group was significantly lower
than that of the sham stimulation group (t = −3.164, p = 0.0067,
paired t test; see Figure 2).

Effect of tDCS on the mPFC of
Homogeneous Employees’ Gratitude
The study included 44 low- (15 anodal, 12 cathodal, and 17 sham)
and 45 high-ability participants (14 anodal, 15 cathodal and
16 sham). We compared the mean effort levels of participants
with different abilities. First, we analyzed the effect of mPFC
stimulation on the gratitude of low-ability employees. Their

FIGURE 2 | Mean effort levels of different stimulation groups. ∗∗∗Means
significant difference at 1% level (P < 0.01).

mean efforts in the anodal, sham, and cathodal groups were
0.574 (SD = 0.28, max = 1, min = 0.1), 0.572 (SD = 0.20,
max = 1, min = 0.1) and 0.456 (SD = 0.23, max = 0.8, min = 0.1),
respectively. The mean effort level of the anodal stimulation
group was higher than that of the cathodal stimulation group
(t = 5.5156, p = 0.0003, paired t test), whereas the mean effort
level of the cathodal stimulation group was significantly lower
than that of the sham stimulation group (t = 6.2499, p = 0.0001,
paired t test). No significant difference in effort levels between
anodal and sham stimulation groups was observed (t = 0.1105,
p = 0.4574, paired t test; see Figure 3).

Second, the effect of mPFC stimulation on the gratitude
of high-ability employees was analyzed. Their mean efforts in
the anodal, sham, and cathodal groups were 0.567 (SD = 0.25,
max = 1, min = 0.1), 0.47 (SD = 0.26 max = 1 min = 0.1), and 0.45
(SD = 0.24, max = 1, min = 0.1), respectively. The mean effort
level of the anodal stimulation group was significantly higher
than that of the cathodal (t = 7.2737, p = 0.0000, paired t test) and
sham stimulation groups (t = 4.3040, p = 0.0013, paired t test). No
significant difference in effort levels between cathodal and sham
stimulation groups was observed (t = 1.7264, p = 0.0613, paired t
test; see Figure 4).

tDCS Effect on the mPFC of the Gratitude
of Employees with Heterogeneous Ability
We compared the effort levels between low- and high-ability
employees under the same stimulation. No significant difference
in the effort level between low-and high-ability employees was
observed in the cathodal (t = 1.0934, p = 0.1530, paired t test)
and anodal stimulation groups (t = 0.4456, p = 0.3338, paired
t test). In the sham stimulation group, the mean effort level
of low-ability employees was significantly higher than that of

FIGURE 3 | Mean effort levels of low ability employees. ∗∗∗Means significant
difference at 1% level (P < 0.01).
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FIGURE 4 | Mean effort levels of high ability employees. ∗∗∗Means significant
difference at 1% level (P < 0.01).

high-ability employees (t = 6.9353, p = 0.0001, paired t test; see
Figure 5).

Combing the results above, we suggested: (1) the gratitude
degree of low-ability employees was significantly higher than
that of high-ability employees; (2) the anodal stimulation of
mPFC significantly improved the gratitude degree of high-ability
employees, but indicated no significant effect on the gratitude
of low-ability employees; and (3) the cathodal stimulation of
mPFC decreased the gratitude degree of low-ability employees,
but failed to significantly affect the gratitude of high-ability
employees (see Table 3).

DISCUSSION

Previous fMRI studies (Fox et al., 2015; Kini et al., 2016) have
shown that an increase in mPFC activation was specifically
associated with the experience and expression of gratitude. In this
work, we obtained converging evidence using a complementary

FIGURE 5 | Mean effort levels of two type employees in three simulation
group. ∗∗∗Means significant difference at 1% level (P < 0.01).

technique (i.e., tDCS), in which we modulated the gratitude
level of employees through a stimulus applied to the mPFC for
20 min.

On the effects of tDCS, although the concept of tDCS
changing performance seemed well established for tDCS in the
motor system (Stagg and Nitsche, 2011), the same concept was
not so directly applicable in the cognitive neuroscience field;
furthermore, the relationship between type of stimulation and
final behavior was often quite complex (e.g., Jacobson et al.,
2012; Miniussi et al., 2013). The current data showed that
anodal (cathodal) stimulation of the mPFC increased (decreased)
the effort level of employees compared with sham stimulation,
which might imply that anodal (cathodal) stimulation could
facilitate (inhibit) the excitability of mPFC. In our study,
the stimulation current was fixed at 2.0 mA, based on the
study of Civai et al. (2015). Batsikadze et al. (2013) proposed
that enhanced tDCS current intensity did not necessarily
increase the efficacy of cathodal stimulation, but might shift
the direction of excitability alterations. However, Jamil et al.
(2017) showed that the effect of 2.0 mA cathodal stimulation
for 20 min differed with sham stimulation, although not
significant and did not shift the excitability direction. They
proposed that intensities of approximately 1.0 mA might be
optimal in inducing the strongest inhibition of motor cortical
excitability in healthy adults. In a study of adolescents, 10 min
of 0.5 mA cathodal tDCS (35 cm2 electrodes) significantly
decreased cortical excitability, but 1.0 mA cathodal tDCS
increased cortical excitability (Moliadze et al., 2015). Civai
et al. (2015) used 2.0 mA cathodal stimulation over mPFC
and found that cathodal stimulation decreases the probability
of rejecting unfair offers compared with the baseline. Shen
et al. (2016) applied 2.0 mA cathodal stimulation to the left
dlPFC using HD-tDCS and obtained a significant treatment
effect. No consistent conclusion about the effect of tDCS
intensity has yet been achieved. Thus, the only way to accurately
determine what happens to mPFC functionality under a certain
stimulation involves the collection of imaging data during, or
soon after, stimulation. Further studies should combine these
techniques to obtain detailed answers. The low spatial focality
of tDCS due to heterogeneous tissue conductivities should also
be considered (Nitsche and Paulus, 2011). We believe that
the effects of the tDCS in this study should be interpreted
in terms of effects on mPFC, which was the area under the
electrode.

Emotional cognitive theory accounts for the involvement
of mPFC in gratitude, indicating emotion as the product of
cognitive systems (Ortony et al., 1988). An increasing number
of neuroimaging studies have proposed emotional evaluation
as one of the important functions of mPFC (Knutson et al.,
2001; McClure et al., 2004; Harris et al., 2007). Arnold (1968)
argued that the nature of emotions was indirectly determined
by stimulus scenarios and that subjective evaluation played a
mediating role between stimuli and emotions. The basic process
was as follows: stimulating scenarios→ assessment→ emotions.
Gratitude is a social emotion that signals our recognition on what
others have done for us (Emmons and McNamara, 2006). In
the cognitive process of gratitude, recipients evaluate the value
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TABLE 3 | Summary of the results.

Ability type All Low High

Gratitude level Anodal � sham � cathodal Anodal ≈ sham � cathodal Anodal � sham ≈ cathodal
Stimulation Anodal Sham Cathodal
Gratitude level Low ≈ high Low � high Low ≈ high

Note: this table summarizes the effects of mPFC stimulation on gratitude; “�” represents “higher than,” “≈” represents “no significant difference between”.

of benevolence and the motivation of the benefactors (Algoe,
2012). Such evaluation is also affected by the characteristics
of the beneficiaries and the relationship between benefactors
and beneficiaries. Thus, different assessments of the same
stimulus scenario would result in different emotional responses.
Harris et al. (2007) suggests that affective evaluation may be
a general function of mPFC. Using the tDCS technique to
modulate mPFC activity would affect cognition and evaluation
processes, ultimately influencing the feeling of gratitude, which
could explain the conclusion of our study to a certain
extent.

In this work, we verified the role of individual social
heterogeneity (e.g., ability in the labor market) in the experience
of gratitude and the correlation between mPFC and gratitude,
which has been ignored by most neurological studies on
emotion. The results of one-way ANOVA on behavioral data
indicated no significant difference in the effort level between
low- and high-ability employees. However, subsequent analysis
showed that a significant difference in the effort level between
low-ability and high-ability employees was observed in the sham
stimulation group, which was consistent with the findings of
Baron (2013). The cathodal stimulation of mPFC significantly
reduced the gratitude level of low-ability employees, but has
no significant effect on high-ability employees. By contrast,
the anodal stimulation of the mPFC significantly increased the
gratitude level of high-ability employees, but has no evident effect
on low-ability employees. These findings indicated that the effect
of modulating mPFC activity on gratitude might be different for
heterogeneous individuals. Thus, different effects of tDCS on the
mPFC of different employee types diminished the difference of
gratitude between them.

Psychological research on counterfactual reasoning has
accounted for the expected disproportionate response from less
advantaged workers (Medvec et al., 1995; Medvec and Savitsky,
1997). Related literature has demonstrated how gratitude or
satisfaction reflected not only one’s absolute outcomes but also
how those outcomes compared with what the person might have
otherwise plausibly expected (Baron, 2013). In our experiment,
participants were asked to recognize the classification and
perform cognition about the relationship between ability and
wage. We then let them write down their expected wages.
Results showed that the mean expected wage of high-ability
employees was significantly higher than that of low-ability
employees (mean H = 53.89, mean L = 38.83, t = 4.20, p = 0.000,
independent sample t test). Differences in expected wage would
affect feeling of gratitude. Findings indicated that low-ability
employees would be more sensitive to feeling gratitude. Tesser
et al. (1968) found that the higher the assessment of the cost
of assistance and the value of favor, which were determined by

the endowment of beneficiaries, the higher the gratitude degree
that the employees felt. Baron (2013) suggested that ability would
influence the gratitude of employees and affect their behavior
in turn. Results showed that unexpected wages would make
employees more grateful and motivate them to exert stronger
efforts, whereas high wages could not induce the gratitude of
high-ability employees successfully and the effect of incentive was
obscure. Our behavioral results confirmed the findings of Baron
(2013). The findings on the stimulation effects on employees with
heterogeneous ability provided neural evidence for the incentive
mechanism design in the labor market.

We obtained interesting and unexpected findings. No
difference in effort levels of low-ability participants between
anodal and sham stimulations and of high-ability participants
between cathodal and sham stimulation were observed. Jacobson
et al. (2012) assumed that the direct current might have different
effects depending on the neuronal state and initial activation
level in the stimulated regions. This finding may be attributed
to the activation level in the mPFC of low-ability (high-ability)
participants which might be sufficiently high (low) when facing
the stimulus scenarios in our experiment. Stimulation effects
might be affected by the ceiling or floor effect. However,
exploring more detailed answers by combining fMRI and tDCS
techniques in further studies is necessary.

Our study included several limitations. Given the use
of a multistage repeated experimental framework, reputation
and signal transmission might have affected the behavior of
participants. de Quervain et al. (2004) argued that gratitude
expression could be used to convey reciprocal promises to
prevent social punishment as a free rider and to signal that they
were fair partners to others (Sigmund, 2007). The significant
treatment effects of stimulation under the same experimental
design would keep the results robust. Further studies should
consider the potential effect of these factors. Meanwhile,
exploring the neural mechanisms of emotion- and strategy-
driven behaviors would be interesting.

CONCLUSION

In summary, our findings provided important information about
the effect of tDCS on healthy participants, particularly with
respect to the gratitude degrees of individuals with different
abilities. Activating mPFC by tDCS could affect the gratitude
degree in a gift exchange game. The gratitude degree of
participants under anodal stimulation was higher than that
under cathodal stimulation. Moreover, anodal stimulation could
increase the gratitude degree of high-ability participants, whereas
cathodal stimulation could decrease the gratitude degree of
low-ability participants.
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Creativity, meant as the ability to produce novel, original and suitable ideas, has received
increased attention by research in the last years, especially from neuroaesthetics and
social neuroscience. Besides the research conducted on the neural correlates of such
capacities, previous work tried to answer the question of whether it is possible to
enhance creativity through cognitive and neural stimulation. In particular, transcranial
direct current stimulation (tDCS) has been applied to increase neuronal excitability in
those areas related to creativity. However, being a complex construct that applies to a
huge variety of situations, available results are often confusing and inconsistent. Thus, in
the present critical review, after selecting original research articles investigating creativity
with tDCS, results will be reviewed and framed according to the different effects of
tDCS and its underlying mechanisms, which can be defined as follows: the promotion
of self-focused attention; the disruption of inhibiting mechanisms; the enhancement of
creative thinking; the promotion of artistic enactment. Finally, a theoretical perspective,
the creative on/off model, will be provided to integrate the reported evidence with respect
to both anatomical and functional issues and propose a cognitive explanation of the
emergence of creative thinking.

Keywords: creativity, divergent thinking, convergent thinking, brain stimulation, tDCS, DMN

CREATIVITY: A THEORETICAL FRAMEWORK

Creativity has been defined by some scholars as humankind’s ultimate resource (Toynbee, 1964).
It is traditionally considered a mere outcome of an individual’s genius, a gift, and a personality
trait. Consequently, the interpretation that emerged in relation to this topic tended to consider
creativity as something given without a reason, even genetically predetermined, and thus far from
objective and systematic comprehension (Batey and Furnham, 2006). However, such ideas deal
only with the first of the four points that Rhodes (1987) suggested for a complete framing of
creativity. According to his proposal, it is possible to conceptualize creativity on the importance
given to: (a) the person who creates; (b) the cognitive processes involved in the creation of ideas;
(c) the environment in which creativity occurs; and (d) the outcome of the creative activity. Besides
the specific focus on these different contributions to the phenomenon, it is also important to
consider the multifaceted expressions of creativity, from artistic enactment, to scientific progress,
and to problem-solving. Therefore, although there is a great interest dedicated to this issue,
it is still difficult to define and study creativity in a comprehensive way. The most accepted
definition that can be easily applied to all contexts proposes a double requirement for creativity:
originality and usefulness (Barron, 1955). Moreover, different perspectives proposed creativity
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as being the result of a complex interaction between people and
environment (Csikszentmihalyi, 1988; Mumford and Gustafson,
1988), revealing the importance of cognitive, social and cultural
factors in creative studies (Amabile, 1983, 1996).

In the present article, we meant to emphasize the dynamic
nature of creativity and the possibility of enhancing it. Starting
by the Guilford (1957) model, which collocates the creative
thinking within the interaction of specific cognitive processes
(see Figure 1), we may describe the cognitive system as a
substantially stable arrangement of components involved in
many purposed tasks, which may be disrupted by a perturbation
that produces a destabilization of the whole system, resulting in
creative functioning.

For example, a problem that cannot be solved using the
already available cognitive algorithms may produce an attention
shift toward inner processes, the search for alternative solutions,
and the subsequent activation of new neurocognitive paths. The
same effect may be observed in artistic creativity. In this case, it is
not important to reach a definitive solution, but there is anyhow
an implicit need to express an indistinct thought in a synthetic
form. In fact, we propose the presence of a specific need-for-
enactment, which aims at associating a widespread cognitive
network with a motor program that can provide a behavioral
output.

The aim of the present study is to review the most
eminent work on the effects of transcranial direct current
stimulation (tDCS) on creativity. Here, the neurocognitive
underpinnings and empirical research are considered with
special interest, since we aimed at demonstrating that it
is possible to target this complexity by using tDCS. This
noninvasive brain stimulation technique can modulate cortical
excitability by influencing neuronal membrane potential within

FIGURE 1 | Guilford’s diagram of the intellectual factors. Modified from
Guilford (1957).

different neural networks. Anodal stimulation can increase
excitability and result in a depolarization, while cathodal
stimulation decreases it and leads to a hyperpolarization of the
resting membrane potential (Sehm et al., 2012). Interestingly,
previous research highlighted that anodal tDCS is associated
with locally reduced GABA neurotransmitter (Stagg et al.,
2009; Kim et al., 2014), while cathodal stimulation causes
reduced glutamatergic neuronal activity (Stagg et al., 2009).
In this view, brain modulation may be extremely useful both
in understanding the functional neurophysiology of creativity
and in developing tailored programs aimed to elicit a targeted
creative experience. Since creativity cannot be captured by a
single concept, being multifaceted and complex in nature, it
could be considered as a meta-construct made by an aggregate
of processes. Thus, we need a process-driven approach (Dietrich,
2004) to test if and how we can enhance it by tDCS. More
specifically, we argue that brain modulation may be effective in:
(1) promoting self-focused attention; (2) decreasing the effect
of perceptual filters and inhibiting mechanisms; (3) enhancing
creative thinking by facilitating the emergence of imagination
and analogical mechanisms; and (4) favoring the way toward the
enactment. Following this schema, we have grouped the available
work and framed it accordingly.

METHOD

This critical review is composed of two main sections: the first
one describes evidence related to each of the key processes
implied in creativity studies by describing the main published
articles in the area. In the second part, we will provide
a general model that integrates the evidence discussed thus
proposing an explanation of the effect of tDCS on creativity.
Searches were conducted through PubMed, SCOPUS, PsycINFO
and Google Scholar. The following keywords or combinations
were used: neuromodulation, neurostimulation, tDCS, creativity,
divergent thinking and artistic expression.We considered articles
without any time limits, excluding previous reviews. Articles
in languages other than English, letters and editorials were
excluded. We considered as eligible for inclusion all original
research articles reporting data about the use of tDCS to study
any creativity-related cognitive process. Both studies on healthy
and pathological subjects were considered. The first search
identified 48 articles. An initial review of the abstracts of these
articles by authors identified 22 articles that were potentially
relevant to the current review. The abstracts of these articles were
then evaluated by authors, resulting in 14 articles being identified
as eligible for inclusion, with an additional four articles identified
during manuscript preparation, for a total of 18 articles. This
review provides a synthesis of the findings from previous key
reviews and empirical studies identified in the literature search
(see Table 1).

NEUROMODULATION TO PROMOTE
SELF-FOCUSED ATTENTION

In this paragraph, we focus on the ability of subjects to detach
attention from external stimuli. Indeed, creative thinking often
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from the external environment to the internal imaginative
processes. We start from the idea that this task needs a
mechanism able to support and actively maintain it, thus
allowing the brain to activate creative processes while still
remaining in touch with the environment. Here, we believe
the default mode network (DMN) might play a fundamental
role. The DMN comprises hubs and subsystems in interplay,
which have been related to ‘‘internal mentation’’ (Andrews-
Hanna, 2012). The interaction between creativity and the
DNM refers to spontaneous imagination and self-generated
thought (Andrews-Hanna, 2012; Andrews-Hanna et al., 2014).
The interaction between creativity and the DNM refers to
spontaneous imagination and self-generated thought (Andrews-
Hanna, 2012; Andrews-Hanna et al., 2014). Interestingly,
different regions of the DMN were found to be associated
with creativity. For instance, divergent thinking is associated
with a resting-state functional connectivity (RSFC) between the
medial prefrontal cortex (mPFC) and the posterior cingulate
cortex (PCC; Takeuchi et al., 2012). Similarly, Beaty et al.
(2014) found greater RSFC between the left inferior frontal
gyrus (IFG) and the entire default mode network in a
high creativity group. Furthermore, research also suggests
that increased RSFC between the mPFC and the middle
temporal gyrus (mTG) might be crucial to creativity, defining
a potential target for brain modulation with the aim of
promoting creativity (Wei et al., 2014). Also, it seems that the
topological properties of brain networks are highly associated
with creative ability. For example, the small-world organization
of the DMN allows information integration and segregation,
thereby addressing the work to subnetworks within the global
cognitive system. This result is a particularly desirable one when
facing standard situations. However, it limits the increase in
creative solutions. Indeed, it has been shown that high-creativity
subjects have shorter links within local nodes and stronger
connections with distal functional networks, which lead to
a facilitated spread of information within the whole system
(Hermundstad et al., 2012). This activity diffusion supports
a flexible generation of original ideas, a task that requires
the wide distribution of attentional resources (Jung et al.,
2013), and the retrieval of potentially useful information
(Andrews-Hanna et al., 2014). Here, the DMN proved to
play a key role in producing interindividual variation during
the creative performance. Finally, interesting associations have
been found between personality traits, DMN functioning,
and creativity. For example, a study by Beaty et al. (2014)
highlighted that the openness personality trait, which is
positively linked to creative performance, is related to the global
efficiency of the DMN.

In this framework, we may hypothesize that tDCS training
could be effective in promoting and enhancing DMN flexibility.
In particular, research by Kajimura et al. (2016) explored the
relationship between the activity of some areas belonging to
the DMN—more specifically, the right inferior parietal lobe
(rIPL)—and mind-wandering. They applied anodal tDCS over
the right rIPL and cathode over the left lateral prefrontal
cortex (lLPFC) as well as the opposite montage. Behavioral
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results showed reduced mind-wandering after applying the first
montage when compared to the opposite one, while at the neural
level some decreased functional connections from the right IPL
were found. In fact, as discussed by the authors, it seems that
the decrease in mPFC-PCC connectivity mediated the decrease
in mind wandering, thus suggesting a facilitation from their
afferent connections to this mind functioning. These results
may suggest that the modulation of specific regions of DMN
may actually change the whole system balance, changing the
attention focus and thus promoting or inhibiting imaginative
processes.

Another interesting relationship is the one between the
DMN and the executive functions modulated by the dorsolateral
prefrontal cortex (DLPFC). Axelrod et al. (2015) applied the
anode electrode to the left DLPFC and the cathode electrode
to the right supraorbital area and found that the depolarization
of the left DLPFC increased mind wondering propensity
during a sustained attention task. During this task, subjects
responded to relatively rare items within a long and boring
list of repetitive trials. This situation is known to produce
task-unrelated thoughts. In their study, authors found that
the propensity to produce unrelated thoughts was increased
during anodal tDCS of the left DLPFC without impairing
attentional performance. Authors suggested that this effect
might be linked to an indirect effect of the stimulation on the
default mode network. Furthermore, since the mind-wandering
evoked by tDCS did not impair the task performance, it
is possible that the specific montage enhanced the cognitive
resources of subjects, allowing both proper responses and
unrelated thoughts. Generally speaking, the stimulation of
prefrontal regions may influence the balance of the default
network and modulate executive functions at the same time,
an effect that might be desirable in creative tasks. Another
recent study performed on a mind-wandering task (Bertossi
et al., 2017) also highlighted the crucial role of the mPFC,
since the administration of cathodal tDCS decreased the attitude
to mind-wander. Moreover, the effect was also accompanied
by a change in the content perspective, which became more
related to other people rather than self-related issues. The
idea that tDCS may produce an attention modulation to
favor creative processes seems then to be supported by
evidence.

DECREASING THE EFFECT OF FILTERS
AND INHIBITING MECHANISMS

Another possible way to promote creative answers is by
disrupting the inhibiting mechanisms that try to maintain
individual thinking inside-the-box. In this way, the usual
cognitive algorithm may be efficiently applied to incoming
stimuli, inhibiting the search for further algorithms and filtering
out less salient information. The left IFG (lIFG) and the anterior
insula were reported to play key roles in these mechanisms
(Abraham et al., 2012; Uddin, 2015). Since the insula may not
be directly modulated by tDCS, studies targeted the IFG.

For example, a study byMayseless and Shamay-Tsoory (2015)
stimulated the lIFG to test the effect of tDCS on a divergent

task. Authors moved from the neurofunctional assumption that
creativity relies on a balance between right and left hemispheric
activation (The Balance Hypothesis). Thus, the aim of their
study was to test this model by altering this balance through
tDCS at the lIFG during a divergent thinking performance.
Researchers applied a bilateral stimulation with the cathode
over the right IFG, and the anode over the left, and compared
this condition with the opposite one. Results showed increased
divergent scorings when the left IFG was deactivated by the
cathodal stimulation, while the opposite condition did not affect
the creative performance. To better explore these issues, in a
second experiment authors administered unilateral stimulation
with either the anode or the cathode over the left and right
IFG alone. The stimulation of each area alone was not sufficient
to modify the creative process Results supported the Balance
Hypothesis since neither of the two conditions resulted in an
enhanced or impaired creative performance.

Another study by Ivancovsky et al. (2018) targeted the
same area (the lIFG) during the alternate uses task (AUT;
Guilford et al., 1978). In this task, common objects are shown
and participants are asked to report as many alternate uses
as possible within a 4-min period. In their study, researchers
applied a 20-min cathodal stimulation to the lIFG with the
anode at the right supraorbital region as well as the opposite
montage. Results showed an increase in creativity when the left
IFG was hyperpolarized, while the depolarization of the same
area decreased creativity scores. Considering that the lIFG was
previously associated with inhibitory processes (Aron et al., 2003;
Swick et al., 2008), we may suggest that the application of tDCS
over the lIFG produces a lowered inhibition mechanism, thus
allowing more flexible and creative thinking.

The notion that cognition may be modulated by disrupting
top-down cognitive control, allowing the brain to process
unfiltered bottom-up information, is also supported by a number
of studies targeting the prefrontal cortices. For instance, Leite
et al. (2011) found that the anodal stimulation of the DLPFC
coupled with the cathodal stimulation of the primary motor area
increases the efficiency in task shifting. Similarly, Chrysikou et al.
(2013) measured the performance results of the uncommon use
(UU) task, contrasted with the common use (CU) task, during
the cathodal stimulation of the left or the right prefrontal cortex
(F7/F8), with the cathode on the contralateral mastoid. They
obtained that the hyperpolarization of the left prefrontal cortex
led to an increase in the number of the UUs reported as well as
in the speed of responses. Interestingly, the number of common
uses reported was not affected by tDCS. The study supports the
idea that the disruption of the prefrontal control system facilitates
cognitive flexibility.

ENHANCING CREATIVE THINKING

A third fundamental strategy to affect creativity through
neuromodulation is to directly target thinking processes.
Traditionally, creativity has been associated with divergent
thinking, which is the ability to follow unconventional ways
of reasoning, thus producing new ideas and solutions. It is
obvious that creativity also implies convergent thinking, i.e., the
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ability to select ideas for their appropriateness in relation to a
given task (Finke et al., 1992; Amabile, 1996; Sternberg, 1999).
To affect thinking processes different strategies are possible,
from modulating attention to favor semantic connections and
information integration. For the sake of clarity, in this section
we will provide evidence categorized by the targeted cortical
area.

Prefrontal Areas
As discussed above, neuromodulation may be effective in
promoting both ideas generation (by enhancing analogical
associations), and idea selection. Since these processes require
high order information processing, studies often targeted the
DLPFC. Colombo et al. (2015) investigated the role of the
DLPFC in a task that required subjects to find original uses
for common objects (so-called AU task). Twenty minutes of
anodal tDCS over the left DLPFC increased creative responses,
but only when the task was primed by a condition able to
promote divergent thinking. This means that tDCS stimulation
had an effect only when interacting with a creative primer.
These results may be related to the role of the DLPFC in
coordinating attentional shifts since attentional focusing was
associated with a worsened performance of the AU task
in previous studies (Friedman et al., 2003). However, it is
likely that when the cognitive system is called to work on
a similar task, the DLPFC also plays a role at a higher
level. To use a metaphor, the DLPFC might be responsible
for modulating a kind of cognitive search engine aimed at
associating an object with possible uses. Normally, the first
reference that comes to mind is related to the frequency
of use and/or prototypical features of the probe, something
like the sponsored links displayed by Web search engines.
Sure, we can be aware of many other links (e.g., uses), but
generally, we are ‘‘forced’’ to stop searching the list after
having read the top of it, leaving uncommon and probably
more creative uses out of mind. However, when the DLPFC is
impaired, the search engine is free to search deeper and propose
a randomly ordered list for frequency and/or prototypical
features, thus allowing creative cognitive processes. The DLPFC
might then be linked to the maintaining of a given view
of the world by searching for a confirmation of previous
expectations more than trying new, original cognitive solutions.
It would implement a sort of cognitive inhibition on a large-
scale. Actually, a study by Zmigrod et al. (2015) reported
increased performances on the Compound Remote Association
task (CRA) when anodal tDCS stimulation was applied at
the left DLPFC with the cathode at the right DLPFC. Since
the CRA is intended to measure convergent thinking (asking
responders to find a link between three unrelated words),
authors suggest that the DLPFC plays a key role in analytical
information processing. Similar results were found in a previous
study by Cerruti and Schlaug (2009) who used a unilateral
montage over the lDLPFC to modulate the performance of
the Remote Association Task. Consequently, the role of the
DLPFC appears to be complex and linked to highly demanding
tasks, e.g., the integration of semantically distant information,
creative idea selection, and convergent thinking. All of these

processes require the brain to search in depth for higher-level
connections.

Temporal Areas
A study by Chi and Snyder (2011) reported increased problem-
solving abilities by insight in subjects who received cathodal
stimulation over the left anterior temporal lobe (ATL) together
with anodal stimulation of the contralateral region. The authors
refer this increase in performance to a general modulator role
of the left ATL, which is involved in a top-down inhibiting
system that facilitates the use of routinized solutions. Authors
suggest that the contemporary stimulation of the left ATL and
DLPFC could induce even greater and/or generalized effects on
creativity. The basic idea is that many neural circuits compete
during a cognitive task. The increase of one over the others
depends on both experience and anatomical (genetically driven)
features. Thus, people with a middle to strong left dominance
(in their study Chi and Snyder, 2011 controlled this variable
by selecting only right-handed people with 50 or more on the
Edinburgh Scale) generally show less hypothesis switching than
less lateralized people due to the strong role played by the left
ATL and frontal areas in top-down inhibiting processes. These
mechanisms are tuned by experience and generally allow people
to obtain good (or even excellent) results in their routinized
activities. Actually, in the same study, people who received left
cathodal and right anodal stimulation did not worsen their
performance, since the left ATL seemed to be already optimized.
Thus, a one-shot stimulation (20 min of tDCS) cannot obtain
a substantial change in performance. In less lateralized people,
it is possible that a lower top-down modulation allows for
easier perspective shifting, thus facilitating insight solutions
and ideas generation. At the opposite, an excessive imbalance
toward right ATL functioning might impede or hinder the
acquisition and/or the tuning of cognitive algorithms useful in
repetitive daily or professional situations. However, a study by
Aihara et al. (2017) on a sample of 66 Japanese subjects did
not find any effect on insight after tDCS applied over ATL.
In fact, neither the right ATL anodal/left ATL cathode nor
the reversed montage affected the subjects’ performance at the
remote associates test (RAT; verbal insight) and at the matchstick
task (nonverbal insight). Authors suggested that their results
might be due to the specific experimental conditions adopted.
This underlines the fundamental role of the experimental setting
when testing the efficacy of tDCS programs. Actually, another
study (Ruggiero et al., 2018) targeted the same areas obtained
different results. Authors used a verbal task (the RAT) and a
graphical task (the Divergent Thinking Test, DTT) and they
found a positive effect of the anodal stimulation on the ATL
with the cathode on the right ATL at RAT performance.
However, results showed that this effect was significant only
for reducing the time needed by subjects to produce a verbal
insight (RAT), while accuracy was not affected. Furthermore,
the DTT performances were not affected by tDCS, supporting
the idea that the left ATL is involved in verbal creativity. Taken
together, such evidence suggests that suppressing the left anterior
temporal region could disengage the correspondent right region
from the control of the left inhibiting system that normally
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limits access to cognitive resources, thus improving creative
thinking skills. The left frontotemporal region was also shown
to be linked to creative analogical reasoning and information
integration since its activation correlates with semantic distance
in an analogy generation task (Green et al., 2010, 2015). Finally,
Goel et al. (2015) proposed different creative tasks in both
divergent and convergent thinking domains to English speakers
and 16 non-native English speakers. They wanted to test the
effect of a neuromodulation protocol on the ability to solve
linguistic riddles. The tDCS was administered over the left mTG
and the right temporoparietal junction (TPJ). The stimulation
was able to modulate the performance of the task in specific
ways: while performing the insight task (convergent thinking),
the stimulation of the right TPJ and the deactivation of the MTG
improved results; conversely, during the divergent thinking
task, the same stimulation resulted in decreased performances.
Authors explained their results, considering the role of the MTG,
which is involved in routine semantic processing. Instead, the
TPJ is associated with the search for unusual and/ormetaphorical
meanings of the language. Consequently, the hyperpolarization
of the left MTG may have facilitated a shift in perspective,
allowing for the activation of an active search for alternative
meanings. This effect may be particularly acute in non-native
speakers since they lack the knowledge of idiomatic expressions
and their poor language expertise does not easily allow them
to go beyond the literal meaning. Favoring the work of the
right TPJ and partially inhibiting the top-down supervision of
the left MGT, non-English speakers gained a freer, creative
interpretation of phrases.

Parietal Areas
The study by Zmigrod et al. (2015) investigated the influence
of tDCS on performances in verbal tasks targeting the posterior
parietal cortex (PPC). Authors found that the anodal stimulation
of both the left and right PPC increased insight and decreased
analytical answers when compared to the control condition.
Considering that the PPC is related to goal-directed attentional
processes (Behrmann et al., 2004), it could be hypothesized
that the depolarization of this region might increase the ability
of the person to disengage bottom-up automatic mechanisms.
This disengagement may favor divergent thinking and insight
solutions. Ghanavati et al. (2017) applied tDCS over the same
brain site (both right and left PPC) during a figural fluency task.
Results showed that participants produced more unique designs
under anodal rPPC tDCS. Such findings support the idea that the
PPC plays an important role in both verbal and visual creativity
by modulating attention mechanisms.

PROMOTING ARTISTIC ENACTMENT

The last important issue related to creativity deals with
enactment, which is the ability to finalize the creative course
in a tangible and concrete way. Enactment may relate to any
sphere of life, but it is particularly interesting when referred
to artistic production since it merges different cognitive and
motor processes in a unique and appreciable shape. At this
regard, a case study provided original suggestions: Simis et al.

(2014) from the Harvard Medical School had the opportunity
to study a man affected by a stroke of the left middle cerebral
artery. After the stroke, this person, without any art education,
reported the urge to draw and started training and perfecting
his drawing and painting skills using his left hand (previously
he was right-handed, but the right hand was impaired). Four
years after the stroke, the patient underwent a tDCS protocol
consisting of the anodal stimulation of the right (unaffected)
frontotemporal region. Here, we have the effect of the stroke
over the left hemisphere and the neuromodulation of the right
frontotemporal region. The former produced the urge to draw
and express the patient’s new perspective of the world. The
neuromodulation increased his drawing abilities and creativity.
In particular, 30 min of anodal stimulation produced increased
graphical abilities in a drawing task. Though it is difficult
to provide a complete explanation of this effect based only
on the interplay between the two hemispheres, it is possible
that the impairment of the left frontotemporal region may
disinhibit artistic motivation, which might partially substitute
the communication functions affected by the stroke. At the
same time, the anodal stimulation of the right frontotemporal
area probably enhanced the function of the frontoparietal
connectivity, which is supposed to play a fundamental role in
perspective elaboration and is, consequently, vital in graphical
representation. Results revealed in this work are in line with
recent evidence acquired from the application of tDCS for
improving behavioral performance and functional connectivity
after stroke in both motor (Chen and Schlaug, 2016) and
cognitive domains (Marangolo et al., 2016). For example, a recent
work by Marangolo et al. (2016) about the effects of tDCS
on language recovery and resting state functional connectivity
found a positive effect of real vs. sham stimulation on behavioral
performance, as well as on the interconnectedness of several
regions of motor, default and control network.

Moving to music enactment, Rosen et al. (2016) proposed a
dual process model for creative production in jazz improvisers:
Type-1 would be based on automatic, associative processes,
while Type-2 on executive, controlled ones. The use of either
Type 1 or 2 is thought to be associated with domain expertise:
novices would rely more on top-down, controlled mechanisms,
while expert musicians to bottom-up, implicit processing. To
test their hypothesis, authors performed a tDCS protocol by
targeting the right DLPFC with anodal, cathodal, or sham
stimulation. Results showed a significant interaction between the
musicians’ expertise and tDCS: after anodal stimulation, novices
performed better in terms of originality as assessed by expert
musician judges, while the opposite effect was obtained for the
most experienced musicians, who reported poorer performance.
Researchers interpreted their findings as a confirmation of the
dual model since different modes of creative expertise were
found between experts and novices. Also, it was proven that
anodal stimulation may effectively modulate rDLPFC activity,
which is recruited during improvisation. Remaining within the
theme of musical improvisation, Anic et al. (2017) explored
the role of another brain area, the Motor Cortex (M1), for
the creative process. In particular, starting from the idea
that it subserves the acquisition and consolidation of novel
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movements, they applied a bilateral tDCS montage (left and
right M1) to two different groups of expert pianists while
requiring them to improvise some musical sequences. The
left and right M1 areas received either anodal or cathodal
stimulation according to the group (anodal-left/cathodal-right;
cathodal-left/anodal-right). Although this was a pilot study
(only eight musicians took part in the experiment, four for
each group), preliminary analyses showed that left excitatory
stimulation increased creativity and technical fluency while
cathodal stimulation apparently didn’t produce any significant
behavioral modifications. Accordingly, authors concluded that
there is at least preliminary evidence that the M1 region
contributes to musical fluency and creativity. However, due
to the sample size, future research should better explore
these issues to identify significant statistical effects. Being
a primary motor region M1 is, without any doubt, related
to an executive component of musical creativity. Thus, the
excitatory processes within this area could also, in this case, lead
to enactment. Considering the underlying neurophysiological
mechanisms of such processes, previous research (Nitsche et al.,
2005) underlined that the corticospinal excitability modulation
provided by tDCS over M1 can be attributable to membrane
polarization, and less on synaptic modifications. On the other
side, the engagement of intracortical synaptic mechanisms has
been found for tDCS after-effects.

CONCLUSION: SWITCHING ON THE
CREATIVITY STATE

Starting from the evidence discussed above, we conclude this
review with a model aimed at explaining how tDCS, as well
as other neuromodulation techniques, may favor creativity. We
begin with the consideration that creativity is influenced by
both stable characteristics and contextual conditions. Regarding
stable traits, (Aron and Aron, 1997) suggested that people
could differ in the way they neurologically transmit and process
sensory information (Gerstenberg, 2012). It is the case of sensory
processing sensitivity (SPS), described as a personality trait
modulated by genetic factors, which allows people to feel and
process more information at one time, and in a deeper way.
Such sensitivity is referred to both external and internal stimuli
(Jagiellowicz et al., 2011). Accordingly, Highly Sensitive Persons
(Aron and Aron, 1997) are more inclined to experience higher
arousal during exposure to environmental stimuli such as bright
lights, strong smells, noise and chaotic situations. Moreover,
they startle easily and are strongly sensitive to caffeine and
time pressures (Jagiellowicz et al., 2011). Finally, those with
SPS are more reactive to interpersonal and emotional cues.
For example, they are more susceptible to the presence of
external observers when performing tasks, and more aware of
others’ moods. These peculiar reactions are already present at
the very first stages of life (Aron et al., 2012; Davidson et al.,
2002) and are associated with specific neurobiological markers
(Herberner et al., 1989; Aron et al., 2010). Such sensitivity
could sometimes result in a sensorial overload with subsequent
negative effects, like exertion and fatigue. Thus, it is possible
that they could more often feel the urge to rest alone and sleep

longer throughout the day (Aron and Aron, 1997). The existence
of these differences is noteworthy since a tDCS program aimed
to improve creativity may have different effects on different
individuals. Not checking for these differences might also lead
to different study results.

However, our idea is that creativity, though influenced by
stable individual characteristics, may be seen as a transient
property of the cognitive system, a mental configuration we
may call a ‘‘creativity-on’’ state, which may be spontaneously
activated and/or evoked by external conditions (e.g., by a task
that asks individuals to find creative semantic connections
between words). So far, people may be trained to have easier
access to this state when they need it. We may define a state
of creative-on, as opposed to a state of creative-off. The latter
is essentially based on ordinary functioning, e.g., the search
for information in long-term memory or the use of prompt
cognitive algorithms. From a neurofunctional point of view, the
creative-on/off dynamic is substantially based on the interaction
between the DMN and the cognitive control system (Beaty
et al., 2014, 2016). The core structures of DMN are the mPFC,
the PCC precuneus (prec), and the posterior inferior parietal
lobule (pIBL). The role of the network is multifaceted since it is
involved in a number of specific cognitive processes. However,
different studies showed that an increase of DMN activity, in
particular, the connection strength between mPFC and PCC/pre,
is involved in creative processes (Beaty et al., 2015). Conversely,
the cognitive control system involves the left IFG and its role is
to inhibit cognitive processes not linked to the ongoing cognitive
plan. In particular, the modulatory role of the IFG is active
in the ATL, in particular, the temporal pole (TP), which is
considered a sort of semantic hub. When the left IFG system
activity is high, the semantic search and integration will involve
only short-range semantic connections (Green et al., 2010). The
left IFG and ATL are involved in the process of conceptual
expansion (Abraham et al., 2012). Consequently, we define the
creative-on/off as the balance between the DMN and the IFG
network.When the former predominates over the latter, we enter
into a creative-on state; otherwise, the cognitive system works
in a routine creative-off state. Distinguishing these two states
is interesting since it allows understanding the cognitive and
behavioral differences we observe in an individual facing the
same situation in two different moments. The creative-off state
is a goal-oriented, routine-based, efficient system that generally
produces good cognitive and/or behavioral outcomes. This state
is governed by rules, such as the path-of-least-resistance rule,
which allow the brain to achieve good solutions to typical
problems in a short time. On the contrary, when an easy solution
to a problem is not available, or when an individual is forced
to go beyond the usual semantic or analogical associations,
then the creative-off state cannot serve the purpose anymore
and the usual and stable neurofunctional organization breaks
down. The DMN takes the lead, and the short-range small-
world organization leaves the field to long-range connections.
In this way, the brain may expand its cognitive repertoire
by linking together concepts, images, and experiences, thus
allowing for more flexible thinking. It’s in this state that we may
experience the semantic expansion that strings together concepts
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apparently distinguished to produce new ideas. Because the
creativity-on state obviously requires more energy and a greater
cognitive load, it is, therefore, less efficient than the creativity-
off, which instead has been fine-tuned by evolution, education,
and specific training. Naturally, the dynamic interaction between
the DMN and the IFG network also involves many other
neural networks. In particular, it is interesting to note that
the attention network may be modulated by the DMN activity.
When within the DMN the connection strength between mPFC
and the PCC/prec is high, then the attention disengages from
the external environment, thus shifting toward inner processes.
This may favor mind-wandering as well as imagery activity.
Instead, when a focus on external stimuli must be kept
high, then pIPL-PCC/prec become predominant, thus inhibiting
mind-wandering and other unrelated activities. In addition,
the IFG network may modulate the attention focus when a
complex task requires both concentration and the inhibition of
distracting stimuli at the same time. The creative-on state is
roughly similar to how the infant’s brain works. Indeed, Gardner
(1982) defined the preschooler phase (between 3 and 6-year-old)
as the Golden age of creativity, since infants show spontaneous
and vibrant creativity in this period. This may be linked to
the immaturity of pre-frontal cortices (Miller et al., 2012).
Of course, creativity is different in childhood and adulthood.
Adults’ creativity involves a number of different psychological
mechanisms and is generally aimed to generate a well-defined
product (Charles and Runco, 2001). That’s why the creativity-on
state does not imply a generalized deactivation of prefrontal
cortices, but a partial adjustment that permits both divergent and
convergent thinking.

Considering the role of tDCS in the framework of creative-
on/off, it is also interesting to appreciate how neurostimulation
might be useful for promoting creativity outside the lab. In fact,
we have seen that different tasks require different cortical targets,
meaning that the multifaceted nature of creativity cannot be
approached by a single tDCS program. For example, we could
target the PFC to promote a more flexible cognitive process,
and the ATL to promote verbal creativity. However, in real-life
applications (e.g., to improve a manager’s creative decision
making at the workplace) it’s difficult to define which creative
mechanisms are the most important and which tDCS target
will lead to better outcomes. These parameters are modulated
by the individual’s characteristics, by contextual factors, and

by the actual requirements of a given task. Furthermore, some
creativity-related mechanisms are served by brain areas that are
not possible to directly stimulate by non-invasive techniques.
We argue that tDCS might be more useful in promoting a
more general creative-on state, which will allow a spontaneous
reorganization of the whole cognitive system. At this aim, it’s
plausible to suggest that the IFG system will play a vital role
in future programs that are intended to promote a creative-on
state through tDCS, while other areas may be useful for specific
purposes. Indeed, as revealed in a study by Meinzer et al. (2012)
using fMRI after tDCS, the stimulation of the left IFG produced
effects on a large network, including the anterior insula (salience
network), the anterior temporal areas (language network) and the
medial prefrontal cortex (DMN). Finally, it is noteworthy that
the neurostimulation effect heavily depends on the cognitive task
used. Thus, it will be important to test which task is able to elicit
creative thoughts during which tDCS protocol.

In conclusion, our proposal is that starting by the creativity-
on/off dynamic is quite easy to understand how tDCS or even
other neurostimulation techniques may favor creativity. Indeed,
since the creativity-on state may be considered a prodromal state,
a kind of neural habitat suitable for creative ideas to survive, the
role of tDCS is quite unspecific, modulating only the likelihood of
a more flexible and imaginative thinking to arise. A modulation
that might be useful in several different contexts. So, what kind
of creativity is possible to stimulate? We argue that, following the
classification by Kaufman and Beghetto (2009), promoting the
elicitation of a creativity-on state by the inhibition of the IFG
system and using proper cognitive tasks is possible to promote
all form of creativity, from ‘‘mini creativity’’ (typical of infants)
to everyday life ‘‘little creativity,’’ from ‘‘Pro-creativity,’’ (the one
request in professional contexts) to ‘‘Big Creativity’’ (linked to
object and important achievements). Of course, the actual results
will depend also on contextual and personal characteristics not
influenced by neurostimulation. Thus, it would be important for
future research to address the topic of creativity within a more
comprehensive framework.
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According to philosophy of mind and neuroscientific models, the sense of agency can
be defined as the sense that I am the one that is generating an action and causing
its effects. Such ability to sense ourselves as causal agents is critical for the definition
of intentional behavior and is a primary root for human interaction skills. The present
mini-review aims at discussing evidences from non-invasive brain stimulation (NIBS)
studies targeting functional correlates of different aspects of agency and evidences on
the way stimulation techniques affect such core feature of human subjective experience.
Clinical and brain imaging studies helped in defining a neural network mediating
agency-related processes, which includes the dorsolateral prefrontal cortex (dlPFC), the
cingulate cortex (CC), the supplementary and pre-supplementary motor areas (SMA
and pre-SMA), the posterior parietal cortex (PPC) and its inferior regions and the
cerebellum. However, while the plurality of those structures mirrors the complexity of the
phenomenon, their actual roles with respect to different components of the experience
of agency have been primarily explored via correlational techniques, without a clear
evidence about their causal significance with respect to the integration of sensorimotor
information, intentionalization, and action monitoring processes. Therefore, insights into
the specific causal role of different cortical structures can be specified by using NIBS
techniques, in order to provide improved understanding into the bases of our ability vs.
inability to properly act in complex social contexts.

Keywords: sense of agency, NIBS, TMS, tES, tDCS, social understanding, body ownership

INTRODUCTION

When we do act and observe the consequences of our action, we tend to be sure that we were the
ones who were acting. That kind of awareness mirrors the common experience of being an agent.
That feeling—together with unified subjective experiences and with the first-person point-of-view
from where we perceive and qualify those experiences—is what defines human self-consciousness
(Metzinger, 2003). The feeling of being agents able to influence our environment is one of the
main roots that sustain and support that being-in-the-world. Our representations of the context,
of ourselves and of their relationship play, in turn, a fundamental role for the definition of our
agentive stance (Haggard, 2008, 2017; Synofzik et al., 2008b; Carruthers, 2009; Balconi, 2010a,b;
Frith, 2013; Smith, 2016).

The richness of debates on the experience of being an agent and its physiological, other
than phenomenological, correlates have been fuelled by a remarkable set of evidences obtained
via neuroscientific techniques such as neuroimaging, electrophysiology and brain stimulation.
The majority of data concerning neural structures supporting the components of the experience
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of agency have been, to date, primarily explored via correlational
techniques, such as functional imaging (David, 2010).
Differently, non-invasive brain stimulation (NIBS) techniques
can provide insight concerning the specific causal role of
different cortical structures with regard to a mental process or a
specific function, and then foster our understanding of the bases
of our ability vs. inability to sense and judge the authorship of
our behavior and its outcomes. After an introduction on core
aspects of the construct of agency and on the neural network that
is thought to let us experience agency, we will critically compare
the potential of correlational and different brain stimulation
techniques as investigation tools. Finally, we will focus on NIBS
studies targeting functional correlates of different aspects of
agency and evidences on the way stimulation techniques affect
such core feature of human subjective experience.

AGENCY AS A CORE FEATURE OF
HUMAN EXPERIENCE

Here, we define the sense of agency as the sense that I am
the one that is generating an action, would it be physical or
mental, and causing its effects (Gallagher, 2000). Such theoretical
construct is deeply bound to the one of sense of ownership, which
can, instead, be defined as the sense that I am the one who is
undergoing an experience. Nonetheless, the sense of agency and
the sense of ownership can be experienced as separate entities
and can be independently affected by experimental manipulation
and pathology. Neurological and psychiatric disorders, such as
the alien hand syndrome and schizophrenia, can be, for example,
associated to ownership and agency disruption (Jahanshahi,
1998; Bottini et al., 2002; Synofzik et al., 2008b; Jardri et al., 2009;
Jeannerod, 2009; Synofzik and Voss, 2010).

Human experience is shaped by the potential to be aware
of the causal power we can exert on the external world and by
self-attribution of a primary agentive role with regard to our
actions (from its simpler manifestations like basic goal-directed
motor acts to its more complex manifestations like moral
reasoning and reflective judgments concerning responsibilities).
Accordingly, modern phenomenology posits that experience is
grounded ‘‘in neural activity in embodied action in appropriate
surroundings’’ (Smith, 2016). Assuming that agency is core
feature for human experience (Metzinger, 2003; Haggard, 2008;
Smith, 2016), it has also been suggested that in the very moment
we sense ourselves as intentional agents and we consciously
self-attribute an agentive stance, we have to assume that other
individuals might share the same capability and a similar stance.
Further, besides being able to sense and judge the authorship
of our behavior and its outcomes, we also need to be able
to apply those detection and attribution processes to other
potential inter-agents. Those skills are critical to adequately
act in a social context and to intentionally exert control on a
social interactions (see Crivelli and Balconi, 2010, 2015; Crivelli,
2016), would them be dyadic or collective—such as in team
sports. Again they might act as the soil where higher social
understanding skills such as inter-personal co-regulation and
mind-reading sink their roots (Gallagher and Meltzoff, 1996;
Saxe, 2006).

Agency is, then, a complex phenomenon influenced by
intention, goals and desires but also grounded on somatosensory
signals and afferent sensory information flow. The integration
of different levels is necessary for the rising of a complete
experience. Body image and intentional structure merge to
generate unified agents capable of perceiving, influencing, and
exerting causal power on each other and on the environment,
understood as a complex system including both objects to act
with and subjects to interact with.

THE AGENT BRAIN

Many neural structures have been associated to specific attributes
of agency experience or to specific steps of the process that
leads to sense agency. The collection of neural structures that are
thought to mediate agency-related processes is rather wide and
includes: the dorsolateral prefrontal cortex (dlPFC), the cingulate
cortex (CC), the supplementary and pre-supplementary motor
areas (SMA and pre-SMA), the posterior parietal cortex (PPC)
and its inferior regions and the cerebellum (Gehring et al.,
1990; Lee et al., 1999; Blakemore et al., 2001; Chaminade
and Decety, 2002; Cunnington et al., 2002; Farrer and Frith,
2002; Blakemore and Sirigu, 2003; Farrer et al., 2003; Lau
et al., 2004, 2006; Synofzik et al., 2008a; Balconi and Crivelli,
2009, 2010a,b; Balconi and Scioli, 2012; Balconi et al., 2017).
The plurality of those structures and their distribution over
the whole brain (see Figure 1) likely mirrors the complexity
of the phenomenon and the different methodological and
experimental approaches devised to study its facets (for a
review see also David, 2010). Again, they are due to the
contribution of multiple mechanisms in the coupling of behavior
with mental states and sensory effects. Those mechanisms—and
the structures that subserve them—can be traced back to
overarching functions: monitoring of sensorimotor congruence
and multimodal integration, intentionalization (i.e., elaboration
and implementation of intentions), action monitoring and
ownership/agency attribution.

STIMULATING THE AGENT BRAIN:
NON-INVASIVE BRAIN STIMULATION
EVIDENCES

Neuroimaging and electrophysiological methods can be both
enlisted among the correlational techniques (Walsh and Cowey,
2000), which allow for qualifying and quantifying ongoing neural
activity during implicit or explicit tasks to compare it with
co-occurrent subjective experience, cognitive performances, or
behavior. By superimposing and integrating those series of data,
it is possible to draw conclusions on anatomical-functional
correlates of investigated functions and processes by means
of association. Conversely, non-invasive stimulation methods
can be enlisted among interference or causal techniques, which
grant the advantage of drawing conclusion on neural causation
and on the effective role of neural structures in supporting or
modulating a specific function or process (Woods et al., 2016).
Indeed, NIBS can be used to perturb the ongoing activity of
a target structure during implicit or explicit tasks and then

Frontiers in Behavioral Neuroscience | www.frontiersin.org November 2017 | Volume 11 | Article 229157

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Crivelli and Balconi Stimulating the Agent Brain

FIGURE 1 | Brain structures associated to functions and processes subserving the experience of agency and their distribution over the brain (lateral view). Simplified
schematic representation. Dashed outlines and lighter colors indicate subcortical or hidden structures. PPC, posterior parietal cortex; SMA, supplementary motor
area; pre-SMA, pre-supplementary motor area; dlPFC, dorsolateral prefrontal cortex.

observe the consequences of such perturbation on behavior
and/or neural activity (e.g., by means of EEG). It is worth
noting that conclusions that can be drawn thanks to NIBS
studies also show fewer potential biases than those deriving from
clinical lesion studies (Walsh and Cowey, 2000). Relevant for the
present discussion, NIBS techniques then present notably greater
cognitive resolution—defined as the ability to tell something new
about brain processes and to answer a wide range of questions on
cognitive functioning and its physiological correlates (Walsh and
Pascual-Leone, 2003)—with respect to other investigation tools.

Within the panorama of NIBS, two main families of
techniques have been used in research on agency: transcranial
magnetic stimulations (TMS) and transcranial electrical
stimulations (tES). Both TMS and tES inform us on brain
functioning by interfering with neural activity, but they are
thought to do so in different ways. In particular, TMS is
deemed as a neurostimulation tool in that it is able to actually
initiate action potentials in a nerve cell or axon by inducing
non-invasively transient electrical currents at the level of
cortical tissues. The mechanism of action grounds on the
Faraday’s law of electromagnetic induction and stimulation
is induced by brief magnetic pulses delivered through a coil.
Instead, tES (with lowercase t so to refer to techniques using
low-intensity electrical stimulation, instead of high-voltage
TES) is deemed as a neuromodulation tool in that it is able to

modulate spontaneous neuronal firing rates by causing small
changes in the membrane potential of the nerve cells or axons
(Woods et al., 2016). The mechanism of action has been linked
to long-term potentiation/depression mechanisms, even though
the integration of the stimulation effects with a second input
(e.g., neural oscillatory activity and thalamo-cortical stimulation)
is thought to be needed to induce such phenomena (Fritsch
et al., 2010). TMS and tES also differ in terms of spatial and
time resolution and in terms of usability and side effects. TMS,
when used in single-pulse or paired-stimulation protocols, show
greater time resolution than tES applications and can then be
more aptly used to investigate mental chronometry. Again, while
TMS applications allow for stimulating quite focal portions of the
cortical tissues, tES is able to modulate only broader populations
of neurons or to influence transmission of information in
neural networks. At the same time, tES applications lead to
fewer unwanted side effects and are less noisy than magnetic
stimulations, thus exerting minimal disturbance during task
execution. The one technique or the other has then been chosen
in different studies depending on the research question and
technical-methodological needs.

The few NIBS investigations on the neural processes and
mechanisms that make us sense agency essentially focused
on the role of parietal and prefrontal areas with regard to
sensorimotor integration, to the link between intentions and
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behavior, and to ownership definition processes underlying
agency attribution.

NIBS, Sensorimotor Congruence and
Agency
There are evidences that offline low-frequency repetitive TMS—a
stimulation protocol thought to have inhibition effects on the
activity of stimulated portions of cortical tissues—applied to
the left PPC, lead to an impairment in assessing asynchrony
between a movement and its visual feedback, specifically when
the movement is active and voluntary (MacDonald and Paus,
2003). At the same time, online high-frequency repetitive TMS
(10 Hz) applied to the right inferior parietal cortex proved to
induce healthy participants to misperceive their agentive role
during self-controlled movements and to experience them as
being externally perturbed even if it was not the case (Ritterband-
Rosenbaum et al., 2014).

The critical role of parietal structures for the integration
and comparison of sensorimotor information flows to correctly
attribute movements agency has been underlined even by
using non-repetitivemagnetic stimulation protocols. Preston and
Newport (2008), indeed, observed that when the activity of right
inferior parietal lobule (IPL) is temporarily and focally tampered,
healthy participants tend to attribute agency to external sources,
often erroneously, regardless of the fact that perceivable visual
feedbacks are consistent with executed actions or not. Again,
single-pulse TMS has been recently used to explore the role
of left inferior parietal areas in prospective components of the
sense of agency, linked to action selection and programming
processes independently from action effects (Chambon et al.,
2015). By combining TMS with subliminal priming of action
selection, the authors showed that the perturbation of the activity
of left inferior parietal regions at the time of action selection
and execution reduces participants’ perceived control over
subsequent action effects. The importance of parietal/pre-motor
connections to solve sensorimotor conflicts and finalize agency-
attribution processes has been underlined even by Karabanov
et al. (2017) by using a paired-pulse stimulation protocol.
The authors, by implementing a motor version of the rubber
hand illusion, observed similar inhibitory parietal-to-motor
connectivity at rest and during illusory conditions inducing both
sense of agency and ownership.

NIBS, Action Control and Agency
To our best knowledge, the few NIBS investigations of the causal
link between prefrontal action control and intentionalization
processes and agency, used electrical stimulation techniques to
modulate cortical activity and intentional binding to implicitly
measure changes of the sense of agency. The intentional binding
effect has to do with the reduction of perceived time interval
between a voluntary action and its external sensory consequence
when we do sense to be the primary agent of such action (Tsakiris
and Haggard, 2003).

In particular, a recent meta-analysis of previously performed
studies, highlighted that anodal stimulation—a continuous
current electrical stimulation protocol thought to enhance
cortical excitability and responsivity—applied to left dlPFC

increases the intentional binding effect and, thus, implicit
sense of agency, but only when people are free to act as
they prefer (Khalighinejad et al., 2016). Again, even pre-SMA
seems to contribute to implicit feeling of being an agent,
thought results still need to be examined in depth. Indeed,
Cavazzana et al. (2015) showed that both anodal and cathodal
stimulation—a stimulation protocol thought to lower cortical
excitability and responsivity—of pre-SMA areas leads to a
relevant reduction of the intentional binding effect, hinting at
the contribution of a medial frontal–prefrontal network for
awareness and control of voluntary action. Finally, the perception
of the temporal relationship between voluntary action and its
perceivable consequences seems to be negatively affected by
anodal stimulation of the left angular gyrus, critical for explicit
agency judgments (Khalighinejad and Haggard, 2015).

A few final works did report studies where NIBS has not
been properly used as an investigation technique but as a
tool to create ad hoc experimental conditions. Namely, in the
next two examples, TMS has been used to make participants
move involuntarily and to deliver a complex action feedback.
In the first case, the phenomenon of sensory attenuation linked
to self-initiated actions and its contribution to differentiation
of one’s own from others’ actions have been investigated
by comparing neural responses to perceivable consequences
(sounds) of voluntary and TMS-induced actions (Timm et al.,
2014). The second case has to do with one of the first empirical
investigation of the phenomenon of intentional binding. TMS
has been used to deliver a complex somatosensory feedback
(a muscular twitch) as a consequence of voluntary (self-initiated
finger movements) and involuntary (passive finger movements
caused by an external device) actions (Tsakiris and Haggard,
2003).

NIBS, Multimodal Integration, Agency and
Body Ownership
Empirical investigation of visual-tactile-proprioceptive
integration via NIBS globally highlighted the role of inferior
parietal areas and higher visual areas for a correct self-attribution
of body ownership. The mostly used experimental paradigm
to investigate neural and phenomenological correlates of body
ownership is the rubber hand illusion—RHI (Botvinick and
Cohen, 1998). Each of the few NIBS studies specifically targeting
neural basis of body ownership attribution used magnetic
stimulation techniques. Namely, in a recent repetitive TMS
study, it has been reported that it is possible to strengthen the
illusory experience by applying an inhibitory interference to the
left extrastriate body area —EBA (Wold et al., 2014). The authors
concluded that EBA is involved in multimodal integration
for the definition of the experience of body ownership. The
body ownership illusion seems, instead, to be weakened by
the inhibitory stimulation of the IPL. Low-frequency repetitive
stimulation applied to left IPL was indeed found to reduce the
relocation of the real hand toward the fake one, even if only
immediately after the RHI induction (Kammers et al., 2009). The
role of inferior parietal areas—namely, the right temporo-parietal
junction, TPJ—was corroborated even by a single-pulse TMS
investigation (Tsakiris et al., 2008). By perturbing the activity
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of right TPJ after brief repeated RHI-inducing stimulations,
the authors observed a reduction of the embodiment of
the fake hand, as indirectly measured by a reduction of the
proprioceptive drift towards the real hand. Processes mediated
by inferior parietal areas seem then critical for the definition
of the boundaries of our bodies and for the distinction of such
objects from external objects and other agents.

CONCLUSION

To sum up, NIBS studies mainly focused on the investigation
of selected parietal and prefrontal structures, following previous
neuroimaging evidences. Nonetheless, a few critical points are
worth further discussion.

First, published reports of NIBS investigations are still limited
and evidences in literature are fragmented and sometimes
contrasting. One of the consequent main limitations has to do
with the fact that different NIBS techniques have been used to
investigate different function or structures. Physical unwanted
effects of TMS are, indeed, usually reported to become more
intense and bothering when moving from posterior to anterior
areas. tES, instead, can be more comfortably used to stimulate
anterior structures since it shows less unwanted effects. Still,
the two families of techniques also differ, as above-discussed, in
terms of cognitive, spatial, and time resolution. Future research
should, then, take advantage of those differences to single out
and better understand different facets and features of the agency
experience.

Again, NIBS research on agency might benefit from a
systematization of methods and measures. Even though the
experience of agency pervades our everyday activities, its
complex and multi-level nature lead to the development of
different elegant experimental design. Nonetheless, a critical
discussion on potential indices and measures to qualify and

quantify different aspects of sensing agency may help to
reduce the fragmentation of empirical findings. Here we
began to suggest a potential systematization of empirical
findings according to three main facets of research on agency:
coding and monitoring of sensorimotor congruence during
action, implementation of motor intentions and action control,
multimodal integration for self-attribution of body ad action
ownership. Such systematization remains valid even if the
analysis of present NIBS literature is guided by a criterion
concerning experimental methods. Indeed, studies related to the
first topic are globally based on visuomotor matching and action
attribution paradigms. Studies related to the second topic are
essentially based on the intentional binding protocol. Finally,
studies related to the third topic are basically based on the RHI
protocol. Furthermore, it is worth noting that the vast majority
of NIBS investigation of how we sense agency was grounded
in indirect and implicit measures of the phenomenon, with no
systematic and clear evidence for explicit measures concerning
the aware reflexive level of such experience. A systematization
might then contribute to find new ways to overcome such
methodological limitation and to better understand all the
facets of the agency experience, as well as the actual causal
role of different cortical structures in relation to both pre-
reflexive/implicit and reflexive/explicit agency-related processes.
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Self-regulation enables individuals to guide their thoughts, feelings, and behaviors
in a purposeful manner. Self-regulation is thus crucial for goal-directed behavior
and contributes to many consequential outcomes in life including physical
health, psychological well-being, ethical decision making, and strong interpersonal
relationships. Neuroscientific research has revealed that the prefrontal cortex plays a
central role in self-regulation, specifically by exerting top-down control over subcortical
regions involved in reward (e.g., striatum) and emotion (e.g., amygdala). To orient
readers, we first offer a methodological overview of tDCS and then review experiments
using non-invasive brain stimulation techniques (especially transcranial direct current
stimulation) to target prefrontal brain regions implicated in self-regulation. We focus
on brain stimulation studies of self-regulatory behavior across three broad domains of
response: persistence, delay behavior, and impulse control. We suggest that stimulating
the prefrontal cortex promotes successful self-regulation by altering the balance in
activity between the prefrontal cortex and subcortical regions involved in emotion and
reward processing.

Keywords: transcranial direct current stimulation, self-regulation, emotion-regulation, goal-directed behavior,
dorsolateral prefrontal cortex

INTRODUCTION

At least since Walter Mischel’s seminal work on delay of gratification (Mischel, 1958; Mischel et al.,
1972), the practical and the theoretical implications of self-regulation have been important topics of
study in psychological science (Carver and Scheier, 1982; Metcalfe and Mischel, 1999; Muraven and
Baumeister, 2000). Self-regulation refers to the conscious and non-conscious processes that enable
individuals to guide their thoughts, feelings, and behaviors in a purposeful manner. Self-regulation
is crucial for goal-directed behavior and has been related to many consequential outcomes in life
including physical and mental health, psychological well-being, ethical decision making, and strong
interpersonal relationships. Likewise, failures at self-regulation are thought to contribute to alcohol
and drug addiction, personal debt, obesity, and other outcomes that carry both personal and societal
costs (for a review, see Vohs and Baumeister, 2016). Because of its consequences for so many crucial
outcomes, the scientific study of self-regulation spans many of subfields in psychological science
and frequently centers on a relatively simple question: How can we improve self-regulatory abilities?
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One possible answer is by stimulating the brain with electrical
current. Self-regulation is typically assessed with laboratory
analogs of common challenges encountered in daily life, such
as persisting at difficult tasks, choosing between immediate
versus more delayed rewards, and managing emotional impulses.
These examples represent paradigmatic forms of self-regulation,
namely persistence, or the sustained performance of aversive
behavior (e.g., tolerating pain, coping with failure); delay
behavior, which refers to choices that favor more long-
term investments at the expense of short-term gains; and
impulse control, which involves the purposeful inhibition of
emotive response tendencies. Below we focus on these three
paradigmatic forms of self-regulation and review experiments
that have used brain stimulation techniques to try to improve
them. We then consider inconsistencies in findings, address
unresolved questions, and point to new directions for future
research.

Neural Correlates of Self-Regulation
Convergent evidence from social, cognitive, and affective
neuroscience research reveals that the interplay between the
prefrontal cortex and subcortical threat and reward processing
is crucial for self-regulation (for a review see: Heatherton and
Wagner, 2011; Kelley et al., 2015b; Berkman, 2017; Wagner and
Heatherton, 2017). Numerous studies have associated successful
self-regulation with top-down control from the prefrontal cortex
over subcortical regions involved in reward and threat processing
(e.g., Dambacher et al., 2014; Giuliani et al., 2014; Vijayakumar
et al., 2014; Lopez et al., 2017). By contrast, self-regulatory failure
occurs when top-down control is diminished or when the balance
in activity favors threat and reward systems (e.g., Demos et al.,
2012; Wagner and Heatherton, 2012; Wagner et al., 2013; Chester
and DeWall, 2014; Lopez et al., 2014; Meyer and Bucci, 2016).

As an illustrative example, in a 40-year longitudinal follow-
up with children who participated in Mischel’s seminal delay of
gratification work, children who successfully delayed gratification
exhibited preferential recruitment of the prefrontal cortex (PFC)
during a task requiring inhibitory control as adults. In contrast,
children who were unsuccessful at delaying gratification showed
preferential recruitment of the ventral striatum in a delay task
as adults (Casey et al., 2011). These findings highlight the
importance of the balance or relative activity levels in the
prefrontal cortex and subcortical regions, respectively, and how
shifts in this balance can tip the scales between short-term and
long-term goal regulation.

Several models of emotion regulation similarly emphasize
the balance in activity between prefrontal and subcortical brain
regions. For example, Ochsner and Gross (2007) proposed a
seminal model of emotion that distinguishes between bottom-
up affective processing, mediated by limbic system structures
such as amygdala, and top-down appraisal processes that
involve prefrontal regions. Success at cognitive reappraisal,
a form of emotion regulation that involves generating cool
cognitive representations of affective states or changing the
meaning of emotional events, is associated with increased activity
in dorsomedial and dorsolateral prefrontal cortices, alongside
corresponding decreases limbic system (i.e., amygdala) activity.

Another relevant model of emotion regulation highlighted
the key role of a cortico-subcortical network consisting in a
dorsal system and a ventral system (Phillips, 2003; Phillips et al.,
2008). The dorsal system encompasses the hippocampus, the
dorsal regions of anterior cingulate gyrus, and the DLPFC and is
involved in executive functions, particularly planning, attention
control, and effortful regulation of affective states. The ventral
system includes the amygdala, the insula, the ventral striatum,
the anterior cingulated cortex, the orbitofrontal cortex, and the
ventrolateral prefrontal cortex (VLPFC) and is predominantly
recruited for the automatic regulation of affective reactions and
for the recognition of emotional valence of stimuli.

Consistent with and prior to these models of emotion
regulation, Botvinick and colleagues (Cohen et al., 2000;
Botvinick et al., 2001, 2004; Shenhav et al., 2013) discussed
cortical-subcortical balance as it relates to cognitive control.
Cognitive control refers to a constellation of functions that
orient cognitive subsystems to perform difficult and novel
tasks (Botvinick et al., 2004). Botvinick and colleagues’ conflict
monitoring hypothesis proposed that response conflict activates
cortical brain regions (i.e., the dorsal ACC), thereby signaling
the need for conflict resolution to facilitate effective behavior
(see MacDonald et al., 2000; Botvinick et al., 2001; Ochsner
et al., 2009). The theoretical models reviewed above suggest that
regulation of both cognition and emotion is contingent upon
the balance in activity between cortical and subcortical regions.
Brain stimulation techniques targeting cortical regions may
thus influence self-regulation by influencing cortical-subcortical
balance.

Overview and Goals
We propose that non-invasive brain stimulation targeting the
prefrontal cortex holds promise for improving human self-
regulation. To orient the reader to neuromodulation, we first
provide a methodological overview of transcranial direct current
stimulation (tDCS) – one of the most popular brain stimulation
techniques in psychological science. Then we review behavioral
evidence that non-invasive brain stimulation targeting the
PFC may enhance three paradigmatic forms of self-regulation:
persistence, delay behavior, and impulse control (see Table 1). We
conclude our review by highlighting inconsistencies in findings,
unresolved questions, and new directions for future research.

A METHODOLOGICAL OVERVIEW OF
tDCS

Effects of weak electrical currents on brain and neuronal function
were first described more than two centuries ago (Priori, 2003;
Nitsche et al., 2008; Zago et al., 2008). Systematic studies
with animals showed the efficacy of inducing modifications,
enhancements, or diminutions of cortical activity by delivering
weak direct currents to the brains of laboratory rats. Specifically,
passing currents through the scalp polarized the brain region
beneath the electrodes and altered the firing rate of neurons.
These effects were detected immediately after the stimulation and
seemed to last beyond the stimulation period (Bindman et al.,
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TABLE 1 | Study features, stimulation parameters, and key outcomes of all studies reviewed.

N Time
(min)

Size
(cm2)

Current
(mA)

Montage Design Outcome

Persistence

20 5 35 2 Sham, anode L DLPFC, M1, V1 W Anode L DLPFC increased pain thresholds (Boggio et al.,
2008)

12 20 35 2 Sham, anode and cathode tDCS over L
and R DLPFC

W Anode R DLPFC increased tolerance to heat (Mylius et al.,
2012)

40 20 15 2 Anode and cathode tDCS over the L
and R DLPFC

W Anode L DLPFC decreased pain (Mariano et al., 2015)

79 20 16 2 Sham, anode L DLPFC, and cathode L
DLPFC

B Cathode L DFLPFC increased pain tolerance (Powers et al.,
2018)

Delay behavior

14 20 9 1.6 Sham, anode L DLPFC/cathode R
DLPFC, cathode L DLPFC/anode R
DLPFC

W Anode L DLFPC increased preference for immediate
rewards (Hecht et al., 2012)

24 20 35 1.5 Sham, anode L DLPFC/cathode R
OFC, cathode L DLPFC/anode R OFC

W Both types of active stimulation increased preference for
larger-but-later rewards (Nejati et al., 2018)

23 20 35 2 Sham, anode L DLPFC/cathode R
DLPFC, and cathode L DLPFC/anode
R DLPFC

W Anode R DLPFC decreased food cravings, visual attention
toward desserts, and consumption (Fregni et al., 2008)

19 20 35 2 Sham and cathode L DLPFC/anode R
DLPFC

W Anode R DLPFC decreased food cravings but not
consumption (Goldman et al., 2011)

10 20 35 2 Sham and cathode L DLPFC/anode R
DLPFC

W Anode R DLPFC reduced consumption and modulated the
N2, P3a, and P3b ERP components (Lapenta et al., 2014)

17 20 25 2 Sham and cathode L DLPFC/anode R
DLPFC

W Anode R DLPFC reduced cravings for sweet but not savory
foods or consumption (Kekic et al., 2014)

30 20 35 2 Daily sham or anode R DLPFC for
5 days

B Anode R DLPFC reduced food cravings up to 30 days later
(Ljubisavljevic et al., 2016)

30 20 25 2 Sham and cathode L DLPFC/anode R
DLPFC

W Anode R DLPFC reduced cravings and consumption
(Burgess et al., 2016)

Impulse control

20 15 5.3 0.45 Sham, anode L DLPFC, and anode R
DLPFC

W Anode R DLPFC combined with a cognitive reappraisal task
reduced negative emotions (Pripfl and Lamm, 2015)

96 20 25/35 1.5 Sham or anode R VLPFC B Anode R VLPFC reduced the perceived intensity of negative
emotions (Vergallito et al., 2018)

60 15 35 2 Sham, cathode L DLPFC/anode R
DLPFC, or anode L DLPFC/cathode R
DLPFC

B Anode L DLPFC caused more aggression in angry
participants (Hortensius et al., 2012)

32 12.5 35 2 Sham or anode R DLPFC B Anode R DLPFC reduced proactive aggression in men
(Dambacher et al., 2014)

64 21.75 35 1.5 Sham, cathode L IFG/anode R IFG, and
anode L IFG/cathode R IFG

B No effect of IFG stimulation on response inhibition or
aggression (Dambacher et al., 2015b)

90 15 35 2 Sham, cathode L DLPFC/anode R
DLPFC, and anode L DLPFC/cathode
R DLPFC

B Anode R DLPFC increased rumination (Kelley et al., 2013)

202 15 35 2 Sham, cathode L DLPFC/anode R
DLPFC, and anode L DLPFC/cathode
R DLPFC

B Anode R DLPFC sped up motive incongruent responses
(Kelley and Schmeichel, 2016)

14 20 32 2 Five days of twice daily anode L
DLPFC/cathode R DLPFC

N/A Anode L DLPFC reduced sadness up to 30 days after
treatment (Ferrucci et al., 2009)

10 20 35 1 Daily sham or anode L tDCS B Anode L DLPFC reduced depressive symptoms (Fregni
et al., 2006)

23 5 35 2 Sham, anode L DLPFC, M1, V1 W Anode L DLPFC increased accuracy in identifying positive
pictures (Boggio et al., 2009)

80 20 35 2 Sham and anode R IFG B Anode R IFG decreased sustained fear and skin
conductance levels to unpredictable threats (Herrmann
et al., 2017)

(Continued)
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TABLE 1 | Continued

N Time
(min)

Size
(cm2)

Current
(mA)

Montage Design Outcome

45 30 25 1 Sham and either cathode L DLPFC/anode R
DLPFC, or anode L DLPFC/cathode R DLPFC

W Anode L DLPFC improved performance and decreased
cortisol among participants high in ma anxiety (Sarkar et al.,
2014)

47 20 25 1 Sham and anode L DLPFC B Anode L DLPFC enhanced fear memories (Mungee et al.,
2014)

17 20 25 1 Sham and cathode R DLPFC B No effect of cathode R DLPFC on fear memories (Mungee
et al., 2016)

80 20 25/35 1.5 Sham and anode R VLPFC B Anode R VLPFC reduced aggression after social exclusion
(Riva et al., 2012)

79 15 25/35 1.5 Sham and anode R VLPFC B Anode R VLPFC reduced negative feelings after social
exclusion (Riva et al., 2014a)

20 25/50 1.5 Sham and anode R VLPFC B Anode R VLPFC reduced unproved aggression in
violent-game players (Riva et al., 2017)

92 15 35 2 Sham, cathode L DLPFC/anode DLPFC, and
anode L DLPFC/cathode R DLPFC

B Anode L DLPFC increased jealousy after social exclusion
(Kelley et al., 2015a)

16 20 35 1 Sham and anode L DLPFC W Negative pictures rated less negative after anode tDCS over
the L DLPFC (Peña-Gómez et al., 2011)

48 20 35/100 1.5 Sham and anode R DLPFC B Anode R DLPFC enhanced cognitive control during
emotion regulation (Feeser et al., 2014)

35/12 20 35 2 S1: Bilateral DLPFC S2: Unilateral DLPFC B Bilateral DLPFC tDCS modulated decision making (Fecteau
et al., 2007b)

36 35 2 Sham, cathode L DLPFC/anode DLPFC, and
anode L DLPFC/cathode R DLPFC

B Anode R DLPFC reduced risk taking (Fecteau et al., 2007a)

16 19 35 2 Sham, cathode DLPFC/anode R DLPFC, and
anode L DLPFC/cathode R DLPFC

W Anode stimulation over the R DLPFC reduced risky
decision-king (Cheng and Lee, 2016)

30 25 25 2 Twice daily sham or anode R DLPFC/cathode L
DLPFC for 5 days

B Active tDCS paired with the cognitive task reduced
risk-taking This effects persisted 2 months (Gilmore et al.,
2017)

20 15 25 1.5 Sham or anode R DLPFC/cathode L DLPFC B Anode R DLPFC caused greater R DLPFC-whole brain
connectivity which was associated with reduced risk-taking
(Wacker et al., 2008)

24 15 35 1 Anode and cathode R DLPFC or anode and
cathode L DLPFC

W Anode DLPFC (either L or R) led to reduced risk taking on a
driving simulation (Beeli et al., 2008)

DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; L, left; R, right; B, between-subjects; W, within-subjects.

1964; Gartside, 1968; Hattori et al., 1990; Islam et al., 1995).
Early research in human samples investigated the application
of electrical currents in mood disorders treatment, with some
evidence suggesting a reduction in symptoms of depression and
mania (Costain et al., 1964; Carney, 1969). But subsequent studies
and null findings contributed to skepticism in the efficacy of
running weak electrical currents into the brain as an effective tool
for symptom reduction (Lolas, 1977; Nitsche et al., 2003b). More
recently, researchers have shed light on bidirectional, time, and
polarity-dependent excitability changes following tDCS (Priori
et al., 1998; Nitsche and Paulus, 2000).

How Does tDCS Work?
The tDCS device consists of an electric stimulator, which delivers
a constant current and an isolation current, linked to a pair
of electrodes positioned on the scalp over cortical regions
of interest. The electrodes, namely an anode and a cathode,
are typically covered by sponges soaked in NaCI solution (or
electrode cream) to increase conductivity, reduce resistance,
and improve the homogeneity of the electric field under the
electrodes.

Transcranial direct current stimulation differs from other
brain stimulation techniques, such as transcranial electrical
stimulation (TES) and transcranial magnetic stimulation (TMS),
because tDCS does not induce action potentials in neuronal
membrane. Instead, tDCS transiently modifies spontaneous
neuronal excitability by depolarizing or hyperpolarizing neurons’
resting membrane potentials, producing ionic concentration
shifts within the extracellular fluid (Creutzfeldt et al., 1962;
Purpura and McMurtry, 1965). Anodal stimulation typically
depolarizes local neurons, which in turn will require less dendritic
input to fire, whilst cathodal stimulation hyperpolarizes neurons’
typical resting membrane potentials so that increasing dendritic
input is required (Nitsche and Paulus, 2000). This mechanism of
action generally occurs both during stimulation and for a short
period of time (<5 min) thereafter.

Transcranial direct current stimulation has been found
to involve more complex mechanisms including long-term
potentiation (LTP) and long-term depression (LTD) mechanisms
at the synaptic level, affecting hyper-communicative activity
through the anode and hypo-communicative activity through
the cathode. These tDCS-driven changes in LTP and LTD may

Frontiers in Behavioral Neuroscience | www.frontiersin.org January 2019 | Volume 12 | Article 337165

https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00337 January 16, 2019 Time: 18:45 # 5

Kelley et al. tDCS and Self-Regulation

be mediated by a number of synaptic mechanisms including:
NMDA (N-methyl-D-aspartate) receptors, GABAergic activity,
glutamatergic activity, intracellular CA2+ concentration, brain-
derived neurotrophic factor (BDNF) secretion, and tropomyosin-
related kinase B (TrkB) activation (Liebetanz et al., 2002; Nitsche
et al., 2003a, 2004; Stagg et al., 2009; Fritsch et al., 2010; Stagg and
Nitsche, 2011). Also, non-synaptic mechanisms, such as changes
in pH and transmembrane proteins, seem to be involved in
long-term effects of tDCS (Ardolino et al., 2005).

Parameters Influencing Stimulation
Efficacy
The efficacy of eliciting changes in brain activity using tDCS
depends on several physical parameters including current
density, stimulation duration, and the orientation and focality of
the electrical field. These parameters constitute the tDCS dosage.

Current Density
Current density represents the ratio between current strength
(normally up to 2 mA) and electrode size (normally reference
electrode varies from 25 to 35 cm2). Current density determines
the delivered electrical field strength (Purpura and McMurtry,
1965).

Stimulation Duration
Stimulation duration refers to the amount of time participants
undergo stimulation. It is based on LTP and LTD mechanisms
and is related to the occurrence and length of aftereffects.
Generally, keeping current density constant, brief exposure to
tDCS stimulation (few seconds) does not induce long-lasting
effects, whereas tDCS stimulations of about 10 min (up to 30 min)
typically do elicit aftereffects (Nitsche et al., 2003c; Ardolino et al.,
2005).

Orientation of the Electric Field
The orientation of the electric field normally depends on
electrodes’ polarity and position. As already described, tDCS
produces polarity-dependent effects whereby anodal stimulation
increases the activity of the stimulated area, whereas cathodal
stimulation decreases it. Several studies of both the primary
motor and visual cortices have found that different electrode
positions modulate different neuronal groups and elicit different
evoked potentials (Priori et al., 1998; Antal et al., 2004; Accornero
et al., 2007) suggesting that electrode position is a crucial tDCS
parameter.

Indeed, not only may electrode position affect the amount of
current delivered to the brain and the direction of current flow,
but also it may determine effects on the targeted brain region, due
to electrical field interactions associated with neuronal geometry
(Nitsche and Paulus, 2000; Nitsche et al., 2008). Whereas the
coupling of anodal-excitatory and cathodal-inhibitory effects
is well established in the sensorimotor domain, evidence gets
more controversial when addressing higher cognitive functions
(Jacobson et al., 2012). This lack of consistency between
sensorimotor and cognitive functions is at this output level. It is
not that the inconsistencies arise from differences in the effects
of stimulation on sensorimotor cortices versus prefrontal cortices

themselves. In other words, the inconsistency is not the result in
differences in the effects of the stimulation protocol on activity
or function but rather the consequence of those changes. Indeed,
when dealing with more complex functions, likely represented
by large and interconnected neural networks comprising both
excitatory and inhibitory connections, it is more difficult to
obtain a predictable outcome, hence it is not always the case that
anodal tDCS leads to an enhancement (e.g., better performance
in a task) and cathodal tDCS leads to a diminution of the assessed
cognitive function (Fertonani and Miniussi, 2017).

Induced Electric Field Focality
Another important tDCS parameter is the induced electric field
focality. Generally, large electrodes and bipolar scalp electrode
arrangements limit tDCS focality (Gandiga et al., 2006), in part
because large electrodes may alter activity in areas adjacent to
the stimulated region. Moreover, with an intracephalic montage,
the so-called reference electrode (the secondary electrode with
regard to a specific experimental setting), being located on the
scalp, is not entirely inert. The lack of spatial focality of tDCS
effects suggests the need for arrangements to increase focality.
For instance, to increase tDCS focality it is possible to use smaller
target electrodes. Another option is to increase the reference
electrode size so that, due to decreased current density, it becomes
practically inert. Alternatively, using an extracephalic montage
may increase stimulation focality (Nitsche et al., 2007, 2008;
Ferrucci et al., 2008), although in this case the spread of current
flow could be hardly traceable. In any case, widespread (non-
focal) effects of tDCS should be taken into account, considering
that functionally active cortical targets may be more susceptible to
excitability changes induced by tDCS. Lack of spatial focality may
undermine tDCS effectiveness in performing cortical mapping,
but the idea that widespread cortical networks are affected by
tDCS could explain the strength of the observed behavioral
effects, in some cases lasting for months after several stimulation
sessions are performed, thus supporting the possible benefits of
this technique for clinical applications.

Underlying Neural Activity
Studies using fMRI to assess online and offline tDCS effects have
found that anodal and cathodal stimulation elicit, respectively, an
increment and a decrement of perfusion in a wide set of brain
areas, including cortical and subcortical structures, even at some
distance from the target area (e.g., Stagg et al., 2013). Similarly,
computational models of current flow have indicated that strong
electric fields occur not only underneath and near the stimulating
electrodes but also in the regions between them (Miranda et al.,
2013). Consistent with the computational modeling studies noted
above, recent findings have observed tDCS effects on both
structural and functional connectivity (Romero Lauro et al., 2014,
2016; Pisoni et al., 2017).

Practical Considerations
Sham Stimulation
Regarding its practical applications, tDCS, allows for more
effective placebo stimulation-controlled studies compared to
TMS where notable issues with placebo effects and limited
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blinding success (Duecker and Sack, 2015). Placebo (sham)
stimulation can be delivered for few seconds and subjects
experience the same physical sensations as real stimulation
(e.g., itching sensation), without substantial neural or behavioral
effects (Gandiga et al., 2006; Nitsche et al., 2008).

Individual Differences
Another practical consideration concerns individual differences.
Following seminal work in the tDCS literature (e.g., Nitsche
et al., 2008) we recommend that participants be matched on
individual differences like sex or age that can influence tDCS
efficacy (Pitcher et al., 2003; Kuo et al., 2006; Quartarone et al.,
2007; Chaieb et al., 2008). In addition to demographic factors,
researchers should also consider whether participants respond to
tDCS protocols. In two motor cortex studies, anodal stimulation
increased cortical excitability in 50–64% of participants (Wiethoff
et al., 2014; López-Alonso et al., 2015). These individual
differences highlight the need to develop more robust stimulation
protocols and well-powered studies which can systematically test
for the moderating role of individual differences.

Safety
Transcranial direct current stimulation is a safe and non-invasive
neuromodulatory technique. Several neuroimaging and EEG
studies have demonstrated that tDCS does not cause adverse
effects on the brain (Nitsche et al., 2004; Iyer et al., 2005).
The most common side effects include mild tingling sensations,
moderate fatigue and light itching sensations, especially at
stimulation onset (e.g., Poreisz et al., 2007) and stimulation
sessions up to 50 min do not cause serious consequences (Nitsche
et al., 2008). Moreover, ramping up and ramping down current at
the beginning and at the end of a stimulation session is useful to
avoid brief retinal phosphenes or startle-like phenomenon caused
by sudden neuronal firings.

To summarize, tDCS is a safe, inexpensive, well-tolerated,
and easy to use. Its physiological consequences have led to an
increasing interest in using tDCS to alter psychological processes.
With an appreciation for the history and mechanics of tDCS, the
next section will explore the consequences of prefrontal tDCS
psychological processes in the domain of self-regulation.

TRANSCRANIAL DIRECTION CURRENT
STIMULATION AND SELF-REGULATION

Persistence
Self-regulation enables individuals to guide their thoughts,
feelings, and behaviors in a goal-directed fashion. Self-regulation
can be aversive both physically and psychologically. Goal directed
behavior often entails persistence, including the sustained
performance of aversive behavior. For example, physical exercise
sometimes elicits short-term pain or physical discomfort but
also brings more long-term appearance- and health-related
benefits. Individuals who are better able to endure the discomfort
presumably exercise longer and more frequently. As a result,
these same individuals may be more successful at achieving their
fitness goals. Other situations may require individuals to endure

psychologically aversive states in the interest of accomplishing
one’s goals. For example, academic and occupational successes
may entail many failed attempts to solve complex problems. The
ability to endure these aversive states seems likely to facilitate
goal-directed behavior and thus may constitute an important
facet of self-regulation.

Pain Tolerance
Research suggests that the DLPFC is a key brain region for
various aspect of pain, including pain tolerance (see Seminowicz
and Moayedi, 2017). Consistent with this viewpoint, several
studies have used prefrontal tDCS to modulate the experience of
pain in laboratory tasks. For example, Mylius et al. (2012) found
that anodal tDCS over the right DLPFC increases tolerance to
heat pain as measured by the temperature of a thermode applied
to the forearm. Similar results were obtained by Boggio et al.
(2008), who found that excitatory stimulation of the left DLPFC
increases pain thresholds. Taken together, these findings suggest
that stimulation to the prefrontal cortex in either hemisphere may
increase pain tolerance – a classic form of self-regulation.

More recently, a study by Mariano et al. (2016) applied
anodal versus sham tDCS during both a cold pressor task
and a breath holding task (see also Mariano et al., 2015, for
similar work probing the dorsal anterior cingulate cortex).
These two tasks represent commonly used laboratory pain
paradigms. Participants’ pain ratings were assessed before and
after stimulation using the Defense and Veterans Pain Rating
Scale (DVPRS), which asks participants to rate their pain on an
11-point visual analog scale from 0 = no pain to 10 = severe pain.
Ratings were obtained after the first 7 min of tDCS in each testing
block and immediately after the cold pressor and breath holding
tasks. Stimulation did not influence performance on the cold
pressor task as measured by threshold, tolerance, or endurance,
nor did it influence breath holding time. However, anodal
stimulation over the left DLPFC decreased the experience of pain
as measured by the DVPRS. This study suggests that excitatory
stimulation of the DLPFC may influence pain perception.

Another relevant pilot study by Powers et al. (2018) paired
anodal, cathodal, or sham stimulation over the left DLPFC with
either pain education or a 3-min audio recording designed
to mimic key components of Cognitive-Behavioral Therapy
for pain. Afterward, participants completed five trials of a
heat tolerance pain test. Regardless of which intervention was
paired with tDCS, cathodal stimulation over the left DFLPFC
increased pain tolerance. But several limitations in this study
mar the interpretability of the results. First, the study included
6 experimental conditions with 79 total participants, resulting
in small sample sizes in each condition and thus relatively
low statistical power to detect anything but very large effects
of tDCS. Second, the electrode montage involved placing the
anode or cathode over the F3 region and the other electrode
on the right shoulder. The study by Mariano et al. (2016)
reviewed above, which found reduced pain experience but not
increased pain tolerance, used the mastoid as a reference, whereas
the study by Mylius and colleagues, which found increased
pain tolerance, involved placing the reference electrode over
the contralateral supraorbital area. Thus, inconsistencies in the
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electrode montages used across studies of prefrontal tDCS and
pain, along with differences in methods used to induce and
measure pain, hamper our ability to draw clear conclusions about
the effects of tDCS on pain experience and pain tolerance.

Delay Behavior
Often one’s end goals are situated far in the future, and pursuing
such goals comes at the cost of satisfying more immediate desires.
Saving for the future comes at the cost of spending today.
Maintaining a healthy physique comes at the expense of delicious
desserts. Academic achievement often comes at the expense of
fraternization. Delay behavior refers to choices that favor more
long-term investments at the expense of short-term gains. To the
extent that individuals stifle or subdue their immediate urges, the
better they are in striving toward their long-term goals.

Delay Discounting
Delay discounting refers to the reduction in the present value
of a reward with delayed receipt. The basic idea is that the
valuation of rewards degrades over time. So, for example, gaining
$10 today would typically be valued more than gaining $10 in a
month from today. For each unit of time increase in the delay
to receipt, the value of a reward decreases (or is discounted)
by a non-fixed proportion. In other words, the effect of delay
on value is not the same across the range of delays. At short
delays value decreases less steeply, whereas at longer delays
value degrades more steeply. A hyperbolic discounting function
captures the pattern that at shorter delays reward valuation
degrades less than it does at longer delay periods. The steepness
of the slope within this hyperbolic model reflects the extent to
which people prefer smaller-but-immediate (compared to larger-
but-delayed) rewards. A steep slope (i.e., a larger hyperbolic k)
reflects a stronger preference for smaller-but-immediate rewards.
A less steep slope (i.e., a smaller hyperbolic k) reflects a
stronger preference for larger-but-delayed rewards. Typically,
a preference for smaller-but-immediate rewards is thought to
reflect impulsivity (poor self-regulation) whereas a preference for
larger-but-delayed rewards is thought to reflect self-control (good
self-regulation).

Hecht et al. (2012) paired prefrontal tDCS with a delay
discounting task. Specifically, participants received anodal right
DLPFC/cathodal left DLPFC, cathodal right DLPFC/anodal left
DLFPC, or sham stimulation. They observed a greater preference
for smaller-but-sooner rewards when participants had received
anodal stimulation over the left DLFPC, suggesting that this
pattern of stimulation increased impulsivity or reduced self-
regulation. Similar results have been obtained in TMS studies
disrupting right DLPFC activity (Figner et al., 2010; Smittenaar
et al., 2013). More recently, a study by Nejati et al. (2018)
paired DLPFC stimulation with OFC stimulation prior to a
delay discounting task. Specifically, participants received sham
stimulation, anodal left DLPFC/cathodal right OFC, and cathodal
left DLPFC/anodal right OFC. They observed that relative to
sham stimulation, both active stimulation conditions caused a
greater preference for delayed rewards as reflected in a smaller
k value. The results of this study hinge upon the interaction
between the DLPFC and OFC and as a result we cannot

determine to what extent they were driven by the DLPFC (or
OFC). Because of this, the study by Nejati and colleagues differs
in a critical way from the discounting studies reviewed above as
those studies speak moreso to the role of hemispheric asymmetry
in discounting behavior. Thus, the majority of evidence here
suggests that stimulation to shift the balance in neural activity
toward the left prefrontal cortex increases delay discounting in
a manner that suggests poorer self-regulation.

Food Choice
Food choice and eating entail delay behavior insofar as
choosing nutritious foods (e.g., vegetables) over tempting ones
(e.g., chocolate cake) represents a choice favoring long-term
investments in health at the expense of a short-term hedonic
gain. Fregni et al. (2008) compared excitatory right DLPFC
stimulation (cathode over F3/anode over F4), excitatory left
DLPFC stimulation (anode over F3/cathode over F4), and sham
stimulation in the context of food. Self-report measures of
food craving and craving in response to food in the laboratory
were assessed before and after tDCS. Additionally, after tDCS,
participants had their gaze patterns recorded while they viewed
an array of nature scenes and images of tempting foods (e.g.,
desserts). Last, participants had the opportunity to ingest foods
and the number of calories ingested was recorded. Results
indicated that excitatory right DLPFC stimulation decreased food
cravings, decreased visual attention toward tempting desserts,
and decreased caloric consumption relative sham stimulation.

Goldman et al. (2011) conducted a similar experiment in
a group of healthy individuals with frequent food cravings.
Participants viewed food images from the International Affective
Picture System (IAPS; Lang et al., 2008) before and after tDCS.
Additionally, after stimulation, participants were free to eat a
variety of tempting foods including chips, cookies, chocolate,
and donuts. Consistent with the results of Fregni et al. (2008),
Goldman and colleagues found that excitatory right DLPFC
stimulation (cathode over F3/anode over F4) decreases food
cravings, especially for sweets. Unlike the study by Fregni
et al., however, the study by Goldman et al. did not find that
tDCS influences food consumption. Thus, stimulation over the
right prefrontal cortex appears to influence self-regulation in
the context of desire for tempting foods but has seemingly
inconsistent effects on consumption.

More recently, a study by Lapenta et al. (2014) found that
excitatory stimulation over the right DLPFC reduces caloric
ingestion and food intake (e.g., cakes and sweets). Additionally,
after stimulation participants completed a GO/NO-GO task while
EEG was recorded. Excitatory stimulation over the right DLPFC
modulated the N2, P3a, and P3b ERP components. All three of
these components have been implicated in successful inhibitory
control during GO/NO-GO tasks (e.g., Albert et al., 2013).
This study thus provides more direct evidence that tDCS over
prefrontal cortex influences regulatory mechanisms, which in
turn influence food choice behavior.

Kekic et al. (2014) compared excitatory right DLPFC
stimulation (cathode over F3/anode over F4) to sham stimulation
as participants completed both a food craving questionnaire and
a food challenge task before and after stimulation. The food
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challenge task consisted of two parts. First, participants watched
two short videos of tempting foods (e.g., chocolate). Next, each
of the foods from the videos was made available to participants
in the laboratory. At this point participants rated their desire
to eat and emotional reactions to each of the presented foods.
After stimulation, participants were left alone with the foods and
instructed to eat what they would like while the experimenter was
out of the room. Consistent with past research (e.g., Fregni et al.,
2008; Goldman et al., 2011), excitatory right DLPFC stimulation
reduced cravings for sweet but not savory foods on the food
challenge task. Much like the findings from Goldman et al. these
effects did not extend to influence actual consumption during the
free eating portion of the task. Kekic et al. further reported that
the tDCS-driven reductions in cravings were more pronounced
among participants with low (versus high) delay discounting
tendencies. This pattern suggests that it was easier to modulate
food-related cravings in individual relatively low in impulsivity
(high in self-control).

Ljubisavljevic et al. (2016) explored the consequences of
repeated stimulation over the DLPFC on food craving. In their
study, participants received excitatory right DLPFC stimulation
for five consecutive days. Replicating past research, a single
session of excitatory right DLPFC stimulation reduced the
intensity of food craving. The effects of five consecutive days of
stimulation reduced cravings both immediately and 30 days later.
The craving reductions were most pronounced for fast foods
and desserts. These effects were not moderated by participants’
weight at the beginning of the study, nor did the stimulation
protocol influence weight assessed 30 days later. Another study
using a repeated stimulation design found that stimulation for
8 straight days reduced both self-reported appetite and caloric
consumption during a free eating buffet on the last day of
stimulation (Jauch-Chara et al., 2014).

Inspired by the evidence linking excitatory right DLPFC
stimulation to reductions in food cravings, Burgess et al.
(2016) extended this body of research by testing a sample of
participants with clinical or subclinical binge eating disorder.
They observed that excitatory right DLPFC stimulation not only
reduced cravings across food categories but also decreased desire
to binge eat and decreased food consumption. In summary,
research using tDCS to influence delay behavior has occasionally
tested delay discounting for monetary rewards, and the evidence
suggests that a left lateralized pattern of prefrontal stimulation
induces a more impulsive preference for immediate rewards.
Even more studies have concentrated on the domain of food
craving and food consumption. Much of this work has found that
excitatory stimulation over the right DLPFC decreases cravings
for unhealthy foods, and in some cases this stimulation pattern
also decreased actual consumption.

Why does tDCS seem more likely to reduce craving but not
consumption as the studies above suggest? It may be that cravings
or subjective responses are easier to modulate with tDCS (and
other interventions) than consumption or behavior. The fact that
more of the studies reviewed above find craving effects than
consumption effects is consistent with this view.

In the case of studies where cravings are reduced but
not reduced consumption, in these studies it may be the

case that craving was not reduced enough to reduce eating.
Additional consumption without craving (or low levels of
craving) may reflect a form of dysregulation suggesting
more automatic/habitual factors may influence consumption
independent of craving (e.g., mindless eating). These reasons
suggest that many contextual factors may make detecting links
between impulse and consumption more difficult.

Impulse Control
Impulse control involves the inhibition of emotive response
tendencies. It plays a key role in diverse behavioral domains
including emotion regulation, prosocial behavior, and risk taking.

Emotion Regulation
Emotions are not always functional. For example, emotions
may work against one’s goals when they are expressed at
the wrong time or at an inappropriate level of intensity
(Taylor and Liberzon, 2007). Emotion regulation refers to
the conscious and non-conscious processes individuals use
to influence the intensity, variety, and duration of their
emotions (Gross, 1998, 2001). Antecedent-focused emotion
regulation strategies aim to modulate emotional responses
before they solidify, whereas response-focused strategies aim
to modulate emotional responses that have already been
initiated (Gross, 1998, 2001). Neurobiological models of emotion
regulation distinguish between bottom-up emotion regulation
(e.g., expressive suppression) mediated by limbic system
structures, such as amygdala, and top-down emotion regulation
(e.g., cognitive reappraisal), which involves prefrontal regions
(e.g., Ochsner and Gross, 2007).

Current neural models of emotion regulation (e.g., Phillips,
2003; Phillips et al., 2008) further distinguish between
deliberate, conscious emotion regulation processes, which
involve specifically the DLPFC, and more automatic, implicit
regulation, which predominantly recruits the VLPFC (Chaiken
and Trope, 1999; Strack and Deutsch, 2004; Mauss et al., 2007).
Although emotion regulation typically recruits a wide range of
cortical and subcortical structures, the DLPFC and the VLPFC
constitute two central hubs in emotion regulation processes.
These two regions contribute also to other forms of self-control,
including motor control, risk-taking behavior regulation, task
switching, response inhibition, and conflict monitoring (Braver
et al., 2003; Aron et al., 2004; Berkman et al., 2009).

Evidence from fMRI research regarding the contributions
of VLPFC and DLPFC to emotion regulation paved the way
for the application of non-invasive brain stimulation to these
regions to investigate stimulation effects on both explicit and
implicit control strategies. For instance, one study tested the
hypothesis that a top-down form of antecedent-focused emotion
regulation – cognitive reappraisal – involves DLPFC. Indeed,
anodal tDCS over the right DLPFC combined with a cognitive
reappraisal task reduced negative emotions (but not positive
emotions or craving) compared to anodal tDCS over the left
hemisphere and sham stimulation (Pripfl and Lamm, 2015). This
pattern of finding corroborates the widely established role of
the right hemisphere in painful or aversive feelings (Canli et al.,
1998; Kalisch et al., 2006; Baek et al., 2012; Herrmann et al.,
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2016, 2017; Salas et al., 2016; Mattavelli et al., 2017), but in this
case stimulation to increase activity over right DLPFC reduced
negative emotions. This perspective is further supported by the
evidence that anodal tDCS over the right VLPFC, compared with
sham stimulation, reduces the perceived intensity of negative (i.e.,
fear, anxiety, and sadness) but not positive or neutral emotions
induced by film clips (Vergallito et al., 2018). In this study,
participants were not explicitly instructed to apply any regulation
strategy, suggesting a role for the VLPFC in incidental or implicit
emotion regulation. In the next paragraphs we review tDCS
effects on negative emotions, empathy, and social pain. Most of
the reported studies have tested tDCS application on prefrontal
cortex, mainly on DLPFC and VLPFC.

Anger and Aggression
Anger and aggression are associated with the activation of
the behavioral approach system (Harmon-Jones and Sigelman,
2001; Harmon-Jones, 2003). The behavioral approach system is
associated with greater left than right frontal cortical activity
(Wacker et al., 2008; Zinner et al., 2008; Harmon-Jones
et al., 2010). Using tDCS in laboratory aggression paradigms,
several researchers have found additional support for a causal
relationship between greater relative left frontal cortical activity
and approach motivation.

Hortensius et al. (2012) asked participants to write a short
essay on a controversial topic (e.g., abortion) before receiving
insulting feedback on their essay from another ostensibly real
participant. After writing the essay but before receiving the
insulting feedback, participants received 15 min of tDCS. By
random assignment some participants received stimulation to
increase in relative left frontal cortical excitability (anodal over
F3/cathode over the F4), increase in relative right frontal
cortical excitability (cathode over F3/anode over F4), or sham
stimulation. After tDCS, participants played a competitive
reaction time game against the purported insulter. The game
was based on the Taylor aggression paradigm (Taylor, 1967).
Aggression was operationalized as the duration and intensity of
a noxious noise blast given to the other participant. Participants
also reported how much anger they felt both pre- and post-insult.
Results indicated that after receiving tDCS to increase relative left
frontal cortical activity, individuals behaved more aggressively
toward the other participant, but only when they also reported
high insult-related anger. In other words, stimulation to increase
relative left frontal activity strengthened the link between anger
and aggression.

Dambacher et al. (2015b) also combined tDCS over the
DLFPC with the Taylor aggression paradigm. They found that
stimulation to increase relative right frontal activity reduced
aggression. Taken together with the results of Hortensius et al.
(2012), these results suggest that manipulating frontal asymmetry
with tDCS can modulate aggressive behaviors in a manner
consistent with previous correlational work linking aggression
to relative left frontal asymmetry: increasing relative left frontal
activity increases aggression (especially among angry individuals;
Hortensius et al., 2012) whereas increasing relative right frontal
activity reduces aggression using the same Taylor aggression
paradigm (Dambacher et al., 2015b). Unfortunately, Dambacher

and colleagues did not include a condition to increase relative left
frontal activity, so, they were unable to test whether increased left
frontal activity increases aggressive behavior, as was the case for
angry individuals in the study by Hortensius et al. (2012).

One difference between the results of Hortensius et al. (2012)
and Dambacher et al. (2015b) is that the former found a main
effect of tDCS on aggressive behavior whereas the latter did
not. Rather, Hortensius et al. found a moderated pattern of
results whereby anodal stimulation over the left DLPFC/cathodal
stimulation over the right DLPFC increased aggression only
for those high in insult-related anger. The studies differed
insofar as Dambacher et al.’s study included two experimental
conditions, whereas Hortensius study included three conditions.
Moreover, another study (Dambacher et al., 2015a) did not
find an effect of stimulation condition on aggressive behavior.
Although this latter study did include all three stimulation
conditions as in Hortensius et al. (2012), stimulation occurred
over the F7/F8 prefrontal regions, whereas Hortensius et al. and
Dambacher stimulated over the F3/F4 prefrontal regions. Thus,
methodological differences preclude a direct comparison of these
studies. Despite modest support for the effect of asymmetrical
frontal cortical activity on aggressive behavior, further research
is needed.

One common response to negative emotions, like anger,
is rumination, which is an automatic cognitive process
characterized by repetitive and distressful thoughts (Denson
et al., 2006; Wade et al., 2008). Parallel literatures on depression
(e.g., Heller et al., 1995; Nolen-Hoeksema, 2000) and anger (e.g.,
Bushman, 2002) have developed competing hypotheses about
how rumination relates to lateralized patterns of prefrontal
cortical activity. The depression literature links rumination to
an increase in right frontal cortical activity, whereas the anger
literature links rumination to an increase in left frontal cortical
activity.

A study by Kelley et al. (2013) tested these two competing
hypotheses by delivering anodal or cathodal tDCS over the
right or left frontal cortex while participants received negative
(insulting) ratings on their essay writing. Results supported
the rumination-depression literature in showing that anodal
stimulation over the right frontal cortex, compared with the
other stimulation conditions, caused enhanced rumination. This
study left open the question of what this increase in rumination
means. One option flowing from the rumination-depression
literature is that an increase in right lateralized frontal brain
activity reflects an increase in avoidance motivation; the stronger
the avoidance motivation, the greater the rumination. Another
possibility, which may align with the rumination-aggression
literature, is that the increase in right frontal activity reflects
an increase in inhibition rather than avoidance motivation.
Therefore, when considering the increasing of right frontal cortex
activity, anger is still experienced, but inhibited; conversely
left frontal cortex activation is linked to an approach-oriented
motivation. Consistent with the latter interpretation, Kelley et al.
observed an association between rumination and behavioral
inhibition sensitivity (BIS; Carver and White, 1994), which is
thought to reflect inhibition more so than avoidance (e.g., Neal
and Gable, 2017).
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A follow-up study further explored the consequences of
excitatory tDCS over the right DLPFC for inhibitory processing.
A meta-analysis of neuroimaging studies using a Go/No-Go
task found a broad pattern of right frontal cortical activation
during response inhibition (Swick et al., 2011). A separate EEG
literature has often found that right lateralized frontal EEG alpha
asymmetry is associated with exaggerated avoidance-motivated
reactions to aversive events (Tomarken et al., 1990; Dawson et al.,
1992; Wheeler et al., 1993; Kalin et al., 1998; Coan et al., 2001).
These literatures suggest competing hypotheses regarding the
psychological correlates of activity in the right frontal lobe.

Kelley and Schmeichel (2016) used tDCS to test the competing
hypotheses. One hypothesis, flowing from the frontal EEG
literature, is that excitatory stimulation over the right DLPFC
should increase avoidance motivation. A second hypothesis,
flowing from the neuroimaging findings, is that excitatory
stimulation over the right DLPFC should increase response
inhibition. The key to differentiating these two hypotheses is to
test the effects of stimulation over right DLPFC on the inhibition
of avoidance-oriented impulses. Kelley and Schmeichel paired
tDCS with an approach-avoidance task whereby participants
enacted motive incongruent motor responses to appetitive and
aversive IAPS images. Specifically, participants in the positive
emotion condition pushed away positive images whereas those
in the negative emotion condition pulled negative images toward
them. These responses require inhibitory control insofar as
avoiding rewards and approaching threats requires one to
override a predominant response tendency.

The results revealed that anodal stimulation over the right
frontal cortex facilitates the inhibition of both approach-
incongruent and avoidance-incongruent responding. These
results are not readily explained by an increase in avoidance
motivation. Indeed, an increase in avoidance motivation would
have slowed the enactment of an avoidance-incongruent
response. But Kelley and Schmeichel (2016) found that
stimulation over the right DLPFC sped up both avoidance- and
approach-incongruent responding. This study thus supported the
hypothesis that increasing right frontal cortical activity increases
response inhibition.

Sadness
Several studies have concentrated on testing tDCS efficacy
in sadness regulation, which has important implications for
considering tDCS as a treatment device for major depression.
Indeed, it has been widely observed that major depression is
associated with an asymmetry in prefrontal cortical activity,
specifically hypoactivity in the left DLPFC and hyperactivity in
the right DLPFC. For instance, one study found that five sessions
of bilateral, twice-a-day tDCS over the DLFC (anode left/cathode
right) decreased self-reported sadness in a group of patients with
severe, drug-resistant major depression. These improvements
lasted up to a month after the end of the treatment (Ferrucci
et al., 2009). These findings are in line with a growing body of
evidence that tDCS can be effective for treating the symptoms of
major depression (for a review, see Nitsche et al., 2009). Indeed, a
randomized, double-blinded, sham-controlled study found mood
symptoms ameliorations after five session of active prefrontal

tDCS in a group of newly diagnosed patients (Fregni et al.,
2006b). Moreover, a study by Boggio et al. (2009) found that
a single tDCS session over prefrontal cortex, but not occipital
or sham tDCS, improved accuracy in identifying emotionally
positive visual material in a sample of participants with major
depression.

Fear
Another major, consequential negative emotion is fear. Fear plays
a crucial role in the onset and maintenance of chronic pain (Riva
et al., 2014b) and several mental disorders, including anxiety and
post-traumatic stress disorder (Mungee et al., 2014). Regarding
fear regulation, one study using an unpredictable threat paradigm
found that anodal tDCS over right prefrontal cortex decreased
sustained fear and skin conductance levels in the context of
unpredictable threats (Herrmann et al., 2017). This finding lends
additional support to the idea that right PFC activation increases
response inhibition rather than avoidance motivation. Another
study, this one using a bipolar montage over the DLPFC with the
anode over the left DLPFC and cathode over the right DLPFC,
found improved reaction times on simple arithmetic decisions
and decreased cortisol concentrations among participants high
in math anxiety (Sarkar et al., 2014).

On the other hand, a recent tDCS study on the consolidation
of fear memories observed that greater right frontal cortical
activity may enhance fear-related responding. Mungee et al.
(2014) paired a fear-conditioning paradigm with either cathodal
stimulation (i.e., stimulation to decrease activity) over the
right dorsolateral prefrontal cortex, anodal stimulation (i.e.,
stimulation to increase activity) over the right dorsolateral
prefrontal cortex, or sham stimulation. Fear was measured via
skin conductance responses to the conditioned stimulus. Results
revealed that anodal stimulation over the right dorsolateral
prefrontal cortex increased memory for the conditioned
feared stimulus as measured via skin conductance responses.
These results suggested that increasing activation of the
right dorsolateral prefrontal cortex increases fear memory
consolidation (see also Mungee et al., 2016). However, this
study did not simultaneously pair anodal stimulation to the
right dorsolateral prefrontal cortex with cathodal stimulation to
the left dorsolateral prefrontal cortex to create an asymmetric
pattern of activity, as was done in the studies described in
the previous paragraphs in this section. Given that the effects
of anodal stimulation over the right dorsolateral prefrontal
cortex in conjunction with cathodal stimulation over the left
dorsolateral prefrontal cortex have yet to be tested in the
study of fear memory consolidation, the causal relationship
between greater relative right frontal cortical asymmetry and
avoidance motivation remains unclear. Collectively, the evidence
on prefrontal tDCS effects on the regulation of fear-related
responses remains mixed. Future studies should clarify the extent
to which excitatory stimulation over the right DLPFC helps or
hinders fear regulation.

Social Pain
Social pain refers to the hurt feelings caused by rejection or
ostracism from the group. These aversive social experiences
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generally cause negative emotions and result in a loss of sense
of belonging, control, and self-esteem (Williams, 2009). Some
studies have found a role for the dorsal anterior cingulated
cortex (dACC) and the right VLPFC in experienced and observed
social exclusion conditions, suggesting the presence of a partially
overlapping neural network involved both in physical and social
pain (Eisenberger et al., 2003; Kross et al., 2007; Wager et al.,
2008; Masten et al., 2009). The right VLPFC, in addition to being
broadly involved in emotion regulation, has also been found to
have a crucial role also in regulating the pain associated with
social exclusion (Onoda et al., 2010).

These findings have lead researchers to test the effects of tDCS
over brain regions involved in social pain regulation, mainly the
right VLPFC. For example, participants in a study by Riva et al.
(2012) received 15 min of anodal tDCS over the right VLPFC. At
the end of the stimulation, participants were randomly assigned
to be included or excluded in a virtual ball-tossing game called
Cyberball (Williams et al., 2000). In the inclusion condition,
subjects received a ball the same number of times as the other two
players, whereas in the exclusion condition participants received
the ball only on the first throws. Actually, participants did not
play with real players; a computer program controlled the ball.
Results revealed that anodal tDCS over right VLPFC, compared
to sham stimulation, reduced levels of pain and hurt feelings
among excluded subjects.

In a similar study, the same research group (Riva et al.,
2014a) tasted the effects of tDCS on behavioral aggression
following social inclusion or exclusion condition in the Cyberball
paradigm. Participants received anodal or sham stimulation
during the Cyberball game. At the end of the stimulation, subjects
had to choose the amount of hot sauce for their ostensible
partners to taste. This is the well-validated hot-sauce paradigm
for studying aggression (e.g., Lieberman et al., 1999). Findings
indicated that increasing right VLPFC cortical activity with tDCS
reduced behavioral aggression among excluded participants, who
were no more aggressive than included ones. These findings
were replicated in a subsequent study (Riva et al., 2017), which
found that brain polarization through anodal tDCS over the
right VLPFC reduced unprovoked aggression as measured by the
Taylor aggression paradigm (Taylor, 1967).

Similar results were obtained by Kelley et al. (2015a), who also
paired a Cyberball game with prefrontal tDCS. In this modified
version of the game, participants first chose a partner from
a group of images of eight opposite-sex individuals. A third
Cyberball player was assigned by the experimenter and was
always the same sex as the participant. Harmon-Jones et al. (2009)
had found that this Cyberball game evokes jealousy and that
self-reported jealousy after being excluded by a desired partner
correlates with relative left frontal cortical activity. Kelley et al.
had participants choose a partner in the modified Cyberball
paradigm and play a practice version of the game before receiving
15 min of tDCS in one of three conditions: excitatory left DLPFC
stimulation (anode over F3/cathode over the F4), excitatory
right DLPFC stimulation (cathode over F3/anode over F4), or
sham stimulation. Stimulation to increase relative left frontal
cortical activity increased self-reported jealousy. Because the
direct manipulation of cortical excitability with tDCS produced

the same outcome as the correlational finding reported Harmon-
Jones et al. (2009), this study suggests that tDCS over the
dorsolateral prefrontal cortex does indeed modulate emotive
responses associated with social exclusion and asymmetric frontal
cortical activity.

Collectively, these studies highlight the effects of tDCS
over the prefrontal cortex on regulating responses to social
exclusion. This work may have clinical implications for disorders
characterized by maladaptive responses to social exclusion (e.g.,
borderline personality disorder). Future research should test the
extent to which the increased negative affect and autonomic
arousal (Kopala-Sibley et al., 2012) and inappropriate coping
strategies and impulsive behaviors (Dixon-Gordon et al., 2011;
Coifman et al., 2012) associated with these disorders can be
modified by tDCS.

Empathy
Recently, some research has observed that personal physical
suffering and empathy for the pain of others share the
same neural network, involving prefrontal cortex as well as
somatosensory cortex, anterior cingulate cortex, amygdala, and
anterior insula (Eisenberger, 2012). To investigate the role of
prefrontal cortex in empathic pain regulation, Boggio et al.
(2009) conducted a study in which participants judged the
unpleasantness of pictures showing human beings under painful
conditions. Anodal tDCS was applied over the left DLPFC, the
primary motor cortex, and the primary visual cortex (control
site) in three experimental sessions. Findings revealed decreased
unpleasantness and discomfort during anodal stimulation over
left DLPFC compared to sham stimulation. Moreover, compared
to a previous study in which tDCS was delivered together
with an electrical peripheral stimulation (Boggio et al., 2008),
no significant effects were found in the primary motor
cortex stimulation condition, suggesting that DLPFC specifically
contributes to the emotional processing of empathic pain.

These findings were expanded by a similar study comparing
emotional reactions to negative, positive, and neutral human
pictures (Peña-Gómez et al., 2011). This study found that anodal
tDCS over the left DLPFC reduces only painful and not positive
or neutral affects. Based on previously mentioned neural models
(Phillips, 2003; Phillips et al., 2008; Kohn et al., 2014) and
previous neuroimaging evidences regarding DLPFC involvement
in more cognitive forms of emotion regulation (Blair et al.,
2007; Boggio et al., 2007a; Ochsner et al., 2009; Peña-Gómez
et al., 2012), the authors suggested that increasing activity in the
DLPFC may enhance cognitive control of emotional reactions.
Moreover, the tDCS effect was more noticeable for participants
with higher subclinical scores on the introversion personality
dimension, perhaps due to their enhanced ability to control
emotion expression, which correlates with the increased cortical
activity, compared with extraverts, especially in the frontal lobes
(Suslow et al., 2010).

A similar finding was reported also by Feeser et al.
(2014), who applied anodal tDCS over the right DLPFC while
participants applied cognitive reappraisal strategies to down-
or up-regulate the emotions elicited by negative or neutral
pictures. Skin conductance responses were also assessed. Anodal
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tDCS, compared to sham stimulation, increased emotional and
autonomic reactions when the reappraisal instruction was to
upregulate emotions and decreased emotional and autonomic
responses when participants attempted down-regulation. Taken
together, the studies reviewed here implicate DLPFC and VLPFC
in emotion regulation when observing or experiencing painful
situations, thereby highlighting the feasibility of tDCS application
for the study of pain and empathy for pain.

Risk Taking
In addition to emotion and mood manipulations, another way
researchers have explored the consequences of prefrontal brain
stimulation on emotion regulation is by studying risk taking.
Risk taking involves the possibility of punishment or potential
harm in the pursuit of rewards or goal-relevant actions. From an
emotion-regulation perspective, risk-taking involves managing
the emotions associated with the anticipation of winning and
losing. In a seminal tDCS study, Fecteau et al. (2007a) used tDCS
over the DLPFC during a risk task (Rogers et al., 1999). Across
100 trials of a gambling task, participants viewed 6 horizontal
boxes. Some boxes were blue, and some were pink, and the
ratio of blue to pink boxes varied from trial to trial. The ratio
could be 5:1, 4:2, or 3:3. Of the two options, the high likelihood
option was always associated with a small reward whereas the
low likelihood option was always associated with a large reward.
Participants were to indicate which color box contained a token.
Each trial selecting the winning color box earned a reward
but selecting the incorrect color box incurred a penalty. Larger
rewards were always paired with riskier decisions such that
correctly choosing a pink box with a low win probability (1/6)
would result in a large reward whereas making that same choice
and losing was associated with same magnitude of a loss. Thus,
participant’s tendency to choose high-risk/unlikely rewards over
low risk/likely rewards was the measure of risk-taking. Results
indicated that excitatory right DLPFC stimulation increased the
number of participants earned by decreasing risk taking on the
task. These results suggest that excitatory stimulation over the
right DLPFC tilted participants toward safer, less risky choices,
as though they were less tempted by the larger, riskier rewards.

These findings have been partially replicated by Cheng and Lee
(2016), who found that the excitatory stimulation over the right
DLPFC influences performance on the Risky Gains Task (RGT;
Paulus et al., 2003), but not on the Balloon Analogue Risk Task
(BART; Lejuez et al., 2002). Regarding the RGT task, participant’s
goal was to win as many points as possible. To accomplish
this goal, they made quick (1 s) decisions between taking a
reward (i.e., points) now or waiting for a larger point value later.
However, this later-but-larger reward also came with the risk of
being punished (i.e., losing points equivalent to the later-but-
larger reward). Risk-taking was quantified as the rate at which
participants selected trials for which punishment was possible
whereas safe decision-making was the rate at which participants
chose point values with no possibility of punishment. The effect
of excitatory right DLPFC stimulation on risky (but not safe)
trials was moderated by individual differences in impulsivity,
such that greater risk-taking was associated with greater (versus
lower) impulsivity. More recently these results have recently

been conceptually replicated in a clinically impulsive sample.
Gilmore et al. (2017) paired excitatory stimulation over the right
DLPFC (twice a day for 5 days) with a balloon analog risk
taking (BART) task. They found that excitatory stimulation over
the right DLPC reduced risk-taking by 46%. This diminished
risk-taking persisted at a two-month follow-up.

Another study probed the underlying neurocircuitry that may
be driving the changes in risk taking. Weber et al. (2014) used
excitatory stimulation over the right DLPFC, prior to functional
MRI during which participants completed the BART. They found
that excitatory stimulation over the right DLPFC increased
activity in the right DLPFC and the ACC as well. Additionally,
this pattern of stimulation also influenced how these two
regions connected with the rest of the brain. Specifically,
greater right DLPFC-whole brain connectivity was associated
with diminished risk-taking on the BART. These results suggest
that the diminished risk-taking linked to excitatory right DLPF
stimulation influences the neurocircuitry implicated in successful
self-regulation.

In addition to laboratory risk-taking paradigms, an innovative
study paired prefrontal tDCS with a more ecologically valid form
of risk taking: driving behavior. In a driving simulator study, Beeli
et al. (2008) observed that excitatory stimulation of the DLPFC
(either left or right) led participants to keep a safer distance
behind a lead driver and reduced the number of speeding errors.
This pattern of stimulation did not influence average speed or
revolutions per minute. These results are broadly consistent with
reduced risk taking, but they differ from the risk-taking findings
reviewed above in a crucial way: the electrode montage used.
Whereas the risk-taking studies described above paired excitatory
stimulation over the right DLPFC with inhibitory stimulation
over the left DLPFC, the study be Beeli and colleagues placed the
cathode over the ipsilateral mastoid. Because of this difference
in electrode montages it is unclear to what extent these results
are comparable to the risk-taking studies above. Future studies
should explore the extent to which anodal right DLPFC/cathodal
left DLPFC stimulation influences risk-taking in this domain.

In summary, numerous studies have observed enhanced
self-regulation after anodal tDCS over right DLPFC (cathodal
over left). Improved self-regulation manifested in a variety of
ways including greater pain tolerance, healthier food choices,
less impulsive decision-making, improved emotion regulation,
reduced anger and aggression, less sadness and fear, more
empathy, and less risk taking. Collectively, these results anodal
tDCS over right DLPFC may be one tool that shows promise in
helping individuals live happier, healthier lives.

Limitations and Future Directions
We have reviewed evidence suggesting that non-invasive brain
stimulation over the prefrontal cortex may improve human self-
regulation. First, we detailed a methodological review of tDCS
highlighting that tDCS is a safe, inexpensive, and easy to use
technique that can be used to study higher-order cognition,
emotion, and clinical phenomena. We also reviewed stimulation
parameters that may help or hinder tDCS efficacy including
current density, stimulation duration, and the orientation and
focality of the electrical field. Second, we reviewed findings

Frontiers in Behavioral Neuroscience | www.frontiersin.org January 2019 | Volume 12 | Article 337173

https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00337 January 16, 2019 Time: 18:45 # 13

Kelley et al. tDCS and Self-Regulation

from experiments observing that non-invasive brain stimulation
over the PFC can enhance three paradigmatic forms of self-
regulation: persistence, delay behavior, and impulse control.
Although the current review focused predominantly on tDCS,
other techniques such as low energy neurofeedback (e.g., Ochs,
2006) and transcranial ultrasound (e.g., Tufail et al., 2011) also
represent low-cost, non-invasive techniques for investigating the
causal role of neural activation in various forms of self-regulation.

Although much of this review highlighted the ability of
brain stimulation to promote self-regulation, under the right
circumstances brain stimulation may also undermine self-
regulation. For example, we highlighted studies wherein
excitatory stimulation over the right DLPFC enhances
inhibition (e.g., Kelley and Schmeichel, 2016) whereas excitatory
stimulation over the left DLPFC increases approach motivated
negative emotions like anger (e.g., Hortensius et al., 2012)
and jealousy (e.g., Kelley et al., 2015a,b). These contrasting
findings imply that excitatory tDCS is not an unmitigated
good that improves self-regulation in all cases. In fact, these
findings emphasize the need to identify precise stimulation
parameters that help versus hinder self-regulation. Below, we
discuss inconsistencies, unresolved questions, and new directions
emanating from the above review.

tDCS Dosage
The efficacy of eliciting changes in brain activity using tDCS
depends on several physical parameters including current
density, stimulation duration, and the orientation and focality
of the electrical field. These parameters constitute the tDCS
dosage. As we noted above, different electrode positions modulate
different neuronal groups and elicit different evoked potentials
in the case of primary motor cortex and primary visual cortex
stimulation, respectively (Priori et al., 1998; Antal et al., 2004;
Accornero et al., 2007), and these different electrode positions
may also determine effects on the targeted brain region due to
electrical field interactions associated with neuronal geometry
(Nitsche and Paulus, 2000; Nitsche et al., 2008).

Whereas the coupling of anodal-excitatory and cathodal-
inhibitory effects is well established in the sensorimotor domain,
the evidence pertaining to higher cognitive functions is more
controversial (Jacobson et al., 2012). Indeed, when dealing with
more complex functions represented by large and interconnected
neural networks comprising both excitatory and inhibitory
connections, it is more difficult to obtain predictable outcomes –
especially when different electrode montages have been used
across studies. Hence it is not always the case that anodal tDCS
leads to an enhancement (e.g., better performance in a task) and
cathodal tDCS leads to a diminution of the assessed cognitive
function (Fertonani and Miniussi, 2017).

To illustrate this point, consider the studies above on physical
pain tolerance. These studies found increased pain tolerance as
the result of excitatory stimulation of the right DLPFC (Mylius
et al., 2012), excitatory stimulation over the left DLPFC (Boggio
et al., 2008; Mariano et al., 2016), and inhibitory stimulation
over the left DLPFC (Powers et al., 2018). Of the four studies
we reviewed, three difference electrode montages were used.
Notably, the study by Powers and colleagues, unlike the other

pain studies, paired tDCS with clinical interventions. These
methodological differences likely contributed to the differences
in results across studies and thus makes interpreting the effects
of tDCS difficult. Future studies should more precisely optimize
the stimulation protocols that accentuate versus undermine self-
regulation for easier comparison across studies.

More broadly, however, the findings from the pain studies
are congruent with the findings from studies of other self-
regulatory domains in suggesting that stimulation over right
DLPFC facilitates self-regulation. Whether such stimulation is
most profitably paired with inhibitory (cathodal) stimulation
over left DLPFC remains to be seen. And the effects of excitatory
(anodal) stimulation over left DLPFC on self-regulation are even
more uncertain, with some studies finding better and some
finding worse self-regulation after excitatory stimulation over left
DLPFC.

Individual Differences
Another inconsistency in past research concerns individual
differences. Despite seminal work suggesting that participants
should be matched on individual differences like sex or age that
can influence tDCS efficacy (Pitcher et al., 2003; Kuo et al., 2006;
Quartarone et al., 2007; Chaieb et al., 2008; Nitsche et al., 2008),
many of the studies reviewed above did not use this strategy, and
we recommend future studies implement matching procedures to
reduce error variance and increase power to detect tDCS effects.

In addition to demographic factors, which may subtly
influence tDCS efficacy, many of the studies we reviewed also
did not consider the extent to which participants are responsive
to tDCS. Previous research has found that between 50 and
64 percent of participants are responsive to tDCS protocols,
which leaves a substantial proportion of individuals who are not
particularly responsive to tDCS (Wiethoff et al., 2014; López-
Alonso et al., 2015). Studies that include non-responders and
studies that do not systematically test for differences between
responders and non-responders many obscure effects of tDCS on
regulatory behavior. Further, only few studies have considered
individual differences traits, though these are also likely to
moderate tDCS effects. For example, the study by Kekic et al.
(2014) found that tDCS-driven reductions in food craving were
more pronounced among participants with low (versus high)
delay discounting tendencies. Evidence of this sort highlights
the need to develop more robust stimulation protocols in well-
powered studies that can systematically test for the moderating
role of individual differences.

Impulse-Behavior Relationship
Another inconsistency in the research reviewed above concerns
whether changes in emotive responding extend to changes in
behavior. We summarized evidence that tDCS may alter food
craving without altering food consumption (although sometime
consumption changes, too; e.g., Fregni et al., 2008). Similarly,
we summarized evidence that changes in emotional responses
(e.g., anger) may occur in both the absence of and presence of
corresponding changes in behavior.

The path from impulse to behavior entails multiple
determinants, and thus impulses and behaviors may diverge for
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several reasons. Practical considerations including variability
in stimulation dosage may explain why tDCS sometimes does
and sometimes does not influence behavior. For example, one
important aspect of the tDCS dosage is electrode size. The
study by Kekic et al. (2014) who did not find effects on food
consumption used 25 cm2 electrodes whereas Fregni et al. (2008)
used 35 cm2 electrodes. Smaller electrodes are more spatially
precise compared to larger electrodes. The larger electrodes
may affect distal brain regions that are less affected in studies
using smaller electrodes possibly accounting for why the study
by Fregni et al. founds effects on consumption, but Kekic did
not. Beyond these practical considerations idiosyncratic food
preferences may have played a role in the inconsistent results. The
studies assessing compulsion offered actual food to participants,
but those foods were not specifically tailored to the participant.
Instead participants were offered foods that are generally (but
not universally) well liked, such as chips, cookies, and chocolate.
This may be problematic insofar as some participants may not
prefer any of the food options offered by the experimenter.
Future studies using more ecologically valid measures of food
consumption and others types of regulatory behavior (e.g.,
naturalistic observation) may prove useful in clarifying the
extent to which tDCS-induced changes in emotions/impulses
influence subsequent behavior. However, we must also consider
the possibility that cravings/subjective states are more readily
influenced by tDCS, whereas behaviors may be harder to change
as they have a multiple of determinates above and beyond the
preceding subjective state.

How Does tDCS Effect Underlying Brain Activity?
The effects of tDCS on underlying brain activity are not well
understood and subject to ongoing debate. It remains to be seen
how tDCS affects brain activity and how these changes relate
to changes in self-regulation. One way to advance research on
this topic is to pair concurrent measures of brain function with
electrical stimulation. Candidate neural processes mediating links
between tDCS and self-regulation include changes in prefrontal
EEG alpha and functional connectivity between the prefrontal
cortex and subcortical regions.

Prefrontal Alpha
One potential mediator driving many of the effects reported in
the current review is EEG alpha activity. Specifically, lateralized
patterns of alpha activity may reflect a person’s motivational
orientation with left lateralized EEG alpha activity reflecting
approach-motivation (Tomarken et al., 1992; Harmon-Jones and
Allen, 1997, 1998; Sutton and Davidson, 1997; Harmon-Jones
and Sigelman, 2001; Harmon-Jones et al., 2002, 2006; Coan and
Allen, 2003; Harmon-Jones, 2007) and right lateralized pattern
of EEG alpha activity has been linked to withdrawal or avoidance
motivation (Davidson et al., 1990; Tomarken et al., 1990; Dawson
et al., 1992; Kalin et al., 1998; Coan et al., 2001). Self-regulatory
failure tends to occur when individuals have strong impulses
such as strong impulses to engage in approach or avoidance
motivated behavior. Likewise successful self-regulation tends to
occur when impulses are weaker. To the extent that asymmetric
patterns of alpha activity in the frontal cortex reflect the strength

of appetitive and aversive impulses they may be a good candidate
linking tDCS to changes in self-regulation.

Indirect support for the role of EEG alpha activity in tDCS
effects comes from parallel findings using EEG and tDCS,
respectively, to study the emotion of jealousy. Harmon-Jones
et al. (2009) found that feelings of jealousy during a Cyberball
game correlate with greater left frontal alpha activity, and Kelley
et al. (2015a,b) found the same pattern by manipulating (rather
than measuring) brain activity with tDCS. More specifically,
Kelley et al. observed that excitatory stimulation of the right
DLPFC paired with inhibitory stimulation of the left DLPFC
increases feelings of jealousy during a Cyberball game. By finding
the congruent effects with both measured and manipulated brain
activity, the pair of results together suggest that EEG alpha
activity may mediate the link between prefrontal tDCS and
behavioral self-regulation.

In an innovative new study, Vöröslakos et al. (2018) developed
an intersectional short-pulse (ISP) stimulation paradigm in
cadaver and rodent studies. ISP delivers shorts bursts (less than
10 µs) of high intensity stimulation from multiple electrode
pairs centered on a stimulation site of interest. ISP thus offers
superior spatial focality plus higher current densities (7–9 MA)
more easily tolerated than traditional tDCS paradigms (>2 MA),
with relatively low charge densities and scalp sensations. Pairing
Vöröslakos and colleagues then paired ISP with concurrent EEG
measurement and observed that tDCS affects the amplitude
of simultaneously recorded EEG alpha waves. This work
provides an important example of how technical studies in
mouse and cadaver models can be used to improve existing
tDCS protocols. Future research should consider implementing
innovate stimulation paradigms like ISP to increase the efficacy of
existing stimulation paradigms and to trace the neural mediators
of tDCS effects.

Functional Connectivity
The self-regulation findings we reviewed may also be mediated
by frontal cortical-subcortical interactions. Due to its high
spatial resolution, functional MRI is perhaps best suited to
probe such possibilities. Research along these lines has already
begun. Weber et al. (2014) administered excitatory stimulation
over the right DLPFC prior to functional MRI of a risk-taking
task. They found that excitatory stimulation over the right
DLPFC influences how the right DLPFC connects to the rest
of the brain. Specifically, stronger right DLPFC-whole brain
connectivity and diminished risk-taking emerged in participants
who had received excitatory stimulation over the right DLPFC.
Although this study did not measure brain function during tDCS,
the finding that tDCS administered immediately prior to a risk-
taking task influences connectivity patterns revealed by fMRI
does highlight that stimulation may influence communication
among neural networks. Future studies should continue to probe
the extent to which prefrontal stimulation influences connectivity
to reward-relevant (e.g., ventral striatum) and threat-relevant
(e.g., amygdala) subcortical regions.

Potential neural aftereffects of tDCS, such as changes in
prefrontal alpha asymmetry or functional connectivity, may
mediate the relationship between tDCS and regulatory behavior.
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What remains to be established is the extent to which alpha
asymmetry or functional connectivity carry the causal effects of
tDCS on self-regulation, or whether they merely correlate with
observed changes in regulatory behavior.

How Do Impulse and Control Strength Contribute to
Regulatory Behavior?
Imagine a person who, when offered a chocolate treat, decides
not to eat it. Does foregoing chocolate reflect the application
of control to resist chocolate consumption, a low desire
for chocolate, or some combination of both things? Social
psychologists have traditionally viewed self-regulatory success
as the consequence of applying self-regulatory strength (see
Baumeister et al., 1994, 1998, 2007). In this view, a person
forgoes chocolate by resisting the temptation to eat it. But
impulse strength also contributes to self-regulatory outcomes.
Presumably, weaker impulses are easier to control or hardly
require control at all (e.g., Inzlicht and Schmeichel, 2012;
Kelley et al., 2018). Successful self-regulation has been associated
both with increased activity in areas associated with top-down
control, including the prefrontal cortex, and reduced activity in
subcortical regions involved in reward and threat processing.
These patterns also implicate and potentially confound strong
control and weak impulses. Thus, an unresolved issue concerns
the relative contribution of control strength and impulse strength
to self-regulatory outcomes. By paring tDCS with measures of
concurrent brain function, it may be possible to compare the
contributions of neural activity caused by (1) stimulation to areas
associated with impulse strength, and (2) stimulation to increase
activity in control regions.

What Are the Long-Term Consequent of Brain
Stimulation on Regulatory Behavior?
In addition to limited understanding of the effects of tDCS
on underlying neural processes, we also have a limited
understanding of the long-term effects of tDCS. Most of the
studies we reviewed involved just a single session of tDCS.
Although some studies have involved the administration of
tDCS once a day for multiple days (Fregni et al., 2006a; Boggio
et al., 2007b), those studies have primarily been conducted with
patients recovering from spiral cord injury or stroke. Pairing
repeated stimulation with measures of self-regulation in non-
patient samples may yield stronger, more consistent effects.

Self-regulation research touches on alcohol and drug
addiction, personal debt, obesity, and a variety of other
consequential outcomes. It is important to acknowledge that
these outcomes are not the result of one decision or behavior
but instead results from multiple patterns of behavior unfolding
over long periods of time. Few studies have examined long-term

downstream effects of stimulation. One notable exception was
a study by Gilmore et al. (2017), who found that excitatory
stimulation over the right DLPFC (twice a day for 5 days)
reduced risk-taking at the end of the stimulation period and
at a two-month follow-up. We encourage future studies to follow
the example of Gilmore and colleagues and use both repeated
stimulation paradigms and longitudinal designs to examine
changes in behavior. Extend this work to include also concurrent
changes in brain function would help to more precisely map the
long-term consequences of tDCS on regulatory behavior.

CONCLUSION

Self-regulation is crucial for goal-directed behavior and
contributes to many consequential outcomes in life including
physical and mental health, decision making, and interpersonal
functioning. Likewise, failure at self-regulation is thought to
contribute to alcohol and drug addiction, personal debt, obesity,
and other outcomes that carry both personal and societal
costs. Based on the evidence reviewed here, we conclude that
brain stimulation techniques hold promise for improving self-
regulation across three broad domains of response: persistence,
delay behavior, and impulse control. To maximize the utility of
tDCS in future research, we encourage researchers be especially
mindful of issues such as dosage and individual differences –
issues that have been commonly been neglected in past research
and have likely contributed to inconsistencies in past findings.
Future research that takes these concerns into account and
incorporates concurrent measures of brain activity will bring the
promise of tDCS into sharper focus and help to reveal underlying
neural mechanisms.
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